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Preface
European cosmic ray symposia (ECRS) are traditionally organised in years between those of
international cosmic ray conferences (ICRC). The general topics are similar in both series, but
European projects, and specifically the research preferences of the host country, are somewhat
emphasised in European symposia. Precedence is also given to the discussion of effects that
might be related to cosmic influences and are important for society, such as the global change of
climate.
Following an early CD compilation of the 21st ECRS papers in a preliminary form, sent
to participants in January 2009, this Proceedings volume with page numbering and a slightly
improved style and format is now made available to a wider circle of the international cosmic ray
community. Most of the invited and contributing authors submitted their contributions, thus we
feel that the papers included here give a fair sample of the scientific contents of the 21st ECRS.
The Editors are most grateful to all the Authors of this volume for both keeping deadlines and
for actively helping us with the correction procedure.
We apologise that financial limitations did not allow the printing of figures in colour. The
application of symbols, line styles or shading adequately substitute colour in most cases, even if
the aesthetical value unavoidably suffers. In the few cases when colour carries essential scientific
information, we refer the readers to the web version of the conference papers, readable and
downloadable from the Kosice web site of the 21st ECRS (http://ecrs2008.saske.sk).
We hope that participants enjoyed attending the 21st ECRS and visiting Kosice and Slovakia,
and all readers will find it profitable to study the contributions included here.

The Editors
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Regular and turbulent mechanisms of relativistic
electron acceleration in the magnetosphere of
the Earth: Theoretical treatment and results of
experimental observations
Elizaveta E. Antonova,
Margarita F. Bahareva, Igor P. Kirpichev, Irina N. Myagkova., Ilya L. Ovchinnikov,
Ksenia G. Orlova, Marina V. Stepanova, Maria O. Riazantseva, Vadim V. Vovchenko
anomalies and even loss of spacecrafts. Large fluxes of
relativistic electrons appear, as a rule, during the recovery
phase of geomagnetic storm. Clarification of the mechanisms
of the acceleration of relativistic electrons is considered as one
of the major aspects of Space Weather problem. It is also very
important for understanding of the processes of cosmic ray
acceleration. Generally, the magnetosphere of the Earth is a
giant plasma laboratory in which different mechanisms of
particle acceleration can be tested.
In this paper we discuss regular and turbulent mechanisms
of relativistic electron acceleration and try to show that the
solution of the problem of the nature of relativistic electrons in
the magnetosphere of the Earth is deeply connected to the
study of the topology of magnetosphere.

Abstract—The problem of the appearance of extremely large
fluxes of relativistic electrons (“satellite killers”) is analyzed
taking into account the action of both regular and turbulent
mechanisms of particle acceleration. The configuration of storm
time magnetospheric current systems is discussed. The dynamics
of magnetospheric current systems including ring current and its
high latitude continuation – cut ring current, partial ring current
is considered as a reason for magnetospheric topology changes.
Storm time decrease of magnetospheric field and its restore
during storm recovery phase produce adiabatic acceleration of
seed population of electrons injected into the region of weaken
magnetic field. High level of storm time turbulence in wide
frequency range leads to turbulent particle acceleration. The
possibility to clarify the contribution of different mechanisms of
the formation of relativistic electron spectra is discussed.

2. RADIATION BELTS OF THE EARTH: REGULAR AND TURBULENT

T

1.

MECHANISMS OF RELATIVISTIC ELECTRON ACCELERATION

INTRODUCTION

Large fluxes of relativistic electrons in the magnetosphere of
the Earth fill the outer radiation belt (ORB). ORB was
discovered in 1958 by Vernov, Chudakov, Gorchakov,
Logachev (discovery No 23 in the list of USSR discovery
registration) in the Institute of Nuclear Physics Moscow State
University (now SINP MSU) and was studied using the data
of satellites Electron, SAMPEX, Polar, GPS, CRRES, LANL,
GOES, HEO etc. Nevertheless, a significant progress in ORB
study was achieved due to CORONAS-F satellite
measurements. Fig. 1 demonstrates averaged meridional
distribution of fluxes of electrons in the radiation belts of the
Earth obtained due to data of early measurements
(http://www.kosmofizika.ru).
Two main approaches of the solution for the problem of
acceleration of relativistic electrons have been suggested:
stochastic acceleration by fluctuating electric fields and

problem of the acceleration of relativistic electrons
continues to be one of the main unsolved problems of the
physics of the magnetosphere. Relativistic electrons are
called ‘‘satellite killers” due to effects leading to satellite
HE
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regular acceleration of “seed” population. Both mechanisms
suggest that “seed” population of electrons with energies ~100
keV formed during storm main phase is accelerated till
relativistic energies during storm recovery phase.

magnetospheric current system is rather important as
neglecting the contribution of some comparatively powerful
systems can produce significant discrepancies between the
experimental data and the modeling. As an example it is
possible to mention the difficulties of the latest Tsyganenko
model – Tsyganenko-2004 [23] in reproducing the positions
of the geomagnetic cutoffs as analyzed in [24].
Recently Tsyganenko and Sitnov [25], [26] developed a new
empirical model of the magnetospheric magnetic field (TS07).
In this model the magnetospheric equatorial currents is
expanded into a sum of orthogonal basis functions with
different scales, capable to reproduce various radial and
azimuthal distributions of the field, including its noonmidnight and dawn-dusk asymmetries. The set of functions is
built on the basis of the general solution of Ampere’s equation
for infinitely thin equatorial current layer. All the terms are
separately shielded inside the model magnetopause and
combined with the modules corresponding to Birkeland
currents.
TS07 model reproduces many important features of
magnetospheric structure and its changes during storms.
However, it does not take into account that - as it was found
in [27] - dayside part of inner magnetospheric transverse
current flows at comparatively high latitudes far from the
equatorial plane. Fig. 2 helps to understand this statement. It
shows the results of calculation of isolines B=const (for
B=100 nT, 90 nT, ets.) in accordance with Tsyganenko-2004
model for the following parameters: the solar wind dynamic
pressure p din =2 nPa, components of interplanetary magnetic
field (IMF) Bz=-5нТ, By= Bx=0 and zero inclination of
Earth’s magnetic dipole.

Fig. 1. Averaged meridional distribution of fluxes of electrons
in the radiation belts of the Earth obtained due to data of early
measurements (http://www.kosmofizika.ru)
Stochastic mechanisms of acceleration are the most popular
now. Interactions with ULF [1]-[10] and whistler mode waves
[11]-[21] are analyzed. It is not clear which wave mode is the
most effective one. It is also necessary to stress that the
effectiveness of stochastic mechanisms is possible to estimate
only after exclusion of an action of regular mechanism.
Great increase of plasma pressure inside the magnetosphere
during magnetic storms leads to decrease of magnetic field
due to diamagnetic effect of plasma. The effect is especially
pronounced in the asymmetric ring current regions. For
example the decrease of B z component of geomagnetic field
till ~0 was observed at the geostationary orbit in [22] during
magnetic storm 31 March 2001 with ⎢Dst⎢ max = 350 nT. This
means that the restore of magnetic field during storm recovery
phase can produce considerable regular betatron acceleration
of particles. Therefore, it is necessary first of all to analyze the
change of magnetic configuration. It is also necessary to
analyze particle transport across drift shells and particle losses
due to precipitations into the ionosphere and drift to the
magnetopause. However, this problem is out of the scope of
present review.

Fig. 2. Example of calculation of isolines B=const (for B=100
nT, 90 nT, ets.) in accordance with Tsyganenko-2004 model if
p din =2 nPa, and components of IMF Bz=-5нТ, By= Bx=0

3. TOPOLOGY OF MAGNETIC CONFIGURATION
To evaluate the contribution of regular mechanism of
relativistic electron acceleration it is necessary to have
comparatively good model of the near Earth magnetic field.
The majority of existing models of magnetic field suggest that
the main sources of the magnetospheric magnetic field are
magnetopause currents, tail current, ring current and partial
ring current, field-aligned currents. Adequate selection of

Magnetic field value in the internal ring on Fig. 2 corresponds
to 100 nT. Next curve corresponds to 90 nT etc. till 40 nT at
the external curve. The majority of existing models of the
magnetospheric magnetic field reproduces the same topology
of the field lines: The magnetic field minima are shifted from
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the equatorial plane near noon due to daytime magnetospheric
compression. Minimal values of magnetic field take place far
from the equatorial plane. Analysis of the configuration of
B=const isolines leads to the conclusion that most part of
daytime transverse current can be concentrated far from the
equatorial plane.
The distribution of transverse current along the dayside
magnetic field lines was analyzed in [28]. Fig. 3 shows the
configuration of magnetic field line at Y = 0 in GSM
coordinate system calculated using Tsyganenko-01 model
[29], [30] for solar wind magnetic field parameters B z = -5
nT, B y = 0, solar wind dynamic pressure equal to 1.6 nPa and
Dst = -5 nT. It is possible to see the decrease of the value of
minimal magnetic field with the growth of geocentric distance
and the increase of Z coordinate of such minima.

Fig. 4. Transverse current densities in the regions of daytime
field lines.
The calculation of the integral current between 7.5 and 9.7R E
gives integral current ~2⋅105 A in each hemisphere or the
integral transverse current 4⋅105 A in both hemispheres during
quite conditions. Simple estimations show that the same
current value exists at the same geocentric distances in the
region, which is ordinarily considered the near Earth tail. Fig.
5 schematically shows integral current configuration named in
[27] cut ring current (CRC).

Fig. 3. The position of magnetic field minima at the daytime
field lines in accordance with Tsyganenko-01 magnetic field
model.
The density of transverse current j at the dayside field lines
was evaluated taking into account weak anisotropy of plasma
pressure at L > 7. In such a case, transverse current is equal

j⊥ = B × ∇p / B 2

(1)

where ∇p is the plasma pressure gradient. Results of
AMPPTE/CCE plasma pressure measurements obtained in
[31] are used for determination ∇p for geocentric distances till
9 R E . The radial dependence of plasma pressure from 9 till 10
R E was approximated using exponential dependence. Fig. 2
shows the results of transverse current density calculations.

Fig. 5. Sketch illustrating the configuration of currents in
CRC.

R

CRC is a high latitude continuation of ordinary ring current. It
was shown in [32], [33] that most parts of auroral oval are
mapped into the CRC region. CRC value is greatly increased
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during magnetic storm and makes considerable contribution to
Dst value.

4
nT was explained in the paper
The dependence Dst max ~ L−max

[37] and the value of the coefficient in the relation (2) in the
paper [38] in the azimuthally symmetric case of quasidipole
magnetic configuration. It was taken into account that upper
limit of the inner magnetospheric particle feeling is
determined by the stability of the distribution of the plasma
pressure. This limit exists in spite of the action of different
acceleration and transport mechanisms of plasma particles.
Suggestions made in [27] with the introduction of CRC
become more realistic and helps to understand the coincidence
of the lowest position of the westward electrojet center with
the position of the peak intensity of fluxes of relativistic
electrons.
The relation (2) was checked in [39] using data of
CORONAS-F observations. MKL-device on board
KORONAS-F satellite [40] measured fluxes of precipitating
electrons in the energy range 0.3-12 MeV at the altitude ~500
km in the nearly circular orbit with an inclination of ~82.5o.
Variations of electron fluxes with energies 0.6-1.5 MeV,
during 22 strong magnetic storms (Dst < ~100 nT) were
analyzed in [39]. It was shown that the relation (2) is
consistent with observations. Table 1 obtained in accordance
with [39] shows the results of such comparison. However,
analyzing Table 1 it is possible to see that sometimes a
significant discrepancy between L max values measured by
CORONAS-F and described by relation (2) is observed.
Therefore, the relation (2) requires the additional checking.
One of the main predictions of theory developed in [37],
[38] is the storm time dependence of radial plasma pressure
distribution. Theory predicts the dependence p∝L-7.

4. LOCALIZATION OF THE REGION OF RELATIVISTIC ELECTRON
APPEARANSE

The inclusion of CRC into the analysis of relativistic
electron acceleration is especially important in the context of
the relation obtained in [34], [35]. It was shown that the
position of the peak intensity of fluxes of relativistic electrons,
which appear during storm recovery phase L max is connected
to the maximal value of Dst-variation ⎢Dst⎢ max by the
following relation:

Dst max = 2.75 ⋅ 10 4 / L4max nT .

(2)

L max coincides with the lowest position of the westward
electrojet center during the storm. Westward electrojet is
localized inside the auroral oval. This means that the
processes of the acceleration of auroral electrons are deeply
connected to the equatorial regions mapped onto the auroral
oval latitudes and correspondingly to CRC dynamics. Auroral
oval moves to the equator during magnetic storm. The results
of observations presented in [36] support this conclusion as
sometimes it is possible to observe the increase of relativistic
electrons at low L without increase at geostationary satellites.
TABLE I
COMPARISON OF THE PARAMETERS OF 22 GEOMAGNETIC STORMS WITH
OBTAINED IN [33],[34] RELATION
_________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Data and time of main phase
beginning

⎢Dst⎢ max
nT

L max
exp/calc
[R E ]

_________________________________________________________________________________________________________________________________________________________________________________________________________________________

25.09.2001/02
21.10.2001/19
28.10.2001/05
05.11.2001/21
24.11.2001/18
11.05.2002/01
23.05.2002/13
04.09.2002/01
07.09.2002/16
01.10.2002/05
29.05.2003/20
18.06.2003/03
18.08.2003/16
28.10.2003/17
30.10/2003/19
20.11.2003/04
22.11.2004/06
03.04.2004/16
22.91.2004/06
30.08.2004/02
07.11.2004/22
09.11.2004/12

-166
-187
-157
-292
-221
-110
-109
-109
-181
-176
-131
-145
-168
-363
-401
-472
-149
-112
-182
-125
-384
-296

3.1/3.6
3.7/3.5
3.2/3.6
3.0/3.1
2.6/3.3
3.7/4.0
3.8/4.0
3.8/4.0
3.0/3.5
3.5/3.6
2.8/3.8
3.0/3.7
3.0/3.6
3.0/3.0
2.5/2.9
2.8/2.8
3.5/3.7
3.5/4.0
2.8/3.5
3.6/3.9
2.9/2.9
2.8/3.1

Fig. 6. The electron precipitating fluxes (a), the field-aligned
current densities and field-aligned potential drops (b), the ion
precipitating fluxes (c), the ion concentration at the
ionospheric altitudes and the ion temperature (d), the ion
concentration in the magnetosphere and the plasma pressure
(e), obtained during the March 2, 1982 auroral oval crossing.

____________________________________________________________

Such dependence was found experimentally in the paper [36]
using data of high apogee Polar satellite observations for
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magnetic storm 10.01.1997 with ⎢Dst⎢ max =300 nT and in [41]
using data of auroral Aureol-3 satellite for the magnetic storm
March 1-8, 1982 with ⎢Dst⎢ max =211 nT. Fig. 6 shows the
results of Aureol-3 observations near the end of storm main
phase. Fig. 7 shows the results of plasma pressure profile
fitting by the dependence p∝L-s with s=6.3±0.5. Analyzing
Fig. 7 it is possible to see that in spite of not very good
accuracy of observations real plasma pressure profile has the
theoretically predicted dependence.

Nonstationary diffusion equation with losses for averaged
over pitch angle distribution function f(p,t).was analyzed in
[44]. It has the form

∂f ⎤ f
∂f
1 ∂ ⎡ 2
= 2
,
⎢ p D( p ) ⎥ −
∂p ⎦ t esc
∂t p ∂p ⎣

(3)

where p=εv/c is dimensionless momentum, ε = 1 + p 2 is
dimensionless full energy, D(p) is the diffusion coefficient in
the momentum space, t esc is the averaged time of losses. The
coefficient of diffusion determines time of acceleration
t ac =p2/D(p). Power low spectrum of turbulence leads to power
low dependence of the coefficient of diffusion for the
momentum

D( p ) = D0 p q ,

(4)

where the quantity q depends on the power low of the spectra
of the turbulence, the constant D 0 reflects the rate of the
acceleration and depends on the spectrum of turbulence,
plasma density and magnetic field. Introduction of
dimensionless variables

τ = D0 t , a = (D0 t esc )−1

Fig. 7. Fitting of the radial plasma pressure distribution by the
dependence p∝L-s.

(5)

leads to the expression

It is necessary to stress, that the events reported in [36], [41]
are the unique radial plasma pressure profiles obtained to date
during magnetic storms, and it is necessary to continue
working in this direction to obtain a significant statistic to
make final conclusions.

∂f
1 ∂ ⎡ 2 + q ∂f ⎤
= 2
⎢p
⎥ − af .
∂t
∂p ⎦
p ∂p ⎣

(6)

Analytical solution of the equation (6) in the case when
particle injection has the form of delta-function and q<2 has
the form

3. STOCHASTIC ACCELERATION AND LOSSES
The acceleration of relativistic electrons in the region
mapped onto the auroral oval produces the real limitations in
the action of stochastic mechanisms of acceleration. Such
mechanisms must be connected to the properties of turbulent
fluctuations at the auroral field lines. The most popular
mechanisms of electron interaction with whistler mode waves
have no such feature. It is necessary to mention also that
discussed mechanisms of stochastic relativistic electron
acceleration have definite problems connected to the time of
acceleration, as amplitudes of observed waves are
comparatively small. Very large amplitude of whistler-mode
waves ~240 mV/m in Earth’s radiation belts were observed in
STEREO experiment (see [42]). This observation can really
change obtained estimations. However, such large amplitudes
are not typically observed. At the same time plasma, electric
and magnetic field parameters significantly fluctuate at the
auroral field line even during quite conditions in a very wide
frequency range (see review [43]). This means that there
exists a possibility of stochastic relativistic electron
acceleration by different waves. Some features of such
acceleration can be studied using formalism described in [44].

f ( p, q) = f 0τ

−

⎡
⎤
p 2−q
− aτ ⎥ .
exp⎢−
2
⎣ (2 − q ) τ
⎦

3
2−q

(7)

If the source of accelerated particles acts during the time
interval t 0 and the power of the source Q(t)=Q 0 =const when
t< t 0 and Q(t)=0 when t> t 0 the distribution function f(p,τ) is
transformed into F(p, τ), where
F ( p,τ ) =

Q0
D0

τ

∫ f ( p, y )dy

if τ<τ 0 ,

0

(8)
where τ 0 =D 0 t 0 . The lower limit in the integral (8) is changed
from 0 on (τ-τ 0 ) if τ>τ 0 . If τ>>τ 0
F ( p, τ ) =

Q0
D0

τ

Q0

∫ f ( p, y )dy ≈ D

τ −τ 0

τ 0 f ( p, τ ) .

0

Differential flux dJ/dE is connected to f by the expression
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(9)

dJ/dE=(4πmc)-1p2f,

(10)

where m is the electron mass, c is the speed of light. The
developed in [44] theory gives the possibility to study relative
roles of acceleration and losses in the formation of measured
particle spectra and their dynamics. Fig. 8 shows the form of
the solution obtained. Here A 0 =Q 0 (4πmcD 0 )-1.

Fig. 9. Results of CORONAS-F observations 15 September
2003.
84 polar crossings with electron precipitations observed
during December 2003 and January 2004 were compared with
near simultaneous Meteor-3M satellite observations to
identify the location of studied regions in comparison with the
position of auroral oval. Meteor-3M satellite measures
electron fluxes with energies in the energy range from 0.1 to
20 keV, which gives the possibility to identify the position of
the auroral oval. The time of observations, coordinates and
MLT- sectors were available for 32 events, identified by
KORONAS-F. The position of only one event could be
identified as localized in the polar cap. Other 31 events are
situated inside the auroral oval. Fig. 10 shows an example of
nearly simultaneous CORONAS-F and Meteor-3M
observations.

Fig. 8. The dependence of differential fluxes dJ/dE of
electrons with energy 1 MeV on dimensionless time τ and
fixed D 0 in the case of instantaneous injection of seed
population if τ 0 =D 0 t 0 =4 (firm lines) and τ 0 =1 (dotted lines)
and a=(D 0 t esc )-1 =0, 0.5, 2 and 4. Dotted line is the flux of
electrons with energy 0.5 MeV if а=4. Upper horizontal axes
is real t=τ/D 0 if D 0 =10-5 с-1.
The developed theory was especially effective for the analysis
of the formation of the plateau in electron particle fluxes
observed by the geostationary EXPRESS-A2 satellite.
It is necessary to mention that developed theory describe
wide class of events and is applicable to different types of
turbulence.
3. LOCAL RADIATION BELTS
The most interesting latest findings in the study of electron
radiation belts are KORONAS-F observations of the increase
of electron flux to the pole of the outer radiation belt (ORB)
boundary [45]. Fig. 9 shows variations of electron fluxes with
energies 300-600 keV and 0.6-1.5 MeV along the satellite
orbit September 15, 2003. 412 crossings of polar region at
altitude 400-450 km were analyzed using low altitude polar
orbiting Russian satellite CORONAS-F data. CORONAS-F
measured fluxes of relativistic electrons at the altitude ~500
km. Increases of fluxes of precipitating relativistic electrons at
L>8 were observed in 248 cases.

Fig. 10. Nearly simultaneous CORONAS-F and Meteor-3M
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due to pressure inhomogeneity. Energetic electrons can fill
local plasma traps. They form local radiation belts.

observations for the event 01.01.2004.
Events of increased relativistic electron precipitations to the
pole from the outer boundary of ORB can be identified as a
result of local increase of pitch-angle diffusion or as a result
of local acceleration of electrons in the plasma sheet by
induction electric fields. Nevertheless, some features of
observed phenomena require to find some other explanation.
For example, Fig. 11 shows the results of CORONAS-F
measurements during three consecutive crossings of the outer
ORB boundary. It is possible to see that observed region of
the increase of electron precipitations maintains practically at
the same position for ~4.5 hours. This means that we deal with
a quasi-stationary phenomenon.

Fig. 12. Results of Interball/Tail probe observations
November 17, 1995. Upper panes show satellite orbit position.
Low panels show particle and magnetic pressure calculated
along the satellite trajectory [46].
Partial ring current can be considered as the most
pronounced diamagnetic cavity in the magnetosphere (see
[22], [48], [49]).

Fig. 11. Electron precipitations observed to the pole from the
ORB outer boundary during 3 consecutive crossings (~4.5
hours) July 15-16, 2003.
Analysis of plasma pressure distribution along trajectories
of high apogee satellite shows an inhomogeneity of radial
profile of plasma pressure at the equatorial plane in a number
of cases. Fig. 12 shows an example of the restore of the
plasma pressure profile using data of Interball/Tail probe
observations for the event November 17, 1995 [46]. It is
possible to see that regions of increase of plasma pressure
coincide with the regions of decrease of the magnetic field. It
is possible to see the same features analyzing the results of
CRESS satellite observations (see [47]). They show the
presence of diamagnetic plasma cavities in the regions
mapped onto the auroral oval latitudes. Such regions can be a
source of local plasma traps. Isolines of constant magnetic
field B=const in such traps do not surround the Earth and do
not cross the magnetopause. Such traps in accordance with
Fig. 12 have scales of ~1-2R E . Energetic particles drift along
isolines B=const. Therefore, local plasma traps can be formed

Fig. 13. Sketch, illustrating directions of plasma pressure
gradients in the region of asymmetric ring current.
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produced by the modeling support the suggestion about the
possibility of the formation closed loops of B=const in the
high latitude magnetosphere. It is interesting to mention that
closed loops in Fig. 14 surround region of increased magnetic
field.
Produced analysis shows the possibility of the formation of
local plasma traps in high latitude magnetosphere. Filling such
traps by energetic electrons will lead to the formation of local
radiation belts to the pole from the outer boundary of ORB.
The formation of such local radiation belts can explain shown
on Fig. 10-11 results of CORONAS-F observations. It is
necessary to stress that only preliminary results are presented.
Future studies will help to clarify the situation.

Fig. 13. Shows the averaged partial ring current
configuration (see [50]) obtained using data of IMAGE
satellite and simultaneous plasmasphere location. Arrows
show the direction of plasma pressure gradients.
Untiearthward directed plasma pressure gradients leads in
accordance with (1) to the appearance of eastward transverse
current (see the discussion in [51]). Simultaneous existence of
azimuthally localized enhanced westward and eastward
currents means the possibility of the formation of closed
current loops. Such current loops decrease magnetic field
inside the loop and increase the magnetic field outside the
loop. Such magnetic field changes can lead to the formation of
closed localized contours of B=const.
Results of modeling of changes of magnetic configuration
due to changes of plasma pressure support the possibility of
the formation of local contours with B=const in the high
latitude magnetosphere. The modeling of the distribution of
particle pressure, electric fields and field-aligned currents in
the high latitude magnetosphere was made in accordance with
scheme described in [52].

6. DISCUSSION AND CONCLUSIONS
Presented analysis shows that:
• Regular and stochastic acceleration mechanisms can
produce definite contribution to the acceleration of
relativistic electrons. The contribution of stochastic
mechanisms can be obtained only after extraction of
the contribution of regular mechanisms.
• The solution of the problem of acceleration of
relativistic electrons requires proper models of
magnetic field taking into account the distribution of
plasma pressure inside the magnetosphere.
• Dayside part of inner magnetosphere transverse
currents flow at high latitudes. Such currents are
closed inside the magnetosphere by nighttime
transverse currents and constitute the high latitude
continuation of ordinary ring current.
• Local plasma traps filled by relativistic electrons
(local radiation belts) can be formed in the high
latitude magnetosphere
The solution of the problem of the formation of high fluxes of
relativistic electrons – “satellite killers” - unfortunately is not
received till now in spite of 50-years history of its study. One
of the major problems is the problem of proper description of
the topology of magnetic configuration. Obtained results
demonstrate the importance of some effects, which was not
included into the existing magnetic field models. Penetration
of solar cosmic rays into the magnetosphere (the position of
the penetration boundary) gives now and will give in the
future very important information about the magnetic field
configuration. However, at the end, it is necessary to stress the
importance of new experimental observations and theory
development for better understanding of the phenomena
leading to the relativistic electron acceleration.

Fig. 14. Preliminary results of the modeling of the distortion
of the Earth’s dipole magnetic field by convecting tail plasma.
Modification of magnetic field by increased plasma
pressure was taken into account suggesting the validity of the
condition of magnetostatic equilibrium. Fig. 14 shows the
preliminary results of such modeling. It was suggested that
dawn-dusk potential drop is increased from 20 to 100 kV and
plasma density is increased from 1 till 6 cm-3 for 10 min and
then again decreased till 1 cm-3. Middle energy was equal to 5
keV at the boundary of modeled region at 10R E . Initial
magnetic field had dipole configuration. Thick line in Fig. 14
shows formed closed loop B=const. Therefore the results of
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Energetic particles in the heliosphere
Berndt Klecker

Abstract—The energetic particle population in the heliosphere is
highly variable in space and time, intensity, energy, and composition. Over the last decades advanced instrumentation onboard
many spacecraft extended our ability to explore the energetic
particle populations in the inner and outer heliosphere. We are
now able to measure intensity-time profiles and anisotropies,
energy spectra, elemental and isotopic abundances, and the ionic
charge of particles over an extended energy range of ~0.1 to 100
MeV/nuc and for a large dynamic range of particle intensities.
These measurements provide crucial information for
understanding the sources of the particle populations and the
acceleration and propagation processes involved. In this paper we
provide an overview of the various particle populations observed
in the heliosphere, with emphasis on particles accelerated at the
Sun, at interplanetary shocks, in co-rotating interactions regions,
and in the outer heliosphere.

1.

INTRODUCTION

T

HE energetic particle populations in the heliosphere cover
a large energy range from < 1 keV/amu for the solar wind
to > 1 GeV/amu for Galactic Cosmic Rays (GCR). In their
energy spectra, elemental, isotopic, and ionic charge
composition these particle populations carry fundamental
information on the source region and their acceleration and
propagation processes. Figure 1 shows schematically the
energy spectra of oxygen ions in the heliosphere [1]. Spanning
~6 decades in energy and ~20 orders of magnitude in intensity
it is evident that the measurement of these particle populations
requires multi-sensor systems as shown for the ACE spacecraft in Fig. 1.
The various particle populations are, from low to high
energy, as shown in Fig. 1: (1) the slow and fast solar wind, (2)
energetic particles predominantly locally accelerated at
interplanetary shocks (ESP for energetic storm particles), (3)
particles accelerated at corotating interaction regions (CIR),
(4) particles accelerated at coronal and interplanetary shocks
and in the flare process near the sun (solar energetic particles),
(5) Anomalous Cosmic Rays (ACRs), accelerated at the
terminations shock of the heliosphere (or beyond), and (6)
Galactic Cosmic Rays (GCRs), accelerated in the galaxy,
possibly at supernova shocks [2], and propagating into the
inner heliosphere. In this paper we provide an overview of the
various particle populations observed in the heliosphere, with
special emphasis on particles accelerated at the sun, and in the
inner and outer heliosphere.

Fig. 1: Typical energy spectra of energetic oxygen ions from various particle
populations in the heliosphere. The energy ranges of various ACE instruments
are indicated at the bottom [1].

2. SOLAR ENERGETIC PARTICLES
High-energy particles originating at the Sun were first
reported about 60 years ago [3]. At that time there was little
doubt that these particles were closely related to contemporary
solar flares. Later it became clear that acceleration at coronal
and interplanetary shocks is also an efficient mechanism for
particle acceleration (e.g. [4]). In the early 70s a new type of
event was discovered that showed enhanced 3He abundances
with 3He/4He>1 [5], while the corresponding ratio in the
corona or solar wind is ~5x10-4 [6], [7]. Such events were
later found to exhibit also enhancements of heavy ions by an
order of magnitude relative to coronal abundances [8]. Based
on these observations, characteristic differences of, for
example, the electron to proton ratio, the intensity-time
profiles, the distribution in solar longitude as observed from
the near-Earth environment, and the mean ionic charge of
heavy ions, solar energetic particles (SEP) were classified as
impulsive and gradual, following a classification of flares
based on the duration of soft X-ray emission [9]. In this
scenario impulsive SEP events were related to flares and the
gradual SEP events were related to coronal mass ejection
(CME) driven coronal and interplanetary shocks (e.g. [10],
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[11]), as schematically shown in Fig. 2.
However, new results with advanced instrumentation from
several missions (e.g. WIND, SAMPEX, SOHO, ACE) have
shown that this picture was oversimplified. New composition
and ionic charge measurements show that enrichments in 3He
are also common in interplanetary shock accelerated
populations [12], that enrichments in heavy ions are often
observed in large events at high energies (e.g. [13]), and that
high charge states of Fe are also observed in events usual
classified as gradual [14], [15]. Therefore, the classification
into two distinct types of events is presently in question and
the relative contributions of flares and coronal / interplanetary
shocks are under debate.
In this chapter we will summarize the new observations of
SEP composition and charge states and their implications.
A.

3

He-rich Solar Energetic Particle Events
The large enrichments of 3He and heavy ions found in
event-integrated abundances of 3He- and heavy ion-rich events
have been used as one of their defining characteristics as
impulsive events. Although some of the characteristics (e.g.
enrichment of 3He relative to solar wind and coronal
abundances, see section 3) are observed to some extend also in
large (gradual) events, several signatures of the 3He- and
heavy ion rich events are unique, suggesting a different
acceleration process and warrant a classification as a separate
class of event.

Fig. 2: Illustration of different sources of solar energetic particles: (1) particle
acceleration at a CME-driven coronal and / or interplanetary shock ("shock
accelerated particles"; (2) particle acceleration by a flare ("flare particles" in
the corona (adopted from the Multimedia STEREO/IMPACT web site at
http://sprg.ssl.berkeley.edu/impact/multimedia.html).

Time Dispersion: The high sensitivity of new instrumentation provides unprecedented statistics for small events.
Figure 3 shows as an example the energy versus time profile
for several events in August 1998 as observed with the ULEIS
experiment onboard ACE [16]. This type of display, plotting
the arrival time of individual ions versus their energy, shows
velocity dispersion that can be compared with scatter-free
propagation along the interplanetary magnetic field, and allows
the identification of individual injections at the Sun. This
display also demonstrates that to correctly evaluate ion spectra
and elemental and ionic charge composition in these events,
start and stop times for the averaging of data need to be energy
dependent, as indicated by the "boxes" enclosing individual
injections. Figure 3 also shows that some events are suddenly
cut off because of a loss of the magnetic connection to the
acceleration site. These well defined injection profiles can also
be used to infer large-scale diffusion parameters of ions in the
heliospheric magnetic field [17], [18].

Fig. 3: Ion velocity spectrogram for 1998 August 17-19 from ACE/ULEIS
showing ion species 3He, 4He, O, and Fe. Thin lines: Event "boxes" indicating individual ion injection events at the sun [16].

Energy Spectra: In a survey of energy spectra of ions in
He-rich events in the mass range He to Fe and in the energy
range 80 keV/amu to 15 MeV/amu two classes of events have
been identified [19]. Class 1 events exhibit power laws that
often steepen above ~1MeV/amu; in some cases the major
species 3He, 4He, O, Fe have similar spectral slopes, while in
other cases the 3He slope below ~1 MeV/nuc is distinctly
harder than the others. Class 2 events curved 3He and Fe
spectra at low energies, while 4He has power law spectra (Fig.
3

Fig. 4: Fluence of 3He, 4He, O, and Fe for the Class-2 3He-rich solar energetic
particle event of March 21, 1999 [19].
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4). As a consequence of the different spectral shapes of 3He
and 4He the 3He/4He-ratio in Class 2 events is strongly energy
dependent; also the largest 3He/4He-ratios are observed in this
class of events. It is known since the early measurements of
heavy ion composition in 3He-rich events that these events
exhibit also an enrichment in heavy ions by an order of
magnitude (for Fe), relative to coronal abundances [8], [20],
with a systematic increase of the enrichment factor with mass.
With advanced instrumentation onboard the Wind and ACE
spacecraft the measurements of heavy ions in these events has
been extended to trans-iron elements [21], [22]. Figure 5 (from
[22]) shows the enhancement of elemental abundances relative
to coronal abundances in the mass range 4 to ~220 amu.
Figure 5 demonstrates that the enhancement factor is monotonically increasing to ~200 for high masses. An estimate of
the mean ionic charge of the ultra-heavy ions shows ([22],
[23]) that the enhancement factor is also ordered by mass per
charge [22].
In addition to the information on the composition of heavy
ions by particles escaping from the acceleration site in the
corona into interplanetary space, γ-ray line observations
provide information on the composition of heavy ions
interacting with the ambient corona. It was found that the
composition of interacting heavy ions is similar to the
abundances in 3He-rich SEP events as observed in
interplanetary space [25].

Fig. 5: Filled circles: Enhancement factor for heavy ion abundances in 3Herich events, compared with gradual SEP ions and solar system abundances
[22]. Open circles: Values from [24]

Ionic Charge States: Because of the large differences between the mean ionic charge of iron ions, QFe, in the MeV/amu
energy range in events identified as gradual (QFe ~14) and
impulsive (QFe ~20) [26]-[29], the ionic charge states were
also used as a defining characteristic for this classification.
However, new measurements of ionic charge states with
instruments of improved sensitivity over a wide energy range
(SAMPEX, SOHO, ACE) have shown that this picture was
oversimplified. The new measurements (Fig. 6) show a systematic increase of the mean ionic charge of Fe from ~12 at
~10-100 keV/amu to ~15-19 at 550 keV/amu [30]-[32]. This
large increase of the mean ionic charge of iron in the energy
range ~10-550 keV/nuc can only be explained in terms of
impact ionization by protons and electrons in a dense environment in the low corona (e.g. [33], [34]). The dashed lines in
Fig. 6 show the equilibrium ionic charge of iron in the energy
range 0.01 - 2 MeV/amu, computed for electron temperatures
of 1.2 and 1.4 106 K, respectively, taking into account impact
ionization by therrmal electrons and protons, and radiative and
di-electronic recombination [31]. Figure 6 demonstrates that a
simple equilibrium model does provide qualitatively the
systematic increase of the mean ionic charge as observed,
however, the increase of QFe with energy is at somewhat higher
energy than observed. More realistic models, including the
effect of stochastic acceleration, coulomb energy loss, and
charge changing processes during acceleration, in combination
with energy loss by adiabatic deceleration during
interplanetary transport [35] are needed to quantitatively

Fig. 6: Mean ionic charge of Fe as a function of energy for four impulsive
events and energy dependence obtained for equilibrium conditions in a charge
stripping model (adopted from [31]).

Fig. 7: Calculated and observed mean ionic charge of Fe during the May 1,
2000 3He-rich solar energetic particle event [37].
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reproduce the observed strong energy dependence of the heavy
ion ionic charge states (see e.g. [36] for a recent review).
Figure 7 shows as an example of such a model calculation that
simultaneously fits the intensity-time and anisotropy-time
profiles, the heavy ion energy spectra and the mean ionic
charge as a function of energy, the results for QFe as a function
of energy [37]. The model calculations show that at low energies, below ~100 keV/amu, the mean ionic charge is essentially determined by the electron temperature. At energies
above ~200 keV/amu charge stripping effects are dominating
and result in a strong increase of the mean ionic charge of Fe
at energies <1 MeV/nuc (Fig. 7). One of the important parameters obtained from fitting the observed charge spectra
with the model is the product NpτA, with proton density Np and
acceleration time scale τA. With NpτA ~1010-1011 s cm-3 [37]
and assuming acceleration time scales of ~1-10 s, this corresponds to densities of ~109-1011 cm-3 at the acceleration site.
This is similar to the density range of (0.6-10) x1010 cm-3 inferred from radio and electron measurements for the density of
the acceleration region of electrons ([38], and references
therein), i.e it indicates an acceleration in the low corona, at
altitudes ≤ 0.2 solar radii above the photosphere.

Fig. 8: Hourly averages of the oxygen intensity between ~0.15 and 50
MeV/amu measured by ULEIS and SIS onboard ACE for the time period
November 22 - 27, 2001 [48].

Acceleration Processes: In order to cope with the large
enrichments of 3He and heavy ions by up to factors of 104 (for
3
He) and ~10 (for Fe) and ~100 (for Ultra-Heavy ions) two
stage processes have been invoked. Such scenarios include
selective heating by resonant wave-particle interactions as a
first step (e.g. [39]-[41]), followed by a second step that could
involve shock acceleration [41]. Curved spectra at low
energies as observed for 3He and Fe in Class 2 events can arise
from stochastic acceleration processes by Alfvén turbulence.
At low energies these processes have been shown to provide
good fits to the data [42], [43]. However, the spectra reported
by [19] are much harder at high energies (e.g. above ~1 (10)
MeV/amu for Fe and 3He, respectively) than obtained with a
stochastic acceleration model [19]. Models based on cascading
MHD turbulence ([44], and references therein) provide
promising fits to the heavy ion spectra [19]. However, in this
model a different mechanism is needed for 3He and charge
changing processes for heavy ions are not yet included.
B. Large (gradual) solar energetic particle events
Intensity-Time Profiles: The intensity-time profiles of
energetic particles in SEP events depend on the magnetic
connection of the acceleration site with the observer.
Therefore, the large variability of the intensity-time profiles
and the longitude distributions of SEP events can qualitatively
be explained by the extended longitudinal range of CMEdriven interplanetary shocks and by the relative location of the
observer to the presumed source location of the CME [45],
[46]. Early in the event, much before the shock arrival, many
large SEP events show a maximum-intensity plateau not
exceeding several 100 protons per (cm2 s sr MeV/amu) at 1
MeV. This plateau level can be explained by the scattering of

Fig. 9: Spectra from the 6-hour period following the shock on 29 October
2003. Data are from ACE and GOES-11 [55].

escaping particles by the proton-amplified waves, limiting the
intensity of escaping particles (the ‘streaming limit’) to a
specific value (e.g. [47], and references therein).
Correlated with the arrival of the interplanetary shock, the
particle intensities increase by up to several orders of
magnitude, dependent on energy. A typical example of oxygen
ion intensities in the energy range 0.14 to 51 MeV/amu as
observed on ACE is shown in Fig. 8 [48].
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Energy Spectra: The energy spectra as observed in
interplanetary space are the result of acceleration and
propagation processes between the acceleration site and the
observer. Power laws with exponential roll-over at high
energies can often fit energy spectra in large events, with the efolding energy systematically varying with mass per charge
(Fig. 9). These spectral forms are suggestive of shock
acceleration: in the ideal case of an infinite and planar shock
geometry and steady state conditions, the particle differential
intensity dJ/dE can be described by a power law: dJ/dE ~
E−γ, where γ is related to the shock compression ratio (e.g.
[49], [50]). However, because coronal and interplanetary
shocks are not planar, and because only a limited time is
available for acceleration, steady state will not be reached, in
particular at high energies. Thus, non steady-state conditions
[51] and losses due to particle escaping upstream will result in
a roll-over of the power law differential ion intensities at high
energies (e.g. [52[, [53]). This spectral form is often observed
and can be fitted by
dJ/dE = E

−γ

exp (-E/E0)

(1)

Fig. 10: Ratio Γi of interplanetary shock abundances relative to the correspoding mean abundances measured upstream vs particle mass per charge
[64].

where E0 depends on mass M and ionic charge Q of the ions
and may be approximated by a power-law dependence [54]
E0 ~ (Q/M)α

(2)

These mass per charge dependent spectral breaks have
successfully been used to infer the ionic charge of heavy ions
[54]. The observed value of the exponent α in equation (2) is
in the range ~1-1.75 [54], [55], i.e. somewhat smaller than
α=2, predicted by an SEP acceleration and transport model
[55], [56].
Fractionation Effects: Event integrated elemental and
isotopic SEP abundances have been related to photospheric,
coronal, and solar wind abundances or have been used to infer
solar system abundances that may not be accessible otherwise
(e.g. [57]). When comparing SEP abundances with photospheric abundances it has been realized since many years that
both coronal and SEP abundances show a dependence on the
first ionization potential (FIP) or first ionization time [57][59], suggesting ion-neutral separation in the chromosphere as
an important fractionation mechanism (see [60], for a recent
review).
Furthermore, abundances in individual large SEP events
show fractionation effects that monotonically depend on mass
(M) and mass per charge (M/Q), usually approximated as a
power law in M/Q [61]. This M/Q fractionation is observed for
both elemental and isotopic abundances (e.g. [62]) and the
correlation between isotopic and elemental abundances in
individual events has been used to infer the abundance of the
coronal source [63].
Mass per charge dependent fractionation has also been used to
relate the elemental abundances observed at ~0.4 MeV/amu at

Fig. 11: Mean ionic charge of Fe (QFe) at 0.18-0.25 MeV/amu vs. 0.36-0.43
and 28-65 MeV/amu [73].

interplanetary shocks to their source. The observation that the
abundances at interplanetary shocks, relative to slow solar
wind abundances, do not show a monotonic dependence on
mass per charge [64] provides an argument that the bulk solar
wind is not the source of the accelerated population. On the
other hand, when compared with the upstream pre-event suprathermal population (see for example the population labeled
'ambient' in Fig. 8), a monotonic dependence of the abundance

31

ratios on M/Q is observed (Fig. 10), supporting the argument
of acceleration of a remnant suprathermal component by the
interplanetary shock [48], [64], [65].
Ionic Charge States: New measurements with high sensitivity
over an extended energy range show a large event-to-event
variability of the ionic charge distributions of heavy ions in
large, interplanetary shock related (gradual) events, most
pronounced for iron ions. At low energies (<200 keV/amu) the
mean ionic charge of Fe is usually ~9-11 [66], similar to solar
wind charge states [67]. The mean ionic charge of Fe at
energies <1 MeV/amu is mostly constant, only in a view
events it increases with energy by up to 4 charge units [68],
[69]. At higher energies a large variability is observed. At
energies above ~10 MeV/amu, the mean ionic charge is often
observed to be significantly larger than at low energies, with
QFe ~15-20 [70]-[74]. The variation of QFe with energy is
illustrated in Figure 11, showing event averages in three
energy ranges between 0.18 and 65 MeV/amu for several large
events. These results indicate that the previous interpretation
of heavy ion charge states being solely related to the plasma
temperature was too simplistic and needs to be reconsidered
(see below). The compilation of Fe/O-ratios and heavy ion
charge states in Fig. 12 shows that the observed variability of
the mean charge of Si and Fe at E ≥ 10 MeV/amu is strongly
correlated with the relative abundance of Fe [72].

Fig. 12: Correlation of iron abundances relative to oxygen and charge states
of O, Si, and Fe at >10 MeV/amu [72].

related events remnant suprathermal particles from previous
impulsive events have been suggested [65], serving as seed
particles for the injection at the interplanetary shock. In this
scenario also high (and variable) heavy ion abundances (e.g.
Fe/C, Fe/O) could be interpreted as a mixture of two sources:
suprathermal heavy ions from previous impulsive events and
from gradual events. This suggestion is also supported by the
finding that the interplanetary particle composition during
quiet times shows enhancements in the 3He/4He and heavy ion
composition: enhancements by a factor of ~10 over the coronal
value were found for Fe/O in the energy range ~1-10
MeV/amu during quiet times [79], and during times of
moderate interplanetary fluxes 3He/4He (4-15 MeV/ amu) and
Fe/C (8-20 MeV/amu) were found to be enhanced by two
orders of magnitude and by a factor of ~8, respectively [80].
The observational evidence that the interplanetary shock
related heavy ion population at energies of ~1MeV/amu is not
directly accelerated from the bulk solar wind, as shown above
[64], would also support this view.

The Observation of 'Flare' material in gradual events:
Large enrichments of heavy ions and high charge states of iron
found in event-integrated abundances of 3He and heavy ionrich events have been used in the past as one of their defining
characteristics as impulsive events. Some of these signatures
have now been also observed in gradual events or at
interplanetary shocks. At sub-MeV energies, small and
moderate enhancements of 3He relative to 4He, with 3He/4He in
the range of 10-3 to 0.24 have been observed in 12 large
gradual events [65] and at interplanetary shocks [12]. At
higher energies (> 5MeV/amu) 3He/4He a factor of 10 larger
than in the solar wind has been observed [75], and a statistical
survey using daily averages of 3He and 4He fluxes in the
energy range 15-30 MeV/amu as measured by the XXX
experiment onboard SOHO showed for the years 1999 to 2002
an average value of 3He/4He ~0.015, also significantly higher
than in the solar wind or corona [76].
Furthermore, large abundances of Fe at energies of ~1
MeV/nuc [77]) and at energies of 12-60 MeV/nuc [78] and 2580 MeV/nuc [13] have been observed in many large events.
Furthermore, high charge states of QFe~20 at energies >10
MeV/nuc, another tracer for ions accelerated in impulsive
events close to the Sun, are not uncommon (see above).
Apparently, the previous classification of SEP events into two
distinct classes, i.e. impulsive and gradual, needs to be
reconsidered and possible scenarios are discussed in the
following section.
As a possible source of 3He in large, interplanetary shock

Scenario 1: In this scenario the large variability of spectral,
compositional, and ionic charge state features at high energies
(i.e. above 10s of MeV/amu) in large gradual SEP events
arises from the interplay of two factors: shock geometry and
the mixture of two seed populations with coronal / solar wind
composition and 'flare' composition, i.e. a composition as
observed in 3He- and heavy ion-rich events, respectively. In
this scenario the shock geometry plays an important role. It is,
in particular, assumed that quasi-perpendicular shocks require
a higher initial speed of the ions for effective injection and
therefore preferentially accelerate suprathermal seed particles
from flares, whereas quasi-parallel shocks can draw their seed
particles from the corona / solar wind suprathermals. In this
model the shock geometry - via the injection threshold -
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particles see [87] - [92].
Figure 13 shows as an example for typical CIR ion spectra
at low energies the composite CIR spectrum of helium
obtained on May 30, 1995 with the MASS, STICS and STEP
sensors onboard the WIND spacecraft [88]. The measurements
show a smooth transition from the solar wind to a power-law
spectrum at suprathermal energies. Recent measurements with
increased sensitivity and resolution provide energy spectra and
composition for ions in the mass range of protons to Fe over
the wide energy range of <0.1 to ~30 MeV/amu (Fig. 14).
These measurements show power-law spectra at low energies
with a roll-over at >1 MeV/amu, similar for all ions in the
mass range He to Fe, resulting in heavy ion composition that is
independent of energy [93]. The composition was found to be
similar to the composition of the solar wind (Fig. 15), with the
exception of He and Ne, which are overabundant by factors of
3.5±1.5 and 2.9±0.4, respectively [93].
Thus, the question arises, whether there are sources other
than the solar wind that could contribute to the accelerated
particles in CIRs. The first such ion detected was singly
ionized He of interstellar origin which contributes at 1 AU by
~10% to 60% to the total He flux [94]-[96]. The analysis of
heavy ion charge states in CIRs showed that the contribution
of pickup C+, O+, and Mg+ is <1%, and only ~5% for Ne [97],
[98]. Therefore, the possible contributions of pickup He and
Ne to the observed fluxes seems too small to explain the
observed overabundance by a factor of ~2-4, and the large
overabundance of He and Ne remains puzzling.

Fig. 13: Helium phase space density as a function of speed, normalized to
solar wind speed, using data from the MASS, STICS and STEP sensors of
the WIND spacecraft. The CIR spectrum shows a smooth transition from the
solar wind to an approximate power law at suprathermal energies [88].

determines which of the two components dominates and thus
determines spectral shapes, heavy ion abundances and ionic
charge states at high energies [81] - [83].
Scenario 2: In an alternative scenario, direct injection of the
particles, accelerated in the CME related flare, has been
proposed (e.g. [11], and references therein; [13], [84]). In this
scenario, gradual events generally consist of two populations:
(1) a population at low energies predominantly accelerated at
the coronal / interplanetary shock, and (2) a high energy
component (above ~10s of MeV/amu), probably flare
generated, with composition and charge states similar to
impulsive events, possibly re-accelerated in the CME related
shock. The relative intensity of the two components as
observed at Earth will vary from event-to-event, dependent on
the shock parameters (e.g. speed), the flare size and location,
and the magnetic connection between the acceleration site and
the observer. However, at high energies the second component
usually dominates, giving rise to the heavy ion enrichment and
high charge states at high energies [13], [85].

Fig. 14: Spectra of 4He, C, O, and Fe obtained with ULEIS and SIS onboard
ACE during the CIR on March 22, 2000 [93].

3. COROTATING INTERACTION REGIONS
Long-lived streams of low energy (~0.01-10 MeV/amu) ions
and ~40-300 keV electrons near corotating interaction regions
(CIR) result from the interaction of high-speed solar wind
overtaking slow-speed solar wind, forming forward and
reverse waves. If the waves are sufficiently strong, a shock
pair is formed, with the forward shock (FS) propagating
outward and the reverse shock (RS) propagating inward. These
shocks have been known for a long time to accelerate particles
efficiently (e.g. [86]) and it was found that the particle
intensities at CIRs peak at a few AU. For recent reviews of the
plasma and energetic particle aspects of CIRs, including
observations in the inner and outer heliosphere, at high solar
latitudes, and the origin, injection and acceleration of CIR

Fig. 15: Average CIR abundances in the energy range 0.32-0.45 MeV/amu,
normalized to O, and compared to average solar wind values from slow speed
streams and fast streams [93].
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4. ANOMALOUS COSMIC RAYS
The anomalous component of low energy cosmic rays
(ACR) has been discovered in the early 70's in the inner
heliosphere. The 'anomalous' feature was the flat energy
spectrum of 4He between 10 and 80 MeV/amu, and the 'hump'
in the quiet-time cosmic ray energy spectrum of heavy ions
(predominantly N, O, and Ne, see Fig. 16) at energies of ~3-20
MeV/amu, with unusual composition (C/O < 0.1). The early
measurements showed He [99], O [100], [101], N [101] and
Ne [102] in anomalous cosmic rays. Later, in the outer solar
system, also Ar, and H was identified in ACRs. The early
measurements also showed a positive radial gradient and
modulation similar to galactic cosmic rays, suggesting a source
in the outer solar system. For reviews of the early and recent
observations, see [103]-[105].
Because all elements initially identified as ACRs had high
first ionization potential (He, N, O, Ne), interstellar neutral
particles were suggested as a source, that are singly ionized in
the inner solar system, picked up by the solar wind, convected
with the solar wind into the outer heliosphere, and accelerated
in the outer heliosphere [106] and at the termination shock
[107].
A comparison with detailed numerical models, including
acceleration at the termination shock, convection, radial
diffusion, and gradient and curvature drift effects showed that
the hypothesis of an interstellar origin was consistent with
these models for acceleration and propagation of ACRs [108],
[109]. It was also found that taking drift effects into account is
essential for explaining the different radial and latitudinal
gradients in subsequent solar cycles with different polarity of
the helio-spheric magnetic field [108]. The full confirmation of
an inter-stellar origin of ACRs was obtained by the direct
measurement of the ionic charge of ACR O, N, and Ne ions.
These ions were found to be predominantly singly ionized at
energies <20 MeV/amu; at higher energies doubly and triply
charged ions dominate which can be explained by charge
exchange in the outer heliosphere [110], [111].
The models that are assuming acceleration at the termination shock (TS) predicted the unfolding of the ACR energy
spectra into single power law spectra with maximum intensity
at the TS, characteristic for local shock acceleration. However,
the measurements of the Voyager 1 spacecraft that encountered the TS in 2004 did not show the expected peak ACR
intensities at the TS [112]. Possible explanations are that the
acceleration at the termination shock may not be locally, where
Voyager 1 crossed the TS, but, due to its blunt, non-spherical
structure, the acceleration may be on the flanks, as illustrated
in Fig. 17 [113], [114]. Other scenarios discussed are transient
effects (e.g. [115], [116]), or acceleration at larger distances,
i.e. in the distant heliosheath (e.g. [117]-[119]).

Fig. 16: Quiet-time spectra of He, C and O during 1973 to 1975. The
characteristic features of ACRs are the flat energy spectrum of He and the
"hump" in the oxygen spectrum, resulting in C/O < 0.1 at ~2-10 MeV/amu,
different from spectra and composition of solar- and galactic cosmic rays
(compilation of ACR data from [101]).

Fig. 17 Schematic diagram of an equatorial cut through the TS with the
approximate positions of Voyager 1 and 2, illustrating the enrgization of
pickup ions at the flanks of the TS [113].

New observations with instruments of much improved
resolution and sensitivity onboard several spacecraft provide
detailed information on the time-intensity profiles, energy
spectra, elemental, isotopic, and ionic charge composition of
energetic particles, accelerated in solar flares, at CME-driven

5. SUMMARY
There is now a wealth of observations of energetic ions in
the atomic mass range from hydrogen to iron, covering a wide
energy range from solar wind energies to 100s of MeV/amu.
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[2]

coronal and interplanetary shocks, at CIRs, and at the
termination shock and beyond. The particle signatures carry
fundamental information on the particle source, and on the
injection, acceleration and propagation processes. However,
with the particle observations being in general remote from the
actual acceleration site, we have to keep in mind that we
always observe the combined effect of acceleration and
transport processes that are in general difficult to disentangle.
Although there is considerable progress in our understanding of SEPs, there are a number of open questions that
still need to be addressed in the future. We have, for example,
time-resolved measurements of both SEPs (electrons and ions)
and particles interacting in the solar atmosphere (hard X-rays,
gamma-rays, radio), but due to transport effects between the
source and the observation at 1 AU the SEP time profiles are
smeared out and cannot easily be compared with
electromagnetic signatures.
Further improvement in our understanding will also require
more modeling efforts. In particular, three dimensional
simulation of CMEs and ICMEs, including the effect of
particle acceleration in the dynamically evolving magnetic
field configuration with parallel and perpendicular shock
geometries could provide important clues for the
understanding of the observations. Also, unfolding injection,
acceleration and propagation processes would provide a better
understanding of the fractionation effects observed in
elemental and isotopic abundances.
Significant progress in our understanding of SEP
propagation and acceleration can be expected from
multispacecraft measurements, combining, for example,
measurements from the two STEREO spacecraft separated in
longitude by now 45° with near-Earth measurements from
SOHO and ACE ([120[-[122]).
Future missions like the Solar Orbiter (e.g. [123]-[125]) and
the Sentinels [126] with perihelion distances of ~0.2 AU, or
the Solar Probe with a perihelion distance of ~10 solar radia
[127], will provide a close-up look at CMEs and solar active
regions and allow a much better correlation of the
electromagnetic signatures and the characteristics of ions and
electrons, because interplanetary propagation effects are
minimal at this distance.
In the outer heliosphere the Voyager spacecraft on their way
through the heliosheath are continuing to provide valuable
information on ACR dynamics that could, in combination with
model calculations, help to solve the puzzle where ACRs as
actually accelerated.
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Abstract— Several experiments are currently in data analysis
or in operation to explore the cosmic rays energy region between
few tens of MeV/n and few tens of TeV/n. The main goals include
the search for antimatter, dark matter signals and exotic particles,
the study of the mechanisms of production, acceleration and
transport of cosmic rays, the monitoring of the solar modulation
and its effects on the electrical charge-sign of particles and nuclei.
These experiments are providing very precise measurements of
antiproton, positron and electron fluxes and a direct measurement
of the chemical composition and energy spectra of cosmic-ray
nuclei from proton to Iron. In this paper a review of the
current experiments and of the results obtained will be presented,
together with an overview of the future programs.

I. INTRODUCTION
Cosmic rays are a sample of solar, galactic and extragalactic
matter which includes the nuclei of all elements and their
isotopes known in the periodic table, as well as electrons,
positrons, and antiprotons. They are associated with the most
energetic events and active objects in the Universe: supernovae
explosion, pulsars, relativistic jets, active galactic nuclei.
All particle cosmic rays energy spectrum, shown in figure 1,
represents one of the most impressive result of the experimental research in astrophysics. It ranges for about 32 orders of
magnitude in the flux determination and more than 21 in the
explored energy. The spectrum exhibits three spectral features,
a first knee at an energy of 3 PeV, a second knee at about 0.5
EeV and an ankle beyond 10 EeV. This spectrum hides the
answers to the main questions in the cosmic rays research.
Where do the particles are coming from? How and where
they are getting accelerated? How do they propagate through
the interstellar medium and what kind of interaction do they
encounter? What role do they play in the energy budget of the
interstellar medium? Are they galactic or also extragalactic?
Do we find hints of the existing of exotic particles as relic
from the early Universe, as antimatter and dark matter?
The cosmic ray particles (CR), at least up to about 1015 eV,
are considered of galactic origin and the power supply of their
acceleration is usually ascribed to shock waves of expanding
supernovae remnants. A direct evidence has been achieved in
the recent years by SNR observation in gamma rays, probably
of hadronic origin, by Cherenkov imaging telescopes [1] and in
X-ray emissions from the borders of SNR [2] that gives proof
of an efficient magnetic field amplification. It is, however, not
well understood what kind of particles and which fraction
of matter is actually selected from the ambient plasma for
acceleration and finally injected as energetic particles into the
1 Department of Physics, Univeristy of Rome ”Tor Vergata”, Italy,
piergiorgio.picozza@roma2.infn.it; website: http://pamela.roma2.infn.it
2 INFN Sezione di Roma Tor Vergata, Italy

Fig. 1.

All particle cosmic rays energy spectrum.

interstellar space, where they spend about 107 years before
escaping into the intergalactic space. This long confinement
leads to expect a coupling to the galactic magnetic field,
since the residence time along a line of sight through our
galaxy would only be 103 years. Moreover, the scattering on
random magnetic fields leads to a random walk in real space
(diffusion) and in momentum space (diffusive reacceleration).
An effective diffusion is confirmed by the high degree of
isotropy shown from the cosmic radiation since cosmic rays
streaming freely out of the galaxy or following strictly the
galactic magnetic field pattern would be highly anisotropic,
with most flux coming from the direction of the central region
of the galaxy. Particles may also be spatially convected away
by the galactic wind, that induces adiabatic losses, and lose
energy when they interact with interstellar matter (ISM) or
with the electromagnetic field and radiation of the galaxy.
The interaction of the cosmic rays with the interstellar
matter leads to the production of new particles and also to
spallation products. In the framework of these observational
constraints models of cosmic rays propagation have been
implemented, with Leaky Box Model and Diffusion Halo
Model mostly developed. From experimental point of view
the cosmic rays energy spectrum can be divided in two large
intervals; a first, below the knee, explored by direct space
measurements, and a second one, over the knee, where the
low particle flux makes feasible only indirect measurements,
performed by very large on ground detectors.
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In this paper we will deal only with direct measurements,
focusing attention on the chemical composition of the cosmic
rays, the antimatter and dark matter research and the solar
modulation.
The chemical composition of cosmic rays under the knee is
extensively studied because it provides important information
about the cosmic rays primary sources, secondary productions,
acceleration processes and propagation through the interstellar
medium. Furthermore, these data are used as input in Monte
Carlo calculations of the development of the particle showers
in the Earth’s atmosphere, that are related to the atmospheric
neutrino oscillation problem. The ratios between secondary
and primary cosmic ray fluxes as B/C, Be/C, Li/C etc. are
also of particular interest, because they provide a unique tool
to characterize the diffusion property of the ISM. Finally, the
secondary radioactive CR nuclei with decay time comparable
with the confinement time play an important role in determining the diffusion coefficient and the halo size and also provide
information on the mean gas density through which particles
propagate.
The understanding of the nature of dark matter that pervades the universe and the apparent absence of cosmological
antimatter are today two of the most compelling issues facing
astrophysics and cosmology. Many balloon-borne, satellite and
space station experiments have been performed or now working or in integration phase to detect gamma rays, positrons
and antiprotons as possible signals of dark matter, together
with antihelium and heavier nuclei as products of primordial
and anti-stellar nucleosynthesis.
Solar modulation affects the low energy part of the cosmic
ray and plays an important role in the precise determination
of the cosmic rays interstellar energy spectrum and in the
disentangling possible contributions of dark matter signals
from standard antiparticles production. Several instruments
on ground and in space are continuously monitoring solar
modulation and are giving essential input for modelling the
solar effects on the cosmic rays. In conclusion, understanding
the origin and the propagation of cosmic rays in the galaxy
requires the combination of many different observations over
a wide range of energy.
II. ELEMENTAL COMPOSITION
An extensive work on chemical composition by direct
measurement of cosmic rays in space or at the top of the
atmosphere in the energy region between few tens of MeV/n
and tens of TeV/n is conducted since many years, starting with
the pioneer series of Proton satellite experiments of Grigorov
[3] and, after, extended mainly by the JACEE and RUNJOB
balloon-borne experiments and by HEAO and SOKOL on
board satellites. At present ATIC, CREAM, TRACER, PPBBETS and TIGER on balloons and PAMELA and ACE on
satellites are producing new data. AMS-02 on board the ISS
and NUCLEON on satellite are foreseen as new entries in the
next years.
Primary spectra of protons and helium nuclei measured by
many experiments are shown in figure 2 [4] compared with

Fig. 2. Proton (top) and helium (bottom) spectra in energy per particle
measured by many experiments (various symbols) [4], Horandel’s empirical
model (dotted curve) and ground based indirect measurements (shaded area)
[5].

Hörandel’s empirical model [5]. The shaded area indicates the
band of incertitude of ground based indirect measurements; it
is also to note as direct and indirect measurements are starting
to overlap in the knee region. The proton spectrum is following
a power law without much change up to ∼ 100 TeV. The
spectra of He nuclei as measured by CREAM and ATIC 2 are
in good agreement and accord with the Hörandel’s empirical
model which is based on data of previous experiments. An
increase in the abundance of helium nuclei relative to protons
appears in ATIC and CREAM spectra. The forthcoming data
of PAMELA should clarify the energy region in which the
helium slope changes.
The all-particle spectrum as measured by ATIC is shown in
figure 3 [6] together with other direct measurements performed
by Ichimura et al. [7], RUNJOB [8] and JACEE [9], and
the indirect measurements by DICE [10], CASA-MIA [11],
CASA-BLANCA [12] and KASCADE [13] [14]. In the right
panel of figure 3 the mean logarithmic mass number found
by ATIC in the energy range 102 -105 GeV/particle shows a
general trend to a heavier composition and appears to be in
agreement with the results of the other experiments in the knee
region.
Individual energy spectra of cosmic-ray nuclei heavier than
protons and helium at high energies were measured long
time ago by two space missions: HEAO-3 which provided
data with high statistical accuracy up to about 35 GeV
amu−1 [15] and CRN on Spacelab 2 which performed the
first measurements into the TeV amu−1 region [16]. More
recently several balloon-borne instruments measured high-
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Fig. 3. a) All-particle spectrum and b) average mass number as a function of particle energy measured by ATIC [6], Ichimura et al. [7], RUNJOB [8],
JACEE [9], DICE [10], CASA-MIA [11], CASA-BLANCA [12] and KASCADE [13] [14].

energy cosmic-ray composition in this region: RUNJOB [17],
ATIC [18], CREAM [6] [19], TRACER [20], HESS. The
dataset shown in figure 4 includes the energy spectra of the
major primary species, O, Ne, Mg, Si, S, Ar, Ca, and Fe,
for an energy range between a few GeV amu−1 and more
than 104 GeV amu−1 . The fluxes are multiplied by different
normalization factors.
The agreement among the different experiments appears to
be quite good in the regions of the overlaps. Data on the light
primary cosmic ray components (protons, helium, and carbon)
detected by AMS [21], ATIC [22], BESS [23] [24], CAPRICE
[25], JACEE [26], RUNJOB [17] are displayed as well. A fit of
the TRACER data to a power law ∝ E−γ is reported in figure
4, while the resultant spectral indices with charge Z are shown
in figure 5. No significant trend of the spectral indices with Z
charge appears; all indices fit well to an average of γ = 2.65 ±
0.05. This behaviour strongly suggests a common origin of all
cosmic-ray species. However a more careful analysis should
show that the competing action of physical escape from the
galaxy, which depends on energy, and of loss by spallation in
the interstellar medium, which depends on the nuclear charge
Z (or more correctly, on atomic number A), leads to some
changes in the spectral shape for individual nuclei that would
be difficult to describe by a single power-law spectrum [27].

Fig. 4. Flux as a function of energy for the major components of the primary
cosmic radiation: O, Ne, Mg, Si, S, Ar, Ca, and, Fe. The dashed line represents
a power-law fit to the TRACER data above 20 GeV amu−1 . For references
to the data presented in this plot see [15]- [26] and references therein.

A. Relative abundances
The abundances of super-heavy elements, (Z > 30), should
give hints to the studies on the acceleration processes and the
prevalent acceleration sites, though their fluxes are more than
∼ 1000 times smaller than the Iron flux. They are reported
in figure 6 [28] for the energy region between 0.3 and 10
GeV/nucleon, as measured during two balloon flights by the
TIGER Collaboration in 2001 and 2003.
The lines represent the predictions of two models for acceleration, one based on first ionization potential (FIP) [29], and
the second on volatility, but both with a standard solar system
composition of the ambient medium [28] [30]. The nearly
equal abundances of 31 Ga and 32 Ge appear to be inconsistent
(if taken at the same time) with both theoretical models. While
Ga results are consistent with the FIP model and inconsistent

Fig. 5. Spectral indices of a best power-law fit to the combined TRACER
data above 20 GeV per amu. The line indicates the an average spectral fit of
E−2.65 [20].
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Fig. 7. Boron to Carbon ratio as a function of energy per nucleon as measured
by many experiments: ATIC [33], HEAO3 [15], CREAM [32], PAMELA [34],
ISEE3 [35], CRN [36].

Fig. 6. Relative abundances observed at the TIGER instrument [28] compared
with results of propagating two possible source models to the balloon’s
atmospheric depth.

with the volatility model, the Ge results are consistent with
volatility and not with FIP. A similar result was reported from
the HEAO-C2 instrument [31]. The cosmic rays abundance
for element Z < 30 are consistent with volatily-dependent
acceleration, but since most refractory elements have low FIP,
a FIP-dependent acceleration is not firmly ruled out by those
abundances [28].
B. Propagation models and Cosmic Rays fluxes ratios
The energy dependent escape of particles from the galaxy
leads to a difference between the spectra of cosmic rays at
the source and those measured at Earth. This variation can
be understood studying the acceleration processes and the
propagation of cosmic rays trough the interstellar medium
by precise measurements of the fluxes and energy spectra
of secondary nuclei, that are produced mainly by spallation
interaction of primary nuclei with the interstellar matter. In
particular, the abundances and spectra of secondary elements
such as Boron, Beryllium and Lithium and, specially, the
ratios of secondary to primary (for instance B/C) are directly
related to the encountered amount of matter and to the nuclei
lifetime before escaping from the galaxy. Actually, the energy
dependence of the B/C ratio is directly connected with the
diffusion coefficient D(E), or more in general with the escape
time, which scales as 1/D(E) if diffusion is the only process
responsible for escape. The results of measurements of the B/C
ratio performed by several experiments are shown in figure 7.
The most recent results of CREAM [32], ATIC [33] and
TRACER (unpublished) extend to energies of 100 - 1000
GeV/nucleon. Such data provide a unique opportunity to
understand what is the rate of escape of cosmic rays as a
function of energy right below the knee. The data with small
error bars at low energies of PAMELA and CREAM confirm
the old HEAO3 data and suggest a scaling of the diffusion
coefficient with energy as D(E) ∝ E δ , with δ ≈ 0.6, at least
at rigidities below 10 GV. Since cosmic rays escape from the
galaxy proportionally to E δ , the power index value should

change at high energy otherwise a too large anisotropy of
cosmic rays at knee would be measured. The higher energy
data of CREAM and ATIC have too large error bars to lead
to a flatter behaviour of the escape time [30].
The N/O measurements by CREAM [32], reported in figure
8(a) together with those of HEAOC2-3 [15], show that Nitrogen is only partly secondary, with a residual abundance at the
source. The solid line corresponds to a source N/O = 10%,
the long-dashed line corresponds to a source N/O=5% and the
short-dashed line is for source N/O = 15%.
As to the primary nuclei, the Carbon to Oxygen ratio
measured by CREAM-II [32] and ATIC [33] (figure 8(b)),
appears to be close to constant with energy, confirming their
origin in the cosmic ray source.
In the next future, the new Long Duration Flights of
TRACER and CREAM instruments and the AMS-02 and NUCLEON space missions, together with the data PAMELA are
already providing, will allow for fundamental improvements
to the understanding of the origin and propagation of cosmic
rays in the galaxy.
III. A NTIMATTER AND DARK M ATTER RESEARCH
What was the role of matter and antimatter in the early
Universe? Is the present Universe baryon symmetric or baryon
asymmetric? Is the matter only baryonic? These are the
questions today addressed exploiting cosmic particles with
balloon borne, satellite and ISS experiments.
The Big Bang origin of the Universe requires matter and
antimatter to be equally abundant at the very hot beginning.
On the other side, indirect searches of antimatter performed
analyzing the distortion of the CBR spectrum and the spectrum
of the Cosmic Diffuse Gamma exclude the presence of large
domains of antimatter in a baryon symmetric Universe at least
for distance of 100 Megaparsec. Moreover, after the discovery
of the CP violation in the weak interactions [37], Sakharov,
in a famous JEPT letter of 1967 [38], formulated the three
well known hypotheses, today only partially confirmed, to be
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Fig. 8. a) Nitrogen to Oxygen ratio as a function of energy for CREAM [32] and HEAO-C2-3 [15] experiments. The lines represent model calculations of
this ratio with the escape parameter α=0.6. The different curves correspond to different assumptions on the amount of nitrogen in the source material. These
are: solid line source N/O = 10%, long-dashed line source N/O = 5%, short-dashed line N/O = 15%. b) Carbon to Oxygen ratio as a function of energy for
CREAM-II [32] and ATIC [33] experiments. The ratio is expected to remain close to constant with energy.

assumed to explain the observed predominance of matter over
antimatter in the early Universe.
The idea that space measurements of cosmic radiation could
give the possibility of direct antimatter observation escaped
as a cosmic ray from a distant antigalaxy received a huge
boost from the Golden et al. [39] and Bogomolov et al.
[40] balloon-borne experiments. In 1979 Robert Golden and
Edward Bogomolov carried out the first historical discovery
of antiprotons on the top of the atmosphere triggering a wide
program of direct antimatter research. Actually, the measured
rate of antiprotons was much higher than expected from
interactions of cosmic rays with the interstellar matter (figure
9). Straightaway various ideas of theoretical interpretation
were developed, as primary antimatter coming from antimatter
domains in a baryonic symmetric Universe (blu line) [41],
evaporation for Hawking effect of primordial mini black holes,
exotic particles annihilation (red curve) [42]. In the same years
the results of the positron/electron ratio measurements were
somewhat similar, with experiments giving a too high flux of
positrons at energies higher than 10 GeV, explained with some
exotic productions.
The discovery of one nucleus of antimatter (Z≥2) in the cosmic rays would have profound implications for both particle
physics and astrophysics. If there was primordial antimatter,
antihelium would be the most likely form to be detected in
cosmic rays, likewise in matter primordial nucleosynthesis in
which helium is the next abundant element to hydrogen. On
the other side the detection of antinuclei with Z>2 in cosmic
rays would provide, instead, direct evidence of the existence of
antistellar nucleosyntesis. Moreover, several authors [43] [44]

suggest that small bubbles with very high baryonic asymmetry
could be produced by the presence of stochastic or dynamical
violation of CP also in a baryon dominate universe.

Fig. 9.
Antiproton/proton ratio together with theoretical interpretation:
primary antimatter coming from antimatter domains in a baryonic symmetric
Universe (blu line) [41], exotic particles annihilation (red curve) [42].

Many balloon-borne experiments followed these pioneer
ones using novel techniques developed for accelerator physics,
mainly by the WiZard, HEAT and BESS collaborations (see
table I). In 1998 AMS-01 got cosmic rays data by a large
instrument installed on board the Shuttle. The experimental
¯
limits obtained by these missions for the He/He
ratio are
presented in figure 10: the current lowest limit is of the order
of 3 × 10−7 obtained combining all the BESS flights data. As
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1979
1979
1981
1985
1987
1989
1991
1992
1993
1994
1997
1998
1999
2000
2004
2007

First Observation (Golden et al.)
Russina PM (Bogomolov et al.)
Excess reported (Buffington et al.)
ASTROMAG Study Started
LEAP, PBAR (upper limits)
MASS89
MASS91
IMAX
TS93, BESS
CAPRICE94, HEAT94
BESS
CAPRICE98, MS01
BESS
HEAT–pbar, BESS
BESS Polar I
BESS Polar II

parity conserving supersymmetric models.
Considerable effort has been put into the search of dark
matter WIMPs in the last 15 years with several complementary
techniques. One of the techniques worth being explored is
the search of WIMPs annihilations by indirect signatures.
Neutralinos should pervade the Milky Way halo and be concentrated at the galactic centre. As they mutually annihilate,
they should produce high energy photons and antimatter
cosmic rays. However, these contributions are mixed with a
huge background produced in the interactions of cosmic rays
with the ISM, so that they should appear as a distortion of
antiproton, positron and gamma energy spectra due to this
secondary production. In figure 11 experimental results for the

TABLE I
A NTIMATTER AND D ARK M ATTER IN C OSMIC R AYS

for the antiproton/proton ratio, the first pioneer results were
not confirmed later.
Meanwhile new results and new suggestions came from the

Fig. 11.
Experimental data for the p̄ flux together with calculations
accounting for a pure secondary component (Simon et al. [45], Bergström
et al. [46]) and for a possible contribution from χχ annihilation (Ullio [47]).

Fig. 10.

¯
Experimental limits for the He/He
ratio.

analysis of the cosmic microwave background anisotropies
that provided for a cosmologic average for the abundance
of baryons and matter the values Ωb h2 = 0.0220 and ΩM h2
= 0.131, respectively, with small error bars. It is nowadays
supposed that the energy budget of the Universe is shared
among baryonic matter (4%), dark matter (23%), and dark
energy (73%). The nature of the astronomical dark matter is
still unresolved. The favourite candidate for the non baryonic
component is a neutral weakly interacting massive particle
(WIMP) with a mass in the range between 10’s of GeV to
TeV. It would naturally appear as one of the thermal leftovers
from the early Universe and its presence is predicted in several
classes of extension of the Standard Model of particle physics.
The most popular candidate is the lightest neutralino χ, in R-

Fig. 12. Experimental data for e+ /(e+ +e− ) ratio, together with calculations
for a purely secondary production, for a possible contribution from χχ
annihilation and the sum of the two.

antiprotons flux, obtained by the balloon borne and AMS-01
experiments, are reported together with different calculations
accounting for a pure secondary component [45] [46] and for
a possible contribution from χχ annihilation (dotted line [47]).
The spectrum has a distinct peak around 2 GeV, showing the
characteristic feature of secondary antiprotons produced by
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the interaction of Galactic cosmic-rays with the interstellar
medium. The energy spectrum of these secondary antiprotons
should decrease rapidly toward lower energies reflecting the
kinematic constraints on antiproton production [48] and toward
higher energies reflecting the steep power-law spectra of primary particles producing the antiprotons. In addition to these
secondary antiprotons, there might be a source of primary,
but the large error bars at high energy, the solar modulation
effects at low energy and the uncertainties in the background
calculation strongly limit the data interpretation in terms of
dark matter signals.
In figure 12 the experimental data for e+ /(e+ +e− ) are shown,
together with calculations for a purely secondary production,
for a possible contribution from χχ annihilation (dotted line)
and for the sum of the two (solid line). The combined data set
suggests the presence of a feature in the positron fraction in
the energy range from 7 to 20 GeV. Exotic and astrophysics
positron production mechanisms that would lead to an excess
of positrons in this energy region have been proposed, but the
uncertainties in the data do not permit a definite conclusion.
To widen the research for primary antimatter and to try
to disentangle possible exotic components from the standard
production, several space missions and LFD (Long Duration
Flight) balloon experiments have been conceived for measurements at higher energies, with high statistic and during
different solar modulation phases. These missions are shown
in figure 13.

Fig. 13.

PAMELA in the energy range between 200 MeV and 100 GeV
is shown in 14 compared with the previous experiments and
some background calculations (Molnar et al. [49], Moskalenko
et al. [48]). The flux increases smoothly with energy up
to about 10 GeV, in agreement with previous experiments,
and then levels off. The data follow the trend expected from
secondary production calculations and significantly constrain
contributions from exotic sources, e.g. dark matter particle
annihilations. Data for positron/electrons ratio are shown in
figure 15 for an energy interval between some hundred MeV
to 10 GeV. The low energy data show a significant chargesign dependence for solar modulation while in the 7-10 GeV
region the HEAT structure has not been confirmed.

Fig. 14. Preliminary antiproton/proton ratio measured by PAMELA and some
background calculations (Molnar et al. [49], Moskalenko et al. [48].

Antimatter and Dark Matter Experiments.

The magnetic spectrometers PAMELA, in flight since June
2006 on board the Resurs-DK1 satellite, and AMS-02, that
will be installed outside the ISS in 2010, can be considered as
Observatories at 1 AU. Their primary scientific objectives are
the search for heavy antimatter and nonbaryonic particles outside the Standard Model. In particular they can search for antihelium (primordial antimatter), heavy anti-nuclei (anti-stars),
new matter in the Universe (strangelets?). They can perform
also precise measurements of the antiparticle energy spectrum
and precision studies of light nuclei and their isotopes to test
cosmic-ray propagation models. Concomitant goals include the
study of solar physics and solar modulation, the investigation
of the interaction of cosmic-rays with the Earth’s magnetosphere and the search for high energy electrons to discover
local sources.
The antiproton-to-proton flux ratio as measured from

Fig. 15.

Preliminary positron fraction measured by PAMELA.

The PPB-ETS (Polar Patrol Balloon) results about all electron energy spectrum (positrons + electrons), multiplied by
the cube of energy, observations [50] from 10 GeV to 800
GeV are shown in figure 16 together with others data. The
energy spectrum exceeding 100 GeV is crucial to detect the
nearby SNRs as discussed by Kobayashi et al. (2004) [51], and
electron-positron pairs from Kaluza-Klein dark matter annihilations [52]. The statistics of PPB-BETS data are insufficient
to discuss the details of the contribution of nearby SNRs and/or
WIMP dark matter, but may indicate a sign of a structure in the
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several 100 GeV region. Similar structure in the all electron
energy spectrum is reported by the ATIC-2 observations.

charged particles behave in the opposite manner and
the drift patterns interchange when the solar polarity
diverge.
2) Systematic ordering of turbulent helicity can cause diffusion coefficients to depend directly on charge sign and
polarity state.
V. C ONCLUSION

Fig. 16.
[50].

Electron energy spectrum observed with PPB-BETS (solid circles)

IV. S OLAR

MODULATION

The energy spectra of cosmic rays are modified by the solar
wind within the solar system, mainly at energies lower than
10 GeV. This solar modulation depends on solar activity, and
it is most evident at solar maximum, when the low energy
cosmic ray flux it at a minimum. Furthermore, the solar
modulation effects depend on the cosmic rays sign-of-charge
and on the positive or negative phase of the sun and it is due
to gradient, curvature and neutral sheet drift effects. These
mostly affect low mass particles such electrons and positrons
and are important mainly during solar minimum conditions.
In the positive phase of the sun, that is when the mechanical
rotation axis of the sun and the sun magnetic dipole have
the same versus, positive charges experiment a lower solar
modulation than the negative ones. In the negative phase are
the negative particles to be less affected. This is clearly shown
in figure 15, in which la difference in the positron to electron
fraction between the PAMELA data, collected in the negative
phase of the sun, and the other ones, acquired by different
experiments in the positive phase of the sun, appears to agree
with this theoretical interpretation. As regards to antiproton to
proton ratio, shown in figure 14, the low energy data of the
BESS experiments, detected by balloon flights in different tilt
angles, that is the angle between the rotation axis of the sun
and its magnetic dipole, and in the both solar phases, reveal a
more complex behaviour compared to the positron to electron
ratio. This disparity is due to the different energy spectra
of protons respect to antiproton and to the large difference
in mass compared to the electrons. According with Clem
and al. [53] and Bieber et al. [54] these effects are due to
two systematic deviations from reflection symmetry of the
interplanetary magnetic field:
1) The Parker field has opposite magnetic polarity above
and below the equator, but the spiral field lines themselves are mirror images of each other. This antisymmetry produces drift velocity fields that for positive particles converge on the heliospheric equator in the positive
state or diverge from it in negative state. Negatively

The high quality cosmic rays data achieved in these last
years in a very wide range of energies by balloon-borne and
satellite experiments show a good agreement on the all-particle
spectra. The spectra of the chemical species do not show
major differences in the slope. Furthermore these direct measurements are approaching the energy region around the knee
This goal could be reached by the planned new long duration
flights of the TRACER and CREAM collaborations, allowing
a cross calibration with the results from the on ground based
experiments. New measurements on the secondary to primary
ratio for different nuclei performed by CREAM, TRACER and
PAMELA will allow for a better estimation of the lifetime of
the cosmic rays in the galaxy. Data from PAMELA on the
antiproton to proton ratio significantly constrain contribution
from exotic. Solar modulation effects are also studied by BESS
and PAMELA .
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Abstract—An overview on the present observational status and
phenomenological understanding of cosmic rays above 1016 eV is
given. Above these energies the cosmic ray flux is expected to be
gradually dominated by an extra-galactic component. In order
to investigate the nature of this transition, current experimental
activities focus on the measurement of the cosmic ray flux and
composition at the ’ankle’ or ’dip’ feature at several EeV. At
the ultra high energy end of the spectrum, the flux suppression
above 50 EeV is now well established by the measurements of
HiRes and the Pierre Auger Observatory and we may enter the
era of charged particle astronomy.

E 2.7F(E) [GeV1.7 m−2 s−1 sr−1]

I. I NTRODUCTION
The all particle spectrum of cosmic rays is known to follow
a power law, dN/dE ∝ E −γ over many orders of magnitude.
However, at the highest energies, shown in Fig. 1, it exhibits
three remarkable features. The knee [1], a steepening of the
flux by ∆γ ≈ 0.5, at a few PeV followed by a flattening called
the ankle [2] at several EeV and a flux suppression at ultra high
energies [3].
The first two features are suspected to be an indication of
the end of the galactic cosmic ray spectrum and the transition
to an extra-galactic component.
At energies above several hundreds of TeV the particle
fluxes are too low to allow for a direct measurement of the
properties of cosmic rays. Instead, as will be explained in
Sec. II, the analysis of air showers plays a crucial role to
measure their flux and composition. These two observables are
essential to study the transition from galactic to extra-galactic
cosmic rays and to distinguish between the various models put
forward to explain the ankle (see Sec.III and IV).
At the same hour this talk was given, the first proton beams
were injected to the Large Hadron Collider [4], that will
eventually be able to accelerate protons up to 7 · 1012 eV.
The ultra-high energy frontier of physics is however beyond
1020 eV, where several cosmic rays have already been detected
[5]–[7]. At these extreme energies, particles are expected to
suffer significant energy losses during their propagation to
earth. The corresponding flux suppression was predicted over
forty years ago [3] and it is only now, that experiments
gathered enough statistics to study it carefully (see Sec. V).
The astrophysical sources that are able to accelerate particles to such tremendous energies are still unknown. Their
unambiguous identification requires to study the arrival directions of cosmic rays, i.e. to do particle astronomy.
Whereas the experimental knowledge on cosmic rays made
a major leap forward in the current hybrid era [8], new
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All particle flux of cosmic rays ( [10] and references therein)

projects aim to accumulate more data below 1 EeV and at ultra
high energies. Moreover, new data on hadronic interactions
at man-made particle accelerators are needed to facilitate the
interpretation of air shower data [9]. These efforts will be
described in Sec. VI.
II. A IR

SHOWERS

Cosmic particles entering the earth’s atmosphere sooner or
later collide with the nuclei of the air and initiate a particle
cascade, the so-called air shower. Since the thickness of the
atmosphere is more than 20 radiation and interaction lengths at
vertical incident, it constitutes a suitable calorimeter to study
the properties of the primary cosmic ray particles.
Air shower detectors either measure the lateral densities of
particles at ground or the longitudinal development of the
cascade in the atmosphere.
The qualitative relation of these experimental observables
to the energy E0 and mass A of the primary particle can be
easily understood within the simple Heitler-model [11]–[14]
of air showers. Here one assumes that after each hadronic
interaction length, λ, π-mesons are produced with an average
multiplicity of hni. In each interaction an energy fraction of
f ≈ 1/3 goes to neutral pions which decay immediately into
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lg(S /VEM)

hXmax i = a + b lg [(E0 /ǫem )/A] ,

3
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two photons and thus feed the electromagnetic component
of an air shower, that develops through pair-production and
bremsstrahlung until the energy of electromagnetic secondaries
falls below the critical energy ǫem (≈ 81 MeV in air). In that
way, the fraction of the primary energy in the electromagnetic
component at the nth interaction at depth n · λ increases to
1 − (1 − f )n until the energy of the charged pions falls below
the critical energy ǫch at which their decay length becomes
smaller than the interaction length. If one furthermore assumes
that a nucleus with mass A and energy E0 is equivalent to A
nucleons of energy E0 /A (the so-called superposition model),
the following important relations can be deduced from this
simplistic model:
The average depth at which the electromagnetic cascade
reaches its maximum, hXmax i, grows logarithmically with the
energy per nucleon:

2.5

2

1.5

1

(1)

where the constants a and b depend on the properties of
hadronic interactions, f , λ and hni. Since most of the energy
of the primary particle eventually ends up in the electromagnetic cascade, the integral electron number is a good estimator
for E0 . Hence, the observation of the longitudinal development
of an air shower with for instance fluorescence detectors [15],
allows to measure simultaneously the primary energy and
Xmax and can therefore be used to determine the absolute
value of the average nuclear mass as a function of energy (cf.
Sec. IV). The elongation rate [16]–[18], dhXmax i/d(lg E) ∝
−d(lg A)/d(lg E), can be used to study the change of the
primary cosmic ray composition with energy.
The number of muons, Nµ , from the decay of charged pimesons that can be detected by particle detectors on ground
is given by
β
Nµ = (E0 /ǫch ) A1−β
(2)
where again the properties of hadronic interactions are hidden
in a single number, β, that is proportional to the logarithm of
the charged meson multiplicity. Given a similar relation for
the number of electrons on ground, a detector that is capable
to distinguish muons and electrons can therefore disentangle
the energy and mass of cosmic primaries on a statistical basis.
The simple Heitler approach is very useful to understand the
principles of air shower physics, but of course in practice experiments employ full Monte Carlo simulations of air showers
with for instance CORSIKA [19] to interpret their data. These
simulations are however of limited predictive power, as they
need to rely on models of hadronic interactions at energies
beyond man-made accelerators. The related uncertainties are
the source of considerable systematic uncertainties for the
interpretation of air shower data (see [20], [21]).
Since the energy estimated from the integral of the electromagnetic longitudinal air shower development depends only
very little on details of hadronic interactions [22], [23], modern
air shower arrays like the Pierre Auger Observatory [24] or
Telescope Array [25] use a hybrid approach to calibrate the

18.5

19

19.5
lg(EFD/eV)

Fig. 2.
Energy calibration of the surface detector of the Pierre Auger
Observatory [26]: Shower size, S38 , as a function of energy, EFD , measured
with the fluorescence detector.

energy scale of their surface detector with the energy estimate
of a fluorescence detector. An example is shown in Fig. 2,
where the expected power-law dependence of the number of
ground particles on the primary energy (Eq. (2)) can be seen.
III. F ROM G ALACTIC TO E XTRA - GALACTIC C OSMIC R AYS
The standard explanation for the knee-feature in the cosmic
ray all-particle flux between 1015 and 1016 eV is that it marks
the beginning of the end of the galactic cosmic ray spectrum
due to the escape of the high energy charged particles from
the magnetic confinement within the galaxy and/or the reach
of the maximum energy of galactic accelerators (presumably
supernova remnants). Although the current experimental data
can not rule out alternative explanations for the knee (eg. [27]–
[31]), extrapolations of the low energy cosmic ray data with
a rigidity dependent cut off ∝ Z · Ec can describe the
existing data very well [32], [33]. Moreover, the deconvoluted
galactic mass spectra measured with KASCADE [34] show
distinct knees for each elemental component, compatible with
a rigidity dependent knee.
Since Ec is of the order of PeV, it follows that above energies
of several 1018 eV, the detected cosmic particles must be of
extra-galactic origin. As a corollary, this assumption explains
the lack of an observation of a strong anisotropy that would
be expected for charged particles with a large gyro-radius at
this energy.
In the following we will describe three different models
of the transition from galactic to extra-galactic cosmic rays
(see [35]–[38] for recent reviews on this topic). Common to
all of these models is that the properties of extra-galactic
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B. Mixed Composition Model
The dip-model works only for a pure proton beam since
an admixture of heavier nuclei with a fraction of ≥ 15%
diminishes the agreement with the data considerably. This is,
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In the so-called dip model [42], all extragalactic cosmic
rays are assumed to be protons (at least after they escaped
from their sources [43]) and the ankle feature is caused by
energy losses suffered during the propagation to earth.
First of all, the expansion of the universe causes adiabatic
losses that are important for very distant sources (cf. Fig. 3a).
Since it affects all energies equally, it does not change the
spectral index observed at earth.
A more important effect is the interaction of the cosmic ray
protons with the photons of the cosmic microwave background
radiation. At lower energies, the production of e+ e− -pairs
through the Bethe-Heitler process is the dominant source of
energy loss (cf. Fig. 3b) and at energies above 1019.5 eV,
the photon-proton center of mass energy is large enough for
resonant photo-pion production, that gives rise to large energy
losses [3] even for very close source (cf. Fig. 3c).
As can be seen in Fig. 4a, the dip model can describe the
data rather well. The transition between the galactic and extragalactic cosmic ray component is at low energies just above
0.1 EeV and produces the somewhat less prominent feature
called the second knee [44].
Thus the dip model is a very economic approach in terms of
assumptions, as it can explain all features in the cosmic ray
energy spectrum in terms of the well understood interactions
of protons with photons and predicts a transition energy that
is low enough to be compatible with current estimates of the
maximum energy of galactic accelerators [45].
However, the hard injection spectrum at the source is problematic in terms of the overall energy luminosity of extragalactic sources if extrapolated to low energies. Therefore an
’artificial’ softening of the spectrum below a certain energy is
usually introduced [46] (not shown in Fig. 4a).
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cosmic ray sources are described by just four parameters: the
source emissivity (needed to adjust the overall normalization),
the spectral index γ0 of the energy spectrum at the source,
the maximum energy Z · Ec the source is able to accelerate
particles to and the cosmological source evolution parameter
m, that describes the source density n as a function of
redshift z, dn/dz ∝ (1 + z)m . In order to simplify the
discussion, we will restrict ourselves to the uniform source
distribution model (m = 0) and assume that Ec is large
enough to have no observational consequence within the
statistical precision of current experiments. Furthermore we
will assume the simple phenomenological rigidity-dependent
parameterization from [32] to describe the ’standard’ galactic
cosmic ray component. Since there is an obvious disagreement
of the measured ultra-high energy spectra [39]–[41] (cf. Fig 1),
their energy scale will be ’adjusted’ accordingly within the
quoted systematic uncertainties.
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(c) redshift, pair- and photo-pion-production
Fig. 3. Fractional energy at earth, (Eearth /E0 ), of protons with initial
energy E0 as a function of the source distance/redshift (CR PROPA [47]
calculation).

because the threshold for e+ e− -production is proportional to
the energy per nucleon and thus only relevant for protons at
the energies of the ankle. Instead, cosmic ray nuclei loose
their energy predominantly due to photo-disintegration at the
giant dipole resonance [48]. The mean free path for photodisintegration scales with the Lorentz-factor of the particle and
drops rapidly above Γ & 109 .
In mixed composition models [49], [50] the extra-galactic
cosmic ray composition is assumed to be equal to the one

50

Scaled flux E2.4 J(E) [km−2 yr −1sr −1eV1.4]

measured at low energies in our galaxy. Due to the Lorentzfactor dependence of the energy loss, the individual spectra of
nuclei with mass A are subsequently suppressed at energies
above & A · 1018 eV.
As in case of the dip-model, this ansatz gives a good description of the existing data (cf. Fig. 4b), but with a much softer
extra-galactic source spectrum. The transition from galactic
to extra-galactic cosmic rays is at about a factor 10 higher
energies close to 1 EeV and correspondingly, this model needs
galactic sources with a higher maximum acceleration energy
than the dip-model.
C. Ankle Model
Finally, the traditional way to reproduce the ankle-feature
is to model it as the intersection of a flat extra-galactic component with a steep galactic component (see for instance [52],
[53]). In that case, as can be seen in Fig. 4c), the galactic cosmic ray spectrum extends to energies well above several EeV
and thus would require a significant modification of the simple
rigidity model of the knee.
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(a) Extragalactic protons
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All of the transition models explained in the last section give
a similar good description of the measured cosmic ray spectra
under very different astrophysical assumptions. Since they
differ substantially in the predicted cosmic ray composition as
a function of energy, this observable is the key to distinguish
between the models.
The mass composition estimated from surface detector
observables is compatible with large contributions from heavy
elements up to the highest energies (see [54], [55]). These
estimates rely to a large extent on an accurate prediction of
the number of muons (cf. Eq. 2) in air showers. However,
modern hadronic interaction models differ by as much as 30%
in the number of muons on ground [56], [57]. Moreover, the
application of air shower universality to data from the Pierre
Auger Observatory suggests, that current air shower simulations systematically underestimate the number of muons [58],
[59].
The maximum of the longitudinal development of the electromagnetic component of air showers (cf. Eq. 1) provides a
composition sensitivity that is somewhat less dependent on the
details of hadronic interactions. As can be seen in Fig. 5a, all
current air shower models give similar predictions of hXmax i
between 0.1 and 10 EeV. It is however worthwhile noting
that this might be a mere coincidence, since also the predictions of the depth of the shower maximum can be changed
significantly, if some more drastic (though experimentally not
excluded) modifications of the hadronic interactions at high
energies are assumed [60]–[63].
The shower maximum can be directly measured by fluorescence detectors, that can infer the longitudinal shower development from the observation of fluorescence and Cherenkov
light emitted by the shower as a function of height [75].
Observations of the lateral distribution of Cherenkov light at
ground and its pulse shape are sensitive to Xmax as well [76].
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Fig. 4. Models of the transition from galactic to extra-galactic cosmic rays
vs. measurements of the all particle flux [34], [39]–[41], [51].

51

<Xmax> [g/cm2]

<Xmax> [g/cm2]

Auger ICRC07
HiRes ICRC07
HiRes/MIA
Flys Eye
Yakutsk
Tunka25

850
800
750

o
prot

700

n

650

840
820
800

Auger ICRC07
HiRes ICRC07
HiRes/MIA
Flys Eye

780
760
740
720
700
680

600

iron

550
16

QGSJETII−03
QGSJET01
SIBYLL2.1
EPOS1.6

16.5

17

17.5

18

18.5

19

19.5

dip
mixed
ankle

660
640
620
20

17.6 17.8

18

18.2 18.4 18.6 18.8

lg(E/eV)

19.2 19.4 19.6 19.8

lg(E/eV)

(a) Comparison to simulations [64] for proton and iron induced air showers
using different hadronic interaction models [57], [65]–[67]
Fig. 5.

19

(b) Comparison to transition models (calculations taken from [68], bands
indicate the uncertainty from interaction models).

Measurements of hXmax i from Cherenkov [69], [70] and fluorescence [71]–[74] detectors

Measurements of the average of Xmax over almost three
orders of magnitude in energy are shown in Fig. 5a together
with predictions from air shower simulations for proton and
iron primaries. As can be seen, the data are indeed showing a
trend from a heavy composition at low energies towards a light
one at high energies, as would be expected from the transition
models introduced in the last section. There are however
systematic differences between the different experiments. The
HiRes data, for instance, is compatible with a pure proton
composition if compared to the QGSJET prediction, whereas
the data from the Pierre Auger Observatory favors a mixed
composition at all energies.
A direct comparison of the data to the hXmax i predicted
by the dip-, ankle- and mixed-composition model is shown in
Fig. 5b. Obviously, none of the three models gives a satisfactory description of the data, neither in shape nor the absolute
hXmax i value, but note that mixed-composition models have
in principle enough parameters to be adjusted to the data.
Until now we only discussed the average value of the
shower maximum. The distribution of Xmax can potentially
constrain the mass composition of cosmic rays even better. In
the naive superposition model, one would expect that nuclei
with mass A have√smaller shower-to-shower fluctuations
by a factor of 1/ A. Correctly accounting for nuclear
fragmentation leads to somewhat larger fluctuations of
nucleus-induced showers [77]–[79], but still the width of the
Xmax distribution of iron showers is about a factor three
smaller than that for proton (about 20 and 60 g/cm2 at 1 EeV
respectively). The analysis of the Xmax distribution requires
however a good understanding of the detector resolution
and corresponding composition estimates from the Xmax
fluctuations are still contradictory (for instance pure proton
in [80] and mixed in [81] above 1 EeV).

V. T HE E ND

OF THE

C OSMIC R AY S PECTRUM

More than forty years after Greisen, Zatsepin and
Kuzmin [3] (GZK) predicted a suppression of the cosmic
ray flux due to interactions with the cosmic microwave background (CMB) radiation and its existence has now finally been
established with high significance by HiRes and the Pierre
Auger Observatory [26], [40] (cf. Fig 6). Furthermore, Auger
reported an anisotropy of the arrival direction of cosmic rays
above 60 EeV [82] and set a limit of ≤ 2% on the fraction
of photons above 10 EeV. The latter excludes most of the
top-down scenarios, i.e. cosmic ray production in decays of
ultra-massive particles (see eg. [83]), that were motivated by
the absence of a GZK feature in the AGASA spectrum [39].
The onset of the anisotropy at about the same energy as the
GZK threshold suggests that the suppression is indeed due to
propagation effects and not because the maximum energy of
the sources is reached: If sources are isotropically distributed
on large scales, local anisotropies can not be detected in a
transparent universe, but only if propagation losses limit the
distance from which cosmic rays can reach earth (the so-called
GZK-horizon).
It is a curiosity, that the thresholds for photo-pion production
of protons with photons of the CMB is at a similar energy as
the giant dipole resonance for iron nuclei. As can be seen in
Fig. 6, the current statistical precision of the flux measurements at ultra-high energies is not sufficient to distinguish
between the predictions for the spectral shape for cosmic
rays with a pure proton [80] and iron [84] composition at
the source. (It is worthwhile noting that the measured spectra
are not corrected for the corresponding experimental energy
resolution and if a deconvolution was applied ’true’ shape
of the flux suppression would get steeper). A possible way
to resolve this degeneracy in the near future would be the
detection of photons [85] or neutrinos [86] originating from the
decay of pions produced during the proton propagation (nuclei
are expected to produce much less neutrinos [87]–[89]).
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Fig. 6. Measured flux at ultra-high energies compared to predictions for
propagated proton and iron primaries (lines adapted from [80] and [84]).

The anisotropy reported by the Pierre Auger Observatory
was established by correlation of the arrival direction of cosmic rays and the location of active galactic nuclei (AGNs) [90]
(cf. Fig.7) within 3.1◦. This angular scale is compatible with
the deflections expected for protons in the galactic magnetic
field (see for instance [91]), but from the current statistics
it is not possible to distinguish if the AGNs from [90] are
indeed the source of ultra-high energy cosmic rays or just a
tracer of the true source distribution like the super-galactic
plane [92], the large scale structure of nearby matter [93] or
even a few sources producing nuclei of intermediate mass [94]
that are spread out by magnetic fields. Note that a follow-up
analysis of HiRes did not show a correlation [95], which may,
however, be explained by the different energy scales of the
two experiments.
VI. O UTLOOK
The last years have brought a wealth of new precise data on
cosmic rays above the knee, especially at ultra-high energies
collected by the southern part of the Pierre Auger Observatory.
Since its construction was just finished this year, one can soon
expect updated results with increased statistics. Its northern
part is planned to be built in Colorado, USA, and will increase
the exposure of the observatory by a factor of seven and
provide full sky coverage for particle astronomy [96]. The
space-borne experiments TUS [97] and JEM-EUSO [98] will
observe air showers from space and investigate the region
above the GZK cutoff.
At intermediate energies, the hybrid Telescope Array [25]
started data taking and will study the region around the ankle
with fluorescence detectors and a scintillator array. Both, the

Fig. 7. Arrival directions of cosmic rays (E > 60 EeV) measured by the
Pierre Auger Observatory (open circles) within its acceptance (shaded area)
and location of active galactic nuclei (small dots) [82].

Pierre Auger Observatory and Telescope Array aim at covering the transition region of galactic to extragalactic cosmic
rays down to 1017 eV by using fluorescence telescopes with
enlarged field of views and shielded particle counters [99]–
[101]. The construction of the low energy enhancement of
the southern Auger site is almost finished and ’first light’
is expected in early 2009. Finally, the end of the galactic
cosmic ray spectrum is currently observed by IceTop [102]
and KASCADE-Grande [103] down to energies of 1016 eV.
This new cosmic ray detectors will thus cover more than
four orders of magnitude from the knee up to beyond the
GZK cutoff. A number of laboratory experiments will provide
additional measurements to lower the systematic uncertainties
of the cosmic ray measurements: Many of the modern
detectors use fluorescence detectors to calibrate their energy
scale and the absolute value of the fluorescence yield in air
is one of the major contributions to the current energy scale
uncertainties of HiRes and Auger. It is currently re-measured
under various atmospheric conditions by several groups [104].
Furthermore, in order to diminish the uncertainties of the
hadronic interaction models employed to interpret the cosmic
ray data, more data from controlled interactions at accelerators
are collected. The NA61 experiment [105] at the Super Proton
Synchrotron at CERN will measure pion-carbon interactions
above 300 GeV that are important for the last stages of the air
shower development [106] and LHCf [107], TOTEM [108]
and CASTOR [109] at the Large Hadron Collider will
provide data on particle production in the forward region and
the proton-proton cross section at center of mass energies
corresponding to 1017 eV in terms of primary cosmic ray
energies.
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Ultra High-Energy Interaction of CR protons
Tadeusz Wibig1

Abstract— The recent Auger results suggest that although
coincidences of arrival directions with ’nearby’ AGN and HiRes
discovery of the GZK cut-off indicate protons, the measured
longitudinal propagation characteristics indicate heavy nuclei,
if the conventional interaction model is correct. Something has
to change! Our own view is that it is possible that the AGN
-implied proton identification is not correct and that the extra
galactic particles are, in fact, mainly ’heavies’, in which case the
interaction problem goes away. However, here we assume that the
particles ARE protons and examine the possible consequences.
Parameters discussed include the interaction mean-free-path,
inelasticities and ’exotic’ possibilities.

I. I NTRODUCTION
Even a very brief review of connections between the Cosmic
Ray (CR) physics and physics of high energy interactions has
to start from the origin of the High Energy Physics (HEP)
which has taken place high in the atmosphere where the
multiparticle production processes involving CR particles have
been seen in nuclear emulsions.
The second important conjunction point is associated with
the first and simplest statistical model describing statistically
these phenomena proposed by Fermi which was falsified also
in the emulsion balloon experiments showing the asymmetry
known today as the jet structure.
Then, for some time, it was believed that the pre-ISR
(Intersecting Storage Rings) HEP has reached an asymptotia
and nothing unexpected appear when the energy rise. The
cross sections were looking stable, according to the theory,
as well as average transverse momenta, which were close to
the Hagedorn limit of the highest ever possible temperature
[1]. However, even in this pacific time of the end of ’60
there were suppositions, experimental indications (see, e.g.,
[2]) from cosmic ray physics where the energies were orders
of magnitude higher than available for accelerator HEP that
the Extensive Air Showers (EAS) do not look like they should,
if nothing unexpected appears there. This suspicions were
undoubtedly confirmed by ISR. The cross sections started
to increase, the transverse momenta distributions rise tails
showing – just unexpected. The ISR revolution initiated, to
some extent, by the CR discoveries, drove to a fall of the
thermodynamic, Hagedorn interaction picture (not entirely of
course) and an ascent of the parton/quark hadronization related
to the name of Feynman [3].
The Feynman scaling worked well and the quark hadronization picture, beautiful and simple satisfying everyone – almost
everyone. The debate concerning the Feynman scaling (in the
forward region) initiated again in the cosmic ray community
1 Univ. of Łódź and Sołtan Inst. Nucl. Stud., Uniwersytecka 5, 90-950 Łódź,
Poland., wibig@zpk.u.lodz.pl
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was resolved (with the certainty possible in colliding experiment when the very forward region is unseen) by the next
machine, the Super Proton Synchrotron (SPS). This happened
about the a quarter of century ago, just around the time when
there was the European Cosmic Ray Symposium in Kosice for
the first time.
These four facts are of course a subjective choice, but, I
think, that they ought to find considerable places in any list
of the interaction points between the CR and HE Physics.
The first remark I would like to underline in this introduction is: the long time has been passed since last event on the
list.
The second point is related to attempt to answer the question, why this is so. Is it true that CR physics really has
no discovery potential for contemporary HEP? The wishful
answer is, of course, “not!”
In this paper we would like not only to diagnose the
situation and propose the treatment, but also to show an
example of the effect of such therapy. We will show the
prediction to be tested in the future (not so very far future,
indeed) related to discoveries recently announced by the Pierre
Auger Observatory [4] and HiRes [5].
II. CORSIKA
The last decade of the previous century, was very successful
in the particle physics, mainly in the theory. In the field of
cosmic rays the attempt was made to answer one of the most
important questions: about the nature of ’the knee’ in the CR
energy spectrum.
The question was stated precisely in Kernforschungszentrum Karlsruhe and to answer it the construction of the new,
powerful array which could be able to simultaneously measure
as many shower characteristics as possible seems to be necessary . All particle components: electromagnetic, penetrating
and hadronic carry the information needed to find the CR composition on the event-by-event basis. The array KASCADE
(KArlsruhe Shower and Core Array DEtector) started to
produce physical results in late ’90. Apart from experimental
results there was another great achievement of the Karlsruhe
group – the shower simulation program CORSIKA (COsmic
Ray SImulations for KAscade) [6]. The importance of the
CORSIKA code was not only in its detailedness, exactness
and completeness, but mostly in that that it was made widely
available, user-friendly and clearly documented. The helpful
assistance, extensive debugging with continuous significant
improvements of physics involved, made the CORSIKA a kind
of a standard tool to be used by different experimental groups
and theoreticians to explore and compare results on cosmic
rays also in the energy regions far from initially imposed, ’the

knee’ region around 1015 –1016 eV. These energies are not only
of special interest for studies of the acceleration/confinement
of CR in the Galaxy, but it also coincide, almost, with the
highest accelerator energies available at that time. The highenergy interaction models which are essential for the EAS
development were tested and adjusted to the SPS and Tevatron
data.
Originally CORSIKA consists of only one high-energy
interaction model, the Dual Parton picture inspired model of
Capdevielle, HDPM [7]. Then other models available on the
marked were build-in to the CORSIKA structure as an options
to be chosen by the user, simply by switching an appropriate
flag in the steering cards. The history of major improvements
is listed below.
1989 CORSIKA 1.0
SH2C-60-K-OSL-E-SPEC (Grieder, 1980)
main structure, isobar model
ESKAR (HDPM) (Capdevielle, 1987)
high-energy interaction
EGS4 (Nelson et al. 1985)
electro-gamma shower
NKG (Capdevielle, 1989)
analytic EM subshowers
1994 CORSIKA4.006
GHEISHA (Feselfeld, 1985)
VENUS (Werner, 1993)
1997 CORSIKA 5.20
SIBYLL (Fletcher, Geisser et al. 1994)
QGSJET (Kalmykov et al. 1993)
DPMJET (Ranft, 1995)
2000 CORSIKA 6.00
NEXUS (Drescher et al. 2001)
UrQMD (Bleicher et al. 1999)
2004 CORSIKA 6.20
FLUKA (Fasso, Ferrari et al. 2001)
2006 CORSIKA 6.535
EPOS (Werner, Liu and Pierog 2006)
(detailed references can be found in Ref.[8])
The most actual (June 27, 2008) version CORSIKA has a
number 6.735 and consists of:
EPOS – 161
Fluka 2006
DPMJET - II.55
GHEISHA 2003d
NEXUS – 397
URQMD – 1.3cors
QGSJET01C
HERWIG 6.510
QGSJET – II – 3
SIBYLL
VENUS 4.12/5
The overlapping the time periods of the weakening of the
CR and HEP relations and the proliferation of the CORSIKA,
could be a pure coincidence, but it do not have to. In my,
very personal opinion, the development of the CORSIKA,
paradoxically, slowdown, and even, to some extent, suspend
further CR driven development of high-energy interaction
modeling. The multiparticle production codes introduced in
CORSIKA overwhelmed all the others. Consecutive progress
(see, e.g.,[9]) in these particular codes made by the original
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Authors is important, but the last years show that the solution
is still far-off. The solution means the correct description
of EAS with the lack of contradictions from the accelerator
measured characteristics. For recent example see, e.g., the
paper by the KSCADE Collaboration Ref. [10].
III. T HE SIMPLE ANALYTIC SOLUTION
In this paper we would like to study EAS initiated by the
particles (protons) of energies of 1018 eV and above. Such
events are rare, thus the surface detectors to study them has
to be spread over large area (if one wants to use the surface
detector, there are other techniques available). The situation
is qualitatively different then the one around ’the knee’ where
the KASCADE measured each shower in details for its hadron,
muon, and electromagnetic constituents. Such multicomponent
and accurate measurements could give a profitable information
about the interaction properties, but, on the other hand, this
information is sometimes hard to handle, as it was just mentioned. For very high energies only some characteristics of the
shower can be measured with the enough accuracy. The most
important is the shower longitudinal development, (given experimentally as, e.g., the distribution along the shower axis of
the fluorescent light emitted when the charged shower particles
excite air molecules). This distribution could be measured to
some extent only. The normalization (total number of particles)
which is related closely to the primary particle energy, and first
moment (given usually as xmax – the position of the maximum
number of the particles in the cascade) are the parameters
available for further study. The recent measurements of PAO
[11] and HiRes [5] together with the older from Fly’s Eye [12]
and Yakutsk [13] gives the whole information of the average
value of xmax as a function of estimated primary particle
energy one can get.
The interpretation of shower data in ’the knee’ region needs
simulation programs as complicated as CORSIKA to utilize
the gathered information fully. To explore only the average
xmax data we can use a much simpler code.
If we denote by N{p,π,K,µ} (E, x) number of particles of the
type p, π, K or µ crossing the depth x with energies between
E and E + dE, then N should evolve traversing the slab of
matter of the depth dx
- decreasing according to some probability of interact or
decay within dx,
- and possibly increasing by the average amount of particles produced by the higher energy particles entering the
slab.
The only parameters of the respective system of integraldifferential transport equations are probability of interaction
(decay) and the inclusive energetic characteristics of multiparticle production processes. The decay constants and branching
ratios needed for our purposes are known very well so we’ll
concentrate on interactions hereafter.
The interaction probabilities are given by the cross sections (we’ll also leave aside the problem of geometry and
atmosphere modelling). They are of course not measured for
the energies of our present interests, so we must extrapolate

the low energy values. Changing the cross sections we can
obviously control the rate of the shower development and
move a shower maximum where it we wish it to be. But there
are some constrains, and in recent years they become quite
strong. We will discussed this point later.
The inclusive energy distributions are known up to SPS (and
Tevatron) energies and the knowledge is not as good
√ as we
wish it to be. Lower energy experiments (around 2 ≈ 20
GeV) with stationary target produced more precise data and,
what is more important, they cover the very forward region,
which in fact controls a development of a cascade in thick
media. The information we get is limited and we need to
follow some more or less elaborate models to extrapolate it.
A. HDPM
The high-energy interaction model used in the CORSIKA
program from the very beginning was the so-called HDPM
model [7]. This phenomenological parametrization of the
available data in the form expected by the two-chain structure
expected in the Dual Parton jet hadronization pictures. In
the proton-proton case it assumes on average that secondary
particle rapidities are distributed according to two chains (jets)
described by Gaussian (in rapidity). The widths, heights and
positions of these Gaussians, as shown in the Fig. 1, are three
most important parameters of the model. They are adjusted to
the data up to SPS energies as shown in Fig. 2 and extrapolated
smoothly. The parameters describe roughly the inelasticity and
the average multiplicity. As the energy increase both increase
as it is shown in Figs. 3 and 4.

Fig. 2. The SPS and Tevatron data on (pseudo)rapidity distribution compared
with HDPM prediction with standard values of the model parameters

Wolfendale (WW) ([14]). It has been proposed to described the
CR data at the beginning of ’70. Formally it is a generalization
of the Feynman scaling idea given by:
µ
¶
pk
2E d2 σ
√
= f
, p⊥
,
(1)
pmax
s dpk dp⊥
√
where s is the interaction c.m.s. energy E, pk and p⊥
are energy, longitudinal and transverse momentum of created
particle and pmax is the maximum momentum which can be
taken by the particle of the particular type (mass).
The scaling, as it is widely known, was suggested in Ref.[3]1
The WW modification is in the additional term
2E d2 σ
√
=
s dpk dp⊥

Fig. 1. Definition of three main parameters of HDPM. The dashed (blue)
components shows the contribution introduced by the air target nucleus
additional chains.

B. Wdowczyk and Wolfendale scaling breaking model
Another interaction model which we wont to examine in the
present work is the scaling breaking model of Wdowczyk and
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µ
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µ

pk
pmax

µ
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s0

¶α

, p⊥

¶

. (2)

If the parameter of the model α is equal 0 then the Feynman
scaling is restored. For α = 0.25 the interaction multiplicity
increases as E 1/4 and, in the sense, this value can be treated
as the upper, thermodynamical limit. The value of α originally
introduced to the WW model is 0.13. This value is based on
the interpolation of the xF = pk /pmax distributions between
sqrt(s) ≈ 10 GeV and ISR energies. The increase of the
central rapidity density reported in Ref.[15] suggests α =
0.105. There are evidences from the high energy cosmic ray
data that alpha could be even as big as 0.18.
For the EAS description the WW model in its version of
the mid ’80 was improved by introducing partial inelasticities
k (s, s0 ) the slowly changing functions, which can give a
1 It is interesting to note that the same idea appeared in the CR
physics twenty years
in the paper by Heitler and Jánossy:
¡ 0 ¢earlier
0
d E0
“Φ(E0 , E) = Φ E
shall be a function of E
only.” (where
E
E
E
E is the incoming particle energy, E energy of the secondary particle and Φ
is the probability density of producing particle E).

better description of the production of different kind of secondaries. The model predicts, for example, the increasing role
of the production of the barions, and this was realized by the
power-law correction factor k with an index of 0.042.
¶α µ
µ ¶α
¶
pk
s
f
, p⊥
σinel.
pmax s0
(3)
The agreement of the WW model description of the SPS
data was shown e.g. in Ref. [15].
2π

d2 σ
k (s, s0 )
=
dpk dp⊥
E

µ

s
s0

IV. R ESULTS OF HDPM AND WW MODELS AT HIGH
ENERGIES

Results of the comparison of the standard HDPM an the
WW model at very high energies is given below. For the value
of α we used for the moment 0.105 as suggested in Ref. [15].
The change of the inclusive distributions, rapidity for
HDPM and xF for the WW model, as the laboratory energy of
projectile proton increases from 1014 to 1019 eV is presented
in Fig. 3.

Fig. 3. The change of the rapidity distributions of standard HDPM (left) and inclusive Feynman x variable distribution of the WW model (right) with projectile
proton laboratory energy.

Fig. 4. Average inelasticity in p-Air interaction as a function of the proton
energy for HDPM (left) and WW model (right).

The differences in interaction inelasticity and in average
multiplicities are shown in Figs. 4 and 5. It is worth to
noticed that they are not very big. It is hard to speculate
on the basis of these figures about the resulting difference
in xmax position. Surprisingly it is substantial. It comes from
the behaviour of the inclusive x (or y and correlation of it
with p⊥ ) distribution if the forward region rather than from
global interaction characteristics. The WW model even with α
= 0.105 brakes the Feynman scaling stronger than the HDPM
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change of the respective Gaussian widths.
With the help of fast analytic program the average position
of maximum of the shower can be calculated very fast. Results
are shown in Fig. 6 for both models. The thin dashed lines
shows the results of other (SIBYLL, DPMJET, QGSJET)
CORSIKA models (the same is shown by the dashed lines
in Fig. 5). These CORSIKA results in fact are well known
from literature.
The lack of the direct data which could help to solve the
problem about the real nature of the forward fragmentation.
We can try in this paper to use the cosmic ray data and the
assumption about the ’pure proton’ composition above the
ankle to look for a possible solution.
We will try to change an extrapolation of the model parameters logarithmically as, e.g., in Ref. [16].
(

E ≤ 1PeV
E > 1PeV
(4)
This mean that, up to the energies of SPS (roughly),
where the models have been adjusted to the data, we do not
change anything and for higher energies the approximations
are corrected by a slowly varying factor determined by the

fnew (E) = fold (E)

1
1 + (δ19 − 1)

lg(E)−15
(19−15)

.

value of the correction δ19 almost at the end of CR data, at
1019 eV.

This correction can be applied to multiparticle production
model parameters as well as to the cross section values. But
this has to be done with care.

Fig. 5. Average multiplicity in p-Air interaction as a function of the proton energy for HDPM (left) and WW model (right).

Fig. 6. The prediction the proton induced shower xmax depths calculated with HDPM (left) and WW model (right) in a comparison with different measurement
data.

V. R ECENT PROGRESS IN CROSS SECTION DESCRIPTION
The cross section involved in the EAS development is of
course hadron-nucleus cross section. Before we discuss this
complex case we would like to look closely at the interaction
with single proton.

It is based on the optical picture

σtot = 2
σel

A. Hadron-proton scattering cross section
Recent years brought the significant progress in the theoretical description of the inelastic (elastic and total) cross section.
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Z h

σinel

³
´i
1 − Re eiχ(b)
d2 b ,
Z ¯
¯2
¯
¯
=
¯ 1 − eiχ(b) ¯ d2 b ,
Z
¯
¯2
¯
¯
=
1 − ¯ eiχ(b) ¯ d2 b .

(5)

The phase shift χ is related to the scattering amplitude by the
two-dimensional Fourier transform
Z
1
iχ(b)
e−ib t S(t)d2 t;
1 − e
=
Z 2 π i³
´
i
S(t) =
eib t 1 − eiχ(b) d2 b.
(6)
2π

Using the optical analogy one can interpret the 1 − eiχ(b)
function as a transmission coefficient for a given impact
parameter. Considering two colliding object we can assume
(for pure absorptive potential)
Z
χ(b) = i ω(b) = i Kab
d2 b0 ρa (b)ρb (b + b0 ), (7)
where ρh is a particle’s “opaqueness” (the matter density
integrated along the collision axis).
In the serial of papers by Block and coworkers [17] the
approximation of χ of the form inspired by QCD

K ± , respectively, gives additional evidence that proposed
picture is correct and extrapolations are thus strongly justified.
The very similar and self-consistent description of data on
charged pion and proton (antiproton) projectiles has been given
by Block and Halzen in Ref [20].
³s´
³s´
³ s ´α0
σ(s) = c0 + c1 log
+ c2 log2
+ βP 0
.
m
m
m
(14)
With some new tool of calculating ’the best fit’ the necessity
of log2 component is confirmed.
The log2 character of the cross section rise was argued for
by COMPETE Collaboration in Ref.[21].
We would like to remind here briefly the result of Ref. [22]
from 1998.
The cross sections for K ± p, π ± p, pp̄ and pp interactions
were parametrized assumed geometrical scaling

χ(b, s) = ξqq (s, b) + ξqg (s, b) + ξgg (s, b) =
= i [σqq W (b; µqq ) + σqg W (b; µqg ) + σgg W (b; µgg )] (8)
with

µ2
(µb)3 K3 (µb)
(9)
96π
give very good description of pp and pp̄ data. Assuming the
vector meson dominance and the additive quark model, it
could be used with the same parameters also for photon-proton
and photo-photon scattering cross section calculations.
Another parametrization
W (b; µ) =

χ(s, b) = (λ(s) + i) ω(b, s)

(10)

was proposed by Pérez-Peraza and collaborators in Ref. [18].
ω(b, s) = C {E1 K0 (αb) + E2 K0 (αb) + E3 Kei (ab)+
E4 Ker (ab) + b [E5 K1 (αb) + E6 K1 (βb)]} (11)
was fitted to differential elastic scattering data. The consis- Fig. 7. Proton-proton total cross section calculated using parametrisation
compared with the data from accelerator measurements an recalcutency of ISR, SPS and Tevatron2 cross section within the Eq.(18)
lated cosmic ray attenuation data points. Dashed and dotted lines represent
framework of adopted model makes the eventual confidence the inelastic and elastic contributions. Dotted and dash-dotted (coloured) lines
are the results from other well known approximations [23], [24], [25].
band narrow.
±
In the paper by Ishida and Igi [19] the cross section of K p,
π ± p, pp̄ and pp the scattering amplitude was parametrised in
¸1
·
the form
σinel (s0 ) 2
e
e
0
h
³
´
³
´i
³
´
ω(b,
s)
=
ω(
b)
with
b
=
b
, (15)
s
s
s
βP 0 s αP
σinel (s)
f (s) = 2 c0 + c1 log
+ c2 log2
+
m
m
m
m m
(12) where omega was calculated as a convolution of colliding
which, for high energies, leads to the saturation of the Froissart hadron matter distributions described with the help of only one
parameter (mπ ,mK , mp ) for each interacting particle type.
bound
µ
¶
Z
4π
mh −mh r
2
σ ' B log2 (s/s0 ) =
c
log
(s/s
)
(13)
ρ
(b)
=
dz
e
(16)
2
0
h
m2
8π
The universality of the value of B found in Ref. [19]
0.289±0.023, 0.351±0.036, 0.37±0.21 for pp (pp̄), π ± , and

Values of λ and σinel are found:
λ(s) =

2 Tevatron

cross section is assumed to be of 74.21±1.35, the weighted
arithmetic mean of the E710 (72.8±3.1 mb), CDF (80.3±2.3 mb) and a E811
(71.7±2.0 mb) values
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0.077 ln(s/s0 )
,
1 + 0.18 ln(s/s0 ) + .015 ln2 (s/s0 )

σinel (s) = 32.4 − 1.2 ln(s) + 0.21 ln2 (s) ,

(17)
(18)

(s0 = 500 GeV2 ). The resulting cross sections are given in
Fig.7 together with other approximations by Block and Cahn
[23], Durand and Pi [24] and Honda parametrization using
Akeno data [25].

where ρA is the distribution
P of scattering center (nucleon)
positions in the nucleus ( %j ).

B. Proton-nucleus and nucleus-nucleus interaction cross section
The scattering of particle on the close many-particle system
(nucleus) can be treated as a superposition of individual
interactions each with a specific phase shift. The overall phase
shift for incoming wave is a sum of all the two-particle phase
shifts.
A
X
χA (b, {d}) =
χj (b − dj )
(19)
j=1

Eq. (19) is the essence of the Ref.[26] and defines the Glauber
approximation.

Fig. 9. Proton-Air interaction cross section calculated according to exact
Glauber formula and the values used by DPMJET QGSJET and SIBYLL
models of CORSIKA program.

And finally, assuming that the individual nucleon opacity
|1 − eiχ(b) | is a very sharply peaked compared with ρA then
with the help of the optical theorem the simple formula can
be found
Z
h
i
tot
inel
σpA =
d2 b 1 − e−σpp ρA (b) =
½
Z
h
iA ¾
tot ρA
, (22)
=
d2 b 1 − 1 − σpp
A

where the last equality holds in the large A limit (certainly
Eq.(22) cannot be used for A = 1) This result is often but not
Fig. 8. The relation between pp and P -Air cross sections calculated with
quite correctly called “the Glauber approximation”. As it has
exact Glauber formula and other dependencies used to convert cosmic ray
EAS attenuation data to pp cross section.
been shown, the original Glauber assumption given by Eq.(19)
is here supported by small nucleon size and a large value of
On the other hand, the scattering process can be treated as A.
the single collision process with its own nuclear phase shift
As we saw for very high energies nucleons are quite big
χopt (b) To get the consistency with Eq.(19) it is required
objects and it is expected that at least the last approximation
Z
could be questioned.
PA
A
Y
i
χ (b − dj )
We have performed respective calculations. The results
eiχopt (b) =
|ψ({d})|2 e j=1 j
d2 dj =
is shown in the Fig.8 as a relation between pp and p-Air
j=1
D
E
interaction cross sections. It is shown there with the other
= eiχ(b, {d})
, (20)
used in the literature. The importance of this relation is that it
what defines the relation of the individual projectile-nucleon allows one to get the pp cross section from the cosmic ray data
on EAS attenuation length measured experimentally which is
and overall projectile-nucleus oppacities.
To go further with the calculations of χopt a commonly used related to p-Air interaction cross section.
assumption has to be made. If we assume that the number
The consistency of our cross section description is shown in
of scattering centers (A) is large and the transparency of the Fig. 9 as the p-Air cross section calculated with exact Glauber
nucleus as a whole remains constant then
formula Eq.(19) and pp inelastic cross section parametrization
Z
h
i
of Eqs.(17, 18). There are also shown cross sections adopted
χopt (b) = i
d2 dρA (d) 1 − eiχ(b−d) .
(21) by various high energy interaction models in CORSIKA.
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TABLE I
P REDICTED VALUES OF pp CROSS SECTION AT LHC
Author
Honda
Wibig and Sobczyńska
Cudell et al.
Velasco et al.
Pérez-Peraza et al.
Block et al.
Block and Halzen
Ishida and Igi

Year
1993
1997
2002
1999
2005
1999
2006
2007

Ref.
[25]
[22]
[21]
[29]
[18]
[17]
[20]
[19]

But this results needs cross section as the one shown in the
small inserted plot in Fig. 10 what is certainly unacceptable.
Applying the correction given by Eq.(4) (with δ19 not
greater than ∼ 3) to the width of the Gaussian (Fig. 1), the
average multiplicities (taking care not to exceed the available
energy, inelasticity coefficient can not be bigger than 1), or to
average p⊥ the ’pure proton’ xmax can not get close to the
measured values.

ENERGIES .

σtot
110.4
102.5
111.5±1.2
104.17±4.4
108.27 +4.4
−3.17
108±3.4
107.3±1.2
109.5±2.8

xmax
Concluding the discussion on cross sections, we show in
the Table I some predictions of various authors
√ concerning he
pp total cross section for the LHC energy s = 14 TeV.
As it is seen, all the estimated values are very close and,
with high degree of confidence, it can be concluded that the pp
cross section predicted for the LHC energies is expected to be
equal about 108 mb (within few millibarns ’error box’). The
result 102.5 mb is excluded by the most later fits. However,
it should be underline here again that this result was obtained
by the exact Glauber formulas while the 108 mb prediction is
influenced by the EAS data obtained using the transition from
p-Air to pp made with the help of point nucleon approximation
or even with multiple scattering approach [30].
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VI. ’P ROTONS ONLY ’ AND HDPM RESULTS ON xmax
As if is shown in Fig. 6 (left) the pure proton flux around
the ankle is excluded when HDPM with default parameters
is used. The analytic shower development allows us to test if
the correction factor of the form of Eq.(4) applied to a model
parameter can make the ’pure proton’ hypothesis acceptable.
We can try first to change the interaction cross section. It
is possible to get some nice result as it is seen in Fig. 10.

xmax WW
α=0

(eV)

Fig. 10. HDPM ’best’ results for ’pure protons’ with the cross section
pp
increased. The inserted plot shows a respective increase of σtot
in the very
high energy region.

Concluding: there is no way to adjust the HDPM parameters
in the way that the position of the shower maximum agree with
measurements for pure proton composition at and above the
ankle.

xmax WW
α = 0.105
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Fig. 11. Position of the shower maximum as a function of primary proton energy calculated with the WW model for constant parameter α=0 (left) and α=0.07
with slightly increased multiplicity and other parameters (right) compared with data. Small inserted plots shown the average multiplicities respectively.
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VII. xmax

RESULTS FOR ’ PROTONS ONLY ’ WITH

WW

MODEL OF HIGH ENERGY INTERACTION

The situation for the Wdowczyk and Wolfendale model
is different. The proposed strong violation of the Feynman
scaling came as a result of analysing the variety of cosmic ray
data rather than some suggestions from simplified theoretical
picture of jet fragmentation where the theory (QCD-like) has
still problems with calculating non-perturbative effects. Results shown in Fig.6 give a hope that the WW parametrization
could be able to describe the position of the shower maximum
at very high energies with pure proton primary spectrum.
The important question here is if the eventually adjusted
parameters will give an acceptable characteristics for the single
pp interaction.
With the help of the fast analytic program the proposed
changes to the average p⊥ , multiplicity and inelasticity has
been tested, but the main interest was put to the value of the
WW model parameter α. Fig.6 shows results for α=0.105. In
Fig.11 results for α = 0 (Feynman scaling) and α = 0.07.
Values of xmax for Feynman scaling are much to deep in the
atmosphere, and looking into detail of the average multiplicity
of produced secondaries (shown in Fig. 11 as inserted small
plots) one can find that they are far too small in comparison
with any expectations.

xmax WW

than 1). Such a limit was applied in the analytic integration
program, and in this particular case Kinel. saturates at ∼
1018 eV

Fig. 13. Average inelasticity (left) and multiplicity (right) of the WW model
eventually adjusted to xmax data in Fig.12.

Much better results can be achieved allowing the slow
increase of the alpha from 0.07 at 1015 eV to 0.134 at 1019 eV
Average inelasticity and multiplicities at very high energies
of such ’best fit’ of pp interaction scaling breaking are shown
in Fig. 13.
The rise of α can be translated to the behaviour of the
α
effective WW scaling factor (s/s0 ) modifying the inclusive
xF distributions. This is shown in Fig.14. It eventually goes
like the factor of 0.13 found in original Wdowczyk and
Wolfendale fits from more than a quarter of century ago.

2
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0.15
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17
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19
10
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Fig. 12. The ’best’ xmax result of Wdowczyk and Wolfendale model for
’pure protons’. The inserted plot shows the value of the model parameter α.

The constant α=0.07 works better for xmax but an improvement can be obtained with a changes of the average
multiplicities according to the form of Eq.(4). However, the
multiplicities can not be upraised much without a change of
secondary particles energy distribution because the limited
energy available. The inelasticity calculated by dividing the
integrated secondaries energies by the incoming energy can
reach at most 1 (the elasticity defined as the fraction energy
carried of the most energetic particle is of course smaller
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Fig. 14.

The WW-scaling factor (s/s0 )α of the fit shown in Fig. 12.

VIII. C ONCLUSIONS
We have analyzed the possibility of the pure proton composition of ultra high energy CR proposed recently by the
PAO and HiRes experiment. This assumption contradicts the
conventional wisdom on the rate of the shower development

measured by different big apparatus for some time and known
as the depth of the shower maximum energy dependence. The
interaction models incorporated in the EAS simulation code
CORSIKA all give the composition enriched by heavies with
average logarithm of the mass in about the middle between
proton and iron. It is clear that the pure proton composition
needs a change of the interaction model to give the selfconsistent picture of the nature of the CR flux. The way of
the changes has been shown. There is necessary to violate the
Feynman scaling very strongly. We have found that the scaling
breaking model of Wdowczyk and Wolfendale is well suited
to study this. The WW model parameter α which describes
the xmax PAO data with the pure proton CR is close to the
value found about a quarter of century ago by Wdowczyk
and Wolfendale in the original papers. The spread of data
points and reported error bars with possible systematics do
not allow us to perform fits much more precise that the
one presented in this paper. It can be said that the total
multiplicities could be slightly below expectations, but this
is related mostly to the central rapidity region and the WW
model is not supposed to specify just this region exactly. The
average inelasticity could be assumed constant, but even slight
decrease is possible. We have shown also that there is no way
to find out the modification of Dual Parton inspired models
(like HDPM) to be adjusted to the pure proton flux and xmax
as measured for giant EAS. If one wants to have protons
only than for the interpretation of the shower data, energy
calibration etc. another interaction model has to be introduced
to the CORSIKA repository.
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Gamma Ray Astronomy
and the Origin of Galactic Cosmic Rays
Stefano Gabici1

Abstract— Diffusive shock acceleration operating at expanding
supernova remnant shells is by far the most popular model for
the origin of galactic cosmic rays. Despite the general consensus
received by this model, an unambiguous and conclusive proof of
the supernova remnant hypothesis is still missing. In this context,
the recent developments in gamma ray astronomy provide us with
precious insights into the problem of the origin of galactic cosmic
rays, since production of gamma rays is expected both during
the acceleration of cosmic rays at supernova remnant shocks and
during their subsequent propagation in the interstellar medium.
In particular, the recent detection of a number of supernova
remnants at TeV energies nicely fits with the model, but it still
does not constitute a conclusive proof of it, mainly due to the
difficulty of disentangling the hadronic and leptonic contributions
to the observed gamma ray emission. In this paper, the most
relevant cosmic–ray–related results of gamma ray astronomy are
briefly summarized, and the foreseeable contribution of future
gamma ray observations to the final solution of the problem of
cosmic ray origin is discussed.

I. INTRODUCTION
Since their discovery in 1912, cosmic ray (CR) nuclei and
electrons have been studied by means of constantly improving
direct and indirect detection techniques [1]. Despite exciting
experimental results and extensive theoretical efforts over the
past decades, the origin of these particles is still debated.
The problem is that, unlike photons, CRs are deflected and
isotropized by the galactic magnetic field and thus their arrival
direction does not point back to the actual position of their
accelerators. Revealing the mystery of their origin is of fundamental importance, since CRs can provide unique information
about the physical conditions of the extreme astrophysical
objects in which they are likely to be accelerated. Moreover,
the energy density of CRs, largely dominated by the hadronic
component, is comparable with the pressure of the galactic
magnetic field as well as to that of the interstellar medium.
This implies that CRs have an important role in the dynamical
balance of our Galaxy [2] and influence interstellar chemistry
through the heating and ionization of interstellar gas [3].
In 1934, Baade and Zwicky first proposed that supernovae
are the sources of galactic CRs [4]. To support their idea,
they used a simple argument: the observed CR population can
be maintained at the present level if a small fraction (a few
percent) of the galactic supernovae kinetic energy is somehow
converted into CRs. This argument is strengthened by the
fact that it is commonly believed that CRs can be efficiently
accelerated via Fermi mechanism at shock waves that form
1 School of Cosmic Physics, Dublin Institute for Advanced Studies, 31
Fitzwilliam Place, Dublin 2, Ireland, sgabici@cp.dias.ie
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during the expansion of supernova remnants (SNRs) in the
interstellar medium (see [5]–[8] for reviews). The acceleration
of CRs in SNRs must be accompanied by a copious gamma
ray emission due to the decay of neutral pions produced
in interactions between relativistic protons and protons in
the interstellar medium. Because the energy transferred to
accelerated particles is tightly constrained by the observed
total CR power of the Galaxy, it is possible to obtain an almost
model independent prediction of the gamma ray luminosity of
SNRs [9].
To date, several SNRs have been detected at TeV energies by
the major currently operating Cherenkov telescopes (e.g. [10],
[11]–[15] for reviews), whose flux level matches very well the
above mentioned predictions. Though these results undoubtedly constitute one of the most important advancements in the
field, they still do not provide us with a definite and direct
evidence of proton acceleration at SNRs. In fact, competing
leptonic processes can also explain the observed TeV gamma
ray emission, provided that the magnetic field does not exceed
≈ 10 µG, and thus accurate modelling is needed in order
to disentangle the different contributions. Evidence for strong
≈ 100 µG magnetic field, and thus indirect support to the
hadronic scenario for the gamma ray emission, comes from the
observation of thin X-ray synchrotron filaments surrounding
some SNRs [16]–[18] and from the observed rapid variability
of the synchrotron X-rays from the SNR RXJ1713.7-3946
[19]. Also neutrinos are produced during the hadronic interactions responsible for the generation of gamma rays. Their
detection, though challenging even for the next generation of
telescopes, would constitute an unambiguous proof for proton
acceleration in SNRs [9], [20]–[23].
Another difficulty of the supernova hypothesis for the origin
of galactic CRs is related to the very low anisotropy observed
in the arrival direction of CRs up to energies of 1015 eV
and above [24]. This is in conflict with the extremely short
CR confinement time in the Galaxy (which would imply
anisotropy) required to steepen the CR spectrum from the
hard injection spectrum (≈ E −2 ) predicted by diffusive shock
acceleration to the steep spectrum (≈ E −2.7 ) observed locally
(for a discussion see e.g. [25]). To solve this problem, not
only the details of the acceleration mechanism operating at
SNR shocks needs to be fully understood, but also the way
in which CRs are released into the interstellar medium during
the SNR evolution and the way in which they subsequently
propagate in the Galaxy.
It is believed that CRs accelerated at SNR shocks are
gradually released in the interstellar medium as the SNR

expand and the shock slows down [26]. The bulk of these CRs
remains diffusively confined within the Galaxy for about ten
millions years before escaping. During this time CRs undergo
inelastic interactions in the interstellar gas and produce neutral
pions which decay into gamma rays (see e.g. [24]). The
observed galactic diffuse GeV emission which exhibit a good
spatial correlation with the gaseous disk of the Galaxy is the
result of these CR interactions [27]. On much smaller scales, a
correlation between TeV diffuse gamma ray emission and gas
density has also been observed from regions of the galactic
disk characterized by the presence of massive molecular cloud
complexes: the galactic centre ridge [28] and the Cygnus
region [29]. Such correlations are generally considered as hints
for a hadronic origin of the gamma ray emission, since the
presence of massive molecular clouds provide a dense target
for CR hadronic interactions and thus enhances the expected
gamma ray emission. A leptonic origin, though not ruled out
(especially for the Cygnus region [29]), seems disfavored since
it would require fine tuning to explain the observed correlation.
For the same reason, the detection of TeV gamma rays from a
few SNRs spatially associated with dense molecular clouds
[30]–[33] supports the idea that such TeV emission has a
hadronic origin and that SNRs might indeed be the sources
of galactic CRs.
Even in the absence of a nearby CR accelerator, molecular
clouds embedded in the ”sea” of galactic CRs are expected
to emit gamma rays. If CRs can freely penetrate the cloud,
the resulting gamma ray spectrum is expected to mimic the
underlying CR spectrum. For this reason, molecular clouds
can be used as ”CR barometers” to probe variations of the
CR spectrum and flux throughout the Galaxy [34], [35]. Such
variations, if detected, will have to be accounted for by models
describing the CR injection and propagation in the Galaxy (see
[36] for a review of propagation models).
Finally, independently on their nature, the accelerators of
the galactic CRs are expected to emit gamma rays at some
level and thus surveys of the galactic plane in gamma rays
might reveal their presence. Interestingly, more than a half of
the low galactic latitude sources detected by EGRET at GeV
energies [37], [38] and many of the TeV sources discovered
by H.E.S.S. [39], [40] and by MILAGRO [41] along the
galactic plane still lack of any clear identification with objects
at other wavelengths. Revealing the mystery of the nature of
the unidentified gamma ray sources might shed light on the
problem of the origin of galactic CRs.
To conclude, despite the fact that that there is now encouraging convergence between the model and the observations, we
are still waiting for the conclusive proof that galactic CRs are
accelerated at SNRs. The difficulty in distinguishing between
hadronic and leptonic contribution to the gamma ray emissivity
of SNRs and the observed isotropy of the diffuse flux of CRs
up to high energies constitute the two main problems to be
solved. Forthcoming gamma ray observations in both the GeV
and TeV domain will constitute a fundamental step towards
the solution of the problem of the origin of CRs. In particular,
deep (∼ 5 yr) FERMI/GLAST observations of SNRs will
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constrain emission models and possibly break the degeneracy
of leptonic or hadronic origin of the gamma ray emission [42].
Moreover, a better determination of the spectrum and spatial
distribution of the diffuse galactic GeV emission will improve
our knowledge of the propagation of CRs and their distribution in the Galaxy. Similarly, TeV instruments of the next
generation will be required to disentangle the emission form
leptonic versus hadronic CRs by means of improved spectral
measurements and morphological studies. An extension of the
observed energy range up to several hundred TeVs is of crucial
importance, since at those energies the contribution to the
observed gamma ray emission from CR electrons is expected
to be suppressed due to Klein-Nishina effects. Therefore,
unlike other energy intervals, the interpretation of gamma ray
observations at these energies is free of confusion and reduces
to the only possible mechanism: decay of π 0 produced in
hadronic interactions of PeV CRs [22].
The paper is structured as follows. In Sec. 2 the available
gamma ray observations of SNRs and their theoretical interpretations are reviewed, with particular attention to the question
on the leptonic or hadronic nature of the emission. In Sec. 3
the importance of studying molecular clouds in gamma rays
is highlighted, while Sec. 4 deals with the diffuse gamma ray
emission observed along the galactic plane and the related
issue of the spatial distribution of CRs in the Galaxy. In Sec. 5
the capability of SNRs of accelerating CRs up to PeV energies
is discussed, and a possible way to test this hypothesis is
proposed. Conclusions and future perspectives are provided
in Sec. 6.
II. GAMMA RAYS FROM SUPERNOVA REMNANTS:
HADRONIC OR LEPTONIC?
On average, every ≈ 30 yr a supernova explodes in our
Galaxy, releasing ∼ 1051 erg in form of mechanical energy
[43]. If supernovae are the sources of galactic CRs, they have
to convert ≈ 10% of this energy into relativistic protons in
order to provide the total power of ≈ 1041 erg/s needed to
maintain the galactic CR population at the observed level
[1], [25]. Such conversion is likely to happen at the SNR
shocks, where particles are believed to be accelerated up to
ultrarelativistic energies via diffusive shock acceleration [5]–
[8]. Once the total energy in accelerated protons per SNR
is determined, it is possible to estimate the expected gamma
ray luminosity due to hadronic interactions between relativistic
protons and protons in the intertsellar medium swept up by the
SNR shock. If we assume a hard CR proton spectrum with
differential energy distribution NCR ∝ E −2 , as suggested by
shock acceleration theory, the expected gamma ray emission
from a single SNR Jγ (> Eγ ) will roughly follow the same
energy distribution and will depend only on the total energy in
accelerated protons WCR , on the density of the ambient gas
ngas and on the distance of the SNR d as [9]:
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Fig. 1. Left panel: RX J1713.7-3946 as seen by H.E.S.S. (colors) and by ASCA in the 1 ÷ 3 keV energy band (contours). Figure from Ref. [49]. A shell-like
morphology is evident at both TeV and X-ray energies. Right panel: spectrum of RX J1713.7-3945 as measured by H.E.S.S. above 300 GeV. The upper
solid line is a fit to the data by assuming that gamma rays have a hadronic origin and that the underlying CR proton spectrum is a power law in energy with
slope 2 and an exponential cutoff at 150 TeV. The lower solid line represent the expected neutrino flux from the same proton population.
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These expected fluxes are in general agreement with the fluxes
of the SNRs observed at TeV energies.
To date, three young SNRs with apparent shell-type morphology have been detected by H.E.S.S. in TeV gamma rays:
RX J1713.7-3946 (see Fig. 1, left panel) [10], RX J0852.04622 (Vela Junior) [44] and RCW 86 [45]. These observations
demonstrate the capability of stereoscopic systems of performing detailed morphological studies of extended object at TeV
energies with an angular resolution of ∼ 0.1◦ . This good
angular resolution can be exploited to search for similarities in
the observed morphologies at different wavelengths. Notably,
for both RX J1713.7-3946 and Vela Junior, X-ray observations
revealed the presence of non-thermal synchrotron emission
exhibiting a striking morphological similarity with the TeV
gamma ray image [46], [47]. Such a correlation is naturally
expected in leptonic models, where both X-rays and gamma
rays are emitted by the same population of electrons via
synchrotron and inverse Compton scattering respectively. On
the other hand, the correlation can be accommodated also
within hadronic models if most of the emission through both
π 0 -decay gamma rays and synchrotron X-rays comes from
regions characterized by high magnetic field and gas density
[11], [48]. A scenario in which the X-ray emission is the result
of synchrotron emission from secondary electrons from decay
of charged pions would explain the correlation but cannot be
invoked in this case, since the observed X-ray flux exceeds
the flux of gamma rays, while one would expect the opposite
to happen if the electrons were secondary products of proton
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interactions.
Another remarkable fact is that the gamma ray spectrum of
RX J1713.7-3946 has been measured up to a photon energy
exceeding 30 TeV (see Fig. 1, right panel), providing evidence
for the existence of primary radiating particles (protons or
electrons) with spectra extending above such energy [49]. This
demonstrate the ability of SNRs of accelerating particles up
to at least ≈ 100 TeV. Such an energy approaches the one of
the CR knee (∼ 4 PeV), where the observed spectrum of CRs
significantly steepens (see e.g. [24]). Due to the absence of
any distinct feature in the CR spectrum below the knee, it is
generally believed that the main contribution to the spectrum
of galactic CRs comes from a single source population and
that the representatives of such population must be able to
accelerate particles up to at least a few PeV. Thus, any
evidence that SNRs can act as CR PeVatrons will strengthen
the hypothesis that they indeed are the sources of galactic CRs
[22]. Future observations in the multi-TeV energy range [50]
will possibly solve this issue (see Sec. 5 for a discussion).
Apart from the three objects mentioned above, the list of
SNRs detected at TeV energies includes also Cas A [51]–
[53], IC443 [30], [53] and SN 1006 [54]. Good candidates for
TeV SNRs are HESS J1713-381 (likely to be associated to the
SNR CTB 37B) [55], HESS1714-385 (CTB A) [33] and HESS
J1745-303 (a possible SNR/molecular cloud association) [32].
The question of the hadronic or leptonic nature of the TeV
emission from SNRs constitutes one of the most discussed
issues in gamma ray astronomy. If, from the one side, hadronic
TeV gamma rays are expected if SNRs are the sources of
galactic CRs, it is also true that most of the SNRs are sources
of non-thermal X-rays, commonly interpreted as synchrotron

radiation from multi-TeV electrons (see e.g. [56]–[58]). Such
electrons can also emit TeV gamma rays via inverse Compton
scattering off photons of the cosmic microwave background,
thus providing a competing emission process responsible for
the TeV radiation (see Fig. 2 for a leptonic model for RX
J1713.7-3946). If the magnetic field at the SNR is stronger
than ≈ 10 µG, then the observed synchrotron X-rays can be
explained by a relatively meagre number of electrons, which
would produce unappreciable TeV inverse Compton emission.
Conversely, if the value of the magnetic field is ≈ 10 µG the
electrons needed to explain the X-ray emission will also suffice
to explain the whole observed TeV emission, thus implying
inefficient acceleration of CR protons. Thus, the value of
the magnetic field at the shock is a crucial parameter of the
problem, and its determination would allow us to unveil the
nature of the gamma ray emission.
The observation of thin (down to a few arcseconds scale)
synchrotron X-ray filaments surrounding a number of SNRs
has been interpreted as an evidence for the presence of a
strong (≈ 100 µG or more) magnetic field at the shock (see
e.g. [16]–[18], [59]–[62]). According to this interpretation, the
formation of such filaments is due to the fact that, in such
a strong magnetic field, the synchrotron cooling time of Xray emitting electrons is very short. Thus electrons radiate Xray synchrotron photons before being significantly advected or
diffuse away downstream of the shock [63]–[65]. The value
of the magnetic field is estimated by comparing the observed
width
√ of the filament with the expected one, which is roughly
≈ kd τd , where kd and τd are the diffusion coefficient and
synchrotron loss time of the emitting electrons, both quantities
depending on the value of the magnetic field [66]. The derived
value of the magnetic field relies on the (very plausible)
assumption that diffusion is proceeding at the Bohm rate,
even though attempts to use X-ray data to derive the diffusion
coefficient have been made [65], [67]. However, such estimates
[65], [67] are seriously affected by the uncertainty in the
determination of supernova parameters such as the shock speed
and, most of all, the cutoff energy in the synchrotron spectra.
The presence of a high magnetic field at the shock indirectly
supports the hadronic origin of the TeV emission for two
main reasons. First, according to theoretical studies, magnetic
field amplification due to non-resonant CR driven instability
is expected to take place at shocks which are accelerating
efficiently CR protons [68], [69]. The predicted value of the
amplified field, higher than earlier estimates based on CR
generation of resonant Alfven modes [70], is compatible with
the values inferred from X-ray observations and it is also
the value needed to allow acceleration to proceed up to the
energy of the CR knee or even above [69]. Second, as said
above, if the magnetic field is stronger than ∼ 10 µG the
inverse Compton scattering contribution to the TeV emission
is negligible, leaving the hadronic channel as the only viable
mechanism for gamma ray production.
A high value of the magnetic field is not the only possible interpretation for the observed narrow X-ray synchrotron
filaments. Filaments can also be formed due to damping of
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magnetic turbulence downstream of the shock [71]. In this
scenario, though magnetic field amplification can still operate
at the shock , the width of filaments can not be used to estimate
the value of the magnetic field, instead it simply reflects the
spatial structure of the magnetic field. An important difference
between the magnetically limited filaments and the energy
loss limited filaments is that in the former case filamentary
structures, though broader and of less amplitude, should be
observed also at lower (e.g. radio) frequencies [71], while in
the latter case no filaments are expected at radio frequencies
since low energy electrons are unaffected by synchrotron
losses [64], [73]. In the case of the SNR SN 1006 the profile
of the radio emission is quite broad, with only shallow bumps,
when compared to the narrow peak in the X-ray emission [72].
However, an accurate comparison between observation and
theory is needed in order to draw firm conclusions. Similarly,
a comparison between the X-ray and radio morphology of
the Tycho SNR has been attempted, but results still remain
inconclusive [59].
Other evidences for the presence of a strong magnetic
field at SNR shocks comes from the recently discovered fast
variability of synchrotron X-rays hot spots in the shell of
RX J1713.7-3946 [19] and Cas A [74]. An extremely strong
magnetic field of ≈ 1 mG has been inferred by comparing
the decay time of the X-ray flux, of the order of a year,
with the synchrotron cooling time. Though the estimate of
the magnetic fields refers only to the sub-parsec scale hot
spot regions which are seen to vary in X-rays, it suggests
that significant amplification of the field can possibly happen
throughout the whole SNR shell.
Finally, another way to discriminate between hadronic or
leptonic origin of the TeV emission consists in comparing
model predictions with the observed X-ray and TeV gamma
ray spectra. While hadronic models based on predictions
of non-linear shock acceleration theory generally fit quite
satisfactorily both X-ray and gamma ray data (for RX J1713.73946 see e.g. [48], [75], [76] and right panel of Fig. 1
for a fit of H.E.S.S. data based on hadronic interactions),
leptonic models seem to provide worse fits (see Fig. 2). High
quality SUZAKU data have been obtained over two decades
in energy (≈ 0.5 ÷ 50 keV) for the SNR RX J1713.7-3946
[77]. Such data allow us to constrain the spectrum of the
synchrotron emitting electrons with unprecedented accuracy
and over a wide energy range. Remarkably, the resulting
electron spectrum is very close to that expected fom electrons accelerated via diffusive shock acceleration in presence
of synchrotron losses (see Fig. 2) [57], [77]. The electron
spectrum derived in this way can be used to calculate the TeV
spectrum due to inverse Compton emission off photons of the
cosmic microwave background and of the galactic optical and
infrared background. It is clear from Fig. 2 that such an inverse
Compton spectrum fails to fit the lowest energy part of the
measured TeV spectrum, even assuming an optimistic model
for the interstellar radiation field [78]. The fit can be improved
only at the expense of enhancing the infrared background of
a factor of ≈ 20 ÷ 100 with respect to the adopted value or by

Fig. 2. Observed spectrum of RX J1713.7-3946 (data points) with a leptonic model (solid lines). Synchrotron and Inverse Compton (IC) emission are shown
for an injection spectrum of electrons which is a power law in energy with slope 2. An excellent fit to the X-ray data is obtained by assuming that the shape
of the cutoff in the electron spectrum is the one expected from diffusive shock acceleration in presence of synchrotron losses [57]. Magnetic field is 14 µG.
The inverse Compton flux has been calculated by using the interstellar radiation model from Ref. [78]. The model fails to fit the low energy part of the
measured gamma ray spectrum. Figure from Ref. [77].

adding a second electron component. Both these possibilities
seems quite artificial and thus an hadronic origin of the TeV
emission seems favored based on spectral information only
[76], [77].
Recently, a number of order of magnitude estimates have
been presented against hadronic models for the origin of the
TeV emission from SNRs, and thus indirectly supporting the
leptonic scenatio [79]–[81]. The main criticisms against the
hadronic models can be summarized as follows, taking as
reference case the SNR RX J1713.7-3946: i) in order to fit the
TeV data within an hadronic model, the gas density cannot
be too low (see Eq. 1). The high density would then imply
a strong X-ray thermal Bremsstrahlung emission which is
not observed [79]. ii) The high value of the magnetic field
expected in hadronic models implies that a meager number
of electrons is needed to explain the observed synchrotron
X-ray emission. This translates into very low values of the
ratio between CR electrons and protons Kep in the SNR,
significantly smaller that the value Kep ∼ 10−2 observed
in the Galaxy [79], [80]. iii) There is no clear tight spatial
correlation down to small angular scales between the gamma
ray flux and dense molecular clouds, while this should be
observed if gamma rays had a hadronic origin [81].
The issue of the missing thermal emission (problem i))
can be solved by reminding that the shock heating of the
plasma is relevant only for ions, which carry the inertia of the
flow. Electrons can be heated downstream of the shock via
Coulomb collisions with hot ions, but the characteristic time
scale of the process is much too long to establish electron-ions
temperature equilibrium [82], [83]. Other processes, possibly
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mediated by plasma waves, might heat electrons and facilitate
the equipartition (see e.g. [84]), but since the nature of such
processes is uncertain, it is not possible to draw any firm
conclusion. It has to be noted that the plasma temperature can
be further reduced if the shock is converting a large fraction of
the available kinetic energy into CRs, since this has to happen
at the expenses of a reduced gas heating [85], [86]. This would
substantially reduce the thermal X-ray emission, since the peak
of the emission would be shifted towards the UV energy range
[87]. For RX J1713.7-3946, if an electron temperature equal
to one hundredth of the proton temperature is assumed, no
thermal X-rays are expected [76].
The low value of the electrons to protons ratio Kep (problem
ii)) is not necessarily a problem for hadronic models. In fact,
the Kep value of a SNR at a given age does not need to
agree with the value measured for local CRs. Low energy
electrons are likely to be accelerated during the late phase
of the SNR evolution, when the Kep value can be different
from the present one [77]. Also the lack of a good spatial
correlation between gamma ray emission and the position of
dense clouds (problem iii)) can be explained by remembering
that molecular clouds are mainly neutral. This might reduce
the level of magnetic turbulence (via damping) needed to have
effective particle acceleration [76], [88] and would worsen
the spatial correlation between gamma rays and gas density.
Independently of the actual nature of the emission, the improving quality of multiwavelength data and the intrinsic nonlinearity of the problem of efficient CR acceleration [7], [8]
make the above mentioned simplistic calculations inadequate
and demand for a careful and detailed modeling [89].

At GeV energies, a number of spatial associations between
EGRET sources and SNRs have been proposed [90], [91], but
despite extensive investigations, not a single SNR has been
unambiguously identified by EGRET. However, a correlation
was claimed to exist between unidentified EGRET sources and
SNRs [92]. The detection of the SNR IC443, first proposed
in Ref. [90] and recently confirmed by the AGILE team
[93] constitutes the first clear evidence for a GeV SNR. The
detection of SNRs at GeV energies is of crucial importance
for constraining emission models. An extended coverage of
the gamma ray measurements from GeV to TeV energies
will facilitate the distinction between hadronic and leptonic
models, since they predict quite different spectral features (see
Figs. 1 & 2). In particular, the detection of the slight spectral
hardening of the spectrum expected in hadronic models [75],
[89], would allow to test non linear shock models for CR
acceleration, which predict concave spectra for the accelerated
particles [7], [8], [94], [95]. Simulations of FERMI performances indicates that deep observations (∼ 5 yr) are needed
to firmly detect TeV bright remnants such as RX J1713.7-3946
if the emission is hadronic [42].
Finally, the detection of neutrinos would constitute an unambiguous signature for the presence of CR protons in SNRs.
However, at least for RX J1713.7-3946, the neutrino spectrum
is expected to cut off at an energy of few TeV, if the gamma ray
emission is entirely due to hadronic interactions (Fig. 1, right
panel). Unfortunately this is the energy region where neutrino
telescopes reach their best performances. Thus, a detection of
SNRs in neutrinos, though possible, seems challenging [21].
III. MOLECULAR CLOUDS: PROBES OF THE CR
SPECTRUM THROUGHOUT THE GALAXY
The importance of the detection of molecular clouds in
gamma rays is widely recognized, especially in relation to
the problem of the origin of CRs. Molecular clouds located
in the vicinity of CR accelerators, such as for example SNRs,
provide a dense target for CR hadronic interactions, amplifying
the resulting gamma ray emission from neutral pion decay
and making easier the identification of CR sources [96], [97].
On the other hand, even in the absence of a nearby CR
accelerator, molecular clouds are still expected to emit gamma
rays at a certain level, due to the interaction of background
CR that penetrate the cloud [34], [35]. According to both these
scenarios, molecular clouds are passive gamma ray emitters,
in the sense that they provide a dense target for interactions
of CRs which are accelerated somewhere else [98]. It has also
been suggested that particle acceleration can operate inside
molecular clouds, due to the presence of strong magnetic
turbulence that might effectively scatter particles [99].
The hadronic gamma ray emission from a SNR might be
enhanced if the supernova shock is overtaking a massive
molecular cloud [100]. This is because the molecular cloud
provides a thick target for proton-proton interactions and the
related gamma ray emissivity is expected to scale linearly with
the gas density (see Eq. 1). For this reason, the observed spatial
associations between a few TeV bright SNRs and massive
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molecular clouds [30]–[33] is considered as a fact supporting
the hadronic origin of the emission and thus also the idea
that SNRs might be the sources of galactic CRs. However, the
connection between high gas density and enhanced gamma
ray emissivity is not as straightforward as it might appear. In
fact, the gas constituting molecular clouds is mostly neutral,
which means that the magnetic turbulence on which particles
acceleration relies, can be effectively damped [101], [102],
potentially reducing both the acceleration efficiency and the
maximum energy of accelerated particles. This might have an
important effect in suppressing the TeV gamma ray emission
(see e.g. [88]). Thus, a tight spatial correlation between gas
density and gamma rays is not necessarily to be expected,
even if the TeV emission from SNRs has a hadronic origin.
In the future, high resolution gamma ray observations of
molecular clouds overtaken by SNR shocks will be useful to
assess the relative importance of these two crucial effects: the
enhancement of the gamma ray emission due to high density,
and its reduction due to damping of magnetic turbulence and
subsequent suppression of the acceleration efficiency.
The association between SNRs and molecular clouds can
also be used to determine the distance of the remnant itself,
which is in most cases quite uncertain. Conversely, the distance
of a molecular cloud can be inferred from the measured
doppler shift of CO lines, coupled with the knowledge of the
galactic rotation curve [103]. Notably, for the remnant RX
J1713.7-3946, the possible correlation of TeV gamma rays
with CO data obtained with the NANTEN sub-mm telescope
[104], allows to estimate the distance of the object of about
1 kpc. Correspondingly, an age of 1000 ÷ 3000 years can be
deduced, which supports the idea that RX J1713.7-3946 is the
remnant of the supernova that, according to Chinese historical
records, exploded in 393 AD [105].
Even if the molecular cloud is not overtaken by a SNR shock
but it is located at a given distance lcl from the remnant, it
can still be illuminated by CRs that escape from the SNR
and produce there gamma rays [22], [106]. For this scenario,
it has been shown that, for typical SNR parameters and for
a distance d = 1 kpc, a molecular cloud of mass 104 M¯
emits TeV gamma rays at a detectable level if it is located
within few hundred parsecs from the SNR [22]. In this case
the angular displacement between the remnant and the gamma
ray emission is ≈ 6◦ (d/1 kpc)−1 (lcl /100 pc). This translates
into the fact that sometimes the association between a gamma
ray bright molecular cloud and the SNR which is accelerating
the CRs responsible for the emission can be not so obvious,
given that the separation between the two objects can be
bigger than the instrument field of view. More massive clouds
(≈ 105 M¯ or above) irradiated by CRs might be detected up
to the distance of the Galactic centre or beyond.
Non thermal emission from radio to X-rays is also expected
from molecular clouds irradiated by CRs coming from a
nearby SNR, due to synchrotron and Bremsstrahlung radiation
from secondary electrons produced during the same hadronic
interactions responsible for the production of gamma ray
photons [107], [108]. In Fig. 3 (from Ref. [107]), as an

Fig. 3. Broad band spectrum for a MC of mass 105 M¯ , radius 20 pc, density ∼ 120 cm−3 , magnetic field 20 µG. The MC is at 100 pc from a SNR that
exploded 2000 yr ago. Distance is 1 kpc. The dotted line shows the emission from π 0 –decay (curve 3), from both background CRs and CRs escaping from
the remnant. The dot-dashed lines represent the synchrotron (curve 2) and Bremsstrahlung (curve 4) emission from background CR electrons that penetrate
the MC and the dashed lines the synchrotron (curve 1) and Bremsstrahlung (curve 5) emission from secondary electrons, respectively. Figure from Ref. [107].

illustrative example, the broad band emission from a molecular
cloud is plotted from radio waves to gamma rays. The cloud
has a mass of 105 M¯ , a magnetic field of 20 µG and is located
100 pc away from a SNR which is converting 30% of its total
mechanical energy (∼ 1051 erg) into CRs. The age of the
SNR is 2000 yr and the distance to the observer is 1 kpc.
The contributions to the total radiation from background CRs,
CRs escaped from the nearby SNR and secondary products
of CR hadronic interactions in the cloud are plotted, as
indicated in the figure caption. It is clear that the gamma
ray emission by far exceeds the emission in the other energy
bands. Following this rationale, it was proposed that some of
the unidentified TeV sources detected so far, with no obvious
or very weak counterparts in other wavelenghts (the so called
”dark sources”) [39]–[41], might be in fact associated with
massive molecular clouds illuminated by CRs [22]. Such a
scenario is supported by the fact that many of the unidentified
TeV sources are spatially extended, as molecular clouds are
expected to appear. The same interpretation has also been
suggested for the TeV gamma ray emission detected from a
molecular cloud associated with the SNR IC 443 [109].
In general, the hadronic gamma ray emission from a cloud
illuminated by a nearby SNR accelerating CRs is expected
to be the sum of two contributions: the gamma rays form
interactions of CRs coming from the nearby SNR and the
gamma rays from interactions of background CRs. The former
component is expected to exhibit a hard spectrum, reflecting
the fact that low energy particles remain confined in the
remnant for long time and thus cannot reach the cloud, while
the latter will have a steep spectrum, reflecting the underlying
proton spectrum of the background CRs with slope ∼ E −2.7 .
Thus, the gamma ray emission from a molecular cloud located
in the proximity of a SNR might be characterized, at least
at some stage of the remnant evolution, by a very peculiar
spectrum which is steep at low (GeV) energies and hard at high
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(TeV) energies [107]. This can be clearly seen in Fig. 3, where
the low energy bump in the gamma ray emission, peaking at ≈
100 MeV - 1 GeV energies, is the result of the interaction of
background CRs, while the high energy bump, extending up to
TeV energies and beyond, is due to interactions of CRs coming
from the SNR. The possibility of detecting sources with such a
spectrum is also relevant for the issue of identifying GeV and
TeV unidentified sources. One of the criteria generally adopted
to support an association between a GeV and TeV source is,
beside the positional coincidence, the spectral compatibility
[110]. Such a criterium would not be applicable to the case
described here.
Let us now consider the case of an isolated molecular cloud,
with no CR sources located in its proximity. In this case the
molecular cloud is embedded in the “sea” of Galactic CRs,
assumed to be constant throughout the Galaxy. If CRs can
freely penetrate into the cloud, then the total gamma ray flux
above a given energy Eγ is solely determined by the mass of
the cloud and its distance to the Earth and reads [35]:
Ã
!
M5
−13 −1.75
Fcl (≥ Eγ ) ∼ 1.45 × 10 ET eV
cm−2 s−1 (2)
d2kpc
where M5 is the cloud mass in units of 105 M¯ and dkpc is
the cloud distance in kpc. This means that, since the mass
and the distance of a cloud can be determined by means
of observations of CO lines (see e.g. [103], [111]), gamma
ray observations of molecular clouds can be used to probe
variations of the CR spectrum in different regions of the
Galaxy. The condition for the detectability of passive clouds
embedded in the CR background with EGRET is δ M5 /d2kpc >
10, where δ represents an enhancement (or suppression) of
the CR density with respect to the local value. The EGRET
diffuse gamma ray emission from the direction of prominent
and nearby molecular clouds has been analyzed, leading to
a rough agreement with the expactations from models that

assume a constant CR spectrum throughout the Galaxy (δ ≈ 1)
[112]. However, since there are only a few nearby clouds in the
Galaxy satisfying this condition, a more sensitive instruments
like FERMI is needed for these studies.
At TeV energies, several molecular clouds have been detected in the galactic centre region [28] or in the neighbourhood of a few SNRs [30]–[33]. In the cases in which the
mass and the distance of the cloud could be measured, it has
been possible to evaluate the spectrum and the normalization
of the CRs at the position of the cloud, by assuming that
the emission has an hadronic origin. Such an assumption is
very well justified, especially in the case of the galactic centre
ridge, because a good spatial correlation is observed between
TeV emission and gas density, and because the few-degreescale extension of the emission is hard to be explained as
emission from electrons, since thay suffer severe synchrotron
losses and thus cannot propagate large distances away from
the acceleration regions. For the galactic centre region an
enhancement in the CR density of a factor of δ = 3 ÷ 9
with respect to the local CR spectrum has been inferred from
gamma ray observations [28], while for the molecular clouds
detected in the field of the SNR W28 the inferred overdensities
of CRs lies in the range δ = 10 ÷ 30 [31]. This overdensities
refer to CRs with energy above 1 TeV, which are the ones
producing the observed gamma ray emission above 100 GeV.
In both cases, the inferred spectrum of the CRs is harder than
the one observed locally. These results demonstrate that there
are places in the Galaxy, as the galactic centre ridge, where
the CR spectrum can significantly differ from the local one.
More generally, a criterium for the detectability of molecular
clouds with Cherenkov telescopes can be derived by recalling
that such objects in general have an angular extension significantly larger than the typical instrumental angular resolution
which is of the order of θP SF ≈ 0.1◦ . For a Cherenkov
telescope like H.E.S.S. the sensitivity at 1 TeV for an extended
sources of angular size θs after 50 hours of exposure is
roughly ≈ 10−13 (θs /θP SF ) TeV/cm2 /s. A cloud with mass
105 M5 M¯ and typical (and, for simplicity here, uniform)
density ∼ 100 cm−3 located at a distance dkpc kpc will
appear as a very extended gamma ray source with angular
1/3
size θs ≈ 1◦ M5 /dkpc . By combining this information with
Eq. 2, and recalling that the quantity δ represents the excess
of multi-TeV CRs with respect to the local value, it is possible
to obtain a condition for the detectability that reads:
¶
µ T eV ¶−1 µ
θP SF
φ
2/3
(3)
dkpc < 0.1 δ M5
eV
0.1◦
φTHESS
if expressed as a function of the point source sensitivity φT eV
of a generic instrument in units of the point source sensitivity
eV
of H.E.S.S. φTHESS
. This is a very rough order of magnitude
estimate, but it can still be used as a rule of the thumb to
assess the capabilities of Cherenkov telescopes in detecting
extended molecular clouds.
It is clear from Eq. 3 that the detection of TeV gamma rays
from massive (M5 ≈ 1) molecular clouds embedded in the
galactic CR background (δ ≈ 1) is beyond the capabilities of
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currently operational Cherenkov telescopes like H.E.S.S.. This
is in line with the fact that the molecular clouds detected so
far in TeV gamma rays are very massive (M5 >> 1) and/or
located in regions characterised by an excess in the CR density
(δ >> 1). Next generation instruments, such as CTA [113]
and AGIS [114] , with an expected sensitivity improved by
about one order of magnitude will detect more distant and
weaker molecular clouds, and possibly nearby clouds even
in the less optimistic case when δ = 1. This will lead to
an improved knowledge of the distribution of CRs in the
Galaxy and will possibly provide stringent constraints for CR
propagation models.
Of course, what is discussed above is valid only under the
assumption that CRs freely penetrate the clouds. The issue
of the penetration or exclusion of CRs from clouds has been
investigated in several papers [99], [115], [116], in which quite
different conclusions have been drawn, going from the almost
free penetration to the exclusion of CRs up to tens of GeV.
The exclusion of CRs from clouds can suppress the expected
gamma ray emission and lead to a spectral hardening towards
the centre of the cloud, due to the fact that low energy CRs
are excluded more effectively than high energy ones [117].
IV. THE DIFFUSE GAMMA RAY EMISSION
FROM THE GALACTIC PLANE
The diffuse GeV emission detected by EGRET along the
galactic plane is believed to be mainly due to the decay
of neutral pions produced in hadronic interactions between
CRs and interstellar matter. A strong point in favor of this
hypothesis is the fact that the diffuse GeV emission correlates
with the spatial distribution of the interstellar gas which
constitutes the target for CR interactions [27]. Below ∼ 100
MeV inverse Compton and electron Bremsstrahlung become
the main contributors to the gamma ray emission.
Several attempts to model the diffuse galactic gamma ray
emission have been developed so far, from simple earlier models where the CR flux was assumed to be constant throughout
the Galaxy [118] or determined by using dynamical balance
arguments [119], to numerical studies of CR propagation in
the Galaxy, tuned in order to match the CR spectrum observed
locally [120]. Remarkably, all these models reproduce quite
well both the level and the spectrum of the diffuse emission
with the notable exception of the so called ”GeV excess”,
where data exceed model predictions by roughly a factor of 2.
The GeV excess can be explained by relaxing the assumption
that the spectrum of CRs observed locally (nuclei, electrons
or both) is representative for the whole Galaxy. Data can be
indeed fitted by assuming that the actual CR proton spectrum
in the Galaxy is harder than the one measured at Earth [121],
[122]. Another possibility is to assume a hard spectrum of
CR electrons or that the typical CR electron intensity in the
Galaxy is significantly higher than that measured locally [120].
This would make the inverse Compton contribution to the total
diffuse gamma ray emission dominate over the hadronic one
at photon energies above 10 ÷ 100 GeV.

Recently, the MILAGRO collaboration reported on the
detection of multi-TeV diffuse gamma-ray emission from two
regions in the Galactic plane: the Cygnus region (located
at galactic longitude 65◦ < l < 85◦ ) [29] and the portion
of the inner Galaxy visible from the location of MILAGRO
(30◦ < l < 65◦ ) [123]. When placed alongside the above
mentioned lower energy measurements by EGRET, such detections provide an interesting insight into both the spatial
distributions of CRs in the Galaxy and their spectrum over a
broad energy range. Puzzlingly, conventional CR propagation
models that reproduce quite fairly at least the observed level
of the GeV emission (with the exception of the GeV-excess),
fail to reproduce the MILAGRO observations by about one
order of magnitude in the case of the Cygnus region [29] and
a factor of ∼ 5 for the inner Galaxy [123]. However, it has
to be kept in mind that such models are designed to describe
the global gamma-ray emission from the Galaxy, and are not
expected to reproduce correctly local excesses in the gamma
ray emission due, for example, to the presence of localized
CR sources. Thus, the discrepancy between models predictions
and MILAGRO data is representative of the fact that the CR
spectrum measured locally is probably not representative for
the whole Galaxy. As done in the case of the GeV excess, a
harder spectrum of CR protons or electrons can be invoked to
solve the problem.
Thus, the origin of the multi-TeV emission detected by
MILAGRO from the Cygnus region and from the central
Galactic plane region remains unclear. Either leptonic or
hadronic processes have been proposed to be the dominant
contributors to the detected gamma-ray flux, with the possibility of a transition from a dominant hadronic contribution
to a leptonic one in the GeV-TeV energy range [120]. In
the case of the hadronic scenario, one would expect, as is
observed, a narrow extension in latitude of both the EGRET
[27] and MILAGRO emission [123]. In this case the extension
of both GeV and multi-TeV emission is determined only by
the gas distribution in the Galactic disk, which constitutes the
target for proton–proton interactions. In the leptonic scenario,
the multi-TeV emission is produced via inverse Compton
scattering by ≈ 100 TeV electrons which can propagate over
a distance of ≈ 100 pc before being cooled by synchrotron
and inverse Compton losses [122]. Thus, also in this case
a narrow latitude distribution of gamma rays is expected, if
the sources of cosmic ray electrons are concentrated around
the galactic plane. In this case, however, the extension of the
gamma-ray emission would be energy dependent, since higher
energy electrons are cooled faster and can propagate shorter
distances [122]. Thus, an accurate comparison of the extension
in latitude of the emission detected at GeV and multi-TeV
energies is of crucial importance, and future observations with
improved angular resolution by FERMI and HAWK might
help in discriminating between the two scenarios.
The fact that both the Cygnus region and the inner Galaxy
are characterised by an enhancement in the gas density might
suggest an hadronic origin for the diffuse multi-TeV emission
detected by MILAGRO. Moreover, in the case of the Cygnus
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region, the morphology of the multi-TeV emission correlates
with the CO emission, which traces the gas density [29].
Similarly, for the region close to the inner Galaxy, the rather
narrow latitude profile of the multi TeV-emission, concentrated
around the dense Galactic disk, might suggest a hadronic
interpretation of the gamma-ray data, though also a leptonic
one seems feasible [123]. Since the production of gamma rays
is accompanied by a corresponding neutrino flux only in the
hadronic scenario, the search for a diffuse flux of neutrinos
from the inner Galaxy, which might be detectable by km3 size neutrino detectors, will provide a unique opportunity to
disentangle the origin of the multi-TeV radiation [124].
V. OBSERVATIONS IN THE MULTI-T E V RANGE:
ARE SNRS COSMIC RAY PEVATRONS?
The observed CR spectrum extends as a featureless power
law up to the knee at an energy of a few PeV, where it
undergoes a significant steepening. This suggests that the
sources of galactic CRs, whichever they are, must be able to
accelerate particles up to at least a few PeV. As seen in Sec. 2,
both the X-ray observations of SNRs [16], [18], [19] and the
recent theoretical studies of magnetic field amplifications due
to CR streaming at shocks [68], [69] seem to suggest the
presence of a strong magnetic field with intensity ≈ 100 µG
or more, which is the value needed to reach (or even exceed)
PeV particle energies in diffusive shock acceleration.
A decisive and unambiguous indication for the acceleration
of PeV protons in SNRs can be provided by observations of
γ-rays at energies up to 100 TeV and beyond. Because of the
Klein-Nishina effect the efficiency of inverse Compton scattering in this energy band is dramatically reduced. Thus, the
possible detection of SNRs in gamma rays up to these energies
could be unambiguously interpreted as an evidence for the
fact that such objects act as CR PeVatrons [22]. Although the
potential of the current ground-based instruments for detection
of such energetic γ-rays is limited, it is expected that the next
generation arrays of imaging Cherenkov telescopes optimized
in the multi–TeV energy range will become powerful tools for
this kind of studies [50], [125].
It should be noted that the number of SNRs currently
bright in > 10 TeV γ-rays is expected to be rather limited.
Multi–PeV protons can be accelerated only during a relatively
short period of the SNR evolution, namely, at the end of
the free–expansion phase/beginning of the Sedov phase, when
the shock velocity is high enough to allow sufficiently high
acceleration rate. When the SNR enters the Sedov phase,
the shock gradually slows down and correspondingly the
maximum energy of the particles that can be confined within
the remnant decreases. This determines the escape of the
most energetic particles from the SNR [26]. Thus, unless our
theoretical understanding of particle acceleration at SNRs is
completely wrong, we should expect an energy spectrum of
CR inside the SNR approaching PeV energies only at the
beginning of the Sedov phase, typically for a time < 1000
years. When the SNR enters the Sedov phase, the high energy
cutoffs in the spectra of both protons and γ-rays gradually

moves to lower energies, while the highest energy particles
leave the remnant [26]. This can naturally explain why the γray spectrum of the best studied SNR RX J1713.7–3946 above
10 TeV becomes rather steep with photon index ≈ 3 [49].
The detection of multi–TeV γ-rays generated by the CRs
that escape the SNR might constitute the smoking gun for
particle acceleration up to PeV energies [22]. A molecular
cloud located close to the SNR can provide an effective target
for production of γ-rays. The highest energy particles (∼ few
PeV) escape the shell first. Moreover, generally they diffuse
in the interstellar medium faster than low energy particles.
Therefore they arrive first to the cloud, producing there γrays (and also neutrinos) with very hard energy spectra. Note
that an association of SNRs with clouds is naturally expected,
especially in star forming regions [96]. The duration of γ-ray
emission in this case is determined by the time of propagation
of CRs from the SNR to the cloud. Therefore γ-ray emission
of the cloud lasts much longer than the emission of the SNR
itself. This makes the detection of delayed γ-ray and neutrino
signals more probable. The detection of these multi–TeV γrays from nearby clouds would thus indicate that the nearby
SNR in the past was acting as an effective PeVatron [22].
Both γ-rays and neutrinos are emitted with fluxes detectable
by currently operating and forthcoming instruments. Since the
γ-ray spectra from clouds are extremely hard, γ-ray telescopes
operating at very high energies (> 10 TeV) would be the best
instruments for this kind of study. Remarkably, a detection of
such emission would not only reveal the acceleration of PeV
CRs, but also suggest the best targets for neutrino observations,
since neutrino telescopes are optimized for observations in the
multi–TeV energy region.
VI. CONCLUSIONS AND FUTURE PERSPECTIVES
The recent developments of gamma ray astronomy, especially at very high (TeV) energies, constitute an important step
towards the solution of the problem of the CR origin. The detection of SNRs in TeV gamma rays by Cherenkov telescopes
allows us to study several aspects of particle acceleration in
these objects with unprecedented accuracy (see e.g. [11]). On
the other hand, the observation of diffuse TeV emission from
the galactic plane by air shower detectors such as MILAGRO
[123], when combined with earlier EGRET observations of
the diffuse GeV emission [27], provide useful information on
the spatial distribution of CRs in the Galaxy and on their
spectrum. The combination of pointed observations performed
with Cherenkov telescopes and the continuous monitoring
of the whole sky by air shower detectors revealed to be a
very successfull approach, and the complementarity of these
two techniques will hopefully be exploited in the future by
instrument like CTA [113], AGIS [114] and HAWC [126].
Though both morphological and spectral studies of SNRs
seem to favor an hadronic origin of the gamma ray emission,
leptonic models still cannot be considered ruled out. The
detection of neutrinos from the direction of SNRs would
unambiguously solve the issue, and prove that SNRs can
indeed accelerate CR protons [9], [20]–[23]. However, since
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such detections appear to be challenging even for km3 -scale
neutrino telescopes, the search for evidence of CR proton
acceleration coming form gamma ray observations is mandatory. Besides the issue of the hadronic or leptonic origin of
the gamma ray emission from SNRs, the problem of the
(unexpected) high level of isotropy observed from CRs up
to the energy of the knee still persists (e.g. [25]).
The solution of the long standing problem of the origin of
galactic CRs might finally come from an improved knowledge
of the CR spectrum and spatial distribution throughout the
Galaxy and from a better understanding of several aspects of
the problem, including acceleration of CRs at shocks, escape
of CRs from SNRs and their propagation in the Galaxy.
A. Future perspectives: theory
The non linear theory of diffusive shock acceleration gives
us a satisfactory description of how particles are accelerated
at shocks and has been successfully applied to model the
multiwavelength emission from SNRs (see e.g. [75], [89]).
Despite the success of the theory, some issues still need further
investigation. In particular, new aspects of the basic physics
of the CR-driven magnetic field amplification at shocks have
been understood [69], but a fully self consistent treatment of
the problem is still missing. A better understanding of this
mechanism might provide a solid theoretical interpretation for
the very high values of the magnetic field inferred from X-ray
observations of SNRs [16]–[19] and will allow us to estimate
the particle acceleration rate and thus the maximum particle
energy achievable within this theoretical framework [69].
Another missing piece of information is the way in which
accelerated CRs leave the SNR. While protons are believed
to be released gradually during the whole Sedov phase as the
SNR shock slows down [26], electrons are trapped within the
remnant due to severe synchrotron losses and are probably
released in the interstellar medium solely during the late
phase of the SNR evolution. Surprisingly, this aspect of the
problem has not yet received as much theoretical attention
as it deserves. Studies in this direction will allow us to
estimate the spectrum of CR protons and electrons injected
in the interstellar medium and will possibly tell us something
about how the proton to electron ratio varies during the SNR
evolution.
After being released into the interstellar medium, CRs
propagate in the galactic magnetic field. The propagation of
CRs is generally investigated by means of numerical codes
that solve the transport equation given the diffusion coefficient
and possibly the structure of the galactic magnetic field. The
most popular amongst these codes is GALPROP [36], which
provides as an output also the diffuse gamma ray emission
from CR interactions in the interstellar gas and radiation field
[120]. The main limitation of such approaches is that they
normally assume a continuous and spatially smooth injection
of particles along the galactic plane and, being normalized
to local CR data, cannot account for localized excesses of
CR sources. These limitations became evident when attempts
to use GALPROP to model the diffuse emission detected by

MILAGRO from the Cygnus region failed to fit observations
by about an order of magnitude [29]. Thus, though GALPROPlike approaches can predict global properties of the diffuse
gamma ray emission from the Galaxy, they cannot be applied
to model local excesses of the diffuse gamma ray emission.
One possible way to improve the studies of CR propagation
and of the related diffuse emission is to include in numerical
codes the stochasticity of SNR explosions, which would lead
to the appearance of localized (both in time and space)
excesses in the CR density close to their sources [22], [106],
[127]. The expected association between supernovae and dense
gas regions that provide a thick target for CR hadronic
interactions might further enhance the resulting gamma ray
emission. Obviously, this approach, being statistical in nature,
would only allow to infer average properties of the gamma ray
emission from the Galaxy, such as, for example, the number of
molecular clouds irradiated by CRs detectable in gamma rays
as unidentified sources [107], or the amplitude and the spatial
scale of the fluctuations in the diffuse gamma ray emission.
These predictions would provide clear observational tests for
propagation models and for the SNR hypothesis for CR origin.
Finally, self consistent propagation models where CRs
propagate away from their sources due to scattering on the
magnetic turbulence they themselves produce [128] need to
be further developed and, together with the knowledge of the
CR spectrum injected by SNRs in the interstellar medium,
might clarify the issue of the isotropy observed in the arrival
direction of CRs up to PeV energies.
B. Future perspectives: observations
Future observations in the gamma ray domain are expected
to drive the progresses in the field. Comprehensive reviews
of the expected performances and scientific outputs from next
generation gamma ray instruments can be found in Refs. [11],
[125], [129]. Here the expected contribution from these observations to the problem of CR origin is summarized.
First of all, it has to be noted that observations in different
energy regions will provide insights into different aspect of
the problem. Following previous classifications, we divide the
gamma ray spectrum into three regions: i) the GeV domain,
which spans the energy spectrum in the interval ∼ 100 MeV –
100 GeV, currently covered by the FERMI satellite; ii) the TeV
domain, where Cherenkov telescopes and air shower detectors
operate, ≈ 100 GeV – 10 TeV, and iii) the multi-TeV domain,
approximatively > 10 TeV, which will be explored by next
generation of instruments.
1) GeV Energy Domain: FERMI: FERMI is now scanning
the whole sky at GeV energies with unprecedented sensitivity.
The recent detection of the SNR IC443 by AGILE suggests
that FERMI, with its better sensitivity will possibly detect
several of these objects. A detection of SNRs at GeV energies
is of crucial importance to discriminate amongst hadronic and
leptonic origin of the gamma ray emission. Moreover, FERMI
will measure the diffuse emission from the galactic plane,
and thanks to its improved angular resolution is expected
to reveal structures in the diffuse emission which reflect the
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underlying clumpiness of the interstellar medium. The possible
detection of individual molecular clouds will allow us to probe
the CR spectrum in different parts of the Galaxy, providing
stringent constraints to CR propagation models and revealing
the presence of localized excesses of CR sources.
2) TeV Energy Domain: how many sources?: Next generation of instruments operating in the TeV domain are expected to increase significantly the number of sources detected
along the galactic plane. The improved angular resolution of
Cherenkov telescopes will allow better morphological studies
of extended galactic sources, useful to search for correlations
between gamma ray emission and gas density and/or Xray emission. The presence or absence of such correlations
will help in discriminating between hadronic and leptonic
models for the gamma ray emission. Air shower detectors will
complement such studies by mapping the extended emission
from the whole Galaxy.
3) Multi-TeV Energy Domain: searching for Cosmic Ray
PeVatrons: Most of the galactic sources detected so far by
Cherenkov telescopes do not show evidence for a high energy
cutoff in their spectra [130]. For this reason, an extension
of the observed energy range in the multi-TeV domain is
desirable, since it will allow us to search for cutoffs in such
spectra, thus probing the most extreme particle accelerators in
the Galaxy. Moreover, the sources of CRs with energies up
to the knee are expected to exhibit a cutoff in this domain
of the gamma ray spectrum. This implies that observations in
the multi TeV region might finally reveal the nature of the CR
PeVatrons.
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First geomagnetic storm ever observed from the
Middle East using cosmic rays
I. Sabbah1, K. Munakata2, M. L.Duldig3, A. Fushishita2, C. Kato2, S. Yasue2, T. Kuwabara4, J. W.
Bieber4, P. Evenson4, M. R. Da Silva5, A. Dal Lago5, N. J. Schuch6, Z. Fujii7, and J. E. Humble8

This prototype Sao Martinho was then upgraded in
December 2005 by expanding its detection area to 28 m2.
Finally we completed the GMDN by installing a new
detector at Kuwait University in March 2006. This adds new
directions of viewing over the African Continent and the
western Indian Ocean. The Kuwait University muon detector
is a hodoscope designed specifically for measuring the “loss
cone” anisotropy, which is observed as a precursor to the

Abstract—The Global Muon Detector Network (GMDN) was
completed by installing a multi-directional cosmic-ray muon
hodoscope in Kuwait University in March 2006. The GMDN is
currently consisting of four multi-directional muon detectors
located at Nagoya (Japan), Hobart (Australia), Sao Martinho
(Brazil) and Kuwait University (Kuwait). This Network is
continuously monitoring the galactic cosmic rays intensity in a
total of 60 directional channels covering almost the entire sky.
It represents an important tool for forecasting geomagnetic
storms several hours in advance. We recorded the first solar
storm ever detected in the Middle East, on 14 December, 2006.
It produced a severe geomagnetic storm that sparked Northern
lights as far as Arizona. This geomagnetic storm induced
electric currents that flow from oil pipelines into the soil which
corrode pipes faster than normal.

1. GLOBAL MUON DETECTOR NETWORK (GMDN)

T

he muon network construction started in December 1992
after adding a muon detector at Hobart (Australia) to the
detector located at Nagoya (Japan). The detection areas
of these detectors are 9 m2 and 36 m2 respectively. Each of
these detectors is multidirectional, allowing us to
simultaneously record the intensities in 30 directions of
viewing. Next, the network is expanding by adding a third
small (4 m2) prototype detector at Sao Martinho (Brazil) in
March 2001 to receive muons over the Atlantic and Europe.
1

Fig. 1. The recording system to the right and four horizontal
layers with 30 PCTs in each layer to the left.
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arrival of interplanetary shocks at Earth and is characterized
by an intensity deficit confined to a narrow pitch angle
region around the sunward interplanetary magnetic field
direction. Unlike the other three detectors, the Kuwait
University detector (Figure 1) consists of four horizontal
layers of 30 proportional counter tubes (PCTs) in each layer.
Each PCT is a 5 m long cylinder with a 10 cm diameter
having a 50-micron thick tungsten anode along the cylinder
axis. A 5 cm layer of lead is installed above the detector to
absorb the soft component radiation in the air. The PCT axes
are aligned geographic east-west (X) in the top and third
layers and north-south (Y) in the second and bottom layers.
The top and second layers form an upper pair, while the
third and bottom layers form a lower pair. The two layers in
each pair are perpendicular to each other and cover
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are corrected for pressure and plotted regularly every day at:
http://neutronm.bartol.udel.edu/spaceweather/

(3mX3m) area. The two pairs are separated vertically by 80
cm. Muon recording is triggered by the fourfold coincidence
of pulses from all layers and the incident direction is
identified from X-Y locations of the upper and lower PCT
pairs. The muon count is recorded in each of 23×23=529
directional channels which cover 360◦ of azimuth angle and
0◦

2. COSMIC RAY VARIATION
[1] developed a new analysis method to eliminate the
atmospheric temperature effect on the muon count rate. This
method enables them to compare the derived spatial gradient
of the cosmic ray density with the prediction of the drift
model. The three components of anisotropy (
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universal time (t) in the j-th directional channel of the i-th
muon detector in the GMDN. Next, we transform the above
three components of anisotropy into Geocentric Solar
Ecliptic coordinates system and then corrected for the solar
wind convection and the Compton-Getting anisotropy
arising from the Earth’s 30 km/s orbital motion.
Fig. 1. Power spectra density of the cosmic ray scintillations
observed in the vertical channels in the GMDN: (a) Nagoya
(Japan) (b) Hobart (Australia) (c) Sao Martinho (Brazil) and (d)
Kuwait University.Note that the amplitudes of the diurnal and
semidiurnal variations are well defined at the 4 detectors. The best
fit for the spectra (

f

−n

3. MAXIMUM ENTROPY ANALYSIS
[2] related the fluctuations of cosmic ray intensity (cosmic
ray scintillations) observed with neutron monitors over the

) is shown for f < 0.03 c/hour.

−7

Fig. 2. Power spectra density of the cosmic ray scintillations
observed in the vertical channels in the GMDN: (a) Nagoya
(Japan) (b) Hobart (Australia) (c) Sao Martinho (Brazil)
and (d) Kuwait University.Note that the amplitudes of the
diurnal and semidiurnal variations are well defined at the 4
detectors. The best fit for the spectra (

f

−n

−4

low frequency range 10 Hz ≤ f ≤ 10 Hz to fluctuation
in the interplanetary magnetic field (IMF). They derive a
theoretical model which attributes the cosmic ray
scintillations caused by turbulent magnetic field in the
interplanetary medium. Here we use pressure-corrected
hourly mean cosmic ray counting rates observed in the
vertical channel to estimate the power spectral density (PSD)
for each muon detector. We use Maximum entropy method
to estimate the PSD. This method is more powerful than
traditional Fast Fourier Transform method [3]. Figure 2
displays the PSD for each detector in the network during the
period March 2006 to December 2007. During this period,
the IMF points toward the Sun north of the heliospheric
current sheet and away from the Sun south of it (qA<0). The
dashed straight line in each panel represents the best fit

) is shown for f

< 0.03 c/hour.

−n

power law ( f ) for the spectra. The slope of the best fit
line is ~ 1.9 for frequency f <10−3 Hz. This agrees with the
results obtained by [3] using cosmic ray intensity observed
with Mawson underground muon detector during years of
negative solar polarity qA<0 (1981–1988). They found that
the spectra are steeper and have higher power when qA<0
than when qA>0. The first two harmonics of the solar daily

◦

to 60 zenith. For analyzing Kuwait University data together
with the data from the other three detectors of different
geometry, we convert 529 directional channels into 13
channels, which are equivalent to those in Hobart having the
same detection area (9 m2). GMDN covers almost the entire
sky. The hourly average counts observed with each detectors
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variation are well defined at 24 hours (diurnal) and 12 hours
(semi-diurnal) (see vertical lines in Figure 2
4. COSMIC RAY PRECURSORS OF GEOMAGNETIC
DISTURBANCES
Our network recorded a reduction in muon counts on 14
December 2006, indicating the arrival of interplanetary
shocks and the associated interplanetary coronal mass
ejection (CME) at Earth. Figure 3 shows a rapid Forbush
Decrease in the intensity of muons observed by the four
detector of the GMDN on 14 December. This decrease
was due to the intense magnetic field associated with the
CME that swept some of galactic cosmic rays away from

Fig. 4: A depression of the z-component anisotropy clearly seen12
hours prior to the onset of SSC and the geomagnetic storm on 14
December, 2006.

of the GMDN providing alert well before the geomagnetic
disturbance with SSC onset on. The depression of the Zcomponent of the anisotropy (Figure 4c) is seen half a day
before SSC.
5. SUMMARY AND CONCLUSIONS
We completed the GMDN by installing a multi-directional
cosmic-ray muon hodoscope at Kuwait University in March
2006. Hourly averaged values of cosmic ray counts observed
with the GMDN have been analyzed during the period
March 2006 to December 2007. The three components of
anisotropy of galactic cosmic rays have been computed
every hour and corrected for pressure and temperature
effects. Maximum entropy method has been used to estimate
the PSD of the hourly data for each station. The first two
harmonics of the solar daily variation are well defined. The
GMDN aims to predict the changes in Space Weather from
ground–based measurements of cosmic rays. The onset of
cosmic ray precursor can provide us with a tool for
predicting the space storms. Early detection of space weather
storms is essential to avoid significant problems in space as
well as on Earth. A loss-cone precursor was recorded by the
GMDN about 7 hours before the geomagnetic storm onset in
14 December, 2006. This storm was caused by a strong
shock accompanying a coronal mass ejection and forming a
depleted region of galactic cosmic rays behind it. This was
the first geomagnetic storm ever observed from the Middle
East using cosmic rays. It produced a severe geomagnetic
storm that sparked Northern lights as far as Arizona. This
geomagnetic storm must have induced electric currents that
flow from oil pipelines into the soil which corrode pipes
faster than normal. We are planning to install a

Fig. 3: Forbush decreases observed right after the SSC onset in
four vertical channels of the GMDN. In (c) a clear loss-cone
signature observed by Sao Martinho muon detector prior to the
SSC causing a severe geomagnetic storm in Figure 4.

Earth. The cosmic ray intensity returned back to normal on
the19 December. This depression coincides with a
pronounced enhancement of the estimated (3-hourly)
geomagnetic Kp index reaching values of 7 during 15-18
hours UT and of 8 during 21-24 hours UT. A clear ”losscone” precursor has been observed in the muon data that
appeared on 14 December 2006 at 7:00 hours UT in the
vertical channel of the Sao Martinho muon detector in Brazil
(Figure 3c). The lead time of this precursor is about 7 hours
prior to SSC indicating the shock arrival at Earth. This event
produced a strong geomagnetic storm that sparked Northern
lights as far as Arizona. Observation of high energy Cosmic
ray by GMDN can be used as an alert for space weather
events. It will allow early determination of space weather
storms. One of the major objectives is to forecast the arrival
of the geomagnetic storm. Figure 4 shows another possibility
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magnetometer to measure variations in the geomagnetic
field. This will give us a chance to compare this variations
with that in the pipe-to-soil potential difference during
magnetic storms.
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Atlantic Hurricanes, Geomagnetic Disturbances
and Cosmic Ray Intensity Changes.
S. Kavlakov
the Caribbean islands, Mexico, and the United States.
Hurricanes rank at the top of all natural hazards in the United
States. [6].
All that provoked our interest for a detailed study of a
possible similar parallel between the appearance and
development of the hurricanes and the geomagnetic
disturbances and Cosmic Ray intensity. Finding statistically
significant interconnection between them could help better
hurricane predictions.

Abstract—

In some earlier work we found a significant
statistical relationship between geomagnetic activity and
hurricane intensity as measured by the maximum wind speed.
Here we reexamine this relationship comparing changes in the
hurricane intensification rates (time derivative of hurricane wind
velocity) with sharp increases of KP and separately with sharp
decreases of cosmic ray intensity. Intensification is computed
using a filter especially designed for derivative calculations.
We consider only hurricanes over the North Atlantic Ocean
away from land for two regions: one over the hot waters around
the 20th parallel and other one over higher latitudes. The regions
are chosen to control of sea-surface temperature effects on
hurricane genesis.
A statistically significant relationship is found between
geomagnetic activity and tropical cyclone intensification over the
tropical Atlantic where major hurricanes are borne. The result
is consistent with one of our earlier study showing a connection
between geomagnetic activity and tropical cyclone intensity. It
appears possible that the sharp Cosmic Ray intensity decreases
have predominantly long time range influences.

2. DATA
A. Hurricane data
All data for the cyclones (hurricanes and tropical storms)
in the Atlantic Ocean, Gulf of Mexico, and the Caribbean Sea
during the 55 year period 1951-2005 ware derived from the
HURricane DATa base (HURDAT or best track) [7]
maintained by the National Hurricane Center (NHC).
HURDAT consists of 6-hourly positions and intensities.
B. Geomagnetic data
The KP index is widely used in ionosphere and
magnetosphere studies and is recognized as measuring the
magnitude of worldwide geomagnetic activity. We used the
3-hour KP taken from the Web sight of NOAA.

Key words: Nautical knots [kt] (kt = 1.853 km/h);
Spline interpolation; Savitzky-Golay- smoothing;
Forbush event (decrease); Geomagnetic KP index.

1. INTRODUCTION
C. Cosmic Ray Data.
Earlier [5] we used data of several Neutron Monitors
(NM), situated around the Atlantic Ocean. But the gain for the
statistics, achieved in this way, was suppressed by the
difficulties of combining together the different data, available
in different intervals. So we accepted that the use of only one,
but long running continuous CR measurement could be much
more suitable.
That is why we took the whole set of Neutron Monitor
data received on Climax CR station, (39.37N; 106.18W; alt.
3400 m and 2.97 GeV cut-off rigidity). It appeared that they
covered the period 1951 - 2005 with negligible instrumental
changes, low percentage of missing data and wonderful
stability. For the whole period of 55-years (20089 days) only
407 days are without any data, or only 2.02 %. That is a 97.98
% of effective measured CR intensity. We carefully
interpolated the missing data.
The general interconnection between the data from
practically all NM stations, measured on different
geographical places, permit us to consider the CLIMAX data
as globally representative.

The question that several purely meteorological
processes of the terrestrial atmosphere are connected with the
magnetosphere disturbances, CR intensity changes, and solar
activity is now largely discussed [1], [2], and [3]. We also
noticed indications for similar connections between the
hurricane development and these parameters in our earlier
works [4] and [5].
As it is well known the hurricane is high velocity circular
wind born over the hot equatorial waters of the oceans. Its
whole vortex generally spreads out to a giggantic ring with a
diameter of several hundred kilometers. The energy
accumulated during these processes is enormous. It could be
compared with the energy of explosion of more than thousand
Hiroshima type atomic bombs. That explains the disasters
produced by a hurricane, when it touches a populated area.
North Atlantic hurricanes frequently strike

Author is with the Bulgarian Academy of Sciences,
Galileo Galilei Street 17. SOFIA 1113. BULGARIA.
phone: +35928717685; e-mail: skavlakov@ gmail.com
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3. DATA PROCESSING

Their average intensification was found to be +0.0713
kt/hr. That is more than twice (108%) higher than the
intensification 0.0342 kt/h found in general case. Let us stress
that to measure the acceleration dW/dt here, we used the
traditionally units: knots per hour [kt/h].
One [kt/h] = 1.853 [km/h2].

A. Cyclone Intensification
On the basis of all available cyclone data over the period
1951-2005 we estimated a total of 105,638 active cyclonic
hours. To obtain a differentiable function from these data the
SPLINE interpolation was used [8].
Tropical cyclone intensification is a time derivative
quantity. While it is tempting to use a simple finite difference
to approximate the derivative, the order of the error on this
approximation is commensurate with the derivative value. To
reduce such errors the asymmetric 6-point Savitzky-Golay first
derivative filter [9] was used to calculate the hourly
intensification rates. For all our 105,638 hours an average
intensification rate of +0.0342kt/hr was found.
In our early study we found a persistent presence of at
least one Forbush Decrease, in the time interval of about 3 to
16 days before the hurricane start [Fig. 1, 3, 5, 7]. A sharp
rise in the geomagnetic parameter KP [Fig. 2, 4, 6, 8] was also
noticed in the time intervals preceding the starts of many
hurricanes.
On Fig. 2, 4, 6, 8 we can put now over the daily changes
of the geomagnetic KP index (narrow line) the derivative
(dW/dt) (bold line). Thus we can depict clearly the hurricane
behavior during or after high geomagnetic disturbances.
Graphs are presented, using arbitrary units.

C.

Cosmic Ray Forbush Events
The values presented in counts per hour were
transformed in daily deviations from the general 55 years
average value (394,600 counts/hour, or 9,470,400 counts/day).
The statistical error then is 0.032 % for a single day. In most
cases we averaged over many days, and the error generally is
below the size of the point, presented on the graphs.
Analogically we chose for “0” days these Forbush type
events, when the daily decrease of the cosmic ray intensity is
below -3 % from the adjacent intensity. We identify 166
Forbush Events (FE“0”) days during the hurricane season
months of May through November over the period 1951-2005.
Applying the same procedure as for KP, we found 7691 hours.
Their average intensification was found to be +0.0546
kt/hr. That is more than 60 % higher than the intensification
0.0342kt/h found in general case
D.

Control area
Tropical cyclone intensification depends on many factors
[10], specially, on surface oceanic temperature and proximity
of land. These factors could confound our ability to identify a
significant geomagnetic signal in the data. In order to provide
some separation, we repeat our analysis using cyclones
confined to the open waters of the tropical Atlantic. In such a

B. Geomagnetic KP index
A KP“0” day was defined when its daily KP index
exceeds 420 KP units. That is chosen to be 70% above the
long-term KP average.

Fig. 9.

way we consider only storm hours far from land over a fairly
uniformly warm part of the basin. The control region we
choose is a part of the main development region for tropical
cyclones and is bounded by 25 and 60 degrees West longitude
and by 8 and 23 degrees North latitude [Fig. 9.].

All together 224 KP“0” days (from 108 separate tropical
cyclones) overlapping active storms were found in the 19512005 period. Taking all the available hours for these KP”0”
days, as well as the hours in the three preceding and three
following days around KP”0” day we had all together 10995
hours.
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We found 131 cyclones and counted 17579 hours, spread
over the chosen area.
Correspondingly we found 2230 KP hours and 2104 FE
hours covering hurricanes in the hot water area.
As expected, the mean intensification rate 0.313 kt/hr,
found over the hot water area is nearly 10 times higher than
the corresponding 0.0342 kt/hr over the whole Atlantic area.
The mean intensification for the 5 days centered on a KP”0”

Over all the Atlantic the intensifications dW/dt around
KP “0” and FE “0” days are greater than during the quiet days.
In the case of KP that difference is significant
Because of that and because of the large investigated
interval of 55 years we could permit ourselves to suggest an
interconnection between the geomagnetic disturbances and the
hurricane intensification. This could be supported also with
the fact that even over the hot water area, the intensification

Table 1..

"0"
days

Cyclones
number
hours

Average
(dW/dt)
[kt/hour]

All
KP
max

FE

224
166

All
KP
max

FE

224
166

603

105628

Over whole Atlantic region
0.034+/-0.006

108
96

10995
7691

0.071+/-0.008
0.0546+/-0.0095

131

17579

26
25

2230
2104

Increase
of
(dW/dt)
around
"0" points

108%
60%

Only over hot waters
0.313+/-0.04
0.543+/-0.12
0.363+/-0.216

73%
16%

dW/dt for KP “0” day is greater than that for the “calm”
days.
The direct impact of the Forbush Decreases (FE) seems
to be rather insignificant because of the slight changes of
dW/dt around the FE “0” days and because the form of
obtained curve on Fig. 11. But taking into account their
persistent appearance before the hurricane start (Fig. 1, 3, 5
and 7), in the last half a century, their contribution to the
storm intensification could be probably within a longer time
range.
The fact that both curves on Fig. 10. and 11. reach their
maximum immediately after the chosen “0” day, strongly
support the supposition of an influence.
Here we find a statistically significant relationship
between geomagnetic activity and hurricane intensification
over the Atlantic Ocean where major hurricanes are borne.
The result is consistent with an earlier study [4] showing
a connection between KP values and hurricane intensity. It
suggests that a possible physical mechanism is related to
increased ionization of the upper extent of the tropical cyclone
vortex leading to increased condensation and additional
warmth throughout the column. Obviously more work is
needed for better understanding of this interesting
interconnection.

day is 0.543 kt/hr or about 70 % higher than the general
intensification 0.313kt/hr over the whole chosen hot water
area. For FE days that is only 16 %.
All the results of our investigations over the whole
Atlantic area and separately over the hot water area are shown
on Table 1.
The statistical significance was estimated by means of
“bootstrap” procedure [11].

4. INTENSIFICATION AROUND “0” DAYS
The overlapping of the cyclone intensifications for all
KP”0” day together with their adjacent days over the hot water
area, is shown on Fig. 10.
The same was done for the FE”0” days. The results are
shown on Fig. 11.

5. RESULTS AND DISCUSSION
The slight rise of dW/dt around the KP and FE “0” days
in the control area over hot waters is understandable. There,
all the energy imputes to the storm intensification is mainly
from the overheated water. All other influences are strongly
suppressed.
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Fig. 10.

Fig. 11.
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The trigger system preparation of the
NUCLEON space experiment.
V. Boreiko, N. Gorbunov, V. Grebenyuk, A. Kalinin, Z. Krumstein, D. Naumov, Nguen Man Sat,
E. Plotnikova, D. Podorozhnyi, S. Porokhovoy, B. Sabirov, A. Sadovsky, V. Stolupin, A.Tkachenko,
and L. Tkachev
individual elemental energy spectra from protons to nickel
before the knee at 10 TeV to 1 PeV must be substantially
improved. Among the wide arsenal of modern experimental
methods for energy measurement in energy region > 1 TeV
only the ionization calorimeter (IC) method may be applied
over a wide energy range for all CR nuclei simultaneously.
Even a thin calorimeter have rather large weight ~ about 2-3
tons, and as a result, such investigations become very
expensive.
The main idea of the NUCLEON project is to design and to
create scientific device with large aperture and a relatively
light weight being able to measure elemental spectra of
cosmic rays in a wide energy range E ~ 1011-1014 eV. The
method is based on event by event measurement of spatial
density of a flux of the charged and neutral secondary
particles which were produced in the first inelastic nuclear
interaction in the target of the detector and have passed
through layers of thin converters to produce e+e- pairs of the
secondary gammas. This technique is known as KLEM
(Kinematic Lightweight Energy Meter) [2, 3].
The natural task of the NUCLEON trigger system is to
suppress the huge flux of low-energy cosmic rays (less than
100 GeV) and those CR which are beyond the detector
aperture. Therefore, the main goal of the trigger system is the
selection and rejection of data flux to a limited volume that
can be transferred to the Earth. To investigate and to solve
these problems the design and production of the technological
NUCLEON trigger modules were performed including frontend and digital electronics of the data acquisition system.
Thus, useful events should be selected and written down in
memory of on-board computer for the further analysis. In the
next section the technical conception of trigger system will be
presented in detail. In the third section the possibility of
optimization of trigger system's functionality by means of
Monte-Carlo analysis is discussed. The fourth section is
devoted to the brief review of the results obtained at testing of
installation on a beam in CERN. In the last section some
conclusions and current status of the project will be presented.

The main aim of the NUCLEON experiment is a measurement
of cosmic rays flux in the energy range 1011-5.1014 eV and charge
range up to Z≈30 in the near-Earth space. Such a measurement is
motivated by the “knee” problem: change of the slope and
composition in cosmic rays energy spectrum from E-2.7 to E-3.0 at
energies about 1015 eV. The NUCLEON mission is planned for
operation at the COSMOS type satellite to be launched in 20092010 for 5 years of data taking. The design and production of the
technological NUCLEON trigger modules are performed
including front-end and digital electronics of the data acquisition
system. The modules were successfully tested in 2008 at the
CERN SPS accelerator pion beam. The main aim of this year is
production of the flight NUCLEON apparatus that is being in
progress. The trigger system conception, the results of beam tests
and the Monte-Carlo analysis is presented.

O

1. INTRODUCTION

of the old and crucial astrophysical problem is the
origin of the knee in Galactic cosmic ray energy
spectrum (change of the slope from E-2.7 to E-3.0) at ~1015 eV
which was discovered by G.B.Khristiansen in 1958 [1]. Below
1013 eV, the spectrum and composition are well known from
direct observations with detectors flown on balloons and earth
satellites. However, at higher energies, the CR flux is smaller
and thus is more difficult for direct observations. A lot of
results were obtained with the EAS investigations by the
ground based detectors but they are not yet conclusive due to
discrepancies between them. Thus the knee location in cosmic
ray energy spectrum of the different nuclei components
remains still unknown as CR composition mostly due to the
absence of reliable data. To improve situation the data of the
NE
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2. DEVICE GEOMETRY AND THE TRIGGER SYSTEM TECHNICAL
CONCEPTION.
The schematic view of the NUCLEON device is shown
in Fig. 1. It includes: charge measuring system, energy
measuring system, the trigger system, control electronics. All
systems are mounted inside a pressurized container. The
thickness of the container wall is equal to 2.5 mm of
aluminum.
The charge measuring system consists of 4 silicon
detectors layers in the volume of 53 cm × 53 cm × 2.5 cm.
Every silicon detector layer contains 64 subdetectors 6.2 cm
× 6.2 cm × 0.3 cm, every of which is divided by 16 pads with
the size ~ 2.4 см2 . These layers are used for precise charge
measurements.
The energy measuring system consists of the following
elements: 6 identical layers of micro-strip silicon detectors,
the carbon block with the size 50 cm × 50 cm × 9 cm served
as a target, 2 identical tungsten layers with the size 50 cm × 50
cm × 0.7 cm served as a gamma-converter. Every layer of
silicon micro-strip detectors occupies a volume of 53 cm × 53
cm × 1 cm. Every silicon micro-strip layer contains 72
detectors with the size 62 mm × 62 mm × 0.3 mm, arranged in
9 ladders with 8 detectors linked in series. A micro-strip pitch
optimization has been done, and pitch size was reduced to
0.46 mm to reduce a power consumption of the device.
The trigger system represents 6 planes consisting of 16
scintillation strips [4] to measure the charged particle
multiplicity that crossed the planes and the hitted strip
locations. The strip size is 5 mm × 31 mm × 500 mm. In each
strip the 7 multi-cladding WLS KURARAY Y-11 fibers are
glued and grouped into 3 groups. Two groups of 2 fibers are
connected to the single-channel PMT and the group of 3 fibers
are connected to 16 channel PMT HAMAMATSU H8711 for
all 16 strips. Two single-channel PMTs HAMAMATSU
H5773 were used for each plane. Thus light gathers for each
of two single-channel PMTs from the whole plane. It allows
to provide reservation of the equipment and to raise reliability
of work of a trigger part of the detector. The single –channel
PMTs are used to provide the trigger of the 1-st layer and
multichannel PMTs are used to provide the trigger of the 2-nd
layer.
From single-channel PMT the signal acts on inverting
amplifiers with gain 5 collected on AD8055. Such decision
allows to manage one supply +12V both for DC-DC the
converter of high-voltage feed PMT and for amplifiers, and
also to use only one supply on a board of development of the
trigger. Inconsistent enough demands are made to a board of
development of the trigger - high speed of elements for
processing short signals with PMT, and with another on the
one hand is required-power dissipation should not exceed 1W.
It imposes severe constraints on a choice of element base.
On a board of the trigger two identical groups of schemes
(it is carried out "hot reservation"), realizing logic of
development of the trigger are placed. The group contains 6

Fig. 1. Schematic view of the NUCLEON device.
channels of registration, each of which consists of the
discriminator and DAC, the comparator setting a threshold
(ADCMP601). Besides it the channel includes the monostable
developing a signal by duration of 50 nanoseconds. All 6
signals act on the majority scheme of coincidences which the
multiplicity of agreements can vary from 1 to 6 and, except
for that each of channels can be switched off from
coincidences. The majority scheme of coincidences is realized
on PLM ALTERA EPM240. On an output of this scheme the
signal of the trigger which acts on inputs of registers of microcontrollers of both groups and, through the shaper of LVDSlevels - in System Processing of the Scientific and Service
Information (SPSSI) is developed. Management of change of
parameters of the device is carried out by micro-controller
ATMEGA165P. The block diagram is presented in Fig. 2.
Three variants of installation of selection modes are
possible: thresholds and a configuration of coincidences are
set on the Earth and loaded at inclusion of a feed; loading by a
variant "AND" and change of thresholds and/or the
multiplicity of agreements of coincidences; a choice of values
of thresholds in an orbit, proceeding from speed of the
account of each of channels (the multiplicity of agreements of
coincidences gets out equal 1 and investigated channels join
only). Modes of selection get out central processor SPSSI, and
the algorithm of their work is realized by the micro-controller
located on the trigger board.
Each micro-controller measures consumption of the current
of that group to which it belongs, value of thresholds of
channels of group and rate of registration of events in both
groups. At a deviation of size of a voltage on 10%, power
supplies 3.3V, develop a signal of a mistake which initializes
the microprocessor and acts in SPSSI.
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Fig. 2. Block diagram of one chipsets group.
were ideally identical accounts would be identical.
In real conditions of the account should not miss more than
on (5-7) %. In case of a divergence of accounts values of
thresholds are checked. If values of thresholds coincide, and
accounts still differ, record of former values of thresholds in
all channels is repeatedly carried out. If and after that accounts
differ, audit of each channel begins. For this purpose accounts
of the same channels of different groups are compared at the
set size of a threshold. For comparison of accounts the
multiplicity of agreements of coincidences majority scheme is
established equal to 1 and by turns channels of registration
will join. Thus the pair channels is established, accounts in
which differ. Then accounts of this pair are compared to
accounts of pairs inside of each of groups 1-2, 3-4, 5-6. As a
result of these comparisons the channel with the changed
parameters is established.
For restoration of accounts the threshold of the comparator
of this channel changes. If the account are restored, new value
of a threshold and a set of statistics is remembered proceeds.
In case of impossibility of restoration of accounts, the group
with the faulty channel is disconnected also the trigger
developed only by the second group. In case of if rate of a set
of statistics changes, begins process of check of channels.
Accounts now can be compared only inside of pairs 1-2, 3-4,
5-6, and all over again in the RAM the account in the channel
enters the name, for example, 1, and then-2, etc. there is a pair
with various accounts. If rate of a set of statistics has
increased, in the channel with the greater account the
threshold increases until the account will not be restored, if
rate has decreased, the threshold in the channel which account
has decreased decreases.

Change of thresholds by a variant "b" is possible in two
ways. The first - the task of value of a threshold directly from
the Earth, the second - the task of rate of the account from the
Earth and change of a threshold (thresholds) up to an
establishment of the set rate of the account. The choice of
values of thresholds by a variant "c" is carried out as follows the multiplicity of agreements in both groups is set to equal
unit. Serially, one of channels is connected to inputs of
majority schemes of both groups. The threshold in these
channels is established equal to 10 mV and then during 10s
the quantity of operations is counted up. The result of
calculation is kept in the RAM. In a following step the
threshold is established equal 20 mV and procedure repeats 20
times. "Plateau" gets out of the received values of accounts
and the value of a threshold corresponding the middle
"plateau" gets out, accounts in both groups are simultaneously
supervised and compared.
Then the following channel (each time in group is included
only one channel) joins and for it the procedure repeats. Thus,
6 channels in both groups are adjusted all.
During a set of statistics it is necessary to supervise rate of
its set. For this purpose each 30 minutes contents of registers
PG3/T1 and PG4/T0 are written off in the RAM of the microcontroller and compared to the previous value. These values
are transferred in SPSSI after request from the central
processor. Besides in the central processor values of
thresholds of all comparators, the multiplicity of agreements
of coincidences, a joint account of events and values of
consumption of currents in each group are transferred. The
control of work of groups is carried out by comparison of
quantity of the events registered in each groups. If groups
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of efficiency and purity. Efficiency is defined as a part of the
selected useful events from useful events (naturally, rejection
efficiency for background is defined as a part of the selected
background events from all background events). Purity is
defined as a percentage of the selected useful events to the
total selected events. Therefore, the requirement of the trigger
condition optimality can be formulated as selection of useful
events with maximal efficiency and purity.
For example, in Fig. 3 efficiency and purity as a function on
energy of primary particle (proton) are presented. On this
picture the result of both levels trigger is shown. The
efficiency of protons selection with energy > 1 TeV is more
than 90 % at corresponding purity of selection about 60 %.

In case of impossibility of comparison of accounts, the
channel is switched off and, if necessary, the multiplicity of
agreements of coincidences changes.

3. MONTE CARLO ANALYSIS
The Monte Carlo simulation of the trigger system properties
was developed simultaneously with hardware activities
according to main trigger ideas: 1. the total signals of
scintillator planes of the single-channel PMTs that are
proportional to the charged particle multiplicity are used to
provide a first level trigger: 2. the trigger of the 2-nd level is
based on the individual strip signals provided by multichannel
PMTs. The trigger of the second level makes the further
filtration of events in on-board computer. In this case,
conditions can have more complicated form. Generally, the
trigger conditions can be formulated in a way to select the
useful events:
(a) the primary particle energy should be more than 100
GeV;
(b) the event axis crosses the top and bottom planes of the
detector;
(c) the vertex of inelastic interaction should be in the carbon
target.
All events which are not useful are considered as background
events.
Therefore, the main goal of the MC-analysis for trigger
consists in the evaluation of optimum threshold values for
trigger modules situated in the different NUCLEON detector
parts using the results of MC-simulation. The simulation is
based on ROOT package and the VMC (Virtual Monte Carlo)
that includes the following generators: GEANT4 (it used for
protons events simulation), GEANT3 and FLUKA (for
protons and nuclei events simulation).

4. BEAM TEST
Investigation of the NUCLEON scintillator and silicon
detector prototypes, readout and data acquisition electronics
has been carried out in the beam test experiment on SPS
CERN with pions of 200 - 350 GeV. The structure of the
NUCLEON setup is shown in Fig. 4. It consists of:
(a) 4 planes of silicon pads detectors;
(b) 6 micro-strip silicon planes;
(c) carbon target with the thickness of 68 mm;
(d) trigger system of two double layer 16-strip
scintillator detectors.
(e) a few lead gamma-converter with the thickness of
3 mm.
The trigger layer consists of two planes of scintillator strips
orthogonal to each other. Size of each plane ~ 160 mm × 160
mm and strip cross section 10 mm × 5 mm.

Fig. 4. NUCLEON installation on the beam in CERN.
The beam spot is ~ 1.5 cm × 1.5 cm and intensity 103-104
particles per second. The beam test of NUCLEON detector
prototypes has been carried out mainly with pions of 200, 250,
300, 350 GeV/c and with muons (MIPs) also from the beam
halo. The most part of the written data was received at normal
setup orientation to the beam direction as it is shown in Fig. 4.

Fig.3. Efficiency, rejection efficiency for background
events, expected purity as function of energy for a primary
protons with energies 10 GeV – 5 TeV.
For the trigger condition estimation we are using concepts
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Fig. 5. Dependence of rejection efficiency on a PMT tension
for up-stream plane.

Fig. 7. Dependence of rejection efficiency on a threshold of
down-stream plane.

Besides, small part of the data taking was done at 16 and 26
degrees between the beam and setup axis.
The trigger efficiency dependence was studied of the PMT
HV and of the trigger electronic thresholds. Main results are
presented in Fig. 5 - Fig. 7. Rejection efficiency is defined as
a part of selected events by trigger respect to the total number
the beam particles.
The rejection efficiency dependence of PMT HV - UPMT(0)
– for up-stream trigger module is presented in Fig. 5 with the
threshold values - 10 and 7 a.u. for up- and down-stream plane
electronics respectively (1 a.u. ≈ 2.5 mV). PMT HV on the
down-stream plane is fixed UPMT(1) = 746 V. At the initial
HV value UPMT (0) = 900 V, the number of selected events is
equal to the beam particle number. At the final HV UPMT (0) =
370 V, rejection efficiency becomes equal nearby 0.002.
At the next step the PMT HV values of up- and downstream trigger modules were fixed UPMT(0) = UPMT(1) = 413 V.
The consecutive increasing of the threshold values on the upstream module from 10 to 20 a.u. was carried out at the fixed
value of a threshold on the down-steam plane (7 a.u). The
rejection efficiency has changed from 0.041 to 0.014 and is
shown in Fig. 6.
The same PMT HV values 413 V of up- and down-stream
trigger modules were used in the final test. The threshold on

the up-stream module has been fixed to 30 a.u., and the
threshold on the down-stream module raised from 15 to 30
a.u. that leads to the rejection efficiency changing from 0.0027
to 0.00006 (Fig. 7).
5. CONCLUSION
MC simulation and the beam test of the NUCLEON trigger
system were fulfilled. The rejection efficiency of the low
energy 350 GeV pion events was obtained at the level up to
6 × 10−5 as is needed to study CR spectrum energy range E ~
1011-1014 eV that is the NUCLEON project aim.
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Calculation of differential temperature
coefficients for muons at different zenith angles
A. N. Dmitrieva, R. P. Kokoulin, A. A. Petrukhin, D. A. Timashkov

of diffusion equations for mesons and muons in the
atmosphere [2]:
N ( Emin , X , θ ) =
(3)
∞
X
z
(η c2 / µ c 2 ) 2 ε
= ∫ dE ∫ dz ∫ dz ′∫
dEη F ( E , X , θ , z , z ′, Eη ),

Abstract—Influence of atmospheric temperature on muon flux
at sea level is considered. Results of calculations of the differential
temperature coefficients (DTC) for muons at different zenith
angles and threshold energies are presented. These calculations
are based on the solution of diffusion equations for mesons and
muons in atmosphere. In calculations, a six-layer stationary
spherical model of atmosphere was used, contributions of both
pions and kaons were taken into account. Also for muons, relation
between energy loss and muon energy and density of air was
taken into account. Comparison of results of DTC calculations
with results of earlier works shows only qualitative agreement;
possible sources of the differences are discussed.

Emin

ε

0

0

 − z ′  −γ
F ( E , X ,θ , z , z ′, Eη ) = Aη ⋅ exp 
⋅E ⋅

 η
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Bη
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⋅
⋅
−
⋅
 −
(1 − ( µ c 2 / η c 2 ) 2 ) Eη
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 λη
⋅


 ⋅
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ηc2
µ c 2 dt
d ε ( E, X − z)
⋅
⋅ exp  − ∫
.
 cτ ε ( E , X − t ) ρ (t ) 
cτ η ρ ( z ) Eη
dE
 z µ


Here Е is muon energy at observation level Х, Еη is the energy
of produced meson (π or K), z and z' are depths of muons and
mesons generation along the track (in g/cm2), ε is muon energy
at depth z, η and µ are masses of meson and muon
correspondingly, c is the velocity of light, τη and τµ are lifetimes correspondingly of meson and muon, Aη is the
normalization constant (Aπ/AΚ = 0.15), Lр is the absorption
length of primary nucleons in air, γ is the index of generation
function of mesons, λη is interaction mean free path of meson,
ρ is air density, Вη is the probability of corresponding mode of

1. DEFINITION AND CALCULATION OF DIFFERENTIAL
TEMPERATURE COEFFICIENTS

I

N investigations of muon flux variations at the Earth
surface, barometric and temperature effects have to be taken
into account. For calculation of temperature effect correction,
it is necessary to know differential temperature coefficients,
which make it possible to correct counting rate taking into
account changes of the temperature at all altitudes of the
atmosphere. Let us denote N(Emin,X,θ) as integral muon
intensity at observation level Х (in atm) for zenith angle θ and
threshold energy Emin. If atmospheric temperature is changed
by ∆T(h) (h is the atmospheric depth in atm) muon flux will be
changed by ∆N(Emin,X,θ) and one can write the relative change
of the muon flux in a following way [1]:
∆N ( Emin , X , θ ) / N ( Emin , X ,θ ) ⋅100 % =
(1)
X
= ∫ WT ( Emin , X , h, θ )∆T (h)dh,

two-body decay (Вπ = 1.0, ВK = 0.64), l ( z ) = ∫

z

const > 0

dt /ρ (t ) .

In order to obtain the expression for ∆N(Emin,X,θ), it is
necessary to vary the function N(Emin,X,θ) with respect to
temperature at constant atmospheric pressure P:
∆N ( Emin , X , θ ) =

=∫

0

∞

Emin

here the function WT(Emin,X,h,θ) is DTC.
If the altitude dependence of atmospheric temperature T(h)
and "standard" value of muon integral intensity are known,
with the help of DTC it is possible to calculate the intensity
corrected for the temperature effect Ncorr:
N corr ( Emin , X ,θ ) = N exp ( Emin , X , θ ) − ∆N ( Emin , X , θ ) , (2)
where Nexp is the experimental muon integral intensity.
DTC can be found on the basis of equations for muon
spectrum calculations. In turn, calculations of muon integral
intensity at the atmospheric depth X are based on the solution

X

z

0

0

dE ∫ dz ∫ dz ′∫

(η c 2 / µ c 2 ) ε

ε

dEη F ( E , X , θ , z , z ′, Eη )

(5)

 δ T ( z)

η c 2 R z δ T (t )dt µ c 2 R X
δ T (t )dt
⋅
−
−
,
∫
∫
 T ( z ) cτ E M
P (t )
cτ µ M z ε ( E , X − t ) P (t ) 
η η
z′

here M is molecular weight of air, R is universal gas constant.
This formula is in agreement (up to dimensions of quantities)
with formula presented by L.I.Dorman and V.G.Yanke [1].
First two terms in parentheses in the integral reflect the change
of muon flux because of change of pions and kaons decay
probability; the third term reflects the variation of muon flux
because of changes of muon decay probability. Thus, the
temperature effect can be divided in two components
(so-called meson effect and muon effect):
WT ( Emin , X , h, θ ) = WTη ( Emin , X , h, θ ) + WTµ ( Emin , X , h,θ ) . (6)

A. N. Dmitrieva, R. P. Kokoulin, A. A. Petrukhin and D. A. Timashkov
are with Moscow Engineering Physics Institute (State University), Moscow
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Muon WT and meson WT DTC ( %/(K atm) )

To obtain WT(Emin,X,h,θ) it is necessary to combine
equations (1) and (5), then to take ∆T(h) equal to δ(h). After
transformation we obtain formulas for DTC calculation:
100 %
WTη ( Emin , X , h, θ ) =
⋅
N ( Emin , X , θ )

 1 ηc2
R 
⋅ −
,
 cτ E M P (t )  
0 
η
η


⋅

∞

∫
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100 %
⋅
N ( Emin , X , θ )
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dE ∫ dz ∫ dz ′
0

0

(η 2 / µ 2 ) ε
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Fig. 1. Muon WTµ and meson WTη differential temperature coefficients
calculated for Emin = 0.4 GeV and several zenith angles.

dEη F ( E , X , θ , z, z ′, Eη ) ⋅ (8)

0.0

Total temperature coefficients WT ( %/(K atm) )

WTµ ( Emin , X , h, θ ) =

0.6



−µc2 R
⋅
.
 cτ M ε ( E , X − t ) P(t ) 
0
0 
 µ
The path t0 along the trajectory of the particle (in g/cm2)
corresponds to the depth h.
The sign of the meson effect WTη is positive, since if the
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temperature of atmosphere increases, the atmosphere expands,
density of air decreases and the probability of the interaction
of mesons (kaons and pions) at unit of geometric path becomes
smaller, hence decay probability becomes higher. Sign of the
muon effect WTµ is negative, because if the temperature of
atmosphere increases and atmosphere expands, the geometric
path from generation level to registration one becomes longer,
so
higher
number
of
muons
will
decay.
The relation of absolute values of the effects depends on Emin.
In case of low threshold energies the absolute value of the
muon effect WTµ is greater than the value of meson effect WTη ,
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Fig. 2. Total differential temperature coefficients WT calculated for

Total temperature coefficients WT ( %/(K atm) )

Emin = 0.4 GeV and several zenith angles.

and the sign of the total effect WT is negative. In case of high
threshold energies, the muon effect degrades (muons have no
time to decay in the atmosphere) and the sign of the total effect
becomes positive.
In our calculations the next values of parameters were used:
γ = 2.7, Lр = 110 г/см2 , λπ = 120 г/см2 и λК = 150 г/см2.
Results of WTµ and WTη calculations for Emin = 0.4 GeV and
six values of zenith angle are presented in Fig.1. As it is seen,
WTµ is negative, WTη is positive and the absolute value of the

1.0
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muon effect WTµ is greater than value of meson effect WTη .
At h > 0.7 atm contribution of meson effect to the total effect
is negligible because of small number of mesons at these
depths. Total effect WT is presented in Fig.2 and Table 1.

-0.4
0.0

0.2

0.4

0.6

0.8

1.0

Atmospheric depth h (atm)
Fig. 3. Total differential temperature coefficients WT calculated for θ = 0°
and several values of threshold energy.

Example of dependence of DTC on atmospheric depth h for
θ = 0° and six values of threshold energy is shown in Fig.3.
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To understand the source of disagreement in the dependence
of WT(h), additional calculations were carried out.
Approximations and values of parameters used in [1] were
introduced in our model of DTC calculations, contribution of
kaons was switched off. Results of additional calculations are
presented in Fig.5. Comparison of DTC obtained in [1] and
Fig.5 shows that disagreement in dependence WT(h) for θ = 0°
remains. Differences between two calculation results,
probably, can be related with insufficient precision of
numerical calculations in [1].

TABLE I
TOTAL DIFFERENTIAL TEMPERATURE COEFFICIENTS
FOR EMIN = 0.4 GEV AND SIX VALUES OF ZENITH ANGLE

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95

WT, % / (K atm)
θ = 0º

θ = 15º

θ = 30º

θ = 45º

θ = 60º

θ = 75º

-0.366
-0.347
-0.330
-0.317
-0.309
-0.302
-0.295
-0.288
-0.282
-0.277
-0.273
-0.270
-0.269
-0.270
-0.273
-0.279
-0.288
-0.301
-0.320

-0.381
-0.359
-0.340
-0.325
-0.316
-0.309
-0.300
-0.293
-0.286
-0.280
-0.275
-0.272
-0.270
-0.271
-0.274
-0.279
-0.288
-0.301
-0.320

-0.429
-0.395
-0.370
-0.351
-0.338
-0.326
-0.315
-0.304
-0.294
-0.286
-0.279
-0.274
-0.272
-0.271
-0.274
-0.278
-0.287
-0.300
-0.319

-0.521
-0.460
-0.422
-0.393
-0.371
-0.351
-0.332
-0.315
-0.301
-0.289
-0.280
-0.273
-0.269
-0.268
-0.270
-0.274
-0.283
-0.296
-0.317

-0.670
-0.557
-0.497
-0.447
-0.406
-0.370
-0.339
-0.315
-0.296
-0.281
-0.270
-0.263
-0.259
-0.258
-0.259
-0.264
-0.274
-0.289
-0.312

-0.892
-0.711
-0.580
-0.476
-0.403
-0.352
-0.316
-0.290
-0.271
-0.257
-0.248
-0.241
-0.238
-0.237
-0.240
-0.246
-0.256
-0.274
-0.303

Total temperature coefficients WT ( %/(K atm) )

h, atm

2. COMPARISON WITH RESULTS OF EARLIER WORKS

Total temperature coefficients WT ( %/(K atm) )

Differential temperature coefficients calculated by
L.I.Dorman and V.G.Yanke [1] for Emin = 0.4 GeV and four
values of zenith angle are shown in Fig.4. DTC obtained in [1]
for large zenith angles (Fig.2) are in qualitative agreement with
our results. But for zenith angle θ = 0º, the dependence of
WT(h) differs very much. It should be noted however that a
direct comparison of DTC obtained in two works is not quite
justified because in calculations [1] different values of
parameters were used (γ = 2.5, Lp = 120 g/cm2, λπ = 60 g/cm2),
contribution of kaons to muon flux was not taken into account,
muon energy loss was considered as constant (2 MeV·g-1·cm2
), and simplified model of atmosphere was used.
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In work of K.Maeda [4], an empirical formula for muon
production spectrum was used for DTC calculations:
Pηµ(p,z) = A/(a' + r(p))3.38exp(-z/Ln), here z is the depth of
muons generation along the track (in g/cm2), r is the residual
range in air (in g/cm2) of muons with momentum p, A and a'
are constants, Ln = 120 g/cm2 is attenuation mean free path of
primary particles. In calculations, two-layer stationary
spherical model of atmosphere was used, dependences of
meson and muon decay probability on atmospheric
temperature, and of energy loss on muon energy and air
density were taken into account. DTC calculated in [4] for
θ = 0° and six values of threshold energy (0.5, 2.2, 4.5, 10, 21
and 43 GeV) are presented in Fig.6. In order to compare our
results with results of [4], calculations of DTC by formulas (7)
and (8) for these threshold energies were carried out (Fig.7).
As it is seen, the comparison of calculation results of our work
with calculations [4] shows a qualitative agreement, however
quantitatively the results differ by tens percent. Difference,
probably, can be caused by approximations used in [4].

Emin = 0.4 GeV

0.4

0
o

zenith angle calculated in our work with approximations used in [1].

o

0.2
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Fig. 5. Total differential temperature coefficients WT for several values of
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Fig. 4. Total differential temperature coefficients WT for several values of
zenith angle calculated in [1].
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caused by approximations and insufficient precision of
numerical calculations in earlier works.
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3. CONCLUSION
Differential temperature coefficients were calculated for sixlayer spherical model of atmosphere, taking into account
contributions of both pions and kaons to muon flux. Results of
calculations for several values of zenith angle and threshold
energy are presented.
Results of present DTC calculations are only in qualitative
agreement with the preceding results. But quantitative
differences amount to tens percent. These differences can be
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Continuous Measurement of Secondary
Neutrons from Cosmic Radiation at Low
Atmospheric and Geomagnetic Shielding by
Means of Bonner Sphere Spectrometers
W. Rühm, V. Mares, C. Pioch, E. Weitzenegger, and H.G. Paretzke

Abstract The hadronic component of the secondary cosmic
radiation is being measured continuously by the global
network of neutron monitors at different geographical
locations and altitudes. However, the neutron monitors
themselves do not provide any information on the energy
distribution of detected particles (mainly neutrons). For some
applications like the estimation of doses obtained from
secondary neutrons of cosmic radiation, knowledge of the
spectral particle fluence rate is essential. To determine the
energy distribution of secondary neutrons from cosmic
radiation continuously, the Institute of Radiation Protection of
the Helmholtz Zentrum München is operating two Bonner
sphere spectrometers. These spectrometers are described in
detail in the following paper and typical neutron spectra during
normal solar activity are discussed. Furthermore, both Bonner
spectrometer measurements are compared to neutron monitor
data, to show consistency of the different measurements.

In fact, in 2005 more than 31,000 air crew members were
monitored in Germany, and a mean annual dose due to cosmic
radiation of 2.0 mSv was obtained, which is similar that of
workers in nuclear industry or radiography [3].
In order to quantify the doses from secondary cosmic
radiation for any flight route, the European Program Package
for the Calculation of Aviation Route Doses (EPCARD) was
developed [4-6]. The code is based on energy spectra for
various particles of the secondary cosmic radiation field that
were calculated at any location in the atmosphere by means of
the FLUKA Monte Carlo code using energy spectra of protons
from the primary cosmic radiation as input [6]. These particle
fluence spectra were converted into dose quantities related to
human health risks such as effective dose using appropriate
dose-conversion coefficients, and finally an overall numerical
procedure was included that provides doses to pilots and cabin
crews on board of aircrafts for any flight route. To give an
example, based on the online version of EPCARD that is
available on the homepage of the Helmholtz Zentrum
München (http://www.helmholtz-muenchen.de/epcard), the
effective doses for the flights Munich – Vienna – Kosice on 8th
September 2008 and for Kosice – Prague – Munich on 12th
September 2008 that were used by two of the authors (W.R.
and C.P.) to attend the 21st European Cosmic Ray Symposium
were 4 µSv and 5 µSv, respectively. These doses compare to
an annual effective dose from cosmic radiation at sea level and
mean latitudes of 0.3 mSv, and to a total annual effective dose
for the population in Germany of about 4 mSv that includes
natural contributions from cosmic, terrestrial, and internal
radiation, and exposure to radon, as well as anthropogenic
contributions which are dominated by exposures due to
medical diagnostics.
Presently, considerable efforts are being made to validate
these calculations through measurements of particles from
secondary cosmic radiation. Particular attention is being paid
on secondary neutrons, as these provide the major contribution
to the effective dose, at flight altitudes. For this reason, we
have installed two Bonner Spheres Spectrometers (BSS) that
allow quantitative measurement of secondary neutrons from
secondary cosmic radiation, both in terms of absolute particle

1. INTRODUCTION

P

ARTICLES from primary cosmic radiation (mainly protons
from the galactic and solar component) that hit the
atmosphere of the Earth give rise to a complex field of
secondary particles. These particles include – among others –
neutrons, protons, electrons, pions, muons, and photons. As a
result, pilots, cabin crew members, and passengers on board
aircrafts are exposed to ionizing radiation depending on
altitude, latitude, longitude and time. At mean latitudes (about
50 ºN), effective dose rates at typical flight altitudes of 10 km
are in the order of 5 µSv/h, while it is more than a factor of
100 lower at sea level. Based on recommendations published
by the International Commission on Radiological Protection in
1990 [1] that were confirmed recently [2], pilots and cabin
crew members should be monitored if their annual effective
dose is likely to exceed 1 mSv.
All authors are with the Helmholtz Zentrum München, German Research
Center for Environmental Health, Institute of Radiation Protection,
Ingolstädter Landstr. 1, 85764 Neuherberg, Germany (corresponding author:
W. Rühm; phone: ++49-89-31873359; fax: ++49-89-31874088; e-mail:
Werner.ruehm@helmholtz-muenchen.de).
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fluxes and in terms of their energy spectra. These systems are
described in detail below, and first results are given.

2. MATERIALS AND METHODS
A. Measurement location
The measurement locations were chosen in a way that either
the shielding by the atmosphere or by the geomagnetic field is
as low as possible. Therefore, one BSS system was installed at
mountain altitudes, while another one was installed close to the
North Pole.
The first BSS system was installed in 2005 at the
environmental research station “Schneefernerhaus” (UFS). It is
located close to the summit of the Zugspitze mountain, the
highest mountain in Germany, at an altitude of 2,650 m (see
Fig. 1, left). Its coordinates are E10º58.9’ and N47º25’, which
corresponds to 4.4 GV vertical geomagnetic cut-off rigitidy
[7]. The BSS system is located on a terrace of the station and
housed inside a small measurement shed (7.0 x 3.0 m; height:
3.15 m). The roof of this shed has a slope of 64º and is
covered by aluminum plates, to minimize the amount of snow
that might remain on the roof during periods of snow fall (see
Fig. 1, right).

Fig. 1: UFS Schneefernerhaus close to the summit of the
Zugspitze mountain (left) and measurement shed on a terrace
of the UFS (right)
The second BSS system was installed in 2007 at the FrenchGerman Arctic Research Base AWIPEV (inside the Koldewey
station of the Alfred Wegener Institute (AWI)) in Ny-Ålesund,
Spitsbergen, at sea level. In this case the coordinates are
N78º55’24’’ and E11º55’15’’ (town center), corresponding to
a cut-off of about 0.3 GV (including atmospheric cut-off). The
spectrometer is operated inside a one-floor extension of the
station (3.40 m x 5.65 m; see Fig. 2, left). The infrastructure
available at both stations allows remote control of all major
parameters of the spectrometers, and continuous data transfer
to our home institute [8].

Fig. 2: One-floor extension of the Koldewey station of the
AWI (left) in Ny-Ålesund, Spitsbergen, and Bonner sphere
spectrometer inside the extension (right).
B. Specification of the BSS systems
Both BSS systems consist of 15 polyethylene (PE) spheres
with spherical 3He proportional counters in their center (see
Fig. 2, right). Depending on the thickness of the PE, incident
neutrons from secondary cosmic radiation are moderated and
the resulting thermal neutrons are detected by the proportional
counters through the 3He(n,p)3H reaction. As a specific
feature, both spectrometers include two polyethylene spheres
(9 inch in diameter) with lead shells (thickness: 0.5 and 1 cm),
to increase the response to high-energy neutrons above 10
MeV. Finally, a 16th proportional counter without any
moderating polyethylene is used which is mainly sensitive to
thermal neutrons. The detailed response as a function of
neutron energy of each moderator/detector configuration was
calculated by means of the MCNP code. Details are given
elsewhere [9, 10]. Note that both systems allow continuous
measurements using all 16 detectors at the same time. Thus,
any variations in the energy spectrum of neutrons from
secondary cosmic radiation can be quantified on a time scale
and within a statistical precision that is determined primarily
by the count rate of the detectors.
The detector signals are amplified by pre-amplifiers and
amplifiers in multiports which also digitize the signals, and
finally analyzed by a multichannel analyzer (MCA) in the
computer (Canberra GmbH, Rüsselsheim, Germany). The
pulse height spectrum provided by each detector is stored, and
the count rate is obtained by integrating over a region of
interest that was defined for each detector before installation
using an Am/Be neutron source.
The count rates are stored every hour at the UFS, and every
5 minutes at the Koldewey station. To increase the statistical
significance of the results, data from 6 hours are usually
combined during normal solar activity.
C. Unfolding of the neutron spectra
The count rates obtained by the 16 proportional counters are
used, together with the calculated response functions of the
various moderator/detector configurations, to unfold the
energy spectrum of the neutrons by means of the MSANDB
unfolding code [11], which is a modified version of the earlier
SAND code [12]. The unfolding procedure requires a-priory
knowledge on the rough shape of the neutron spectrum to be
measured, which is governed by the physics of the secondary
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neutron field produced in the atmosphere: very roughly, the
differential energy spectrum includes a Maxwell-Boltzmann
peak of thermalized neutrons with energies of about 25 meV,
an epithermal part which decreases with increasing neutron
energy similar to 1/E, an evaporation peak at 1-2 MeV, and a
cascade peak at about 100 MeV. A detailed study by Simmer
et al. showed that the choice of the start spectrum is not
critical, as far as the unfolded neutron spectrum is concerned,
if the start spectrum includes these four regions [13].
D. Correction for air pressure
Meteorological data measured at the UFS are provided by
the German Weather Service (DWD), while those measured at
the Koldewey station are provided by the AWI. Most
importantly, the air pressure is measured at both stations
continuously. This allows correction of the count rates
measured by the BSS systems to the air mass overburden,
according to (1) [14].

N cor = N ⋅ e[− β ( p0 − p ) ]

(1)

where N is the observed count rate at a particular pressure p
and Ncor is the corrected value at a reference pressure p0. For
the barometric coefficient β, a value of 0.712% per mbar was
used [15].

3. RESULTS AND DISCUSSION
A. UFS “Schneefernerhaus”, Zugspitze, Germany
Typically, the count rates obtained vary between 1.2 and 9.6
cts/min at the UFS, and between 0.18 and 1.32 cts/min at the
Koldewey station, respectively, depending on the
moderator/detector configuration. In the “neutron monitor
mode”, the count rates of all 16 detectors are simply added to
provide a total count rate of the spectrometer, and corrected
for the air mass overburden using equation (1). In this way,
information on the relative intensity of secondary neutrons
from cosmic radiation as a function of time can be obtained.
As an example, Fig. 3 shows the relative count rates obtained
by the BSS system on the UFS in July 2005 (normalized to a
mean air pressure of 740 mbar), compared to those measured
by the Neutron Monitor (NM) at Lomnicky Stit [16].
Obviously, a Forbush decrease was observed by the BSS
system at the UFS on July 16th, followed by a short
intermediate peak which started to rise on July 17th, at about 5
o’clock in the morning, with a maximum between 12 o’clock
and 15 o’clock, and a final phase of recovery that lasted
several days. This pattern was observed by various neutron
monitors including that at Lomnicky Stit (Fig. 3) [16].

Fig. 3: Total relative hourly count rates obtained by the BSS
system on the UFS in July 2005 (thin line) [7] compared to
those measured by the NM at Lomicky Stit (thick line) [16].
Figure 4 shows typical unfolded neutron spectra deduced
from the BSS measurements (“neutron spectrometer mode”) at
the UFS on Zugspitze mountain, one for a dry period in
summer (16th August 2007), and another for a period with
heavy snow fall and about 1.5 m snow cover on the terrace (7th
September 2007). The figure presents the data in the lethargy
representation – equal areas below the curve correspond to
equal numbers of neutrons per cm2, in the corresponding
energy intervals. The major components of the spectrum
already mentioned above are clearly visible: a) a first peak that
is due to thermal neutrons with energies between 20 and 40
meV b) a plateau in the epithermal region that reflects the 1/E
behavior of the spectrum in this representation c) a second
peak at about 2 MeV originating from neutrons evaporating
from highly excited residual nuclei, and d) a third peak at 100200 MeV that is due to a broad minimum in the neutron-air
reaction cross-sections at energies above 100 MeV [17].

Fig. 4: Unfolded neutron spectra measured at the UFS on
16th August 2007 (dry and sunny weather), and three weeks
later on 7th September 2007 with heavy snow fall and about
1.5 m snow cover on the terrace.
Obviously, the measurements with Bonner spheres located
1.75 m above the floor in the measurement shed were strongly
influenced by the surrounding snow cover on the terrace,
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which reached a height up to 1.5 m on 7th September 2007.
Interestingly, the surrounding snow cover has markedly
reduced the fluence rate of neutrons below 10 MeV, while the
cascade peak at 100 MeV stayed almost unchanged. This can
be explained as a consequence of the higher
moderation/absorption cross sections of hydrogen for neutrons
with energies below 10 MeV, compared to the cross sections
for higher-energetic neutrons. Furthermore, lower-energetic
neutrons (E < 10 MeV) are moving isotropically, whereas
high-energy neutrons are mainly coming from above. Hence a
significant part of neutrons with energies below 10 MeV has to
pass material in the surrounding environment (including snow
cover) before reaching the BSS. Therefore, the number of
interactions between low-energetic neutrons and nuclei in the
surrounding materials is much higher compared to that of highenergy neutrons. This results in an additional reduction of the
neutron fluence rate at energies below 10 MeV during periods
with a lot of snow in the vicinity of the spectrometer.
At present, detailed Monte Carlo simulations are being
performed, to model the energy spectrum of secondary
neutrons at the UFS taking the local environment into account.
These efforts will also include parameter studies such as
variations in snow cover and water content in the surrounding
environment.
B. Koldewey station, Ny-Ålesund, Spitsbergen
As an example for typical BSS measurements at the
Koldewey station in Ny-Ålesund, Spitsbergen, the total
relative count rate of the BSS in the “neutron monitor mode” is
shown in figure 5 (black line, hourly corrected data). The data
were obtained in February 2008, and normalized to the mean
air pressure of 999.7 mb for this period of time using equation
(1). A mean total count rate of about 10 cts/min was measured.
As can be seen from the figure, the relative count rate of the
spectrometer was quite constant, which demonstrates the
stability of the system with time. The observed variations are
mainly due to counting statistics.

For comparison, the relative count rate obtained by the 18NM64 Neutron Monitor operated at Barentsburg [18],
Spitsbergen, is also shown for the same period of time.
Comparison between both count rates indicates a consistent
time behavior. It can also be seen from the figure that the
statistical uncertainties involved in the NM measurements are
much smaller than those obtained by our BSS system, due to
the much larger detectors used in the NM. However, the
advantage of the BSS system is – as already discussed above –
the possibility to extract information on the energy of the
neutrons, which cannot be obtained from the NM
measurements.
As an example for a typical neutron energy spectrum in NyÅlesund, the mean count rates obtained in January/February
2008 at the Koldewey station for the 16 detectors were used to
unfold a neutron spectrum (“neutron spectrometer mode”) (see
Fig.6). Due to the higher atmospheric shielding at sea level
compared to that at the Zugspitze mountain, the integral
fluence rate of secondary neutrons from cosmic radiation is
roughly a factor of 6.7 lower at the Koldewey station than at
the UFS (see equation (1)). The fluence rate of high-energetic
neutrons (E > 20 MeV), which is not much influenced by
surrounding materials or hydrogen content in the vicinity of
the spectrometer, is roughly a factor of 5.5 lower on
Spitsbergen than at the Zugspitze mountain.

Fig. 6: Unfolded neutron spectrum for January/February
2008 at the Koldewey station in Ny-Ålesund, Spitsbergen.

4. CONCLUSIONS

Fig. 5: Total relative hourly count rates of the BSS at the
Koldewey station in February 2008 (thin line) and relative
count rate of the NM in Barentsburg (thick line) [18]; data are
normalized to the corresponding mean values in this period of
time.

Two BSS systems have been installed recently, to measure
the spectra of secondary neutrons from cosmic radiation at low
atmospheric and low geomagnetic shielding. Both systems are
operating without major problems, and the neutron spectra
obtained after unfolding the detector count rates are consistent
and – from the physical point of view – reasonable.
Future efforts will concentrate on the modeling of secondary
neutrons from cosmic radiation in the vicinity of both research
stations. These efforts will include Monte Carlo simulations of
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the local environment of the BSS systems by means of the
MCNPX and/or GEANT4 [19] codes including the buildings,
ground composition and water concentration, in order to
understand the influence of these parameters on the neutron
spectra. Such calculations are required for a quantitative
comparison of the neutron spectra obtained by both BSS
systems. They will also allow calculation of effective doses
based on the measured neutron spectra, correction for
environmental influences such as rain or snow fall, and
comparison with doses calculated by the EPCARD code that is
used for air crew dosimetry.
To be able to compare the BSS measurements with neutron
monitor data in a quantitative way, the response functions for
neutrons and protons of the 18-NM64 in Barentsburg [18]
were calculated using the GEANT4 simulation toolkit [19].
With the response function for neutrons and the neutron
fluence rate obtained from the Bonner spectrometer, the count
rate of neutron monitors can be calculated and compared to the
actually measured ones. This comparison showed very good
agreement for the BSS data at the Koldewey station and the
18-NM64 in Barentsburg [20]. These efforts still require
further analyses of the various high energy models used in
GEANT4, and of the contribution of charged particles from
secondary cosmic radiation such as protons to the count rates
measured by the Bonner sphere spectrometers and by Neutron
Monitors [21].
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Is Global Cooling Process Real or Not?
Victor Ermakov, Victor Okhlopkov, and Yuri Stozhkov

anthropogenic activity only.
Abstract—Two years ago (2006) at the ECRS in Lisbon the
physical mechanism of global change of climate was presented.
Since two years elapsed and new data on global temperature
changes ∆T in the boundary air layer were presented in
INTERNET. The analysis of all ∆T values including new ones is
made and it is shown that from the beginning of the 21-st century
till now the increase of ∆T is not observed.

From the thermal balance equation the increase of thermal
flux by 1.6 W m-2 is not enough to increase the value of T by ~
1°C. To get the observed growth of T it needs to increase the
thermal flux by ~ 10 times.

2. TEMPERATURE DATA FOR 1880-2008

n the last tens of years the mass-media has discussed the
question on global warming of the Earth’s climate. The
warming at ~ (+1°C) occurred in the 20th century. As is
believed, the main reason of this process is the anthropogenic
influence on the atmosphere. This influence has to increase
with time, and the proponents of this point of view give the
following prognosis: the global temperature T near the Earth’s
surface will increase to the end of the 21st century by ∆T ≈
(1.4 – 5.8) oC. Such warming can give catastrophic impact on
the environment.
However, in our papers published in the last three years a
prognosis on the cooling of climate in the first half of the
current century was made. This conclusion was obtained from
the results of the spectral analysis of the data on the global
temperature T near the Earth’s surface for the period of 1880 –
2007 [1], [2].
In this paper the following question is under discussion:
What occurs during recent years – warming or cooling of
climate, and what is its cause?

2. ANTHROPOGENIC INFLUENCE ON CLIMATE
Anthropogenic activity produces greenhouse gases (CO2,
and others) which are added to the atmosphere. The increase
of the concentrations of these gases leads to the warming of
the climate. The calculations show that for the last 100 years
the thermal flux entering from the atmosphere to the Earth’s
surface increased by 1.6 W m-2. This effect is due to the
Victor Ermakov is with the Central Aerological Observatory,
Roshydromet, 141700, Moscow region, Pervomayskaya street, 5, Russia (email: stozhkov@ fian.fiandns.mipt.ru).
Victor Okhlopkov is with the Skobel’tsyn Research Institute of Nuclear
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okhlopkov@taspd.sinp.msu.ru).
Yuri Stozhkov is with the P.N. Lebedev Physical Institute, Russian
Academy of Sciences, Leninsky Prospect, 53, 119991, Moscow, Russia (email: stozhkov@ fian.fiandns.mipt.ru).

0.8

Pinatubo
(1991)

0.6

Vesuvius
(1944)

0.4
o

I

In Fig. 1 the yearly averages of global surface temperature
changes ∆T, obtained at the global network of meteorological
stations, are presented [ftp://ftp.ncdc.noaa.gov/pub/data/
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warming by ~ 1 °C occurred.
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Fig. 1. Yearly averages of global air surface temperature
changes ∆T relative to the averaged T for 1901-2000 obtained
at the global network of meteorological stations. The arrows
show powerful eruptions of volcanoes.
However, this process was not monotonic. In 1880-1910
and 1945-1975 a small cooling of climate took place, but in
1910-1945 and 1975-1998 a warming was observed. It is
difficult to explain such changes of climate by anthropogenic
influence, because during the period under consideration
human activity increased permanently.

3. EFFECT OF DUST ON THE EARTH’S CLIMATE
As is seen from Fig. 1, during ~2 years after strato-volcano
eruptions global air surface temperature decreases by ∆T ≈
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0.2oC were observed (see Fig. 1). During such eruptions a
huge amount of dust is vented to the atmosphere. This dust
lives in the atmosphere about 2 years. This fact demonstrates
that the dust entering into the atmosphere influences the
Earth’s climate. It is known that water droplets grow on fine
particles of dust and reflect part of solar irradiation back to
space. So, more dust, more cloud, and cooler climate.
The dust has terrestrial or cosmic origin. From the Earth’s
surface the dust enters the stratosphere during the stratovolcano eruptions that occur not so often. Cosmic dust falls
upon the atmosphere permanently.

cores of Greenland and Antarctica there are the periodicities of
~ 200, ~ 65, ~20, and ~ 10 years. These periodicities are
present in the variations of heavy planet rotations around the
Sun.

6. PREDICTION ON THE COOLING CLIMATE IN THE 1ST HALF OF
21ST CENTURY
The results of spectral analysis of the global temperature
TABLE
SPECTRUM OF GLOBAL TEMPERATURE CHANGES FOR 1880-2007

4. COSMIC DUST IN THE EARTH’S ATMOSPHERE

5. TIME VARIATIONS OF THE EARTH’S CLIMATE
We have data on the climate changes for the last 400
thousand years [3]. These data tell us that the climate of the
Earth has steadily changed. The spectral analysis of these data
shows that in the changes of climate the following periodicities
are present: ~ 100, ~ 43, ~ 21 thousand years. These
periodicities are observed in the changes of the Earth’s orbit
parameters and it is due to the influence of mutual planet
arrangement. In the changes of dust concentrations in the ice

Period

Phase

0.285
0.171
0.078
0.084
0.027
0.042
0.039
0.028
0.025

195.91
64.48
33.07
21.00
17.50
14.92
12.93
11.59
10.61

124.95
25.24
19.28
7.59
3.17
13.84
7.25
5.15
5.43

data shown in Fig. 2 (thin curve) are given in the Table. Using
the values of wave amplitudes, periods, and phases from the
Table we made the prognosis on a cooling climate during the
1st half of the 21st century. Our prognosis is given in Fig. 2
(see thick curve). To do it we used only the first 4 harmonics
from the Table (marked bold), namely, with the periods of
196, 64, 33, and 21 years.
0.8
0.6

1880 - 2008
experiment
calculation

0.4
0

∆T , C

In the interplanetary space between the Sun and the Mars
the zodiacal dust cloud exists. The dust is concentrated to the
ecliptic plane and falls upon the Earth’s atmosphere.
The zodiacal light observed from the ground and in space
proves the existence of the dust cloud.
The long-periodical comets arriving to the solar system
from the Oort’s comet cloud in the interstellar space are the
main sources of dust in the zodiacal cloud. The periods of such
comet rotations around the Sun are about 200 years. In the
interstellar medium the cold comets accumulate a large amount
of dust and gas on their surface.
The planets influence the motion of comets towards the Sun.
They are gravitational lenses for all flying nearby bodies
including comets. Some part of comets falls on planet surfaces.
Another part is deflected from the direction to the Sun. As a
result, each planet modulates the comet flux moving towards
the Sun. The planet farther from the Sun modulates the comet
flux flying near a planet less removed from the Sun. Therefore,
the number of comets moving towards the Sun depends on the
mutual arrangement of planets.
At the distances from the Sun r < 2 a. u. the comets begin to
release gases and dust frozen on them during their travel in the
interstellar medium. In doing so, huge gas-dust clouds are
produced and zodiacal dust cloud is formed in the region
between the Sun and Mars orbit.
Thus, the changes of the comet flux in the solar system will
change the dust concentrations in the zodiacal cloud and in
turn it will influence climate on Earth. The changes of the
Earth’s climate have to depend on the mutual arrangement of
planets.
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Fig. 2. Monthly averages of global temperature of surface air
changes ∆T smoothed with 5 points [ftp://ftp.ncdc.noaa.gov/
pub/data/anomalies/monthly.land_and_ocean.90S.90N.df_
1901-2000mean.dat] and calculated ones (thin and thick
curves respectively).
It is seen that our prognosis predicts a cooling of climate in
the current century.

7. IS PROGNOSIS ON THE COOLING CLIMATE JUSTIFIED OR NOT?
In Fig. 3 the changes of ∆T over the globe are shown for the
period from 1992 to the present time. One can see that in the
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beginning of the 21st century the warming process was
stopped and during the recent years a climate cooling is
observed (a small decrease of temperature took place).
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Fig.6. Monthly values of ∆T smoothed with 5 points. Dashed
line shows gradual decrease of ∆T during the latest years.

8. CONCLUSION
It is shown that cosmic dust influences the Earth’s climate
via the process of cloud formation. The climate changes that
occurred during the past 500 hundred years were due to the
changes of cosmic dust concentrations in the interplanetary
space (in the zodiacal cloud).
The comets are the main sources of cosmic dust. The
planets and the Sun control the motion of comets in the solar
system. Thus, the mutual arrangement of planets influence the
climate via changes of cosmic dust concentration in the
zodiacal cloud.
Analysis of the global data on surface air temperature
changes for the period of 1880 - 2007 leads to the conclusion
that in the first half of the current century a climate cooling
will occur. The experimental data obtained so far in this
century show the beginning of the cooling process.
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Influence of Atmospheric Processes on Be-10
atom concentrations
Y. Stozhkov

time dependences of Be-10 concentrations in Greenland ice
cores and CR fluxes at absorption curve maximum in the
northern polar region.
Be-10

1.2
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1
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1. INTRODUCTION
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T

he cosmic rays in the interactions with air nuclei produce
radionuclides Be-10, C-14 and others. These radionuclides
fall on the Earth’s surface and are accumulated in the ice (Be10) and tree rings (C-14). It takes about (1-2) years for Be-10
and (5-6) years for C-14. The half-decay periods of these
radionuclides are 1.5⋅106 and 5730 years, respectively. The
data on Be-10 and C-14 concentrations are widely used to
define cosmic ray (CR) fluxes, solar activity levels and so on
in the past (see, for example, [1]-[6]).
However, in most of such papers the influence of
atmospheric processes on Be-10 and C-14 precipitation is not
taken into account. It is difficult to do because in the past the
atmospheric conditions, such as snowfall levels, mixing of
atmospheric air masses of polar, middle, and equatorial
latitudes are unknown.
Below it is shown that similar atmospheric processes are
responsible for the temporal changes of Be-10 (and C-14)
concentrations observed in ice cores (and tree rings) [6[-[9].

Be-10 (10 atoms g )

Nm

3.5

N m (cm s )

Abstract—In many papers the data on Be-10 concentrations in ice
cores have been used to extract the information on cosmic ray
fluxes and some characteristics of the interplanetary medium in
the past. However, as it is shown below, the influence of
atmospheric processes on the precipitation rate of these atoms
from the atmosphere to the ground is very essential. The question
on the separation of atmospheric influence on Be-10
concentrations in ice cores from other factors is discussed.
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Fig. 1. Time dependences of CR flux at the absorption curve
maximum, Nm, in the northern polar atmosphere at the latitude
with the geomagnetic cutoff 0.6 GV (dark points and solid
curve, left vertical axis, [8]) and Be-10 concentrations in
Greenland ice cores (open points and dashed curve, right
vertical axis, [5]). Yearly averages are shown.
In Table 1 the correlation coefficient r of Be-10 data with
CR fluxes presented in Fig. 1 is given. Two periods are under
consideration: 1953 – 1985 and 1953 – 1973. In both cases
there are the data on CR fluxes and Be-10 concentrations.
TABLE I

2. ABOUT RELATIONSHIP OF BE-10 DATA WITH CR FLUXES
More than 50 years CR fluxes have been measured in the
atmosphere. The experimental data obtained show large 11year variations related with solar activity changes. For
example, in the polar atmosphere the 11-year variations of
cosmic particles in the absorption curve maximum are ≥ 150%.
In the period of 1953 – 1985 we have both sets of the
experimental data: Be-10 concentrations in Greenland ice
cores and cosmic ray fluxes in the northern polar atmosphere.
So, there is a possibility to compare these data. Fig. 1 shows
Y.I. Stozhkov is with the Lebedev Physical Institute National Institute of
Russian Academy of Sciences, Leninsky Prospect, 53, Moscow, 119991
RUSSIA (phone: + 7 (495) 485-42-63; fax: +7 (495) 408-61-02); e-mail:
stozhkov@ fian.fiandns.mipt.ru).

CORRELATION COEFFICIENT R BETWEEN BE-10 AND CR DATA
VS. TIME – SHIFT ∆T BETWEEN THEM. YEARLY AVERAGES
HAVE BEEN USED, σ IS THE ERROR OF R. THE MAXIMUM
VALUES OF R ARE EMPHASIZED.
Period of (1953 – 1985)
∆t,
year

-2

-1

0

1

2

3

r

0.08

0.31

0.36

0.47

0.41

0.17

σ

0.18

0.16

0.16

0.14

0.15

0.17

r

0.12

0.45

0.53

0.71

0.59

0.23

σ

0.22

0.18

0.16

0.11

0.15

0.21

Period of (1953 – 1973)

For the whole period of 1953 -1986 the correlation of Be-10
data with CR fluxes Nm is rather low, the maximum correlation
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coefficient is equal to r = 0.47 ± 0.14 while the delay time
between these data is ∆t ≈ 1 year [8]. Although in the
atmosphere only CRs produce Be-10 atoms, the relationship of
these two experimental data sets is weak. It means that
atmospheric processes, such as level of snowfalls, mixing of
air masses of polar, middle and equatorial latitudes, rate of
exchange of air masses between stratosphere and troposphere,
play essential role in the transport of Be-10 atoms from the
atmosphere to the ground.
However, for the second period of 1953 – 1973 the
maximum value of r is rather high, r = 0.71 ± 0.11 at ∆t ≈ 1
year and there are ~11-year changes both in CR and Be-10
data. From this follows that Be-10 nuclides spend ~ 1 year in
the atmosphere before precipitation to the ground. As is shown
below during this period the influence of atmospheric
conditions on Be-10 concentrations was minimal.

3. COMPARISON OF BE-10 AND C-14 SETS OF DATA
Now we have data on Be-10 from Greenland ice cores, from
Antarctic ice cores, and C-14 data from tree rings. As in the
atmosphere only cosmic rays produce Be-10 atoms and in the
past (up to ~ 1900) only cosmic rays produced C-14 atoms, the
time dependences of smoothed values of all sets of data have
to be alike. One can expect that the CR flux changes will give
the same time variations in Be-10 and in C-14 smoothed data
(the amplitudes of these variations can be different for these
radionuclides). However, if atmospheric factors influence
precipitation process of Be-10 and C-14 from the atmosphere
to the ground we will have different time dependences in these
data sets. In Fig. 2 the time profiles of three sets of data (two
for Be-10 and one for C-14) for 1500-1980 are shown.
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Fig. 2. Time dependences of Be-10 and ∆C-14 concentrations
in ice cores and tree rings respectively: Be-10 from the
Antarctic ice cores – thick curve and right vertical axis, Be-10
from Greenland ice cores (multiplied by 3.6) – thin curve and
right vertical axis, and ∆C-14 from tree rings – dashed curve
and left vertical axis. Smoothed yearly average data are given.
The data of Be-10 and ∆C-14 were taken from [2], [3], [5],
[10] and were smoothed to correct for the time difference for

Be-10 and C-14 between the production of these atoms in the
atmosphere and their incorporation into ice cores (Be-10) and
tree rings (C-14).
In the data of Fig. 2 a negative trend is observed. There are
some periods when the time dependences of all three curves
agree with each other rather well, e.g. ~ (1580 – 1640), ~
(1800 – 1880). But in other periods there are also large
differences in the data presented. One of them is the large
difference between Be-10 concentrations in Antarctic and
Greenland ice cores. The Be-10 concentrations in Greenland
are lower than in the Antarctic by a factor of ~ 3.6, in spite of
the fact that CR fluxes in these regions were the same. From
1963 till present time the CR fluxes measured in the
atmosphere at the northern and southern polar latitudes are the
same with an accuracy of several percent [11]. Another
difference is observed in the Maunder period (1645 – 1715).
During this period the Be-10 concentrations obtained in the
Antarctic were high, while in Greenland the rise of
concentrations started only in ~ 1690. The ∆C-14 data show a
wider peak in comparison with the Be-10 data.
All these differences can be explained if one suggests that
atmospheric processes have a strong impact on the transition
conditions of Be-10 and C-14 atoms from the atmosphere to
ice cores and tree rings respectively [6] – [9].
The additional demonstration of essential influence of
atmospheric processes on these nuclides is rather high
correlation between ∆C-14 and δO-18. Time changes of δO-18
reflect the temperature changes on the Earth. Cosmic rays do
not produce O-18 atoms.
If we use the Be-10 and C-14 data sets given above to find
CR fluxes in the past, we will have three different sets of
cosmic ray fluxes. However, we can find CR fluxes in the past
using another method. From 1954 till now we have
experimental data on CR fluxes J in the atmosphere. There is a
tight relationship between CR fluxes and solar activity
(sunspot number R). It is expressed as J(t) = Joexp(-AR),
where J(t) is CR flux at time t, Jo is unmodulated CR flux, A is
constant. The correlation coefficient between J and R is r = 0.90 ± 0.03. Thus, it is possible to find CR fluxes in the past by
using known values of the sunspot number R. It was found
that for the period from 1500 till 2004 the CR flux with 11year smoothing was almost constant [8]. Thus, the changes in
Be-10 and C-14 data (see Fig. 2) were caused by the changes
in the atmospheric conditions (precipitation levels, mixing of
air masses and so on). The long-term negative trend observed
in the Be-10 and C-14 data could then be explained by the
long-term gradual decrease of the CR flux at a rate of about 0.05 %/year caused by a nearby supernova explosion in the
past [12].

4. RELATIONSHIP BETWEEN BE-10 DATA AND GLOBAL
TEMPERATURE OF SURFACE AIR
In Fig. 3 the time dependences of Be-10 concentrations in
Greenland ice cores and global surface air T are presented [4]
and [ftp://ftp.ncdc.noaa.gov/pubdata/anomalies/global_meanT
_C.all]. The 5 year smoothed values are shown.
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Fig. 3. Time dependences of global surface air temperature T
(open points, left vertical axis) and Be-10 atom concentrations
from Greenland ice cores (black points, right vertical axis),
expected Be-10 concentrations after 1986 (shaded curve in the
right upper corner). Black horizontal bar shows the period of
1953-1973.
It is seen that during (1953 – 1973) the value of T was almost
constant (see horizontal bar in Fig. 3) and after ~1973 an
increase of T took place. During the period of (1953 – 1973)
the amplitudes of changes of Be-10 concentrations and CR
fluxes were near the ones expected (see Table 2).
TABLE 2

YEARLY AVERAGED VALUES OF MAXIMUM AND MINIMUM CR
FLUXES JMAX, JMIN ON THE TOP OF THE ATMOSPHERE IN MINIMA
(1954, 1965) AND MAXIMA (1957, 1970) SOLAR ACTIVITY
PERIODS AND YEARLY VALUES OF BE-10 CONCENTRATIONS IN
GREENLAND ICE CORES ONE YEAR LATER. RATIOS OF THESE
VALUES.
CR fluxes
J(E > 100 MeV),
m-1 s-1 sr-1
3942 ± 35 (1954, max)
854 ± 50 (1957, min)
3600 ± 30 (1965, max)
1645 ± 50 (1970, min)

n(Be-10),
atoms g-1
1.01 (1955)
0.4 (1958)
1.05 (1966)
0.5 (1971)

Ratio of
CR fluxes
(Jmax / Jmin)
~ 4.6

Ratio of
Be-10
(nmax / nmin)
~ 2.5

~ 2.2

~ 2.1

As is seen from Table 1 the ratios of CR fluxes (Jmax/Jmin)
and Be-10 concentrations n coincide more or less with each
other. The value of Jmax(E > 100 MeV) for 1954 was obtained
from the measurements of ions in the atmosphere [8] and has
large uncertainty.
The coincidence of ratios means that during 1954-1970 the
influence of atmospheric processes on Be-10 concentrations
was minimal, and the 11- year changes in Be-10 data were
observed. The amplitudes of changes in Be-10 concentrations
are in agreement with the amplitudes of changes in CR fluxes.
However, during other periods of time the 11- year changes in
Be-10 data were strongly suppressed and they can be found
only using the spectral analysis methods.

From Fig. 3 the relationship between Be-10 data and global
surface air temperature T can be found for the period of 1880
– 1986: T = 13.7·[n(Be-10)]-0.028 or n(Be-10)] = 13.7·(T)- 35.84
with the correlation coefficient r = - 0.73 ± 0.05. As CR flux
was almost the same from 1500 till present time, all changes of
Be-10 concentrations were caused by atmospheric processes.
From the expression given above the values of T in the past
can be recovered from the Be-10 data [9]. Thus, the Be-10
data can be used as a proxy of the global surface air
temperature T and the values of T in the past can be recovered
from the data on this radionuclide [9]. On the other hand, using
the relationship between Be-10 and T data, the Be-10
concentrations in Greenland ice cores can be evaluated from
the temperature data for the period of 1986 to present time. For
this period the Be-10 data are absent. As it follows from the
direct measurements, the CR ray flux in the atmosphere
smoothed with 11-year period is almost the same in the period
of 1986 - present time [13]. Consequently, the Be-10
concentrations have to be almost constant. But if atmospheric
processes influence strongly the transfer conditions of Be-10
atoms from the atmosphere to the Earth’s surface, and the
global surface temperature changes reflect this influence, then
from 1986 till now the Be-10 concentrations will decrease. It is
shown by shaded curve in Fig. 3.
5. CONCLUSION
The analysis of the experimental data on CR fluxes in the
atmosphere and Be-10 atom concentrations in ice cores
obtained during the same period of 1953 -1986 leads us to the
following:
• The life - time of Be-10 atoms in the atmosphere is about
1 year and the amount of these atoms transferred to the
Earth’s surface strongly depends on the atmospheric
processes such as precipitation levels, mixing of
stratospheric and tropospheric air masses and others. It is
the main reason why we have large differences of the
values of Be-10 concentrations and their time
dependences in the Antarctic and Greenland ice cores.
• The relationship of Be-10 concentrations with the CR
fluxes is low. For the period of 1953 – 1986 when there
are experimental data on CR fluxes in the atmosphere
simultaneously with Be-10 data the correlation coefficient
between these two sets of data is r = 0.47 ± 0.14.
• During the period of 1953 -1976 when the atmosphere
was more or less quiet we observe the distinct 11 – year
solar modulation of Be-10 atom concentrations in
Greenland ice cores with the amplitude expected from
CR flux modulation.
• There is a relationship between the Be-10 data and the
data on global surface air temperature T. The Be-10 data
can be used as a proxy to evaluate the global surface air
temperature in the past: T = 13.7·[n(Be-10)]-0.028.
• Now from Greenland ice cores we have the Be-10 data up
to 1986 and there are the data on global surface air
temperature T up to now. It is known that for the last ~60
years CR fluxes were constant in time (after smoothing
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for the 11-year solar modulation). From the relationship
between CR flux and Be-10 concentration (n(Be-10)] =
13.7·(T)- 35.84) the values of n(Be-10) can be found. The
calculations show that after 1986 the Be-10
concentrations will decrease in spite of the steady CR
fluxes.
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Effective cross-sections and ionization rates of
cosmic rays in the atmosphere
Victor Ermakov, Yuri Stozhkov, and Nikolai Svirzhevsky

Abstract—From the data on cosmic ray fluxes measured in the
atmosphere the effective cross-sections of ionization and
ionization rates of cosmic rays as functions of atmospheric
pressure and geomagnetic cutoff are calculated for periods of low
and high solar activity levels.
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1. INTRODUCTION
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Fig. 1. A standard radiosonde for measurements of charged
particle flux in the atmosphere: 1 – a foamed plastic box; 2 –
detectors of charged particles (gas-discharged counters); 3 –an
aluminum plate of 7 mm thickness; 4 – electronic scheme with
high voltage power and radiotransmitter; 5 – atmospheric
pressure sensor; 6 – chemical batteries.
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rom the middle of 1957 till the present time Lebedev
Physical Institute of the Russian Academy of Sciences has
carried out monitoring of charged particles in the atmosphere
at several latitudes with different geomagnetic cutoffs Rc
including polar northern and southern latitudes [1].
To measure charged particle fluxes the standard radiosondes
have been used with gas-discharge counters as detectors of
particles (see Fig. 1). For the period of 1957 - 2007 about
80000 altitude profiles of cosmic ray (CR) fluxes have been
obtained in the interval of altitudes from the ground level up to
(30 - 35) km [1].
Radiosonde measures global and vertical fluxes of charged
particles with a single gas-discharge counter (electrons with
energy E > 0.2 MeV, protons with E > 5 MeV) and with a
counter telescope (electrons with energy E > 5 MeV, protons
with E > 30 Mev) respectively. The weight of a radiosonde is
about 600 grams.
In each flight of radiosonde the altitudinal dependence of
CR flux vs. atmospheric pressure x or altitude h is obtained. In
Fig. 2 altitudinal profiles measured at the latitudes with
different values of Rc are shown [1]. Time dependences of
CR fluxes at a number of altitudes in the northern polar
atmosphere (Rc = 0.6 GV) are given in Fig. 3. The peaks in
1962 and 1963 were due to the tests of nuclear weapons in the
atmosphere.
The data shown in Figs. 2, 3 serve as a base for calculations
of effective cross-sections and ionization rates of cosmic rays
in the atmosphere.
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Fig. 2. Altitudinal profiles of CR fluxes obtained with single
counters at the latitudes from equatorial to polar in the solar
activity minimum of 1987. The values of Rc in GV are given in
the right side of this figure [1].

112

density distribution is described by Gauss law decreasing from
the maximum in the center of tracks to outside.
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count rate per min.
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3. EFFECTIVE CROSS-SECTION OF AIR IONIZATION
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Fig. 3. Time dependences of the global CR flux in the northern
polar atmosphere (Rc = 0.6 GV) at several altitudes from 25
km (upper curve) till 12 km (lower curve).

2. IONIZATION IN THE ATMOSPHERE
CRs are the main source of the ionization in the atmosphere
in the range of altitudes of (0 – 50) km. Over continents at the
altitudes from the Earth’s surface up to 3 km natural
radioactive gases (mainly radon) emanating from soil produce
additional ionization.
CRs give so-called column ionization of air when ions and
electrons are distributed along the ionized track that the
charged particle makes in air (see Fig. 4).

sec

The ionization rate of the atmosphere by cosmic rays q(х) at
different altitudes and latitudes is defined from the expression
q(х) = J(x, Rc)·σ(x)·N(x), where J(x, Rc) is CR flux at
atmospheric pressure level x (in g cm-2) and latitude with the
geomagnetic cutoff rigidity Rc, σ(x) is effective cross-section
of air ionization, N(x) is concentration of air molecules.
The values of σ(x) can be evaluated in the following way. It
is known that in the atmosphere CRs represent the flux of
relativistic single charged particles. In air such a relativistic
particle loses 1.8 MeV g -1 cm2. In air to produce one ion pair
it is necessary to spend ~ 35 eV. Near the ground level air
density is ρ ≈ 1.24·10-3 g cm-3, N(x) = 2.6·1019 cm-3. The
number of electron-ion pairs produced by one relativistic
single charged particle along the path of 1 cm equals to ~75.
From the expression given above we can get that the value of
σ is ~2.5·10-18 cm2.
To find the values of σ(x) as a function of atmospheric
pressure x we have used the data obtained with ionization
chambers in the atmosphere at different latitudes [3], [4]. From
these data we have got the values of q(х) and from our
experiments we have the data on J(x). Thus, using these two
sets of data we can calculate the values of σ(x) from the
expression given above. In Fig. 5 the dependence σ(x) as a
function of x is shown for latitudes with different values of Rc.
It is worth to note that CR fluxes falling on the flat surface
of 1 cm2 and on the sphere surface with radius r = (1/π) 0.5 will
differ in 2 times. So, to calculate the ionization rates q(h) one
needs to multiply the values of J(h) by 2 because the values of
q(h) were obtained with spherical ionization chamber.
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Fig. 4. Dependence of ion density n (relative units) and radius
R of ionized track in air from the time t [2].
As a result of diffusion, with time the width of columns
increases and some part of ions recombines. In the end the
diffusion process gives chaotic ion distribution. The ion

Fig. 5. The values of effective cross-section σ vs. atmospheric
pressure x at the latitudes with different geomagnetic cutoff
rigidities Rc (given in GV in the upper part of this figure).
It is seen that σ (х) is almost constant and σ(х) ≈ 2·10-18 сm2
at all latitudes for x > 50 g/сm2. In the polar regions at х < 50
g сm-2 the value of σ(х) increases as a result of the increase of
ionization by helium nuclei and non-relativistic protons.
In Fig. 6 the values of σ(х) are given for various phases of
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11-year solar activity cycle. These values of σ(х) were derived
from the data on ionization rates q(х) obtained by Neher in the
polar atmosphere over the Thule station, Greenland, and from
our data on J(х) obtained in the northern polar atmosphere in
Murmansk region [1], [3]-[5].
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4. IONIZATION RATE IN THE ATMOSPHERE
The ionization rates q(h) are derived from the expression
q(х) = J(x, Rc)·σ(x) ·N(x). The values of J(x, Rc) were taken
from our measurements, σ(x) ≈ 2·10-18 см2. Below we have
used altitude h instead of atmospheric pressure x.
The altitudinal profiles of experimental data on J(h) and
calculated q(h) for polar, middle, and equatorial latitudes are
shown in Fig. 7a, b. As is seen from Fig. 7b, the ionization rate
q(h) increases in ~ 3 times in passing from equatorial to polar
latitudes according to the increase of cosmic ray flux (Fig. 7).
CR fluxes shown in Fig. 7a are given for the square in the
units of 1 cm-2 s-1. The CR fluxes falling on this square and on
the sphere surface with radius r = (1/π) 0.5 (see Fig. 7b) will
differ in 2 times. So, to calculate the ionization rates q(h) one
needs to multiply the values of J(h) by 2 because the values of
q(h) were calculated for sphere with 1 cm3 volume.

-2

х , g cm

Fig. 6. The values of σ(х) in the polar regions vs. atmospheric
pressure x in various phases of the 11-year solar activity cycle
(1958, 1969 – solar activity maxima; 1964, 1965 - solar
activity minima).
From Fig. 6 it follows that the value of σ(х) weakly depends
on the solar activity level at x > 50 g/cm2 and during solar
activity minimum at x < 50 g/cm2 the value of σ(х) increases.
Thus, at the low and middle latitudes in the interval of
atmospheric pressure of 50 < x < 800 g сm-2 the value of σ(х)
is almost constant and equals to ~ 2·10-18 см2. At the polar
latitudes for х < 50 g сm-2 the value of σ(х) increases with the
altitude increase.

5. ION CONCENTRATIONS PRODUCED BY COSMIC RAYS IN THE
ATMOSPHERE
The Central Aerological Observatory, Moscow, made the
measurements of light ion concentrations in the atmosphere at
different latitudes. The results of these measurements are
shown in Fig. 8a. These data and data on CR fluxes in the
atmosphere (see Fig. 8b) were analyzed jointly and an
important result was obtained.
It was found that in the atmosphere the light ion balance
equation has a linear form (not a quadratic one as it is
generally agreed): q(h) = β(h) · n(h), where q(h) is the light ion
production rate, n(h) is the light ion concentration, and β(h) is
the coefficient of linear recombination of ions [6].
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Fig. 7. On the left panel (a): altitudinal profiles of CR fluxes J(h); on the right panel (b): ion production rate q(h). The
values of J(h) were measured at the several latitudes with different values of Rc (shown near each curve in GV) during the
period of high solar activity level. The values of q(h) were calculated for the same latitudes. The values of Rc in GV are
given near each curve.
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Fig. 8. Left panel (a): Altitudinal profiles of light ion concentrations n(h); Right panel (b): Altitudinal profiles of CR fluxes
J(h) [6]. These data were obtained during solar activity maximum at the latitudes with different values of geomagnetic cutoff
rigidities Rc (shown in GV near curves in the upper parts of each panel).

6. CONCLUSION
Cosmic ray fluxes are the main source of ionization in the
atmosphere at the altitudes from the ground up to ~ 50 km.
From the altitudinal dependences of CR fluxes (Lebedev
Physical Institute data) and ionization rates in the atmosphere
(Neher data) the effective cross-sections of ionization were
derived.
From the altitudinal dependences of CR fluxes and light ion
concentrations (Central Aerological Observatory data) a linear
relationship between ion production rate and ion concentration
in air was found.
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Cosmic Rays and Global Warming
A D Erlykin, G Gyalai, K Kudela, T Sloan and A W Wolfendale

1. INTRODUCTION
3.
It is well known that there is a strong correlation of low
cloud cover with cosmic ray intensity (at least for the period
1980-2000), as evinced by the neutron-monitor count-rate (eg
Svensmark and Friis-Christensen, 1997) and cloud data
(ISCCP). The question is: is the relationship causal, or does it
arise because both variations are caused by a further
parameter, specifically the solar irradiance (SI) ?

from the characteristic mushroom cloud the ionyield was many orders of magnitude greater than
the CR-yield but no excess cloud appeared. We
estimate an efficiency < 0.01%.
Radon. After CR, radon is usually the most
important source of ionization near the earth’s
surface. In some parts of the world radon levels
are very high. South-west India is one such place
but studies of LCC distribution in the region show
no excess. We estimate an efficiency less than
25%. Ramsauer in Iran holds the world record
with 100 times the ambient CR-ion production
rate. No excess LCC has been reported.

2. CLOUD PROPERTIES
Three properties of clouds can be put forward immediately
in opposition to the: Low Cloud Cover (LCC), CR hypothesis:
1.

2.

3.

Presumably much of any additional CR-induced
cloud will be on the periphery of existing clouds; the
contribution to the measured LCC will thus be
small.
Of order 40% of the LCC is in the form of cumulus
clouds, which are thought not to be very sensitive to
the density of cloud condensation nuclei (CCN)
(Norris, 2008). Furthermore, the sensitive fraction is
variable in space and time.
The atmospheric supersaturation needed for droplets
to form is much higher than observed; such charges
are typically 2 for 0.1 µ aerosols, in comparison with
~1000 needed.

3. EFFECTS OF IONIZATION ON CLOUD FORMATION
The LCC, CR hypothesis relies on CR-induced ions causing
the production of CCN. We have, consequently searched for
LCC associated with other sources of ions, as follows:
1. Chernobyl. No excess LCC appeared, leading us
to estimate that the efficiency of ions causing CCN
is < 3 %.
2. Nuclear bomb tests. The BRAVO 15 Mton
nuclear bomb test of 1954 produced many
radioactive particles to size 10 – 100 µ. Well away
A D Erlykin is with the Lebedev Physical Institute, Moscow, Russia
G Gyalai and K Kudela are with the Inst. Expt. Phys. Slovak Acad.
Sciences, Walsonova, 47, 04001, Kosice, Slovakia.
T. Sloan is with the Dept. of Physics, Lancaster University, Lancaster, UK.
A W Wolfendale is with the Dept of Physics, Durham University, Durham
UK. Corresponding author e-mail: a.w.wolfendale@durham.ac.uk

4 LATITUDE VARIATION OF THE LCC, CR
CORRELATION
A useful diagnostic of the validity of the LCC, CR
hypothesis is an examination of the magnitude of the effect
(defined by us as the ‘dip’ in the LCC between solar minimum
and solar maximum) as a function of vertical rigidity cut-off
(VRCO) for CR reaching the Earth. Clearly, the dip should be
a maximum near the Poles, where the CR variation over the
solar cycle is a maximum. In an earlier work we (Sloan and
Wolfendale, 2008) plotted the dip vs VRCO for different
latitude bands. In no case was there a significant downward
trend – even within a latitude band, indicating that even if
there were a latitude-dependent ‘efficiency’ for the generation
of CCN by way of CR ions, the LCC, CR correlation could
not be causal.
Further work in this important area has related to explaining
such non-constancy of the dip as exists. It is likely that the
changes seen at high latitudes arise from various atmospheric
instabilities which increase with latitude, particularly in the
Northern hemisphere. Changes near the Equator can probably
be attributed to precipitation effects.

5. THE EVIDENCE FROM THE POWER SPECTRA
In an attempt to distinguish between CR and solar
irradiance (SI) as the cause of the correlation (SI goes roughly
as the sunspot number) we have examined the power spectra
of LCC, CR and SSN for the 20 years period from 1984.
Various spikes are present, including the 11-year period, in
the plot of intensity vs frequency but some are difficult to
interpret from the significance standpoint. However, the
exponent of the spectra (γ) at frequencies above 0.1 month-1
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appears to be useful. Figure 1 shows the results for LCC as a
function of latitude together with the values for CR and SSN.
It is apparent that SSN (ie solar irradiance) give a better fit to
the LCC points although this does not prove the SI hypothesis.
Nevertheless, it is bad news for the LCC, CR model. It is
interesting to note that there is a difference in mean gamma
for the two hemispheres, a result that could be due to the
higher ratio of ocean to land in the Southern Hemisphere.

6. THE POSSIBILITY OF VARIATIONS IN THE
CORRELATIONS OVER THE GLOBE
In an important paper, Voiculescu et al (2006) endeavoured
to disentangle contributions from CR and SI and have
presented maps showing the areas over which significant
correlations occur. We have carried out a ‘log N, log S’ study
on these maps for the LCC with the results shown in Figure 2.
The caption to the Figure describes the meaning of the plot.

There seems little doubt that there is a significant ‘tail’ to
the distribution above about b=5 (i.e. 125 deg2) for the LCC,
SI hypothesis. The evidence for a tail for CR is marginal, and
the region favoured ( N. Atlantic and W. Europe) seems to
have no climatic properties which would make it susceptible
to CR-induced ionization.
The conclusions are not yet firm, however, because of a
lack of explanation for the initial part of the N(>b) curves, ie
the part rapidly falling by b = 10. Insofar as all the N(>b)
curves – for all cloud regions: HCC, MCC and LCC, 12 in all,
have similar widths and it is tempting to assign them to some
sort of ‘noise’ (ie ‘local’ atmospheric correlations) but this is
by no means certain. Work is continuing.
7. LONG-TERM VARIATIONS IN CLOUD COVER AND
TEMPERATURE
CR measurements have been available since 1956 and we
have studied correlations of the CR intensity (smoothed over
11-years) and the proxy cloud cover, Norris (2008), both high,
HCC, and low, LCC. Figure 3 shows the results. It will be
noted that there is a strong anti-correlation between HCC and
CR intensity and a small positive correlation for LCC. The
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latter is in accordance with the results over the last two 11year cycles. The correlation with SSN, and thus SI, would be
of opposite phase to that for CR. It would be more reasonable
to explain a positive correlation of HCC with SI than a
negative correlation with CR because the essence of the CR
explanation is the presence of CR ions which act as CCN and,
furthermore, the CR ion density for the high clouds is an order
of magnitude greater than that for low clouds.
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Turning to temperature, very recently, we (Erlykin et al)
have examined the average surface temperature of the Earth as
a function of CR intensity over the last 50 years. Using the
relationship between the 11-year cycle changes in temperature
and in LCC we conclude that the maximum increase in the
Global temperature during the last half century which can be
ascribed to cosmic rays is 0.02°C (ie ~ 4% of the actual) at the
90% Confidence level.

8.

CONCLUSIONS

We have found no evidence favouring the explanation of the
correlation of low cloud cover with cosmic ray intensity over
the solar cycle in terms of cause and effect. Although the
cyclical change of solar irradiance may provide the answer, it
is premature to be sure.
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Universal Recording System for the Stations of
Cosmic Rays
Gvozdevsky B., Kartyshov V., Klepach E., Basalaev M., Sarlanis H., Smirnov D., Shchepetov
А., Yanke V.
Abstract— On the basis of serial producing inputoutput modules Fastwell (similarity Octagon Systems, 2008) the
universal data gathering system from the cosmic ray stations
network MARS-08 has been created. The main part of modules
UNIO96-5 is 4 programmable micrologic units (FPGA - Fieldprogrammable Gate Array), that allows them to be used easy for
solving the different problems of data gathering. In dependence
on loaded control programs this device may be implemented in
different ways: 1) as multichannel (up to 96) data gathering
system, for example neutron supermonitor; 2) as detector of the
multiple neutrons generated in the neutron monitor; 3) as
multichannel data gathering system of telescope, combined with
the selection system of double coincidence. These three operating
modes can be realised simultaneously, using various micrologic
units FPGA from 4 possible.
The data gathering system is solved completely at a hardware
level without use of the processor resources and therefore it
differs by high speed of operation (up to 50 MHz). Modules are
fulfilled in MicroPC format (basically there is also PC 104
format) and intended for operation in a range of temperatures
-40°C ч +85°C. Modules can be used, as portable together with
other modules of MicroPC, and as a part of the personal
computer.

T

1. INTRODUCTION

HE feature of the data gathering system of
multidirectional telescopes and hodoscopes is that rather
small number of input channels after the system of directions
selection leads to a lot of numbers of output channels [1,2]
Secondly, at registration of the multiple neutrons generated in
the neutron monitor, we also have a small number of input
channels, such as a total signal from each section of the
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neutron monitor, and at output we receive enough great
number of output channels defined by maximum multiplicity
of registered stars. Moreover, the number of output channels
can be very big if the problem of registration of time intervals
distribution between beams of stars is set [3-8]. And, thirdly,
in the most simple case when data selection is carried out
independently, it is hardware way more often, and the data
gathering system is used in usual counting mode. Thus, if the
data selection system (on coincidences, on multiplicities or
other criteria of selection) is integrated with the data gathering
system it leads to three types of registering systems.
At construction of such systems some approaches which differ
only by speed of operation are possible. The first is when data
selection and data gathering tasks are solved completely at
program level [2]. Speed of operation in this case is defined
only by speed of the used processor. The second is hardwaresoftware approach. Selection of events is executed at hardware
level, and organization of counting channels is carried at
program level. And at last, the third approach providing the
greatest speed of operation, it is completely the hardware
approach. At hardware level coincidences and decoding of
directions of particles arrival are executed, and also the
necessary number of impulses counters which are interrogated
with the set interval is organized. Such systems are very floppy
and effective and today are built only on units of
programmable logic ([1,9,10]. Just on this principle the
universal data gathering system of cosmic rays stations offered
in this paper has been constructed, and it is constructed on the
basis of mass serial production input-output UNIO96-5
modules of Fastwel or Octagon Systems and so can be applied
on many cosmic rays stations.
2. THE GENERAL DESCRIPTION OF DATA GATHERING SYSTEM



The input-output module UNIO96-5 is fulfilled in
MicroPC standard and intended for input/output of 96 signals
with logical levels of CMOS or ТТL. Four of 24-channel (on
input/output) matrixes FPGA realized on programmable
micrologic units of XC5204 XILINX type and appropriate
signal connectors are installed in the module (fig. 1). Loading
binary files of schemes variants for matrixes FPGA and their
descriptions are placed on File-Servers of Fastwel
ftp://fastwel.ru/pub/hardware/
and
Prosoft
ftp://ftp.prosoft.ru/pub/Hardware/Fastwel/. From all the
offered variants for our tasks the following load programs are
important. Module c00 (24х16 bit of channel impulses
counters up to 50 MHz) and n04 module (the builder of
hardware interrupts on events of 24 inputs.
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If it is necessary to realize data gathering system in
usual counting mode, then, having loaded into each of 4
matrixes the c00 module, we realize the 96-channel 16-digit
detector of impulses (Mars08с).

Fig. 1. Input/Output module UNIO96-5.
If to load n04 module which realizes system interrupts
on 24 lines with fixing of a line number and the interruption
moment, and to organize for each channel the counting of
system interrupts number thus we realize the 96 channel
impulses detector. However in this variant there are also
additional possibilities. If to organize measurement of time
intervals between interruptions it is possible to realize
registration of time intervals distribution between beams of
stars and after the subsequent processing of such signal to
obtain the data about multiple neutrons for input signal of the
neutron monitor (Mars08n). If input signals are impulses from
detectors of muon telescope, thus analyzing the coincidences
of interruptions moments at program level, it is possible to
realize selection in directions of muon telescope. However the
analysis of time intervals between impulses with selection of
multiple events or selection of possible coincidences in this
case is carried out at program level and because of it the speed
of system essentially decreases. Nevertheless, this speed of
operation is enough for work with counting detectors with
typical times mks.
For faster nanosecond detectors the best solution in
this case is development of a special loadable xCC module for
programming of micrologics for selection of possible
coincidences. It allows solving the task completely at hardware
level. XCC module realizes double coincidences between
detectors 3x3 at each level and counters for each of possible
coincidences.
For each variant of data gathering system the interface
program in which the operating mode is established is
developed, time intervals are generated, and the saved up data
is brought in archive or a database. The controller is rated at
operation in stringent conditions and the working range of
temperatures is from - 40 °С to + 85 °С, an average time
between failures is 106 hours.

Characteristics of universal registration system for
each case are resulted in more details more low, and the total
result is in table 1.
3. THE 96-CHANNEL 16-DIGIT DETECTOR OF IMPULSES (MARS08С).
Such system is developed under the OS Windows and OS
Linux. By development of the interface under the OS
Windows it was necessary to solve two problems. The first is a
generation of time intervals with accuracy necessary for us.
For the used controller there is a possibility, both external
synchronization for the time interval definition and its
definition by means of the standard internal timer. In the latter
case the timer allows to count intervals with accuracy of 50-60
milliseconds, and this accuracy very strongly depends on
computer loading. However there are high-speed multimedia
timers which are applied to multimedia applications. Their
application
(http://zoleg.com/delphi/systimer.htm ) has allowed
increasing in 10 times the accuracy of measured intervals and
to eliminate influence of the computer loading that is the most
important. Accuracy of a second interval is about 1
millisecond and it is already 0.1 %. Such accuracy is quite
satisfactory for our tasks as for the main minute interval this
accuracy even more than 10 times better - 0.01 %.
The second problem is that in OS Windows exchange
instructions with INPUT and OUTPUT ports are blocked and
accessible only to applications of a ring 0 (drivers).

Fig. 2. The working window of system program
Mars08с/Windows. On the top panel – window for
working mode, on the bottom panel – working window in a
debug mode.
TDLPortIO
component
has
been
developed
(http://www.torry.net/vcl/system/portaccess/dlportio.zip). This
component works with its universal driver, allowing to
exchange by data with COM port and parallel ports with
addresses from $100 to $FFFF.
On Fig. 2 the working window of the interface
program is shown. On the top panel is the working window for
the main counting mode, a working window of the program in
a debug mode, for example at removal of counting curve, is
shown on the bottom panel. The result of minute measurement
in the form of text string ” DateTime & Data of channels” is
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put down into the file LastData the data from which within the
next minute should be calculated and put down into a database
by a specially developed application. The software and the
documentation necessary for installation of the described
version
are
free
and
are
on
File-Server
ftp://cr0.izmiran.ru/hardware_softwere/main.htm.
The version of the interface program under the OS
Linux/Dabian on functional capabilities is approximately
similar and are on File-Server also.
4. THE DETECTOR OF INTERIMPULSE INTERVALS AND MULTIPLE NEUTRONS
(MARS08N)
Such system can be most simply developed under the OS
DOS. To provide such good response to interruption in OS
Linux, as well as in DOS, it is necessary to develop the
appropriate driver. By this time the system has been developed
under the OS DOS.
By interface development it was necessary to solve a
problem of interimpulse intervals measurements with
necessary accuracy and without use of additional hardware. In
Pentium processors and in all subsequent Intel’s processors socalled Time Stamp Counter is built in. It is the 64-bit counter
which increases its value on each beat of the processor.
Reading out the timer display after each interruption, very
small times between impulses are defined with very big
accuracy. At frequency of the processor of 3 GHz the accuracy
will be better than 10-4 %. Essential shortcoming is
Name of
version

Loaded
unit

ОS

Mars08с

c00

Mars08n

n04

Windows
Linux
Linux
DOS

Mars08x

xCC

Windows
Linux

The variant of data gathering system under the OS
Linux is developed also, but this system works not in a user
mode but in a kernel mode. Creation of such software is more
labour-consuming, but the main thing depends on the used
Linux version.
5. THE DATA DETECTOR OF THE MULTIDIRECTIONAL MUON TELESCOPE
(MARS08X)
To reduce the number of communication associations
in case of muon telescope, it is necessary to integrate the
scheme of selection of the data on coincidence with the data
gathering system. Now this task can be solved on the basis of
programmable micrologic units when the signal arrives into
impulses counters for each channel after selection on
coincidence. In this case the interface software works in a user
mode, but not in a kernel mode, i.e. there is no necessity to
process interruption, as in case of Mars08nСС/Linux.
For a telescope consisting of two planes of detectors
(U and L) on k X and kY detectors on each co-ordinate, by
means of appropriate coincidences number it is possible to
organise m = ( k X × kY ) 2 of telescopes and to select

n = (2k X − 1) × (2kY − 1) of independent directions of
particles arrival. In the elemental case for a telescope
consisting of 2x2 detectors in each plane, k X =2, kY =2,
m=16, and n=9. Now telescopes with geometry 4x4 detectors

Interface
programming
language
Delphi
С++

Functionality
16-digit impulse counter (up to 96 channels)
The detector of interimpulse intervals and multiple neutrons.
Selection system on coincidences and the detector of
impulses.
The integrated scheme of coincidence and the detector of
the muon telescope data, two planes - 3х3 detectors on each

С
Delphi

Table 1. Comparative functionality of data gathering system on the basis of the UNIO96-5 unit. Mars08n/Linux and Mars08x
versions at a development stage.
dependence of algorithm on frequency of the processor.
The controller works under the OS MS DOS 7.10. It
is DOS which has been "pulled out" from under Windows 98.
Unlike pure DOS, it can work with FAT32. Microsoft
Network Client for DOS v3.0 is added to DOS – the software
allowing DOS-computer to be connected to MicroSoft
network. It is enough to initiate the network protocol NetBEUI
which allows to install connections only inside a local
network.
Primary data (i.e. distance between impulses) of such
system occupies enough great volume and should be processed
operatively by the specially created application. The software
and documentation necessary for installation are on also the
File-Server ftp://cr0.izmiran.ru/hardware_softwere/main.htm.

in each plane k X =4, kY =4, m=256, and the number of
independent directions of particles arrival n=49 are built most
often. For hodoscope systems the number of detectors in each
plane is even more and k X =16, kY =16, m=65536, and
n=961.
However each programmable micrologic unit of
UNIO96-5 controller has only 24 input lines and therefore we
receive restriction k X =3, kY =4, m=144, n=35. For
increase the number of input lines to 96 it is necessary to use
UNIO96-1 controller.
As the data gathering system is integrated with the
scheme of selection on coincidences it is necessary to consider
the concrete constructions of telescopes for which such of data
gathering system can be used.

121

6. CONCLUSION

Physics”.

On the basis of serial producing input-output modules
the universal data gathering system of cosmic rays stations
MARS-08 is created. A basis of UNIO96-5 modules are
programmable micrologic units. It allows to use the system for
the decision of various problems of data gathering for physical
experiment. The next systems are developed:
1) Multi-channel (up to 96) data gathering system Mars08c,
for example, for neutron supermonitor in a countable mode of
impulses. The system is developed under the OS Windows and
OS Linux.
2) The detector of the multiple neutrons generated in the
neutron monitor. The system is developed under the OS DOS.
The versions Mars08n/Linux are at development stage.
3) Multi-channel data gathering system of telescope
Mars08n/CC, combined with selection system on double
coincidences. The system is developed under the OS DOS.
In the first case the system is completely realised at a
hardware level, in the second and third cases at hardwaresoftware level. It is necessary to develop the additional module
of loading of programmed logic xCC for the full decision at a
hardware level.
Controller UNIO96-5 has one essential shortcoming –
it is fulfilled in standard ISA bus, and modern PC have no such
slots any more. But this shortcoming can become advantage if
to
take an
offer of ARS Technologies
Inc
(http://www.arstech.com/cat--usb2.0.html) which offers device
USB2-ISA which converts USB port in virtual ISA slots.
Controller
USB2-ISA-x3
allows
plugging and
handling of up
to
three
standard
or
custom
ISA
cards.
Our
usb2isa-x3
Fig. 3. Controller USB2-ISA-x3.
provides
simple
migration from ISA form factor to USB, full access to memory
and I/O space of the ISA card, and handling of IRQ and DMA
events. On the basis of such device the external information
collection system can be easily created, for example, to a
notebook through USB port or to any modern PC. On Fig. 3
one of variants of such connector is shown. The controller
usb2isa-x3 works under the OS Windows 98, ME, 2000, XP,
Server 2003, Vista or Linux – with a kernel 2.4.xx and 2.6.xx.
Besides, as ISA bus became the industry standard, the
Winbond company has released controllers of input/output
W83С553F and W83С554F which fulfil bridge functions
between PCI and ISA buses ([11] Rakovich, 2001).
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Temperature effect of the muon component and
practical questions of how to take it into account
M. Berkova, Belov A., Eroshenko E., Smirnov D., Yanke V.

Abstract—The use of muon detectors in the research of cosmic
ray variations is restricted by the large temperature effect of the
secondary muon component. In order to correct for that effect,
atmospheric sounding data are necessary near the detector
location. Such data are often absent and it is impossible to restore
them in retrospective, or else the soundings are not carried out
regularly. We propose another method of the temperature effect
calculation, making use of global atmospheric models. Such
models are based on general meteorological data, and allow us to
determine the atmospheric temperature in any point and at any
moment. Using the altitudinal atmospheric temperature profile
for standard isobaric levels from one of the models, we have
corrected the hourly data for 17 directions of the Nagoya
telescope, for 3 directions of the Yakutsk telescope, and for
ionization chamber data in Yakutsk and Beijing over the whole
period of observations. Compariing the results of the modeling
data with those obtained by direct sounding of the altitudinal
distribution of temperature, we can assert that the proposed
approach can be successfully applied to the temperature effect
correction of muon detector data.

1. INTRODUCTION

W

HILE researching cosmic ray (CR) variations, first of
all it is necessary to get rid of variations of atmospheric
origin. Whereas the barometric effect is defined by only
one parameter, namely the pressure at observation level, the
temperature effect is defined by conditions in the whole
atmosphere from the level of generation of a component of
secondary radiation to the level of its registration. Pressure at
observation level is being measured continuously by precision
pressure gauges with sufficient accuracy, whereas aerologic
sounding of temperature profiles which is necessary for
temperature corrections is taken four times a day at the best.
The difficulty of continuously recording the hourly data of
meteorological parameters near the location of a muon
telescope, or even the absence of such data, did not give a
chance to use in full the rich experimental material obtained
during several tens of years. A method of crossed telescopes
M. Berkova is with the Institute of Terrestrial Magnetism, Ionosphere and
Radio Wave Propagation by Pushkov, Russian Academy of Sciences
(IZMIRAN), 142190 Troitsk, MR, RF (e-mail: qvark8@yandex.ru)
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for a case of CR north-south anisotropy allowed the elegant
solution of the problem of meteorological effects for the muon
component, but in a whole, there is no satisfactory method for
accounting for the temperature effect up to now.
The relative role of CR meteorological effects
depends on the type of variations, and in some cases it is
especially important to take into account those effects. It is
clear that the most difficult is to investigate those variations of
extra-atmospheric origin (annual, 27-day, solar diurnal) for
which the period coincides with or is close to a period of
atmospheric origin. Indeed, the daily wave amplitude of the
temperature effect can reach several percent for the muon
component. Temperature corrections become even more
significant at the research of 27-day or annual variations,
which often correlate with changes of meteorological factors.
The temperature effect contributes most to the annual
variation, which exceeds five percent for the muon component
that is comparable with amplitudes of long-period variations
for particles of those energies. The use of the crossed
telescope method makes the effect of temperature variation
almost insignificant at the research of CR anisotropy.
On the other hand, for the neutron component the
temperature effect does not play any appreciable role, as the
annual wave amplitude is almost two orders of magnitude less
than for the muon component, and amounts to only about a
hundredth percent. But at the research of the north-south
anisotropy the situation is opposite, as the data of neutron
monitors located in opposite hemispheres are used. The big
differences in temperature in northern and southern subpolar
areas lead to considerable temperature variations in the
neutron component which are comparable with north-south
anisotropy and sometimes exceed it.
The particular problem of the temperature effect in this case
is that its planetary distribution can be very similar to
distribution of north-south asymmetry, thus, for such class of
problems the temperature effect is also necessary to be
considered for neutron monitors [1].
2. TEMPERATURE SOUNDING DATA
For getting information on the altitudinal distribution
of temperature, besides direct atmospheric sounding close to
the point of observation by muon telescope, another approach
is also possible. As the global radio-scan, optical, acoustic and
radar-tracking sounding data give only 15 % of information
about the altitudinal behavior of the atmospheric temperature,
leaving almost uncovered some large oceanic, subpolar and
mountain areas, one can capture these areas only by satellite
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measurements. In meteorology the models which provide
information on the altitudinal behavior of temperature in the
atmosphere in any point and at any moment are built on the
basis of the generalized data [2]. Results of one model are
available in electronic publishing [3]. That model allows to
get 3D temperature field and its temporal variations beginning
Fig. 1. Comparison
of temperature
distribution in the
atmosphere
according to the
model (triangles)
and experimental
data (circles).

have been received with an hour average interval, corrected
for atmospheric pressure, but not corrected for temperature
effect.
4. TEMPERATURE EFFECT OF THE MUON COMPONENT
On the basis of the integrated method the variations caused
by temperature effect δtem , for each direction of the detector
can be considered as in
h0

δ tem = ∫ α (h) ⋅ δT (h) ⋅ dh ,
where

α (h)

0

is the density of temperature coefficient and

δT (h) - temperature variation.

from 1950 on 18 isobaric levels: see level, 1000, 925, 850,
700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20, 10
mb. Such model data are available not only for retrospective
analysis, but they are also supported in real time now. That
allows us to take into account the temperature effect also in
real time. In what follows we shall use those data. The data
accuracy is about a few degrees, and it depends on the isobaric
level. In Fig. 1 there is a comparison of temperature
distribution in the atmosphere according to the model and to
experimental data for the Moscow meteorological station [4].
The comparison shows that a divergence of experimental and
modeling values is only some degrees. In paper [1] the
temperature effect of the CR neutron component was
investigated according to the same model, and the analysis has
shown that the accuracy of the modeling altitudinal
temperature distribution in the atmosphere is sufficient even
for research of temperature effect of the CR neutron
component, which is 10 times weaker. We have obtained the
data of altitudinal sounding for time intervals at our points of
interest using the data [2]. The model generates the data with
4 hour resolution which have been transformed to the hourly
data as a result of interpolation by cubic spline functions [5].

Fig. 2. Density of
temperature
coefficient for
different detectors.

The temperature variation is defined as the deviation of the
current temperature in the atmosphere T (h) from the
temperature during the base period

TB (h) :

δT (h) = TB (h) − T (h) . Temperature coefficient densities
α (h) of various detectors were received by calculation, and
they are resulted in Fig. 2 [13]. There are the coefficients for
all the directions of Nagoya telescope (0º, 30º, 39º, 49º, 64º),
temperature coefficients densities of the Yakutsk complex

3. DATA OF CONTINUOUS CR MONITORING
For various reasons a continuous monitoring of the muon
component was carried out by some of the telescopes only.
Continuous monitoring of the muon component was carried
out so far only by several detectors, and first of all at the most
successful construction of the multidirectional scintillation
muon telescope in Nagoya operating since 1970 [6]. It has 17
independent directions: a vertical, 4 inclined on 30º, 49º and
64º and 4 azimuthal directions. Telescope data are accessible
from [7], and real time data– from [8]. Two other muon
telescopes [9] operating for more than three decades are
ground-level and underground on 7 mwe level devices in
Yakutsk which have 3 independent directions: a vertical, the
north and the south. In Yakutsk the observations by means of
precision ionization chamber ASK-1 have also been
conducted during more than 5 decades [10, 11]. Just the same
chamber is working in Beijing [12]. All these detectors’ data

Fig. 3. Nagoya muon telescope, vertical. Top panel – count rate
uncorrected and corrected for temperature effect. Comparison
with Huancayo and Haleakala neutron monitor.

telescopes (0º, sea level and 7 mwe) and ionization chamber
IC plotted. For comparison the temperature coefficient density
of the neutron monitor is also depicted.

124

5. RESULTS AND DISCUSSION
By the methods stated above we have corrected the hourly
data from the beginning of observations for the following
detectors:
- Nagoya multidirectional muon telescope, 17 directions of
registration;
- Yakutsk ground-level muon telescope, 3 directions V, N, S;
- Yakutsk underground muon telescope, 7 mwe, 3 directions
V, N, S;
- Yakutsk ionization chamber;
- Beijing ionization chamber.
Hourly data corrected for temperature effect is accessible in
the Internet [14].
On the top panel in Fig. 3 the counting rates uncorrected
and corrected for temperature effect for vertical direction of
Nagoya muon telescope are presented.
While correcting we used the calculated densities of
temperature coefficients that resulted in Fig.2. Some residual
annual wave can be caused either by the true annual variation
or the discrepancy of the used densities of temperature

Fig. 4. Yakutsk muon telescope, 0 mwe, vertical. Top panel speed of account not corrected and corrected on temperature
effect. Comparison with Huancayo and Haleakala neutron
it

coefficients. It is obvious that for the further refinement of the
result it is necessary to define densities of temperature
coefficient experimentally and today this problem is quite
solved.
On the bottom panel in Fig. 3 corrected muon telescope data
are compared with the data of equatorial neutron monitors
from Huancayo and Haleakala stations. Though cut off

rigidities are close enough (13.3 GV for Haleakala monitor
and 11.5 GV for vertical muon telescope) median rigidity of
neutron monitors 30.6 GV is less than those for muon
telescope 53.5 GV that leads to different modulation depth in
maxima of solar activity. On the whole it is possible to notice
that, since the middle of 80th, the muon telescope has been
worked stably enough, and variations are similar even in
details. Besides, it is possible to deduce that vertical profiles
of temperature distribution in the atmosphere and densities of
temperature coefficients used by us allow one to exclude
temperature effect from the observable data with high
accuracy. Introduction of corrections for efficiency can
eliminate drift at the initial debugging stage.
For vertical directions of ground-level and underground 7
mwe muon telescopes the primary and corrected data are
plotted in Fig. 4 and Fig. 5 which are also compared with the
data of equatorial neutron monitors. In this case the median
rigidity of muon component (42.0 GV and 69.4 GV for
ground-level and underground telescopes accordingly) is
higher than in case of neutron monitors. In case of the
Yakutsk complex telescopes it is possible to assert that the
methods used by us give quite satisfactory results. The drift of
count rate of the vertical telescope at sea level after 1995,
probably, has the same reasons as the current drift of Yakutsk
ionization chamber which is considered below.
Current data of the Yakutsk ionization chamber,
uncorrected and corrected for the temperature effect, are
presented on the top panel in Fig 6. At bringing in corrections
we originally used the calculated densities of temperature
coefficients that were obtained in fig. 2, i.e. the same as for
inclined 60º telescope on a sea level. Bringing in temperature
corrections thus removes a seasonal variation. For elimination
of this fact it is necessary to decrease the density of
temperature coefficient on 30±2 % approximately, i.e. this
coefficient is very critical. The necessity of density correction
of temperature coefficient was marked in earlier papers [15]
and it was supposed that for the Yakutsk ionization chamber it
is connected with considerable thickness of the screen over
the ionization chamber (about 1 mwe)
On the bottom panel in Fig. 6 corrected data from
Yakutsk ionization chamber are compared with the data from
equatorial neutron monitors of Huancayo and Haleakala

Fig. 6. Yakutsk ionization chamber. Top panel – count rates
uncorrected and corrected for temperature effect. Comparison
with Huancayo and Haleakala neutron monitor.

Fig. 5. Yakutsk muon telescope, 7 mwe. Top panel – counting
rate uncorrected and corrected for temperature effect. Comparison
with Huancayo and Haleakala neutron monitors.
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stations. Median rigidity of Haleakala neutron monitor (30.6
GV) is closer to median rigidity of ionization chamber (66.1
GV). As a whole it is possible to notice that the ionization
chamber works stably enough. Current drift after 1995, is
probably connected with the data drift of the pressure gauge,
and has the same reasons, as the drift of count rate of the sea
level vertical telescope.
The data of Beijing ionization chamber is plotted in Fig.7.
Though Beijing ionization chamber is under a screen of
0.1mwe thickness only, the density of temperature coefficient
was used the same as for the Yakutsk ionization chambers.
Comparing on the middle panel with the data of neutron
monitors from Huancayo and Haleakala stations one can
notice the stable work of the Beijing ionization chamber,
except for the 70th when these data indicate some drift. On the
bottom panel of Fig. 7 there are simultaneously variations of

6. CONCLUSION
1) Vertical profiles of temperature distribution in the
atmosphere found according to the model of atmosphere,
allow us to exclude the temperature effect from the hourly
data of muon telescope and ionization chamber.
2) Comparison of the muon component data, corrected for
temperature effect, with the data from other detectors has
proved as a whole the correctness of the used densities of
temperature coefficients for all directions, though
experimental definition of densities of temperature
coefficients would be very useful in the future.

Fig. 8. Residual signal after processing the data of Yakutsk IC by
filter. Two variants is resulted: calculated densities of temperature
coefficients are reduced on 20% and 30%.
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Relationships between cosmic ray neutron flux
and rain flows
E. Eroshenko, P. Velinov, A. Belov, V. Yanke, E. Pletnikov, Y. Tassev, A. Mishev

Abstract—The registration of secondary cosmic ray
neutrons is a convenient tool for the investigation of
primary cosmic ray variations and for meteorological
effects as well. At present a large network of neutron
monitors exists, aiming at studies of cosmic ray variations
which are related to interplanetary conditions and
geomagnetic activity. At the same time cosmic ray
variations may be related to some atmospheric processes.
In this connection, using the data from two neutron
monitors (a standard and a lead free one), a gamma
detector from Moscow station and lead free neutron
monitor at BEO Moussala, we studied the correlations
between rain flows and neutron flux. In this study we used
daily averages on the basis of 10 min data for the neutron
flux, corrected for barometric pressure and data from
local meteo-stations. The preliminary analysis indicates a
correlation between rain flows and neutron flux in several
cases. To explain observable correlations, calculations of
neutron and gamma absorption and albedo neutron
spectra have been performed on the basis of the universal
software packages FLUKA-2006, FLUKA, 2008

1. INTRODUCTION

T

he neutron monitor (NM) is the main detector of CR
ground level measurements. The purpose of the neutron
monitor is to detect, deep within the atmosphere,
variations of intensity in the interplanetary cosmic ray
spectrum. Interactions of the primary cosmic rays with the
atmosphere produce, among other secondaries, a lower energy
component, in particular neutrons. The neutrons are not
slowed by ionization loss. These secondary particles fall in the
energy range of a few hundred MeV up to about 1 GeV.
Because of the falling energy spectrum of the primary cosmic
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rays, the neutron monitors are most sensitive to the low energy
(1-20 GeV) part of the spectrum. These nucleons in turn
produce further nuclear interactions, either in the atmosphere,
or in lead target material surrounding the monitor. The
interaction rate may be measured most conveniently and
reliably by detecting the reaction product neutrons rather than
by detecting the charged fragments directly.
Neutron monitor and other CR detectors are constructed in a
way to minimize the influence of local meteorological
conditions. Thus, for example, the polyethylene reflector in
NM cuts off the neutrons with energy < 20 MeV, while lead in
muon telescopes absorbs the soft component of secondary
cosmic radiation with energy <400 MeV, because particles of
this energy diapason are most sensitive to the changes of local
meteorological parameters.
However, simultaneously with CR monitoring by a standard
NM, some measurements of epithermal neutrons (0.025
MeV<E<0.5 MeV) by lead free monitors are also in progress
at some stations now. These measurements are strongly
influenced by local meteorological factors, such as by the
water content of the surface soil layer or above it, by air
humidity, or by the presence of thunderstorm clouds above a
detector and so on. These effects are necessary to be estimated
quantitatively both for their exclusion from the observable
data, and for the sake of some applications [1 and references
there] and fundamental [2, 3, 4] tasks.
During the last several decades the high mountain
observatories have been exploited for astrophysical,
environmental studies and for the Sun-Earth relations as well.
The advantages of high-mountain observations are connected
with a possibility to register with better statistics the secondary
cosmic ray particles compared to ground level observations
that permits to investigate different processes of the
environment and atmosphere with high precision. The Basic
Environmental Observatory (BEO) Moussala is located on the
top of the highest mountain of the Balkan Peninsula, at 2971 m
above sea level. A powerful tool used there for measurements
of cosmic ray variations is a lead free neutron monitor which
was run only recently and still needs some verification of data.
One of the important problems in CR physics is the
relationship between CR intensity and the rain flows. Stozhkov
[5], Veretenenko and Pudovkin [6] and other authors discussed
cosmic ray influence on precipitation in the periods of big
magnetic storms (and Forbush decreases as well) and solar CR
events. The increase of atmospheric ionization leads to
increasing of the density of charge condensation centres which
cause increasing of total cloudiness and atmospheric
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turbulence. As a result of increase of cloudiness, increase of
total precipitation is also expected.
Indeed, during big solar CR events, when the CR intensity
and ionization in the atmosphere significantly increase, an
increase in the precipitation level is observed. The amplitude
of the positive increase was found by Stozhkov [5]: +(13.3 ±
5.3)%. Our aim in this work is to explain the registered
changes in the cosmic ray intensity at ground level during the
rain flows.
2. DATA AND METHODS
Using the data from Moscow (latitude 55 degree)
neutron monitors (standard super monitor NM64, lead free
monitors 6nmF and 23nmF) , gamma and ionization component

3. RESULTS – DISCUSSION
Experimental results.
In Fig. 1 the measurements of CR secondary radiation by
different detectors from IZMIRAN are presented for JulyOctober 2007. Two lead free NMs (counters surrounded only
by 2.5 cm of polyethylene) recorded mainly a behavior of
epithermal neutrons and its behavior is compared with the data
from standard NM (6nm64) which is practically not influenced
by the environmental meteorological effect (because of its
specific construction). In the low panel the data on gamma
radiation and total ionization component are plotted. For
gamma measurements two NaJ detectors (Ø=63 mm) are used,
and for the ionization component the telescope on the

Data from lead free NMs (6nmF and 23nmF) and standard NM (6nm64) in comparison with behavior of photon
(gamma) and ionization components (muon) of radiation.

Fig. 1.

detectors and lead free neutron monitor at BEO Moussala
(latitude 42 degree and altitude 2971 m), we studied the
correlations between rain flows and neutron, gamma and
ionization component behavior. We also involved data of local
meteo-stations. To explain observable correlations, the
calculations of neutron and gamma absorption and albedo
neutron spectra have been performed on the basis of universal
software package FLUKA-2006, FLUKA, 2008 [7] accounting
all interaction processes of neutrons and gamma radiation with
a substation. As a result all spectra are obtained in dependence
on the soil content, its humidity (from 0 to 30%), and the
amount of water above the soil (from 0 to 80 m) for generated
monochromatic downward neutron flux of 10 or 100 MeV
energy. Calculations are made for cylindrical 3D geometry
under source distance above the soil 2.5 m. The cylinder radius
is 1 m, its length is 1m above and below of the soil surface. The
soil composition was used as follows: О – 52,8%, Si – 28%, Al
– 10%, Ca – 1,65%, H – 0,675%.

proportional counters is employed (S=1.5 m2).
The correlation between bursts in gamma radiation and the
ionization component has been studied. Such bursts are always
observed when thunderstorm cloud approaches, often without
rain. By the data from spacecraft, aircraft and ground level
observations it was found by different researchers [8, 9, 10,
11] that thunderstorm cloud and lightening discharges may
lead to a generation of high energy particles. This means that
electrons are accelerated up to relativistic energies in the
electric field of thunderstorm clouds with the consequent
generation of a photon component. Herewith the short (or
longer) increases of several minutes duration are recorded by
detectors of gamma and ionizing radiation. Unfortunately, we
have no direct measurements of the electric fields. The neutron
component reveals quite different behavior. Effects in NM
data are always much longer than the rain or gamma burst
duration (see Fig.2). This effect of long decrease in the neutron
component intensity poorly correlates with the air humidity.
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The humidity effect is much less than the temperature effect,
and is estimated as -0.005 %/g/cm2.

These spectra for thermal, epithermal and fast albedo neutrons
for incident neutron flux of 10 MeV energy are depicted in
Fig. 3. Neutron spectrum marked by the points corresponding
to dry soil (0%) is compared with two other spectra for 5% and
30% moisture content calculated. One can see that the increase
of H2O in the subsoil below the station leads to an increase of
the number of neutrons which in result of deceleration go into
a thermal part of the energy spectrum.

Fug. 2. Comparison of effects of neutron
and gamma components at 2007-07-17.

We assumed that observable effects are caused by the
amount of moisture in near ground layer that requires the
measurements of moisture content in the ground level soil. To
explain the presented experimental data the spectra of albedo
neutrons were calculated by Monte-Carlo method (as is
described above) for energies from10-11 up to 20 MeV. The
obtained results can be used for the estimates of the water
stores in the mountains by means of snow cover monitoring.
They can be also useful for analysis of the results of planet
scanning by spacecraft equipped with neutron detectors.
Discussion of results for the neutron component

Fig. 3. Calculated spectra of albedo neutrons: for dry soil, soil
with 5% and 30% of moisture content. The energy of incident
neutron is 10 MeV.

Fig. 4. Dependence of albedo fluxes for thermal
(T), epithermal (E) and fast (F) neutrons on the
hydrogen content in the soil.. E0=10 MeV.

In Fig.4 a dependence of albedo fluxes for thermal,
epithermal and fast neutrons on the moisture content in the soil
is depicted. This result is obtained by integration of the spectra
from Fig.3 within corresponding energy ranges: for thermal
<0.5 eV; epithermal – from 0.5 eV up to ~0.5 MeV; and fast >0.5 MeV. The ordinate shows a relative change of neutron
fluxes for different energy diapasons, and abscissa axis
corresponds to the water content in the soil. Statistical
accuracy within all energy diapasons is several percent.
In the counting rate of lead free detectors a large
contribution is given by thermal and epithermal neutrons from
the soil and atmosphere, so, data plotted in Fig. 4 explain our
experimental results. With an increase of moisture a larger
portion of neutrons is slowed and transferred into the thermal
range, and the portion of epithermal albedo neutrons is
reduced. Thus, 10% humidity leads to the same decrease of
epithermal albedo neutrons. Such a content of moisture is
possible even under moderate rain with precipitation of 50 mm
and thickness of surface layer of tens of cm.
It is important to know the response of the neutron
detector to the moisture amount above the surface layer. The
spectra computations above the soil have been performed for
different moisture layers (0, 10, 40 cm) and for two energies of
incident neutrons: 10 and 100 MeV. The moisture content of
the soil was accepted as 5%. On the basis of obtained spectra
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the flux of thermal, epithermal and fast neutron dependence on
the thickness of water-layer above the surface were derived.
Neutron flux
1

May 2007
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rain flows
Variation of neutron flux [%]

MEV energy the flux of epithermal and fast neutrons is
additionally absorbed by 70% by the layer of 10 cm. Albedo
flux of gamma radiation reduces by 25% in a water layer of 40
cm thickness below energy 10 MeV.

rain flows
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Fig. 5. The variation of neutron flux after pressure correction
in May 2007 with significant rain flows at the top of Mussala.
A little different result – an increase of CR intensity
during the rain period – was obtained from the observation
data at the Mussala lead free NM [12] (see Fig. 5). In addition,
the relative fluctuation of the mean flux also increases. In
principle such an effect is possible, and might be explained as
due mainly to the additional moderating effects of the rain,
which additionally slows the neutrons in the atmosphere. The
possible relation between increasing of the flux and cloud
cover is a topic of future investigation. Herewith, we should be
very careful with using Mussala data in this initial period of
the NM operation (It was run only on April 2007).
Conclusions
1) Secondary neutron radiation recorded by lead-free NM, and
gamma radiation as well, are strongly affected by
meteorological factors. The neutron component behavior
depends on the moisture amount in the soil surface, and bursts
of gamma radiation seems to be caused by a transformation of
photon-electron component of the spectrum due to the strong
electric fields in thunderstorm clouds and usually is an
evidence of existence of such clouds..
2) Computations performed on the basis of universal software
package FLUKA-2006 for particle interaction with the subsoil
of the station, allow the derivation of detailed spectra of
albedo neutrons within three energy ranges: thermal,
epithermal and fast neutrons. The moisture content of soil as
5% leads to an increase of the flux of albedo thermal neutrons
in three times, whereas the flux of epithermal neutrons
decreases by 6% and the flux of the fast neutrons – by 22%.
3) Water layer above the soil lowers both the neutron flux
incident to the surface and albedo neutrons. The result depends
strongly on the energy of incident particles. Thus, under 100
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Tendency for Relation between Rain Flows and
Neutron Flux at Basic Environmental
Observatory Moussala
A. Mishev and J. Stamenov

Abstract—.The recently developed at Basic Environmental
Observatory Moussala lead free neutron monitor based on
proportional counters type SNM-15 filled with BF3 was used for
continuous recording of neutron flux. At the same time at the
observatory different measurements of atmospheric state are
provided. The rain flows are recorded using automated meteostation. A tendency for positive correlation between rain flows
and neutron flux is observed. A possible explanation is discussed.

1. INTRODUCTION

T

HE Basic Environmental Observatory (BEO) Moussala
(Fig.1) is located on the top of the highest mountain at
Balkan Peninsula, Rila mountain, namely at 2925m above
sea level. Complex, high precision measurements of different
atmospheric and environmental parameters are provided at the
observatory. Different parameters, changes and processes in
the Earth atmosphere, atmospheric physics and chemistry,
aerosol physics, radiation processes are studied. At the same
time different components of secondary cosmic rays, namely
the atmospheric Cherenkov light, muon component, in attempt
to study different problems of cosmic rays, space weather and
connections of the Sun-Earth system are measured.
The detailed analyses of the collected data permits to study
the possible relation between different kind of parameters and
factors connected with environment, atmospheric processes
and the system Sun - Earth. Generally the following specific
objectives are pursued, in attempt to provide basic information
for analysis of the connection between cosmic ray variation
and atmospheric parameters. The aim is the detailed, precise
and contemporary measurements of cosmic ray intensity
especially the muon, electron, gamma and neutron component
and the atmospheric Cherenkov light. Obviously, at the same
time it is necessary to provide precise measurements of
atmosphere parameters in different conditions.
The galactic cosmic rays, the solar cosmic rays and
especially their secondaries, have different multiple effects on

A. Mishev. is with the Institute for Nuclear Research and Nuclear EnergyBulgarian Academy of Sciences, 72 Tsarigradsko chausse 1784 Sofia,
BULGARIA (corresponding author, phone: 359-9746310; fax: 359-9753619;
e-mail: mishev@ inrne.bas.bg).
J. Stamenov is with the Institute for Nuclear Research and Nuclear
Energy-Bulgarian Academy of Sciences, 72 Tsarigradsko chausse 1784 Sofia,
BULGARIA (e-mail: jstamen@inrne.bas.bg)

terrestrial processes, technological systems and human
activity. The cosmic rays contributing significantly to the
overall dosage are the main source of ionization. Changes in
the large-scale atmospheric circulation are associated with
solar activity phenomena [1] and long term cosmic ray
intensity variations [2]. The possibility that galactic cosmic
rays (GCR) are related to Earth's cloud cover [3, 4] and have
an important impact on the Earth's climate forcing, has become
a leading candidate to explain the observed sun–climate
connection [5]. Currently the hypothesis of a relation between
cosmic ray intensity and global cloud cover is subject of
intense discussions. In this connection study of relation
between rain flows and neutron flux is promising.

Fig. 1 BEO Moussala 2925 m above sea level

2. LEAD FREE NEUTRON MONITOR
A neutron monitor is an instrument that measures the
number of high-energy particles impacting Earth from space
and provides continuous recording of the hadronic component
in atmospheric secondary radiation. The purpose of the
neutron monitor is to detect, deep within the atmosphere,
variations of intensity in the interplanetary cosmic ray
spectrum.
The introduction of the neutron monitor as a continuous
recorder of the primary cosmic-ray intensity resulted from the
design by Simpson [6] of a neutron monitor pile.
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fluctuations. Therefore the mentioned effect is masked. At the
end of the same month a significant increase of the neutron
flux is observed in correlation with rain flows.
Similar effect is observed for May and July 2007. In fact we
observe a tendency for increasing of counting rates of lead free
neutron monitor during rain flows, because the low statistics.

April 2007

1.25

Normalized neutron flux

In addition bare 10BF3 counters, without lead and no
moderating polyethylene cylinders are used to record
thermalized low energy neutrons produced in the atmosphere
and nearby matter by cosmic rays. Such type of counters are
the basis for different neutron monitor configurations and lead
free neutron monitor designs. Usually the response function of
lead free neutron monitors shows larger sensitivity to low
rigidity primary cosmic-rays from 2 to 8 GV [7].
The lead free neutron monitor at BEO Moussala (Fig.2) is
mid latitude 42.11 N, mid rigidity 6.5GV and high altitude
(2925m above sea level) neutron monitor. The principal aim of
the device is to investigate the cosmic ray variations and to
study the possible connection between cosmic ray and
atmospheric processes, simultaneously with other equipment at
BEO Moussala [8].
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Fig. 3 Neutron flux and rain flows at Moussala for April 2007
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Fig. 2 Sketch of the lead free neutron monitor at BEO
Moussala
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3. MEASUREMENTS
In this section are described several preliminary
measurements carried out with the lead free neutron monitor at
BEO Moussala. The detector complex is operational since
April 2007. For the analysis barometric corrected data were
used. At the same time measurements of daily rain
precipitations are carried out using automated meteo-station
Vaisala. The results are shown in Fig.3-5.
Generally a tendency for relation between rain flows and
neutron flux is observed. As example in Fig. 3 we observe a
slight increase of neutron flux during the first week of April
2007. During this week the barometric pressure was with huge

Fig. 4 Neutron flux and rain flows at Moussala for May 2007
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1.14

July 2007

1.12

the stratospheric ionization produced by the considered cosmic
particles, during the solar cosmic ray bursts.
The dynamics of the temperature profiles, as well as the
changes of other meteorological characteristics may be
associated with the solar cosmic ray bursts with the particle
energy Ep>90 MeV. The effect takes place within the first 10
hours after the burst and consists in the tropospheric heating
and the stratospheric cooling. Therefore several mechanisms
can be proposed to explain the observed tendency for relation
between neutron flux and rain flows. However, taking into
account that during rain flows the quantity of water in the
atmosphere increases, and the moderating capabilities of the
latter, the effect can be easy explained by moderation.
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Fig. 5 Neutron flux and rain flows at Moussala for July 2007

4. DISCUSSION
The impact of the atmosphere on neutron monitor counting
rates is well known. The atmospheric corrections are based on
both, theoretical and experimental investigations of
meteorological phenomena related to passage of particles
through the atmosphere. Generally the meteorological effects
are associated with changes in the air mass overburden. During
stable atmospheric conditions, the barometric pressure
recorded at the monitor site is related with air overburden.
At the same time in materials containing atoms of low
atomic mass, neutrons of all energies can lose a significant
fraction of their energy in a single elastic collision and such
materials are referred to as moderators. In heavy nuclei
appreciable energy loss in a collision is only possible at high
energies where inelastic scattering can occur.
. Presently several arguments claim that the solar activity
affects the global climate in different aspects and timescales.
One possibility is based on climate response to changes in the
cosmic ray flux and radiative budget. This is connected with
tropospheric response to solar variability, precisely the heating
of the troposphere during solar maximum. The latter is related
with modulation of the large-scale tropospheric circulation
systems. Additionally the stratospheric ozone plays important
role on the modulation of the radiative influence of the
climate. There is a general agreement that the variations of
global tropospheric temperature are partly related to solar
activity.
However, the problem how exactly the solar variability can
influence the climate is still open.
The variations of solar and galactic cosmic rays may be
responsible for the changes in the large-scale atmospheric
circulation. It is possible to associate such type of phenomena
with solar activity, precisely with cosmic particles of 0.1–1
GeV. Possible mechanism of cosmic ray effects on the lower
atmosphere involves changes in the atmospheric transparency,
which is connected with cloud cover. This is due to changes in

The precise measurements with lead free neutron monitor
give excellent possibility to understand the role of cosmic ray
variation on the Earth climate, and to check different
mechanisms of such type of influence. Moreover this gives the
possibility to check different proposed models from an
experimental point of view.
This permits to study the influence of galactic cosmic rays
on the solar radiation input to the lower atmosphere, especially
increases of the total radiation fluxes associated with Forbushdecreases in the galactic cosmic rays, the possible influence of
different helio- and geophysical factors such as solar flares,
galactic cosmic ray variations, auroral phenomena on the solar
radiation input to the lower atmosphere, as well as the
latitudinal dependence of such effects. The recently observed
tendency for increasing of lead free neutron monitor counting
rates during rain precipitation is explained by moderating
effects.
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Cosmic Ray Tracks Observed by New type
Cloud Chambers
Y. Muraki, F. Kajino, T. Yamamoto, Y. Kuroda and H. Higashioka

Abstract—We have fabricated two different types of cloud
chambers: a diffusion cloud chamber and a Wilson cloud
chamber. These chambers were filled with air and the tracks
formed in them by cosmic rays were investigated. Surprisingly,
cosmic ray tracks were observed in air containing few aerosol
particles. This finding is highly significant and may be useful in
future studies of the relationship between solar activity and global
cloudiness.
1.

THE CORRELATION OF FRIIS-CHRISTENSEN AND
SVENSMARK

Ｗ

HETHER cosmic rays affect the global climate is an
important unresolved question in geophysics. This
question was first posed in a paper by Friis-Christensen
and Svensmark published in 1997 [1]. In subsequent papers,
Svensmark et al. found a correlation between global cloudiness
and the intensity of cosmic rays [2, 3, 4]. According to their
analysis, global cloudiness increases when the intensity of
galactic cosmic rays, i.e., cosmic rays originating from outside
the solar system increases. A clear correlation has also been
found between the cloudiness at low altitudes (under 3,200 m)
and solar activity. However, no correlation has been
discovered between solar activity and the cloudiness at middle
and high altitudes. Due to the correlation at low altitudes
being so strong, a vigorous debate has ensued in various
scientific fields.

Cosmic ray physicists have no difficulty understanding the
correlation between the intensity of cosmic rays and cloudiness,
since they use cloud chambers to detect cosmic rays, which
produce tracks in the chambers by ionization. However, the
intensity of cosmic rays appears to be too low to account for
number of water droplets in global clouds. Ion pairs induced
by cosmic rays probably play only a minor role in accelerating
the formation of water droplets. Even if cosmic rays were able
to accelerate the formation of a small number of water droplets
by ionization, the clouds produced would mask the light of the
Sun, thereby reducing the global temperature. Thus, it might
be possible to find a reasonable explanation for the correlation
found by Friis-Christensen and Svensmark.
In the next
section, we discuss a scenario proposed by them.

2. THE MAUDER MINIMUM AND CLOUD FORMATION
During 1645 and 1725, an abnormally low number of
sunspots were observed on the solar surface [5]. This
phenomenon is known as the Maunder minimum. It coincided
with an approximately 2ºC drop in the average global
temperature. Due to the weakness of the solar magnetic field
during this period, the intensity of galactic cosmic rays was
stronger than at other periods [6-8]. Thus, the correlation
found by Friis-Christensen and Svensmark would be possible
to explain the drop in global temperatures that occurred during
the Maunder minimum [9]. The aim of this present study is to
find an explanation of the correlation observed by
Friis-Christensen and Svensmark.
As a first step towards this goal, we approach the
correlation from another point of view. A widely accepted
theory by meteorologists is that when warm air ascends to high
altitudes, it is cooled and the moisture it contains condenses to
form clouds. Both water vapor and aerosol particles (APs) are
necessary to form a cloud. This can be easily demonstrated by
blowing smoke from a match into a vessel filled with water
vapor, which results in the immediate formation of a cloud [10].
In summary, both the water vapor and the APs are necessary for
cloud formation [11]. This is the standard theory for cloud
formation.
However, the cloud formation process is not so simple:
Aitken particles also play an important role. Aitken particles
are typically about 20 nm - 80 nm in diameter, which
corresponds to the length of a few tens of water molecules.
They are so small that they cannot be detected by optical
counters. The mass of Aitken particles can be determined by
measuring the time that it takes for ionized Aitken particles to
drift when they are placed in an electric field. Aitken particles
undergo successive collisions with water droplets in air and
thereby increase in size until they reach diameters of about 1
μm, which is the size of a large AP. Observations at the Mt.
Norikura Cosmic Ray Observatory (altitude: 2,770 m) indicate
that Aitken particles in the atmosphere grow from 10 nm to 30
nm in approximately 8 hours [12]. For simplicity, however, we
do not consider the role of Aitken particles in this paper. Rather,
we regard APs as being the principal source of cloud
condensation nuclei (CCN).
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In addition, the role of the ions created by cosmic rays is not
well understood. There may be other routes through which
ions have function as CCN and form water droplets. Do ions
accelerate the formation process of CCN? Or do ions increase
in size by attracting water particles by themselves,
independently of Aitken particles and/or APs? This is a very
critical point for understanding the Maunder minimum
phenomena. In order to discover the answer to this question,
we conducted an experiment using small cloud chambers. In
this paper, after describing our experimental method, we
present the results and introduce our future plans.
3. EXPERIMENTAL METHOD
Do ions produced by cosmic rays agglomerate by
themselves? Or do they attach to the surface of Aitken
particles and/or APs? In order to clarify this point, we
fabricated specially designed cloud chambers and used them to
conduct experiments.
We prepared two types of cloud chambers: a diffusion
cloud chamber and a Wilson cloud chamber. While these cloud
chambers are similar to conventional cloud chambers, they
differed in that the gas inlet and outlet was located on the
outside of the chambers. Figure 1 shows schematic views and
photographs of these diffusion and Wilson cloud chambers.
We used purified air and nitrogen manufactured by the
Sumitomo Seika Chemicals Co. which had very low levels of
APs in them (less than one AP per liter according to the
manufacturer). In general, there are high quantities of APs in
the air. Table I shows the number of APs per liter measured in
the air in the laboratory and outside the building. These APs
were measured by using the optical particle counter. In Table
I, the number of aerosols per liter is presented as a function of
AP size.
We investigated the formation of tracks by cosmic rays in
the purified gases. Ethanol was placed in the bottom of the
glass flask and also at the top of the flask. First, we passed
gas through both chambers until the total amount of gas passed
through each chamber exceeded five times the volume of the
chamber. According to our calculations, this process increased
the purity of the gases by a factor of 160 (i.e., 6×10-3).
We cooled the diffusion cloud chamber by putting solid
CO2 at the base of the glass flask and waiting approximately 30
min until the vessel had cooled down and a saturated layer had
formed, which was capable of producing cosmic ray tracks.
For the Wilson cloud chamber we just lowered the piston and
expanded the volume; this formed a supercooled region.
We have recognized the cosmic ray tracks by the naked eye,
being illuminated the cloud chamber by the photo diode.
4. RESULTS AND DISCUSSION
Surprisingly, cosmic ray tracks were observed in the
semi-purified air in the same way that they were observed in the
contaminated gas that contained a high concentration of APs.
We are currently unable to explain this observation. It appears
that ion pairs generated large droplets without the assistance of
APs. Is there a previously unconsidered third route to make

CCN? Do ions form water droplets by themselves? Our
experimental results suggest that this is possible.
However, there are several questions concerning the quality
of our experiment. Even although we used “pure” air, the
purification process was not perfect. Some APs might remain
not only on the chamber wall but also in the gas itself. The
baking of the chamber wall is not easy. Even if the air
contained a small amount of APs, ion pairs may form to the
large water droplets. Furthermore, we did not measure the
amount of Aitken particles in the semi-pure air. The air might
have been relatively free of Aitken particles, but it is unlikely
that there were no Aitken particles present. It is unclear role
ethanol vapor plays. Does it behave like Aitken particles in the
flask for ions?
We observed experimentally that ions generate cosmic ray
tracks. This is similar to the results of an experiment conducted
by Sir Wilson. He investigated cosmic rays using a Wilson
cloud chamber. Initially, he observed a lot of fog in his cloud
chamber. However, after repeatedly expanding the cloud
chamber, he observed cosmic ray tracks. In the initial stages,
the water droplets were formed by attaching to APs inside the
chamber. However, it is unclear whether the cosmic ray tracks
observed at later stages were formed with the assistance of
Aitken particles or APs that remained in the chamber. If this is
true, Sir Wilson was lucky to observe cosmic ray tracks. To
confirm this point, we need to conduct another experiment
using vessels that have been purified more. We intend to
investigate the cloud formation process by using a vacuum
chamber and report the results at the next ICRC at Lodz.

Size of
Aerosols
Outside
Inside

>0.3
μm
309,447
175,698

>0.5
μm
35,578
14,107

>0.7
μm
7,907
3,634

>1
μm
2,822
1,558

>2
μm
884
675

>5
μm
87
71

Table I: The number of APs per liter measured in the air inside
the laboratory and outside the building. The data are given
as a function of the size of the APs.

Note added: Recently we have conducted an experiment using
the diffusion cloud chamber. The chamber was filled with the
pure air after the evacuation inside the chamber by the vacuum
pump. Neither any track nor fog was seen. However when we
installed a ring that was involved with a plenty of the Ethanol
at the top of the flask, clear tracks of cosmic rays and also fogs
were seen even in the “pure” air. (November 3rd, 2008)
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Figure 1. The bottom left panel shows the diffusion cloud
chamber. The top right panel shows the Wilson cloud chamber
filled with pure air and the center panel shows how purified air
was introduced into the Wilson cloud chamber. The bottom
right panel shows the Wilson cloud chamber that we made.
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Space weather observations with four SREM
radiation monitors
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Nieminen

Abstract—The ESA Standard Radiation Environment Monitor
(SREM) is a particle detector developed with the main purpose of
permanent monitoring of the space radiation environment and
providing alerts of radiation related hazards to the spacecraft and
its payload. Four SREM instruments are launched onboard of
PROBA-I, ROSETTA, INTEGRAL and recently GIOVE-B
satellites. SREM offers fair spectral and directional sensitivity
thus allowing for precise quantitative studies of the radiation
environment in the Solar system. This includes Sun transient
events like Solar Energetic Particles with their propagation
through the interplanetary space, long-term measurements of
Cosmic Ray fluxes, as well as dynamic mapping of the Van Allen
radiation belts.

direction and exhibits fair spectral resolution.
SREM was developed by the Paul Scherrer Institute (PSI)
and was manufactured by Contraves Space under a contract
with the European Space Agency (ESA). Ten SREM units
have been produced. Four of them are in operation onboard of
PROBA-I, INTEGRAL, ROSETTA and GIOVE-B satellites.
Two additional units are scheduled for launch onboard of
HERSCHEL and PLANCK satellites in 2009.
Multiple, individually calibrated radiation monitors provide
the unique possibility of mapping the radiation environment
and comparing in-flight data for the same time periods in
different regions of the magnetosphere. In addition,
verification of the space radiation models (i.e. AP-8 [2] and
AE-8 [3]) and cross-calibration of instruments is possible.

1. INTRODUCTION

S

weather is an environmental concept that refers to the
dynamic conditions in the space contiguous to Earth,
interplanetary, and interstellar space. Wide variety of physical
phenomena influences space weather. This includes Solar
events like Coronal Mass Ejections (CME) and Solar flares,
Galactic Cosmic Rays (GCR), energization of the Van Allen
radiation belts, geomagnetic storms, ionospheric disturbances,
geomagnetically induced currents at Earth's surface, etc. [1].
Space weather has impact on several areas generally related
to the spacecraft operation and functioning of the groundbased communication systems. Geomagnetic storms, due to
increased solar activity can potentially blind sensors aboard
spacecraft, or interfere with on-board electronics. An
understanding of space environmental conditions is also
important in designing shielding and life support systems for
manned spacecrafts. In addition, there is justified concern that
geomagnetic storms may expose conventional aircraft flying at
high latitudes to increased amounts of radiation.
The standard radiation environment monitor (SREM) is a
particle detector developed for satellite applications with the
main purpose to provide radiation hazard alerts to the host
spacecraft. SREM is capable of measuring fluxes of highly
energetic charged particles coming within ±20° of its pointing

2. THE SREM INSTRUMENT

PACE

The SREM instrument comprises two detector systems. One
system is a single silicon diode detector D3, Model EG&G
Ortec Ultra T4-013-025-500 with the area of 25 mm2 and the
entrance window of 0.7 mm aluminum. This system has energy
thresholds of ~0.5 MeV for electrons and of ~8 MeV for
protons. The second system consists of two silicon diodes
(detector D1, model EG&G Ortec Ultra T4-013-025-500 with
the area of 25 mm2 and detector D2, model EG&G Ortec Ultra
T4-013-050-500 with area of 50 mm2) in telescopic
arrangement. The entrance window of this system consists of
0.5 mm aluminum and 0.7 mm brass, resulting in proton and
electron thresholds of 20 MeV and 1.5 MeV, respectively.
Two layers of 0.5 mm thick aluminum and 0.7 mm thick
tantalum separate the two diodes resulting in high electron
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Fig. 1. The SREM instrument

suppression when used in coincidence. Both detector systems
have directional sensitivity of ±20° defined by conical
openings.
Detected events are binned in 15 channels with different
energy threshold levels set by discriminators. Any two of the
channels can be used to raise an alarm flag when the count
rates exceed a pre-programmed threshold. The detector
electronics is capable of processing a detection rate of 100
kHz with dead-time correction below 20%.
The SREM instrument is shown on Figure 1. It utilizes a
single box housing of 96×122×217 mm3 and weighs 2.5 kg.
The box contains two detector systems along with the analog
and digital front-end electronics, a power supply, a TTC-B-01
Telemetry and Telecommand interface protocol and protective
shielding. The interface can be adapted to any spacecraft
system. Total power consumption of the SREM instrument is
approximately 2 W.
For each SREM unit, the energy dependent response
functions of all 15 SREM channels are determined by
individual calibration measurements at the Proton Irradiation
Facility, (PIF) of the Paul Scherrer Institut (PSI) [4]. In
addition, the instrument and the host spacecraft are simulated
with the GEANT3 and GEANT4 [5] Monte Carlo simulation
codes to accurately determine the response functions to
electrons at energies between 0.3 and 15 MeV and to protons
in the 8 to 800-MeV energy range.
Three additional counters are assigned to each detector for
dead-time correction pulser. Events detected by the telescopic
detector system are divided into 10 bins, (including four
proton coincidence bins) and one heavy ion bin. SREM is
incapable of discriminating between various heavy ion particle
types and identifies particles as heavy ions, in one bin only, if
the deposited energy in D2 is higher than 9 MeV. The D3
detector is sensitive to electrons with energies from 0.5 MeV.
In addition, it is also sensitive to protons and thus proper
deconvolution procedures must be applied to obtain particle
spectra in mixed environments. All SREM counters along with
their sensitivity limits to protons and electrons are listed in
Table I.

TABLE I
CHARACTERISTICS OF SREM CHANNELS
scale
r ID
TC1
S12
S13
S14
S15
TC2
S25
C1
C2
C3
C4
TC3
S32
S33
S34
PL1
PL2
PL3

logic

particle

D1
D1
D1
D1
D1
D2
D2
D1*D2
D1*D2
D1*D2
D1*D2
D3
D3
D3
D3
D1
D2
D3

proton
proton
proton
proton
proton
proton
ions
coinc. p.
coinc. p.
coinc. p.
coinc. p.
electron
electron
proton
proton
dead time
dead time
dead time

discriminator
level (MeV)
0.085
0.25
0.60
2.0
3.0
0.085
9.0
0.6, 2.0
0.6, 1.1
0.6, 0.6
0.085, 0.6
0.085
0.25
0.75
2.0

energy range (MeV)
protons
electrons
24 – inf
1.6 – inf
24 – inf
1.6 – inf
24 – inf
1.7 – inf
24 – 46
5.6 – inf
24 – 34
n/a
47 – inf
1.2 – inf
90 – 143
n/a
47 – 64
n/a
57 – 190
n/a
76 – 280
n/a
130 – inf
3.2 – inf
11 – inf
0.4 – inf
11 – inf
0.5 – inf
11 – inf
0.8 – inf
11 – inf
2.3 – inf

average and low particle fluxes, respectively. PROBA-I is also
exposed to energetic particles from the sun during energetic
events, and to cosmic rays. Such full-Earth coverage allows the
collection of important environment-specific radiation data.
All SREM channels readings during five consecutive
PROBA-I revolutions are depicted on Figure 2. SAA and polar
horns are easily identifiable by the increased count rates in the
proton and electron counters, respectively. Figure 3 shows the
particle counts in different energy bins of detectors D1 and D3
with respect to the scalers energy threshold at several locations
during the satellite trajectory – SAA, polar horns, poles and
equator. To date, the spectral unfolding method used for
SREM data measurements is a simple conversion factor (SCF)
[7]. It is based on the mean of the integral transform of the
response function within a certain energy range. This
simplified method has the main disadvantages of not proper
accounting of the incident particle spectra and inability to
unfold particle spectra in mixed environment; therefore
detectors count rates rather than protons and electrons fluxes

3. SREM ONBOARD PROBA1

SREM counters:
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The PRoject for OnBoard Autonomy (PROBA) [6] is a true
micro satellite with only 94 kg of weight and dimensions of
800×600×600 mm3. PROBA-I was launched on 22 Oct 2001
as a piggyback payload on the India’s Polar Satellite Launch
Vehicle and has fully autonomous capabilities – i.e. it operates
virtually unaided. The satellite operates on a Lower Earth
(LEO), Sun synchronous orbit with a period of 97 minutes,
apogee of 640 km, perigee of 570 km and inclination of 97
degrees.
The path of PROBA-I covers the polar horns, where
energetic electrons of the outer Van Allen radiation belt reach
low attitudes, the South Atlantic Anomaly (SAA) where
energetic protons of the inner radiation belt contribute to the
enhanced particle fluxes, the polar and equatorial regions with
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Fig. 2. Five PROBA-I revolutions including passage through SAA and
polar horns
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Fig. 3. Spectral components of the radiation environment at several
locations along the PROBA-I orbit
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Fig. 4. Double INTEGRAL passage through the outer electron belt

are presented. The statistical errors estimates shown are related
to the number of counts. It should be noted that in one speciedominated environment, electron and proton fluxes correlate to
a reasonable extent with the readings of detectors D3 and D1,
respectively.
The SREM data from PROBA-I satellite clearly illustrates
the dominant amount of electrons in the polar horns of the
outer electron belt and mixed high-density environment of
both electrons and protons in the SAA. Lower counts are
observed within the Earth’s equatorial and polar regions. The
polar region shows readings very similar to cosmic rays
measured by INTEGRAL (see Figure 5).
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4. SREM ONBOARD INTEGRAL
The INTErnational Gamma-Ray Astrophysics Laboratory
(INTEGRAL) [8] is the first space observatory that can
observe simultaneously objects in gamma rays, X-rays and
visible light. It is an impressive spacecraft of 5 m height and 4
t overall weight of which 2 t of payload. INTEGRAL was
launched on 17 October 2002 by the Proton rocket launcher
from Baikonur, Kazakhstan. The satellite operates on a
geosynchronous Highly Eccentric Orbit (HEO) with revolution
period of 72 hours, apogee of 155 000 km, perigee of 9 000
km and inclination of 51.6 degrees.
INTEGRAL crosses twice the outer electron radiation belt
close to its orbit perigee, thus allowing detailed dynamic
studies of the radiation belt environment. The rest of the orbit
covers the interplanetary space where cosmic rays, solar
protons as well as energetic solar and Jovian electrons are
encountered.
Figure 4 shows the readings of the IREM (the SREM
onboard INTEGRAL) channels along a perigee double
electron belt passage of the INTEGRAL satellite. The
asymmetrical readings during the two belt passages clearly
demonstrate the dynamic behavior of the belt due to the
influence of solar wind. Detector readings of D1 (counters
TC1, S12, S13, S14 and S15), D2 (counter TC2) and D3
(counters TC3, S32, S33 and S34) in respect to the counters
discriminator level for several specific locations are shown on
Figure 5. These locations include the inner/upper part of the
belt, the center of the belt, the outer/lower of the belt and

Fig. 5. Spectral components of the radiation environment at several
locations along the INTEGRAL orbit

outside of the belt where cosmic rays particles are detected. A
dominant electron species content is expected in the outer belt
locations, thus demonstrating the fault of direct D1 detector
readings in distinguishing high-energetic electrons from
protons. More sophisticated unfolding methods for conversion
of SREM channel counts to particle-specific fluxes need to be
developed in the future for rectification of this drawback.
5. SREM ONBOARD ROSETTA
Rosetta is an interplanetary mission from ESA intended to
meet and study the 67P/Churyumov-Gerasimenko (C-G) comet
[9]. The mission was launched as flight 158 on 2 March 2004
by the Ariane-5G rocket from Kourou, French Guiana and is
scheduled for rendezvous with the C-G comet in 2014. The
spacecraft consists of the Rosetta space probe and the Philae
lander that will be deployed on the comet’s surface.
During the long cruise to its target Rosetta is scheduled for
several planet swing-bys – three times around the Earth in
2005, 2007 and 2009, and once around Mars in 2007. In
addition, the mission will take advantage of the trajectory
crossing twice the main asteroids belt to perform two asteroid
fly-bys. During the orbiting around the C-G comet period,
Rosetta will reach the closest point to the Sun in its orbit
allowing for the consequent increase of activity to be
measured.
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remained above cosmic ray background until 13 December,
more than 7 days after the event.
The total counters of D2 on SREMs of INTEGRAL and
PROBA-I register moderate increase in the particle flux due to
subsequent event starting around 23:00 on 6 December and
reaching its peak around 18:30 on 7 December. Slight increase
in the SREM onboard ROSETTA readings starting around
00:00 on 7 December is correlated with this data. 1-hour delay
between the readings corresponds to the longer distance
between the Sun and ROSETTA. This event is not correlated
with any of the reported Solar Flare events by RHESSI
datacenter. Proton fluxes of energy >27 MeV remained above
cosmic ray background until 10 December.
Further, a harsh increase in the readings of PROBA-I and
INTEGRAL appears around 3:30 on 13 December, which is
well correlated with Solar Flare no. 6121305 observed by
RHESSI around 2:28 on 13 December. This flare of class X3.4
was one of the largest during the period of solar activity
minimum and caused disruption on the global positioning
system (GPS) and shortwave (HF) radio communications
[11,12]. The flare was followed by high energetic CME that
caused severe Geomagnetic storms. Enhanced energetic
particle fluxes around Earth remained for about three days
after the event.
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Fig. 6. Solar particle event from 6 Dec 2006 as observed by SREM
onboard Rosetta, Proba1 and Integral

6. SREM ONBOARD GIOVE-B

Figure 6 shows SREM total counts of D2 and D3 from
ROSETTA, PROBA-I and INTEGRAL during several solar
particle events starting on 5 December 2006 and proceeding
on the following days. The total counter TC1 of ROSETTA
SREM experienced temporal problems therefore D1 readings
are excluded. The location of ROSETTA at that time is 306
million km away from Earth, approaching Mars for a swing-by
and 37 degrees away from the Earth in respect to the Sun. The
locations of ROSETTA, Earth, Sun and Mars in ecliptic plane
seen from the north celestial pole are illustrated on Fig. 7. The
readings of SREM onboard ROSETTA demonstrate slight
increase in the flux of Sun energetic particles starting on 5
December 2006 around 11:45. This event correlates with a
moderate Solar Flare event no. 6120521 registered by RHESSI
satellite datacenter on 5 December 2006 with starting time
around 10:30 [10]. The time until the flux reaches its
maximum around 5 hours. The same event is observed by the
lower threshold channels of INTEGRAL and PROBA
satellites around Earth, with much longer transition time of 55
hours, reaching its maximum around 19:30 on 7 December
2006. Possibly, this sun event was CME correlated with Solar
Flare no. 6120521 with higher energetic particles ejected in
the direction of ROSETTA and lower energetic tail directed to
the Earth. Electron fluxes around Earth of energy >1.2 MeV

142

5

10

Giove-B, 20 May 2008
Detector D1
Detector D2
Detector D3

4

10

Counts (s-1)

Fig. 7. Positions of Rosetta, Earth, Mars and Sun on 5 Dec 2006 in the
ecliptic plane seen from the north celestial pole

The second Galileo In-Orbit Validation Element (GIOVEB) part of the future ESA Galileo positioning system was
launched on 27 April 2008 aboard Soyuz-FG/Fregat rocket
launcher from Baikonur, Kazakhstan. GIOVE-B carries three
atomic clocks: two rubidium standards and the first spacequalified passive hydrogen maser. It is a 530 kg spacecraft and
is positioned at Middle Earth Orbit (MEO) of 22 300 km.
The path of GIOVE-B crosses the outer electron radiation
belt. Figure 8 shows the total counts of SREM detectors D1,
D2 and D3 during GIOVE-B single passage through the outer
electron radiation belt. Since no significant proton presence is
expected, the readings are interpreted as D3 representing the
electron flux of energy higher than 0.5 MeV, D1 representing
the electron flux of energy higher than 2.0 MeV and D2
representing the electron flux of energy higher than 2.8 MeV.
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Fig. 8. Giove-B single passage through the outer electron belt

12:30

7. CONCLUSIONS
The unique fleet of nearly identical, individually calibrated
SREM instruments at various locations in the Solar system
provides the opportunity of dynamic mapping of the Space
Weather and forecasting of radiation level with short downlink
delays of space radiation data. This is a key to the improved
understanding of the radiation environment and its effects.
More sophisticated methods for particle spectra unfolding
out of the SREM channel count readings need to be evaluated
in order to extract the maximum of useful information
necessary for more precise flux and spectral interpretation of
the data.
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Cosmic Rays Muon Flux and Precipitation
I. Angelov, J. Stamenov, S. Dimitrova

from the muon telescope at BEO Moussala
and data for the local precipitation for almost 2 years period
were analyzed. Clear dependence between precipitations and
cosmic rays variations was not established for the period
analyzed.

T

1. INTRODUCTION

HERE are many studies on the relation of climate changes
with variations of the cosmic rays (CR) flux and their role
as an amplifier of the solar variability effect. (See [1], [2] for
detailed review.) One of the hypotheses is the CR - cloud
cover connection through ionization [3], another is the
influence of the solar wind on the global electric circuit and
cloud formation [4]. The cloud cover obviously is connected
with the rainfalls and CR - rainfall or solar cycle - rainfall
relations for certain regions are established by many authors
[5], [6], [7], [8].
The effect of the CR on different meteorological
parameters is studied also during sporadic changes (Forbush
decreases, Solar proton events) [9], [10].
On the other hand the atmosphere with its parameters
influences the generation and propagation of the secondary
CR particles, observed by ground-based detectors – the well
known barometric effect for nucleon component and
barometric and temperature effect for muon component.
Another atmospheric effect is the acceleration of the charged
particles in the electric field of the thunderclouds. [11], [12],
[13], [14].
All mentioned above induced the presented study, in which
we tried to find correlation between the intensity of the muon
component of cosmic rays and the local precipitation at BEOMoussala.
The Basic Environmental Observatory Moussala is located
at peak Moussala, 2925 m a. s. l. (≈730 g/cm2), 42°11’N , 23°
35’E. The rigidity cut off is Rc≈6.3 GV.

2. THE DATA SET
The intensity of the muon component at the BEO site has
been continuously measured since August 2006 with 1 m2
muon telescope. The instrument has energy threshold for CR
muons ~0.45 GeV and statistical error for vertical direction
~0.27% for hour time intervals [15]. The count rate is ~2400
min-1, the counts are recorded every 15 seconds.
All of the used data are pressure corrected for 712 hPa, and
the 0 % is the average of the counts during the whole period
of observations. No data for the temperature profile of the
atmosphere were available and no temperature corrections
were applied.
The amount of precipitation is measured with the automatic
weather station Vaisala, the rain gauge is type RG13H. The
data is recorded every 10 min.
The analyzed period is from 2 August 2006 to 22 June
2008.
3. DATA ANALYSIS
A. Short Time Series.
We used 10 minutes averaged, pressure corrected muon
count rates of the vertical direction to check if noticeable
change during individual rain and snowfalls exist. The
statistical error is ~0.65%. The data are high pass filtered, to
avoid any possible trends due to modulation or due to
geomagnetic disturbances.
Two typical plots are shown in Fig. 1 and Fig. 2. The
variation of muon counts stays within 3σ limits (±1.95%)
independently of the precipitation.
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Fig. 1. Precipitation and muon flux variation during the time period
19.05.2007 – 24.05.2007 (rainfall)
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It can be seen from Fig. 3 that the muon intensity varied in
the range -3%-+3% during the period under consideration.
The muon flux was divided into 7 levels with 1% variation
each. Table 1 shows the number of the days for the time
interval with the respective increases and decreases in the
range.

precip. (mm/10 min.)

3

2

1

0

TABLE1
THE NUMBER OF DAYS WITH DIFFERENT MUON VARIATIONS
Muon
-3%
-2%
-1%
0%
1%
2%
variations
Number of
2
17
123
408
105
17
days

muon var. (% )
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Fig. 2. Precipitation and muon flux variation during the time period
03.12.2007 – 08.12.2007 (snowfall)
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B. Daily Averaged Values.
Daily variations for CR muons and daily precipitations for
the considered period 02.08.2006-22.06.2008 are shown in
Fig. 3. The correlation coefficient was r = -0.0143 (p=0.711).
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ANOVA applied for the study of CR muon influence on the
precipitations did not reveal statistically significant effect
(p=0.5). Fig. 4 shows the mean amount of precipitations under
different muon variations during the considered period.
Vertical bars in the figure denote 95% confidence intervals
(CI). It is seen that the precipitation amount decreased when
CR muon intensity decreased with 2% and 3%. Unfortunately
there were only 2 days during the period under consideration
with muon variations -3% (Table 1) and because of that CI is
large. However, there were 17 days with muon variations -2%
and the precipitation amount was definitely low then in
comparison to other CR muon levels (in fact muon increases).

Muon variations (Left axis)
Precipitation (Right axis)
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6
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0

1

2

3

Muon variations, %

Fig. 3. Daily variations of precipitations and muon variations for the period
under consideration 02.08.2006-22.06.2008.

Daily averaged data for 674 days were used to test the
effect of CR muons on daily amount of precipitation by the
statistical method ANalysis Of VAriance (ANOVA), statistical
package STATISTICA, ver.6, StatSoft Inc., 2001. In general,
the purpose of ANOVA is to test for statistical significance
between means through comparing variances. In ANOVA a
null hypothesis is considered when the studied factor A does
not effect significantly the variation of the parameter X. This
means when comparing the mean values of X at each A factor
level there is no statistically significant difference between
them. If such a difference is found, then the null hypothesis
should be rejected [16].

Fig. 4. Muon effect on precipitation (±95% CI).

The method of superimposed epochs and ANOVA were
used to study muon influence up to 3 days before and 3 days
after their variations on the precipitation amount. Significant
effects were not established. Fig. 5 shows dynamic of
precipitation for the different muon variations (on the days
before (-), during (0) and after (+) different variations in
muons. The amount of precipitation was almost one and the
same on the days before, during and after muon variations
with 0%. Precipitations decreased gradually from -3rd to +3rd
day when muons varied with -1% and were larger from -1st to
+2nd day of muons increase with 1%. There were peak
increments on -1st day of muon variation with -2% and on +3rd
day of muon variation with 2%. The minimal amount of
precipitations was from -2nd to +3rd day of the largest muon
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Precipitation, mm

decrease (muon variation with -3%). There were no
precipitations on -3rd, -2nd, -1st, +2nd and +3rd day when muons
increased with 3% but it should be noted that there were only
2 days in the examined period when muons increased with 3%
(Table 1).
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Application of Water Cherenkov Detectors
for Muon Telescopes
I. Angelov, E.Malamova, J. Stamenov

Abstract—Two muon telescopes of cubic design are operated
at present in Bulgaria for studying the variations of cosmic rays
muon flux. A 1m2 telescope is located at BEO – Moussala – 2925
m. a.s.l and is in operation since August 2006. The other muon
telescope, with effective area 2.25 m2 is located at the South-West
University – Blagoevgrad – 383 m a.s.l. Its data acquisition
system was upgraded in November 2007. The telescopes are
based on water Cherenkov detectors of original design.
Descriptions of the telescopes, and their main characteristics are
presented. Calculation of the energy threshold for the muon
telescopes was done. Simulations with Planetocosmics Geant4
application code were performed to obtain the sensitivity to the
energy spectrum of primary protons. Experimental results for
two Forbush decreases (October/November 2003 and December
2006 ) are presented.

T

HE neutron monitors are the main instruments for
exploring the cosmic rays (CR) variations, detecting the
secondary nucleon component of CR. They are sensitive
to approximately the 0.5 – 20 GeV part of the primary CR
spectrum. Along with them muon telescopes (MT) of different
designs are used. Muon telescopes are used for studing the
variations in higher energy range of the primary spectrum,
above 10 – 20 GeV. They are system of detectors, based on
coincidence technique and provide also information on the
arrival direction of the particles.
There are two basic designs of MT. The first uses fixed
coincidence combinations between detectors in two layers,
counting the muons in defined angular intervals. The other
(the so called muon hodoscopes) uses crossed long and
narrow detectors in two layers and the determining of the
arrival direction with high accuracy (usually 1 - 7 degrees) for
every muon is possible. The first type of MT are constructed
with scintillator detectors, as scintillators provide wide area,
high light yeld, fast timing, long live and high time stability.
The hodoscopes usually are based on gas filled proportional
counters.

One of the most successful designs of scintillator telescope
is that of the Nagoya Multidirectional MT (18 m2 effective
area), with 36 detectors, 1 m2 each, working since 1970 [3].
The Sakashita Underground MT (operated 1979-2000) had
similar design and detectors. The MT at São Martinho (28 m2
since 2005) [4] and Hobart (9 m2) [5] are based on 1x1 m
plastic scintillator detectors. The Nor-Amberd multidirectional
muon monitor [6], the Muon Spaceweather Telescope for
Anisotropies at Greifswald (MuSTAnG) [7], the MTs planned
to be installed at Israel Cosmic Ray & Space Weather Center
and Emilio Serge’ Observatory [1], [8] and the muon
hodoscope TEMP (Moscow, 9m2, 1-2 deg. angular resolution)
[9] also use plastic scintillator detectors.
The GRAPES-3 muon detector (Ooty, India, 560 m2) [10]
and the Akeno MT (Japan, 75 m2) [11] use proportional
chambers with dimensions 10x10x600 cm and 10x10x500 cm
respectively as basic detector element. The muon hodoscope
URAGAN (Moscow) consists of two super modules, each
with about 11 m2 effective area and 0.7 deg. angular
resolution. The basic elements of the super modules are 3.5 m
long streamer tube chambers with two coordinate external
strip readout system, assembled in 8 layers [12]. The Kuwait
University muon hodoscope (9 m2) [4] is based on 10x500
cm cylindrical proportional counters.
The Cherenkov effect was discovered in 1936 and is widely
used for charged particles detectors. (See [13] for details.)
Many CR experiments use Cherenkov detectors for registering
the secondary CR components.
We have constructed two MTs with water Cherenkov
detectors. One of the telescopes is situated at Basic
Environmental Observatory (BEO) at peak Moussala, 2925 m
a.s.l. (730 g/cm2), 42°11'N , 23° 35'E. The other is at the
South West University, (SWU, Blagoevgrad, Bulgaria)
42°01’N , 23° 06’E , 383 m a.s.l.
The telescope at the University was constructed in 2001,
but was not operated continuously. In November 2007 the
data acquisition system was upgraded. The telescope at the
BEO is in continuous operation since August 2006.
2. DESCRIPTION OF THE INSTRUMENTS
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Both instruments use one and the same type detectors - a
glass mirror tank with dimensions 50x50x12.5 cm and only 10
cm distilled water radiator. 2.5” photomultiplier tubes (PMT)
FEU-110 or FEU-139, operated with positive power supply
and 300 Ohm anode load are used, the anode is connected to a
fast amplifier with gain 50. The discriminator consists of fast
comparator and one-shot multivibrator. A short, 60 ns TTL
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pulse, providing minimum number of random coincidences, is
formed if the amplified PMT pulse exceeds the threshold
voltage (Actual thresholds is 28mV for the BEO MT and 22
mV for the University MT). A typical amplified oscillogram
of Cherenkov pulses from muon passing two detectors, is
shown on Fig. 1. (The storage oscilloscope was synchronized
by the signal from coincidence circuit.)

detector planes is 1m [16]. A 5 cm lead layer is mounted
between the detectors planes in each telescope. Both
instruments are placed at the basement of the buildings, using
the concrete above them as absorber of the soft CR
component.

Fig. 1. Typical oscillogram at the output of the amplifiers, from a muon
passing through a pair of detectors. Time 10 ns/div, Amplitude 10 mV/div.

The PMTs are set up in photon counting mode, adjusting
the gain by the high voltage (HV), using the described in [14]
method of the plateau characteristics. The high voltage was
varied at fixed thresholds, and the number of coincidences of
a detector pair counting in vertical direction was recorded. A
typical counting characteristic of pair detectors from the
University telescope is presented on Fig. 2. The random
coincidences N rand = 2.τ .N1.N 2 were calculated, knowing
the individual count rates (N1, N2) of each of the detectors –
the dash line.
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Fig. 2. Typical counting characteristic.

The detectors were set up at the beginning of the plateaus,
to achieve minimal number of random coincidences and good
efficiency of the detectors.
The telescope at the University has effective area 2.25 m2,
the detectors configuration is 3x3 detectors in each plane and
the distance between the detector planes is 1.5 m (Fig. 3) [15].
The telescope at the BEO-Moussala is with 1 m2, effective
area, 2x2 detectors in each plane, the distance between the

Fig. 3. Detectors configuration of the SWU muon telescope

The 18 detectors of the MT at the University are connected
to 33 coincidence circuits, and the intensity of the CR muons
is measured in 5 directions : Vertical, North-South (NS),
South-North (SN), West-East (WE) and East-West (EW). The
same 5 directions are defined for the 8 detectors of the BEO
MT using 12 coincidence circuits.
The data acquisition system of the SWU MT is shown on
Fig. 4. The following considerations were taken into account
when it was designed:
o because of the comparatively short pulses formed by
the discriminator and the high number of counters
needed, the coincidence circuits and the counters
have to be realized by hardware ;
o the possible implementation using FPGA [17] is
modern and economic as components, but needs
more time for development.
The data data acquisition system was made on classical
TTL chips, fast series, with future plans to be upgraded on
FPGA board with full combinations of coincidence circuits
and USB interface. The coincidence circuits consists of 33
AND elements, and their outputs are connected to 33 8-bit
counters. The formed TTL pulses from each discriminator are
also multiplexed every minute to a 24-bit counter, used to
control the individual count rate (signal+dark pulses) for
every detector. The outputs of the counters are connected to a
8-bit bus, interfaced to a personal computer by the parallel
port. The counting time intervals are formed by quartz
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Fig. 4.The SWU muon telescope data acquisition system.

The high voltage power supply provides main stabilized
1950V voltage with separate down-regulated in 25 steps of
25V outputs for each PMT.
A 8-bit microcontroller (MCU) based board was
constructed for measuring the atmospheric pressure. The
MPX4115A
silicon
pressure
sensor
(Freescale
Semiconductor) and 16-bit Sigma-Delta analog to digital
converter are used. The board is with USB interface and
measures continuously also the outer temperature (LM335
sensor), the room temperature (the embedded in the MCU
sensor), and the high voltage.
The data acquisition software was written in Delphi 7, using
open source libraries and free drivers, works in any MS
Windows operating system and records the data on the hard
disk drive of the PC in formatted ASCII files.
The data acquisition system and software for the BEO MT
are similar to the described above, the main difference in the
number of coincidence circuits and counters [16].

The count rate at the laboratory of the University was
compared with that achieved with a small telescope made of
two NaI scintillators with diameter 80 mm and height 90 mm,
with 50 mm distance between them. The measured intensity
of CR muons with this scintillator telescope was I0≈0,01
cm2s-1ster-1. The calculated with this intensity count rate for
vertical direction for pair of detectors for the telescope at
SWU is ~133 min-1. The Cherenkov detector threshold energy
of ~158 MeV is not taken into account when count rate was
calculated. The experimental count rate ~ 110 min-1 is in
agreement with the calculated. As mentioned above, the
detectors are adjusted in the beginning of the plateau, to
minimize the number of random coincidences, and the mean
count rate for vertical detector pair is about 98-100 min-1.
Measuring the relative CR variations, not the absolute muon
intensity, the long time stability of the detectors but not the
100% efficiency is more important.
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B. Count rates.
The count rates for the two telescopes, averaged for the time
period November 2007 – April 2008, in the different
directions are shown in Table 1 and Table 2.
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A. Energy threshold.
The energy thresholds for cosmic rays muons are
determined mainly by the concrete layer above the telescopes.
(~430 g/cm2 for the University and ~110 g/cm2 for BEO)
They were calculated with the MMC (Muon propagation
Monte Carlo) software [18], taking in mind the threshold
energy for generation of Cherenkov photons in water by
muons (158.7 MeV) and the 5cm lead absorber between the
detectors planes.
The energy of vertical incident muons after passing the
concrete and the lead layer and reaching the lower detectors
planes is plot on Fig. 5. – top for the SWU telescope, bottom
for BEO telescope.
The obtained values for the energy are Eth~1 GeV for the
telescope at the University and Eth~0.45 GeV for the
telescope at BEO for vertical muons.
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Fig. 5. Dependences of the energy with which muons reach the lower
detector plane on the incident energy. Top – SWU MT, bottom – BEO MT

TABLE1
COUNT RATES FOR THE MT AT THE SWU

Direction

Angular
interval, º

Detector
pairs

Count-rate,
min-1

Statistical
error for 1h

Vertical

+18.4 -18.4

9

878

0.44%

N–S

0 - 33.7

6

438

0.61%

S–N

0 - 33.7

6

438

0.61%

W–E

0 - 33.7

6

455

0.6%

E–W

0 - 33.7

6

455

0.6%

TABLE2
COUNT RATES FOR THE MT AT THE SWU
Detector
pairs

Direction
Vertical

+25.6 -25.6

4

2387

0.27%

N–S

0 - 45

2

814

0.45%

S–N

0 - 45

2

704

0.49%

W–E

0 - 45

2

756

0.47%

E–W

0 - 45

2

734

0.48%

β, % / hPa

Error

Correlation
coefficient

Vertical

– 0.2889

0.0014

– 0.8805

NS

– 0.2552

0.0023

– 0.7040

SN

– 0.3190

0.0014

– 0.8947

WE

– 0.3258

0.0018

– 0.8532

EW

– 0.2796

0.0015

– 0.8609

D. Rigidity cut off.
The rigidity cut-off for the observation sites was calculated
using Planetocosmics software code [19]. The values obtained
are Rc~6.34 GV for the University site and Rc~6.24 GV and
for the BEO site.

Statistical
Count-rate,
error for 1h
min-1

Angular
interval, º

Direction

C. Barometric coefficients.
The barometric coefficients were determined using
correlation analysis. The data used are from November 2007
to May 2008 for the SWU MT and from August 2006 to June
2008 for the MT at BEO. The values for the different
directions are shown in Table 3 and Table 4. The data are in
good agreement with these published in the literature [1],[3].
Temperature corrections are not applied since no data for
the temperature at high altitudes in the atmosphere are
available.

E. Response to primary spectrum.
The response to primary protons was calculated with
Planetocosmics, dividing the primary protons spectrum in subranges. Simulations for the energy spectrum of muons
generated by primary protons from the different sub-ranges
were done and the obtained differential spectrums were
integrated. (In these simulations we used flat geometry and no
magnetic field settings.) The obtained muon spectra are
shown on Fig. 6, top for the University MT, bottom – for the
BEO MT. For each sub-range we calculated its fraction of
the total intensity above the energy threshold of the telescope.
The obtained results are shown on Fig. 7. For the University
telescope, 90% of the counted muons generated by protons
are from the energy range 15-20 GeV to ~360 Gev primary
protons, and for the telescope at BEO from 8-10 GeV to ~180
GeV.
Integral energy spectra of muons, generated by primary protons
in different energy ranges ( observation level 383 m a.s.l. )

TABLE3
BAROMETRIC COEFFICIENTS FOR THE MT AT THE SWU
Correlation
coefficient

Vertical

– 0.1248

0.0013

– 0.5973

NS

– 0.1369

0.0015

– 0.5753

SN

– 0.1169

0.0013

– 0.5735

WE

– 0.1399

0.0012

– 0.6632

EW

– 0.1204

0.0018

– 0.4596

0.0040

Ethr

Ep 5-7 GeV
Ep 7-10 GeV
Ep 10-20 GeV
Ep 20-40 GeV
Ep 40-80 GeV
Ep 80-160 GeV
Ep 160-320 GeV
Ep 320-640 GeV
Ep 640-1280 GeV

0.0035
0.0030
-1

Error

0.0025

-2

β, % / hPa

I , cm .s

Direction

0.0020
0.0015
0.0010
0.0005
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Fig. 6. Integral energy spectra of muons, generated by primary protons with
different energies. Top – SWU site, 383 m a.s.l., bottom – BEO site, 2925 m
a.s.l.
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4. EXAMPLES OF EXPERIMENTAL DATA
Two Forbush decreases (FD) were detected during the
periods in which the telescopes were in operation. The first is
in October-November 2003, detected by the SWU MT. The
results for the vertical direction are plotted on Fig. 9. , top. For
comparison, the same FD as registered by the SVIRCO
neutron monitor (Rome, Latitude: 41.90N, Longitude: 12.52E,
Altitude: 60 m Rigidity: 6.32 GV) is also shown (Fig. 9. –
bottom).
The second is detected by the BEO MT after December
2006 Solar proton event, its amplitude in vertical direction is
about 4% [16].
Variation of CR µ , VERTICAL counts

Energy of primary protons, GeV
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Fig 7. Responce to primary protons. Top - SWU MT, bottom – BEO MT

F. Asymptotic directions.
We have calculated the asymptotic directions for the
telescopes with the software code Magnetocosmics [20]. The
calculated results for December 2006 (no external magnetic
field) are presented on Fig. 8. , the rigidity ranges plotted are
20-60 GV for BEO MT and 40-160 GV for SWU MT.

Fig 9. FD detected by the SWU MT, Oct.-Nov. 2003 – top. Bottom - the same
FD, registered by the Rome neutron monitor.
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5. SUMMARY
We have constructed two muon telescopes at observation
site with Rc≈6.3 GV :
o at ~380 m. a.s.l., 2.25m2 detectors , 1 GeV energy
threshold, 0.45% statistical error for 1h intervals
(operational after reconstruction since November
2007)
o at ~2925 m. a.s.l., 1m2 detectors, 0.45 GeV energy
threshold, 0.27% statistical error for 1h intervals,
(operational since August 2006)

[13]

The constructed telescopes are stabile in time and are used
successfully for CR variations measurements. Although the
water Cherenkov detectors have a smaller photons yield
compared to scintillators, if a high reflective coatings of the
detectors tanks are used and the PMTs are precisely tuned in
single photoelectron counting mode, they can be used as
alternative to the plastic scintillators, when low cost is the
main consideration.

[17]

[14]

[15]
[16]

[18]
[19]
[20]
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Biochemical Parameters of Human Health
Monitored in Season of Low and High Solar
Activity
Jana Štetiarová, Oliver Dzvoník, Karel Kudela, Peter Daxner
more adhesive, blood flow is slower. It seems to be
probable that geomagnetic storms have affection on
increasing of cardio-vascular system diseases [3].

Abstract— In work (Dzvonik et all, Studia
psychologica, 48, 4, 273-292, 2006) was monitored
possible connectivity of space weather and some
parameters of mental performance and health in
aviation personnel. In next study we analysed the
distributions of some physiological and biochemical
parameters monitored in Air Force Military hospital
Košice during season of low and high solar activity.
Statistical tests shows significant differences of high
density level cholesterol distribution, haemoglobin
content distribution, erythrocytes distribution and
erythrocytes sedimentation distribution in these two
data samples. The results are discussed in comparison
with similar empirical determined connectivity of
other authors.

S

We focused on statistic relation between some
long-time monitored space weather parameters (as a type
of environment load) and biochemical data obtained
from selection and periodic medical-psychological
investigations of Slovak aviation personnel through the
years 1994-2004.
2. DATA AND METHODS
Two types of data files were used for purpose of
the analysis: medical data and parameters of space
weather.
A. Biochemical data

1. INTRODUCTION

The data were processed from medical
examinations of 4018 Slovak aviators. Many of them
were examined again but in different time periods hence
the number of subjects can vary in dependence on it. All
subjects were men of age 18-60 years.

PACE weather includes a many effects which are
affected by physical processes on surface of the sun,
within interplanetary environment, magnetosphere,
ionosphere and atmosphere and have adverse effects on
technological systems not only at the satellites, but also at
the aircrafts and surface of the earth as well as on the live
structures including people. Effects of space weather on
health and mental state of people are topics of research
for long time. Very important effect of space weather on
human life and health are those on different biological
and physiological systems.

TABLE I
BIOCHEMICAL PARAMETERS

The effect of solar activity and geomagnetic
activity on human homeostasis has been object of
research for long time period. Monthly incidence of
mortality (positive and negative) correlates with solar
activity and has negative correlation with space proton
flow (>90 MeV) [1]. During geomagnetically quiet days
the heart rate and the cosmic ray intensity variations are
positively correlated [4]. Clinical blood analyses of tested
patients provided interesting results – blood viscosity
(sedimentation) rapidly increases during geomagnetic
storms (in some cases nearly two times), erythrocytes are

Parameter

Legend

FW
HB
HTK

Erythrocytes sedimentation (parts/hour)
Heamoglobin content (g/dl)
Heamatocrit (% ratio of constant blood elements to
plasma volume)
Number of erythrocytes (T/l)
Number of leukocytes (G/l)
Glycogen level in blood (mmol/l)
Total cholesterol in serum (mmol/l)
Triglyceride content in serum (mmol/l)
High density level cholesterol (mmol/l)
Urea content in serum (mmol/l)
Creatinine content in serum (µmol/l)
Uric acid content in serum (µmol/l)
Bilirubin content in serum (µmol/l)
Liver enzyme content AST (aspartat-aminotranspherase) (µkat/l)
Liver enzyme content ALT (alanin-aminotranspherase) (µkat/L)
Magnesium content in blood (mmol/l)

ERY
LE
GLYK
CHOLCEL
TRIGLYC
HDLCHOL
UREA
KREATIN
KYS_MOC
BIL_C
AST
ALT

J. Štetiarová and K. Kudela are with the Institute of Experimental
Physics, Department of Space Physics, Slovak Akademy of Science,
Watsonova 47, 040 01 Košice, Slovak Republik (e-mail:
stetiaro@saske.sk, kkudela@upjs.sk).
O. Dzvoník and P. Daxner was with Air Force Military Hospital,
Department of Aviation Medicine, Murgašova 1, 040 86 Košice, Slovak
Republik (e-mail: odzvonik@stonline.sk).

MG

Our research sample consisted of military and
civil aircrews (e.g. pilots, board engineers and navigators)
and military and civil air traffic controllers. All of them
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are filed at the Department of Aviation Medicine of Air
Force Military Hospital in Košice.

For solar activity characteristics we appended
basis with sunspot number and radio solar flux
with wave-length 10.7 cm.

B. Monitored parameters of space weather
Observed parameters of space weather are
present in Table II.

In this study we prepared the data from January
1994 to December 2004 and we separated them to several
series.

Because the data of solar, interplanetary and
geomagnetic activity are characterized on different time
scales the same problem was with the medical data
mentioned in first part. It was necessary for comparison
purpose to make a lot of works in connection with data
arrangements.

In second series are geomagnetic activity data.
They are described by index Dst taken from the page
ftp://ftp.ngdc.noaa.gov and every hour characterize
disturbance of geomagnetic field on low latitudes.
Besides the three-hour-range Kp index is taken from
the
page
OMNIWEB
NASA
which describe
http://nssdc.gsfc.nasa.gov/omniweb/,
disturbances of Earth magnetic field on middle latitudes.

The numbers of daily or hourly performed
examinations were relatively low for simple correlation
with space weather parameters. In the first part of the
study we selected 2 intervals of season of low solar
activity (March 1995 – July 1997) and high solar activity
(April 1999 – December 2002). As for the criteria we
used the solar activity and/or number of sunspots R (for
solar minimum R < 30 , for solar maximum R > 75),
respectively.

TABLE II
SPACE WEATHER PARAMETERS

Parameter

Legend

B

Induction of interplanetary magnetic field module
(nT - nanotesla)

PlasTemp

Plasma temperature (K –Kelvin)

PlaSp

Plasma speed (km/s)

ProDen

Proton density (cm-3)

Kp

The planetary three-hour-range index of global
geomagnetic activity level, this is empirically
determined index with 28 steps (highest activity is
9, lowest is 0, between are steps 0,0+,1-,1,1+,...,9)

R

Sunspot number, global character of solar activity,

Dst

(Disturbance Storm Time) equivalent equatorial
magnetic disturbance indices (nT - nanotesla),
specified from records of a worldwide array of lowlatitude observatories

PrFl>1,
PrF1>10,
PrF1>60

The flux of high-energy protons from the Sun (they
are very high during some of solar flares), number
>1, >10, >60 specifies threshold energy in MeV
(megaelectronvolt), they are fluxes (counts per 1
cm2 during 1 sec)

Sol Flux

adio flux from the Sun measured on wave-length
10.7 cm.

The data were subsumed into 9-days intervals
corresponding to 1/3 of solar rotation cycle. Obtained
mean values were used for statistical tests and correlation
between selected physical parameters and the data of
medical examinations. Obtained results are shown in the
tables and graphs.

3. RESULTS
Statistical tests shows ( Student T-test, MannWhitney U-test), that values of some biochemical
parameters are depending on season of examination
(season of low solar activity or season of high solar
activity) (Table III).
The diferences in values of some biochemical
parameters in season of low and high solar activity are
shown in histograms. The curved line plots Gaussian
distribution. Heamoglobin content in blood is lower in
season of low solar activity than in season of high solar
activity (Fig. 1).Erythrocytes sedimentation and number
of erythrocytes are lower in season of low solar activity
too (Fig.2, Fig.3).However a level of total cholesterol in
serum (CHOLCEL) does not show dependence on solar
period (Tab. 2), level of high density cholesterol
(HDLCHOL) show remarkable differences in different
solar periods (Fig. 4).

As for physical parameters of interplanetary
space we induct to the date basis hourly values about
solar wind plasma (solar wind plasma temperature, its
density, speed of flux), and the energetic proton flux too,
which are not observable on surface of Earth and are
monitored from satellites (protons with energy above 1,
10 and 60 MeV respectively) and are modulated by
interplanetary magnetic field, which is in-frozen
in plasma of solar wind propagating from Sun surface to
interplanetary space.

4. CONCLUSION
Empirical analysis of relations between some
parameters of space weather and medical data from
examinations of aviation personnel indicates statistic
significant differences in some parameters values.
Number of erythrocytes, heamoglobin content, high
density level cholesterol and erythrocytes sedimentation
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are lower during low solar activity as during high solar
activity. Obtained results could motivate a research of
space weather effects on physiological or biochemical
processes at cellular level. Interpretation of causes of
found correlation in biochemical sphere of human
physiology exceeds framework of this study.

However, from the obtained trends we are far
from indicating unambigously the causalities. There are
more factors which affect the long term evolution of the
parameters studied here. Such types of studies need
further investigations using other data sets and other
epochs.

TABLE III
TABLE OF DEPENDENCE TEST OF SELECTED PARAMETERS BY SEASON

Parameter

FW
HB
HTK
ERY
LE
GLYK
CHOLCE
L
GLYK
HDLCHO
L
UREA
KREATIN
KYSMOC
BILC
AST
ALT
GGTP
MG

Mann-Whitney U-test
by variable Season (1 – solar minimum, 2 - solar maximum)
Marked tests are significant on level p < 0.05000
Order Sum Order Sum.
Level
Group 1
Group 2
U
Z
p
6430,5
18769,5 2059,50
-8,4361 0,000000
5768,0
19432,0 1397,00
-9,8223 0,000000
7823,0
17377,0 3452,00
-5,5226 0,000000
6697,5
18502,5 2326,50
-7,8775 0,000000
9824,0
15376,0 5453,00
-1,3359 0,181574
11663,0
13537,0 4891,00
2,5118 0,012012
10934,5
14265,5 5619,50
0,9876 0,323368
12814,5
5312,0

12385,5 3739,50
19664,0 1034,00

10404,0
12387,0
10359,5
9240,0
10669,0
9014,0
8350,0
7211,5

14572,0
12589,0
14616,5
15960,0
14531,0
16186,0
16850,0
11316,5

5926,00
3943,00
5970,50
4869,00
5885,00
4643,00
3979,00
2670,50

Z
Adjust.
-8,4362
-9,8223
-5,5226
-7,8776
-1,3359
2,5118
0,9876

Level
p
0,000000
0,000000
0,000000
0,000000
0,181569
0,012012
0,323365

N
Group 1
93
93
93
93
93
93
93

N
Group 2
131
131
131
131
131
131
131

4,9211
-10,5247

0,000001
0,000000

4,9211
-10,5249

0,000001
0,000000

93
92

131
131

0,2108
4,3916
0,1170
-2,5578
0,4321
-3,0307
-4,4200
3,6960

0,833018
0,000011
0,906851
0,010533
0,665699
0,002440
0,000010
0,000219

0,2108
4,3916
0,1170
-2,5578
0,4321
-3,0308
-4,4201
3,6962

0,833017
0,000011
0,906851
0,010533
0,665665
0,002439
0,000010
0,000219

92
92
92
93
93
93
93
61

131
131
131
131
131
131
131
131

Fig. 1: Differences in heamoglobin content in blood in season of low and high solar activity
Season Low: Gaussian distribution, Chi-square = 7,22284, df = 4 , p = 0,12457
Season High: Gaussian distribution, Chi-square = 32,04379, df = 5 , p = 0,00001
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Fig. 2: Differences in values of erythrocytes sedimentation in periods of low and high solar activity
Season Low: Gaussian distribution, Chi-square = 25,53849, df = 3 , p = 0,00001
Season High: Gaussian distribution, Chi-square = 27,51102, df = 2 , p = 0,00000

Fig. 3: Diffrences in number of erythrocytes in periods of low and high solar activity
Low: Gaussian distribution, Chi-square = 15,60913, df = 3 , p = 0,00136
High: Gaussian distribution, Chi-square = 10,21355, df = 2 , p = 0,00606
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Season
Season

Fig. 4: Level of high density cholesterol in periods of low and high solar activity
Season Low: Gaussian distribution, Chi-square = 2,69474, df = 1 , p = 0,10068
High: Gaussian distribution, Chi-square = 1,50605, df = 2 , p = 0,4704
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Effective radiation dose for selected intercontinental
flights during the GLEs on 20 January 2005 and
13 December 2006
Rolf Bütikofer1 , Erwin O. Flückiger1 , Benoı̂t Pirard1 , Laurent Desorgher2
Abstract— The radiation exposure of aircrew and frequent
flyers due to cosmic rays has become an issue of increasing
interest in the last several years. The effect of galactic cosmic
rays has been rather well investigated by measurements as well
as by computations. However the contribution of solar cosmic
rays is still a matter of debate. The dose rates during solar
cosmic ray events can vary over magnitudes in intensity.
Close to the end of solar cycle 23, two large solar cosmic
ray events were recorded by the worldwide network of neutron
monitors. Both events occurred during a Forbush decrease and
were extremely anisotropic during the initial and main phase.
During the event on 20 January 2005 the interplanetary magnetic
field near Earth had a large component perpendicular to the
Earth’s equatorial plane. In contrast, the interplanetary magnetic
field lines were almost parallel to the equatorial plane during the
event in December 2006, and the solar cosmic ray flux therefore
had no pronounced north-south asymmetry.
From the recordings of the worldwide network of neutron
monitors the characteristics of the solar particle flux near Earth
during the two events were determined. This information on the
solar cosmic ray flux near Earth was subsequently used as the
basis for the computation of the additional secondary cosmic
ray flux in the Earth’s atmosphere with the Geant4 package
PLANETOCOSMICS. The effective dose rates for specific flight
paths were finally determined by interpolation from a global
grid in latitude and longitude by using published flux to dose
conversion factors. The paper shows the resulting preliminary
effective doses on selected intercontinental flight routes during the
two solar cosmic ray events. The obtained results are compared
with dose values that were determined with other models.

I. I NTRODUCTION
At sea level the contribution due to galactic cosmic rays
(GCR) to the average natural radiation exposure is about 15%,
i.e. ∼0.03 µSv/h 3 [1]. In the atmosphere at flight altitudes
cosmic rays are the only source of particle radiation effects. At
an altitude of 8 km asl (26’000 feet, 360 g/cm2 ) the effective
dose rate is typically up to ∼3 µSv/h at latitudes higher
than ∼60◦ and ∼1–1.5 µSv/h near the equator. Compared to
8 km asl the effective dose rates are larger by a factor of
about two at 12 km asl (39’000 feet, 200 g/cm2 ). The 11year solar modulation causes a variation of ∼75% in the dose
rates at latitudes higher than ∼60◦, whereas the variation is
only marginal at the equator. The typical total effective dose
due to GCR for a transatlantic flight, i.e. between Europe
and North America, is therefore of the order of about 50µSv.
1 Physikalisches Institut, Universität Bern, Sidlerstrasse 5, CH-3012 Bern,
Switzerland, rolf.buetikofer@space.unibe.ch
2 SpaceIT GmbH, Sennweg 15, CH-3012 Bern, Switzerland
3 The Sievert (Sv) is the SI unit of the effective biological dose.

Aircrew and frequent flyers may accumulate annual effective
doses of a few mSv. This value is above the international
dose limit for artificial exposure of 1 mSv per year for the
normal population, but well below the average annual dose
limit for radiological workers of 20 mSv/a as specified by the
European Council Directive [2]. However, the effective dose
to the unborn child, i.e. to pregnant women, is limited to less
than 1 mSv during the rest of the childbearing period after the
pregnancy has been discovered. To control the dose limits, the
doses to aircraft crew are computed for each flight. There are
a number of radiation transport codes and programs in current
use to calculate dose rates and route doses caused by GCR,
e.g. CARI-6 [3], EPCARD [4].
Transient, increased radiation dose rates can occur during
solar cosmic ray (SCR) events that are observed on Earth, socalled ground level enhancements (GLE). As an example, an
increased dose rate for a period of more than one hour was
observed during the GLE on 15 April 2001 (GLE60). During
this GLE, Spurný and Dachev [5] reported a maximum dose
rate of about double that for GCR from the measurements on
board a flight from Prague to New York. The measurements for
this flight result in a total additional contribution to the dose
from the SCR of ∼20 µSv. For the largest observed GLE on
23 February 1956 (GLE05) Lantos and Fuller [6] estimate in a
worst case scenario a maximal possible additional contribution
by SCRs of more than 3 mSv for a subsonic flight from San
Francisco to Paris with the semi-empirical model SiGLE [6]
and even more than 6 mSv for a Concorde flight from Paris
to New York.
After the GLE on February 1956, it was not until January
2005, i.e. after about 50 years, that a GLE with almost equal
magnitude was observed at Earth. The south polar NM stations
showed gigantic count rate increases of some thousands of
percent on 20 January 2005 (GLE69). This GLE occurred
close to the end of solar cycle 23. However, the Sun showed
phases of enhanced activity in January 2005 and later in
December 2006. The GLE recorded on 13 December 2006
(GLE70) is clearly smaller than the one on 20 January 2005,
but it is among the largest in solar cycle 23, with count rate
increases up to almost 100% at the NM stations Oulu and
Apatity. Fig. 1 shows the relative count rates of selected NMs
during the two GLEs. Both events were characterized by a very
anisotropic SCR flux during the initial phase. During the event
on 20 January 2005 the interplanetary magnetic field near
Earth had a large component perpendicular to the equatorial
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Fig. 1. Relative pressure corrected 1-minute count rates of selected NM
stations for 20 January 2005, 0600-0900UT (top), and for 13 December 2006,
0200-0700UT (bottom). Note the difference in scale of the vertical axis.

Fig. 2. Relative pressure corrected hourly count rates of IGY Jungfraujoch
NM station for 15-25 January 2005 (top), and for 4-19 December 2006
(bottom).

plane. As a consequence, the solar cosmic ray flux hit the
Earth primarily from the southern direction. In contrast, the
interplanetary magnetic field lines were almost parallel to the
equatorial plane during the event in December 2006, and the
solar cosmic ray flux therefore had no pronounced north-south
asymmetry. Both GLEs occurred during a Forbush decrease
(Fd) as can be seen from the evolution of the count rate of the
IGY neutron monitor (NM) at Jungfraujoch in January 2005
and December 2006 plotted in Fig. 2. The effective dose rate
caused by galactic cosmic rays during the GLE periods, i.e.
during the Fd, was diminished by ∼15% in January 2005 and
∼5% in December 2006 compared to the pre-Fd level.
From the recordings of the NMs the characteristics of the
solar particle flux near Earth were determined. These characteristics were then used to compute the secondary cosmic ray
flux in the Earth’s atmosphere. Finally, effective dose rates
along specific flight paths were calculated by interpolation
of effective dose rates that were computed for a global grid
in latitude and longitude for selected atmospheric depths. In
section two we present the method of analysis. In section three
the preliminary effective doses on selected intercontinental
flight routes during the two GLEs are presented. The computed
effective doses during GLE69 are compared to values published by Lantos [7]. In addition the GCR dose rates computed
with our Geant4 [8] software PLANETOCOSMICS [9] are
compared with the results obtained from the CARI-6 [3] and

the EPCARD [4] model.
II. A NALYSIS
The determination of the effective dose rates during GLEs
is performed in several steps.
From the recordings of NMs of the worldwide network, the
characteristics of the solar particle flux (spectrum, apparent
source direction, pitch angle distribution) are determined for
selected times during enhanced solar cosmic ray flux near
Earth but outside the geomagnetosphere in the rigidity range
∼1–20 GV by using the method by Smart et al. [10] and
Debrunner and Lockwood [11]. For the solar proton spectrum
near Earth, I, a power law dependence on rigidity, R, was
adopted as a function of time, t: I(R, t) = A(t) · R[GV ]−γ(t) .
In a trial and error procedure the GLE parameters are determined by minimizing the difference between the calculated
and the observed NM increases for the set of selected NM
data. Below 1 GV the differential solar proton flux per GV
was assumed to be constant. The cutoff rigidity effects are
calculated with the Geant4 code PLANETOCOSMICS for
every time interval of interest. In the code, the magnetic field is
specified by the IGRF model [12] for the internal field and by
the Tsyganenko89 magnetic field model [13] for the magnetic
field caused by external sources. The Tsyganenko89 includes
the disturbances of the geomagnetic field by providing seven
different states of the magnetosphere that are described by the

159

integer Kp indices (0, 1, ..., ≥6) corresponding to different
levels of geomagnetic activity.
In a next step the cosmic ray flux (solar and galactic cosmic
rays) at the top of the Earth’s atmosphere is computed at
gridpoints with mesh size 5◦ x 5◦ in latitude and longitude
by utilizing the GLE characteristics and the GCR flux immediately before the onset of the GLE, i.e. the current GCR flux
level during the Forbush decrease.
Then the interactions of the SCR and the GCR with
the Earth’s atmosphere are computed by using the Geant4
PLANETOCOSMICS [9] code. For the 5◦ x 5◦ grid in
geographic coordinates and as a function of the atmospheric
depth, the flux of the different secondary particle species and
the resulting ionisation of the atoms and molecules in the
Earth’s atmosphere are evaluated.
The effective dose rates caused by cosmic rays are calculated for selected atmospheric depths at the specified gridpoints from the secondary particle flux in the atmosphere by
using the flux to dose conversion factors based on FLUKA
calculations by Pelliccioni [14]. Finally the effective dose rates
are summed up along selected flight routes to determine the
effective doses.
III. P RELIMINARY R ESULTS AND D ISCUSSION
The computed effective dose rates at the atmospheric depth
of 250 g/cm2 (∼10.4 km asl) during the main phases of the
two GLEs (20 January 2005, 0653-0655 UT and 13 December
2006, 0305-0310 UT) are plotted in Fig. 3 in the northern
(left) and southern (right) hemisphere regions. During these
phases a clear North-South anisotropy is present in the GLE
on 20 January 2005, whereas in the GLE on 13 December
2006 the North-South anisotropy is much less distinct. The
maximum value in the effective dose rate during the GLE on
20 January 2005 reached values up to ∼3.5mSv/h in a very
localised region around 70◦ S and 130◦ E. During the GLE on
13 December 2006 the maximum values are ∼145 µSv/h in
the northern and ∼160 µSv/h in the southern polar region.
Figure 4 shows the effective dose rates deduced from our
analysis at an atmospheric depth of 230 g/cm2 (altitude of
∼11 km asl) due to combined SCR and GCR versus time on 20
January 2005 at the geographic locations 72.5◦ S, 135◦ E, i.e.
the location with the maximum dose rate, and at its antipodes
at 72.5◦N, 315◦E. As can be seen from the plot, the dose rate
in the South hemisphere was higher by more than one order
of magnitude during the first ∼10 minutes of the energetic
solar proton event that started at ∼0648 UT. Then the NorthSouth anisotropy decreased, and it almost disappeared after
about 0730 UT. The accumulated effective dose during the
first hour of GLE69 at geographic location 72.5◦ S, 135◦E and
at atmospheric depth 230 g/cm2 was 1.1 mSv, whereas it was
0.13 mSv at 72.5◦ N, 315◦E (antipodes). The corresponding
values for GLE70 are 0.05 mSv for the geographic location
62.5◦S, 100◦ E and 0.02 mSv for the geographic location
62.5◦N, 280◦ E. The effective doses during the whole GLE69
at the above given locations were ∼1.4 mSv at the location

Fig. 4. Effective dose rates at an atmospheric depth of 230 g/cm 2 (altitude
of ∼11 km asl) due to combined solar and galactic cosmic rays versus time
on 20 January 2005 at geographic locations 72.5◦ S, 135◦ E (location with
maximum dose rate, solid line) and 72.5◦ N, 315◦ E (antipodes, dashed line).

with maximum SCR flux at the beginning of the event respectively ∼0.4 mSv for the antipodes position. For GLE70 the
corresponding values are ∼0.12 mSv and ∼0.08 mSv.
Currently there are no supersonic passenger flights, i.e. up
to ∼18 km asl. However, planes are being planned that will fly
higher than the cruising altitudes of present passenger planes
to reduce fuel consumption. The effective dose during the first
hour of GLE69 at the location with the maximum solar cosmic
ray flux in the Earth’s atmosphere at an altitude of 16 km asl
was ∼8.7 mSv.
The effective doses computed with PLANETOCOSMICS
during GLE69 and GLE70 are listed for selected flights in
Table I. For comparison, the dose values for some flights
during GLE69 are given from a work by Lantos [7]. In addition, information about the flight routes (duration of the flight,
maximum altitude and maximum geomagnetic latitude during
the flight) are listed. The departure times were chosen so that
the effective doses are maximal, i.e. worst case scenario. As
there is no information given about the flight profiles in the
paper by Lantos [7], it is possible that the flight routes used
by Lantos slightly differ from the ones used in our analysis.
The results by Lantos are significantly lower than the values
determined in this work for most of the investigated flights,
e.g. for the flight Paris-Tokyo the dose value by Lantos is lower
by more than a factor of three! Unfortunately it seems that
GLE69 was not measured on board any airplane. Therefore
we have investigated a number of possible reasons in order to
describe the difference in the results of the computed effective
doses.
Our GLE analysis with the data of the worldwide network
of NMs results in a rather soft rigidity spectrum during both
GLEs. In the course of GLE69, the power law exponent,
γ, is between 7 and 8, whereas Lantos [7] obtained a γ
value roughly between 6 and 7 from ratios of Kerguelen and
Moscow, Kerguelen and Newark, as well as Kerguelen and
Kiel NM data. From the difference in the power law spectral
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Fig. 3. Computed effective dose rates at an atmospheric depth of 250 g/cm 2 (altitude: ∼10.4 km asl) due to combined solar and galactic cosmic rays
(GCR intensity corresponds to Fd level around GLE onset) during times with maximum solar cosmic ray flux for GLE69 (top) and for GLE70 (bottom) at
northern (left) and southern (right) hemisphere regions. In addition, selected flight paths are plotted: Chicago–Beijing, Paris–New York, Paris–San Francisco,
Paris–Tokyo, Tokyo–Paris (polar route), and Buenos Aires–Auckland.

Flight
Buenos Aires - Auckland
Chicago - Beijing
Paris - New York
Paris - Washington
Paris - San Francisco
Paris - Tokyo
Tokyo - Paris (polar)

Duration
[min]
980
791
439
—
698
640
896

Max. alt.
[km]
12.2
11.3
11.9
—
11.9
11.3
11.3

Max. geomag. lat.
[◦ ]
66
86
45
—
77
64
89

GLE691)
[µSv]
550
282
68
—
361
226
263

GLE692)
[µSv]
—
—
—
92.5
139.7
68.4
111.7

GLE701)
[µSv]
190
114
56
—
126
101
131

TABLE I
C OMPUTED EFFECTIVE DOSES FOR SELECTED FLIGHTS DURING GLE69 AND GLE70 ( COLUMNS 5–7). 1) :
BY

L ANTOS [7]. I N

ADDITION , THE DURATION OF THE FLIGHTS ( COLUMN

GEOMAGNETIC LATITUDE ( COLUMN

4)

2), THE

THIS WORK , 2) : ACCORDING TO THE WORK

MAXIMUM ALTITUDE ( COLUMN

OF THE FLIGHT PROFILES USED FOR THE COMPUTATIONS MADE WITH
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3), AND THE MAXIMUM
PLANETOCOSMICS ARE LISTED .

parameter, it is expected that the effective dose for low latitude
flights from our analysis should be lower than the values from
the investigations made by Lantos. In fact, as can be seen
from Table I, our value for the low latitude flights from Paris
to New York is somewhat smaller than the value by Lantos for
the comparable flight from Paris to Washington. Furthermore,
the model SiGLE [6] does not take into account the anisotropy
of the SCR flux. However, Lantos made a correction for the
anisotropy for the flights from Paris to San Francisco and from
Tokyo to Paris along the polar route due to the data of NM
stations along the flight routes. Lantos [7] uses the CARI-6
model for the determination of the effective dose caused by
GCR. The GCR contribution to the effective dose determined
by Lantos for the selected flights during GLE69 is about
10% higher than the corresponding values computed with the
PLANETOCOSMICS model. An exception is the flight route
Paris to Tokyo where the GCR contribution determined with
the two models is about equal.
Furher possible reasons for the difference in the computations of dose values with different models are:
1) the
determination
of
the
cutoff
rigidities.
PLANETOCOSMICS utilizes the updated geomagnetic
field by using the models IGRF and Tsyganenko89
including the current Kp index; CARI-6 uses the IGRF
model for 1995 period, and EPCARD uses IGRF for
1990 period.
2) different physics models of the interactions of cosmic
ray particles with the atmosphere,
3) unequal conversion of secondary particle fluxes to dose
rates, and
4) different conversion of altitude to atmospheric depth.
The check of the PLANETOCOSMICS model has been
done by comparison of calculated effective doses caused by
GCR with different models. The effective dose values computed with the PLANETOCOSMICS, CARI-6, and EPCARD
models are listed in Table II. The effective doses are calculated
for the same flight routes as in Table I and for GCR flux
levels that correspond to the conditions in January 2005
and in December 2006. For January 2005 the heliocentric
potential Φ=595 MV and for December 2006 Φ=375 MV
are used. These values for Φ correspond to the GCR flux
before the onset of the Forbush decreases. The dose values
computed by CARI-6 are by trend lower than the values
calculated by EPCARD (typically 10-15%) with the exception
of the flight from Paris to Tokyo. The values computed with
PLANETOCOSMICS differ from the values obtained with
CARI-6 by -9% to 48% and with EPCARD by -11% to 20%.
Figure 5 shows the effective dose rates caused by the
GCR versus geographic latitude computed with the models
PLANETOCOSMICS, CARI-6, and EPCARD on 15 December 2007, 1200 UT, at geographic longitude 0◦ and at
an atmospheric depth of 250 g/cm2 . This time period has
been selected specifically because it represents a constant and
high GCR flux. At high geographic latitudes the effective
dose rates calculated by the PLANETOCOSMICS model are

Fig. 5. Computed effective dose rates versus geographic latitude at geographic longitude 0◦ on 15 December 2007, 1200 UT with the models
PLANETOCOSMICS, CARI-6, and EPCARD. The heliocentric potential Φ
is 287 MV.

∼6% higher than those determined by EPCARD and ∼17%
higher than those by CARI-6. However, at low latitudes the
PLANETOCOSMICS model produces values that are lower
than the EPCARD (22%) and CARI-6 (36%) values.
IV. S UMMARY

AND

C ONCLUSIONS

Close to the end of solar cycle 23, the Sun showed two
phases with high solar activity in January 2005 and in December 2006. During both periods two large GLEs were recorded
by the worldwide network of NMs. Both solar cosmic ray
events occurred during a Forbush decrease and were extremely
anisotropic during the initial and main phase. The GLE69
was the second largest observed GLE after the event on 23
February 1956, and GLE70 was one of the largest in solar
cycle 23.
The computations with PLANETOCOSMICS [9] during
GLE69 show a relative increase in the effective dose for
selected flight profiles of 90-500% compared to the dose level
before the onset of the GLE. The corresponding increases during GLE70 were estimated with PLANETOCOSMICS to be
20-70%. For GLE69 Lantos [7] reported effective doses caused
by GCR and SCR along selected flight routes that are significantly lower than the computations with PLANETOCOSMICS
for high latitude routes. A possible reason for this discrepancy
is the difference in the rigidity spectrum that was used in
the two models. From the GLE analysis of the NM data
we obtained a significantly softer rigidity spectrum (spectral
parameter γ ∼7–8) than in the work by Lantos [7] (γ ∼6–7).
The comparison of different models to compute the effective
dose rate in the atmosphere caused by GCR showed that
the values computed with the PLANETOCOSMICS model
are higher than the values from the CARI-6 (∼6%) and
EPCARD (∼17%) models at high latitudes. To understand the
discrepancies between the results of the different models in
detail and to enhance the quantitative quality of the models,
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Flight
Buenos Aires - Auckland
Chicago - Beijing
Paris - New York
Paris - San Francisco
Paris - Tokyo

Duration
[min]
980
791
439
698
640

Max. alt.
[km]
12.2
11.3
11.9
11.9
11.3

Max. geomag. lat.
[◦ ]
66
86
45
77
64

CARI
[µSv]
82
65
32
60
57

GCR Jan 2005
EPCARD
this paper
[µSv]
[µSv]
102
110
75
70
47
42
75
71
56
52

CARI
[µSv]
90
74
37
70
64

GCR Dec 2006
EPCARD this paper
[µSv]
[µSv]
111
133
81
84
50
49
82
85
60
61

TABLE II
C OMPUTED EFFECTIVE DOSES DUE TO GCR ONLY FOR SELECTED FLIGHTS IN JANUARY 2005 ( HELIOCENTRIC POTENTIAL Φ=595 MV, BEFORE
F ORBUSH DECREASE (F D )) AND IN D ECEMBER 2006 (Φ=375 MV, BEFORE F D ) BASED ON CARI-6 [3], EPCARD [4]

SOFTWARE , AND AS DETERMINED

G EANT 4 SOFTWARE PACKAGE PLANETOCOSMICS [9]. I N ADDITION , THE DURATION OF THE FLIGHTS ( COLUMN 2), THE
MAXIMUM ALTITUDE ( COLUMN 3), AND THE MAXIMUM GEOMAGNETIC LATITUDE ( COLUMN 4) OF THE FLIGHT PROFILES ARE LISTED .

IN THIS PAPER WITH

further investigations are needed. For example, the dose rates
must be computed for a GLE when dose measurements on
board an airplane were made, e.g. during GLE on 15 April
2001.
The analysis of GLE69 showed that the effective dose rates
during solar cosmic ray events can increase several orders of
magnitude at flight altitudes within only a few minutes.
We computed a dose of ∼1.4 mSv for the entire duration
of GLE69 at the location of maximum solar cosmic ray flux
(72.5◦S, 135◦E) and at an altitude of ∼11 km asl with the
PLANETOCOSMICS model. This value corresponds to a
typical effective dose received during ∼250 flight hours due to
pure GCR. Due to the above mentioned facts it is important
to determine dose rates at flight altitudes during a GLE as
quickly as possible after the detection of a SCR event. Within
the seventh framework program project NMDB [15] effective
dose rates will be computed based on NM data in near realtime.
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INVESTIGATION OF THE ONBOARD
INSTRUMENTS PHOTOCURRENT DURING
SOLAR MAXIMUM
Stefan K. Chapkunov, Nikolay G. Bankov, Rumen G. Shkevov and Marusya B. Buchvarova

Abstract—The characteristics of the photocurrent emitted by
the onboard space plasma instruments of the satellite
“Intercosmos Bulgaria - 1300” were investigated. A massive
search was made in the existing data base for the interesting
registered events during the full satellite life. Precision solar
spectrum data for the present solar minimum are applied to the
possible photocurrent zones for the different materials used in the
space instrumentation. Special attention was given to the 21st
cycle solar maximum. All interesting orbits were found close to
the peak of the solar activity of this cycle. The data processing
results are shown in the chart.

1.

INTRODUCTION

T

HE satellite “Intercosmos Bulgaria-1300” (ICB-1300) was
launched at 13:35h on 7 august 1981 to an almost polar

Fig.1. The 21st solar cycle sunspot number [5], [6] with
absolute maximum in September 1979.
orbit with initial parameters - perigee 826 km, apogee 904 km,
and inclination 81.2° from the launching platform №43/3 from
Plesetsk cosmodrome with the Vostok-2M carrier. It is known
also as “Intercosmos 22” with catalog number 1981-075A.
The spacecraft was three-axis stabilized, based on the Meteor
bus, with the negative Z-axis pointing toward the center of the
earth and the X-axis pointing along the velocity vector with
accuracy of ±1°. The weight was 1500kg and electrical power

of the solar battery was 2kW. The scientific payload consists
of 12 instruments - 11 for space plasma, electric and magnetic
fields investigations, aeronomic studies and one for geodesy
purposes. All satellite surfaces were electrically conductive
including solar panels. These technical data will be used later
in the analysis of the photoeffect from the surface of the
cylindrical Langmuir probe that worked onboard ICB-1300.
The launching and the main measurements made by ICB-1300
were done during the period of the 21st solar cycle.
Information about solar cycles can be found in [1]- [3].
Different graphical charts for the 21st solar cycle can be found
in [4]-[6]. As it can be seen from Fig.1, the duration of the 21st
solar cycle is from 1976 to 1986, and maximum of the solar
activity is from September 1978 to April 1982. For this period
the sunspot number was between 130 and 190. The absolute
maximum was in the beginning of September 1979 with 190
sunspots. On Fig.1 the red line is the monthly smoothed
sunspot number [5] and the blue line (the jumping one) is the
actual monthly sunspot number as taken from [6]. The
observations of the total solar irradiance (TSI) for the 21st
cycle from space based instruments were still at their
beginnings. As it can be seen in [7], there were two working
instruments aimed to investigate TSI during 1980-1985 –
NIMBUS7/ERB and SMM/ACRIM1. In [7]-[9] it is shown
that those scientific instruments provided different results in
their measurements, and their data cannot be used for a correct
comparison between TSI spectra from different solar cycles.
This fact leads directly to uncertainties during the active life
period of the “ICB-1300”. From [9] it can be evaluated that
differences between data of those instruments in measured
value of the TSI are within 5-6 W/m2. That is one of the
reasons to process the amplitudes of the solar spectra for more
recent time periods, but the main one is the absence of
continuous data for the daily solar spectrum in the wide range
including diapason below 300nm and 100 nm for the 21st solar
cycle maximum. There are data available from different
sources for TSI in this period with gaps in the ranges of the
wavelength. Unfortunately for our calculation they are
unusable.
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made for a concrete day. In Fig.3 the data and the interpolation
curve for the 1st September 2008 are shown.
2. ANALYSIS
Let us assume that the monochromatic energetic flux on
the body is Eν, and the body potential is φ0 = 0. The flux of
the photoelectrons Nф from a unit surface in one unit of time
can be estimated by the relation (1).
∞

Eν
kν dν
ν
h
0

Nф = ∫

(1)

There kν is the quantum yield of the body material for the
radiant flux with frequency ν, and h is the Planck's constant.
The full photocurrent from the surface of the spherical body
with radius R0 (we do not account for the effect of the angle
of the flux) on the quantum effectiveness will be (2):

I Φ = π R 02 N

Φ

e

(2)

Fig.3. Interpolation of the solar spectrum for 01.09.2008
with cubic spline function.

There e is the electron charge.
It is necessary to point out that with growing positive body
potential a shielding layer of negative volumetric charge is
formed nearby, which causes a reduction of the photocurrent.
3. NUMERICAL CALCULATIONS

The red markers (+) are the data and the blue line is the cubic
spline interpolation. From this it is easy to make the
integration. On Fig.4 is shown the profile of the received value
of the integrated solar spectrum. The energy levels below 130
nm are usually low.

The calculations will be made based on the data for the TSI
available from [10], [11] for the daily solar spectrum for the
present year.In Fig.2. [6] is shown the 23rd solar cycle. On
January 4, 2008 a reversed-polarity sunspot appeared —the
signal for the start of solar cycle 24. September of 2008 is
close to the absolute zero of sunspot numbers and concretely
for the 1-st September 2008 it is taken as zero [12].

Fig.4. Curve of the spectrum integration for 01.09.2008.
The integration diapason is chosen there by physical reasons
– above 300 nm the photoeffect is impossible.
Fig.2. The 23rd solar cycle sunspot number profile.

Based on this it has become possible to make some
numerical analysis for the difference between the solar
maximum in the 21st cycle and the present absolute minimum.
For this an integration of the solar spectrum energy can be

It is not difficult to calculate the diapason of the
frequencies, where photoeffect takes place. For the aluminum
(Al) the beginning is at wavelength λ=290nm, for the tungsten
(W) λ=275nm, and for the gold (Au) λ=230nm. All these
values can be seen in Fig.5. They are placed on the plotted
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solar spectrum for 17 May 2008. In this day [12] sunspot
number is 12. Additional information on the photoemission
and on the work function for the different materials is
discussed in [14], [15].

4. EXPERIMENTAL RESULTS
The analysis of massive searches of events for CLP
shadowing effects shows some important results. The
shadowing can be classified mainly into two classes. The first
one is shadowing by the satellite body, and the second one is
the shadowing by the power panels. The analysis led to the
following result: both types of shadowing are comparable - the
average reduction factors of ne for the two types are:
Panel shadowing - ∆ ne ≅ 3.5. 10
Terminator effect - ∆ ne ≅ 7.10

3

3

cm-3

cm-3

(3)
(4)

The calculated amplitude of the collector's current is possible
to estimate by the formula:

i u ≅ a . n .e .v 0 . S

(5)

Where:

α - transparency coefficient of the sensor,
-3

Fig.5. Comparison of the zones of the photoeffect for different
materials on the solar spectrum for 17.05.2008.

n - density in cm
e – electron charge
vo - spacecraft velocity in cm/s
S - sensor effective surface for charge collection.
From (5) for the satellite surface photocurrent can be
calculated:
i ≅ 105.1010e [cm-2.s-1] = 166.10-9 [A.cm-2] (6)
The analysis of the found orbits with the recognized
phenomenon of the probe shadowing effect allows us to
estimate directly the photocurrent emitted from the CLP
surface. Fig.7 shows the curves for the orbit 232. The potential
difference between probe and satellite body was also directly
measured by an electrostatic field measurement instrument IESP. In the moment of the crossing of the terminator
UT≈21.04h the electron density ne is jumping. To provide
correct space plasma investigations it is necessary to have an
equipotential spacecraft body. This can be achieved by the
additional covering of the solar panels with a conducting grid.
By this the satellite body surface increases significantly. The
proportion of the conducting surfaces between the satellite
body and cylindrical Langmuir probe is more than 1000 times.
Moreover, on the lighted part of the orbit this proportion
guarantees the negative potential of the CLP surface in
reference to the spaceship. It must be mentioned that the orbit
232 is on the 23 August 1981. For this day [12] the number of

Fig.6. Extended photoeffect zone for the Au on the solar
spectrum for 01.09.2008 in range of 0.5nm to 350nm.
The gold (Au) is one of the metals often used for the
plating. In our case the surface of the Cylindrical Langmuir
Probe (CLP) that worked onboard ICB-1300 was with golden
surface. The range of the photoeffect zone based on the solar
spectrum data for the 1st September 2008 is shown in Fig.6.
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Fig.7. Electron ne and ion ni densities and satellite body potential measured onboard “Intercosmos Bulgaria -1300” and
shadowing effect on CLP ne measurements observed on the orbit 232.
sunspots is 200. From Fig.1 it can be seen that this orbit is
close to the absolute maximum of the sunspot numbers for the
21st solar cycle .
With the red circle on the orbit is marked the shadowing of
the CLP onboard ICB-1300 by the power panels. The curves 3
and 4 below the red circle are not affected by the shadowing
effect. This shows that the satellite potential is not affected
seriously by the shadowing.
5. CONCLUSIONS
The measuring of the electron density ne by the double
asymmetrical probe (satellite body – spherical electric field
probe) leads to the dependence of the parameters of the
density ne and satellite body potential, which can be seen from
the analyzed results.
The photocurrent influence on the satellite potential is weak.
This is clearly expressed by the behavior of curve 3 in Fig. 7.
The mathematical calculations show a good agreement with
results received from other researchers.
The observed phenomenon of the photocurrent in the 21st
cycle of the solar maximum allows to assume that for a short
time period less than 5 minute the measured ne can be
changed by 3.5 ÷ 4.103 cm-3 .
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GALACTIC COSMIC RAY – CLOUDS
EFFECT AND BIFURCATION MODEL
OF THE EARTH GLOBAL CLIMATE
V.D. Rusov, A.V. Glushkov, V.N. Vaschenko, O.T. Myhalus, S.I. Kosenko, S.Ch. Mavrodiev,
B. Vachev

Abstract— The possible physical linkage between the cosmic rays
− cloud and indirect aerosol effects is discussed using the analysis
of the first indirect aerosol effect (Twomey effect) and its
experimental representation as the dependence of mean cloud
droplet effective radius versus aerosol index defining the column
aerosol number. It is shown that the main kinetic equation of
Earth climate energy-balance model is described by the
bifurcation equation (relative to the surface temperature of the
Earth) in the form of fold catastrophe with two controlling
parameters defining the variations of insolation and Earth
magnetic field (or cosmic rays intensity in the atmosphere)
respectively. The results of comparative analysis on the timedependent solution (time series of global palaeotempreture) of
Earth climate energy-balance model taking into account
nontrivial role of galactic cosmic rays and the known
experimental data on the palaeotemperature from the EPICA
Dome C and Vostok ice core are presented.

1. INTRODUCTION

T

he fact that galactic cosmic rays (GCR) play one of key
parts in the mechanisms responsible for the weather and
climate variations observed at our planet is highly plausible
[1]. Summarizing the outcomes of numerous studies (see, e.g.
[1,2]) concerned with the influence of cosmic ray flux (CRF)
on atmospheric processes, particularly on the formation of
aerosols (condensation centres of water vapour), the following
causal sequence of events can be appointed: brighter sun →
modifications of solar activity and insolation → modulation of
galactic CRF → changes of cloudiness and thunderstorm
activity → change of albedo → variations of weather and
climate.

This paper have for an object a development of energybalance model of climatic response to orbital variations, which
takes into account an influence of galactic cosmic rays on
global climate.

2. ON POSSIBLE RELATION BETWEEN COSMIC-RAY-CLOUD AND
INDIRECT AEROSOL EFFECTS

It is known, that the indirect observation of Twomey effect
(the first indirect aerosol effect) can be made by comparing
cloud droplet size and aerosol concentration. In fact, a
dependence of CDR on AI (Fig. 1) is measured in actual
satellite observations by means of radiometers [3]. This is
determined by the fact that "CDR is more sensitive to the
aerosol index than to the optical thickness, which is to be
expected, because the aerosol index is function of the CCN
(cloud condensation nuclei) concentration" [3]. It can be easily
shown that the observed dependence of CDR on AI over
oceans and land is represented (with approximation sufficient
for our purpose) as the empirical dependence

1
η 
AI = 
−

 0.6reff − 4.385 reff reff 

(

1.429

)

 0, over ocean,
, η =
0.63, over land ,

where reff =〈r3〉 ⁄ 〈r2〉 is the mean CDR, and r is the radius of
the cloud droplets.
Further on we will use the fact the number of aerosol
particles that may act as CCN, NCCN, and the number of cloud
droplets, Nd , are approximately related through [4]
α
N d ≈ ( N CCN ) .
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(1)

(2)

Taking into account that, on the one hand, cloud process
models and measurements indicate that α is on the order of
0.7 [3], and, on the other hand, AI ~ NCCN [3], using Eqs. (1)
and (2) we introduce the following expression for the
concentration of cloud droplets:
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Nd ≈

(0.6r

eff

1
η .
−
− 4.385)reff reff

(3)

It is noteworthy that the pronounced minimum at reff ≈14 µk
appears in the solution of Eq. (5) (Fig. 2). This minimum can
be seemingly associated with the so-called precipitation
threshold [21]. In further considerations, we take into account
the left-hand portion (with respect to the minimum) only of
this relation.

Fig. 1. Effect of aerosol on cloud droplet: mean cloud
droplet effective radius (CDR) as a function of aerosol load
[3]. The two curves show the mean CDR as a function of
aerosol index (AI) for land (lower curve) and ocean (upper
curve). The error bars represent the confidence level of the
mean value, i.e., σ n − 2 , where n and σ are the number of
CDR measurements within the bin and their standard deviation
[3]. The values of empirical relation CDR=f (AI) in the form
of (1) for land (■) and ocean (□) are presented.
Then the volume of liquid water in the atmosphere "over the
ocean" or "over the land", VW, equals to
2

4
4π reff 
1
3
VW = piVatm ⋅ π r N d = piVatm ⋅
− η  , (4)
3 

3
3 k r  0.6reff − 4.385


where Vatm ≅ const is the total volume of the atmosphere, pi is
the portion of the atmosphere volume "over the ocean" or
"over the land", 〈r〉 ≈ kr ⋅reff is the mean radius of cloud
droplets. Therefore, the averaged total volume of liquid water
in the atmosphere can be defined as
VW = Vatm ⋅

2
4π reff
3 k r3



S land Λ
1
−
0.63 ,

 0.6reff − 4.385 S ocean + S land


(5)

Fig. 2. Mean total volume of liquid water 〈Vw〉 in the
atmosphere as a function of cloud droplet effective radius
(CDR). Minimum at reff ≈14 µm (vertical dotted line)
corresponds to the so-called precipitation threshold. Left-hand
part with respect to the minimum (hatched) is defined by the
inverse linear dependence 〈Vw〉 from CDR.
Equation (5) can be reduced since the actual variations of
temperature, ∆Т, which are assigned to the "warm" and "ice"
ages of the Earth climate, lie in the relatively narrow range.
Note that the temperature fluctuations derived from EPICA
Dome C [5] and Vostok ice core [6] are ±(4÷6) K. Taking
under consideration this fact, it is not difficult to show on the
basis of experimental data [7,8], that to such increments ∆Т
correspond (due to the inverse linear dependence [7,8]) small
increments of mean CDR: ∆reff ~~2 to 3 µm.
Therefore, it can be supposed that the actual scenarios of
global climate "know" and "feel" the relatively small range of
the CDR values from a quantity of permitted values (reff≈8 to
14 µm) lying in the left of the precipitation threshold line in
Fig.2. This property of climatic scenarios allows, in turn,
reducing the expression for the averaged total volume of liquid
water in the atmosphere. Then, a first approximation of (5) can
be written as an inverse linear dependence on the CDR (see
Fig. 2) or as a direct one from the temperature

Λ = Λ ( reff − 7.7) − Λ ( reff − 9.6),
where Λ(x) is the integral of δ-function
x
1, x ≥ 0;
Λ ( x ) = ∫ δ ( z ) dz = 
0, x < 0;
−∞

Sland and Socean are the areas of land and oceans respectively;
Sland /( Sland + Socean )≅0.29.

Vw ≈ k w (a − breff ) = a w + bwT .

(6)

Now, the following procedure to calculate the total water
(vapour and liquid) in the atmosphere, 〈 Vw+v〉 can be offered.
There is a general argument to suppose that the theoretical
dependence of water vapour volume 〈 Vv〉 on the temperature is
the same as (6), but this dependence differs in quantitative
characteristics only. This allows supposing that the total
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volume of water (vapour and liquid) in the atmosphere 〈Vw+v〉
is directly proportional to surface temperature
V w + v = V w + Vv ~ T .

(7)

Therefore, if (6) is linear with regard to the temperature, in
view of (7) the dependence for the total volume of water
vapour 〈Vv〉 must also be linear with regard to the temperature.
Then (7) can be rewritten as follows
V w+ v ≈ a wv + bwv T .

Gw (T , t ) = ε w ρ wθ Vw ,

(10)

(8)

As it was mentioned earlier, the cosmic ray effect and the
indirect effect of aerosols on cloud are the similar in that both
are driven by change in aerosol number [9]. Although these
effects, in our opinion, are connected by a common
"microphysics", (1) not contains a term responsible for the
cosmic ray effect. In further paragraphs, we try to examine
reasons why such a term is absent in (1) and to "rehabilitate" it
in the general case of various time intervals.
Such a view of (8) is the direct consequence of basic
assumption of our model: we assume that the temperature of
ECS is defined by not single controlling parameter, but by two
ones - the insolation variations and GCR intensity fluctuations
(or fluctuations of Earth's magnetic field). In the next section,
we consider the energy-balance model of Earth's climate with
two controlling parameters.

3. CATASTROPHE THEORY AND ENERGY-BALANCE MODEL OF
GLOBAL CLIMATE

By act of energy conservation law, the actual heat rate of
Earth's radiation is approximately equal to the difference
between the rate of long-wave radiation of Earth's surface,
I(T,t), and the heat energy re-emitted by the liquid water, Gw(T,
t), water vapour, Gv(T, t), and carbon dioxide, GCO2(T, t). With
the purpose of simplification, we not consider other
greenhouse gases. Since the radiant equilibrium can be
achieved at time scales of 104 to 105 years, the inclusion of
greenhouse effect results in the following energy-balance
equations for the ECS
1
U (T , t ) = PSun (t ) ⋅ [1 − α (T )] − I Earth (T ) + Gw (T , t ) +
2
,
1
1
+ Gv (T , t ) + GCO (T , t ),
2
2

of Earth's surface, K; γ is the area of atmosphere outer
boundary, m2; t is the time, for which the energy balance is
considered.
First, examine the question on functional dependence for the
rate of heat energy Gw(T, t) re-emitted by the liquid water on
the temperature. It is obvious that (6) for mean total volume of
liquid water in the atmosphere allows writing down the
following relation for the rate of re-emission

where εw is the mean radiant power per the unit mass of liquid
water, ρw is the density of liquid water, θ=<∆Vw>/< Vw > is the
share of the near-surface liquid water volume in the clouds,
which effectively reradiates in the atmosphere the earlier
absorbed (in the long-wave range) solar energy. Obviously,
due to the finite but small in magnitude length of selfabsorption of the reradiated energy in the clouds, the share of
the effectively reradiated liquid water volume will be inversely
proportional to the complete liquid water volume 〈 Vw〉 in the
clouds, and hence, directly proportional to the change in the
cloud covered area ∆Πcloud. But then, due to the validity of the
experimental law of Svensmark and Friis-Christensen [1], the
following approximate equation can be written

θ Vw = ∆Vw ~

Gw (T , t ) =

(9)

where the first member U(T, t), if it is nonzero, describes a
magnitude of so-called "inertial" rate of heat variations in the
ECS; PSun(t)=(1/4(1-е2))S0⋅γ≅(1/4)S0⋅γ is the heat flow of solar
radiation at the top of atmosphere, W; S0=1366.2 W/m2 is
“solar constant; e is the eccentricity of the Earth’s elliptic
orbit; α is the albedo of ECS; IEarth=γδ(σT4), W; δ=0.95; σ is
the Stephen-Boltzmann constant, W/m2K4; T is the temperature

(11)

where ∆Πt /∆Πt=0=Π⊕ and ∆Φt /∆Φt=0 =Φ⊕ are changes in the
increment of the cloud “covered” area ∆Πt and in the galactic
ray intensity ∆Φt in a moment of time t with respect to
analogous magnitudes measured, for example, at the present
time t=0.
Further on, we suppose that the mean power of reradiation
of a unit mass of liquid water, εw, to a first approximation
depends linearly on ECS temperature. Then, taking into
account (11) we introduce in (10) the linear dependence εw on
ECS temperature:

=

2

∆Π t =0 ∆Φ t =0
1
~
~
= Φ ⊕−1 ,
∆Φ t
Vw
∆Π t

γh
Vatm

γh
Vatm

(

ε w ρ wθ Vw =

(12)

)

ρ w awε T 2 + bwε T + c wε Φ ⊕−1 (t ),

where h is mean height of the atmosphere , 〈 Vatm〉≈γh.
It is necessary to consider here the details and difficulties in
calculating the dependence of cosmic ray intensity on time.
First, when calculating the intensity, it has to be taken into
account that in the highest layers there are two factors exerting
effect on it:
a) modulations determined by solar wind (this effect is in
correlation with solar activity and exhibits strong temporal
dependence at time scales ≥10 years, as well as in the
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important case for us at the millennial time scale it is
correlated with the Earth’s eccentricity);
b) cutting the low-energy part of cosmic ray spectrum at the
expense of the geomagnetic fields (this effect depends on the
broadness of the locality and its dependence on time is
sufficiently small).
Second, solar wind slows down the cosmic rays. This effect
is usually described by the diffusion convection model, which
leads to the following formula for the observed spectrum
I(p,r,t) [10]
Φ ⊕ ( p, r , t ) =

 rmax υ (t )

I ( p, r , t )
= exp − ∫
dr ′ ,
′
(
,
,
)
I ( p)
D
p
r
t
 rmin


(13)

where rmin is the distance from the Earth, rmax is the distance of
solar wind from the Sun, υ(t) is solar wind velocity , D is
diffusion coefficient , I(p) is spectrum in interstellar space
depending on the p particle momenta.
This effect becomes maximal both in years of maximum
solar activity at time scales ≥10 years and in the time moments
of minimal eccentricity of the Earth’s orbit at the millennial
time scale. For example, a proton ray with energy of 1 GeV
turns to be twice bigger for minimal solar activity than in the
case of maximal solar activity. This effect is decreased to
<10% for Ep=10 GeV, which, by the way, is shown in the
experiments of Svensmark and Friis-Christensen [1].
Unfortunately, it is obvious that the calculation on the basis
of (13) or the use, for example, of the geophysical
reconstruction data (according to the traces in meteorites) of
the temporal evolution of cosmic ray intensity at the millennial
time scale is practically impossible at present. For this reason,
it seems that the necessary verification of the global climate
model with two governing parameters (insolation and cosmic
ray intensity) by comparing the model solutions and the known
experimental time series of palaeotemperature (e.g., the
Vostok ice core data [6] over the past 420 kyr and the EPICA
ice core data [5] over the past 730 kyr), becomes, at first
glance, insurmountable problem. In our opinion, however,
there is one “hinge” allowing the encompassment of this
problem, although approximately, with certain limitations.
This is done in the following manner.
It is known that the intensity of galactic cosmic rays,
reaching the middle troposphere, is modulated by solar wind.
However, when solar wind “sweeps” to one extent or another,
the galactic protons, it excites at the same time to one extent or
another the Earth magnetic field due to the magnetic
reconnection phenomenon [5]. In other words, the higher the
solar wind magnetic strength, the higher the relative reduction
of intensity of cosmic rays reaching the middle troposphere
and effectively participating in cloud formation, and the higher
the relative increase of the Earth magnetic field. If these
physically determined relations are expressed in terms of
formulas, the following approximate inverse relation will be
obtained for the dependence of the relative changes in intensity

Φ⊕ of galactic cosmic rays and the relative changes H⊕ of
the

Earth’s magnetic field:
Φ ⊕ (t ) =

∆Φ t
H
~ t =0 = H ⊕−1 (t ) , H ⊕ (t ) ≥ 0.5 ,
∆Φ t =0
Ht

(14)

where Ht /Ht=0 = H⊕ is changes in the Earth’s magnetic field Ht
in time t, with respect to analogous magnitude, measured in the
present time t=0.
It has to be reminded again that (14) represents rough
approximation. Our aspiration of achieving the transformation
by means of (14) from the temporal sample of Φ⊕ values
to the

analogical sample of H⊕ values, is explained by the remarkable
circumstance that the temporal sample of H⊕ values may be
determined on the basis of experimental magnetic palaeodata
of Yamasaki and Oda [11]. For example, the temporal
evolution of the relative changes H⊕ (t) of the Earth’s magnetic
field at the millennial time scale can be calculated using the
expression

H ⊕ (t ) =

Ht
M χ
= t 0 ,
H t =0 χ t M 0

(15)

where M=χH is magnetic moment per unit volume or
magnetization; χ is magnetic susceptibility.
The necessary experimental data connected with the
measurements of the magnetization Mt and magnetic
susceptibility χt at the millennial time scale, have been
obtained and presented in the work of Yamasaki and Oda [11]
for a time period t ∈ [0, 2.25] million years.
In this way, taking into account (14), the expression (12) for
the energy of liquid water in the clouds assumes the following
form:

G w (T , t ) =

γh
ρ w a wε T 2 + bwε T + c wε H ⊕ (t ) . (16)
Vatm

(

)

In analogical way the expression can be obtained for the
power of thermal energy Gv(T,t), reradiated vapour water,
found in the clouds:
Gv (T , t ) =

γh
ρ v a vε T 2 + bvε T + cvε H ⊕ (t ) ,
Vatm

(

)

(17)

where εv is mean reradiation power per unit mass vapour
water, W/kg; ρv is the density of vapour water; 〈Vatm〉 ≈γh.
To examine a question on the functional dependence for the
rate of heat energy GCO (T,t) on the temperature of ECS, use
2

the analysis of known experimental data on the variations of
temperature and carbon dioxide content over the past 420 kyr
from the Vostok ice core [6] and and over 730 kyr from the
EPICA ice core [5]. It is obvious that these data are highly
linear correlated. Therefore, it can be supposed that the
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GCO2 (T , t ) =

where ε CO

γh
Vatm

ε CO βT ,

bµ = ( ρ w bwε + ρ v bvε )γ −1 ,

(18)

[W

]

m2 K 2 ,

m2 K

],

2

c µ = ( ρ w c wε + ρ v c vε )γ −1 ,
2

[W

aµ = k H ( ρ wawε + ρ v awε )γ −1 ,

dependence for the rate of heat energy on the temperature of
ECS is also linear

[W

m2

].

is the radiant energy of unit mass of carbon

dioxide, β is the accumulation rate of carbon dioxide in the
atmosphere, which is normalized at the unit of temperature, kg/
K.
Theoretically this dependence can be also explained within
the three-mode radiative model of the kinetics processes in the
atmosphere [12]. Indeed it is provided by the energy and heat
exchange processes in the mixture CO2-N2-O2-H20 of
atmospheric gases interacting with electromagnetic radiation
[12]. In the absorption of electromagnetic radiation by the
atmospheric molecular gases a redistribution of molecules on
the energy levels of internal degrees of freedom occurs and the
saturation of absorption results in the changes of the
absorption coefficient of gas. In our case, in fact the formation
and accumulation of the excited molecules of nitrogen owing
to the resonant transfer of excitation from the molecules CO2
results in the change of environment polarizability, but
conserves the linear dependence of the rate of heat energy on
the temperature of ECS.
It must be added that the dependence for the effective value
of albedo on the temperature of ECS is chosen as the
continuous parameterization

where awε, avε, bwε, bvε, cwε, cvε are constant coefficients with
dimensions determined by (17), (18) and (19), respectively
It is obvious that (20) describes the collection of energybalance functions U∗(T,a,b), which depend on two controlling
parameters, a(t) and b(t). Also, this collection represents socalled potential of fold catastrophe [13].
In future, we will be interested by the type of the
“excited” equation (20) or, more exactly, the equation of fold
catastrophe (20) relative to the increment ∆Т=Т−Т0 of the
following view: U(T0+∆T,a,b)−U(T0,a,b) =∆U, where T0 is the
mean ECS temperature averaged at the respective time interval
∆t. Also, the increment for the first right-hand term in (20) can
be present in the following equivalent form:
(T0 + ∆T ) 4 − T04 ≅ 7 ⋅10−3 ⋅ T03 ⋅ (∆T ) 4 + 4 ⋅ T03 ⋅ ∆T at ∆T = 0 ÷ 4K , (24)

for which the mean error of approximation at given range of
temperature not exceeds 0.01%.
Let us remind that the normalized variations of insolation,
∆W =

α = α 0 − ηα ⋅ (T − 273) .

(19)

Equation (19) represents well, for example, the behavior of
albedo (under α0=0.5360, ηα=0.01513 K-1) in the temperature
range of 282 to 290 K.
Finally, assembling all partial contributions of heat fluxes
(16)-(19) and IEarth =γδ(σT4) into the finite energy-balance
expression (9), we derive
1
1
U (T , t ) = T 4 + a (t ) ⋅ T 2 + b(t ) ⋅ T ,
4
2
∗

W − W0 ,

σS

(25)

with mean value <∆W>=0 and dispersion σ ∆2W =1 is applied
more often for the simulation of the ECS.
Deriving an equation in the form (20) with respect to ∆Т,
the following expression for the increment of heat rate ∆U∗ can
be defined
∆U ∗ (∆T , t ) ≅

(20)

~
1
1
∆Tt 4 + a~ (t ) ⋅ ∆Tt 2 + b (t ) ⋅ ∆Tt
4
2

(26)

where

where
a (t ) = −

b(t ) = −

U ∗ (T , t ) =

1
4δσ

a µ H ⊕ (t ) ,

1 η α S 0 1
1

+ β + bµ H ⊕ (t )  ,
4δσ  4
2
2


1 1
1
[ (1 − α 0 − 273ηα ) S 0 + bCO h Vatm
4δσ 4
2

1
+ c µ H ⊕ − U (T , t )],
2

37.6
a~ (t ) = −
a µ H ⊕ (t ) = − a~0 ⋅ H ⊕ (t )
σTt 3

(21)

(22)

2

(23)

(27)


~
37.6  S + ∆Wˆ (t )σ S
1
1
b (t ) = − 3 ηα 0
− 4δσTt3 + β + (2aµ Tt + bµ )H ⊕ (t ) =
4
2
2
σTt 


~
1
1

= −b0 ηα Wreduced (t ) − 4δσTt3 + β + (2aµ Tt + bµ ) H ⊕ (t ), (28)
2
2


where S0 is “solar constant”, ∆Wˆ (t ) is reduced normalized
variations of insolation, σS is reduced mean square deviation,
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4Wreduced= S0+ ∆Wˆ (t ) σS is reduced mean annual insolation of
the Earth.
And, finally, the canonical form of the variety of the fold
catastrophe, which represents a set of points (T , a, b) and
~
(∆T , a~, b ) satisfies the equation

∂ ∗
U (T , t ) = Tt 3 + a (t ) ⋅ Tt + b(t ) = 0
∂T
~
∂
∆U ∗ (∆T , t ) ≅ ∆Tt 3 + a~(t ) ⋅ ∆Tt + b (t ) = 0 .
∂ (∆T )

As a result of simulation of the solution of the system of the
initial equation (29) and the “excited” equation (30) with
taking into account the initial conditions (32)−(33), the
following values have been determined for the climatic
constants aµ and bµ,:

a µ = 0.222, bµ = −127.249 .

(34)

(29)

and the initial parameters of the equation system (29)-(30):
(30)

Tt =0 = 286.031 K , ∆Tt =0 = 2.100 K , β = 0.006 W m2 K . (35)

Thus the general bifurcation problem contained in the
arriving at a solution Т(t) and the excited solution ∆Т(t) is
reduced to the determination of the solutions set of Eq. (29)(30) for the appropriate joint trajectory {a(t),b(t)} and
~
{ a~ (t ), b (t ) } in the space corresponding to the controlling
parameters.

4. NUMERICAL EXPERIMENT
It is obvious that in order to solve the bifurcation equations
(27) and (28) which describes extreme increments of
temperature T and ∆T, respectively, it is necessary to
determine the values of three climatic constants aµ , bµ and β
(in (27) and (28)). The values of other constants are known.
The value of β is determined by means of known estimation
for the rate of heat energy re-emitted by the carbon dioxide,
2
WCO ~1.7 W/m [14], in which the sum of the variations of re2

radiation energy ∆GCO (Tt =0 ) in (29) and ∆GCO ( ∆Tt = 0 ) in
2
2

(30) in linear approximation correspond to the following
equation:
1

1
1
∆GCO (Tt =0 ) + ∆GCO (∆Tt =0 ) = β Tt =0 =
2
γ
1
1
= WCO ≈ ⋅1.7 W m 2 .
2
2

γ

2

2

(31)

2

[

]

where H⊕(t=0)=1; the coefficient equal to 1/2 allows for an
isotropy of radiation by the carbon dioxide. Further on the
initial condition will be taken into account, for which the value
of the modern climatic representative temperature T0 is about
T0 = Tt =0 + ∆Tt =0 = 288.6 ± 1.0 , K

(32)

Hence from (40) with consideration for (29) and (32), it is
obtained

β≈

1.7
≅ 0.006 ,
Tt =0

[W

m2K

]

(33)

Fig. 3. Model of climatic response insolation and magnetic
field variations of the past 730 kyr compared with isotopic
temperature data on climate of the past 730 kyr. Variations
insolation (a) at 65°N at the summer solstice over the past 730
kyr. Variations of magnetic field of Earth (b) over the past 730
kyr [11]. EPICA [6] and Vostok [5] time series of isotopic
temperature ∆TS (d) at the surface and result of our model (c)
calculated by (28): evolution of the increment of temperature
∆T relative to the average temperature T0=286 K over the past
1000 kyr.
The following remark has to be mentioned here. The
investigation of the parameterized solution (of the
temperatures Tt+∆Tt) of the equation system (29)-(30) exhibits
high degree of solution stability with respect to relatively small
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“excitations” of the initial and boundary parameters (34)-(35).
In other words, the small variations of the climatic constants aµ
and bµ lead to small changes in the initial parameters Tt=0,
∆Tt=0 and β. A little in advance, it is important to note that the
general solution of the equation system (29)-(30) or, more
exactly, the distribution of the theoretical paleotemperatures
Tt+∆Tt in time, as shown by the numerical experiment,
practically does not change its form at small variations of the
climatic constants (34) and initial parameters (35). It means
that the approximate invariance of the form of the theoretical
temperature (Tt+∆Tt) distribution with time is predetermined
by a certain attractor in the phase portrait of the physical
system (29)-(30) and needs a special physical-mathematical
substantiation, but this is already another problem, going
beyond the scope of the present work.
Thus the high goodness of fit between the experimental
(Fig. 3d) and theoretical (Fig. 3c) data is a validity indicator of
main assumption used in our model; we assume that the
temperature of ECS is caused both the variations of insolation
and variations of GCR intensity (or, equivalently, variations of
Earth magnetic field).
It can be concluded from the above mentioned that the most
important, in our opinion, statement of presented model is the
fact that the Earth climate, on the one hand, is completely
defined by the two controlling parameters - insolation and
galactic cosmic rays - and, in the other hand, is quite
predictable on the millennial time scales if only theoretical or
experimental values on long-term variations of relative
palaeointensity H⊕(t) are present.

[11] T. Yamasaki and H. Oda, “Orbital Influence on Earth’s Magnetic field:
100,000-Year Periodicity in Inclination”, Science, vol. 295, 2002,
pp.2435-2438
[12] A.V. Glushkov, S.V. Ambrosov, and G.P.Pеrepelitsa, “Spectroscopy of
carbon dioxide: Oscillator strengths and energies of transitions in
spectra of СО2”, Optics and Spectroscopy (Russia), vol. 80, 1996, N1,
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[13] R. Gilmore, Catastrophe Theory for scientists and engineers. New York
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Cosmic Rays and The Climate
T. Sloan1

Abstract— A number of papers and posters were presented at
the ECRS on the subject of the relationship between cosmic rays
(CR) and both the climate and the weather. I was asked by the
organisers to attempt to summarise them.

I. INTRODUCTION
The climatologists calculate that the increase in greenhouse
gases in the atmosphere since industrialisation increases the
absorption of the albedo infra red radiation so as to absorb
extra solar energy at the level of 2 W/m2 . It is likely that
this radiative forcing has caused the increase of the global
average temperature observed over the last 150 years [1].
Many question this, mostly on the grounds that there have
been warm and cold periods in the past. Jasper Kirkby nicely
reviewed the palaeontolgical records over the last several
hundred thousand years in his talk. However, note that during
this time the CO2 level in the atmosphere has never risen
above 300 ppm compared to a pre-industrialisation figure of
280 ppm and a figure of 380 ppm today and which is on a
rising curve.
To challenge the IPCC conclusion that the present global
warming is probably anthropogenic, one has to assume that
their modelling of the effects of greenhouse gases are wrong,
which is a possibility and that there exists a so far unknown
phenomenon which will explain the observed global warming.
Such a phenomenon has to be unknown otherwise it would be
included in the climatologists’ models.
Assuming that the climatologists’ models are inaccurate
candidates for such unknown effects are variable solar acivity
e.g. through its effect on cosmic rays or variations of the solar
irradiance. These were discussed during the meeting.
II. E FFECTS ON THE W EATHER
The weather means the short term variation in atmospheric
conditions whereas climate means the long term variations as
measured by long term averaging of various parameters eg
temperature.
Several reports were made on attempts to correlate the
weather with variations in cosmic parameters. S. Kavlakov
showed a possible correlation between the Kp index and
hurricane frequency but no obvious correlation between the
CR neutron monitor (NM) rates [2]. Two reports of attempts
to correlate precipitation at Moussala were presented in posters
[3]. In the past there have been other reports of correlations
between cosmic ray events and precipitation.
1 Dept
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III. E FFECTS ON THE C LIMATE
A number of papers and posters were presented which
discussed the connection between cosmic rays and the climate
with a very good review of the subject by E. Flückiger. The
current lack of knowledge of the subject was described in this
talk and the need for much more research was emphasised.
I attempt to summarise the talks and posters by asking the
following question. What fraction of the 2.0 W m−2 calculated
by the IPCC could be coming from the effects of variable
solar activity on CR or on irradiance changes. I include in
this summary estimates from other published work as well as
the presentations at the conference. These are the following.
1. Rusov’s Energy balance model [4] predicts that eventually
we shall see global cooling and the anthropogenic effect is
small.
2. H. Svensmark [5] believes that CR affect the low cloud
cover and that almost all the radiative forcing is from CR.
3. Y. Stozhkov [6] believes that the Earth is going through
one of its cycles and the temperature will come down eventually so that the antropogenic effect is small. This is based
on a Fourier analysis of the past global temperature records.
He used the observed Fourier coefficients in an analysis of the
global mean temperature from the past to predict the future.
In the more remote past he used the 10 Be records to obtain
the mean global temperature. To justify this he demonstrated
a correlation between the 10 Be concentration in ice cores
since 1880 and the observed global mean temperature. The
assumption is then made that 10 Be can be used as a proxy for
this temperature.
Such a Fourier analysis assumes that the global temperature
is cylic and so the future behaves like the past. This is clearly
not the case if the greenhouse gas concentration continues
the rise which we see today. The future will definitely be
different from the past. This could be correct if the effects
of radiative forcing by greenhouse gases are small, contrary
to the predictions of the climatolgists.
4. Voiculescu et al [7] have published an elegant analysis,
using correlations of the ISCCP cloud cover data and with
ultra violet irradiance and with cosmic rays. They showed that
low clouds are mostly affected by ultra violet irradiance over
oceans and dry continental areas but respond to cosmic ray
induced ionization over moist continental areas with possibly
high condensable vapour and aerosol concentration. High
clouds respond more strongly to CR variations, especially
over oceanic and moist continental areas. One can conclude
from this work that there is some contribution to the radiative
forcing from solar activity either through the UV irradiance,
CR or both.

5. Lockwood and Fröhlich [8] showed that the mean CR
rate has been increasing during the past 20 years or so whereas
global warming has continued. Hence they conclude that the
effect of CR on cloud formation must be small.
6. Sloan and Wolfendale [9] showed that less than 23% of
the dip in global average low cloud amount during solar cycle
22 comes from variations in CR. Svensmark et al used this
correlation to hypothesise that the effects of ionization cause
clouds so that the decreasing cosmic ray rate over the last
100 years is the main contributer to the radiative forcing in
this period. The low cloud anomalies as a function of time
are shown in figure 1. The dip is clearly seen in solar cycle
22 (1985-1995) but is not so evident in solar cycle 23 (19952005).
7. The ISCCP IR data shown in figure 1 were questioned in
[10] since they are incompatible with the daytime visible-IR
shown in figure 2.
8. Wolfendale, in his talk, described an analysis of the
correlations observed by Voiculescu et al [7] between the cloud
cover and either cosmic rays or the UV irradiance from the
sun. He went on to show that the effects of CR on low clouds
was much weaker than the effects of UV irradiance. Hence
he felt that the effects of CR on the climate were ”utterly
negligible”.
From the above we can see that the estimates of the effects
of solar forcing, by either CR or changes in irradiance, on the
climate vary from almost all of global warming to zero effect.

[3] E. Eroshenko Poster 1.20 and A. Mishev Poster 1.21 presented at this
conference.
[4] V. Rusov posters 1.33 and 1.34 presented at this conference.
[5] Svensmark, H., “Cosmoclimatology:a new theory emerges”, News and
Reviews in Astronomy and Geophysics, 48, (2007) 18, and “The
Chilling Stars: A New Theory of Climate Change” by Svensmark, H
and Calder, N (published by Icon Books/Totem Books, 2007).
[6] Y. Stozhkov poster P1.11 presented at this conference
[7] M. Voiculescu, I.G. Usoskin and K. Mursala Geo. Phys. Res. Letts. 33
(2006) L21802.
[8] M. Lockwood and C. Fröhlich, “Recent oppositely directed trends in
solar climate forcings and the global mean surface air temperature”,
Proc. Roy. Soc. A464(2094) (2008) 1367.
[9] T. Sloan and A.W. Wolfendale Envirnomental Research Letters 3 (2008)
024001.
[10] Kristjánsson,J.E. Staple,A. Kristiansen,J and Kaas,E. “A new look at
possible connections between solar activity, clouds and climate”, Geophysical Research Letters 29 (2002) 2107.
[11] The
ISCCP
plots
can
be
found
on
http://isccp.giss.nasa.gov/climanal7.html.

IV. C ONCLUSION
It is clear from the above that there is complete confusion
over the amount of radiative forcing coming from variations
in solar activity. The climatologists currently believe that all
the radiative forcing is coming from anthropogenic greenhouse
gases. There is a wide spectrum of views among other scientists (mostly non-climatologists) on how much of this radiative
forcing comes from solar activity e.g. through its effect on
cosmic rays. As described above, some hold the view that all of
the radiative forcing comes from solar activity, in contradiction
to the climatologists. Others believe that a part of it may
come from such a sources. Yet others believe that none of
the radiative forcing comes from such sources.
An ideal aim would be to research this field more completely and derive a value of the radiative forcing from
variations of solar activity which could then be used in the
climate models. This would improve the precision on the
anthropogenic effects.

Fig. 1. The low cloud anomalies shown in the ISCCP IR data. The green
curve is before seasonal correction and the blue curve is after such correction.
The plot is taken from the ISCCP web site [11]
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Fig. 2. The low cloud anomalies shown in the ISCCP daytime visible-IR
data. The green curve is before seasonal correction and the blue curve is after
such correction. The plot is taken from the ISCCP web site [11]

Trapped charged particle flux in the Earth
radiation belt measured by the PAMELA
experiment
O. Adriani1, G.C. Barbarino2, G.A. Bazilevskaya3, R. Bellotti4, M. Boezio5, E.A. Bogomolov6,
L. Bonechi1, M. Bongi1, V. Bonvicini5, S. Bottai1, A. Bruno4, F. Cafagna4, D. Campana2, P. Carlson7,
M. Casolino9, G. Castellini10, M. P. De. Pascale9, G. De Rosa2, D. Fedele1, V. Di Felice9,
A.M. Galper7, L.A. Grishantseva7, P. Hofverberg8, A.A. Leonov7, S.V. Koldashov7, S.Yu. Krutkov6,
A.N. Kvashnin3, V.V. Malakhov7, V. Malvezzi9, L. Marcelli9, W. Menn11, V.V. Mikhailov7,
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M. Simon11, N. De Simone9, R. Sparvoli9, P. Spillantini1, Yu.I. Stozhkov3, E. Taddei1, A. Vacchi5,
E. Vannuccini1, G.V. Vasiliev6, S.A. Voronov7, Yu.T. Yurkin7, G. Zampa5, N. Zampa5, V.G. Zverev7

Abstract— Since its launch on-board the satellite Resurs DK1 in
June 2006 the PAMELA instrument is collecting data on
geomagnetically trapped protons, electrons and positrons with
energy E>100MeV. The satellite was launched on a 70 degrees
inclination elliptical orbit with altitude 350-610 km and its orbit
covers the region of the lower boundary of the radiation belt at Lshell ~1.2 and 0.18<B<0.22Gs. A method of reconstruction for
pitch-angle distributions is discussed. The paper presents the
observations performed from July 2006 until August 2007. A
precise knowledge of charged particle composition and fluxes at
high energy is important to reach an accurate theoretical
description of particle propagation in the Earth’s magnetic field

1. INTRODUCTION

T

he exploration of Earth’s radiation belts started fairly
rapidly about fifty years ago. Numerous experiments and
theoretical models provided understanding of the main sources
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and sinks of radiation belts , their configuration and dynamics.
The empirical trapped radiation models such as the NASA AP8 were developed to practical purposes, for example for dose
estimation during human flight [1]. More recent missions such
as SAMPEX and CRESS showed that these models are
inaccurate at high energies (E>100MeV) and at low altitudes
(e.g., <1000 km). Over the last decades it was shown that the
composition of radiation belts is rather complex and includes
not only protons and electrons but also positrons and light
nuclei. In the SAMPEX and NINA-2 experiments it was found
that the spectra of light isotopes extend up to some tens of
MeV [2,3].
Some attempts were made recently to improve the proton
model using modern knowledge about the atmospheric
composition, galactic and solar cosmic rays, time variations of
geomagnetic field etc. Predicted fluxes and spectral shapes of
models differ from NASA models noticeably [4].
In this paper we demonstrate the performance of the
PAMELA instrument in the observation of trapped particles
near the lower edge of the inner radiation belt, in the wide
energy range from 100 MeV to several tens of GeV.

2. INSTRUMENT
PAMELA has been acquiring data since July 11th 2006.
The Resurs DK1 satellite orbit is elliptical and semi-polar,
with an inclination of 70.0o and an altitude varying between
350 km and 610 km. The PAMELA data-set therefore covers
the lower edge of the inner radiation belt in the South Atlantic
Anomaly (SAA) region. Orbital information such as the
attitude, orientation and inclination of the satellite and the
PAMELA are determined on-board and recorded
approximately once a second.
The PAMELA apparatus comprises the following subdetectors: a time of flight system (ToF); a magnetic
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spectrometer; an anticoincidence system (AC); an
electromagnetic imaging calorimeter; a shower tail catcher
scintillator and a neutron detector. The ToF system provides a
fast signal for triggering the data acquisition and measures the
time-of-flight and ionization energy losses of traversing
particles. The central part of the PAMELA apparatus is a
magnetic spectrometer consisting of a permanent magnet and a
silicon tracking system. The spectrometer measures rigidities
of charged particles through their deflection in the magnetic
field.
Particle identification is based on ionization energy losses in
ToF and spectrometer to select single tracks, the determination
of rigidity by the spectrometer and the properties of the energy
deposit and interaction topology in the calorimeter. The
instrument provides the observation of particles in wide
rigidity range from ~100 MV up to some hundreds of GV.
Geometric factor is ~21 sm2ster. Aperture is about 20 degrees.
Detailed description of the instrument and data processing can
be found in ref. [5].

B/Bo=1.1 (http://www.spenvis.oma.be). It easy to see that
empirical model spectra are softer than those experimental
spectra at energy more than ~0.5GeV.

Figure 2. The angular efficiency of the instrument. The thick
line is the Monte-Carlo simulation. Points present an
estimation of efficiency in polar region, Rcutoff<0.4 GeV
(circles are 1.2 GV protons, triangles are 0.8 GV protons)

Figure 1. Estimation of differential fluxes of protons in the
region L<1.2 for regions with different local geomagnetic field
B. Data for August 2006. The line presents AP8min flux at
L=1.2 , B=0.19 Gs and B/B0=1.1 (data are taken from the site
http://www.spenvis.oma.be). The model is normalized to data
points at 0.1 GeV

The PAMELA instrument is pointed mainly to the zenith.
This orientation provides observation of particles with pitchangles 70-130 degree in the SAA region. To determine a
particle pitch-angle, position and inclination of the satellite,
and ascending angles of particles in the instrument were taken
into account. Geomagnetic field was calculated using the
IGRF95 model.
An angular efficiency of the instrument was estimated using
Monte-Carlo simulation of particle trajectories in the magnetic
field of the spectrometer. It is known also that the flux of
interplanetary cosmic rays is almost isotropic. With this
assumption it is possible to estimate a number of incident
particles to the instrument in given direction. Then the angular
efficiency can be calculated using measured angular
distributions. Figure 2 compares simulated angular efficiency
with estimated efficiency from data in the polar region.

3. OBSERVATIONS
Figure 1 shows an estimation of observed spectra of protons
in SAA regions for different regions separated by local
geomagnetic field B. For comparison equatorial flux outside
SAA (B>0.24 Gs) is also shown. It is possible to see in this
picture that the proton flux is increasing significantly with
decreasing B. The trigger rate reaches ~100Hz in the core of
region (B<0.19 Gs) and it is close to the instrument limit.
Meanwhile it is seen from the figure that high energy part of
the spectra E>10 GeV is not affected by high load of the
instrument data acquisitions system. Comparison of the spectra
shows that inside SAA there is a fraction of high energy
trapped particles with energy up to ~2 GeV. The line in the
figure presents AP8min model for L=1.2, B=0.19 Gs,

Figure 3 Pitch angle distributions of protons in the region
L<1.2, B<0.21 Gs for different kinetic energies.
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As we know this efficiency and time of observation in given
direction, it is possible to reconstruct the pitch-angle
distribution of particles. Figure 3 shows pitch angle
distributions of protons with different kinetic energies in
region L<1.2 , B<0.21 Gs. All curves on this figure peaked at
about 90 degrees that confirms trapping of particles up to ~2
GeV.
Energy spectra at different pitch-angles are shown in figure 4.

efficiency and pitch-angular distributions for those species.
This work is now in progress.
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Secondary electron and positron fluxes in the
Earth magnetosphere near the geomagnetic
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Abstract— Measurements of electron and positron fluxes in
energy range from 80 MeV to several GeV (below the
geomagnetic cutoff rigidity) were performed using the PAMELA
spectrometer onboard the Resurs-DK satellite. It has been
launched on June 15th 2006 on an elliptical orbit (the inclination
is 70.4°, the altitude is 350-600 km). The main goal of the
experiment is precise measurements of an antiparticle
component: antiprotons (in energy range 80 MeV-190 GeV) and
positrons (in energy range 50 MeV-270 GeV). Particle rigidity,
charge and type are determined with the three main detectors of
the spectrometer - the silicon tracker with a permanent magnet,
the time-of-flight system based on scintillation detector and the
electromagnetic calorimeter. The work presents measurements of
secondary electrons and positrons in the Equatorial region.
These results are particularly interesting for more precise
definition of electron/positron flux model in the Earth
magnetosphere.
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1. INTRODUCTION

F

irst papers concerning electrons and positrons in the
near Earth space appeared in scientific journals more
than 50 years ago. Since then numerous experimental
results onboard different satellites have been obtained and flux
forming mechanism was discussed. In particular in [1] it was
suggested that electrons and positrons under the radiation belt
have a secondary origin. Namely cosmic ray protons interact
with the Earth atmosphere and produce pions that decay throw
π±→µ±→e± chain. Production cross-section of π+ is 1.5 – 2
times more than π-, so we should observe a positrons
prevalence in the equatorial region. Numerous experimental
works [2,3,4,5 and references therein] confirmed the main
conclusions of the model.
This work presents some results of the PAMELA
experiment obtained within the first three months of its
working.
2. THE PAMELA INSTRUMENT
The spectrometer [6] consists of a Time-of-Flight system
(TOF), an anticoincidence system (CAS, CARD, CAT), a
magnetic spectrometer, an electromagnetic calorimeter, a
shower tail catching scintillator (S4) and a neutron detector
(fig. 1). The main trigger system is TOF composed of 6 layers
of segment plastic scintillators.
An acceptance is about 21.6 cm2sr (in case of S1×S2×S3
trigger configuration), a magnetic field intensity is 0.4 T, a
position track determination accuracy is about 4 µm, a timeof-flight accuracy is about 350 psec. The instrument is
approximately 120 cm high, has a mass of about 470 kg and
power consumption 355 W.
Using of the TOF system, the magnetic spectrometer
(composed of a permanent magnet and a set of silicon plaines)

180

(from S1 to S3).
Then electrons and positrons were identified using
information about energy losses in the spectrometer and the
electromagnetic calorimeter, particle velocity and a rigidity
sign. The pions contamination for the selection is less than
1%.
Examples of events extracted in this way are in the
Figure 2 (a positron event with energy 0.171 GeV and an
electron event with energy 0.169 GeV). Note the opposite
curvatures that allow identifying a charge sign of a particle.
Using known geographical coordinates and PAMELA
orientation in each point the geomagnetic coordinates were
calculated for every registered events. For the calculation the
model IGRF’05 of the Earth magnetic field was used. We
analyzed electron and positron fluxes in the equatorial region
(L<1.2 and B>0.23). The South Atlantic Anomaly was
rejected.

-

4. RESULTS
In the article preliminary results of the PAMELA
experiment are presented. The only data from August till
September 2006 were proceeded.

10

+

and additional analysis of the calorimeter information allows
extracting leptons and measuring their energy (from 50 MeV
to several hundred GeV) effectively.
The spectrometer is set onboard a Resurs-DK1 satellite
with elliptical orbit (altitude is 350-600 km, inclination is 700).
The main axis of PAMELA points to a local zenith. Such an
orbit characteristics allow measuring particles with pitch
angles about 900 in the equatorial region.

Fe /Fe

Figure 1. Sketch of the PAMELA instrument

3. DATA ANALYSIS
For each trigger event the following parameters were
measured or calculated: number of tracks and energy losses in
the magnetic spectrometer; rigidity and the track length (by
fitting the track in the magnetic field [7]); time of flight. A
particle velocity (β) was calculated using the time of flight
and the track length.
As the first step of our analysis so-called “good” tracks
were extracted from all scientific information. The following
rules were applied:
1. A single track in the magnetic spectrometer;
2. The particle should move in the forward direction

36 1
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Figure 3. Positron to electron ratio in the equatorial region (L<1.2
and B>0.25)

In the Figure 3 dependence of e+/e- ratio on particle
energy for the equatorial region below the Earth radiation belt
is presented. We can see that e+/e- ratio depends on particle
energy and reach to about 5 for energy region from 300 to 800
MeV. So in the region positrons predominate over electrons.
This result is in a very good agreement with the AMS [5]
and MARIA [3] data. But the statistics and wide energy range
of the PAMELA’s data allow detailing of obtained energy
dependence.

Figure 2. Left: A positron event with energy 0.171 GeV detected
by PAMELA. The particle crossed the TOF system (S1, S2 and
S3 detectors), the magnetic spectrometer and stopped in the
calorimeter. Right: An electron event with energy 0.169 GeV.
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Figure 4. Positron to electron ratio for different geomagnetic latitudes

In the Figure 4 a detail dependences of positron to
electron ratio for different geomagnetic latitudes are
presented. Analysis of this latitudinal dependence shows that
positron to electron ratio decreases for high latitudes. Such
results can be explained by different conditions of particle
creation and propagation in the different regions of the near
Earth space [8].

6. CONCLUSION
In spite of the fact that the experimental results presented
in the paper has been obtained using only the first three
months of PAMELA working, they can be used to detail
electron and positron generation model for particle energy
range from 100 MeV to several GeV in the equatorial region
due to a very good statistics.
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Nuclear Abundances and Fluxes inside the
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Abstract— At 1 AU and outside the Earth’s magnetosphere,
the abundances of He, C and Fe nuclei, relative to protons
were calculated using the measurements of AMS-01 (for p
and He) and HEAO-3 (for C and Fe). We applied the backtracing method to obtain allowed and forbidden trajectories
inside the magnetosphere using the IGRF and T96 models. In this
way we have evaluated the transmission function for the GCR
propagation inside the magnetosphere for several geomagnetic
regions. Then we derived the primary GCR fluxes in the same
geomagnetic regions. These fluxes were found in good agreement
with the observation data. Furthermore inside the magnetosphere
we obtain the relative abundances of He, C and Fe nuclei to
protons. The relative isotopic abundances were found to depend
on the mass number and range from a factor ∼ 2.3 up to ∼ 3.3
larger than those outside the magnetosphere.

I. I NTRODUCTION
Galactic Cosmic Rays (GCR) are the dominant component
of the charged particles present in space above few hundreds
MeV of kinetic energy. Among the GCR components protons
are largely the most abundant, but also the amount of Helium
nuclei and electrons is relevant. A not negligible abundance of
heavier nuclei, like Carbon, Nitrogen, Oxygen and Iron is also
found. The knowledge of their relative abundances is based on
measurements performed by several satellites, most of them
operating outside the magnetosphere, and by stratospheric
balloons during the last 30-40 years. Due to the different
experimental apparatus, to the long time interval, and to the
different places and conditions, the several measurements can
not represent a uniform sample.
Above several GeV/nucleon the energy spectra exhibit a
power law behavior as a function of the kinetic energy per
nucleon, E, e.g., GCR’s intensities are ∝ E −γ , where γ is
the differential spectral index (see [1], [2], [3], [4], [5], [6]).
The spectral index depends on the element, thus the relative
abundance may depend on energy. In addition at these energies
the solar modulation slightly affects the energy spectra.
The knowledge of the GCR’s abundances can be relevant
in determining, for example, the expected radiation effects
on human beings and electronics in a space environment. In
fact the energy deposition depends on Z 2 [7] and the most
abundant nuclei up to nickel largely contribute to the overall
energy-deposition process inside matter. Therefore the amount
1 Inst. Exp. Physics, Dept. Space Physics, Slovak Academy of Sciences,
Kosice, Slovakia
2 INFN Milano-Bicocca, Piazza della Scienza 3, 20126 - Milano, Italy
3 Department of Physics, University of Milano-Bicocca, Milano, Italy
4 Cilea, Segrate - Milano, Italy
a Corresponding author: Massimo.Gervasi@mib.infn.it
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of nuclei have to be taken into account also in qualification
procedures of VLSI components and circuits for space missions (see [8], [9], [10], [11], [12], [13], [14]). Moreover,
taking into account the biological effectiveness, elements like
Fe, Si, Mg and O make even larger contribution to the dose
equivalent. Therefore, a realistic evaluation of these effects is
needed for long duration space missions, like interplanetary
journeys or those for the International Space Station (ISS), in
particular for manned missions.
Furthermore, for near-Earth orbits, the local intensities and,
thus, relative abundances of GCR’s are expected to be affected
by the Earth’s magnetosphere, where the propagation of CR’s
is determined by their rigidities. Nuclei with the same kinetic
energy per nucleon can have different rigidities, since they are
related to the I/Z ratio, where I is the number of nucleons
of the nuclide. Thus, also the abundances of nuclei relative to
protons, inside the magnetosphere, are expected to be different
with respect to the abundances outside the magnetosphere.
In the present contribution we used a Transmission Function
(TF) approach [15], [16], [17], to evaluate the primary fluxes
of He-nuclei in the same geomagnetic regions of AMS-01
observations, thus allowing a comparison with experimental
data. In addition, the local abundances inside the Earth’s
magnetosphere are determined for p, He, C and Fe exploiting
AMS-01 and HEAO-3-C2 data.
II. C OSMIC S PECTRA AND A BUNDANCES
AMS-01 has collected data in June 1998 on board of the
Space shuttle Discovery (flight STS-91) at an altitude of ∼ 380
km, using a large collecting area (∼ 1 m2 ) [18] (see also [19],
[20], [21]). Its orbit had an inclination of 51.7 deg from the
equatorial plane; the angular acceptance was a cone large ∼ 32
deg from the detector axis, which was aimed, in most of the
time of data taking, at the local zenith.
The HEAO-3-C2 experiment, on board of the HEAO-3
satellite, has measured the isotopic composition of the most
abundant components of the CR flux with atomic mass between I = 7 and I = 56 and the flux of the several nuclei
with charge between Z = 4 and Z = 50 [2]. HEAO-3 has
been launched in September 1979; its altitude was ∼ 500 km;
the inclination of the orbit was ∼ 43.6 deg from the equatorial
plane; the angular acceptance of the detector HEAO-3-C2 was
large ∼ 28 deg from the axis, which was spinning around an
axis pointing in direction of the Sun.
We have considered the data of protons and Helium from the
AMS-01 detector. During the 5-6 days of data taking, AMS-

Fig. 1.

Differential Cosmic Flux of p, He, C, Fe.

01 has detected ∼ 107 protons in the range of kinetic energy
0.22 < E < 200 GeV, and ∼ 106 α particles in the energy
range 0.074 < E < 114 GeV/nucleon. In addition we used
the data of Carbon and Iron from the HEAO-3-C2 experiment
taken during the time period from October 1979 to June 1980.
HEAO-3-C2 detected Carbon and Iron nuclei in the range of
kinetic energy 0.6 < E < 35 GeV/nucleon.
Data have been collected by the two detectors during periods
of similar solar activity and polarity. HEAO has operated
during 1980, at the beginning of the solar cycle 21. During
this period the solar activity was raising from the minimum to
the subsequent maximum and the magnetic field polarity was
positive (A > 0). AMS-01 was in orbit in June 1998, at the
beginning of the solar cycle 23, with rising solar activity and
A > 0. The experimental conditions was comparable for the
two experiments: altitude and inclination of the orbit, angular
acceptance of the detectors. The differential energy spectrum
of protons, Helium, Carbon, and Iron, as measured by these
experiments is shown in Figure 1.
In Figure 2, the relative abundances to protons for He
(He/p), C (C/p) and Fe (Fe/p) nuclei with the same kinetic energy per nucleon, E, are shown as function of E: for a kinetic
energy of ∼ 0.8 GeV/nucleon, the value of He/p is ∼ 0.084,
but ranges between 0.047 − 0.054 above 4.5 GeV/nucleon,
while the values of C/p range from ∼ 0.0021 down to ∼
0.0016, and finally the values of Fe/p range from ∼ 0.00017
up to ∼ 0.00021. These relative abundances at 1 AU may be
affected by the solar modulation, in particular at low energy,
and then differ from those expected in the interstellar space.
III. P ROPAGATION OF GCR

IN THE

M AGNETOSPHERE

In the space region surrounding the Earth the Geomagnetic
field provides a partial shield against the penetration of CR
down to the Earth surface. The transport of CR through
the magnetosphere is determined by the rigidity P , the ratio
between the momentum of the particle (p) and its charge (Ze):
P = pc/Ze, where c is the speed of light. In this way we can
calculate for every point in the space a limit called rigidity
cut-off Pcut (see [22], [23]). Below this limit primary CR
will never reach the Earth surface or any detector in orbit.
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Fig. 2.

Abundance of cosmic He, C and Fe nuclei relative to protons.

Pcut changes with the geographical location, as it is larger in
sites at lower geomagnetic latitude. Besides, all the nuclei are
positively charged, therefore due to the charge drift western
incoming directions are preferred (this effect is known as the
East-West anisotropy).
Since the proton and neutron masses are approximately
equal, the rigidity of an ion with kinetic energy per nucleon
E is given by
Pion ≈

I
PH
Z

(1)

where PH is the proton rigidity with the same kinetic energy
E, Z and I are the atomic number and the number of nucleons
(i.e., the mass number) of the ion, respectively. The ratio
I/Z for the most abundant stable isotopes ranges from 2.0
up to ∼ 2.3 with the exception of 3 He for which it is
I/Z ' 1.5, while for protons I/Z ' 1. As a consequence
less energetic (but heavier than proton) GCR can penetrate
deeply the magnetosphere: in any location, the associated
geomagnetic rigidity cut-off, Pcut , requires a kinetic energy of
the isotope lower than that of a proton and, thus, the isotopic
abundances relative to protons are expected to be larger inside
the magnetosphere than those outside it (see [24]).
Trajectories calculations in the geomagnetic field are usually

performed to estimate the particles approaching to a ground
station or an orbiting satellite. The reconstruction of the particle trajectory inside the magnetosphere is necessary especially
in the so called penumbra region, i.e. around the rigidity cutoff. We have developed a code to reconstruct the Cosmic Rays
trajectory in the Earth magnetosphere (see [15], [17]). This
code solves the Lorentz equation and propagates a particle
backward in time. The total magnetic field is evaluated by
using the International Geomagnetic Reference Field (IGRF)
[25], representing the main contribution due to the inner Earth,
and the external magnetic field Tsyganenko-96 (see [26], [27]),
representing all the other contributions, like particle currents
in the magnetosphere.
The code is time dependent: it must take into account both
the long term variation (running over years) of the inner
Earth magnetic field and the short term variation (changing
in few days) of the external field. Besides most of the long
term variation is related to the solar activity through the
solar wind effect and its interaction with the Earth magnetic
field. The Earth magnetopause is calculated using the Sibeck
equation [28] modified by Tsyganenko [26] for the solar
wind effect. We have introduced an empirical magnetosphere
boundary large 25 Earth radii in the night-side region to
avoid long calculations in the far tail. Access for primary
cosmic ray to some place is supposed to be allowed when
the back-traced particle trajectory reaches the magnetopause
or the magnetospheric boundary. As internal boundary we have
considered a sphere at an altitude of 40 km, corresponding to
the surface containing the 99% of the Earth atmosphere.
IV. T RANSMISSION F UNCTION AND F LUXES INSIDE THE
M AGNETOSPHERE
Charged particles (protons and nuclei) are generated by the
tracing code at a fixed altitude, in particular at the position
of the space detectors AMS-01 and HEAO-3. They are backtraced in time until they reach one of the two boundaries: the
magnetopause/magnetosphere boundary or the atmosphere. In
the first case we get a trajectory allowing the penetration of
GCR, otherwise a trajectory forbidden to GCR. The external
field is evaluated taking into account the parameters changing
with the solar activity. Those parameters are evaluated at the
time of the data taking of the two experiments.
The TF has been calculated in the following way: for every
position iM in a certain geomagnetic region M , for a fixed
iM
iM
rigidity P , we have evaluated the ratio RiM = Nall
/Ntotal
beiM
tween the number of allowed trajectories Nall and the number
iM
iM
of all the computed trajectories Ntotal
= Nall
+ NfiM
orb . This
ratio represents the probability for particles with rigidity P to
reach this geographic position coming from outside the magnetosphere. Then, for every geomagnetic region M , we have
averaged the ratio RiM over all the positions iM . This average
ratio T FM (P ) = hRiM i represents the transmission function
for a particle with rigidity P to reach that geomagnetic region
M , at the altitude of AMS or HEAO-3. We have considered
the AMS geomagnetic regions (see [18], [17]), defined as a
function of the geomagnetic latitude, from M 1, around the
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Fig. 3. Transmission Function of p, He, C and Fe, in the geomagnetic regions
M 1, M 4, M 7.

magnetic equator, to M 10, near the magnetic poles. These
are indeed very wide regions with a complex structure of
penumbra changing from position to position.
For that regions we have computed the transmission function T FM (P ) [29]. We have selected a grid of 3600 positions
and from every point we have generated particles in 1800
directions outwards. Each starting position and direction has
been chosen in order to have a uniformly distributed sample.
In every region M a particle with a rigidity (P ) lower than
a threshold value (usually called rigidity cut-off, Pcut ) can
not enter the magnetosphere. For P << Pcut we obtain
T FM = 0, while for P >> Pcut we have T FM = 1.
This threshold value is decreasing going towards the magnetic
poles, but is nearly independent from the considered ion.
Besides, looking at the T FM vs kinetic energy, instead of
rigidity, we can find a shift in the cut-off region for the nuclei
respect to protons, as expected. This effect can be observed in
the Figure 3, where T FM is shown for the regions M 1, M 4,
M 7, as a function of the kinetic energy.
Then we have computed the flux of primary CR (Φpri
M (Ei ))
entering each geomagnetic region M , relative to the energy bin
ith , using the T F calculated as described above (T FM (Ei ))
(see [30]). We also used the AMS-01 cosmic flux (Φcos (Ei ))
for p and He and the HEAO-3-C2 cosmic flux for C and Fe,

Fig. 4. Flux of primaries p, He, C and Fe, in the geomagnetic regions M 1
(circles), and M 7 (triangles).

been computed. In this way inside the magnetosphere we get
the contribution of all the penetrated particles. Therefore the
relative abundance has been defined as the ratio < of the
integral flux of Helium, Carbon, Iron, respect to the flux of
protons. We have computed < using the primary flux Φpri ,
shown in Figure 4, integrated above the full spectrum of kinetic
energy (E):
R pri
ΦM,He (E 0 ) dE 0
<He/p (M ) = R pri
(3)
ΦM,p (E 0 ) dE 0
R pri
ΦM,C (E 0 ) dE 0
<C/p (M ) = R pri
(4)
ΦM,p (E 0 ) dE 0
R pri
ΦM,F e (E 0 ) dE 0
<F e/p (M ) = R pri
(5)
ΦM,p (E 0 ) dE 0

In this calculation the contribution of the high energy tail in
most cases is negligible. The correction increases up a to few
percent only for the region M 1 for C and Fe. The ratios <(M )
are shown in Table I for the geomagnetic regions M 1, M 4,
M 7 (see also [31]). We have also computed the enhancement
factors Æ(M ) for the several regions:

<(M )
(6)
<cos
The values of <cos are the cosmic abundances relative to
protons for He, C and Fe. These values are computed from the
data reported in Figure 2 using the equations 3 - 5 extended
from E ' 0.8 Gev/nucleon to ∞. The enhancement factors
account for the increase of isotopic abundances inside the
magnetosphere with respect to the modulated values outside
it. Values of Æ for the geomagnetic regions M 1, M 4, M 7 are
shown in Table I. From an inspection of Table I, it is possible
to note that the ratios Æ: i) depend on the mass number I; ii)
range from ∼ 2.1 up to ∼ 3.7 in the investigated geomagnetic
regions; iii) exhibit a slight dependence on the geomagnetic
latitude. Æ varies from the average by less than ±5, 7 and
13% for He/p, C/p and Fe/p, respectively. On average the
enhancements factors are ∼ 2.3, ∼ 2.7 and ∼ 3.3 for He/p,
C/p and Fe/p, respectively. These factors also account for the
variation of the ratio I/Z and the overall behavior of the
spectral indexes with the kinetic energy for the modulated
spectra.
Æ(M ) =

Fig. 5. Flux of He, C and Fe, in three geomagnetic super-regions. Symbols
are experimental data, while calculations are solid lines.

as shown in Figure 1:
cos
Φpri
(Ei ) · T FM (Ei )
M (Ei ) = Φ

(2)

In Figure 4 we present the flux of p, He, C, and Fe for
the geomagnetic regions M 1 (higher value of the energy cutoff) and M 7 (lower value of the energy cut-off). As for the
Transmission Function, the cut-off in the same geomagnetic
region occurs at the same value of rigidity, but at different
values of kinetic energy, as shown in Figure 4.
Finally, using the same procedure, we computed the flux
of He CR extended to the geomagnetic super-regions (SM )
considered in [21], in order to compare our calculation with
the experimental data and validate the results. The He fluxes
in these SM regions are reported in Figure 5.
V. M AGNETOSPHERIC A BUNDANCES
In order to evaluate the relative abundance of He, C and
Fe, respect to the protons, inside the several geomagnetic
regions, the integral flux above the geomagnetic cut-off has
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VI. C ONCLUSIONS
At 1 AU and outside the Earth’s magnetosphere, the relative
abundances to protons for He (He/p), C (C/p) and Fe (Fe/p)
nuclei were calculated using the observation-data of AMS01 (for p and He) and HEAO-3 (for C and Fe). The relative
abundances account for the modulation of GCR’s inside the
−2
−3
heliosphere and are <cos
, <cos
He/p ' 6.7 × 10
C/p ' 1.9 × 10
cos
−4
and <F e/p ' 1.8 × 10 for He/p, C/p and Fe/p, respectively.
We have computed the transmission probability for protons,
Helium, Carbon and Iron nuclei inside several geomagnetic
regions. Combining the TF with the cosmic flux we are able

TABLE I
R ELATIVE ABUNDANCE RATIOS , < AND ABUNDANCE ENHANCEMENTS ,
Æ, FOR THE GEOMAGNETIC REGIONS M 1, M 4, M 7.

Cosmic
M1
M4
M7
Cosmic
M1
M4
M7
Cosmic
M1
M4
M7

<He/p
6.7 × 10−2
1.6 × 10−1
1.5 × 10−1
1.4 × 10−1
<C/p
1.9 × 10−3
5.6 × 10−3
5.1 × 10−3
4.1 × 10−3
<Fe/p
1.8 × 10−4
6.5 × 10−4
6.0 × 10−4
4.3 × 10−4

ÆHe/p
2.4
2.2
2.1
ÆC/p
3.0
2.7
2.2
ÆFe/p
3.7
3.4
2.4

to obtain the primary CR flux inside the magnetosphere for the
several geomagnetic regions. These primary CR fluxes result
truncated, as expected, at energy lower than the local effective
cut-off. While the rigidity cut-off occurs at the same value
for the different nuclei, inside the same geomagnetic region,
the cut-off in terms of kinetic energy is changing, due to the
different ratio between elementary charges (Z) and atomic
mass (I). The effect is particularly important when protons,
for which we have I/Z ' 1, are compared with other nuclei
like Helim, Carbon and Iron, for which I/Z ' 2.
The abundance of the several nuclei inside the magnetosphere are then compared with the cosmic abundance. We have
found that the abundance of nuclei inside the magnetosphere
is larger than the cosmic abundance, related to the protons,
by a factor ∼ 2.3 − 3.3. These results must be taken into
account when the effects of radiation on orbiting satellites are
evaluated.
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The geometry of relativistic electron fluxes
maxima during strong magnetic storms time
according CORONAS-F data.
M.Slivka
Abstract - We investigated relativistic (0.6-1.5 MeV) electron
fluxes dynamic in outer radiation belt using MKL device
measurements on CORONAS-F satellite within intervals of 31
strong magnetic storms during years 2001-2005. We obtained
some characteristic parameters of Dst index, the most
earthward position of electron fluxes maximum Lmax and
maximal fluxes of these electrons during individual magnetic
storms, which characterize the dynamic and the geometry of
relativistic electrons. The average earthward velocity of radial
shift during the main storm phase is higher by factor 2 in
comparison with the velocity of the outer radiation belt
maximum return. As result we got superposed relativistic
electrons geometry, typical for geomagnetic storm period.

1. INTRODUCTION
The outer electron radiation belt is populated by
relativistic electrons, strongly enhanced following some
geomagnetic storms. These ~1 MeV electrons are called
killer electrons, because they represent a serious potential
hazard to orbiting satellites, space stations and humans in
space. In this paper we investigated relativistic electrons
with energies 0.6 - 1.5 MeV, during 31 strong magnetic
storms (Dst < -100 nT) [1], measured by MKL device
(complex SKL) on CORONAS-F satellite during years
2001-2005. A short description of SKL complex measuring
the energetic particles can be found in [2].
2. ANALYSIS OF EXPERIMENTAL RESULTS
For all magnetic storms we analyzed the L profiles of
relativistic (0.6 - 1.5 MeV) electrons in the time of
CORONAS-F (low altitude ~500 km polar orbiting Russian
satellite), crossing the outer radiation belt. Trapped radiation
is described by particle fluxes as function of energy and of
the geomagnetic co-ordinates L and B. The L is radial
distance of the field line from the axis at the geomagnetic
equator and B is the magnetic field strength. For correct
comparison we selected the orbits when satellite crossed the
same line in L-B space. This comparison is possible only
with one day step.
Figure 1 displays L profiles of relativistic electrons around
the geomagnetic storm on November 5, 2001: before storm
onset (a), at the beginning of recovery phase (b), at the end
of recovery phase (c) and after the end of this storm (d).
This figure illustrates the typical outer radiation belt
relativistic electron dynamics. The pre-storm position of
electron fluxes maximum was around L ~ 4 Re (Earth's
radii).
M.Slivka, slivka@upjs,.sk, Institute of Experimental Physics SAS,
Watsonova 47, 04001 Košice, Slovakia,

During geomagnetic storm it is shifted to L ~ 3 Re and after
storm it returned to the pre-storm position with lower
intensity. Time behavior of Dst index, the maximum 0.6 1.5 MeV electron fluxes position and maximal electrons
fluxes around that geomagnetic storm are plotted in the Fig.
2. This storm had │Dst max│ = 292 nT and it rank among
severe storms with Dst between -200 nT and -350 nT. Some
parameters, which we studied in all researched geomagnetic
storms, are also marked in this figure. They characterize the
dynamics and the geometry of relativistic electron
population regions in outer radiation belt during individual
geomagnetic storms. Mainly there are the beginning time of
main phase of magnetic storm tb, the time of the Dst
maximum value tDst, the time of Lmax position, tmax , the time
of the storm recovery phase end tr, the minimum flux of 0.6
- 1.5 MeV electrons in the time of main phase Imin , the
maximum flux of these electrons during the recovery phase
Imax, the time shift of Imax position according to the
beginning of storm main phase ∆tf, the positions of electron
flux maximum Lb, LDst and Lr in the times tb, tDst and tr resp.,
the most Earth-ward position of electron fluxes maximum
Lmax, the time shift between │Dstmax│ and Lmax positions
∆tmax and the time shift between Lmax position and the end of
recovery phase of geomagnetic storm ∆t2. All parameters for
studied geomagnetic storms are listed in Tables 1 and 2. The
Table 1 contains the day and the hour (in UT) of storm
main phase beginning tb, the maximum value of Dst index
during this storm Dstmax, the minimal value of relativistic
electrons with energies 0.6-1.5 MeV maximum position Lmax
and its calculated value according to the Tverskaya formula
[3], class of single storms using Loeve and Prölss,
classification (ST-strong, SE-severe G-great and MOmoderate storms) [1], tDst, ∆tmax, ∆t2, Imin, Imax and ∆t1 values
and also the maximum fluxes of >0.5 MeV and >2 MeV
electrons measured in the geostationary orbit by GOES-10
satellite in the time of main storm phase. These data are
completed by parameters of interplanetary magnetic field
(IMF) and solar wind plasma during the time of main storm
phase. There are the magnetic field module │B│, its Bz
component magnitude together with the plasma speed wp
and density np measured on ACE satellite and by solar wind
speed in the time of main storm phase wsw measured on
SOHO satellite.
On the Figure 3 L of peak-flux of the storm relativistic
electrons with energies 0.6-1.5 MeV Lmax measured by
CORONAS-F during 31 studied magnetic storms are given
against amplitude of a magnetic storm │Dstmax│. The result
of this dependence according empirical formula proposed by
Tverskaya is indicated by full lines.
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Fig. 1. The radial profiles of relativistic 0.6 - 1.5 MeV
electrons fluxes (e fluxes) during the period including the
geomagnetic storm on November 5, 2001.

Fig.3 The dependence between Dst index and relativistic
electron flux maximum position Lmax . The solid line shows
values according to the empirical formula │Dstmax
│=27500/Lmax4, proposed by Tverskaya [3].

Fig. 2. The example of the typical time behavior of Dst
index, the position of maximum of 0.6 -1.5 MeV electron
fluxes and maximal fluxes of these electrons around the
November 5, 2001 geomagnetic storm (MP - main phase of
the storm; RP - recovery phase of the storm).

Fig.4. The dependences of the average Earth-ward velocity
of the electron maximum shift vc and its return velocity vr
(a) and the dependence between vc /vr proportion and Dst (b)
for all 31 investigated magnetic storms. The solid lines
represent the best linear fits.
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We calculated the average velocity of outer radiation belt
electron maximum shift during the main storm phase (time
interval ∆t1) to the Earth direction v1, the average velocity of
the electron maximum shift to the Earth direction during
whole ∆tmax time interval v2, the total velocity of the electron
maximum shift to the Earth direction vc and average velocity
of the electron maximum return to the prestorm position
during the time interval ∆t2 vr. Table 2 contains some
parameters of relativistic electron maximum geometry. There
are in addition to date and strength of single magnetic storms
the positions of their maxima Lb, LDst, Lmax, and Lr in the
times tb, tDst, tmax and tr resp., time intervals ∆t1, ∆tmax, ∆t2 and
average velocities of outer radiation belt electron maximum
shift during single storm phases v1, v2, vc and vr .
Figure 4 shows the dependences of the average earthward
velocity of the electron maximum shift vc and its return
velocity vr (a) and the dependence between vc /vr proportion
and Dst (b) for all 31 strong magnetic storms.

3. RESULTS AND CONCLUSION
We analyzed 31 strong magnetic storms (Dst < -100 nT)
[2] measured by MKL device on CORONAS-F satellite
during years 2001-2005. We investigated the dynamic of
relativistic electrons with energies 0.6-1.5 MeV during single
phases of these storms.
The location of relativistic electron maxima Lmax in the
time of main storm phase depends on the geomagnetic storm
strength, represented by minimal values of Dst index Dstmax
according to the empirical formula │Dstmax│=27500/Lmax4
proposed by Tverskaya [3]. This dependence describes good
the maximum of relativistic electrons location during single
geomagnetic storm times. The most differences between
experimental and theoretical values of Lmax were find for
storms at May, 29 2003, October 30, 2003 and January 21,
2005. There are the typical multi-step storms, in which
already during main storm phase was position of their
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electron maximum relatively close to the Earth (3-3.5 Re)
owing to previous magnetic storms influence.
The outer radiation belt maximum shifts during the main
storm phase to the Earth direction with the average velocity
v1 = 0.51 Re/day. After time tDst the shift to the Earth is
slower with the average velocity v2 = 0.36 Re/day during
whole ∆tmax time interval. After the achievement of it’s
nearest to the Earth position Lmax in the time tmax , the outer
radiation belt maximum returns to the pre-storm position with
average velocity vr = 0.26 Re/day during the second part of
recovery storm phase.
The total average velocity of the outer radiation belt
maximum in Earth direction vc and their return average
velocity vr are depend each other and also are depend on
magnetic storm strength which we can demonstrate by high
correlation between vc /vr proportion and Dst and Lmax .
The average values of parameters which characterize the
geometry of outer radiation belt electron maxima presented
for single magnetic storms in Table 1 and Table 2 are: v1 =
0.51 Re/day, v2 = 0.36 Re/day, vc = 0.38 Re/day, vr = 0.26
Re/day, t1=2.93 day, tmax=1.58 day, t2=4.86 day, tf=2.4 day,
Dst min = -186 nT, Lb= 4.49 Re, LDst= 3.68 Re, Lmax= 3.22 Re,
Lr= 4.28 Re, Imin = 3355 counts/s and Imax = 18065 counts/s.
Their use enable to us to sketch superposed relativistic
electron fluxes geometry in the time of strong geomagnetic
storm (see Fig.5).

probably by previous magnetic storms, after that the electron
fluxes maxima didn’t catch to return in the location typical
for quiet time geomagnetic period. Thus behavior is
characteristic for “two-step” or ”multi-step” magnetic storms.
In the time tDst (the time, when Dst index get the minimum
value Dst min) is the maximum position LDst > Lmax e.g. the
maximum position of L (Lmax), which created on the
beginning of the recovery storm phase. The value of Lmax
depends on magnetic storm strength and also on its character
(single or multi-step).
The return of relativistic electron maxima realized during
all the recovery storm phase and in some events (e.g. October
28, 2003) don’t catch the values Lr ≥ 4 Re typical for quiet
geomagnetic period, mainly owing to next geomagnetic
storm, which main phase merged in the time with the
recovery phase of previous magnetic storm.
The fluxes of 0.6-1.5 MeV electrons increase during
recovery storm phase about 1-2 orders in comparison with
their minimum value.
The solar wind velocity in the time of single geomagnetic
storms was from 400 to 1000 km/s and Bz component of IMF
has the southward orientation and it ranges from -5 nT to -80
nT.
The strong magnetic storms accompanied by high shift of
relativistic electron fluxes on the radial distance Lmax < 3 Re
are characteristic by high velocity of solar wind vsw ≥ 600
km/s, and also by southward orientation of IMF with Bz
component between -15 nT and -80 nT. During these
magnetic storms the high fluxes of relativistic electrons were
registered on the geostational satellite GOES-10 (see Table
1). The detailed analysis of these selected storms shows the
better correlation between vc and vr velocities and also
between vc /vr proportion and Dst in comparison with others
magnetic storms.
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Fig.5 The sketch of the superposed relativistic electron fluxes
geometry in the time of strong geomagnetic storm.
We can see from the Table 2 , that the typical value of
relativistic electron maxima position during the main phase
of magnetic storm is Lb= 4-5 Re. Lower values of Lb ( for
October 30, 2003 or November 9, 2004 storms) were caused
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Recent Modeling of Galactic Cosmic Ray
Induced Ionization in the Earth Atmosphere
A. Mishev and P. Velinov

Abstract—. In this work we describe recent physical model for
evaluation of cosmic ray induced ionization in the atmosphere and
ionosphere. Detailed simulations with CORSIKA 6.52 code using
FLUKA 2006 and QGSJET II hadronic interaction models are
carried out. The energy deposit of galactic cosmic ray induced air
showers is obtained. On the basis of computational results the
ionization yield function Y, respectively ion pair production q in
the atmosphere are estimated. The impact of different shower
components, namely electromagnetic, muon and hadronic
components is estimated. The simulations are performed
according realistic atmospheric model (US Standard Atmosphere)
following steep energy spectrum of primary cosmic rays. The
main result is the estimation of profiles for ion production rates
q(h) by galactic cosmic rays in the ionosphere and atmosphere.
The obtained ionization profiles are applicable to the entire
atmosphere, from ground level to upper atmosphere.

1. INTRODUCTION

T

HE cosmic rays are the dominant source of ionization of
the troposphere. The galactic cosmic rays create the
ionization in the stratosphere and troposphere and also in
the independent ionosphere layer at altitudes 50-80 km in the
D region [1]. First Van Allen (1952) [2] measured the cosmic
ray produced ionization in the atmosphere on the basis of V2
rocket sounding measurements. The study of cosmic ray
induced ionization is very important, because it is connected
with cloud formation, atmospheric chemistry and is related to
the global electric circuit.
The primary cosmic rays extend over twelve decades of
energy with the corresponding decline in the intensity. The
flux goes down from 104 m-2 s-1 at energies ~ 109 eV to 10-2
km-2 yr-1 at energies ~1020 eV. The shape of the spectrum is
with small deviation from the power law function across this
wide energy interval. The observed small change in the slope
∝ E-2.7 to ∝ E-3.0 around 1-3.1015 eV is well known as the
“knee” of the spectrum. The “knee” is usually associated with
an energy limit of acceleration mechanisms of supernova
remnants and may be related to a loss of ability for galactic
magnetic field to retain the cosmic ray flux. The second
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change, observed in the region of extremely high energies is
known as “ankle”. The “ankle” is usually associated with the
onset of the dominant extra galactic cosmic ray spectrum. The
peak of the energy distribution is at about 0.3 GeV.
When a particle from primary cosmic ray radiation
penetrates the Earth’s atmosphere it produces cascade
processes. The high energy primary cosmic ray collides with
an atmospheric nucleus and produces new, very energetic
particles. Those also collide with air nuclei, and each collision
adds a large number of particles to the developing cascade.
Some of the produced particles are neutral pions, each one of
which immediately decays to a pair of gamma rays.
The gamma rays produce electron positron pairs when
passing near nuclei. The electrons and positrons regenerate
gamma rays via Bremsstrahlung, building the electromagnetic
cascade. This aggregate cascade process i.e. nuclearelectromagnetic cascade is known as an extensive air shower.
The cascade consists of billions of secondary particles. The
majority of those particles are electrons and muons. They
arrive at ground level over large areas of several square
kilometers.
The predominant interactions are electromagnetic. The cross
sections for the production of hadron and muon pairs are
several orders of magnitude smaller than that for electron-pair
production. In the electromagnetic shower, protons produce
electron-positron pairs, and electrons and positrons produce
photons via Bremsstrahlung (stopping radiation).
Generally in such type of cascade process only a small
fraction of the initial primary particle energy can reach the
ground (observation level) as high energy secondary particles.
In fact the most of the primary energy is released in the
atmosphere by ionization and excitation of the air molecules.
For a given energy, protons produce showers that develop,
deeper in the atmosphere than showers from nuclei. In our case
we study only primary protons.
At the same time the stochastic nature of the individual
particle production processes leads to large shower-to-shower
fluctuations. On the other hand, the size of the fluctuations
depends also on the mass number.
The ionization profiles are connected with energy deposit of
the EAS particles. To estimate the cosmic ray induced
ionization it is possible to use a model based on an analytical
approximation of the atmospheric cascade [3] or on a Monte
Carlo simulation of the atmospheric cascade [4, 5].
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Obviously the ionization profiles are connected with energy
deposit of the EAS particles. In our work we use the ionization
yield function Y which is defined according to Oulu model [6]

Y ( x, E ) = π ∆E ( x, E )

1
1
⋅
⋅Ω
∆x Eion

(1)

where ∆E is the deposited energy in layer ∆x in the
atmosphere and Ω is a geometry factor, integration over the
solid angle.
In Y we use Eion=35 eV [7], which is the energy needed for
production of one ion pair and Ω is geometrical factor
(integration over the solid angle with zenith of 70 degrees in
our case). Basically the ionization yield function Y gives an
average of produced ion pairs at given observation level and at
given energy of the primary particle. In addition ionization
yield function Y gives the possibility to estimate the ion pair
production in the case when one deal with mean spectrum.
Therefore the ion pair production q by cosmic rays
following steep spectrum is calculated according the formula:
∞

q(h, λm ) = ∫ D( E , λm )Y (h, E ) ⋅ ρ (h)dE

(2)

E0

where D(E) is the differential primary cosmic ray spectrum at
given geomagnetic latitude λ m , Y is the yield function, ρ(h) is
the atmospheric density (g.cm-3).
3. IONIZATION YIELD FUNCTION Y FOR PRIMARY PROTONS
Obviously the cosmic ray induced ionization is related to
energy deposit by secondary cosmic rays. A power full tool
based on Monte Carlo simulation of the cascade process in the
atmosphere, precisely the deposited energy, is CORSIKA code
[8], which is the most widely used in the last years simulation
code for cascade processes in the atmosphere.
The code simulates the interactions and decays of nuclei,
hadrons, muons electrons and photons in the atmosphere up to
energies of several 1020 eV. The output of the code gives
information about the type, energy, direction, locations and
arrival time of the produced secondary particles at the selected
observation level. In addition, which is important for our aims,
the possibility to obtain the energy deposit by different
components and particles at given observation levels exists.
For the simulations the recent version CORSIKA 6.52 code
[8] with corresponding hadronic interaction models FLUKA
2006 [9] and Quark Gluon String wit JETs QGSJET II [10]
was used. For the simulations of hadronic interaction below 80
GeV/nucleon FLUKA 2006 was assumed and QGSJET II
above 80 GeV/nucleon respectively. The hadronic event
generator FLUKA 2006 is used for the description of inelastic
interactions below energy of several 100 GeV. Within FLUKA
2006 these collisions are handled by different hadronic
interaction models above, around and below the nuclear
resonance energy range.
The ionization yield function Y is obtained for different
energies of primary protons using expression (1). The used
statistics varies between 10 000 and 3000 events per energy
point. In Fig. 1-4 are presented the ionization yield functions

with corresponding contributions of the different components
for 1 GeV, 10 GeV, 100 GeV and 1 TeV energy of the
primary proton. In Fig.1-4 with solid black squares is shown
the total ionization, with open circles the contribution of
electromagnetic component, with crosses the contribution of
muon component and with open triangles the contribution of
hadron component.
We observe the variation of the different components
contribution to total ionization as a function of the energy of
the primary proton. In low energy range around 1 GeV [6, 11]
the dominant contribution to total ionization is due to hadronic
component.
Increasing the energy as was expected the ionization
increases Fig.2 and Fig. 3. At the same time the contribution of
the different components changes as a function of the energy
of the incident particle and the atmospheric depth.
Increasing the energy the role of the electromagnetic
component increases and in practice dominates in the high
energy range above several tens of GeV. Moreover in the
middle and high atmosphere at observation levels above 600
g/cm2, which are near to shower maximum, the contribution of
the electromagnetic component is more important comparing
to other components. At lower atmosphere the ionization is
due essentially to muon component. In the range of very high
energies, around TeV practically the electromagnetic
component determines the ionization.
Similar behavior of the contribution of the different
components is observed in the case of simulations according
steep spectrum [12].
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Fig. 1 The ionization yield function Y with contributions of
the electromagnetic (EM), muon and hadron components for 1
GeV primary proton
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Fig. 2 The ionization yield function Y with contributions of
the electromagnetic (EM), muon and hadron components for
10 GeV primary proton
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in the case when we used CORSIKA [8] with GHEISHA [13]
as hadronic interaction model in low energy range [14]. The
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the application of FLUKA is recommended.
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Fig. 3 The ionization yield function Y with contributions of
the electromagnetic (EM), muon and hadron components for
100 GeV primary proton

On the basis of formalism described in section 2 of the
paper using the obtained ionization yield function Y (1), which
gives the number of ion pairs, produced in 1 g of the ambient
air at a given atmospheric depth by 1 proton of the primary
cosmic ray particles with the given energy per nucleon and
convenient parameterization of cosmic ray spectrum we obtain
the ionization rates according formula (2).
The parameterization of cosmic ray spectrum is taken from
[15]. In Fig. 5-8 are presented the ionization rates for solar
minimum and solar maximum for different rigidity cut-offs. As
was expected the ionization rates differ with increase during
solar minimum. The position of the Pfotzer maximum is in
practice the same. Below some 800 g/cm2 (2000 m above sea
level) the rates in practice coincide.
The different cut-offs correspond to geomagnetic latitudes
λm= 0°, 30°, 41° and 55°. As was expected the shape of the
ionization profiles for given rigidity are quite similar with
observed difference only in the magnitudes for solar minima
and solar maxima. For polar region the Pfotzer maximum is
not so clearly described and as was expected the ionization
profile magnitude is more important.
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Fig. 7 Ionization profiles for solar minimum and solar
maximum for 9 GV rigidity
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5. APPLICATIONS
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Fig. 10 Comparison between ionization profiles for solar
maximum for 1.5, 5, 9 and 15 GV rigidity
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On the basis of CORSIKA code [8] simulations the energy
deposit by different secondary particles for proton primaries is
computed. To obtain q as ion pair produced per second in cm3
it is necessary to multiply the ionization yield function Y per
atmospheric density ρ. The cosmic ray differential spectrum
D(E) is approximated according the parameterization given in
[15] for solar minimum and solar maximum. Therefore it is
possible using the mentioned above parameterization and
using the mean ionization yield function Y to calculate the
ionization profiles for given spectrum and given conditions.
The integration of the spectra is carried out on the basis of
numerical methods using Maple subroutines.
In addition normalization to one atmosphere is carried
out. This permits in more realistic manner to estimate to
cosmic ray induced ionization and ionization rate respectively.
This permits to compare the ionization profiles at solar
minimum (Fig.9) and solar maximum (Fig.10) at different
regions of the Earth [6, 16].
The same formalism can be applied for fast estimations
using ionization yield function Y parameterization [17] instead
of a full Monte Carlo simulation of the cascade process.
In addition a comparison with experimental data is carried
out (Fig.11). We observe good agreement between
experimental data and simulated ionization rates. The observed
difference is due mainly on the fact that we consider only
primary protons.
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Fig. 9 Comparison between ionization profiles for solar
minimum for 1.5, 5, 9 and 15 GV rigidity
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6. CONCLUSION
In this work a new model is presented for calculation of the
ionization of primary cosmic rays in the Earth atmosphere on
the basis of Monte Carlo simulations using CORSIKA code
version 6.52. The obtained results allow estimate of the ion
pair production in different regions of the whole atmosphere
starting from ground level. Only primary protons are
considered in this study. The contribution of alpha particles as
well as heavy nuclei is a topic of future study.
The obtained results in this work give a good basis for study
of ozone production in the Pfotzer maximum and solarterrestrial influences and space weather. The future work is
related with comparison of the proposed results with analytical
approaches and detailed study of the impact of the different
components. In addition application for dose rate estimation at
different altitudes will be of an utmost interest.
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Energy Resolution of the Solar Neutron Detector
of JEM on ISS
K. Koga, T. Goka, H. Matsumoto and Y. Muraki1)

Abstract—A solar neutron detector will be launched on the
Japan Exposure Module (JEM) of the International Space Station
(ISS) in May 2009. The detector comprises scintillation fiber and
is designated as the Space Environment Data Acquisition
(SEDA)-FIB. It tracks the recoil protons induced by neutrons and
measurement of the proton energy using the range method. The
energy resolution of the detector was measured using the proton
beam at Riken. Herein, we report the FIB detector energy
resolution.

1. INTRODUCTION
Measurement of the radiation effects imparted to
astronauts on the space station is an important task for the
International Space Station (ISS) mission. Numerous
high-energy protons are produced at the solar surface when a
huge solar flare occurs. They arrive at the ISS a few hours later.
These protons pose a strong radiation hazard not only to the
astronauts but also to the electronic devices onboard the ISS.
An early prediction of the arrival of the Solar Energetic
Particles (SEPs) is expected to minimize such radiation hazards.
For realization of such a forecast, a new type of solar neutron
detector is proposed for mounting on the ISS. In April 1979, the
plan was accepted by the Space Development Committee of the
Ministry of Science of Japan as a JEM payload [1].
The new neutron detector can measure the neutron energy;
it can also detect the direction of the neutrons’ arrival. Those
functions are very important not only to identify when solar
neutrons depart from the Sun but also to assess radiation
hazards for human bodies and radiation damage to electronics.
These new functions will enable more precise understanding
not only of the production mechanisms of the Solar Energetic
Particles (SEPs) at the Sun surface, but also the radiation
effects imparted by them. We can determine whether they are
produced indirectly by the wall of ISS or directly by solar
neutrons.

Space Environment Group, JAXA, Tsukuba, 305-8505, Japan
(e-mail: Koga.Kiyokazu@jaxa.jp)

1)Department of Physics, Konan University, Kobe 658-8501, Japan
(e-mail: muraki@konan-u.ac.jp).

2. NEW SOLAR NEUTRON DETECTOR
The new neutron detector can measure the energy of solar
neutrons and the Albedo neutrons from the Earth. The detector
comprises fine blocks of the scintillation plates; the neutron
tracks are identifiable as the tracks of protons that are produced
through n-p interaction processes in the scintillator plates. The
arrival direction and the track length of protons are detected by
two multi-anode photomultipliers (H4140-20; Hamamatsu
Photonics K.K.) looking perpendicularly from the X direction
and Y direction (Fig. 1). Thereby, the detector can identify the
arrival direction of neutrons with accuracy of ±(1.8–45) deg,
depending on the track length. Consequently, we can identify
whether those neutrons have come from the Sun or the Earth or
from the wall of the ISS because the direction of the Sun is
measured using a position sensor onboard the ISS. The
neutrons’ energy can be estimated by measuring the range of
protons. The neutron detector designated as FIB in SEDA can
measure the energy of neutrons between 30 MeV and 100
MeV.
Simultaneously, the Bonar Ball Detector (BBD) will
measure neutrons with energies in the range of (0.03 eV–15
MeV) in SEDA. The BBD detector cannot identify the
neutrons’ direction of arrival. The operational principle of the
BBD is the same as the neutron monitors that are used
throughout the world to measure the long-term modulation of
cosmic ray intensity, but the detector is small.
The FIB and the BBD detectors are mounted in a large box
called the Space Environment Data Acquisition
equipment-Attached Payload (SEDA-AP), which weighs 450
kg. It will be launched on the Japan Exposure Module (JEM) of
the ISS on 15 May 2009 by the Atlantis space shuttle. Details of
the FIB detector onboard the SEDA-AP are available
elsewhere [2–6].
3. ENERGY RESOLUTION OF FIB DETECTOR
The energy resolution of the FIB detector was obtained
using the proton beam at Riken. A 160 MeV proton beam was
bombarded in front of the FIB. Different proton energy was
realized to install aluminum plates of various thicknesses. The
energy radiated on the FIB detector is respectively equivalent
to the energy of 27 MeV, 44 MeV, 68 MeV, and 102 MeV. The
range of tracks was scanned visually to obtain the range
distribution. We have inferred that the mean value of the range
corresponds to the incident proton energy, but the distribution
from the mean value corresponds to the detector’s energy
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resolution. Consequently, the energy resolution was obtained.
The results are presented in Fig. 2. Fitting the data to a function
of 1/E, we obtained the energy resolution of the FIB to the
proton tracks as ΔE/E = 10% /(E/50 MeV).
However, when the number of trigger events for neutrons
increases to more than 16 Hz, the FIB detector cannot record
the pattern of the event because the transmission rate is limited
by the baud rate of the communication between the ISS and the
ground-based station. In this case, they can measure the
number of layers, i.e., the range of charged particles.
Furthermore, in case the trigger rate exceeds 64 Hz, the total
deposited energy will be measured merely using use of the
mesh type dynode of the multi-anode photomultipliers. At this
time, the energy resolution is not as good as that of the range
method: it is ΔE/E = 40%, being independent from energy.
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Figure 1. Schematic view of the neutron detector sensor. It
comprises scintillation plates of 3 mm × 6 mm × 96 mm. The
signal from each plate is read out by the multi-anode
photomultiplier. The track pattern can be recognized using
512 data points. The total weight of the FIB detector is about
20 kg, except the interface part.

Energy Resolution
100
Energy resolution ΔE/E (%)

The FIB will record various data. The main sensor is cubic:
10 cm × 10 cm × 10 cm. The main sensor is covered by six
plates of the plastic scintillator, which have a role of the
anti-counter. Therefore, when high-energy neutrons enter into
the sensor and produce high-energy protons, the high-energy
protons penetrate the main sensor and arrive at the anti-counter.
Using the anti-counter, such high-energy neutrons are not
recorded. We can remove the bottom side anti-counter using
communications from the ground, but it depends on the trigger
rate by the backside particles. Detection of high-energy solar
neutrons with energies >100 MeV is made using ground-based
neutron detectors.
The onboard detectors of the ISS can record solar neutrons
with energy of less than 100 MeV. The delay time of solar
neutrons with energy of 100 MeV is 11 min later than the light
if solar neutrons are produced instantaneously at the Sun by the
solar flare. According to our estimation [4], the expected flux
of solar neutrons for gigantic solar flares, e.g. the 4 June 1991
event, is 15 Hz for 100 MeV. Here we have estimated the
detection efficiency of neutrons by the FIB as 10%. Therefore,
we will be able to record the pattern of events with energy
ranges of between 40–100 MeV using the FIB detector for
smaller solar flares such as X=1. This limitation is imposed
merely by the available memory on the FIB.
The FIB detector can only record the total energy of the
events if the trigger rate becomes greater than 64 Hz. Such a
situation is expected to occur for neutrons with energy of less
than 60 MeV for the largest solar flares. The expected
background level is 1.5 Hz above the middle latitude and 0.2
Hz above the equator. They are produced by albedo neutrons,
so-called cosmic ray albedo neutrons, induced by collisions of
the galactic cosmic rays with the nucleus of the upper
atmosphere.

10

1
10

100
Proton energy (MeV)

Figure 2. The energy resolution of the neutron detector
obtained using the range method is shown as a function of the
energy of incoming protons. The energy resolution can be well
fitted to a function of ΔE/E = 10% /(E/50 MeV).
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Extreme values of solar proton penetration
boundaries in the Earths magnetosphere
Irina N. Myagkova, Mikhail I. Panasyuk, Karel Kudela, Boris Yu. Yushkov and Andrei V.
Bogomolov

Abstract—Solar proton penetration into the polar caps during
the main phase of magnetic storm is one of the important sources
of radiation danger in the near-Earth space. The size of the
energetic particle penetration area depends on proton energy and
on geomagnetic conditions. Low-altitude polar satellite
experiments demonstrate that both the intensity of energetic solar
particles and data concerning the boundaries of solar particle
penetration in the Earth's magnetosphere are important for the
estimation of possible SEP damage.
Main goal of presented work was to find the possibility to
estimate the extreme (the most low latitude) solar particle
penetration boundary location during the strong magnetic storms
using
geomagnetic
indices
using
CORONAS-F
and
"Universitetskiy-Tatiana" satellites measurements.

1. INTRODUCTION

T

HE studies of the of solar activity influence on the
radiation conditions in the near-Earth’s space remains one
of the important problems of space physics till now.
It is known that if there is a magnetic storm during the solar
cosmic ray (SCR) arrival to the Earth, then during its main
phase and in the beginning of recovery one SCR get deeply
enough into the Earth’s magnetosphere.
Many researchers investigated the dynamics of penetration
boundary (PB) during the magnetically quiet time. For
example, the penetration boundary of protons with energies
from 1.2 to 39 MeV was examined at Kp < 1 [1] and Kp<2
[2]. The relationship between the PB for protons with energies
above 1 MeV and geomagnetic disturbances at different MLT
was examined by authors of [3].
Solar particles can be used as test particles in the study of
the magnetosphere [4]. From the other hand, the data about
energetic proton PB dynamics and SCR spectra, measured by
low-altitude polar satellites, allow to estimate a radiation dose
which will be measured in high-altitude areas of an orbit by
space stations, for example, for the International space station
(ISS) [5]. The good agreement of experimental (measured on
board ISS) radiation doses and calculated ones using the data
about SCR spectra and their PB dynamics obtained in the
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experiment on board "Universitetskiy-Tatiana" satellite [6] in
high-altitude areas has been shown in [7].
It is clear that, SCR PB locations were not measured for all
SEP accompanied by a magnetic storm. Despite numerous
attempts to describe SCR PB by means of geomagnetic indices
at different level of geomagnetic activity (for example, [1-4]),
the general formula allowing to describe them adequately
using existing geomagnetic indices, is not created yet.
Therefore working out of the technique, allowing to estimate
the extreme (minimal) latitude on which solar protons can
penetrate during a magnetic storm with known geomagnetic
activity level (Dst and Kp indices), is a main objective of the
presented paper.
The minimal latitudes of SEP penetration boundaries were
detected in evening and night magnetic local time in different
experiments [8-10] due to weaker intensity of the geomagnetic
field on the night side, so only the data received in evening and
night sector were used for the estimations of extreme SCR
penetration boundaries.
2. SOLAR FLARES AND MAGNETIC STORMS - CONDITIONS OF
EXPERIMENTS

More then 50 solar particle events affecting the nearEarth’s environment were observed from August, 2001 till
March, 2007 in the experiments on board CORONAS-F and
"Universitetskiy-Tatiana" satellites.
The most intensive SEP were measured during Solar
Extreme Events periods of 2003 and 2005 years and during
September and November 2001, April and August 2002, May
and July 2003, November 2004, May and September 2005,
December 2006.
Some of these SEP events were accompanied by the
powerful geomagnetic storms (e.g. November 6, 2001 (Dst=257 nT), November 24, 2001 (Dst=-221 nT), October 29-30,
2003 (Dst=-400 nT), November 7-8, 2004 (Dst =-374 nT)).
During the main phases of these storms energetic solar
particles have penetrate extremely deep into the Earth’s
magnetosphere – lower than 50 degrees of invariant latitude.
The example of PB variations is presented in Fig. 1. They
were measured during morning (open blue diamonds) and
evening (closed violet diamonds) magnetic local time (MLT)
sectors. Dst-variations are shown by black solid line. One can
see that PB and Dst -variations strongly correlate.
We should note that even moderate magnetic storms with
Dst about 150-250 nT observed during September 2001, April
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2002, July 2004 and May 2005 led to the SEP penetration
rather deep in the Earth’s magnetosphere – up to invariant
latitudes about 55-57 degrees.

Figure 1. Boundaries of SCR penetration for 50-90 MeV
protons (4-8 November, 2001) for morning and evening MLT
sectors and Dst-variations.

2. EXPERIMENTS
A. CORONAS-F satellite
One of the goals of the Russian solar observatory
CORONAS-F (Complex ORbital Observations in the NearEarth space of the Activity of the Sun) was the study of SEP
events influence on the near-Earth’s environment. CORONASF was launched to the orbit with initial altitude about 500 km
and final one 350 km, the inclination 82.5o. It operated from
July 31, 2001 until December 12, 2005. The orbital period is
94.8 min. Protons with the energies 1-90 MeV were measured
by semiconductor and plastic scintillator detectors in this
experiment [11].
B. Universitetskiy-Tatiana satellite
«Universitetskiy-Tatiana» satellite was launched to the orbit
with the initial altitude about 1000 km, inclination 83o on
January 20, 2005, and was operated until March, 08, 2007.
The main scientific task of this satellite experiment was the
monitoring of radiation conditions near the Earth. In this work
we used data on protons with energies 2-100 MeV obtained by
semiconductor detector (1000 mkm Si) and scintillation
detector (CsJ(Tl) 15×20 mm) [6].

3. STATISTICAL STUDIES
At first only the extreme and strong magnetic storms were
taken into account – ones with the maximum Dst-index
amplitude exceeded 100 нТ. During CORONAS-F operating
time (since August 2001 till June 2005) 48 such storms
occurred. Solar protons with the energies 1-5 MeV were
observed in polar caps in experiment on board CORONAS-F
during 22 storms and protons with the energies 50-90 MeV during 14 ones.
Many different criteria exist for the analysis of the
penetration boundary position. In this work the traditional
criterion similar, for example, to [8-12] – “half of the
maximum SEP flux” was used. The SCR PB was determined
for each polar cap region crossing when the intensity of the
SEP flux exceeded half of the maximal flux of SEP in this
polar cap.
For these extreme data the correlation coefficient Rcorr of
invariant latitude Λ with Dst was equal to 0.9 (1-5 MeV) and
0.84 (50-90 MeV) in evening and night sectors of magnetic
local time MLT. The obtained Rcorr for Λ and Kp was lower,
∼ 0.58-0.64.
Application of the multiple regression for estimation Λ
dependence on values of both indices simultaneously (Dst and
Kp) has shown that at the moment of a maximum of Dstvariation its value allows to estimate roughly Λ of SCR PB
only with the help of this maximal Dst –variation value.
This fact can be explained due to presence of enough rigid
connection between Kp and Dst at the moment of a maximum
of a magnetic storm. Beside that Kp is measured each three
hours whereas changes of SCR PB invariant latitude occur
much faster.
However, the number of the investigated cases was rather
small (22 and 14). To increase statistics a) «UniversitetskiyTatiana» satellite data were included into consideration and b)
we have used all SCR PB data, measured during the moments
when the Dst-variation value was low than –150 nТ. Thus, we
have used the values of SCR PB measured during the main
phase of the magnetic storms and in the beginning of the
recovery phase.
The correlation plots of invariant latitude Λ of SCR PB with
Dst-variation and Kp-index measured for evening and night
sectors MLT are presented in figures 2 and 3.
In Fig. 2 and 3 PB locations for solar protons with the
energy 1-5 MeV measured on board CORONAS-F are shown
by open blue squares, ones with the energy 2-14 MeV
(«Universitetskiy-Tatiana») – lilac crosses, ones with the
energy 50-90 MeV (CORONAS-F) – by closed black triangles
and ones 40-100 MeV – by open green diamonds.
The results of more detailed correlation and regression
analysis are presented in the next paragraph.
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TABLE I

REGRESSION COEFFICIENTS OF Λ=A+B*DST .
N
p 1-5 MeV
Σ p 1-5 MeV &
p 2-14 MeV
p 50-90 MeV
Σ p 50-90 MeV &
p 40-100 MeV

A

RCORR

B

105

0.65

60.8±0.6

0.024±0.003

153

0.72

61.8±0.5

0.028±0.002

78

0.7

60.9±0.7

0.027±0.003

109

0.73

60.7±0.5

0.026±0.002

TABLE II

REGRESSION COEFFICIENTS OF Λ=A+B*KP .
N

Figure 2. The correlation plot of invariant latitude Λ of
SCR PB with Dst-variation.

Figure 3. The correlation plot of invariant latitude Λ of
SCR PB with Kp-index.

p 1-5 MeV
Σ p 1-5 MeV &
p 2-14 MeV
p 50-90 MeV
Σ p 50-90 MeV &
p 40-100 MeV

105

RCORR

A

-0.66

B

63.6±0.9

-1.11±0.13

153

-0.65

63.5±0.7

-1.03±0.10

78

-0.74

64.7±1.0

-1.40±0.14

109

-0.66

64.8±1.0

-1.30±0.14

ones with Kp.
All values of Rcorr presented in tables 1 and 2 are distinct
from zero with the good statistical significance (probabilities
of their equality to zero are less than 0.1 percent). We should
notice that correlation coefficients and the parameters of linear
regression obtained earlier for extreme values (for minimum of
Dst-variation) are in a good agreement within the specified
errors coincide with ones presented in the tables 1 and 2. It
demonstrates the possibility of a preliminary estimation of the
extreme (minimal) latitudes of SCR PB at low latitudes with
the help of value of Dst-variation in its minimum.
Nevertheless, after including into regression analysis the
SCR PB data obtained before the magnetic storm maximum
and during the recovery phase, it is useful to take into account
not only Dst, but also Kp, responsible for geomagnetic activity
at higher latitudes.
Results of multiple regression of invariant latitude Λ of
SCR PB both from Dst and Kp are shown in table 3. Multiple
regression of invariant latitude Λ was presented as
Λ=А+B*Dst+C*Кр.

The comparison of tables 1, 2 and 3 shows that using of

4. CORRELATION AND ANALYSIS
The results of linear correlation analysis SCR PB with Dst
and Kp are presented in the tables 1 and 2. Since the data file
of PB locations measured on board «Universitetskiy-Tatiana»
is rather small (less than 50 SCR PB values for 1-5 MeV
protons and 31 ones – 40-100 MeV protons), the regression
coefficients were calculated for CORONAS-F data (105 and
78 SCR PB values) and total data file containing CORONASF and «Universitetskiy-Tatiana» data.
Invariant latitude Λ was calculated as Λ=A+B*Dst and
Λ=A+B*Kp, obtained values of A, B, and linear Rcorr are
shown the tables 1 and 2.
One can see that the Rcorr values Λ with Dst are higher than

TABLE III
MULTIPLE REGRESSION COEFFICIENTS OF Λ=А+B*DST+C*КР.
N
p 1-5 MeV
Σ p 1-5 &
2-14 MeV
p 50-90 MeV
Σ p 50-90 &
40-100 MeV

RCORR

A

B

C

105

0.74

64.1±0.8 0.015±0.003

-0.72±0.14

153

0.78

64.0±0.6 0.021±0.002

-0.58±0.1

78

0.81

65.3±0.9 0.016±0.003

-0.94±0.15

109

0.82

65.2±0.8 0.019±0.002

-0.82±0.12

multiple linear regression (as it is should to expect) permits to
increase correlation coefficients in comparison with ones of
bivariate linear regression. The constant A represents in this
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case invariant latitude Λ on which solar protons penetrate in
absence of significant geomagnetic activity.
In our earlier studies [12] the dynamics of the penetration
boundary (PB) of solar energetic particles (electrons and
protons) to the Earth’s magnetosphere during the solar extreme
events - solar flares and related geomagnetic disturbances in
November 2001 and October-November 2003 was analyzed
using also CORONAS-F data. The relationship between PB
location and the geomagnetic activity indices was investigated
for six different magnetic local time (MLT) intervals. It was
obtained, that correlation coefficients between the invariant
latitude Λ of SCR PB with Kp and Dst indices for protons with
energies from 1 to 5 MeV were higher in the night-side sector
as compared to the dayside sector. Only the Λ-Kp correlation
was observed in early evening hours. For protons with energies
from 50 to 90 MeV, the correlation is high at all MLT.
The regression coefficients presented in this work are in
good agreement with the results of [12] for night and evening
MLT sectors, in spite of about one thousand cases of SCR PB
were studied in [12], since all moments of solar proton
penetration in the Earth’s magnetosphere were used
independently on Dst-variations value.
5. CONCLUSION
The
CORONAS-F
and
«Universitetskiy-Tatyana»
experiments due to their low polar orbits have demonstrated
that for the estimation of possible SEP damage both the
intensity of energetic solar particles and data concerning the
boundaries of solar particle penetration in the Earth’s
magnetosphere are very important. High energy solar particle
penetration in the polar caps during the main phase of
magnetic storms is an important source of radiation danger in
the near-Earth space, especially for low-altitude satellites.
The
experiments
on
board
CORONAS-F
and
«Universitetskiy-Tatyana» satellites permit us to measure SCR
penetration boundary variations during magnetic storms and to
use obtained experimental data for the creation of empirical
model.
It was obtained that extreme locations of solar protons
penetration boundaries, measured near the geomagnetic storm
maximum in evening and night sectors MLT, can be described
with the help of geomagnetic indices Dst and Kp with
sufficient reliability.
The maximal amplitude of Dst-variation is sufficient for
preliminary estimation of extreme location of SCR penetration
boundaries observed in night-evening MLT sector during the
strong magnetic storms.
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Precipitating Energetic Electrons at high Latitude:
PEEL data from HotPay-2 mission.
J. Baláž, K. Kudela, T. Sarris, I. Strhárský
Abstract: Data recorded by PEEL instrument during the flight of
the HotPay-2 sounding rocket launched from Andoya Rocket
Range (Lat. 69°.18’N, Long. 16°.01’E) on 31-JAN-2008 at
19:14:00 UT are discussed. After the brief description of the
instrument, its possibilities and limitations to measure energetic
electron flux in the upper atmosphere, the profile of counting rate
obtained by the three detectors in four energy channels is
presented. During the epoch of solar activity minima and
relatively low geomagnetic activity, the detectors with given
geometrical factor provide relatively low counting rate.

1. INTRODUCTION
The energetic electrons precipitating into the atmosphere are
subject of study for long time (e.g. [1-6] among others). The
fine structure of the electron fluxes at high latitudes within the
local loss cone were observed e.g. in papers [7,8]. HotPay-2
provides a possibility to observe the energetic electrons at high
latitudes below the altitude accessible from satellites.
After short description of the PEEL instrument we present
the first results of the measurements during that rocket mission
and discuss the results obtained.

Fig. 1. Construction of the electron sensor

3. RECORDING OF THE ANGULAR DISTRIBUTION

2. THE ELECTRON SENSOR
The PEEL electron sensor is based on a solid state surfacebarrier silicon detector with active area of 25 mm2 and the
depleted layer thickness of 300 µm. There is a mylar foil with
thickness of 3 µm installed in the detector entrance window
that suppress entering of the ions to the detector. The electron
flux is collimated with conical collimator with serrated and
blackened surface. The collimator provides a conical field of
view of 38° (fwhm), the overall sensor geometry provides the
geometrical factor of 0.077 cm2.sr. The detector works in fully
depleted mode under the bias voltage of 70 V. The signal of
the detector is processed with charge sensitive electronics.

J. Balaz, K. Kudela* and I. Strharsky were with Institute of Experimental
Physics, Slovak Academy of Sciences, Watsonova 47, SK-04001 Kosice,
Slovakia (*corresponding author, phone: +421-55-6224554; fax: +421-556336292; e-mail: kkudela@upjs.sk).
T. Sarris was with Democritus University of Thrace, Xanthi, Greece

Fig. 2. Field of view of individual sensors related to the rocket
spin axis.
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The recording of the angular distribution of the electron flux is
provided by using of 3 identical electron sensors mounted at
the angles θ1=20°, θ2= 80° and θ3= 140° to the spin axis
respectively. The relatively fast rocket spinning (4 s-1) and fast
temporal sampling of the PEEL device (62.62 samples s-1)
provides division of the azimuth plane to 15 sectors. Thus, the
total angular coverage is 160° × 360° divided to 3 × 15 = 45
sectors.

mounted to the box with wedge-shape adapters to provide
required angular orientation. The PEEL unit was installed in
the nosecone part of the rocket to provide required free field of
view for all sensors. The nosecone aerodynamic shield has
been jettisoned after 60 seconds of flight at the altitude of 71
km.

4. RECORDING OF THE ENERGY DISTRIBUTION
Figure 3 describes electrical design of the PEEL instrument.
The signal from each semiconductor detector is preprocessed
by a low noise charge sensitive preamplifier, a pulse amplifier
and a shaping amplifier (τ = 1 µs). The stack of four
discriminators provides discrimination to corresponding
energy levels 30 keV, 60 keV, 120 keV and 240keV
respectively. The physical calibration was provided by using
of 109Cd radioisotope (a source of conversion electrons with
energy 62 keV and 84 keV). A simple hardware circuitry
provides triggering and sampling of the individual events for
the microcontroller. The microcontroller provides collection of
the event data, formatting of the data frames and
communication with the rocket telemetry. The telemetry
signals are galvanically separated with fast optocouplers, the
powering of the device is provided with galvanically separated
DC-DC converter.

Fig. 4. Mechanical design of the PEEL instrument

6. PEEL BASIC SPECIFICATION

Weight

0.96 kg

Dimensions

226mm × 124mm × 77mm

Power

2.1 W (75mA / 28V)

Sampling frequency

62.62 Hz

Temporal resolution

15.97 ms

Angular coverage

160° × 360° (3 × 15 sectors)

Sensor field of view

38°(fwhm) / 50° (max), conical

Geometrical factor

0.077 cm2sr

SS-Detector thickness 300 µm

Fig. 3. Electrical design of the PEEL instrument

Mylar foil thickness

3 µm (+ 150 nm aluminium)

Energy channels

30 – 60 keV
60 – 120 keV

5. MECHANICAL DESIGN

120 – 240 keV
The PEEL is designed as a compact unit with all the electronic
subsystems located on a single printed circuit board. The
placing of the low-noise charge sensitive circuitry together
with high-level digital and powering electronics required
careful design and shielding policy. The unit consists of a flat
metallic box with three external cylindrical sensors that are
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240 keV - ~ 350 keV
Dynamic range

2.6 × 106 (cm2.s.sr)-1

Telemetry rate

32051 bps

7. MEASUREMENT
Figure 5 presents the plot of 1 sec sums of counting rate of
detector 1 in channels 1-4 during the flight. Figure 6 is a plot
of the flight trajectory. In addition, L parameter is added.

Fig. 5. The temporal profile of the sum of 4 energy channels of
the detector 1 during the flight. The x-axis is in seconds after
the launch at 19.14.00 UT on January 31, 2008. The 1 sec
data were produced from 10 ms measurements available.

Relatively low flux of energetic electrons was observed during
the flight and thus the angular distribution is not established
from the existing data in the presentation here. The
observations of precipitating electrons and X rays observed at
the same site in a pulsating aurora indicate the isotropic flux of
electrons in the energy range 10.8 – 250 keV above 107
(cm2.s.sr)-1 (Fig. 11 of paper 6]. Using the geometrical factor
0.077 cm2.sr of the PEEL and assuming the e-folding energy
of the order of 10 keV and higher energy threshold of PEEL
with respect to the detector described in [5], the highest pulse
(event 1 in Fig.5) gives the value of >10.8 keV electrons of the
order of 2.106 which is by factor ~10 lower than what was
observed during the strong geomagnetic activity [5].
The launch of HotPay2 was at different geomagnetic
conditions, so we can just report the estimates of the fluxes of
electrons during different phases of the flight in relatively
quiet conditions. The values presented in Fig. 5 should be
multiplied just by factor 13 to obtain the estimates of flux in
units (cm2.s.sr)-1.
The maximum flux of > 30 keV electrons is observed during
the event 1 (~2.105 (cm2.s.sr)-1) at about 80-100 km. Its
averaged value is decreasing with the altitude to the level ~10
– 20 and it is again increasing with the decrease of altitude.

The three increases marked in Figure 5 have the following
energy spectra composition and downward to upward ratio at
the low energies as shown in Fig. 7, 8 and 9.
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Fig. 6. The HotPay-2 flight trajectory and L - parameters

Fig. 7. The profiles of electron flux on detector 1 at 4 different
energies for the event 1 marked in Fig. 5. The change of
energy spectra shape is seen from lower panel (ratio of
channel 1 to 3 is varying by more than 2 orders during the
event.

Fig. 9. The ratio of counting rates of the lowest energies in
detector 1 and 3 indicating the estimate of downward to
upward electron flux ratio.

Fig. 8. The profiles of counting rate at different energies of
detector 1 during the events 2 and 3
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[10] M. Friedrich, M. Fankhauser, A steady-state model for the D- to Fregion of the polar cap, Advances in Space Research, Available online 5
March 2008

8. CONCLUSION
The first results obtained from PEEL measurements during the
HotPay-2 campaign indicates:
1. Low level of energetic electron fluxes > 30 keV during the
whole flight in comparison with more active periods is
observed. The variability is ~ 10 – 2. 105 during the flight.
2. Short spikes have rather variable energy spectra.
Comparison with optical emission measurements may be
important for understanding possible relations similar to those
discussed e.g. in paper [9]. Also data from electron density
measurements profile and/or model (e.g. in [10]), especially
for spikes of energetic electrons observed, are important in
physical analysis.
3. The ratio of upward to downward flux (precipitating to
backscattered particles is generally above unity and its
variability is also remarkable. It is consistent with observations
[6].
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On the Calculations of Cosmic Ray
Transmission Function
P.Bobik, K. Kudela and R. Bučík
Abstract—Trajectories calculations of low energy cosmic rays
in the models of geomagnetic field are widely used for estimation
of the particle access either to ground stations or to satellites
positions. There were many discussions about precision of these
calculations especially in the penumbra regions. Transmission
function is based on these calculations. We check hypothesis of
convergence of transmission function from some level of
calculation precision. We test this hypothesis in IGRF and
Tsyganenko 96 models of geomagnetic field mainly for vertical
direction. Influence of parameters of the calculation is tested..

T

1. INTRODUCTION

rajectory calculations of particles in the geomagnetic field
is usual method to evaluate space distribution and origin
of energetic particles inside the magnetosphere. Method has
been already used for several decades [1]. Many discussions
about precision of these calculations in so called penumbra
region of magnetosphere was made [2]. All are based on the
simple fact that small change in initial condition of calculation
in penumbra region, can cause a allowed trajectory became
forbidden or forbidden trajectory to became allowed. It can
change for a example a classification of origin of a detected
particle in the experiments, when they are evaluated by
trajectory calculations analysis. In this article we show how
this “chaotic” behavior can change or affect evaluated fluxes
in penumbra regions for different levels of calculation
precision.

2. METHOD
Usual approach to the trajectory calculations of cosmic rays
in the geomagnetic field is based on the reversal of both the
sign of the electric charge and the velocity of the particle in
Lorentz equation. After this motion equation stay unchanged
and we can obtain a same trajectory using in calculation
antiparticle moving in opposite direction.
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dv
m  = Zq v × 
B
dt

(1)

Where m is the relativistic mass and v is velocity of
particle with charge Z. B is total magnetic field. We use a
model of geomagnetic field which consist of magnetic field
from internal (IGRF, see the
http://modelweb.gsfc.nasa.gov/models/igrf.html) and external
sources [3].
Initial conditions for every position in the magnetosphere
are rigidity  of particle calculated from its momentum and
charge, incoming direction, and two parameters of the
calculation. First is angle  between previous and next
calculated particle vector and second is limit of all integration
steps for one trajectory. First parameter describe how
smoothly we follow particle trajectory in the magnetosphere
and second one is introduced because some particles can be
trapped by geomagnetic field.
Result of numerical integration of equation (1) is a
particle trajectory in geomagnetic field. Following the
Liouville theorem, this trajectory can be allowed or forbidden
[4]. The trajectory is allowed when particle coming from
magnetopause can reach selected point inside magnetosphere
and forbidden when particle can not reach selected point.
Calculation of trajectories for all possible directions of
incoming particles and all energies give us information which
can be used for evaluation a particle flux. In this paper we
calculate flux using a energy spectra of Galactic Cosmic Rays
outside the magnetosphere and transmission function which is
constructed from set of calculated trajectories [5], [6], [7]. In
reality we can for every incoming direction calculate
trajectories for a set of energies not for any possible energy.
We use energies separated by energy step E (or rigidity step
). This introduce new parameter of calculation rigidity step
. Also directions must by selected with some steps in
space angles. Outside of penumbra region all trajectories up to
some energy border are forbidden, above this energy they are
allowed. In the penumbra region there are low and up border
energies which divide region of mixed allowed and forbidden
trajectories from regions with all trajectories forbidden, or all
trajectories allowed [8], [4]. Trajectories in the penumbra
region are sensitive to initial condition, and this lead to
question about possibility to evaluate precise transmission
function and because that also about possibility evaluate
precise flux. Same questions we have for cut off rigidities.
During trajectory calculations for one direction we calculate N
trajectories with equidistant rigidities from range (-d/
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2,+d/2) with rigidity step  = d/N. When we increase
number of calculated trajectories in fixed d (so decrease 
step between trajectories) and from obtained results evaluate
cut-off rigidities or flux, we can check how big is influence of
small change in initial  to flux or cut-off rigidity. Because in
the experiments we measure flux in energy bins we perform
calculation not just for a single energy but for set of energies
from energy bin. Because that there is a important result for
full bin not for one specific energy. Then if results for bin are
constant or if they are from some level of precision change less
than is measurement error, we should not be so much afraid of
trajectory calculation sensitivity to initial condition.

position (50.00 N, 50.00 E) at Earth surface and at position at
low orbit. Upper cut-off rigidity is stable from step  < 10-2
GV. Effective cut-off rigidity dependency at  show
convergence to stable value from  < 10-3 GV.
Figure 2. show fluxes for the same situation. The flux
was evaluated using interplanetary spectrum 1AU() based on
AMS-01 measurements and IMP-8 measurements [10]. Flux at
selected point is estimated accordingly to

 ℜ=1AU  ℜTF ℜ
N

∑ Pi

TF  ℜ= i=1
N
dℜ
N=
ℜ

(2)

Where () is modulated spectrum inside the
magnetosphere, and TF() is transmission function evaluated
for bins with width d. In every bin (-d/2,+d/2) of
transmission function we have N trajectories with probabilities
P equal zero if trajectory is forbidden , or equal one if
trajectory is allowed.
For  < 10-3 GV the results showed at figure 2. are almost
stable and variation in flux is smaller than 0.2 % what means
variation in range less than 1 particle for m2s-1sr-1GeV-1. At
low orbit we have similar situation.

Figure 1. Cutoff rigidities for a middle latitude position (50.00
N, 50.00 E) at Earth surface (upper panel) and at a low orbit
(bottom panel) calculated for a set of rigidity steps .

3. RESULTS

AND INTEPRETATION

A.Middle latitude position
We calculate a sets of vertically incoming protons
trajectories for two selected points at Earth surface and low
orbit (altitude 400 km) and both in the penumbra region at
middle latitude and in the equatorial region. Sets was
calculated with different rigidity steps  = 10-6, 4.10-5, 10-5,
4.10-4, 10-4, 4.10-3, 10-3, 4.10-2, 10-2, 4.10-1, 10-1 GV. From
these calculation we find a cutoff rigidities and evaluate fluxes.
Results for calculation in combined geomagnetic field
from internal (IGRF) and external [3] fields are presented in
figures 1. and 2.. In the figure 1. are cutoff rigidities (used
cutoff terminology is adopted from [9]) for middle latitude

Figure 2. Fluxes for a middle latitude position (50.00 N, 50.00
E) at Earth surface (upper panel) and at a low orbit (bottom
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panel) evaluated for a set of rigidity steps .
B.Low latitude position
Low latitude positions have not a penumbra [8]. Outside
a penumbra region we don't have a three rigidity just one cutoff rigidity (up of this border is any trajectory with higher
energy allowed). For our calculation we choose position with
very high cut-off rigidity (10.00 N, 95.00 E). Dependence of
cut-off rigidity on  is presented at figure 3. Cut-off rigidity
is stable from step  < 10-3 GV. For  < 10-3 GV is
variation of flux smaller than 0.01 % what means change a less
than 0.001 particle for 1 m2s-1sr-1GeV-1 in flux variation. Flux
dependence on  at low latitude position is presented at
figure 4.

very similar results to results from geomagnetic combined
field calculations in sense of convergence flux and rigidities to
relatively stable value with decreasing a rigidity step .

Figure 4. Fluxes for a low latitude position (10.00 N, 95.00 E)
at Earth surface (upper panel) and at a low orbit (bottom
panel) evaluated for a set of rigidity steps .

Figure 3. Cutoff rigidities for a low latitude position (10.00 N,
95.00 E) at Earth surface (upper panel) and at a low orbit
(bottom panel) calculated for a set of rigidity steps .
Showed results should be valuated in comparison with
experiments results. For comparison we choose a AMS-01
experiment which was flown on the space shuttle Discovery
during flight STS-91 in June 1998. The proton spectrum was
measured in the kinetic energy range 0.1 to 200 GeV with
acceptance of 0.15 m2 sr on average. [11]. Generally for
AMS-01 are errors in order of percent of measured flux [12].
Calculation errors in penumbra region, connected to flux
change with increasing number of calculated trajectories are
ten times lower. In low latitude position four orders lower.
To check influence of different models of geomagnetic
field we perform same calculations only in geomagnetic field
of internal sources (IGRF). For these calculations we obtain

C.Non vertically incoming particles
More realistic evaluation of flux can be done with
calculation of all possible directions of incoming particles to
selected point. However, if we want perform similar test like
was presented here for all possible incoming direction,
substituted by a net of incoming directions, our calculation
needs in orders more demand of computing capacity than same
calculations for vertically incoming particles. Such set of
calculations is now behind of usual available computing
capacity. Preliminary calculations for the same positions as
was used for vertically incoming particles for  = 10-3,
10-2, 10-1 GV for 145 incoming directions for every selected
point shows same kind precision convergence as for vertically
directed trajectories.
D.Alternative approach
Alternative approach to equidistant rigidity steps is generate
initial rigidities randomly with uniform distribution over
rigidity. Random generation of energies tell us how small
changes in initial energy can affect evaluated flux. We made
test calculation for N randomly generated particles to energy
range of every bin. Results for N = 10 1, 102,103,104,105
particles for one energy bin for middle latitude position (50.00
N, 50.00 E) at Earth surface are at figure 5. Because for our
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transmission function we use energy bins 0.1GV, N = 102
particles injected uniformly to one bin is equivalent to
calculation with equidistant step  = 10-3 GV. Presented
results are very similar to results with equidistant step. They
produce almost same fluxes and same type of convergence
than calculations with equidistant steps. This is proof that from
some level of calculation precision we are in flux estimation
not sensitive to small changes of initial rigidity of particle.
E.Angle  influence to flux evaluation
We made a set of test calculation for a calculation parameter
 at the middle latitude position (50.00 N, 50.00 E) in a range
from  = 5.10-4 to 10-1 radians. From these calculation we
evaluate a fluxes. Fluxes converge to stable value (changes in
intensity less than 1% for m2s-1sr-1GeV-1) for  < 2.10-3 rad.
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Figure 5. Fluxes for a middle latitude position (50.00 N, 50.00
E) at Earth surface (upper panel) and at a low orbit (bottom
panel) evaluated for a sets of uniformly generated rigidities (in
average equivalent to set of steps ).
6. CONCLUSION
Question of trajectory calculations precision in the
penumbra region in connection to calculation sensitivity to
small changes of initial condition can be answered in following
way and depend on definition what we mean under precise
calculation. We define precise calculation, to have connection
to errors of actual measurements, as calculation where
particle flux
with increasing numerical precision of
calculation change less than 1% in flux for m2s-1sr-1GeV-1.
After we can conclude that is possible make precise
calculation in the penumbra region. From rigidity step  <
10-3 GV results in penumbra region change minimally and flux
and cut-off rigidities converge to relatively stable value.
Spectrum of allowed and forbidden trajectories became from
mentioned level of calculation precision self-similar. Under
self-similarity we mean that almost same percent of all
trajectories in penumbra are allowed and forbidden when we
make calculation with more and more trajectories. Penumbra
structure self - similarity lead to convergence in flux from
some level of calculation precision in rigidity step.

213

The influence of the Earth magnetosphere on
solar and galactic particle fluxes at 1 AU
E.I. Daibog, Yu.I. Logachev, K. Kecskeméty, M.A. Zeldovich, G.M. Surova

Abstract—The temporal behavior of 1-100 MeV proton fluxes
is investigated inside and outside the Earth magnetosphere at ~1
AU using measurements on IMP-8 during 1973-2001. On a nearly
circular orbit (R≈20-30 RE) IMP-8 stayed inside the
magnetosphere about half of its lifetime. The large amount of data
available permitted a statistical study of proton flux variations
both for solar energetic particle (SEP) events (490 events) and
quiet periods (150 intervals). Distributions of τ values
determining the slope of exponential decay J(t) = Jo·exp(-t/τ) after
solar energetic particle event maximum were obtained. During
quiet-time periods the distributions of spectral indices ν and γ of
fitting function J(Ep) = A·E-γ + C·Eν as well as τ were compared
for different space regions. The orbit was divided into 3 regions:
I) from the Earth-Sun line to the entering point to the
magnetosphere, II) inside the magnetosphere and III) from the
exit point from magnetosphere up to the Earth-Sun line. The
distributions of τ, γ and ν were all found to differ in these regions.
It is suggested that the “cleanest” observations were made in the
region I, where the magnetic field lines pass the Earth
magnetosphere without any noticeable distortions, while regions
II and III were characterized by strong distortion of the
interplanetary magnetic field due to its interaction with the
magnetosphere. The results obtained indicate the necessity of
considering the influence of the Earth magnetosphere on low
energy particle fluxes even beyond 20 RE.

Figure 1 presents an example of the quiet-time proton
spectrum (14-16 May 1976) where one can see the intensity
minimum at energy Еmin dividing the particles of solar and
galactic origin. The particles of the left spectral branch with
energy Е < Еmin are the solar and heliospheric particles
meanwhile the right branch particles (Е > Еmin) are the galactic
ones. With solar activity increasing Еmin shifts to higher
energies because the number of solar particles increases and
number of the galactic ones decreases due to modulation
processes. This spectral change was first found for protons [1],
further for fluxes of heavier nuclei and more recently for such
exotic nuclei as 3Не [3].

1. INTRODUCTION

P

ARTICLE fluxes in the interplanetary space exhibit
various spatial structures at different energies. Here we
used proton intensity data from IMP-8 (experiment СРМЕ)
with energy 0.5-48 MeV in 1973–2001. During this
observation interval spanning nearly 3 solar cycles 640 time
periods were selected under active and quiet Sun. During quiet
time periods the proton energy spectra and spectra of heavier
nuclei had minimum at energy Еmin (for protons Еmin = 10-30
MeV) [1,2]. The proton spectra were approximated by the
function:

J (Ep ) = A ⋅ E

−γ

+C⋅E

ν

Figure 1. The proton energy spectrum at 1 AU during
quiet Sun on 14-16 May 1976 based on CPME, CRNC,
and GME data from IMP-8. The spectral parameters
are γ = 2.7, ν = 1.3 and Еmin = 17 MeV.
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The features mentioned above are observed under quiet or
quasi-steady conditions of the interplanetary magnetic field
(IMF). When the IMF is disturbed, the proton fluxes undergo
strong spatial and temporal variations. The magnetosphere is a
noticeable factor of influence on parameters of interplanetary
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space (solar wind and IMF). Charged particle fluxes measured
near the Earth in different spatial regions are strongly modified
by the magnetosphere both inside it and at its boundaries.
Previously we studied particle fluxes under quiet solar
conditions and during the decay phase of SEP events. The
proton fluxes with energies 1-10 MeV decrease after solar
flare often following exponent rule J(t) = Jo exp(-t/τ) where τ is
the characteristic decay time [4], [5]. The occurrence of such
profiles indicates quasi-steady conditions in the interplanetary
space and of the magnetic field. Taking this into account one
can consider the value of τ for various solar events as a mean
parameter for particle fluxes and its variations can be used for
estimating the influence of magnetosphere on particle fluxes.
Under quiet Sun for this purpose the spectrum parameters γ, ν
and Еmin can serve. Three of the parameters mentioned (τ, γ,
and ν) have been used here for the estimation of the influence
of magnetosphere on the low-energy particle fluxes.

The regions under consideration were characterized by
strong differences in the magnetic field structures. In the
absence of strong disturbances in region I the interplanetary
magnetic field (it should be noted that for determining τ, ν and
γ periods with the field quasi-stable conditions were selected)
pass the Earth magnetosphere without interaction. Region II is
situated entirely inside the magnetosphere so charged particles
entering this region are governed by magnetospheric field.
Only a small part of these particles can be captured by the
magnetosphere but the dominant part would move out of
magnetosphere therefore the particle intensity remains
unchanged in comparison with the interplanetary values at 1
AU. It should be taken into account that region II is located at
rather far distances from the Earth. As for region III, it is
where the strongest interaction occurs between the
interplanetary magnetic field and the Earth magnetosphere (see
Fig. 2). Therefore just here one can expect the strongest
influence of the magnetosphere on charged particle fluxes.

2. THE ORBIT OF IMP-8
IMP-8 was launched on 26 October 1973 with initial perigee
141,185 km, apogee 288,857 km, inclination 28.7° and
rotation period of 12.3 days. Later on the s/c orbit changed to a
perigee ≥ 20,000 km and inclination up to 50° [6].
Due to this orbit IMP-8 was located inside the Earth
magnetosphere almost half of the time. In our investigation
each of IMP-8 rotations was divided into three regions: I) –
from the Earth-Sun line to the entering point into the
magnetosphere, II) – inside the magnetosphere and III) – from
the exit point from magnetosphere up to the Earth-Sun line. As
the time of the intersection of the Earth-Sun line was not
available, we took it as the mean value between the times of
exit from and entrance into the magnetosphere. Both time
moments in 1973-2002 are available on the website
http://nssdcftp.gsfc.nasa.gov/miscellaneous/orbits/imp8/
imp8.solarwind. The example of IMP-8 orbit with three
selected regions is presented in Figure 2.

Figure 2. The IMP-8 orbit (dashed oval) projected on the
ecliptic plane, solid ovals: 3 selected spatial regions. The
nominal IMF is shown by straight lines with arrows.
Distances along the x and y axis from the Earth are in RE.

3. PARTICLE FLUX STATISTICS UNDER QUIET SUN AND DURING
SEP EVENTS
A. Statistical Properties of Quiet-Time Proton Spectra
Under quiet Sun the interplanetary space has a stationary
structure and the particle fluxes of solar origin approach the
minimal values remaining nearly constant for time periods of 3
to 15 days. These intervals are optimal for considering the
effects of the influence of magnetosphere on the particle fluxes
near and inside it. Here the parameters ν and γ were obtained
from approximation (1). Due to the short lengths of orbit in
regions I and II (about 3 days) and to ensure that entire quiettime periods be inside one of the three designated orbit
regions, the durations of quiet-time periods investigated were
limited to 3 days. Longer quiet periods have been investigated
separately. When selected periods belonged to two distinct
regions, the time of residence in each of them were compared.
If their ratio was 1:3 or less, the selected time period was
further considered and was attributed to the region with longer
part of selected period, otherwise this period was excluded
from the investigation. After the selection the total numbers of
quiet periods were 150 and 47 in region I, 60 in region II, and
43 in region III, respectively. Figures 3 and 4 present the
distributions of ν and γ values for all three spatial regions
investigated (I, II, and III). In spite of the relatively weak
statistics one can see that these distributions show some
difference for different regions. Attention should be paid to the
ν distribution in region III characterized by a nearly
symmetrical shape, closer to Gaussian than the distributions in
regions I and II. It should be noted that the values of ν refer to
protons with energies >10-20 MeV whereas the values of γ are
determined by proton fluxes with energy <10 MeV (contrary
to ν, the γ distribution is the most symmetrical in the region I).
At present we have no explanation of the differences observed;
obviously, more statistics is needed.
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4. COMPARISON OF PARTICLE FLUXES MEASURED ON IMP-8
AND АСЕ

B. Statistical Properties of SEP Event Flux Declines
During the time period investigated (1973 – 2001) more than
600 SEP events of >1 MeV protons were analyzed. The
distribution of characteristic decay time τ of proton intensity
J(t) = Jo exp(-t/τ) have been obtained. The total time of decay
was highly variable among various SEP events with values of
several hours to >3-5 days or longer. For short decay times it
is very difficult to distinguish between exponential decay and
the power-law. Therefore we limited to events with decay time
≥12 hours. On the other hand, the selected orbit spatial regions
I and II had durations only about 3 days. Therefore events with
decay phase >3 days were excluded from the investigation to
limit event durations to one selected region (I or II). The
periods were selected in the same way as in 3A. After the
selection the total number of SEP events was 490, from them
150 in region I, 232 in region II, and 108 in region III. In
Figure 3c the distributions of τ for all 3 regions selected are
displayed. One can see that for regions I and II the
distributions are practically identical and slightly differ from
that of region III where the strongest influence of
magnetosphere on the interplanetary magnetic field might be
expected. However, the τ distributions for regions II and III
show an excess of events with high values of τ in comparison
with region I. Also worth to note that >1 MeV proton fluxes in
region II (located entirely inside the magnetosphere)
practically coincide with fluxes well outside the
magnetosphere.

Another possibility is to study the degree of the influence of
Earth magnetosphere on the particle fluxes, by comparing
simultaneous measurements on two s/c (for example on IMP-8
and АСЕ). We used the СРМЕ – IMP-8 1-2 MeV protons and
LEMS120 - АСЕ 1.05-1.89 МeV protons. АСЕ is orbiting
around the Lagrange point L1 at 0.01 AU from the Earth. At
such a far distance from the Earth (>200 RE), apart from
upstream events [7], the influence of the magnetosphere on
particle fluxes measured by ACE is practically negligible. The
next step was to compare the proton time profiles on ACE and
IMP-8. Figure 4 presents the decay curves for 3 SEP events
registered in regions I, II and III selected along the IMP-8
orbit. The largest difference between proton fluxes at ACE and

Figure 4. Time profiles of ~1 MeV proton intensities
during SEP events in selected regions I, II, III (a, b, c)
measured by IMP-8 and on ACE simultaneously. The
region III shows the strongest difference between
proton fluxes on IMP-8 and АСЕ.

Figure 3. Distributions of proton spectral parameters ν,
γ and of decay time τ for 3 selected regions of the
magnetosphere (I, II, III). For comparison the bestfitting curves for region I in each region are also shown
(Gaussian or lognormal approximation).
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IMP-8 can be observed in region III where we assume the
occurrence of the strongest influence of magnetosphere on
charged particles due to stronger interaction of IMF with the
bow shock.

5. CONCLUSION
The analysis above suggests that the quasi-steady >1 MeV
proton fluxes measured on IMP-8 undergo only a limited
influence of the Earth magnetosphere. However, the most
significant disturbances in particle fluxes occur during periods
when the magnetosphere is strongly disturbed, for example, in
magnetic storms. In these cases some peculiarities can appear
(predominantly in region III) in proton fluxes different from
that in the interplanetary space. This effect is desirable to be
taken into account when precise measurements of the ˝clean˝
particle intensity, i.e. undisturbed by the magnetosphere are
needed.
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On the magnetic cycle in the GCR intensity in the
inner and outer heliosphere
M.B. Krainev1 , M.S. Kalinin1

Abstract— The present-day phase, the minimum between the
solar cycles 23 and 24, in the solar activity and GCR intensity
both in the inner and outer heliosphere is considered. We
concentrate on the manifestations of the magnetic (or 22-year)
cycle in the GCR intensity and its radial dependence. Our
conclusion is that there should be a strong source of the magnetic
cycle in the outer heliosheath. The different candidates for this
source are considered.

I. INTRODUCTION
The main manifestations of the magnetic (or 22-year) cycle
on the Sun are 1) in the polarity of the toroidal (or azimuthal)
component of the magnetic field in the active regions (the
polarity of the leading sunspot in the bipolar group changes
every 11 year around the solar minima) and 2) in the polarity
of the poloidal component of the magnetic field (the polarity
of the large-scale high-latitude magnetic fields changes every
11 years around the solar maxima). Due to relatively small
scale of the active regions the first process scarcely affects
the heliospheric magnetic fields and it is the second process
that mainly gives rise to the magnetic cycle in the heliosphere,
changing the sign of the related parameters during the reversal
of the high-latitude solar magnetic fields around the solar
maxima and reaching the maximum amplitude around the solar
minima (see references in [1]).
The specific heliospheric characteristics in which the magnetic cycle manifests itself are 1) the dominant polarity of
the regular HMF B, opposite in different ”magnetic hemispheres”, divided by the thin global heliospheric wavy current
sheet (WCS); and 2) the polarity of the regular heliospheric
SW
electric field, E = − V c ×B , where VSW is the solar wind
velocity. The corresponding well-known effects, important for
the modulation of the GCR intensity are 1) the magnetic drifts
of the GCRs, both regular and the current sheet ones; 2) the
dependence of the GCR diffusion coefficients on the polarity
of the regular HMF because of the interplay between the
regular HMF and helicity. As to the influence on the GCR
intensity of the regular electric fields, latitudinal in the inner
heliosphere and radial near the heliopause, there is a general
belief that it does not influence the charged particles directly
but only through the change of their energy in the divergent
(or convergent) solar wind.
The observed manifestations of the magnetic cycle in the
GCR intensity are well-known. Here we are mostly interested
in the radial dependence of the GCR intensity in the successive
minima of solar cycle. It was Webber and Lockwood [2] who
1 Lebedev Physical Institute, Russian Academy of Sciences, Leninsky
Prospect, 53, Moscow, 119991, Russia, krainev@fian.fiandns.mipt.ru

about 10 years ago constructed the radial profiles of the GCR
intensity in the equatorial region of the heliosphere during
the successive minima and they put forward the hypothesis
that the magnetic cycle in the heliosheath (the region of
interaction between the solar and interstellar winds) beyond
the termination shock is much greater than in the inner
heliosphere. In the last decade we repeatedly studied this effect
(see references in [3]). Our interest in this subject is related to
our hope that it can be due to the influence of the quasi-radial
electric fields in the heliosheath (see [4], [5] and references
therein).
In this paper we consider the current phase of the 11-year
cycle in the solar characteristics and in the GCR intensity near
the Earth (Section II), then deal with the situation in the outer
heliosphere (Section III), then discuss the possible causes of
the magnetic cycle in the GCR intensity in the heliosheath
(Section IV).
II. SOLAR CYCLE 23 AND GCR NEAR THE EARTH
In Fig. 1 the time profiles of some solar heliospheric and
GCR characteristics are illustrated, the thin lines being for the
detailed data (the Carrington rotation or monthly) while the
thicker lines being for the detailed data smoothed with about
one year period. The upper panel shows the total area of the

Fig. 1.

The solar, heliospheric and GCR behavior in 1960-2008.

sunspots, http://solarscience.msfc.nasa.gov/greenwch.shtml. It
can be seen that the smoothed sunspot area decreased monotonically during the last few years and its first minimum
(maybe the local one, however) occurred in 2008.3. So there is
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a chance that it was the end of SC 23, and since then we live
in the SC 24. The stars and the vertical dashed lines indicate
the time of minima of this and four previous solar cycles.
The tilt to the equator of the heliospheric WCS
(αCS ; estimated as the half latitude width of the
sector-zone on the source surface of the HMFs,
http://wso.stanford.edu/Tilts.html) is shown in the middle
panel. One can see that the most important difference between
the current solar cycle and previous ones is too great residual
tilt. It is about three times as great as it was before. And
it is the most important parameter for the galactic cosmic
ray modulation in the current A < 0-period. Again the stars
and the vertical dotted lines indicate the time of the αCS ’s
minima for this and three previous solar cycles.
For the relative GCR intensity shown in the lower panel of
Fig. 1 we use our stratospheric proxy for proton intensity of
about 200 MeV (see [6]). It can be seen that the last maximum
of the GCR intensity smoothed with a one year period occurred
in 2007.6, however the intensity strongly fluctuates since then
and it is clear that this maximum was a local one. For the
subject of the present paper the main feature seen in the lower
panel of Fig. 1 is that there is about 20% difference between
the maximum GCR intensity for successive solar cycle, that
is there is the magnetic cycle of rather small amplitude in the
inner heliosphere.
III. GCR IN THE OUTER HELIOSPHERE
Now we turn to the outer heliosphere. In Fig.2 the time profiles
are shown of the GCR intensity in the same energy range as
in the lower panel of Fig.1. measured aboard the spacecraft
moving out from the Sun.

Fig. 3. The radial profiles of the GCR intensity for the extreme phases of
the solar cycle.

In this figure the radial profile for the last solar maximum
(JM (r)) is shown along with the composite profiles for two alternating minima, Jm,+ (r) and Jm,+ (r). The solid lines show
the radial dependence for the ranges where the interpolation
of the intensity can be made while the dashed lines show the
extrapolated radial profiles. In both cases the the relative radial
gradient of the intensity was supposed to be constant.
These composite profiles were first compiled by Webber
and Lockwood, [2], about 10 years ago and naturally, they
used only data for one A < 0 minimum twenty years ago
(SC 22), using the spacecraft Pioneer 10 at the r = 42 AU,
so that the extrapolation the outer heliosphere was made for
4r ≈ 60 AU. From this extrapolation they inferred that the
amplitude of the magnetic cycle in the heliosheath beyond the
termination shock could be much more than near the Earth.
In [7], [8] we suggested to normalize the GCR intensity to
r = 1 AU using the radial profiles for the related extreme
phases as boundaries between which the intensity changes
during the solar cycle:
Jnorm =

Fig. 2.

The GCR intensity on board the spacecraft in 1975-2009.

To separate the time changes from those due to moving in the
space it is very useful to normalize the intensity and to bring
it to the same radial distance using the radial profiles of the
intensity for the extreme phases (minima and maxima) of the
solar cycle, shown in Fig.3.

J(r, t) − JM (r)
Jm (r) − JM (r)

In Fig.4 the normalized GCR intensity is shown corresponding
to that measured aboard the spacecraft which real time behavior is shown in Fig.2. The normalization used the composite
radial profiles for solar minima shown in Fig.3. One can see
the clear synchronous 11-year cycle in the GCR intensity for
all spacecraft being at different heliocentric distances. In [3]
we normalized the GCR intensity in the above mentioned
manner and then suggested that the behavior of the normalized
intensity aboard Voyager 1 spacecraft in the current decade
should be about the same as it was in 1980-s (the period with
the same HMF polarity). The dashed line in Fig.4 shows the
normalized GCR intensity in the 1980-s (see [3] for details).
However, the dashed line in Fig.4 is a little different from
that in Fig.3 in [3] because of a small mistake we made in
constructing this line in the latter paper.
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IV. ON THE CAUSES OF THE MAGNETIC CYCLE IN
THE HELIOSHEATH
So it looks that there is a strong magnetic cycle in the GCR
intensity in the region not far beyond the termination shock
and the mechanism causing this strong variation in the GCR
intensity shock should work somewhere in the heliosheath,
the region between the termination shock and the heliopause,
nearer to the heliopause. There are a few candidates for this
mechanism and we briefly consider them.
A. Magnetic drifts

Fig. 4. The GCR intensity normalized to r = 1 AU using the radial profiles
of the intensity for the extreme phases.

The drifts in the inhomogenious magnetic fields in the outer
heliosheath are hardly probable to produce such a strong
variation in the intensity on two counts. First, the drift velocity
should be small for the 200 MeV/n particles because of their
small rigidity. Second, according the Baranov-Malama model
of the heliospheric-interstellar interface [9], as one approaches
the heliopause, the solar wind velocity, supersonic in the inner
heliosphere, becomes progressively smaller and it is only about
20 km/s in the layer near the heliopause. Consequently, the
time which solar plasma needs to get there is very large,
at least several 11-year periods. If the magnetic field is
transported there by such a slow solar wind, it looks like
“a patched blanket” with rather small “patches” of different
polarity, so that on large scale the regular magnetic field in the
outer heliosheath is weak (see [10]). So the magnetic drifts ar
also weak there.
B. The dependence of the diffusion coefficient on the HMF
polarity

Fig. 5. The same as in Fig.2, but with the expected the GCR intensity aboard
Voyager 1.

Then we transform the expected normalized intensity to the
real (not normalized). The expected time behavior of the
intensity measured aboard Voyager 1 is shown by the dashed
line in Fig.5. It can be seen that up to now the growth of
the GCR intensity at Voyager 1 approximately follows the
expected time profile.
So the observed behavior of the GCR intensity at the
heliospheric distances up to r = 105 AU indicates that during
the current solar minimum with A < 0 the GCR intensity
in the equatorial region just beyond the termination shock is
about three times as great as that observed during previous
solar minimum with A > 0 at r = 70 AU and extrapolated
with constant radial gradient to r = 105. In other words, the
current behavior of the GCR intensity aboard Voyager 1 does
not contradict the hypothesis that beyond the TS the amplitude
of the magnetic cycle in this intensity is great (a factor of 3).

The long-term efforts to fit the observed GCR intensity (e.g.,
[11]) lead to the conclusion that it was necessary to account for
rather strong dependence of the diffusion coefficients Kdif f on
the HMF polarity because of the interplay between the regular
field and its helicity ([12], [13], [14], [15]). However, it looks
that the dependence of Kdif f on A needed to explain the
magnetic cycle in the radial dependence of the GCR intensity
even in the inner and intermediate heliosphere (r ≤ 70 AE)
is too great (a factor of 5, [16]) and it can hardly be used
to explain the magnetic cycle beyond the termination shock,
taking into account what was said in the previous paragraph
on the regular magnetic fields in the outer heliosheath.
C. Electric fields
Because of the solar wind moving through the perpendicular
to its direction regular heliospheric magnetic field there should
be a regular heliospheric electric field (HEF). In the period of
low solar activity due to small tilt of the wavy current sheet,
this electric field is longitudinal inside the termination shock
but quasi-radial in the outer heliosheath. These electric fields
can be considered as due to the volume electric charges formed
by the Lorentz forces and the related potential difference is of
the order a few hundreds of MV, [17], [18], [10].
In several papers ([17], [18], [19], [20], [4], [5]) we studied
the possible effects of these (“ external”) electric fields in
the outer heliosheath on the GCR intensity, postulating the
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acceleration/deceleration of the GCRs by the related potential
difference (using the Liouville theorem) before exposing to
the usual modulation inside the modulation region. We called
this additional step the “external” modulation of the GCR
intensity. It was shown ([4], [5]) that using this additional
modulation the magnetic cycle in the radial dependence of the
GCR intensity in the inner and intermediate heliosphere can
be easily explained without a factor of five change in Kdif f
needed without it [16].
However, there is a general belief that according to the wellknown transport equation governing the GCR modulation, the
rate of the energy change is due only by the term including
the divergence of the solar wind velocity. So postulating
some additional change of the GCR energy due to the direct
acceleration/deceleration of the GCRs by the electric fields is
unlegitimate. Our position in [4] was that it was true but then
the boundary of the modulation region should has comprised
all space regions where any influence of the heliosphere
magnetic and electric fields on GCR took place, while the
commonly used GCR modulation with this boundary well
inside the region where the distribution of regular magnetic
fields conserves its quasi-dipole character during periods of
low solar activity obviously does not meet the latter condition.
Here we want to add another possibility to justify the direct
acceleration/deceleration of the GCRs by the electric fields
in the outer heliosheath. Our point is that in the presence of
the electric field the divergence of the plasma velocity is the
only channel to change the energy of the charged particles
only in case if there is the substantial regular magnetic field,
hindering the direct acceleration/deceleration of the particle
and forcing it to drift normally to both fields. As we discussed
above there could be a situation in the outer heliosheath when
the regular magnetic field in very weak there while there is
a substantial electric field due the distribution of the electric
charges well nearer to the Sun. Probably, in such a case the
direct acceleration/deceleration of the particles is possible.
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V. CONCLUSIONS
1) Probably, the solar cycle 23 ended around April, 2008, and
since then we live in the next solar cycle. The GCR intensity
strongly fluctuated during the last year, although it is clear the
smoothed intensity is still increasing.
2) The current behavior of the GCR intensity aboard Voyager
1 does not contradict to the hypothesis that beyond the
termination shock the amplitude of the magnetic cycle in this
intensity is great.
3) It is rather difficult to explain such a strong magnetic cycle
in the GCR intensity in the inner heliosheath using the presentday modulation theory. There is a possibility that it could be
connected with the unusual properties of the electromagnetic
fields in the outer heliosheath that make the direct influence
of the electric field on the energy of the charged particles
possible.
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On the wavy heliospheric current sheet in the 2D
transport equation for the galactic cosmic rays
M.S. Kalinin1 , M.B.Krainev2

Abstract— Extending our previous efforts we discuss the 2D
transport equation (in space coordinates: radial distance - colatitude) for the galactic cosmic ray intensity averaged over
the longitude and over the period of the solar rotation. Some
questions are considered concerning the solution of the 2D
equation simulating some effects of the wavy current sheet on
the GCR intensity and the ways to construct the 2D equation
incorporating these effects to a greater extent. The expressions
for the averaged over the longitude magnetic drift velocity are
derived. The behavior of these velocities is compared with those
of other authors and the advantages and shortcomings of the
different approaches are discussed.

I. INTRODUCTION
The importance and actuality of studying the effects of the
global heliospheric wavy current sheet (WCS) on the GCR
intensity are evident, especially in the present epoch, the solar
activity minimum with the heliospheric magnetic field (HMF)
polarity A < 0, when these effects should be most pronounced
and both the GCR nucleonic intensity and the tilt of the current
sheet vary rather unusually (see [1]).
Besides, in the epochs of low solar activity the longitudinal
variation of the GCR intensity in the inner heliosphere is very
small, i. e., its variation is mainly two-dimensional (2D; r, θ).
However it is believed that the proper modeling of the WCS
effects on the GCR intensity is possible only by solving the
3D (r, θ and the longitude ϕ) equation, [2]. Nevertheless, the
major part of the GCR modeling in the inner heliosphere is
fulfilled using the 2D models, simulating the WCS effects in
different ways, [3]-[6].
Here we further develop our approach, [7]-[9], to get and
solve the 2D transport equation for the GCR intensity averaged
over the longitude. First, in Section II, starting from the full 3D
equation we derive the equivalent set of two equations: 1) the
2D equation for the intensity averaged over the longitude (or
over the period of solar rotation) and 2) the 3D equation for the
variation of the intensity, the difference between the actual intensity and the averaged one. The advantages of this procedure
are discussed. Then some questions are considered concerning
the solution of the simplified 2D equation simulating the
effects of the wavy current sheet on the GCR intensity and the
ways to construct the 2D equation incorporating these effects
to a greater extent. In Section III we derive the expressions
for the averaged over the longitude magnetic drift velocities of
1 Lebedev Physical Institute, Russian Academy of Sciences, Leninsky
Prospect, 53, Moscow, 119991, Russia, mkalinin@fian.fiandns.mipt.ru
2 krainev@fian.fiandns.mipt.ru

the particles (both regular and current sheet ones) for general
WCS surface and for the simple tilted current sheet (TCS)
case. The results for the TCS case are compared with those of
other authors and the advantages and shortcomings of different
approaches are discussed.

II. MAIN EQUATIONS
Note that below, discussing different equations, we always call
the function to be found “the intensity”, J(r, p, t), although
actually the equations are for the omnidirectional distribution
function, U (r, p, t) = J(r, p, t)/p2 . The distribution of the
cosmic ray intensity in the heliosphere is usually described by
the well-known equation
∇Vsw ∂U
∂U
+ ∇ [(Vsw + Vd ) U ] − ∇(K∇U ) −
p
= 0,
∂t
3
∂p
(1)
where K, Vsw , Vd are the diffusion tensor, solar wind and
particle drift velocities, respectively.
First we derive the 2D equation for the intensity averaged
over the longitude, U = U − δU , which is just equal to ∼
27-day mean intensity for steady U . The coefficients of the
equation can be decomposed in a similar way (Vsw = Vsw +
δVsw , Vd = Vd + δVd , K = K + δK, ∇Vsw = ∇Vsw +
δ(∇Vsw )). However, instead of formulating the equations for
U and δU using the averaged coefficients and their variations,
let us here for short rewrite the eq. (1) in abbreviated form as
OU = 0,

(2)
∇Vsw ∂·
3 p ∂p

∂·
∂t

+ ∇ [(Vsw + Vd )·] − ∇(K∇·) −
where O ≡
is the operator acting on U and characterized by the set
of the coefficients K, Vsw , Vd , so that the sets of the
averaged coefficients
and their

 variations can be denoted as
∂·
O ≡ ∂t
+ ∇ (Vsw + Vd )· − ∇(K∇·) + ... and δO ≡
∇ [(δVsw + δVd )·] − ∇(δK∇·) + .... Averaging (2) over the
longitude one can get
O · U = −δOδU

(3)

Then by subtracting (3) from (2) the following equation for
δU can be obtained
OδU + δOδU = −δOU + δOδU

(4)

However, the GCR intensity changes with time not only
due to the rotation of the Sun (as, e. g., HMF’s polariry is
∂
∂
fixed in the rotating frame), ∂t
= −ω ∂ϕ
. In general the GCR
intensity changes also due to the variations in the averaged
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over the longitude characteristics, modulating the intensity. So
it is advantageous to derive the 2D equation for the GCR
intensity averaged over the period of solar rotation T (that
is, over the time during T ). Besides, it is averaging over T ,
hiT , what we can easily get from the observations, not hiϕ .
Naturally, eqs. (3 - 4) don’t change if we mean by the U =
U − δU and O = O − δO the averaging over the period of
solar rotation.
The set (3)–(4) with the boundary and initial conditions (not
to be discussed here) is equivalent to (2). If one neglects the
right-hand side in (3), this equation will describe the cosmic
ray propagation in the longitudinally averaged heliosphere.
This axisymmetric heliosphere may have strange features, e.g.,
non-divergence-free magnetic field, as was noted in [2]. It is
just the source in the right-hand side of (3), describing the
contribution to the average density from the asymmetrical parts
of the modulation factors and intensity, which makes the 2D
equation for U the exact one.
So if one knows δU and puts it in RHS of (3), this equation
can be used not only for simulating the main effects of the
WCS in the GCR intensity, but to model these effects in
full measure. Of course, to find δU one should solve the 3D
equation (4).
Let us discuss the analogues of the eqs. (3)-(4) for the
simplest case when the only ϕ-dependent characteristic is the
polarity of the regular magnetic field. Here we shall use the
equations in full notation:
∇Vsw ∂U
∂U
+ ∇[(Vsw + Vd ) U ] − ∇(K∇U ) −
p
=
∂t
3
∂p

− ∇δVd δU

(5)




∂δU
∂δU
+ ∝ δU ,
,... =
∂t
∂x

 i
− ∇ δVd U

(6)

In the figure brackets in the left-hand side of (6) we collected
all terms containing δU and its space and momentum derivatives.
In [7] - [9] we considered different approaches to estimate
δU without solving the full (6). We have not achieved what we
wanted although some useful features of the particle’s behavior
near the WCS have been revealed. We still anticipate that the
above aim can be attained if one neglects the terms in the
figure brackets in the LHS of (6) relative to its RHS.
However the more direct way to estimate the RHS terms
in eq. (5) for U is to solve the initial 3D equation (1) for U ,
then construct from it U and δU and compare the terms in the
RHS of (5) with those in the LHS of this equation. We are
working on it.

III. AVERAGING MAGNETIC DRIFTS
The most simple (and widely used) 3D heliospheric model
is that where the solar wind is radial with constant velocity

and the only ϕ-dependent characteristic is the polarity of the
regular magnetic field. Then the only term in the LHS of eq.(3)
which needs averaging is that with Vd and the magnetic field
can be represented as B = F · Bm , where Bm is the unipolar
(or “monopolar”) magnetic field equal to B in the positive
sectors and having the reversed polarity in the negative ones.
F is a scalar function equal to +1 in the positive and −1
in negative sectors, changing from one to another on the CS
surface F (r, ϑ, ϕ, t) = 0.


The particle drift velocity is Vd = pv/3q · ∇ × (B/B 2 ) ,
[10], where v and q are the particle speed and charge,
respectively. In our case one can decompose the drift velocity
into the regular Vdreg and current sheet Vdcs ones,


Bm
pv
reg
·F · ∇× 2
(7)
Vd
=
3q
B



pv
Bm
Vdcs =
· ∇F ×
(8)
3q
B2
In general F = A [2H(x)−1], with A and H(x) being the
polarity of the HMF in the high-latitude N-hemisphere and the
step function of the distance x from the sheet, respectively.
The value of x is positive in the N-“magnetic hemisphere”.
In this case ∇F = 2Aδ(x)~ncs ,where ~ncs is the unit vector
normal to CS surface and directed to the N-hemisphere. Then
the averaged over the longitude drift velocities are as follows


pv
Bm
Vd reg =
·F · ∇× 2
(9)
3q
B
i=2k
X ~
A pv
1
ncs × ~nb
Vd cs =
,(10)
·
·
·
π 3q B · r sin ϑ i=1 |~ncs · ~eϕ | ϕi
~ b is the unit vector along the “monopole” magnetic
where n
field line and the summation is performed for all points
(ϕi , i = 1, · · · , 2k) of interception of the circle r, ϑ = const
with the WCS surface. These expressions are valid for any
WCS surface.
In case of generalized tilted current sheet (TCS) describing
a 2k-sector structure with the CS surface specified as in [7]


π
ω(r − rss )
cs
) , (11)
ϑ = − arctan tanα sink(ϕ +
2
Vsw
where ω and rss are the angular velocity of the Sun and
the source surface of the HMF, respectively. Then the scaling
factor for the regular drift velocity and the averaged over the
longitude current sheet drift velocity look as follows
F

=

cs

=

Vd

2A
arcsin(cot α cot ϑ)
(12)
π
2A pv
sin χ
cot α
√
, (13)
2
π 3q B · r sin ϑ 1 − cot2 α · cot2 ϑ

if ( π2 − α < ϑ < π2 + α), and F = ±A, Vd cs = 0 outside
this HMF sector-structure zone. As in [7] we call attention
that neither F , nor Vd cs depend on k. Note that although the
expression (13) for Vd cs diverges at ϑ0 = π2 − α, it makes it
1
very slowly (V d cs ∝ (ϑ − ϑ0 )− 2 ), so there is no jump in the
latitudinal gradient of the intensity at this colatitude.
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In Fig. 1 the colatitude, radial and energy profiles of the
scaling factor of the regular magnetic drift, derived in this
work (KK-model), are compared with those obtained in [3],
[4] (PMB-model) and [5] (HB-model). Similarly, in Fig. 2
the colatitude, radial and energy profiles of the current sheet
drift velocity derived in this work, are compared with those
obtained in the PMB- and HB-models.

Fig. 2. The colatitude (upper panel ), radial (middle panel) and energy
(lower panel) profiles of the current sheet magnetic drift radial velocity for
three models. The colatitude profiles are shown for different rigidities of the
charged particles.

Fig. 1. The colatitude (upper panel ), radial (middle panel) and energy
(lower panel) profiles of the due to the WCS effects scaling factor of the
regular magnetic drift velocities for three models. The colatitude profiles are
shown for different rigidities of the charged particles.

One can see that
1) For our model the WCS effects in F and Vd cs exist only
in the sector-structure zone, while those in PMB- and HBmodels extend to higher latitudes, the higher latitude for the
greater rigidity of the particles.
2) The latitude dependence of the current sheet drift velocity
is different for three models considered: for our model V d cs
is greatest at the maximum extend of WCS, ϑ0 = π2 − α;
it is greatest at the equator for PM-model; and it does not
depend on latitude for HB-model. Note that the results of the
numerical model [6] (AUMK-model) are similar to ours in this

respect, at least partially.
We are sure that, because of the finite giroradius of the
particles, there is a physical sense in the widening with rigidity
of the latitude range where the particles feel the WCR, so our
model should be modified in this respect. On the other hand
the flat current sheet velocity field supposedly used in HBmodel is valid only for homogeneous HMF (or particles with
low rigidity) and formally it could not be used for high rigidity
particles. The AUMK-model uses the complicated procedure
to cope with this difficulty. Besides, in order to ensure that the
resultant drift velocity is divergence-free, the current sheet drift
velocity in HB-model was averaged over the latitude within the
effective WCS latitude range. However, it could be misleading,
if one is interested in the details of the GCR distribution in
this latitude range.
Our opinion is that the main cause of the shortcomings
of all models for the WCS drift velocity is the use of the
infinitely thin current sheet. So we believe that the proper
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way to construct the consistent drift velocity field is to use
more realistic model of the heliospheric current sheet. We are
working on it.

IV. CONCLUSIONS
1) The proposed earlier procedure is recalled that allows one
to get the precise 2D transport equation for the GCR intensity
averaged over the longitude and, in principle, for the case of
small variation of the intensity with the longitude, to estimate
longitude dependent wave in the intensity without solving
3D boundary problem. Probably, to construct this precise 2D
transport equation, the detailed 3D calculations are necessary.
2) The averaged over the longitude magnetic drift velocities
are derived both for the general surface of the wavy current
sheet and for the widely used tilted current sheet model. The
comparison of the scaling factor of the regular magnetic drift
velocities and the current sheet drift velocity with those of
other authors shows the shortcomings of all models due, in our
opinion, to the use of the model of the heliospheric magnetic
field with the heliospheric current sheet of infinite thinness.
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The reflection in the long-term cosmic ray
modulation of the cyclic variations of integral
and partial indices of the solar magnetic field
Raisa T. Gushchina, Anatoly V. Belov, Vladimir N. Obridko, Berta D. Shelting

Abstract— The following solar activity (SA) characteristics
have been considered as modulating parameters in the modeling
description of the long-term cosmic ray (CR) variations at cycles
21-23: the magnitude and polarity of the solar magnetic field, the
integral and partial indices (the mean intensity of the field on the
surface solar wind source) as well the tilt of the current sheet and
the index characterizing x-ray flare properties. The behavior of
the proposed indices of solar magnetic field and their contribution
to the cosmic ray modulation are shown and analyzed. The role of
each index (and of their combinations) in the cosmic ray
modulation is determined in different phases of solar activity
cycles, and in cycles with different directions of the global solar
field. The discrepancy between the model and observations
increases, starting from the beginning of 2000. Therefore the
problematic features of SA and CR behavior and modeling during
the 23rd cycle up to the end 2007 are discussed.

1. INTRODUCTION
he density of CR is modulated in the heliosphere by the
solar wind, thus providing a relation to the solar magnetic
activity. The density of CR reflects the various solar cyclic
variations. The modeling of the CR long-term variation by
electromagnetic fields in the heliosphere is carried out in order
to understand the processes creating modulation.
Synoptic Hα maps give a chance to obtain data on the
latitude-temporal distribution of unipolar regions of the largescale solar magnetic field. On the other hand, the magnetic Hα
maps were tested via comparisons with various solar and
geophysical data, and variations of galactic cosmic rays [1-3].
The present study of galactic CR modulation in the
heliosphere through the cycles 21-23 is a continuation of our
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previous works [1, 2, 4, 5] and is based on the long-term
distribution of CR obtained by the neutron monitor network.
In order to describe the long-term variations with more
complete reflection in the CR modulation of the complex
interaction of global and local solar magnetic fields, it has
been proposed to introduce into the model the following
characteristics: the magnitude and sign of the polar magnetic
field, the integral index, the partial indices as well as the tilt of
the current sheet and the index characterizing x-ray flares. As a
result it is obtained that the mentioned characteristics are
necessary for the description of long-term CR modulation. The
role of each index in the CR modulation is determined with
detailed justification of such a choice, and also the
contribution to the created CR modulation is estimated from
changes of each index.
The discrepancy between the model and observations
started to increase from the beginning of 2000. The purpose of
this work is to consider problematic features of CR behavior
and discrepancies with its modeling during the 23rd cycle,
especially during the decreasing phase of SA, and during the
still ongoing minimum preceding the 24th cycle.
2. DATA AND METHOD
Initial data for modeling of CR variations are long-term
observations of CR intensity, the characteristics of the solar
global magnetic field, and data of solar x-rays flares
(importance ≥ M1).
A. Cosmic rays data: The rigidity spectrum of CR
variations for each month was obtained from the data of
neutron monitors of the entire global network of CR stations
and stratospheric sounding data for 1976–2007. It is supposed
that the CR differential density is more convenient for
modulation studies than the data from individual detectors.
We are using CR variations, obtained by neutron monitor
(NM) data (about 40 NM, with a tentative estimation of longterm stability of NM) and stratospheric observations (3
points). Here we study amplitude variations of CR with 10 GV
rigidity, excluding variations associated with ground level
enhancements of solar CR. Thus in this case the amplitude of
long-term CR variations (at 10 GV) is obtained by using the
method of global survey. Those particles are of purely galactic
origin, and free from any influence of solar particles.
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Calculations of CR modulation have shown that using such
amplitudes improves the proposed modulation model.
B. Solar-heliospheric parameters: In order to describe the
long-term variations with more complete reflection in the CR
modulation of the complex interaction of global and local solar
magnetic fields, it has been proposed to introduce into the
model the solar magnetic field characteristics as well as the
index related to x-ray flares. The structural and quantitative
characteristics of the solar global magnetic field are:
heliospheric current sheet tilt η, the solar polar field HPOL, the
average magnetic field intensity BSS and the partial indices
(zone-even ZE, zone-odd ZO, sector-even SE and sector-odd
SO) that are calculated on the surface of the solar wind source.
The average magnetic field intensity BSS full integral index of
SA, such as the squared radial component of the magnetic field
averaged over a sphere of fixed radius, provides information
on all magnetic streams that pass through the solar wind source
surface. The partial indices: zone-odd ZO (m=0, l=2k+1) - the
part of the magnetic field with the odd zonal symmetry
(analogy of the vertical dipole); zone-even ZE (m=0, l=2k) is
small as a result of the Hale law; sector-odd SO (m=l=2k+1) the tilted dipole and manifests itself in the 2- and 4-sector
structure sector-even SE (m=l=2k) is usually manifested in the
4-sector structure. The choice of such a set of solar activity
indices and methods of their evaluation were described in
details previously in [1, 2, 4, 5]. We used data of
measurements of the large - scale photospheric magnetic field
with magnetometer resolution of (3′) scale performed in the
Wilcox solar observatory (WSO) in 1976 – 2007 [6] and
processed by the original method described in [7]. There is a
problem of the magnetometer sensitivity in results of solar
field observations in 2000-2002 and, possibly, after
recalibration the data set is not uniform. Heliophysicists still
do not know whether the observations of large-scale magnetic
fields at different observatories are in random different
correspondence from year to year or this correspondence is
caused by real physical processes (of solar or instrumental
nature) [8].
In order to understand a modulating influence of local solar
activity on CR it is proposed to use Fx, a specially calculated
index of solar flares, empirically determined in [9]. The flare
index depends on maximum x-ray intensity (events of ≥ М1
have been selected) during the flare and its longitudinal
location relatively to the Earth. Improving of the modulation
model, caused by a necessity to represent adequately a role of
variations with the shortest period and the modulation during
the declining phase of the 23rd solar cycle and the beginning
minimum of 24th cycle in the global picture of CR modulation,
is a purpose of inclusion of this parameter into the model.
3. THE TEMPORAL CHANGES OF THE DIFFERENT
MODEL PARAMETERS
The temporal changes of the modulating characteristics and
variations of the CR (10 GV) intensity during 1976-2007 are
shown in fig.1 (a-d).

All indices of the global field in the phase of SA minimum
fluctuate nearly to zero except the quasi-dipole ZO, which has
a maximum value. The temporal behavior of all indices is
essentially different for the decreasing period of SA, especially
for η, Bss, ZO and Hpol.

Fig.1(a). Temporal changes of the heliospheric current sheet
tilt η (deg.) and sunspot numbers W.

Fig.1(b). Temporal changes of the mean source surface
magnetic field BSS (µT) and the heliospheric current sheet tilt η
(deg.)

Fig.1(с). Temporal changes of the polar magnetic field HPOL
(µT) and the index characterizing x-ray flares Fx

Fig.1(d). Temporal changes of the partial indices: sector-odd
SO (µT) and zone-odd ZO (µT); CR variations (%) for 19762007 years (lower part).
During the declining phase in cycle 23, the current sheet tilt
(η) remains anomalously large as compared to other cycles.
Tilt remained large (31.3 deg.) even in 2007 at a deep SA
minimum, which is certainly shown in CR modulation.
Probably the unusual behavior of the structural characteristic η
exists not in itself in 23rd cycle. It is connected with changes
of the quantitative characteristics. In the behavior of the ZO,
BSS indices and polar solar field |HPOL| from cycle to cycle
during the last three considered SA cycles the tendency toward
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a decrease is especially pronounced in cycle 23. The
heliospheric current sheet tilt η remains anomalously large in
cycle 23, which has to be reflected in CR modulation. From
cycle to cycle one can see a phenomenon of decreasing HPOL
and index ZO in a maximum of cycles. Considerable increases
during the phases of SA decline and growth (which are also
shown in the total energetic index BSS) are observed in the
sector-odd index SO. The cycle of the large-scale magnetic
fields HPOL of the Sun preceeds by 5.5 years the sunspot cycles
W and are with them in anti-phase.
High values of η (observed recently in 2007 and in the
beginning of 2008) are compensated by abnormally low values
of BSS, ZO and HPOL in the description of CR variations.
The behavior of the parameters ZE and SE in cycle 23 is
anomalous. The increase of a contribution from cyclic
variations of these indices may be related to two causes. They
are either strongly developed from the sector structure, or
caused by an error in the WSO data.
The features of Fx variations during the decay phase of 23rd
solar cycle are considered in [9], where it is shown that the
decay phase of the 23rd solar cycle is the most disturbed one
(remember events of autumns 2003 and 2004) during the
whole period solar-terrestrial studies. This period is
outstanding by a large input of solar matter and energy into the
heliosphere, moreover, not only the equatorial region was
active, but the magnetic flux from polar regions was enlarged,
that might be associated with increase of the dipole component
in the solar field structure [3], and all together are related to
the integral heliosphere index as CR intensity.
4. DISCUSSION RESULTS OF CR MODULATION
The multiparametric regression analysis has shown that
model description of CR needs a joint consideration of the
following modulating parameters: above-mentioned η, Bss, (or
one of the partial indexes) HPOL as well as the flare index Fx.
The performed modeling allows estimating a relative impact
of temporal changes of each parameter with its own time delay
τ to the total modulation. Fitting of the CR modulation
becomes much more accurate, if it is performed for cycles of
the same polarity.
The account of the current sheet tilt η, defined on distances
r0=2.5 and 3.25 (r0 is Sun radius), is not reflected on the
modeling result, except for received other times of delay.
The model description of CR variations was provided for
the whole period of 05.1976 - 12.2007 for all listed parameters
(fig. 2a). We have the correlation coefficient ρ = 0.94 and rms
deviation σ = 2.11 % during this period. The model provides
the result for the 4-parameter case with the correlation
coefficient. ρ = 0.96, σ = 1.75 % in the period 1.1977-12.1999.
The features of modulation behavior during the declining
phase of the 23rd cycle are revealed. These characterize
variations of SA indices, and are problematic for the
considered model description of CR modulation. The
discrepancy between expected and observed CR variations
increases after the year of 2000 (for 1.2000г. – 12. 2006).

The calculation has shown that such a picture of modulation
(with worsening of CR description from the beginning of
2000) is observed for all partial indices, under their use in turn
as the fourth modulation parameter.
But the quality of the modeling was restored and comes
nearer to results for 1977-1999 after addition of the data of
2007, i.e. for the period 2000-2007 (fig. 2b). We believe that
the high quality of the model was restored because the year of
deep SA minimum has been added (not simply one more year).
The observation results and regression analysis have shown
for all the investigated period that CR modulation in 23rd
cycle (4.1996 – 12.2007) has certain distinctive features
(Fig.2b). It is necessary to address to the changes of the
modulating characteristics Bss, η, Hpol and ZO and to the
corresponding impacts of these indices to the CR modulation.
The anomalies of indexes behaviors especially are appreciable
during the decreasing phase of the 23rd cycle, and in the
minimum preceding the 24th cycle.

Fig.2 (a, b). Monthly CR variations (% to 1976) observed and
simulated by the multiparameter model (bottom); impact (%)
of HPOL, BSS, η and FX changes to simulated CR variations
(top): a) for 1976 – 2007; b) for 1997 – 2007
The evident picture of the contribution changes to CR
modulation in SA minimum from various modulating
characteristics is shown in Fig 3(а, b). It is visible as the
behavior modulation parameters are reflected in CR
modulation on an example of the tilt η. The neutral current
sheet plays an important role in the CR modulation by
intensification of their radial and latitudinal (for large tilt
values) transport. Index η is one of the main things for
modulation. It follows from the impact value from η changes
and the CR recovery, especially evident after a maximum of
23rd cycle. The contribution from changes η remains big at
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modeling of CR modulation separately for the 23rd cycle that
is completely not peculiar for the epoch of deep SA minimum
(on sunspot numbers) in which we are now (Fig.3a).
The analysis of data for 1976–2007 has revealed a good
correlation between the multi-parameter model and galactic
CR (10 GV) during a long period, spanning several SA cycles.
The model description of CR variations was provided for the
whole period of 1976-2007 years for all parameters and
separately for periods of the same direction of the polar field
(qA>0 and qA<0). It seems that the model description
provides, however, different pictures of the process: for qA>0
the main role is played by the flare index Fx and the value BSS
on the source surface. The current sheet η plays this role for
qA<0 (07.2000-12.2007). According to the drift theory in a
such field configuration a drift of particles occurs along the
current sheet, and its structure is important for the modulation.
These results confirm conclusions of work [10].
Polar regions define parameters of the interplanetary
magnetic field up to the ecliptic plane during of the SA
minimum epoch. [11]. Doubtless this circumstance will be to
influence the integrated index of the interplanetary
environment – CR density, observed on the Earth and in nearearth space. Accordingly this influence will be reflected in size
of the contribution to modulation from changes of
characteristics Bss, Hpol and ZO in the considered description
of CR variations.
The big contribution from the heliospheric current sheet tilt
η is compensated by low values of the impacts BSS, ZO and
HPOL in the description of CR variations for the termination of
the 23rd and the beginnings of 24th cycle (Fig. 3a, b).
It is noteworthy that contribution to the modulation from the
ZO index goes down from cycle to cycle during the last three
considered SA cycles, and the reduction of the contribution
after the maximum of cycle 23 is clearly visible (Fig.3b). This
impact is much less as compared with the other cycles.
Cyclical variations of ZO index are in phase with CR
variations. It is assumed that the effect of a decrease in CR
from cycle to cycle, currently discussed in space physics [12],
is possibly related to the corresponding decrease in the
maximal values of the ZO index, and to a similar decrease in
the vertical component of the dipole magnetic moment,
referred to in the work [13]. Based on the observations of the
large-scale magnetic fields, it was indicated [13] that the
largest scale of the vertical component of the magnetic dipole
decreases at SA minima from cycle to cycle. The same
tendency is observed in the behavior of the total dipole
magnetic moment. Such time variations are similar to changes
in the ZO and Bss (as full integral index of SA, which gives the
information on all magnetic streams which are passing through
the source solar wind surface) indices, used by us to model CR
modulation. The reduced contributions from changes of the
Bss, ZO and Hpol indices are compensated by the increased
contribution from the current sheet tilt η during the decreasing
phase of the 23rd SA cycle, and in the present minimum
preceding the 24th cycle.

Fig.3. (a, b). The contributions (%) of the different indices to
the CR modulation during the minimum phase of the cycles
SA (1976, 1987, 1997 and 2007) a) | HPOL|, FX, η, Bss; b) ZO,
SO.
Partial index SO gives information about the tilted dipole
and reflects the influence of low- and middle latitude regions
of SA. The cyclic SO variations are adequately represented in
CR variations, and this representation is especially distinct at
maxima and during the active periods on the Sun. The
contribution to the CR modulation from the cyclic changes of
the SO index remains small and almost invariable from cycle
to cycle during the considered minimum of SA cycles (Fig.3b).
The horizontal component of the magnetic dipole manifests
itself in each cycle during the periods of high activity close to
the epochs of repolarization [13]. This component sometimes
becomes larger than the vertical component of the magnetic
dipole, and is characterized by widely variable values. A
similar pattern is observed in the variations in the SO index.
We can state that the average magnetic field Bss, η and the
ZO index play the main role in the creation of long -term CR
modulation observed in the heliosphere. The cyclic variation
in the total magnetic field depends on the cyclic variation in
the local fields, which considerably contribute to the total Bss
index and global field, which is largely responsible for ZO,
especially on the source surface. We note that the proposed
model description with the help of the ZO and SO indices
together with Fx and η is at least not worse than the model
description using the average field index Bss and the
characteristics of the polar magnetic field Hpol.
5. CONCLUSION
It is possible to use the partial indices along with the
average of solar magnetic field in the model of CR
modulation. The behaviour of proposed indices of solar
magnetic field and their contribution to the CR modulation are
shown and analysed.
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The proposal is made on the basis of model description of
long term CR variations that the CR decrease in minima of SA
cycles (from cycle to cycle) could be described by
corresponding decrease of the zone-odd ZO index.
The contribution to CR modulation from changes of BSS, ZO
and HPOL is less during the decay phase of the 23rd cycle and
the minimum preceding the 24th cycle, than in corresponding
periods of the previous cycles 20-22. But the CR modulation
model used deals successfully with this unusual situation. The
small contribution from changes of Bss, ZO and Hpol is
compensated during this period by the increased contribution
of the current sheet tilt η.
We cannot definitely state yet (in 2008) that CR were
completely restored, as occurs usually in SA minima. It is not
excluded that the current sheet tilt can decrease to values
usual for the epoch of solar minimum. In this case probably a
further increase in CR density is to be expected.

[13] I.M. Livshits and V.N. Obridko, Variations of the dipole magnetic
moment of the Sun during the solar activity cycle, Astron. Rep.V. 50.
N11, 2006. pp. 926–935.
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Solar physics on LISA
Catia Grimani1 , Michele Fabi2

Abstract— LISA (Laser Interferometer Space Antenna) is the
first interferometric device devoted to the detection of low
frequency gravitational waves in space. In spite of this primary
goal for the experiment, LISA and its precursor mission LISAPathfinder (LISA-PF) will allow us to study important topics of
solar and cosmic-ray physics with particle monitors that will be
placed on board. In particular, solar energetic protons and helium
nucleus mapping over two degrees in longitude will be carried out
on the three LISA spacecraft. In case electron monitoring will be
added, forecasting of upcoming solar protons will be possible as
well. These measurements will provide precious clues to improve
modelizations of impulsive and gradual phases of strong solar
events and for space weather investigations.

I. INTRODUCTION
Space experiments require a detailed study of their environment at the time they will be held in order to be fully
successful. In particular, for LISA see [1] and [2]. At the
same time, the important role that LISA can play for solar
physics and space weather investigations was pointed out for
the first time in [3]. LISA will allow us to carry out for
the first time solar particle measurements with energies above
100 M eV (/n) at small steps in longitude. In case of solar
electron detection on board, improvements to modelizations
of both impulsive and gradual phases of strong solar events
and particle propagation processes will be possible on the
basis of LISA observations [4] [5]. In this paper we report
an estimate of incident galactic cosmic-ray spectra at the time
of both LISA missions. The number of solar expected events
with fluences ranging between 106 and 1011 protons/cm2
above 30 M eV on the basis of Nymmik model [6], [7] are
studied as well.
II. THE LISA MISSIONS
LISA is the first interferometer devoted to the detection of
gravitational waves in space in the frequency range 10−4 10−1 Hz. It consists of three spacecraft placed 5 × 106 km
apart at the corners of an equilateral triangle. The formation
center of mass lies on the ecliptic. Each spacecraft hosts
two inertial sensors. The heart of the inertial sensors are
cubic gold-platinum test masses. The test masses constitute
the interferometer mirrors. Their position is detected with gold
plated electrodes. Energetic solar and cosmic rays charging
the test masses are one of the most important sources of noise
for the experiment. Ultraviolet light beams will be used to
discharge the proof masses ([8] and references therein).
1 Institute of Physics, University of Urbino, INFN Sez. Florence, Via S.
Chiara, 27, 61029 Urbino (PU), Italy, catia.grimani@uniurb.it
2 Institute of Physics, University of Urbino, Via S. Chiara, 27, 61029 Urbino
(PU), Italy, m.fabi@campus.uniurb.it
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Fig. 1. LISA-PF radiation monitor set-up. Silicon detectors are sketched
inside the shielding copper box.

LISA will likely fly around 2018. The maximum mission
duration is expected to be 10 years.
The LISA-PF consists of one satellite hosting two test
masses to be sent into orbit around L1 in 2011. LISA-PF target
sensitivity is one order of magnitude smaller than LISA [9] .
Data will be gathered for six months.
Radiation detectors monitoring cosmic-ray and energetic
solar particle fluxes will be placed on board both missions.
The design was finalized for LISA-PF only [10]. Two silicon
wafers of 1.4 x 1.05 cm2 area will be located in a telescopic
arrangement at a distance of 2 cm. The geometrical factor
of each silicon layer for an isotropic incidence is 9 cm2
sr and for coincidence events is about one tenth of it. The
silicon telescopes are placed inside a copper box of 6.4 mm
thickness in order to limit the energy of protons and helium
nuclei traversing these detectors to a few tens of M eV (/n)
(see figure 1). This energy cutoff is similar to the minimum
energy needed to the most abundant components of cosmic
rays to penetrate the test masses. No electron monitoring is
allowed on LISA-PF.
III. SOLAR ACTIVITY AT THE TIME OF THE LISA
MISSIONS
Solar activity and the Global Solar Magnetic Field (GSMF)
polarity modulate galactic cosmic rays (GCR) fluxes [2]. The
symmetric model in the f orce f ield approximation by
Gleeson and Axford [11] allows us to estimate the energy
spectra of cosmic rays at a distance r from the Sun, at a
time t assuming time-independent interstellar intensities. An
energy loss related to the charge of cosmic-ray particles and
a solar modulation parameter, φ, above about 100 M eV

are assumed. This model does not include the GSMF polarity
influence on the drift of positive and negative particles in
the heliosphere. During positive heliomagnetic field polarity
epochs, positive charge particles reach the Earth most likely
from the polar regions of the heliosphere, while negative
charge particles come mainly from the ecliptic regions along
the Heliospheric Current Sheet (HCS). An opposite situation
holds during negative magnetic field polarity periods. Particles
propagating along the HCS are more modulated with respect
to those coming from the poles.
A correlation between high solar activity and solar particle
event occurrence is observed as well. Strong solar events
generate proton fluxes in the energy range up to a few hundreds
of MeV various orders of magnitude larger than the Galactic
ones (see for example [3]). Charge deposited on test-masses
increases accordingly [12]; [13]. A reliable simulation of the
test-mass charging can only be achieved if a correct estimate
of the bulk of the incident Galactic and solar cosmic rays at
the time of LISA-PF and LISA missions is carried out.
In table I we have reported the expected solar spot number
for the next two solar cycles. Minimum and maximum solar
spot number for the cycle 24 were considered [14]; [15]. For
the cycle 25 an average SS number prediction [16] was used.

BESS97(φ=491MV/c)
BESS98(φ=591MV/c)
BESS99(φ=658MV/c)
BESS-Polar04(φ=764MV/c)
LEAP87(φ=500MV/c)
MASS189(φ=1000MV/c)
BESS02(φ=1109MV/c)
BESS00(φ=1300MV/c)
Bess-TeV

Fig. 2. Cosmic-ray proton differential energy flux measurements carried
out by the BESS experiment during various levels of solar activity and solar
polarity epochs. Thick and thin curves represent the input fluxes at the time
of LISA and LISA-PF, respectively. Details of flux interpolations are reported
in [2].

TABLE I
E XPECTED SOLAR SPOT (SS)

NUMBER DURING THE NEXT TWO SOLAR
CYCLES .

Year

Minimum
SS

Maximum
SS

2009
2010
2011
2012
2013
2014
2015
2016
2017
2018

9
36
57
68
67
54
44
24
11
5

39
127
220
195
149
122
88
63
16
15

Average
SS

Solar Cycle 24

Fig. 3.

Same as figure 2 for helium nuclei.

Solar cycle 25
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029

4
17
37
56
63
60
50
37
23
11
5

(reasonably, φ = 550M V /c) even if it might be extended
through the maximum of the solar cycle 25 (see [2] for details).
Galactic proton and helium expected incident fluxes at the time
of the two missions are reported in figures 2 and 3.
Test-mass charging and radiation monitor countrates were
discussed in [2] and [17].
IV. EXPECTED SEP EVENTS DURING LISA-PF AND
LISA

LISA-PF is supposed to take data at solar maximum (φ =
1100M V /c) near the next polarity change from − to +. The
first part of the LISA mission should be held at solar minimum
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In order to evaluate the overall performance of LISA and
LISA-PF and to optimize the design of diagnostic detectors
to be placed on board we estimate the expected number of
solar energetic particle (SEP) events during the two missions

Fig. 4. Expected minimum number of SEP events during solar cycle 24
per interval of fluence (solid dots 106 − 107 protons/cm2 ; solid squares
107 − 108 protons/cm2 ; solid triangles 108 − 109 protons/cm2 ; solid
upside down triangles 109 − 1010 protons/cm2 ; solid stars 1010 − 1011
protons/cm2 ). LISA-PF is supposed to take data for six months in 2011.

focusing on the role of e− of solar origin.
Nymmik [6], [7] has found that the SEP fluence distribution
follows a power-law trend with an exponential cutoff for large
fluences. This model applies to solar proton fluences ranging
between 106 and 1011 protons cm−2 for particle energies
above 30 M eV . The Nymmik results were inferred from the
analysis of the spacecraft IMP-7 and 8 measurements of SEP
events during the solar cycles 20-22 and from proton fluxes
estimated on the basis of radionuclide observations in lunar
rocks generated in the last few million years.
We estimated the number of SEP events in individual
intervals of fluence during the next two solar cycles according
to the Nymmik modelization and the number of solar spots
reported in table I. The method is reported in the following:
(i) we determined the number of SEP events,< n >,
for each year on the basis of solar spot number predictions
(< w >):
< n >= 0.0694 < w >

(1)

(ii) a normalization constant C was found for each case
integrating the function
dn = Cφ−1.41 e−φ/φc dφ

(2)

and by equating it to the number of SEP events calculated
in (i). φc was assumed equal to 4×109 .
(iii) Finally, after constant C determination, we estimated
the number of events per fluence interval.
Results are reported in figures 4 and 5 for the solar cycle
24 and in figure 6 for the solar cycle 25.
We expect an average number of 4.4 SEP events during the
six months of data taking of the LISA-PF mission in the whole
range of considered fluences. In case it will be confirmed that
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Fig. 5.

Same as fig. 4 for the expected maximum number of SEP events.

Fig. 6. Same as fig. 4 for the expected average number of SEP events during
the solar cycle 25.

solar cycle 25 will be a weak one, a maximum of 5 SEP events
per year are estimated to be observed on LISA.
It is worth to point out that a double peak and gap (Gnevyshev gap; [18], [19]) form is often observed at solar maximum
in the distribution of some parameters related to solar activity
such as sunspot number, sunspot area, mean fluence and mean
peak fluxes. In case Gnevyshev gaps at solar maximum will be
present during the LISA missions, the number of solar events
predicted in this paragraph during the same period might be
reduced by a maximum of a few tens % [20].
V. ADVANTAGES OF ELECTRON DETECTION ON
LISA
The possibility to forecast strong solar events on board LISA
might help in optimizing the test-mass discharging methods
and to extend the experiment live time for data analysis.

Fig. 7. Electron and proton fluxes to be observed on LISA as a function
of time at the occurrence of a solar event magnetically well connected to the
experiment and 0 pitch angle.

Fig. 8. Electron and proton fluxes to be observed on LISA as a function of
time for a particle path of approximately 2 AU.

The proposition to place particle detectors on board the
LISA mission for proton, helium and electron identification
was reported in [1]. Solid state detectors with anticoincidence
and fast pulse-height analysis for electron and ion separation
were suggested.
COSTEP on SOHO and GOES 8 data indicate that relativistic electrons reach 1 AU always before the bulk of non
relativistic solar ions allowing their forecasting. Moreover,
intensity increases of electrons and protons show similar
trends depending only on the magnetic longitude difference
between flare and observer (magnetic connection). The early
electron intensity and increase versus time can be used to infer
upcoming proton intensity [4].
Assuming an ideal propagation along the interplanetary
magnetic field lines (pitch angle equal to 0) and a path of
1.2 AU for a magnetically well connected event, protons
propagate with time delays ranging between 13 and 3 minutes
for energies between 100 M eV (β=0.43) and 500 M eV
(β=0.76) with respect to electrons. In case MeV electron
detection on board LISA will be allowed, electron and proton
(above 100 M eV ) flux increases would appear as shown in
figure 7 (fluxes were normalized). Thirteen minute warning
will be allowed before the proton onset would be registered by
a radiation-monitor like that operating on LISA-PF. We point
out that this is a worst case scenario. For particle propagation
along a path of 2 AU corresponding to a well connected event
with a non-zero pitch angle, incoming electron and proton
fluxes would appear on the experiment as in fig. 8.
The Posner work reveals that an average (maximum) warning time of approximately 30 minutes (1 hour) can be given
of upcoming solar protons and helium nuclei above 100
M eV (/n).
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Fig. 9. Proton spectra observed during the May 7th 1978 flare (dot-dashed
lines). The dotted line indicate the expected peak flux for an event of 106
protons/cm2 fluence.

VI. LISA-PF RADIATION MONITOR
PERFORMANCE
The LISA-PF radiation monitor performance was simulated
with the Fluka Monte Carlo Program [21]. We used for this
simulation the same interval of time (614.4 s) corresponding
to the rate of data transmission to ground [10]. GCR input
fluxes and a sample flare were considered.
In figure 9 we have reported the observed proton energy
spectra during the solar event of May 7th 1978. Curves 1 to 5
show the evolution of the particle spectrum for the indicated
intervals of time [22].
The countrate variations on each silicon layer is reported in
table II. Flux numbers are chosen like in fig. 9. In figs. 10,
11 and 12 we have reported the ionization energy losses of
coincidence GCR and proton fluxes associated with the May

Fig. 10.
Galactic cosmic-ray ionization energy losses in the radiation
monitors. Particles traversing both silicon wafers are considered.

Fig. 11. Ionization energy losses for coincidence protons in the radiation
monitors at the onset of the May 7th 1978 flare.

7th 1978 event at the onset and at the peak. It is possible to
notice that we are able to follow the evolution of the May
7th 1978 event using both silicon detector countrates and
ionization energy deposits. We aim to develop data analysis
criteria that will allow us to reliably infer from radiation
monitor observations the intensities of solar particle fluxes
incident on the apparatus at all times. Contemporary test-mass
charging will be estimated accordingly.
TABLE II
LISA-PF

RADIATION MONITOR COUNTRATE BEFORE AND DURING THE

M AY 7 TH 1978

EVENT.

Input fluxes

Radiation monitor countrate
(counts/s)

GCR
Flux 1
Flux 2
Flux 3
Flux 4
Flux 5

2.0
10.5
47.9
68.2
77.9
104.8

Fig. 12.

Same as figure 11 at the peak of the May 7th 1978 flare.
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On Estimate of First Solar Proton Arrival
to Earth
Alexei B. Struminsky and Ivan V. Zimovets

on INTEGRAL (ACS SPI) is sensitive to primary and secondary γrays with energy >150 keV and effectively responds to arrival of
solar protons and electrons. If a flux of primary γ-rays is small,
then ACS SPI registers the arrival of solar protons much earlier in
comparison with neutron monitors (NM). For example, on 2006
December 13 the solar proton onset was observed by ACS SPI
only about 3 min later than the hard X-ray flare, that is 10 min
earlier than the ground level enhancement (GLE). However if a
flux of primary solar γ-rays is large enough, then the solar proton
onset is observed by ACS SPI simultaneously (2005 January 20) or
later (2003 October 28) in comparison with NM. Obtained times of
solar relativistic proton arrival to the Earth do not contradict their
acceleration during γ-ray flares.

much earlier than the NM network, owing to data with high
statistical accuracy and temporal resolution.
We can’t quantitatively estimate fluxes of SEP measured
by ACS SPI, since we don’t know its response functions to SEP
with unknown composition, spectra and angular distribution.
However, there are indirect evidences that ACS SPI is an
effective detector of relativistic solar protons. In this case it
becomes evident that we need reconsidering the current views
on solar proton release into the interplanetary space, and
propagation there. For example, the solar proton onset,
registered by ACS SPI on December 13, 2006, corresponds to
their injection into the interplanetary medium during the solar γburst that is inconsistent with conclusions obtained from data of
ground based detectors [4-6].

I. INTRODUCTION

II. RESULTS OF OBSERVATIONS AND THEIR ANALISYS

Abstract—The anticoincidence system of the spectrometer

F

or analyzing solar proton events it is very important to
know the time of first relativistic proton arrival to the Earth
(see [1,2] and references therein). A GLE onset observed by
a NM is arbitrarily considered as this moment of time. A typical
temporal resolution of NM with reasonable statistics is about
+/- one minute. Such accuracy might be satisfactory for
estimates of the release time of solar protons into the
interplanetary space, taking into account free parameters of
propagation models like the length of interplanetary magnetic
field (IMF) line and mean free path. Depending on solar wind
velocity a length of IMF line might vary by several tenth of AU,
and a mean free path is within the Palmer consensus range [3]
that gives a comparable error for the release time. However,
this definition of solar relativistic proton onset does not account
for an intrinsic background of the detector, and the rate of solar
proton intensity increase. These unaccounted factors may create
a larger error of proton arrival time, which will lead to incorrect
estimate of solar proton release into the interplanetary medium
and, therefore, the moment of their acceleration.
In this work we underline a unique ability of ACS SPI to
register solar energetic particle (SEP) arrival in some cases

This work was supported in part by the Russian Foundation of Basic
Research (grants 07-02-00319, 08-02-08707) and the Ministry of Industry
and Science of Russia Federation (grant NSh-472.2008..2).
A. B. Struminsky and I.V. Zimovets are with the Space Research Institute
of the Russian Academy of Sciences, Profsoyuznaya st., 84/32, Moscow,
117997, Russia
(phone: +7-495-333-14-67; fax: +7-495-333-12-48; e-mail: astrum@
iki.rssi.ru ; ivanzim@iki.rssi.ru).

We consider four SEP events of the 23rd solar cycle, which
showed an enhancement of ACS SPI count rate both due to
primary and secondary γ-rays. Some characteristics of parent
solar flares are presented in Table 1, for each event the pre-flare
background caused by galactic cosmic rays was subtracted from
ACS SPI data, and the intensity-time profiles of running
average are depicted in Fig. 1 relative to zero-time (Table 1).
These moments of time might be considered as a beginning of
high energetic processes during these solar flares [7-8]. About
the first 10-minutes of the enhancements above background are
definitely caused by primary solar γ-rays, but later a
considerable (in some cases – dominant) contribution from
secondary γ-rays has been observed.
TABLE I
SOME CHARACTERISTICS OF SOLAR FLARES DISCUSSED.
DATE
ZERO
COORD.
X-RAY EVENT
(UT)
IMP.
START
MAXIMUM
13.12.2006
02:22
S06W23
X3.4
-8
+18
14.12.2006
22:07
S06W46
X1.5
-60
+8
20.01.2005
06:40
N12W58
X7.1
-4
+20
28.10.2003
11:00
S16E08
X17.2
-59
+10

END
+35
+19
+45
+24

One can normalize count rates of the ACS SPI and Kiel NM
during the GLE event of 2006 December 13 beginning from 27
min, and conclude that both instruments proportionally respond
to relativistic solar protons, but have a different background
level. Possibly, due to statistical errors and high level of NM
background, the GLE onset is delayed relative to the arrival of
first relativistic protons that are observed by ACS SPI.
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the possible impact of primary γ-rays on the ACS SPI count
rate [9]. Therefore the solar proton onset was simultaneously
observed on 2005 January 20 by ACS SPI and NM’s.
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Fig. 1. Running average count rate of ACS SPI (background
subtracted) during the considered events (Table 1).
In Fig. 2 we see two distinct enhancements of the ACS
SPI count rate (maxima are out of scale) caused by primary γrays. The ACS count rate increase due to secondary γ-rays
began between 16-17 minutes at a rather high background, so a
possible onset of relativistic solar protons might be even 2 min
earlier than marked in Fig. 2. Note that we may not separate an
impact of primary and secondary γ-rays between 12 and 20 min.
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Fig. 3 The GLE event of 2005 January 20: count rates of ACS
SPI (black) and the McMurdo NM (red). A vertical arrow
marks the proton onset.
The event of 2003 October 28 (Fig. 4) is an example of a
different type. The anisotropic GLE phase with a duration of
about 15 min coincided in time with a high plateau of the ACS
SPI count rate observed after a very large solar γ-burst. An
intensity level at the plateau is considerably higher than the
peak intensities of primary γ-rays observed on 2006 December
13. A gradual increase of the ACS count rate started at ~25 min
and corresponded to the GLE isotropic phase, i.e. the ACS
proton onset was delayed in comparison with the NM’s
observations.
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Fig. 2. The GLE event of 2006 December 13: count rates of
ACS SPI (blue) and the Kiel NM (red). Arrows mark proton
onsets.
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The event of 2005 January 20 (Fig. 3) is distinguishable from
other GLE events by anomalously quick arrival of solar protons
to the Earth (see [9-10] and references therein). Observations of
this event by ACS SPI occurred at a high pre-flare background
created by the previous proton event [9]. The anisotropic GLE
phase, observed best of all by the South Pole and McMurdo
NMs, started about 9-10 min after the zero-time, and its
beginning practically coincided with the second peak of the
ACS SPI count rate. We can not normalized count rates of
ACS SPI and NMs as in the previous case, because they are
considerably different. This might be caused by a variable
angular distribution and spectrum of solar protons, as well as

Fig. 4 The GLE event of 2003 October 28: count rates of ACS
SPI (red) and the Norilsk NM (blue). Vertical arrow marks a
proton onset as observed by different instruments.
At present an origin of this plateau is unknown. Possibly, this
plateau as well as a broken time-profile around 11-12 min (that
is 2-3 min earlier than the anisotropic GLE phase) are
associated with additional impact of secondary γ-rays from
interactions of relativistic solar protons. On the other hand it
was supposed in [11] that a time interval of the plateau
corresponds to the second episode of neutron production and,
therefore, γ-rays. Note that according to estimates [12] for
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fitting of the GLE event a gradual (about 40 min) injection of
protons into the interplanetary space was necessary, beginning
from 11:11±2 UT.
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13, when no operating ground based detector had a right
pointing, or no collimated proton flux did hit the Earth. The
anisotropic GLE phase was registered only once on 2005
January 20, with large fluctuations of the count rate (Fig. 3).
The gradual increase of proton intensity observed by ACS SPI
on 2006 December 13, apparently, does not correspond to the
anisotropic GLE phase.
The solar flare of 2006 December 13 is a unique event
considering a relationship between hard X-ray and microwave
emission [8]. Its hard X-ray intensity in the main peak was
depressed by about one order of magnitude in comparison with
other cases for comparable microwave intensities. This is an
evidence of dominant acceleration and interaction of electrons
in an optically thin target, and a small fraction of electron
energy was consumed for plasma heating, i.e a classical
impulsive phase of the flare was not observed. Possibly, we
deal with a coronal source of high energy particles, which
arbitrarily is not associated with a GLE anisotropic phase.

minutes

IV. CONCLUSION

Fig. 5 The proton and electron intensities observed by HET
STEREO on 2006 December 13 and 14 (upper and lower
panels) and the ACS SPI running average count rate.

III.

•

DISCUSSION

Relativistic solar electrons might be considered as a source of
secondary γ-rays on 2006 December 13. Indeed, the HET
instrument aboard STEREO shows a clear onset with gradual
increase around the 15-th minute (lower panel in Fig. 5).
Observations of the 2006 December 14 event exclude such a
possibility. As seen in Fig. 5, a gradual increase of the ACS SPI
count rate on December 14 is not accompanied by any electron
enhancement. Besides, proton intensity within 60-100 MeV was
at the background level for more than 30 min. Therefore we
conclude that a gradual increase of the ACS SPI count rate is
associated with relativistic protons, which intensity is below the
NM threshold.
The proton event of 2006 December 13, by data of ACS SPI,
started at 02:39 UT (<17 min), the event of the NM network at
02:50 UT (28 min) [4-5], and that of the MEPhI muon
hodoscope at 02:54 UT (32 min) [6]. These detectors are listed
in order of increasing threshold energies. Is an onset time of
protons caused by a difference of background level, or by a
difference of threshold energies? The effect of threshold energy
assumes that particles with higher energies were released
considerably later. This later release was not observed in other
considered events. We suppose that the most natural
explanation is an influence of a detector background (a
signal/background ratio), since the background level was
different in the considered events. A rate of proton intensity
increase would determine in this case an error of proton arrival
time.
A clear anisotropic phase of GLE on 2003 October 28
and 2005 January 20 was observed during 10-15 min
practically after solar γ-emission, but not on 2006 December

•

•

An onset of anisotropic GLE phase does not
correspond always to arrival of first solar protons to
the Earth. Determining a moment of first solar proton
arrival one needs to consider a detector background
and a rate of proton intensity increase. An error
caused by these factors may be greater than a detector
time resolution. The GLE onset not always
corresponds to a moment of first relativistic proton
arrival to Earth.
During the 2006 December 13 event, when the
intensity of primary gamma-rays was rather low, a
massive gamma-ray space born detector (ACS SPI)
appeared to be a more effective instrument for
observations of the proton event onset than the NM
network. The proton event onset was observed by the
ACS SPI about 11 min earlier than the GLE onset.
For two other considered GLE events, when a level of
primary gamma-rays was rather high, an arrival of
first solar protons was observed by ACS SPI
simultaneously with NM’s (2005 January 20) and
later (2003 October 2003).
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Stochastic acceleration of cosmic rays in helical
plasma turbulence
Yurij Fedorov1 , Milan Stehlik2

Abstract— The acceleration of energetic particles is investigated on the base of kinetic equation for cosmic ray distribution
function in a statistically anisotropic turbulent magnetic field.
The cosmic ray acceleration by the turbulent field is considered
using the diffusion approach. The diffusion approximation of the
kinetic equation is examined for particle distribution function
which is nearly isotropic. It is known that large-scale magnetic
and electric field are generated in a medium with statistically
anisotropic magnetohydrodynamical turbulence. The particle
acceleration by large scale electric field can be very efficient
if the magnetic helicity of turbulent medium is sufficiently high.
The effectiveness of this acceleration mechanism is compared
with Fermi acceleration of the second order.

I. INTRODUCTION
Theory of charged particle transport in magnetohydrodynamic (MHD) turbulence still attracts large attention due to
many applications in both laboratory and astrophysical plasma.
Despite of enormous effort, numerous problems concerning
particle acceleration wait for their resolutions and the related
problems and questions remains deficiently explored. Besides
a lot of other questions concerning the creating and/or amplifying of magnetic fields (MF) by turbulence (see in [20], [14]),
another question is, how does MHD turbulence influence to
transport of heat and cosmic rays [4], [2]. MHD turbulence
is an important agent for particle acceleration as was pointed
first by Fermi [9].
The second-order Fermi mechanism (stochastic acceleration
of particles by scattering with randomly moving magnetized
clouds) has application in a wide range of astrophysical objects
including the solar wind (SW) and solar flares [19], [1], cluster
of galaxies [5], the Galactic center [15], etc. Usually, this
mechanism was applied in cases, where protons are accelerated
from a thermal distribution.
Another relating stochastic acceleration mechanism is connected with the created magnetic field in the helical MHD
turbulence [7], [10], [22]. In fact, due to an anisotropic helical
turbulence the large scale electric field is generated [14], [27],
effect known as α-effect. The electric field is directed along
regular magnetic field (MF) and it can efficiently accelerate charged particles in the turbulent plasma. The equation
describing such acceleration mechanism (α-acceleration) was
firstly derived in [12]. The stochastic particle acceleration by
anisotropic helical turbulence was investigated on the frame
of kinetic equation for charged energetic particle distribution
function in the paper [7].
1 MAO
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Comparison of the α-acceleration mechanism in helical
MHD turbulence with the second-order Fermi mechanism
is subject of the present contribution. The energetic spectra
of accelerated energetic particles is investigated in following
contribution [8].
II. THE KINETIC EQUATION
Owing to very high conductivity of the SW, the magnetic
field is frozen-in into SW plasma which moves with the
velocity u. Thus the electric field E acting on the charged
particle is
1
(1)
E = − [u, H] .
c
Let us separate the magnetic field H and plasma velocity u
to homogeneous (regular) components H 0 , u0 and fluctuating
(random) components H 1 , u1 ,
H = H0 + H1 ,

u = u0 + u1 .

(2)

Therefore, the Lorentz force possess beside the regular component also random component
e
F 1 = eE 1 + [v, H 1 ] ,
(3)
c
where the stochastic electric field has the form
1
E 1 = − ([u0 , H 1 ] + [u1 , H 0 ] + [u1 , H 1 ] − h[u1 , H 1 ]i) .
c
(4)
The angle brackets denote the averaging over the statistical
ensemble of fields. Let us introduce the correlation tensor of
random forces,
Dαβ (r, p, t; r 1 , p1 , t1 ) = hF1α (r, p, t)F1β (r 1 , p1 , t1 )i . (5)
Then averaged in the ensemble of the small scale fluctuation
exact kinetic equation by usual averaging procedure [7], one
finds in result the kinetic equation for the averaged (mean) CR
distribution function F = hf i [13], [7],
∂F
∂F
∂F
∂
∂F
+v
+ F0
=
Dαβ
,
∂t
∂r
∂p
∂pα
∂pβ

(6)

where
Dαβ =

Z

0

∞

dτ Dαβ (r, p, t; r − vτ, p, t − τ ) .

(7)

The mean electric field E 0 is determined by correlator of the
random medium velocity u1 and the stochastic MF H 1 . It is
known that in an anisotropic turbulent medium the large-scale

electric field appears which is directed along regular MF (socalled α-effect) [14], [27]. thus in this case the fields u1 and
H 1 are correlated:
h[u1 , H 1 ]i = αH 0 .

(8)

Here the quantity α has dimensionality of velocity and is
proportional to the helicity of turbulent medium. Consequently,
owing to α-effect the following large-scale electric field is
generated in a turbulent medium:
α
E (α) = − H 0 .
(9)
c
When the energetic particle scattering on magnetic irregularities is sufficiently intense so that the CR distribution
function is near to isotropic, the diffusion approximation can
be performed. Thus one
R can obtain the transport equation
for CR density, N = dΩ F(r, p, t), where F is integrated
over the angular variables of particle velocity. This transport
equation has been obtained in previous paper [7].
III. THE MOMENTUM DIFFUSION COEFFICIENT
Here we consider only homogeneous case when the CR
distribution function is independent on spatial coordinates.
Performing the diffusion approximation of (6) one can obtain
∂N
1 ∂
∂N
− 2 p2 Dp
= Q.
∂t
p ∂p
∂p

(10)

Here we added the particle source Q and Dp presents the
diffusion coefficient in the space of absolute value of particle
momentum. This equation has a known form in stochastic
acceleration theory [25], [26] and it is widely used in various
astrophysical application. The momentum diffusion coefficient
Dp can be written as a sum [7]
Dp = DF + DK ,
where
DF = β

p2 hu21 i
,
3vΛ

DK = α2

(11)
p2 Λ
2 .
3vRH

(12)

The first term DF [26] describes the statistical Fermi acceleration [9] due to energetic particle scattering on moving magnetic irregularities. Here β depends on the relation between
energy of regular H02 and random hH12 i magnetic fields [7].
In most cases the regular and random MF have the same order
of magnitude. We can believe that β ≈ 1. The second term
DK defines particle acceleration by the large-scale electric
field E (α) arising in the turbulent medium due to α-effect
[12], [7]. Here RH = pc/eH0 is the proton Larmour radius.
The relative efficiency of α-acceleration (in comparison to the
second order Fermi mechanism) is given by the ratio
µ
¶2
DK
α2
Λ
= 2
.
(13)
DF
hu1 i RH
2

/hu21 i

The value of α
is a measure of gyrotropy in the turbulence and it is usually much less than unity in cosmic plasma.
However the particle mean free path Λ can significantly exceed
the Larmour radius.
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The magnetic helicity of solar wind plasma was repeatedly
measured on Voyager 1, 2, and Helios 1, 2. The mean free
path in interplanetary magnetic field (IMF) exceeds Larmour
radius more than on two order of magnitude in the energy
region from several MeV up to some hundreds of MeV. Thus
the dimensionless quantity (13) can be much more than unity
in the solar wind plasma.
The magnetic helicity of the solar corona is extensive
investigated currently. It is shown that the main contribution to
coronal magnetic helicity is caused by solar active regions and
the most important helicity injection in corona is caused by
emergence of photospheric magnetic flux [3], [11], [24]. The
theoretical investigations of α in solar convective zone allow to
obtain the estimate value of α2 /hu21 i ' 10−2 −10−3 [21]. The
ratio Λ/RH ≥ 100 for the proton energy range from MeV up
to hundreds of MeV [6]. Therefore the ratio (13) specifying the
relative efficiency of α-acceleration can be considerable (more
than unity) in many astrophysical objects, e.g. solar corona,
solar wind, supernova remnants, and so on.
In what follows we will examine only monoenergetic particle injection. The quantity of (13) under given injection energy
has the form
¶2
µ
α2
Λ0
,
(14)
η= 2
hu1 i R0H

where Λ0 , R0H corresponds to the momentum p0 of the
particle injection. Note that dimensionless parameter η can
be more (or even much more) than unity.
Let us suppose that particle mean free path has power law
dependence on momentum,
µ ¶λ
p
ζ
,
ζ=
,
(15)
Λ = Λ0
ζ0
mc

where ζ defines the dimensionless particle momentum and m
is the proton rest mass. Here ζ0 corresponds to the injection
momentum p0 . Then the momentum diffusion coefficient (12)
related the Fermi stochastic acceleration can be written as
p
m2 chu21 iζ0λ
DF = D0F ζ 1−λ 1 + ζ 2 , D0F =
.
(16)
3Λ0
In the case of α-acceleration the coefficient DK is
DK = D0K ζ λ−1

p
m2 c α2 Λ0 ζ02−λ
1 + ζ 2 , D0K =
. (17)
3R0H

In the nonrelativistic range (ζ ¿ 1)
DF ∝ ζ 1−λ ,

DK ∝ ζ λ−1 ,

and for ultrarelativistic particles (p À mc) it follows from
(16) and (17) that
DF ∝ ζ 2−λ ,

DK ∝ ζ λ .

One can see that for Λ ∝ ζ λ , the momentum diffusion
coefficient prove to be the power law function of momentum
in the both energy ranges. It is worth to note that stochastic
acceleration of transrelativistic CR has been investigated in
[23].

The diffusion coefficients (12) depend essentially on the
particle mean free path Λ (15). So, if Λ increases with proton
kinetic energy (0 < λ < 1) then diffusion coefficient DF
for the second order Fermi mechanism is also rising function
of momentum. The quantity (17) in this case decreases with
kinetic energy in nonrelativistic range, and it is increasing
function of ζ for ultrarelativistic particles.

Fig. 2.

The relative efficiency (18) of α-acceleration for λ = 0.5.

IV. THE INSTANTANEOUS INJECTION
Let us consider the CR energetic spectrum evolution in the
case of instantaneous monoenergetic particle injection. Then
the particle source in Eq.(10) reads
Fig. 1. The momentum diffusion coefficient Dp dependence on kinetic energy
for λ = 0.5.

The dependence of Dp on the particle kinetic energy εk
(εk = ε − mc2 , where ε is total energy) in D0F units is shown
√
in Fig. 1 for Λ ∝ p, (λ = 0.5). The Fermi acceleration
coefficient DF is shown by the dash curve, see (16). The
solid curves are depicted for values of DK /DF 0 describing
α-acceleration, see (17). Corresponding values of η, (14),
are written near the curves. In our case of λ = 0.5 the αacceleration is more efficient for low energetic particles while
the stochastic Fermi acceleration dominate in high energy
range. For example, if η = 10 both mechanisms have nearly
the same efficiency at proton kinetic energy εk = 100 MeV.
When the proton mean free path has the power law dependence on momentum (15), the relative efficiency of αacceleration (13) became the form
µ ¶2(λ−1)
ζ
DK
,
(18)
=η
DF
ζ0
One can see that at λ = 1, (Λ ∝ p), this ratio is independent
on particle energy; when λ > 1, (or λ < 1), the ratio DK /DF
grows (or decreases) with particle momentum.
The dependence of the relative efficiency (18) is demonstrated in Fig. 2 for the exponent of the mean free path equal
to λ = 0.5 and several values of η (denoted near curves). The
relative efficiency of acceleration by α-effect decreases when
particle kinetic energy grows. Thus Fermi acceleration appears
to be more effective for high energy CR. The magnitude of
proton kinetic energy provided the equal efficiency of both
acceleration mechanisms depends on the value of parameter
η. For example, if η = 10, this typical energy equals 100
MeV, whereas for η = 2, the equality DF = DK becomes at
εk = 40 MeV.
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Q=

δ(p − p0 )δ(t)
.
p2

(19)

The momentum diffusion coefficient (16),(17) in equation
(10) prove to be a power law function of momentum for
nonrelativistic and ultrarelativistic particles provided the mean
free path is defined by Eq. (15), i.e.
Dp = D0 ζ γ

(20)

holds. Note that in the case of Fermi mechanism γ = 1 − λ
(or γ = 2− λ) for nonrelativistic (or ultrarelativistic) particles.
On the other hand, in the case of α-acceleration γ = λ − 1 (or
γ = λ) for nonrelativistic (or ultrarelativistic) particles. Taking
into account expressions (19),(20) the Eq. (10) reads
∂N
1 ∂ 2+γ ∂N
δ(ζ − ζ0 )δ(τ )
− 2
ζ
=
,
∂τ
ζ ∂ζ
∂ζ
(mc)3 ζ 2

(21)

where τ is dimensionless time:
τ=

t
,
t0

t0 =

(mc)2
.
D0

(22)

Solution of this equation by the method of Laplace transform yields the expression for evolution of temporal - momentum distribution of particles past the instantaneous monoenergetic injection,
Ã
!
£
¤
2−γ
2−γ
exp − 1+γ
ln(ζζ
)
ζ
+
ζ
0
0
2
N (ζ, τ ) =
exp −
(2 − γ)(mc)3 τ
(2 − γ)2 τ
¶
µ
2 exp [γ̃ ln(ζζ0 )]
Iν
,
(23)
(2 − γ)2 τ

where γ̃ = (2 − γ)/2. The evolution of particle distribution in
the momentum space is illustrated on Fig. 3 for instantaneous
injection (23) and γ = 0.5 in the diffusion coefficient (20)
for the Fermi acceleration mechanism (using (22),(16)). This
value of γ corresponds to the mean free path proportional to

acceleration in the considered energy region in the case of
chosen parameter η = 10.
V. CONCLUSION

Fig. 3. Evolution of particle density for t0 = 6 sec, γ = 0.5 upon the Fermi
acceleration.

The statistical acceleration of cosmic rays by anisotropic
plasma turbulence is investigated. It is shown that the relative
efficiency of α-acceleration is determined by the medium
helicity and by the mean free path dependence on particle
energy. The relative efficiency of acceleration by α-effect
decreases when particle kinetic energy grows. It has been
shown that evolution in momentum distribution occurs more
rapidly due to α-acceleration than in the Fermi mechanism.
The α-acceleration appears to be more effective for low energy
CR and can by considered as an initial acceleration mechanism
in helical turbulent environment. Energy spectra of accelerated
particles and the energy spectra evolution is subject of the next
contribution [8].
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Fig. 4. Evolution of particle density for t0 = 6 sec, γ = 0.5 upon the
α-acceleration.

√
p. The injection momentum p0 corresponds to proton kinetic
energy εk0 = 1 MeV. Number near the curves are equal to the
time interval since particle ejection (in seconds). Time t0 = 6
seconds corresponds, for example, to the energy ε = 1 MeV,
the magnetic field in acceleration region H0 = 100 gauss
[19], [6], the mean free path of 1 MeV proton Λ0 = 100R0
[6], [17] and, the random medium velocity u1 is accepted to
equal Alfvenic speed uA = 108 cm/s [6], [18], [16], [19]. The
initial δ-like momentum distribution (19) became more and
more smooth shape and the maximum of distribution shifts to
the low energy region.
In the next Fig. 4 there is also particle dependence on
dimensionless momentum ζ. As in Fig. 3, the mean free path
has exponent equal λ = 0.5, but the momentum diffusion
coefficient Dp has the form (17) fitting the α-acceleration
process. In this case γ = λ − 1 in (20), so, γ = −0.5 for
nonrelativistic particles. The acceleration time t0 according
(22),(17) was calculated for η = 10, and other parameters
are the same as in Fig. 3. Here the evolution in momentum
distribution occurs more rapidly due to α-acceleration than
in the Fermi mechanism. This effect is caused by greater
magnitude of acceleration time for the second order Fermi
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The iteration method to obtain the analytical
solutions of the boundary problems for cosmic
ray propagation theory
B. Shakhov, Yu. Kolesnyk
The zero approximation occurs as a solution of equation:
Abstract. In this paper the iteration method of solution of the
cosmic rays (CR) propagation in space homogeneous
interplanetary scattering medium problems is proposed. The
method is based on smallness of the anisotropy CR degree. The
comparison of exact analytical solution and iteration solution for
the constant diffusion coefficient was done. The iteration
solutions for different values of the diffusion coefficient
depending on energy are obtained.

1. INTRODUCTION
It is very important to obtain the exact analytical solutions
of galactic cosmic ray propagation problems in order to study
“cosmic weather” and other astrophysical phenomena in
heliosphere. But exact solutions exist only for some rare
cases. Therefore it is necessary to develop another methods of
these solutions.
2. COMPARISON OF ITERATIVE SOLUTIONS WITH THE EXACT
We use the iteration method considered in the work [1].
The following transport equation in form [2,4] for the
stationary case is used:

where

r
r
∂N
pu ∂ N
j = −χ r −
,−
3 ∂p
∂r

r
in momentum space, χ - coefficient of diffusion, u - velocity
of a solar wind, p - module of a particle in impulse space. To
apply the iteration method the equation (1) may be written in
form:

r
div j n = − div p ( j p ) n −1

approximation.

Then general solution may be written as a series expansion:
∞
N ( r , p ) = ∑ N n . Boundary value of power’s spectrum
n=0

is defined. In terms of nonp
dimensional momentum η =
, this spectrum is represented
m0c

MAO NASU Kiev, Ukraine,
corresponding e-mail: shakhov@mao.kiev.ua

γ +1

as
following:
N b = η −1 (1 + η 2 ) 2 .
After
some
transformations we obtain iterative solutions for the following
cases:
1) χ = const

N1 = N 0 (η e
N 0 (η e
x0

−2 ∫
x

(2)

1

ψ

−

−

ψ

dψ ∫ ξ (
0

N0 =η e
−1

−

ur

χ
respectively.
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x − x0
3

x − x0 ξ − x0
−
3
3

where x =
1

−γ = 2.5

with exponent

(1)

r
CR flow; j p = u p ∂ Nr , -is flow
3 ∂r

(3)

under the condition N 0 ( r0 , p ) = N b ( p ) , where N b ( p ) is
spectrum of CR outside the Solar wind. It is well known force
field solution [3]. The first approximation is found from
equation (3), and the second aproximation will depend on the
first respectively:
r
div j = − div p j p and the same way to obtain another

−

ANALYTICAL SOLUTION

r
div j = − div p j p ,

v
r
∂N 0
pu ∂N 0
v −
j0 = − χ
,
3
∂p
∂ r

x

)( x0 − x ) +

−
2 0 ∂N 0
(η e
ξ(
∫
x0 0
∂ξ

x

−
2
∂N
))d ξ − ∫ ξ ( 0 (η e
x 0 ∂ξ

−
∂2 N0
(η e
∂ξ∂ψ

x − x0
3

x −ψ ξ − x0
−
3
3

(1 + η e

, x0 =

2

ur0

χ

)−

2
− ( x − x0 )
3

ξ − x0
3

x − x0 ξ − x0
−
3
3

) − N 0 (η e

−
∂N 0
(η e
∂ψ

)

−

)−
−

x −ψ ξ − x0
−
3
3

ξ − x0
3

))d ξ −

))d ξ ,

γ +1
2

,

, N 0 , N 1 − first and second allowance

2) χ

p

N 0 (η −

N1 =
x0

ψ

+∫

2

N

= (η −

ψ
x
0

x − x0
)( x − x 0 )
x − x0
x
3
) ln( 0 ) +
− 2 N 0 (η −
η
3
x

dψ ∫ N 0 (η −
2
0

3) χ

ξ
x + ξ − ψ − x0
)(1 + ) d ξ ,
3
η

x − x 0 −1
x − x0 2 −
) (1 + ( η −
) )
3
3

γ +1
2

p2
for η = 1

2
N0 (η 2 − ( x − x0 ))
x
2
3
N1 =
( x − x0 ) − 2η N0 (η 2 − ( x − x0 ))ln( 0 )
x
η
3
x0

ψ

ξ
2
dψ ∫ N0 (η 2 − ( x + ξ −ψ − x0 ))(η + )dξ ,
2
ψ
η
3
x
0
2

+∫
N

0

= (η

2

−

1
−
2
( x − x 0 ) ) 2 (1 + η
3

2

−

γ +1
−
2
( x − x0 )) 2
3

The efficiency of the method was verified by comparison of
its solution with the exact analytical solution of cosmic ray
propagation problem in interplanetary medium for the case
when χ = const by means of Melin transformations. As a
result, for χ = const , exact solution is presented as follows
[2]:
for η ≥ 1 :
N =

n

∞

∑

C

n=0

−

γ +1

⋅η

−γ −2−2 n

2

⋅

for η = 10

2
(γ + 2 n + 2 ), 2 , x )
3
2
F ( (γ + 2 n + 2 ), 2 , x 0 )
3
F (

for 0 ≤ η < 1 :
2
( − 2 n + 1), 2 , x )
3
+
∑
2
γ +1
n=0
−
F ( ( − 2 n + 1), 2 , x 0 )
2
3
γ + 3α n / 2
3α n
Γ
+ 1) ⋅ Γ ( −
− 1 / 2 ) F ( −α , 2 , x )
(
3
α
n
3 ∞
n
2
4
2
+ ∑η
⋅
.
γ +1
4 n=0
Fα ' ( − α n , 2 , x 0 )
Γ(
)
2
N =

n

∞

C

⋅ η 2 n −1

F(

where α n are the roots of the equation : F ( −α n , 2,3) = 0 ,
where F ( a, b, x) is confluent hyperheometric function.
Comparison of iteration solutions with the exact analytical
solution are illustrated in Fig.1

Fig 1. Dependency of CR concentration is normalized concentration on the
boundary of heliosphere

(for values

for η = 0.5
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(

N
)
N0

p
= 0.5;1;10 )
m0 c

depending on the heliosphere distance

R

3. CONCLUSION
As it was seen, CR concentration that was obtained by
means of two step iteration method does not differ
significantly from the analytical solution. Therefore iterative
solutions developed by this method can be used for the cases
when χ = p , χ = p 2 and for the numerous complicated
situations where exact analytical solutions can not be received
in principle.
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2D Stochastic Monte Carlo to evaluate the
modulation of GCR for positive and negative
periods
Pavol Bobik1 , Giuliano Boella2,3 , Matteo J.Boschini2,4 , Stefano della Torre2 , Massimo Gervasi2,3 ,
Davide Grandia2 , Karel Kudela1 , Simonetta Pensotti2,3 , Pier Giorgio Rancoita2
Abstract— We developed a 2D model Stochastic Montecarlo for
Cosmic Rays propagation in the Heliosphere. The model solves
numerically the transport equation of particles in the heliosphere,
including major processes affecting the heliospheric particle
propagation: diffusion, convection, adiabatic energy losses and
drift of particles. We evaluated the modulated flux at several
distancies from the sun (i.e. at planets distance) and we compared
our results for both solar polarities with measurements of CR
protons at the Earth distance, 1AU.

II. S TOCHASTIC 2D M ONTE C ARLO MODEL
Cosmic Rays propagation in the Heliosphere has been
modeled through a stochastic Monte Carlo in two dimension
(r and θ), and this is based on the Fokker-Planck equation
(hereafter FPE) for GCR transport in the heliosphere without
drift terms ([7] and [8]):
µ
¶
1 ∂
∂f
∂f
= 2
r2 Krr
∂t
r ∂r
∂r
µ
¶
∂
∂f
1
Kθθ sin θ
+ 2
r sin θ ∂θ
∂θ

I. I NTRODUCTION
Galactic Cosmic Rays (GCR) propagation in the heliosphere
can be properly reproduced by accurate models only if all the
features of the solar cavity are taken into account. We can
mention for example the complex structure of the heliospheric
magnetic field [1], after the measurements performed by the
Ulysses satellite. The final goal of such approach is to compare
the simulation results with the increasing number of observed
fluxes. We used the Parker field model for the heliosphere
[2], in which we included the drift effects [3]. Starting from
our 1D heliospheric model that uses the stochastic simulation
approach, (see [4] and [5]), we have implemented a two
dimensional (radius and heliolatitude) drift model of GCR
propagation in the heliosphere [6]. The 2D model becomes
time dependent due to the variation of the measured values
of the solar wind velocity in the ecliptic plane (V ) and the
tilt angle (α). This model is including curvature, gradient and
current sheet drifts, which are depending on the charge sign of
particles. In section III-E we present a study of the diffusion
coefficients in relation to our approach, forward in time, in
order to evaluate the time scale of the magnetic perturbation
propagation with the solar wind. We then implemented in
this model the possibility to reproduce the modulated flux at
several distancies from the sun. In this way we obtain the
primary CR flux at the position of the planets of the solar
system. We also reproduced the GCR flux at 1 AU for different
periods and compared our results with satellite data.
1 Inst. Exp. Physics, Dept. Space Physics, Slovak Academy of Sciences,
Kosice, Slovakia
2 INFN Milano-Bicocca, Piazza della Scienza 3, 20126 - Milano, Italy
3 Department of Physics, University of Milano-Bicocca, Milano, Italy
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1 ∂ ¡ 2 ¢ ∂
1 ∂ ¡ 2 ¢
r V
(ΓT f ) − 2
r Vf
(1)
2
3r ∂r
∂T
r ∂r
Where θ is the heliolatitude, f is the cosmic ray number
density per unit interval of particle kinetic energy, t is the time,
T is the kinetic energy (per nucleon), r is the heliocentric
radial distance, V the solar wind velocity and Γ = (T +
2T0 )/(T + T0 ) where T0 is proton’s rest energy. The first
two terms in Eq. 1 describe the diffusion of GCR in the
heliosphere, the third term is adiabatic energy loss and the
last one is convection by the outgoing solar wind. Thanks to
a rigorous mathematical proof by Ito [9] there is an exact
equivalence between the FPE and a set of stochastic differential equations (SDE), so we can apply this technique to our
numerical simulation solving ordinary differential equations.
If we consider the coordinates variation in a small time step
∆t for a test quasi-particle, the SDE equivalent to eq. 1 can
be written as:
+

∆r =

p
1 d(r2 Krr )
∆t + V ∆t + Rg 2Krr ∆t
2
r
dr
·µ
¶¸
d
Kθθ
∆µ =
1 − µ2 2
∆t
dµ
r
r
Kθθ
+Rg 2 (1 − µ2 ) 2 ∆t
r

2V T Γ
∆t
(2)
3r
where µ = cosθ, so ∆µ = ∆cosθ is the latitudinal
variation of the particle, V is solar wind velocity, Rg is
a Gaussian distributed random number with unit variance,
∆E = −

and ∆t is the time step of calculation. The radial diffusion
coefficient is Krr = K|| cos2 ψ + K⊥ sin2 ψ, where ψ is the
angle between radial and magnetic field directions [7]. The
latitudinal coefficient is Kθθ = K⊥ . The parallel and the
perpendicular diffusion coefficients ([10]) are
K|| = K0 βKP (P )

BL
3B

K⊥ = (K⊥ )0 K||

if
(3)

where K0 = 1 − 6 × 1022 cm2 s−1 (or in unit of au2 s−1
becomes K0 ' 0.5 − 3 × 10−4 ), β is the particle velocity,
P is the CR particle’s rigidity, KP (P ) take into account the
dependence on rigidity (in GV), (K⊥ )0 is the ratio between
parallel and perpendicular diffusion coefficient, BL ∼ 5 nT
is the value of heliospheric magnetic field at the Earth orbit,
and B is the Parker field magnitude [11]. In our model the
solar wind speed V (θ) is a function of the heliolatitude θ
[12]: V = V0 (1 + cosθ), for 0o < θ < 60o and V = 750
kms−1 , for 60o < θ < 90o . V0 is the velocity of solar wind in
ecliptic plane. We used the Parker model for the heliospheric
magnetic field because this allows an analytical solution for
drift velocities and better evaluation of diffusion tensor. Drift
effects are included through analytical effective drift velocities:
in this spiral field we added to the previous formulas (2), the
three components of drift (gradient and curvature drift plus
drift along the neutral sheet, [13]) to calculate the position of
a test particle during a time step ∆t:
∆rd = ∆r + (vg + vdns )∆t
µ
¶¸
·
vθ ∆t
∆µd = cos arccos(∆µ) + arctan
r

(4)

∆rd is the radial variation with drift effect, ∆µd is the
latitudinal variation of the particle due to drift, vg is the
velocity of gradient drift, vdns is the velocity of neutral sheet
drift and vθ is the velocity of curvature drift. The average drift
velocity is :
~
pv
B
βP
vd =
∇× 2 =∇×(
)
3q
B
3B

(5)

βP
)+
3B

v
2prΓ0
~er
6 qA(1 + Γ02 )(α + ∆θns )

g(θ) = −1
π
if
+ α + ∆θns ≤ θ ≤ π
(7)
2
√
where Γ0 = VΩ (r − r) cos(α/ 2). The second term of
equation (6), the neutral sheet drift, is equal to zero outside the
neutral sheet region (in the 2D model this region is wide as
the tilt angle). The function g(θ) has the effect of scaling the
curvature and gradient drift (first term) down over the neutral
sheet region so that it is zero at θ = π/2.
As Local Interstellar Spectrum of protons (LIS) we used
Burger’s model [14].
III. S TUDY OF THE M ODULATION PARAMETERS
A. Diffusion coefficient
We evaluated the dependence of the modulation effect from
the diffusion coefficient value, in the quasi linear theory
approximation (i.e. KP = P ). In the 2D version the analysis
of the relation between the diffusion coefficient and the
modulation strenght becomes more complex. The modulation
as a function of the diffusion coefficient follows the expected
behaviour, so higher values of K0 corresponds to a lower
modulation and vice versa (see Fig. 1 for CR spectra at
Earth with different values of K0 ). We evaluated also the
dependence of our model on the ratio between parallel and
perpendicular diffusion coefficient, over the commonly used
range, (K⊥ )0 = 0.01 − 0.05. The modulation effect on the
LIS is higher for lower values of (K⊥ )0 , these results are not
shown here, just the expected and best value for A > 0 period
are used, as reported in IV-A.
B. Tilt angle α and Solar Wind velocity Vsw

We adopted the matematical solution from Hatting and
Burger [15], the so-called wavy neutral sheet (WNS) model,
for steady-state drift dominated modulation (our case). In this
model the average of the drift velocity (5) is taken over one
solar rotation. The drift velocity, that remains divergence-free,
becomes:
vd = g(θ)∇ × (

g(θ) = 1
π
if 0 ≤ θ ≤ − α − ∆θns
2
π
−θ
2
g(θ) = sin−1 ( 2
)
π
α + ∆θns
π
π
− α − ∆θns < θ < + α + ∆θns
2
2

For positive periods we have evaluated the effect on the
model by changing the solar wind speed in the range V0 =
100 − 1000 kms−1 and tilt angle in the range α = 10o − 50o .
We used (see [6] for a complete description) the tilt angle α
as main parameter for the level of the solar activity: the higher
the value of α the lower the expected GCR flux, for both solar
field polarities. Besides for the same value of α a higher flux
of protons is expected for A > 0. We also evaluated the effect
of ecliptic solar wind velocity V0 (a higher value of V0 means
higher solar activity).
C. Drift effects

(6)

with

249

To study the effect of the drift velocity terms we considered
a period when α = 30o and V = 400 kms−1 for A > 0 (see
[16]) and a period with A < 0 (see [17]). After computing

2

Flux [part/(MeV m s sr)]

them from [24] and [25], (see Table II). These values are based
on long term study of neutron monitors measurements and the
Force Field model approach to the Heliosphere (see [26]).
10

2

TABLE II
E XPERIMENTS PARAMETERS II

10

1

Experiment

Diffusion coefficient (au2 /s) K0

(K⊥ )0

AMS-01
IMAX
Caprice
BESS

1.70 × 10−4
1.33 × 10−4
1.90 × 10−4
0.88 × 10−4

0.025
0.025
0.025
0.05

-1

10

-2

10

-3

10
10

-1

1

10

Energy (GeV)

Fig. 1.

2D model:

the flux including all the terms, we have excluded the drift
from the transport equation. The drift effect seems to be more
evident in positive periods. We have studied the three main
drift components in the heliosphere: gradient, curvature and
neutral sheet (NS) drifts, and as each one of the drift terms
affects the modulated spectrum and it seems that neutral sheet
is the dominant one in what is called the neutral sheet region,
(see Eq. 6 and 7) for both solar polarities but stronger for
A > 0 (see [16]).
D. Data set
We choosed CR proton data from 4 different experiments
in order to compare and tune our model results. These are:
AMS-01 ([18]), IMAX ([19]), Caprice ([20]) and BESS ([21]).
First three experiments took data in a period of positive
solar polarity, while last one is in negative solar period. The
corresponding periods for measured proton flux are: june 1998
(AMS), july 1992 (IMAX), august 1994 (Caprice) and august
2002 (BESS). Solar wind values for selected periods were
obtained from omniweb ([22]) choosing 27 days average,
while tilt angles Wilcox Solar Laboratory ([23]) as reported
in Table I.
TABLE I

E. Average parameters
Our model has been realized with a specific structure
in order to reproduce the real behaviour of CR entering
the heliosphere from its outer limit, the heliopause, located
approximately (see [27]) at 100 AU, and travelling down to
the solar system planets and the Earth at 1 AU. Besides we
use fixed values of tilt angle α, solar wind Vsw and diffusion
coefficient K0 . We started looking carefully if this was a good
approximation to reproduce the solar modulation of CR. First
we evaluated the time tsw needed by the Solar Wind (a plasma
that carries the Sun magnetic field) to expand from the outer
corona up to the heliopause. With SW velocities ranging from
200 km/s to 600 km/s it takes something between 2.4 and
0.8 years. On the contrary the period τev of the stochastic
evolution of a quasi particle inside the heliosphere from 100
AU down to 1 AU is between a little more than 1 month (200
MeV) and few days (10 GeV). This scenario, where τev < tsw ,
clearly shows that fied parameters are no longer useful for
such a study. In fact if for example we are interested in the
CR modulation of a period tX at 1 AU, this is related to
a different condition at 100 AU where particles are injected.
If we consider in a first approximation τev negligible with
respect to tsw (for 400 km/s this time is a little more than
1 year) we can say that at 100 AU the conditions are those
present at Earth almost 1 year before. To take into account this,
we first decided to move from fixed values of α, Vsw , K0 , to
average values of these quantities. The first approach was two
different kind of average values for all quantities: first one
was the average over 12 months centred in the month we are
considering (when the corresponding detector was collecting
cent
data), so αcent , Vsw
, K0cent , the second one was the average
back
12 months back in the past, αback , Vsw
, K0back (see Table
III and IV).

E XPERIMENTS PARAMETERS I
TABLE III
Experiment
AMS-01
IMAX
Caprice
BESS

Tilt angle α
30◦ -45◦
20◦ -40◦
10◦ -25◦
35◦ -50◦

E XPERIMENTS PARAMETERS I A

Solar wind velocity Vsw
430 km/s
400 km/s
440 km/s
420 km/s

Experiment

Diffusion coefficients are needed by our model to evaluate
the proton CR modulation in different conditions, so we get

250

AMS-01
IMAX
Caprice
BESS

) K0cent (au2 /s
10−4

1.80 ×
1.25 × 10−4
2.07 × 10−4
1.07 × 10−4

(K⊥ )0
0.025
0.025
0.025
0.05

αcent
26◦

45◦

20◦ - 36◦
12◦ - 27◦
45◦ - 58◦

cent
Vsw

400
440
500
450

km/s
km/s
km/s
km/s

K0back (au2 /s)

(K⊥ )0

AMS-01
IMAX
Caprice
BESS

1.87 × 10−4
1.01 × 10−4
2.01 × 10−4
1.04 × 10−4

0.025
0.025
0.025
0.05

αback
13◦
32◦
16◦
40◦

-

28◦
50◦
33◦
55◦

back
Vsw

380
460
510
420

2

Experiment

Flux [part/(MeV m s sr)]

TABLE IV
E XPERIMENTS PARAMETERS I B

km/s
km/s
km/s
km/s

TABLE V
E XPERIMENTS PARAMETERS II

10

2

10

1

-1

Experiment

K0back (au2 /s)

(K⊥ )0

αback

AMS-01
IMAX
Caprice
BESS

1.46 × 10−4
1.20 × 10−4
1.40 × 10−4
0.60 × 10−4

0.025
0.025
0.025
0.05

50◦
55◦
30◦
40◦

10

back
Vsw

430
410
500
500

km/s
km/s
km/s
km/s

-2

10

-3

10
1

10

Energy (GeV)

IV. R ESULTS
A. Comparison with data

B. CR flux modulation for solar system planets
We present our results for the modulated CR spectrum at
different heliocentric distances. In particular we focused on
the solar system planets, some of which have been already
interested in space missions, the others will be investigated
by robots or human missions in the near future (see Table VI
for the solar distancies). In Fig. 9 we show the CR flux for
the external Solar System planets, Neptune, Uranus and Pluto,
in the same conditions obtained for the Caprice experiment
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Fig. 2.
2D model: CR modulation flux at Earth, AMS-01 estimated
parameters from Table I and II

2

Flux [part/(MeV m s sr)]

We started our simulations form the values in Table I and
Table II choosing (K⊥ )0 = 0.025 for the period with A > 0
(as reported for example in [28]) and (K⊥ )0 = 0.05 for
A < 0. Results of these simulation are shown in Figures 2,
3, 4 and 5, and it can be clearly seen that simulated fluxes
are higher than measured ones. This fact, together with all
statements in Sec. III-E, convinced us to try a more realistic
approach, so we used parameters averaged through a large
enough period (12 months), to keep into account the expansion
of magnetic disturbancies driven by the expanding solar wind.
So we started from average values as reported in Table III and
IV and we performed a fine tuning of parameters in order to
reproduce the measured fluxes. In Table V we report the best
values for solar parameters in order to have a good fit with
data, an fluxes can be seen in Fig. 6,7 and 8. First of all we
must notice that best fit value differ from average parameters,
the only good agreement is for IMAX (1.20 × 10−4 compared
with 1.01 − 1.25 × 10−4 ), while for AMS and Caprice best
fit values are far away from average values. Negative period
(BESS) play a different role in this quest: average values,
especially those back in time that seem to be closer to the
real behaviour of the heliosphere, probably are too close to
the inversion of magnetic field (approx. at the beginning of
year 2001). We are still investigating this fact and the effective
difference of (K⊥ )0 values between the two polarities.
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Fig. 3. 2D model: CR modulation flux at Earth, IMAX estimated parameters
from Table I and II

(see Sec. IV-A). As shown the solar modulation is decreasing
with increasing heliospheric distance (this is in agreement with
integral spectrum of CR for example from Voyager I and II
and Pioneer, see [29]).
V. C ONCLUSIONS
We built a 2D (radius and heliolatitude) stochastic model of
particles propagation across the heliosphere starting from a 1D
model (only radius). Our model takes into account drift effects
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Fig. 6. 2D model: CR modulation flux at Earth, AMS-01 best parameters
from Table V
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Fig. 4. 2D model: CR modulation flux at Earth, Caprice estimated parameters
from Table I and II
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Fig. 5. 2D model: CR modulation flux at Earth, BESS estimated parameters
from Table I and II

Fig. 7. 2D model: CR modulation flux at Earth, IMAX best parameters from
Table I and II

and show quantitatively good agreement with measured values.
Proton spectra, as predicted by the model, are decreasing with
increasing tilt angles and solar wind velocity. We investigated
the effect of the different drift componets, in particular the
neutral sheet drift. For positive periods as expected the effect
of this drift component is to increase the observable flux at
1 AU (Earth). We compared our simulations with measured
data from 4 different experiments, AMS, IMAX, Caprice and
BESS. Starting from fixed values for the main parameters

(K0 , α and Vsw ) for the related period, we moved to averaged values of the same parameters back in the past, in
order to reproduce the propagation of incoming CR through
magnetic disturbancies carried by the outgoing solar wind.
This approach seems to be better at a first approximation and
will be investigated deeply in relation to solar conditions and
particle energy. The model must be tested with data in different
solar conditions (in particular A < 0), we thus expect the next
AMS-02 mission for the long data taking period, more than 3
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Fig. 8. 2D model: CR modulation flux at Earth, Caprice best parameters
from Table I and II
TABLE VI
S OLAR S YSTEM PLANETS
Planet
Mercury
Venus
Earth
Mars
Jupiter
Saturn
Uranus
Neptune
Pluto

Distance (in AU) from the Sun
0.387
0.723
1.0
1.524
5.203
9.539
19.18
30.06
39.44

10

Energy (GeV)

Space Missions
BepiColombo
Venus Express
Mars Express
Ulysses
Cassini-Huygens

years, in ascending solar phase and negative polarity.
Finally we implemented in the 2D model the possibility to
calculate a modulated proton spectra at different heliospheric
distancies (corrispondent to the solar system planets radii).
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A preliminary statistical analysis of the GLEs
in solar cycles 22 and 23
M. Andriopoulou, C. Plainaki, H. Mavromichalaki, A. Belov, E. Eroshenko
Abstract— Registration of ground level enhancement events
(GLEs) at ground based neutron monitors has started in the
1940s. Analytical studies of various GLEs have shown that each
one of them constitutes a unique case, characterized by the
specific solar and interplanetary conditions during the time
period that it took place. However, possible similarities of the
GLE characteristics between different event cases may be
evidence for the existence of common physical mechanisms.
Therefore realizing a statistical analysis of ground level
enhancements is of great importance in order to reveal the inner
relationship among these events. In this study the results of a
preliminary statistical analysis of the ground level enhancements
occurring during the solar cycles 22 and 23 (1986-2007) are
presented, using data from both polar and middle latitude
neutron monitors. A detailed comparison of the characteristics of
these events is being held out in order to reveal possible
similarities and differences among them. Special emphasis is
finally given to the event recorded on April 15th, 2001 (GLE 60)
as well as to the event of April 18th (GLE 61). The analysis of the
various characteristics of these two events and their relation with
the solar parameters reveals important information for the solar
cosmic rays reaching the ground level. This statistical output can
be also useful for GLE-modelling and other space weather
applications.

I. INTRODUCTION

G

round level enhancements (GLEs) are short and sharp

increases in the counting rates of cosmic ray intensity. Despite
the fact that GLEs taxonomically belong to the solar cosmic
rays, which present a spectrum ranging from a few MeV up to
a few GeV in general, the actual energies obtained are high
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enough ( >500 MeV) for the particles to penetrate inside the
Earth’s atmosphere and finally be recorded by ground based
neutron monitors. Their study is of particular importance,
mainly due to their involvement in a vast range of scientific
applications such as the prediction of dangerous particle
fluxes that can cause serious damage to satellites and
telecommunications [1], [2], the analysis of the interplanetary
conditions [3] and predicting the occurrence of strong
geomagnetic storms [4]. Several techniques that analysed and
modelled some important GLE characteristics have been
presented in the past, starting with [5] which was later
advanced in [6], while [7], [8] [9] and [10] are also worth
mentioned.
Thirty one ground level enhancements were recorded by the
worldwide neutron monitor network during cycles 22 and 23.
The sunspot number evolution together with the GLEs
appearance rate inside these two cycles is presented in Fig. 1.
The great event of the January 20, 2005 (GLE69), whose
intensity was comparable to the event of the 23rd February
1956 (GLE5) and the event of the 29th September 1989
(GLE42) happened to be among them. The majority of the
fifteen events which were recorded in the 22nd cycle occurred
near the cycle’s maximum phase. The following solar cycle 23
had quite a different behaviour. This is in agreement with [11]
in which the distinction between even and odd solar cycles is
being described. An absence of GLEs was noticed during the
period from October 2000 to March 2001 which is possibly
associated with the Gnevyshev gap [12], a time period during
which a decline in solar atmospheric activity is observed [13].
Furthermore, an unexpected burst of solar activity during a
period which was far from the maximum phase, October to
November 2003, led to a series of ground level enhancements
[14], [15], [16].
In this work the results of a preliminary statistical
analysis for these ground level enhancements are presented.
Also, some specific characteristics of the events of April 2001
(GLE60 and GLE61) are analysed and a comparison between
the two events is being held out.
II. DESCRIPTION OF THE ANALYSIS

An extended study of the eleven most intense events of the
22nd and 23rd solar cycles was realized in order to determine
some of their special characteristics. The events that were
examined are the event of 29 September 1989 (GLE42), the
event of 19 October 1989 (GLE43), the event of 22 October
1989 (GLE44), the event of 24 October 1989 (GLE45) and
the event of 15 June 1991 (GLE52) from solar cycle 22 and
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the event of 14 July 2000 (GLE59), the event of 15 April
2001 (GLE60), the event of 28 October 2003 (GLE65), the
event of 29 October 2003 (GLE66), the event of 20 January
2005 (GLE69) and finally the event of 13 December 2006
(GLE70) from solar cycle 23. Five-minute cosmic ray
intensity data from about sixty neutron monitors in total have
been used for this analysis which were provided by stations of
the worldwide network of neutron monitors and finally all
collected
from
the
IZMIRAN
group
(ftp://cr0.izmiran.rssi.ru/COSRAY!/FTP_GLE/).
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ANALYSIS OF THE EVENT OF SEPTEMBER 29, 1989
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Fig. 1: Sunspot number and GLEs appearance rate
occurring during the cycles 22 and 23.
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* The definition of Neutron Monitor Rigidities was based on the IGRF
(International Geomagnetic Reference Field) model [17]
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Fig. 2: The latitude-longitude distribution of the GLE42 in the
NM stations used in this study. The different cycle sizes
represent the different magnitudes of the cosmic ray intensity
maximum.
The analysis of each ground level enhancement included the
calculation of the onset time of each event for each station

recorded the specific GLE, according to the 2σ criterion [14],
the identification of the maximum intensity which was
recorded by a specific station, the calculation of the time that
the maximum flux was recorded as well as the calculation of
the time-lag between the time of the maximum amplitude and
the onset time. Furthermore, the longitudinal and the
latitudinal distribution separately and the latitudinallongitudinal one of each event maximum intensity was
defined in order to
determine preliminarily the specific
geographical regions that usually observe a GLE.
As an example, some features of the event which was
recorded on 29 September 1989 (GLE 42) are exhibited in
Table I and Fig. 2. The abbreviation name, the rigidity Rc,
according to the IGRF model [17], the onset time Ton, the
maximum recorded intensity (%), the time that the maximum
intensity was recorded Tmax and the time-lag between the time
of the maximum amplitude and the onset time Tmax-Ton for
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Oulu, the most important events that were recorded during the
last two solar cycles are in reverse order the event on 20
January 2005 (GLE69), the event on 29 September 1989
(GLE42), the event on 24 October 1989 (GLE45), the event
on 13 December 2006 (GLE70) and finally the event on 15
April 2001 (GLE60). It is observed that GLE69, GLE70 and
GLE60 have a sharp and rapid increase in the cosmic ray
intensity (%), while GLE42 and GLE45 have more wide time
profiles and a less rapid evolvement.
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each station that was used in the study of GLE42 are
presented in Table I. The latitudinal-longitudinal distribution
of the cosmic ray maximum intensity recorded in each station
for this event is presented in Fig. 2.
Finally, an effort was made in order to connect GLEs with
solar and geomagnetic phenomena, like the solar flares (SF),
the coronal mass ejections (CMEs) and the sudden storm
commencements (SSCs).
For this purpose the event of April 15, 2001 (Easter GLE GLE60) and the following event of April 18, 2001 (GLE61)
were studied in detail. The Easter GLE, which is considered to
be among the most important GLEs that were recorded during
the cycles 22 and 23 (Fig. 3), occurred shortly after a great
and very rare X14.4 X-ray flare (S20W85/2B) had reached its
peak emission (13:50 UT) [18]. Initially, the spectrum was
very hard, eventually it became softer and finally,
approximately 50 minutes after the onset time of the event, the
spectrum started becoming harder. An important anisotropy of
the cosmic ray intensity was recorded between the north and
the south hemisphere. This conclusion derived from the
comparison of the time profiles of Thule (north hemisphere)
and McMurdo (south hemisphere); the choice of these stations
is explained in [19]. Also, an unusual difference between the
time profiles of Oulu and Apatity stations was observed
during GLE60. As Oulu and Apatity are two neutron monitor
stations with very similar characteristics (Oulu: long. 25.47˚,
lat.65.05˚, alt.15m, cut-off rigidity Rc 0.77GV and Apatity:
long. 33.33˚, lat. 67.55˚, alt. 177m, Rc 0.55GV) it is expected
to record approximately the same rates of cosmic ray intensity
(%). However, this was not the case in GLE60. A similar
behaviour was also noted for the events occurring on 14 July,
2000 and on 2 May, 1998 [20].
Three days after the GLE60, another ground level
enhancement was recorded. This event on April 18, 2001
(GLE61) was very weak and seems to be connected with a
great Halo CME which reached its maximum at 02:30:05 UT
having a linear velocity 2465 km/sec. Also GLE61 had a less
rapid evolvement in comparison to GLE60.
South Pole neutron monitor recorded a maximum intensity
for each of these events, 225.4% for GLE60 and 24.1% for
GLE61. The time profiles of the two events and the mapping
of the most important solar flares (class-M and -X) and CMEs,
which are possibly connected with these events, are presented
in Fig. 3.
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April 17 and 18,2001

Fig. 3: Time profiles of the events of April 2001, as
recorded by South Pole neutron monitor station

III. RESULTS - DISCUSSION
After an analytical study and a comparison among the
eleven events that were examined in this work, some
preliminary results of the statistical analysis are presented.
Firstly, using 5-minute data from Oulu neutron monitor
station, the most important ground level enhancements and the
distribution of total maximum are exhibited (Figs 4 and 5).
Oulu station was selected because it is a sub-polar station (Rc:
0.77GV) which functioned during the whole period of cycles
22 and 23 (1986-2007) and has available data via the internet
(http://cosmicrays.oulu.fi/). According to the recordings of
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Fig. 4: The most important GLEs during solar cycles 22
and 23, as recorded by Oulu neutron monitor station
Using the Oulu neutron monitor data, the maximum annual
record of cosmic ray intensity during the period of the 22nd
and 23rd solar cycles is presented in Fig. 5. It is interested that
the year 1989 the maximum annual record was noted in the
year 1989, is characterized by the maximum value. If the
recordings of another station were used in the distribution of
total maximum cosmic ray intensity, the picture could be
probably different from Fig. 5. Especially, if the recordings
from McMurdo, South Pole or Terre Adelie were used, the
year 2005 would be the one with the maximum annual
intensity and a great difference among the annual record of
2005 and the annual record of other years would have been
observed. The reason of this difference is that these three
stations recorded a maximum intensity greater than 2000%
(McMurdo 2093%, South Pole 4809%, Terre Adelie 2650%
using 5-minute data) for the event of 20th January 2005, which
is possibly caused by the prompt component of the solar
cosmic rays arriving at the Earth [21]. If the total cosmic ray
intensity maximum for the years 2005 and 2006 is not taken
into account, the distribution of the total maximum cosmic
ray intensity has a similar evolvement with the sunspot
number of cycles 22 and 23, as it is presented in Fig. 1.
Furthermore, using the observations of the latitudinallongitudinal distribution of each event, some interesting
results are given in Table II. This Table describes the specific
geographical regions that usually record GLEs. To be more
specific, there are two regions (regions # 1 and # 2) which in
most cases record high rates of cosmic ray intensity and the
maximum intensity is usually recorded by one of these
regions. Regions #5 and #6 seem to record the lowest rates
of intensity and there are many cases in which stations from
these areas cannot record a GLE.
It should be underlined that the above geographical regions
of Table II are defined only approximately due to the nonexistence of neutron stations in specific regions and due to the
lack of data in some GLE cases.
Also, if the possible relationship between GLEs and coronal

mass ejections (CMEs) that has been noticed by Gopalswamy
[22] is not taken into consideration and the assumption that
only intense solar flares produce GLEs is made, it seems to be
that the majority of X-ray solar flares of X-class connected
with GLE production, originates from the west and south solar
active regions. This result is in agreement with [23] where the
greater possibility for a GLE being observed is connected with
the western X-class associated flares. It is explained through
the typical geometry of the ’’garden hose’’ field line that
connects the Sun to the Earth.
Moreover a calculation of the average time-lag between the
time of the maximum amplitude and the onset time for each
event was performed. The calculation did not lead to certain
results since there are some low and middle latitude stations
that seem to have quite different time lags compared to polar
stations. In the future, a more complete analysis on the basis
of a bigger number of neuron monitors, widely distributed
around the globe, is intended.
Finally, a calculation of the onset time variability for each
observed GLE, among all neutron monitors that observed the
event, was realized. It was found that all except one of the 11
GLEs had an onset time variability from 10 to 35 minutes.
However, one should consider that this time-variability is not
necessarily due to some different physical mechanisms in the
particle penetration inside different geographical sites of the
Earth’s atmosphere, while it is partly related to the resolution
of the data used in this analysis. In other words, as a first step
in this statistical study, we used 5-min cosmic ray data,
considering them more reliable in respect to the 1-min ones.
Nevertheless, when it comes to the calculation of sensitive
GLE parameters such as the onset time, maybe 1-min data
would be a more wise choice, in case of course that these
high-resolution data are reliable enough. Such an analysis is
intended in the near future.

Total Maximum Cosmic Ray Intensity (%)

Cosmic Ray Intensity (%)
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Fig. 5 Distribution of the total cosmic ray intensity
maximum during solar cycles 22 and 23 as recorded in Oulu
station.
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The event of 29th October 2003 (GLE66) is an exception,

ECRS 2008, Kosice, 8-12 September 2008
complicated event.

TABLE II
COSMIC RAY INTENSITY RATES OF GEOGRAPHICAL REGIONS
Re
gio
n#

Longitude
(˚)

1
2
3
4
5
6

0 to 167
150 to 300
-134 to -61
25 to 34
18 to 28
7 to 105

Latitude
(˚)

-90 to -43
43 to 77
55 to 69
65 to 68
-35 to -19
40 to 61

Counting rate

The above are only preliminary results of the statistical
study of the GLEs. The work is to be continued to all solar
cycles where cosmic ray data are avilable and more
characteristics of the GLEs are to be examined, on the basis of
a more complete analysis. This study will be very useful to
the Space Weather applications.

high
high
medium
medium
low
low
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Dynamics of the galactic cosmic ray intensity in
presence of solar wind disturbances
Petukhov Ivan, Petukhov Stanislav

Abstract— For studying of cosmic ray dynamics at presence
of solar wind disturbances new method has been developed —
method of relativistic particles trajectories. Model calculations
quite satisfactory reproduce of cosmic rays intensity dynamics
observed by ground-based detectors of the isolated event both on
amplitude and in time. Calculations agree with general features
of CRs intensity distribution on the Earth magnetosphere surface
of events set too.

I. INTRODUCTION
Studies of cosmic rays (CRs) intensity dynamics at presence of solar wind large-scale disturbances represent a great
interest in connection with the possibility to use the results
for occurrence prediction of an interplanetary disturbance at
Earth orbit and corresponding geomagnetic storm. At present
for sufficiently large number of individual events predecrease
and preincrease of CRs intensity were revealed as precursors of
disturbances. It was established that average time between the
beginning of preincrease observation and arrival of an shock
to Earth orbit according to neutron monitors equals 8 hours [1]
and to muon telescopes equals 4 hours [2]. It is known that
preincrease of CRs intensity proceeds within several hours
before arrival of shock to Earth orbit, reaching a maximum
at the moment of arrival (see, for example, [3]).
Anisotropy of CRs intensity arises at interaction of CRs
with shock front. For particles moving outside in a direction
from front after interaction were possible two variants of their
prehistory: 1) the particles had been before shock front and
ones reflected from it; 2) the particles had been behind front
and ones crossed it.
For a variation of reflected CRs intensity may be written
∆Iinc ≡ (J(p) − J0 (p)/J0 (p) = (p/p∗ )2+γ − 1,

(1)

where J = p2 f , f are intensity and distribution function of
particles, p (p∗ ) is particle momentum after (before) interaction with front; J0 ∼ p−γ is intensity of the undisturbed
galactic CRs; γ = 2.77 is spectrum index. As appears from
relation the reflected particles provide preincrease of CRs
intensity since the momentum of reflected particles increases
(p > p∗ ) and accordingly ∆Iinc > 0.
It is known (see, for example, [4]) that the boundary
of disturbed region — Forbush decrease region (Fd) — is
transparent for some particles groups (on used terminology
— effect of a cone of losses). Probably depending on a
phase and a pitch-angle with which particles get on the shock
1 Yu.G. Shafer Institute of Cosmophysical Research and Aeronomy SB
RAS, 31 Lenin Ave., 677980 Yakutsk, Russia, i van@ikfia.ysn.ru

front some particles groups can to escape into interplanetary space, advancing the disturbance, and, on the contrary,
to come to Fd region from interplanetary medium. In this
case the variation of intensity of CRs left the Fd region
— predecrease of CRs intensity — equals to Fd amplitude.
Fd amplitude depends on CRs energy. For the dependence
account we use Fd spectrum [5]: ∆IF d = A(ε/10GeV)−δ ,
where A is arbitrary constant; ε is CRs energy; δ is energy
spectrum index, depending on turbulence level of solar wind
magnetic field. Anisotropy of CRs intensity, arising at their
interaction with shock front, on distance of mean free path
from front, basically, remains. According to determination of
CRs intensity gradients [6] and also to theoretical researches of
charged particles propagation in a solar wind with turbulence
the CRs mean free path with energies (10 − 30) GeV at
vicinity of Earth orbit equals about (0.5-1) AU [7], where AU
is astronomical unit. This value of the mean free path denotes
that during an order 20 hours before disturbance arrival into
the Earth orbit, dynamics of CRs intensity anisotropy may
be described by means of calculation of relativistic particles
trajectories set in a regular electromagnetic field of a solar
wind and disturbance. With the limits of the offered method
influence of a turbulent magnetic field on variations of CRs
intensity at their propagation from shock front to the Earth
orbit can be took account by means of a phenomenological
factor: exp(−L/λ), where L is length of a particle trajectory
from front to the Earth orbit; λ is mean free path.
The similar model of the description of CRs intensity
dynamics — formation of CRs intensity anisotropy as a result
of interaction with shock front and subsequent propagation
CRs though interplanetary medium — is developed by Ruffolo
et al. [8]. Authors assume that effect of a turbulent magnetic
field on propagation of CRs is essential. For the decision of the
formulated problem they have accepted some simplifications
as the dependence of the solution from pith-angle particles
only and plane geometry of the shock front. In our opinion,
these simplification may to deform the validity.
Our approach is based on the assumption that influence of
the scatterings on dynamics of particles on distance smaller
than mean free path from shock front is slight. The developed
method of relativistic particles trajectories and its application
for study of CRs intensity dynamics in the presence of solar
wind disturbance is presented in given paper.
II. MODEL
CRs trajectories are the solutions of the relativistic particles
movement equations system. The trajectories calculation is
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direction of CRs arrival to the detector. At calculation of CRs
trajectories in geomagnetic field is used Tsyganenko model
presented by 8-th harmonics for an epoch 2000. Groundbased detectors — neutron monitors and muon telescopes —
measure intensity of secondary particles — neutrons and muon
accordingly — generating at nuclear interactions primary
CRs with atoms of Earth atmosphere. Coupling coefficients
consider sensitivity of a detector to various CRs energies.
For a variation of CRs intensity observed by a ground-based
detector it is possible to deduce the relation
∆I = (J − J0 )/J0 =
=

Z Z

∆Id (ε, Θ, ϕ) cosα+1 Θ · W (ε)dΩdε,

ε Ω

Fig. 1. Observed intensities of CRs by 5th ground-base detectors (thin
curves): muon telescopes (Im ) and neutron monitors (In ). Thick curves —
calculation by the trajectories method. Vertical dashed line marks moment of
shock arrival to the Earth orbit. The short-time decreases of CRs intensities
are produced by interaction particles with shock front.

carried out by Runge-Kutta method of the 4-th accuracy
order. A negative step on time is used for calculation of
a particle trajectory from a observation point to a source.
Magnetic field of quiet solar wind is of Parker type with flow
constant velocity being radial and equals to 400 km/s. Electric
field of solar wind is defined by condition frozen-in. At
calculation of CRs trajectories is taken into account the neutral
surface of interplanetary magnetic field dividing regions with
different field direction. Configuration of the neutral surface
at interplanetary space is determined by boundary position
between regions of different polarity on the Sun surface.
At calculations the interplanetary shock has been accepted
as a disturbance. Shock front has the form of a revolution
ellipsoid RS = bRS,0 /(1 + (b − 1) cos Θ), where RS , RS,0
are radii at any point and on axis of disturbance azimuthal
symmetry; Θ is polar angle counted from an axis of azimuthal
symmetry, orientation of axis relative to heliocentric system of
coordinates is defined by 2-th angles; RS,0 = VS t; VS is shock
velocity; t is time; b is parameter determining asymmetry of
the shock shape. At calculation a particle drift along the shock
front electromagnetic field in the region placed behind the
front is determined by the Rankine-Hugoniot relations.
At comparison of calculated results with observations it is
necessary to consider viewing cone, sensitivity dependence
from CRs arrival direction and coupling coefficients of a
ground-based detector. The viewing cone is defined by set
of CRs trajectories at the Earth magnetic field which connects
certain area of magnetosphere surface to the detector. The configuration and arrangement of this area depend on geographical
coordinates of the detector, time of day, CRs energy and

where J0 is isotropic intensity of undisturbed galactic CRs;
∆Id (ε, Θ, ϕ) is model differential variation of CRs intensity;
α considers sensitivity of a detector to CRs arrival direction
(α = 6 in case of a neutron monitor and α = 2 in case of a
muon telescope); dΩ is differential of solid angle (Ω = 0.27
is total solid angle in case of a neutron monitor, Ω = π
is total solid angle in case of a muon telescope); W (ε) are
normalized coupling coefficients (in case of a neutron monitor
they are well-known coefficients of Quenby–Webber and in
case of ground-based telescope they are coefficients for muon
vertical intensity [9]); εmin is cutoff energy caused by the
geomagnetic field or a screen over the detector; Θ is angle
which is counted from vertical and ϕ is azimuth angle. As
an example of real event we have used observations of event
September, 9, 1992 by set of ground-based detectors [10]. We
have not found values of solar wind parameters within time of
the event in literature. So the values of model parameters have
been chosen depending on best agreement between calculation
and observations. It was accepted: shock velocity is constant
and equals 650 km/s; b = 0.5; the axis of azimuthal symmetry
of the shock front is at ecliptic plane and is rejected to
the east on 10◦ from line the Sun–Earth; parameters of Fd:
∆I0 = 12%, δ = 0.6; the CRs mean free path equals 0.7
AU. It is possible to note weak dependence of calculation
results on value of mean free path. It is necessary to notice
that presented results have been obtained in the presence of a
neutral surface of interplanetary magnetic field which the Earth
has crossed during event. Otherwise the calculated amplitudes
of serial predecreases of CRs intensity on measurements of
the neutron monitor of station Norikura differ in 3 times.
The relation of the predecreases amplitudes on measurements
muon telescopes of stations Nagoya and Sakashita depends on
poorly from presence of a neutral surface. It is explained from
the fact that influence of a neutral surface on CRs trajectories
decreases at increase of particles energy.
III. RESULTS AND DISCUSSION
Observation of CRs intensity within of event September, 9,
1992 by neutron monitors (In ) and muon telescopes (Im ) [10]
are presented in fig. 1 by thin curves. The moment of shock
arrival to Earth orbit is marked by vertical dashed line. The
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short-time decreases of intensity are produced by interaction
of CRs with shock front. As is seen in fig. 1 calculated results
presented by thick curves reproduce observations of all set of
CRs intensity both on amplitude and in time quite satisfactory.
It is possible to note one discrepancy: calculated CRs
intensity variation on measurements of Thule monitor must
absent. Feature of this detector is that it is at high latitude and
has a narrow viewing cone. At calculation the disturbed CRs
trajectories distribute, as a rule, at low and middle latitudes of
the magnetosphere surface. The reason of occurence of CRs
intensity preincrease at Thule latitude is not clear now.
We have determined distributions of CRs trajectories at the
magnetosphere surface and their change in process of the
shock approach to the Earth orbit for various sets of free
parameters of the problem. Characteristic distribution for 3-d
positions of shock is presented in fig. 2, where ”a” corresponds
to RS = 0.5AU , ”b” – RS = 0.7AU , ”c” – RS = 0.9AU .
Used notations are: symbols ↑ mark reflected particles; ↓ –
escaped particles; = – undisturbed CRs. A point of the Earth
magnetosphere surface is defined by two angles relative of
GSE coordinate system: latitude is counted from the Earth
equator, longitude is counted from X axis.
As is seen in fig. 2 a,b,c: 1) reflected particles trajectories
distribute essentially on day-side of the magnetosphere surface
that agree with observations (see, for example, [3]); 2) escaped
CRs with small pith-angles (latitude ∼ 0◦ and longitude ∼
315◦)arrive at the beginning of a event. Pitch-angles of arriving
CRs trajectories increase at approach of the shock to the Earth
orbit, that agree with observations too (see, [4]).
IV. C ONCLUSION
The satisfactory consensus of calculated results and observations both set of events and of isolated event testifies to
suitability of the method of relativistic particles trajectories
for the description of CRs intensity dynamics in the presence
of a large-scale disturbance of solar wind and its perspective
for the decision of Space weather problems.
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Relativistic solar cosmic ray dynamics in large
ground level events
Eduard V. Vashenyuk, Yury V. Balabin, and Boris B. Gvozdevsky

Abstract— The neutron monitors (NMs) long since and down
to the present time remain the basic means of relativistic solar
cosmic rays study. These particles are observed in rather rare
Ground Level Enhancement (GLE) events. The rate of GLEs
occurrence is ~ 1 per year. For 66 years from the first GLE
registered on 28 February, 1942, only 70 events occurred up to
now.
The worldwide network of neutron monitors can be
considered as a multidirectional cosmic ray spectrometer. The
author’s GLE modeling technique employing the optimization
methods and modern magnetosphere models allows obtaining
characteristics of relativistic solar protons (RSP): rigidity
(energy) spectrum, anisotropy axis and pitch angle distribution
in the primary solar proton flux. Two distinct populations of
RSP: the prompt and delayed ones probably having different
origins on the Sun have been revealed. To the present time the
authors analyzed by a GLE modeling 22 events, the brief items of
information about which are considered.

I

1. INTRODUCTION

N this paper, based on the data of neutron monitors we
consider regularities of relativistic solar protons (RSP)
generation and release from the Sun in the 22 large Ground
Level Enhancements (GLE) events occurring in the period
1956-2006. The worldwide neutron monitor (NM) network
may be considered as a united multidirectional solar proton
spectrometer in the relativistic energy domain. With the
modeling of the NM responses to an anisotropic solar proton
flux and comparing them with observations the parameters of
primary solar protons outside the magnetosphere can be
obtained [1, 2]. In this study we have carried out the analysis
of 22 solar cosmic ray (SCR) events at ground level. One of
the basic results of this study was the detection of two distinct
populations (components) of relativistic solar cosmic rays:
prompt (PC) and delayed (DC) ones. The PC and DC have
various spectra and anisotropy characteristics and, probably
various sources on the Sun. Here we result also description of
a GLE modeling study technique, which brief form was
published in [3].

Authors are with the Polar Geophysical Institute of Russian Academy of
sciences, Apatity, Murmansk reg. Russia, 184209 (corresponding author is
E.V. Vashenyuk to provide phone: +7-81555-79173; fax: 7-81555-74339; email: vashenyuk@pgia.ru).

2. MODELING TECHNIQUE OF THE GROUND LEVEL DATA
The worldwide network of ground-based detectors may be
considered as a united multidirectional solar proton
spectrometer in the relativistic energy range. With the
modeling of the NM responses to anisotropic solar proton flux
and then comparing them with observations the parameters of
primary solar protons outside the magnetosphere can be
obtained [1,2]. Our recent modeling technique, in general, is
similar to that of [2], as it takes into account the contribution
in the neutron monitor response not only vertical, but also
oblique falling particles. This kind of analysis requires the
data of no less than 20-25 ground-based cosmic ray stations,
and consists of a few steps:
1. Definition of asymptotic viewing cones (taking into
account not only vertical but also oblique incident on detector
particles) of the NM stations under study by the particle
trajectory computations in a model magnetosphere.
2. Calculation of the NM responses at variable primary solar
proton flux parameters.
3. Application of a least square procedure for determining
primary solar proton parameters (namely, energy spectrum,
anisotropy axis direction, and pitch-angle distribution) outside
the magnetosphere by comparison of computed ground based
detector responses with observations.
A. Asymptotic cone calculations
Determination of asymptotic viewing cones of NM stations
under study was carried out by computations of the particle
trajectories in the magnetosphere model (Tsyganenko, 2002)
[4] with a step in rigidity of 0.001 GV. For each given value
of rigidity we calculate nine trajectories of particles that are
“launched” in vertical, as well as in inclined directions under
an angle of 20o in eight equally spaced azimuths. Directivity
diagram of a neutron monitor has a maximum at a zenith angle
~ 20o (Fig.1a). It is slightly different for GCR (λg =140 g/cm2)
and SCR (λf =140 g/cm2), λ is attenuation length. Nearly the
same direction has also a median of particle distribution on a
zenith angle. It is shown as a circle at bottom of Fig.1. All
angular diagram of a NM is divided into 8 equal sectors. To
each sector one asymptotic direction is assigned. It is obtained
by calculation of a trajectory of a particle launched from an
average point, of particle distribution in a sector (Fig.1b).
Thus, test particles are launched at zenith angle 20o and 8
equally spaced azimuths (Fig.1b). Schematically this is shown
in Fig.2, where starting directions at launching point forming
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a
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Fig.1. a. Directivity diagram on a zenith angle for GCR
(λg) and SCR (λf); b. Launching directions of the 8
inclined trajectories.

Fig.2. a Starting directions at a launching point; b. at
the magnetopause

a
launching cone are shown. The launching point itself is at the
altitude level 20 km, where transformation occurs of primary
cosmic ray protons into secondary neutrons. The deformed
cone of particle outlet at magnetopause is shown in upper part
of Fig.2. Owing to Liuville's theorem particle fluxes through
these two cones must coincide.
B. Calculation of primary solar proton parameters from
the neutron monitor data
The response function of a given neutron monitor to
anisotropic flux of solar protons with regard to the
contribution of obliquely incident particles is given by the
relation:


1 8  20
 ∆N 

 = ∑  ∑ J||( R ) S( R ) F( θ j ,i ( R )) A( R ) ∆R 
 N  j 8 i = 1 R = 1

where (∆N/N)j is a percentage increase in the count rate Nj at a
given NM station j, a modified power rigidity spectrum with
variable slope J||(R) = J0R-γ*, γ* = γ + ∆γ·(R-1), J0 is a
normalization constant, γ is a power-law spectral exponent at
R = 1 GV, ∆γ is a rate of γ increase per 1 GV. The other
parameters are the coordinates Φ and Λ, defining anisotropy
axis direction in the GSE system; and a parameter C,
characterizing the pitch-angle distribution (PAD) in form of a
Gaussian: F(θ(R)) ~ exp(-θ2/C). S(R) is specific yield function
(Debrunner et al., 1984[5]). For muon telescopes we used

instead of [7] the yield function of (Fujimoto, 1976 [6]). θ(R)
is pitch angle for a given particle. A value A(R) = 1 for
allowed and 0 for forbidden trajectories. So, 6 parameters are
to be determined: J0, γ, ∆γ, C, Λ, Φ. There are however
situations when a pitch angle distribution has more
complicated form than a Gaussian. We suggest the following
function taking into account features of a pitch angle
distribution close to 90o:
F(θ(R)) ~ exp(-θ2/C)(1-a exp(-(θ-π/2)2/b),

0≤ |a|≤ 1

(2)

By using of function (2) we add to 6 required parameters
another two ones: a and b. It should be noted, that at a =0 the
function (2) turns into the usual Gaussian. The features in
PAD at 90o are predicted by the theory of particle propagation
in IMF [Bieber et al., 1980 [7]). Besides, the function (2) has
universality allowing to describe other complex cases of pitchangular distributions. For the description of a bidirectional
anisotropy we used the combination from functions of a kind
(2), describing particle fluxes from opposite directions.
The control of accuracy of the derived solar proton
parameters was carried out by summation of the measured
responses of neutron monitors with a random quantity equal to
a probable error of experimental data. The resulting dispersion
of solar proton parameters calculated by the optimization
procedure can serve a measure of an error of the given
method. Such error estimation is given for all solar proton
spectra under study. In our calculations we also use a
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quantitative criterion of adequacy of modeling. A residual
should be no more than 5% from an average of increase over
all NM stations at a given moment.
The validity criterion for the spectra obtained from the NM
records may be also provided by comparison with the direct
solar proton intensities measured in adjacent energy intervals
by balloons and spacecraft.
Some of the GLEs considered in our paper have been
already studied by modeling methods by different authors
[1,2,8], and many others. Comparison of their results with our
findings shows, almost in all cases, close similarity of spectra
and other parameters of RSP.
3. EXAMPLES OF MODELING STUDY: THE GLE OF
FEBRUARY 23, 1956
On 23 February 1956 a number of ground-based detectors
of cosmic rays (neutron monitors, muon telescopes and
ionization chambers) have registered a ground level
enhancement (GLE) of solar cosmic rays (SCR), the largest
one for the entire 65-year history of SCR observations (since
the first observed GLE of 28 February 1942, or GLE01 in
current numeration). The GLE of 23 February 1956 (or
GLE05) was caused by a giant solar flare (3+ or 3B) that
occurred at 03:31 UT in the active region with heliographic
coordinates 25°N, 85°W. The 3.3 GHz radio burst was
registered
at
03:34
UT.
(ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SOLAR_FLARES/HA
LPHA_FLARES/ ).

modeled responses at consecutive 5-minute intervals.

Since the 50th of the last century up to now, many studies
were devoted to the comprehensive study of this outstanding
event (Miroshnichenko, 2000 [9], Belov et al,. 2004 [8],
Vashenyuk et al., 2008 [10], and references therein). The most
remarkable feature of this GLE was a narrow and extremely
intensive beam of RSP arriving at the Earth at the beginning
of the event. This unique beam, according to the estimates by
[6] was not long and its width did not exceed 30-40°, and its
contribution to solar particle density was not significant. In
Figure 3 we present the dynamics of relativistic solar proton
flux in the course of the GLE05 as it was derived by above
modeling techniques in successive moments of time shown by
arrows. Figure 3a shows a profile of a huge prompt increase at
the European NM station Leeds in comparison with a gradual
enhancement at the North American station Ottawa. Based on
our previous results for a number of other GLEs [11] the
authors incline to consider such behavior of the two profiles
as a certain evidence of two-component structure of
relativistic proton flux in the event of 23 February 1956. In
other words, those two profiles seem to characterize the
prompt component (Leeds) and delayed one (Ottawa). The
pitch-angle distribution shown in Figure 3b is rather narrow at
the early phase of the event and widens with time. From the
derived rigidity spectra we also obtained the energy spectra
for four consecutive moments of time (1-4).
a

b

c

d

Fig.4. Dynamics of relativistic solar proton flux in the GLE05: (a) intensity-time profiles on the Leeds and Ottawa neutron monitors
demonstrating the prompt and delayed components of RSP; (b) derived pitch angle distributions; (c) and (d) - energy spectra of RSP
in the double-logarithmic and semi-logarithmic scales, respectively.
Numbers near the curves correspond to the moments of time from
Table 2 (UT): 1 - 04:00; 2 - 04:30; 3 - 05:00; 4 – 05:30; 5 – 06:00.

Fig.3. Increase profiles at number neutron monitors (left) and
muon telescopes (right) during the GLE 23.02.1956. Points are

These spectra are presented in Figures 4c and 4d in doublelogarithmic and semi-logarithmic scales, respectively. From
comparison of Figures 4c and 4d, one can see that the
spectrum 1 derived for the early phase of the event (04:00 UT)
has an exponential dependence on energy. The spectra
obtained for the later times are of the power-law form. We
note that the PC spectrum (1), is exponential in energy J =
1.4×106exp(-E/1.3), and the spectrum of DC (2) has a powerlaw form J = 4.2×106 E-4.6.
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4. RESULTS OF GLE MODELING STUDIES
A list of studied 22 large GLEs occurred during the period
1956-2006 is given in Table 1 where the event number, date,
onset time of type II radio burst, importance and
heliocoordinates of the flare are also indicated. The onset time
of the type II radio emission corresponds to the start of energy
release at the null magnetic point close to the low coronal
level and related with its H-alpha eruption and start of CME
[12]. The type II onset was also found to be a marker of
relativistic proton acceleration [11]. In every event under
study we tried to reveal the prompt (PC) and delayed (DC)
components of relativistic solar protons judging on their
spectral form. The best fits for the PC spectra are provided by
exponential forms J = JOexp(-E/EO) where EO is characteristic
proton energy. As to delayed component, its spectra may be
fitted by the power-law forms J = J1 E-γ.
The corresponding parameters of the PC and DC spectra are
displayed in the last four columns of Table 1 where
characteristic energies E0 are given in GeV and proton
intensities - in units of m-2s-1sr-1GeV-1.
Fig.5 shows a number of spectra with parameters from the
table, respectively, for prompt (PC) and delayed (DC)
components. The good consent of modeled intensities of DC
with the data of direct measurements on balloons and
spacecrafts is seen. The intensity of DC in low energies lays
below the threshold of detectors on spacecrafts. However at
energies 2-4 GeV the response of a neutron monitor is higher
for PC, than for DC (Fig. 4 b) . The giant increases in GLEs of
23.05.1956 and 20.01.2005 are caused by the prompt
component of relativistic solar protons [10].
One of important results is that the PC spectrum proved to

have exponential form in energy, and this may be evidence of
acceleration by electric fields arising in the reconnecting
coronal sheets [10,14]. At impulsive magnetic reconnection in
a current sheet an electric field arises which is directed along a
null magnetic field line. The particles of surrounding plasma
move along this electric field and gain energy, which is
proportional to a path traveled in the electric field. At the
same time, the number of particles traveled a given path in
reconnecting area falls exponentially with increase of this path
because of losses owing to a leaving of particles the
acceleration volume due to drifts. So, the spectrum of particles
accelerated by an electric field inside a volume, where
reconnection proceeds should have exponential dependence
on energy. The described here qualitative picture proves to be
true by modeling computations, in which the structure of
magnetic and electric fields in a reconnecting current sheet
was reproduced [10,14]. The trajectories of particles of plasma
accelerated in an electric field were computed and their energy
was fixed at leaving the acceleration volume. The resulting
spectrum of the accelerated particles had expressed
exponential dependence on energy, that confirms a hypothesis
about a magnetic reconnection as a source of prompt
component of RSP.
Considering the timing of generation and release of two
RSP components from the solar corona, the following
scenario may be suggested. The prompt component of RSP is
produced during initial energy release in a low-coronal
magnetic null point. This process is linked with the H-alpha
eruption, onset of CME and type II radio emission. The
accelerated particles of PC leave the corona along open field
lines with diverging geometry that results in strong focusing
of a bunch. Particles of DC originally are trapped in magnetic

TABLE I
PARAMETERS OF THE EXPONENTIAL AND POWER LAW ENERGETIC SPECTRA
No

GLE No

Date

Type II
onset

Importance

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

05
08
10
11
13
16
19
31
38
39
41
42
43
44
47
55
59
60
65
67
69
70

23.02.1956
4.05.1960
12.11.1960
15.11.1960
18.07.1961
28.01.1968
18.11.1968
07.05.1978
07.12.1982
16.02.1984
16.08.1989
29.09.1982
19.10.1989
22.10.1989
21.05.1990
06.11.1997
14.07.2000
15.04.2001
28.10.2003
2.11.2003
20.01.2005
13.12.2006

03.36*
10.17
13.26
02.22
09.47
10.26
03.27
23.44
09:00
01.06*
11.33
12.49
17.44
22.12
11.53
10.19
13.48
11.02
17.14
06.44
02:51

3
3+
3+
3
3+
1B
1B/Х2
1B/X2.8
2N/X12.
- /X9.8
3B/X13
2B/X2.9
2B/X5.5
2B/X9.4
3B/X5.7
2B/X14.4
4B/X17.2
2B/X8.3
2B/X7.1
2В/Х3.4

Heliocoordinates
N23W80
N13 W90
N27 W04
N25 W35
S07 W59
N22 W154
N21 W87
N23W82
S19W86
- W132
S15 W85
- W105
S25 E09
S27W31
N35W36
S18W63
N22W07
S20W85
S16E08
S14W56
N14W61
S06W24
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PC
J0
7.4·105
2.7 105
5.2 103
1.4 104
1.2 104
3.5·104
5.7·103
6.8 103
1.5 104
4.0 104
7.5 104
6.3·103
8.3 103
3.3·105
1.3·105
1.2·104
4.6·104
2.5·106
3.5·104

DC
E0
1.37
0.65
0.52
0.58
0.58
1.11
0.65
0.56
1.74
0.53
0.91
1.13
0.92
0.50
0.62
0.60
0.51
0.49
0.59

J0
5.5·105
1.6 103
7.5 103
1.0 105
3.6 103
6.7 103
2.6 103
1.3·104
7.2·103
5.2·104
3.8 103
2.5 104
3.0 104
1.5·104
2.7·103
8.2 103
5.0·104
3.5·104
1.5·104
9.7·103
7.2·104
4.3·104

E0
4.6
4.2*
4.1**
5.3
6.0
4.7
5.5
4.0
4.5
5.9
5.1
4.1
4.8
6.1
4.3
4.6
5.4
5.3
4.4
6.3
5.6
5.7

Fig.5. Spectra of prompt (a) and delayed (b) solar proton components derived from neutron monitor data for a
number of GLEs (Table 1). Spectra of the PC have exponential form, and spectra of DC power law one. Points
are direct solar proton data from spacecrafts and balloons. By dotted (DC) and thick red (PC) lines are shown
spectra for the 20.01.2005 GLE. At energies > 1 GeV intensity of PC is higher than DC.
arches in the low corona and accelerated by a stochastic
mechanism at the MHD turbulence in expanding flare plasma
[12,13]. Accelerated particles of DC can be then carried out to
the outer corona by an expanding CME. They are released
into interplanetary space after the magnetic trap is destroyed
giving rise to the source of accelerated particles that is
extended in time and azimuth.
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Recent Voyager data and unexpected properties
of the heliospheric termination shock
P. Király

Abstract—Energetic particle precursors of the termination
shock (TS) were first observed at Voyager-2 soon after the
December 2004 TS crossing of Voyager-1. Intermittent flux
enhancements lasted until August 2007, when count rates of
>0.5 MeV ions sharply rose and finally exceeded the highest
values measured by Voyager-1 by about a factor of 2. Although
Voyager-2 supplied data on the plasma component of the solar
wind as well, preliminary data appeared to show no sharp
decrease of solar wind speed, as was expected for a TS transit.
Solar wind data corrected in late November 2007 finally
confirmed that the transit really took place at the end of August.
However, the temperature and the thermal pressure of the postshock plasma turned out to be much lower than expected. The
contribution of the suprathermal component to the pressure
thus should be more important than previously thought.
Spectra, day-to-day variabilities, as well as streaming directions
of suprathermal and energetic particles were also different for
the two Voyagers both before and after their TS crossings.

in the case of V2.
The TS transit of V2 was officially announced in December
2007, while the first definitive papers by the Voyager teams
were published in the 3rd July 2008 issue of Nature only
([1]─[6] ). The time period covered by most of those papers
extended only to the end of 2007.
As the recent Voyager results are highly relevant to both
the structure of the outer heliosphere and to the more general
issues of particle injection and acceleration in stellar winds, a
brief summary of the results for ECRS participants is
certainly justified. The paper will first discuss the unexpected
changes in the SW parameters and some of their possible
implications, then the behaviour of suprathermal and
energetic particle intensities and directional distributions will
be discussed for the TS transits of both Voyagers.

2. SOLAR WIND RESULTS
1. INTRODUCTION

V

OYAGER-2

(V2) first crossed the solar wind (SW)
termination shock (TS) on 30th August 2007, just 10
days after celebrating its 30th birthday. As it turned out later,
there were subsequently at least 4 more shock crossings (2 in
both directions) within about 2 days, indicating either an
oscillatory motion or a waviness of the TS.
After the 16th December 2004 shock crossing of Voyager-1
(V1), there were great expectations for the V2 transit on at
least three accounts. First, the plasma detector of V1 was
damaged during its Saturn encounter, thus no direct
information was available on the change of plasma
parameters during the TS transit. Indirect information on SW
speed, based on energetic particle anisotropy, was somewhat
suspect. Second, there was no data transfer from V1 to the
ground stations on 16th December 2004, thus no fine details
of even the energetic particle data were available.
(Incidentally, that was the only day of that year when no V1
data were received). Third, during the V1 transit the TS was
apparently moving inward very fast, thus probably there was
only a single crossing. A luckier configuration was hoped for

The MIT Plasma Science Experiment (PSE) aboard the
V2 spacecraft measures various SW parameters every 192
seconds, and returns the results to Earth over the Deep Space
Network whenever transfer is allowed. Results are then
organised into hourly and daily data files, after some scrutiny.
Up to day of year (DoY) 242 in 2007, i.e. up to about the
shock transit, fine resolution data were also put on the web
site of the V2 PSE instrument team.
Figure 1 displays the hourly SW speed data of PSE as they
appeared on the web before late November 2007
(“Preliminary”) and their “Corrected” versions posted later.

Author is with the KFKI Research Institute for Particle and Nuclear Physics,
H-1525 Budapest 114, P.O.Box 49, Hungary (e-mail: pkiraly@mail.kfki.hu).
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Figure 1. Preliminary (blue, larger dots) and corrected (red, smaller dots)
hourly SW speed data aboard V2, as posted on the PSE web site before and
after late November 2007.

Obviously, a different algorithm was used for estimating
hourly SW parameters from raw data before and after late
November 2007 (daily data sets were not put on the web
between shock transit and late November). SW density and
temperature data were also similarly changed then. A data
gap in Fig. 1 follows the fast drop in the new SW speed data
at shock transit. That may also reflect some uncertainty in the
evaluation procedure.
Corrected daily data sets for the radial (Vrad) and
perpendicular (Vperp) components of the SW velocity, and the
root mean square (rms) thermal speed (Vth) are depicted in
Fig. 2 (a 10-day smoothing was applied). Contrary to
expectations, the thermal speed (and thus also the thermal
pressure of the SW) did not become dominant after shock
transit. In fact, even the perpendicular velocity component
mostly exceeds the thermal speed on the downstream side.

Figure 2. Radial and perpendicular components of the SW velocity
(upper and middle curves, red and blue in the online version,
respectively). The lowest line (black) represents the root mean square
thermal speed of SW ions.

It is also conspicuous that SW speed (and also its dominant
radial component) started to decrease at least 3 months before
the shock transit. Although there appears to be a general
tendency of decrease both in the speed and in the radial
component of the magnetic field of the solar wind, recently
recognised by the Ulysses team, the rather drastic decrease
from 400 km/s to about 300 km/s can not be fully attributed to
that effect. It seems that 30 to 40% of the bulk kinetic energy
of the SW was transformed into a form of energy not seen by
the plasma detector.
A further substantial fraction of the far upstream SW flow
energy seems also to have “vanished” during shock transit:
only about 20% of the original energy contributed to the
kinetic and thermal energy of the downstream SW [1].
Barring a gross miscalculation of SW parameters by the PSE
team, about 80% of energy must have gone into suprathermal
and energetic particles. About 10% is indeed found in the
energy range covered by the Low Energy Charged Particle
(LECP) instrument (i.e. in >28 keV ions), but the rest
probably resides in ions of the energy range covered neither
by PSE nor by LECP, i.e. in between 6 keV and 28 keV.
Such an efficient transfer of the energy of a streaming
plasma into suprathermal and energetic particles is certainly
surprising, and might have far-reaching consequences for the
injection and acceleration of cosmic rays. As charge exchange

with interstellar neutrals should rather frequently occur in the
outer heliosphere, an energetic neutral atom (ENA) signature
is also expected. The STEREO mission indeed detected a
component that may be attributed to that origin and thus
supports the claim of the Voyager teams [6].
It is also important to note that all solar wind parameters
fluctuate quite strongly in the downstream region even after
hourly or daily averaging. The effect can be clearly seen in
Figure 1 for the SW speed. Although there are some recent
increases probably due to merged interaction regions of solar
origin, most of the variation appears to be of a statistical
nature. Should the fluctuations of different measured
parameter values be due to poor measurement, no substantial
correlation among them should be expected.
Figure 3 clearly shows that there is a genuine correlation
between hourly mean SW densities (or their logarithms) and
thermal speeds, and their regression lines also change with
time. All hourly data from shock transit to the end of the
period for which data were available (to late October 2008)
were subdivided into 4 subgroups according to their time of
origin (1 for the earliest, 4 for the latest). Figure 3 shows that
the regression lines became steeper with the progress of time.
While that tendency may not last much longer, it is clear that
denser regions have so far been getting hotter in the
downstream region, while no such tendency was seen for the
upstream region. The apparent compressibility and related
heating of downstream SW regions on different spatial scales
should certainly be further studied, and the smaller time
scales for which data are not yet publicly available should
also be included.

Figure 3. Scatter plot of hourly downstream SW densities and thermal
speeds. Data were subdivided into 4 time intervals, with darker dots and
lines representing later time periods. Regression lines were constructed
separately for each data sets. It is clearly seen that the regression lines
become steeper as time progresses.

3. ENERGETIC PARTICLE COUNT RATES
Quick-look data of >0.5 MeV and >70 MeV ion count rates
are routinely put on the web twice or three times a week by
the Cosmic Ray Subsystem (CRS) team. Those data are very
useful for monitoring changes in the flux levels of MeV
energetic ions of mostly heliospheric origin, and of the highenergy component of mostly cosmic ray origin.
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The high-energy component is mainly influenced by
general trends of solar modulation, but some solar effects
(mainly the passage of merged interaction regions of solar
origin) occasionally also cause both increases and Forbushtype decreases. As V2 is at a smaller heliospheric distance
than V1 by about 20 AU, it is to be expected that modulation
is less pronounced for V1 than for V2, particularly in years of
high solar activity. High-energy count rates for both V1 and
V2 are plotted in Fig. 4. TS crossings for both spacecraft are
also indicated.

2.5 years for both V1 and V2. Periods of activity were
interrupted by quieter periods in both cases, probably due to
the passage of merged interaction regions and related
increases in the radial distance of the TS. Upstream intensity
fluctuations were generally more intense for V1, while the
post-shock peak was much higher for V2. While the V1 shock
crossing occurred at a solar distance of about 94 AU, the TS
transit of V2 was about 10 AU closer to the Sun, at about 84
AU. After the shock, the maximum count rate at V1 was
reached in about a full year, while at V2 it took only about a
month. Fluctuations started to level off afterwards for both
spacecraft, but more slowly for V2. Those differences might
be partly explained by the different positions of the
trajectories of the two probes relative to the nose of the
heliosphere (V1 is closer).
The day-to-day variability of count rates (more precisely,
the absolute value of the base 10 log of the ratio of count rates
on subsequent days) provides a good visualisation of how the
pre-shock and post-shock fluctuations for both probes differ.
The two curves are displayed in Fig. 6.

Figure 4. High-energy ion count rates for V1 (blue, upper line) and for V2
(red, lower line) from 2002 to mid-November 2008. Transits through the
TS are also indicated, but no obvious shock peaks are seen.

With the decline of solar activity, count rates have started
to increase from mid-2004 for V2 and from late 2004 for V1.
The more than 50% increase since then is due to the low and
extended solar minimum period of solar activity cycle 23.
A large-amplitude and extended Forbush-type decrease
started in early March 2006 at V2. A less deep and less
extended decrease started at V1 about 100 days later. At that
time V1 was about 20 AU farther from the Sun and in the
slow solar wind (heliosheath), thus it appears likely that the
two decreases were due to the same solar event.
Changes of count rates in the 1 MeV range are much more
related to the position of the spacecraft relative to the TS. Fig.
5 displays those changes for both Voyagers.

Figure 6. Day-to-day variability of >0.5 MeV count rates for V1 (upper
panel) and for V2 (lower panel). Pre-shock variability is much more
pronounced at V1, while post-shock activity is larger at V2.

Differences in day-to-day variability between the two
probes are probably also due mostly to their different
positions relative to the nose of the heliosphere. It is quite
surprising how sharply the variability drops following the
shock transit of V1, and how low the variability levels are
throughout the almost 4 years elapsed since the shock
crossing of V1.
4. ION FLUXES AND ANISOTROPY

Figure 5. >0.5 MeV ion count rates for V1 (blue, thin line) and V2 (red,
thicker). Intermittent pre-shock activity, shock peak, and post-shock
decline of fluctuation is visible for both curves, but many details differ.

Pre-shock activity extended to a total duration of about

Hourly and daily mean ion flux data as measured by the
Low Energy Charged Particle Experiment [LECP] aboard
both V1 and V2 are made public usually once a month in 8
logarithmically scaled energy bins between about 30 keV and
4 MeV (limits of energy bins are slightly different for V1 and
V2). In addition to the omnidirectional (directionally
averaged) data, 7 directional data sets are also available for
each energy bin. The measurement of directional data with a
single telescope is made possible by a rotating platform, still
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operating after 31 years of the hardships of space – a very
respectable achievement indeed.
Although instrumental background has not been
subtracted from the available data, they more or less correctly
illustrate the energy dependence and the directional behaviour
of the relatively low-energy ion data. For calculating energy
spectra, however, a more careful approach is needed.
Omnidirectional daily mean fluxes for 4 of the 8 energy
bins as measured by LECP aboard V1 are given in Fig. 7.

considered to be the TS, particles with widely different
energies (and thus Larmor radii) had magnetic connection to
the TS through the same flux tubes. Fig. 8 shows that that
was not the case for V2. Below about 200 keV virtually no
fluctuations were seen by V2 up to about 1 month before TS
transit. The only conspicuous increase in March 2006 was
due to the arrival of a merged interaction region of solar
origin, the same that also caused the Forbush decrease in the
high-energy component (Fig. 4).

Figure 7. Omnidirectional V1 ion fluxes (in standard flux units) for 4 of the
8 LECP energy bins from 2002 to late September 2008. Upstream
fluctuations (before 16 December 2004) are more conspicuous for higher
energies, while a step-like flux increase is more pronounced for low energies.
Far downstream fluxes are getting quite smooth for higher energies.

Figure 8. Omnidirectional V2 ion fluxes (in standard flux units) for 4 of the
8 LECP energy bins from 2005 to late September 2008. Early fluctuations
are only visible above about 200 keV. After shock transit(s) late in August
and early in September 2007, fluxes behave much less smoothly than for V1.

Intensity fluctuations in nearby energy bins are highly
correlated both before and after shock transit, and correlation
smoothly decreases for farther removed energy bins. The steplike flux increase at shock transit for the lowest energies may
be attributed to the suprathermal tail of the heliosheath
particle population (probably mostly to accelerated pick-up
ions). An even higher jump should then apply to ions of lower
energies, for which no V1 data exist. Most of the SW flow
energy might end up in that low-energy suprathermal
component.
The energy dependence of the V2 fluxes differs somewhat
from that of V1. As we have seen, intensity fluctuations
started at about the same time for V1 ion fluxes in a wide
energy range, and the shape of the fluctuations was more or
less similar throughout both the upstream and downstream
periods. As the source of those upstream particles is

Directional distributions of energetic particles are harder to
characterise and to visualise than was the case for the
omnidirectional fluxes. One part of the problem is that the
rotating platform rotated in a plane, thus no 3-dimensional
reconstruction of the distribution can be inferred. A simple
motional (dipole) anisotropy is often a poor approximation,
particularly when field-aligned streaming is strong, or when
magnetic field directions change fast relative to the rotation
time of the platform (about 3 minutes). Mean particle fluxes
over extended time periods in given directions, however, can
still be compared, and thus a dipole-type anisotropy
characterising mean streaming can be inferred. It was a
surprise that particle streaming for V1 and V2 behaved in a
different way. While upstream of the TS, V1 found particles
streaming mostly outward along the Parker spiral, and not
inward, as expected (and as was later found for V2). That
strange behaviour was later rationalised by taking into
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account the different positions of the V1 and V2 trajectories
relative to the nose direction of the heliosphere, and also by
considering various distortions of the shape of the
heliosphere, or assuming multiple crossings of the TS by the
magnetic field. Although those speculations are certainly
interesting and some of them might prove correct, the debate
still appears to be open.
The amplitude of a smoothed dipole-type anisotropy,
taking into account directions in the rotation plane of the
platform only, provides some measure of how deviations from
isotropy change with time and energy. In what follows we
include only two energies (one lower, one higher) for both
Voyagers.

merged interaction region, and not to TS connection. The
gradual increase of anisotropy in 2008 at low energies may be
due to some streaming caused by the magnetic field
configuration in the heliosheath, but there is no convincing
explanation as yet.

5. CONCLUSIONS
Both Voyagers have by now crossed the TS of the
heliosphere and are exploring the uncharted slow SW regions
of our inner heliosheath. Whether any of them will survive to
cross the heliopause and penetrate into the shocked
interstellar wind of the outer heliosheath, is still an open
question. Their many surprising and still poorly understood
findings before and after the TS crossing, however, will
certainly keep theoreticians busy for the next several years. It
is to be hoped that future in situ data from both probes,
together with remote sensing results of the recently launched
IBEX mission, will lead to a deeper understanding of the
boundary regions of our heliosphere. Such an insight should
also contribute to a better understanding of the many
astrospheres surrounding the stars of our even wider cosmic
environment.
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Although both energy ranges are similar for V1 and V2,
anisotropy amplitudes behave differently. Before August
2007, low-energy TS fluxes had practically no access to V2,
thus they did not contribute to anisotropy either. When
connection was established, anisotropy also started to
increase. The peak in anisotropy in March 2006 was due to a
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Cosmic ray variation properties during Forbush
effects associated with far western solar sources.
Belov, A., Eroshenko, E., Mavromichalaki, H., Oleneva, V., Papaioannou, A., Yanke, V.

Abstract— By the data from neutron monitor network and
relevant measurements of the solar wind parameters a set
of Forbush effects have been studied, which occurred on
the background of quite or unsettled interplanetary and
geomagnetic conditions and are associated with the far
western events on the Sun. These Forbush effects may be
referred to a special subclass of events, with the
characteristics closed to the event in July 2005 and
incorporated by the common conditions: absence of a
significant disturbance in the Earth vicinity; absence of the
strong geomagnetic storm; slow decrease of cosmic ray
intensity during the main phase of the Forbush effect. The
general features and separate properties in behavior of
density and anisotropy of 10 GV cosmic rays for this
subclass are investigated and compared with those during
the Forbush effects from far eastern sources.

1. INTRODUCTION
Among Forbush effects (FEs) by the ground methods
observable it is possible to distinguish a set of events
characterized by relatively quiet interplanetary and geomagnetic
conditions (interplanetary magnetic field intensity Bmax
<15nТ, maximum index of geomagnetic activity Кр<6), by
gradual decrease of the cosmic ray (CR) intensity in the main
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phase of FE and slow recovery phase. Those Forbush effects
are rare enough and look as „anomalous‟ because of their big
amplitude on the background of low IMF intensity. Majority of
these anomalous events are related to coronal mass ejections
(CMEs) from the eastern part of solar disk [1]. However,
analogous effects may be related to the far western events on
the Sun, as it was shown on the example of Forbush decrease in
July 2005 [2]. Those effects look as „anomalous among
anomalous‟. The goal of our work is to search for the other
similar events from far western sources and to study
distinguishes between FEs caused by the western and eastern
solar sources. For this aim the variations of CR density and
anisotropy derived from the neutron monitor network data by
the global survey method (GSM) [3] have been incorporated for
analyses.
2. DATA AND METHODS
Database on the Forbush effects and interplanetary
disturbances, created in IZMIRAN, has been used for the
mentioned above study. This database includes as parameters
of CR density and anisotropy so data on the solar wind,
interplanetary magnetic field, solar data and geomagnetic
activity indices (SPIDR Data Base, available from
http://spidr.ngdc.noaa.gov/spidr/index.jsp,
NOAA
Space
Environment
Center
Website,
available
from
http://www.sec.noaa.gov/,
http://swdcwww.kugi.kyotou.ac.jp/dstdir/).
Density and anisotropy for 10 GV CR were derived by the
global survey method [3] over the period 1965-2006 by the
hourly
data
from
neutron
monitor
network
http://cr0.izmiran.rssi.ru/common/links.htm. The results of
these calculations are presented in the Internet [4]
(http://cr20.izmiran.rssi.ru/AnisotropyCR/Index.php).
The FEs of >3% magnitude for relatively weakly disturbed
interplanetary and geomagnetic conditions (IMF<15 nT, Кр<6),
with gradual fall of CR intensity on the main phase of Forbusheffect have been considered. For the beginning only those
events were selected which could be directly identified with
solar sources. They turned out to be of a small amount: 7 of
them were caused by far western (>30о W) sources on the Sun,
10 FEs were related to the eastern events. It was necessary to
understand the distinctive features of such anomalous FEs from
western and eastern solar sources. The analysis was based on
the study of the CR vector anisotropy behavior and comparing
of CR density variations during the FEs. It was found out that
equatorial component of CR anisotropy Axy (the projection of
the vector of the first harmonic of anisotropy on the Earth
equatorial plane) reveals quite different features in dependence
on heliolongitude localization of the FE sources. These
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properties have been used for the comparative analyses of those
FEs which had insufficient information for a direct
identification with the solar sources.

3. RESULTS AND DISCUSSION
For those FEs which can be directly identified with the
sources on the Sun, average characteristics of various
parameters have been calculated. For 7 western events (mean
longitude 43о) the mean magnitude of FE АF was obtained as
4.5%, maximum value of the equatorial component of

far eastern solar sources may be defined. It was interesting to
compare and contradict the peculiarities of CR variations for
these two groups of FEs. Mean parameters of the CR and
relevant measurements of solar wind and geomagnetic indexes
averaged for 7 western and 10 eastern FEs are entered in Table
I. One can see that on the average maximum amplitudes AF of
the FEs caused by far western and eastern sources has no big
difference (although the CR density decrease is slightly lower
for the eastern events), but equatorial component Axy of CR
anisotropy for western events appreciate exceeds those for the
eastern group.
Moreover, the direction of equatorial anisotropy

Figure 1. Examples of the FEs in July 2005 and April 1981 caused by the far western solar sources: IMF, solar wind,
geomagnetic data (Kp-index and Dst variations), cosmic ray density and anisotropy (A0 and Axy) during the FEs
associated with the western power solar ares W79 and W52. In the low panel vector diagram of CR anisotropy (equatorial
component Axy) and density (A0) are presented. Vertical vectors mean north-south component of the CR anisotropy. Thin
lines connect equal time points in each 6 hours in vector diagram and density curve.

anisotropy Аху =3.5%, maximum solar wind velocity was
about 600km/s.
In Fig. 1 the examples of two FEs caused by the far
western (of W79 and W52 longitudes) sources are presented.
One can see that in both cases on the background of relatively
quiescent interplanetary and geomagnetic conditions (Bmax
~10 nT and Kp is 5 and 4 correspondingly) we observe FEs
with the amplitude > 4% and appreciate increase of Аху (also,
about 4%), herewith the Аху vector takes a direction slightly to
the Sun and doesn‟t change it significantly during the effect.
These FEs as well as the others of far western sub group differ
from normal western FEs which are usually of less magnitude
and short time duration. Among similar anomalous FEs (with
large amplitude of CR decrease under quiescent interplanetary
and geomagnetic conditions) the group events associated with

indicates significant distinguishes for these two groups of
events that is well seen if compare Fig. 1 (for western sources
of FEs ) and Fig. 2 (vector presentation for two of ten selected
eastern events). We can see very sharp changes in a direction of
equatorial component of CR anisotropy during the main phase
of FEs associated with far eastern sources. Each of anomalous
FEs was caused by very powerful CME with far western or
eastern localization. For example, the FE in July 78 occurred
due to the CMEs from double eastern flares of X3.0 and X2.0
importance (E58 and E38 correspondingly). The June 2000
event was caused by very powerful release with location at E60
helio longitude after flare of M7.6/2B. If the Earth is closer to
the straight way of CME propagation the giant FEs and strongly
disturbed IMF could be recorded in Earth vicinity. But when a
CME passes far to east or west of Earth the Earth enters only a
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periphery of disturbed area, but due to magnetic connection
with CR depleted region behind the shock in the case of strong
TABLE I
THE AVERAGED PARAMETERS OF CR VARIATIONS, SOLAR WIND AND
GEOMAGNETIC INDEXES FOR FES CAUSED BY FAR EASTERN AND WESTERN
SOURCES

Parameter

AF/Bmx>
0.34

Forbusheffect
magnitude
Maximal
equatorial
component
of CR
anisotropy
Maximal
IMF
intensity
Maximal
SW speed
Maximal
Kp-index
Decrement
of FD
Minimal
Dst-index
Time from
onset to
minimum
of FD

AF, %

Mean
values for
Eastern
group
4.24 ± 0.78

Mean
values for
Western
group
4.5 ± 0.57

Axymax, %

2.91 ± 0.41

4.46 ± 0.51

Bmax, nT

16.40 ± 1.78

15.20 ± 1.38

Vmax, km/s

613 ± 46

602 ± 24

Kpmax

6.42 ± 0.7

5.67 ± 0.49

Dmin

-1.54 ± 0.30

-0.92 ± 0.13

Dstmin, nT

-70 ± 12.6

-72.3 ± 11.3

Tmin, hrs

22.43 ± .65

30.33 ± .31

Fig.2. Vector diagram of CR anisotropy Axy and density A0 for
two FEs associated with far eastern solar sources: July 1978 (E58)
and June 2000 (E60). Vertical vectors mean north-south
component of the CR anisotropy. Thin lines connect equal time
points in each 6 hours in vector diagram and density curve.
4. Averaged
variationsbehavior
of the CR density
and anisotropy
theFig.vector
anisotropy
it should
be caused by far
before the
Forbush effects caused by the western sources.
western
source.
In Fig.4 the variations of CR density and amplitude of the

Ay,10%

to the Sun Ax,10%
0

A0(10 GV),%

disturbance it may feel a significant CR decrease. Therefore,
the high modulation efficiency of interplanetary disturbances
observed in the CR at Earth is most often an evidence of
increased power of the IMF disturbance, much greater than it
might be concluded from the solar wind measurements near
Earth.
The magnitude of CR anisotropy is defined by CR
gradients. In the events from eastern sources it looks as if a
disturbance runs over Earth and covers it. The gradients are not
so big, the free access of particles from eastern side is difficult
and vector of anisotropy Axy sharply changes its direction. In
the cases with far western sources the Earth looks catching up
with disturbance, the big CR gradient arise on the boundary of
its entering of a perturbed region which causes a large
anisotropy. A disturbed region is open for penetrating particles
from the east that provides gradual recovery of CR intensity and
stable direction of anisotropy from east to west during the
whole Forbush effect. Such distinguishes and characteristic
properties of CR variations during the eastern and western
events can help with an identification of sources when there is
insufficient information on its localization. One of examples is
presented in Fig. 3 where vector diagram of the CR anisotropy
and density variations are plotted for the FE on October 1966.
This event was not identified with the source, but judging on

-1
-2
-3

Az,2%
25.12

26.00

26.12

27.00

27.12

25-28 October 1966

28.00

28.12

Fig.3.Vector diagram of the equatorial CR anisotropy (Axy)
and CR density variations during the FE from unidentified
source in October 1966.

equatorial component of CR anisotropy are presented for a
comparative analyses of some FEs from „eastern„ and
„western‟ subgroups. One can see the obvious superiority of
the anisotropy magnitudes in the FEs of western group.
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4. CONCLUSIONS

Fig.4. Behavior of the CR density A0 and equatorial component of the CR anisotropy Axy in the FE groups
caused by eastern (left side) and western (right side) sources. Digits inside of panels show date of the FE
occurring and heliolongitude of identified source.
It was possible to separate small but very definite groups of
large FEs which occurred on the background of relatively quiet
interplanetary and geomagnetic conditions near Earth, but
turned out to be associated with great solar wind disturbances
passed apart of Earth.
Those events are preceded by powerful flares on the Sun,
which are generally located far from the center of solar disk.
The CMEs and interplanetary disturbances, originated from
near the limb longitudes, appear to be of larger size and more
complicated structure than it is visible near Earth.
Selected rare events from far western sources strongly differ
from typical „western‟ FEs which are usually not big and short
lasted [5]. They also differ from the anomalous eastern FEs by
bigger size of CR anisotropy and less variability of its
direction.
The anomalous „eastern‟ FEs have prolonged descent phase
with a later minimum but larger magnitude in CR density than
western events. They emphasize a sharp change of the
anisotropy direction in the minimum of FE
These properties may be used for the diagnostics of inner
heliosphere and Space Weather predictions. It may be useful
tool when not enough data for accurate identification of a
disturbance source.
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Lead free Neutron Monitor at Basic
Environmental Observatory Moussala- first
measurements
A. Mishev, A. Bouklijski and J. Stamenov

Abstract—.A lead free neutron monitor, based on proportional
counters of type SNM-15 filled with BF3, has been developed at
the Basic Environmental Observatory Moussala, and is described
below. According to the initial design the detector complex was
intended for research on cosmic ray variations, space weather
studies, and on cosmic ray impact on atmospheric processes,
studied at the Basic Environmental Observatory Moussala,
Bulgaria. Several preliminary measurements are shown, and
comparison is made with Monte Carlo simulationss. The detection
of the barometric attenuation is shown, and the barometric
coefficient is obtained. The scientific goals of the described
complex are discussed, in particular the possibility to register
solar proton events, ground level enhancements, and Forbush
decreases. The potential of the device for the study of a possible
connection between cosmic ray measurements and environmental
parameters, such as atmospheric ones, is widely discussed.

1. INTRODUCTION

D

the last several decades the high mountain
observatories have been exploited for astrophysical and
environmental studies and observations of the Sun-Earth
system as well. The advantages of high-mountain observatories
are connected with the possibility to register with better
statistics the secondary cosmic ray particles compared to lower
observation levels.
The small anthropogenic influence gives the possibility to
investigate different environmental and atmospheric processes
with high precision. The Basic Environmental Observatory
(BEO) Moussala is located on the top of the highest mountain
of the Balkan Peninsula, Rila mountains, namely at 2925m
above sea level. Complex, high precision measurements of
different atmospheric and environmental parameters are
provided at the observatory.
URING
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At present we study different changes and processes in the
Earth atmosphere, atmospheric physics and chemistry, aerosol
physics, radiation processes. Simultaneously we measure
different components of secondary cosmic ray, namely the
atmospheric Cherenkov light, muon component, in attempt to
study different problems of cosmic rays, space weather and
connections of the Sun-Earth system.
The detailed analyses of the collected data permits to study
the possible relation between different kinds of parameters and
factors connected with the environment, atmospheric processes
and the system Sun - Earth. Generally the following specific
objectives are pursued, in attempt to provide basic information
for analysis of the connection between cosmic ray variation
and atmospheric parameters. The aim is the detailed, precise
and contemporary measurements of cosmic ray intensity,
especially the muon, electron, gamma and neutron components
and the atmospheric Cherenkov light. Obviously, at the same
time it is necessary to provide precise measurements of
atmospheric parameters under different conditions.
One of the most important topics in the area of the SunEarth system, especially the relation between solar variability
and cosmic ray variability, is the possible influence of cosmic
rays on processes in the Earth atmosphere. Changes in the
large-scale atmospheric circulation are associated with solar
activity phenomena [1] and long term cosmic ray intensity
variations [2]. The possibility that galactic cosmic rays (GCR)
are related to Earth's cloud cover [3, 4], and have an important
impact on the Earth's radiative climate forcing, has become a
leading candidate to explain the observed sun–climate
connection [5].
A powerful tool for investigations from Earth of the
variation of cosmic ray flux is based on registration of
secondary cosmic ray neutrons [6]. Among the different
proposed mechanisms, as example the UV heating of the
stratosphere [1] or change of the solar irradiance [7] the
influence of cosmic ray to cloud formation [8, 9] seems to be
most promising at experimental point at BEO Moussala [10]
mechanism for exploitation. The main purpose of recently
developed lead free neutron monitor at BEO Moussala is the
registration of the secondary cosmic ray neutrons and study of
cosmic ray variations.
2. NEUTRON MONITOR
A neutron monitor is an instrument that measures the
number of high-energy particles impacting Earth from space
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and provides continuous recording of the hadronic component
in atmospheric secondary radiation. The purpose of the
neutron monitor is to detect, deep within the atmosphere,
variations of intensity in the interplanetary cosmic ray
spectrum.
Interactions of the primary cosmic rays with the atmosphere
produce, among other secondary particles, a lower energy
component, in particular neutrons. The neutrons are not
slowed by ionization loss. These secondary particles fall in the
energy range of a few hundred MeV up to about 1 GeV.
Because of the falling energy spectrum of the primary cosmic
rays, the neutron monitors are most sensitive to the low energy
(1-20 GeV) part of the spectrum. These nucleons in turn
produce further nuclear interactions, either in the atmosphere,
or in target material surrounding the monitor. The interaction
rate may be measured most conveniently and reliably by
detecting the reaction product neutrons rather than by
detecting the charged fragments directly.
Because the intensity of cosmic rays hitting Earth is not
uniform, it is important to place neutron monitors at multiple
locations in order to form a complete picture of cosmic rays in
space.
The primary cosmic ray that reaches the Earth's atmosphere
is governed by the geomagnetic cutoff, which varies from a
minimum at the magnetic poles to a vertical cosmic ray cutoff
of about 15 GV in the equatorial regions.
As a consequence the ground-based neutron monitors detect
variations in the approximately 500 MeV to 20 GeV energy
range of the primary cosmic ray spectrum. In high latitude
regions of the Earth, where the geomagnetic cutoff is low, the
lower threshold response of the neutron monitor is controlled
by the atmospheric mass. This limits the response threshold of
the neutron monitor to primary radiation of about 430 MeV.
In some regions as for example the South Pole, where the
surface is 2820 m above sea level, the reduced atmospheric
mass lowers the primary radiation detection threshold to about
300 MeV. At mid-latitudes or equatorial latitudes, the
detection threshold is controlled by the geomagnetic cutoff.
Neutron monitors at high altitudes have higher counting rates
than neutron monitors at lower altitudes because of the
atmospheric absorption of the cosmic ray secondary particles
generated near the top of the atmosphere. Usually the neutrons
are moderated and then counted using BF3 or He proportional
counters which are efficient thermal neutron detectors.
The introduction of the neutron monitor as a continuous
recorder of the primary cosmic-ray intensity resulted from the
design by Simpson [11] of a neutron monitor pile. He
discovered [12] that the latitude variation of the secondary
hadronic component is considerably larger than for the muon
component. As a result the response of a neutron monitor is
more sensitive to lower energies of the primary spectrum. On
the basis of the obtained results 12 tube neutron monitors were
constructed during the International Geophysical Year (IGY),
1957-1958 [13]. The IGY neutron monitor was used worldwide as detector to study cosmic ray variations.
Hatton and Carmichael [14] carried out a long series of
measurements, in order to determine experimentally the
optimal design for a neutron monitor with larger size than the

IGY neutron monitor. In their studies they used different
geometrical arrangements, thicknesses of lead and moderator.
In addition they used paraffin wax and polyethylene instead of
paraffin wax alone, as moderator. The main result of these
studies was a considerable increase per unit area of the lead
producer of the counting rates compared to that of the IGY
neutron monitor. The improved efficiency is due mainly to the
use of larger counters.
A good summary of the work is given in [15] and for the
different NM designs and improvements in [16]. On the basis
of theoretical [17, 18] and Monte Carlo studies [19, 20] with
corresponding experimental studies, H. Debrunner and E.
Flueckiger contributed significantly to new designs and
improvement of neutron monitors. The main difference
between IGY and NM64 is related to reflector thickness,
which is 30 cm of paraffin wax for the IGY monitor, and 7.5
cm polyethylene for NM 64. The small reflector thickness of
7.5 cm makes the NM64 more susceptible to environmentally
produced neutrons than the 30 cm reflector thickness of the
IGY neutron monitor.
Bare 10BF3 counters, without lead and moderating
polyethylene cylinders are used to record thermalized low
energy neutrons produced in the atmosphere and in nearby
matter by cosmic rays. Such type of counters are the basis for
different neutron monitor configurations and lead free neutron
monitor designs. Usually the response function of lead free
neutron monitors shows larger sensitivity to low rigidity
primary cosmic-rays from 2 to 8 GV [21].
Recently, neutron monitors based on 3He counters were
developed for latitude survey [22]. The response functions of
such neutron monitors are obtained on the basis of Monte
Carlo simulations [23], and are discussed in [24]. It was found
that the efficiency and energy response of the 3He detector is
identical to those of the BF3 detector, and 3He tubes can be
used in a standard NM-64 monitor.

3. LEAD FREE NEUTRON MONITOR AT BEO MOUSSALA
The solar activity can affect atmospheric processes and
climate in different ways and time scales, through a large
diversity of mechanisms. Taking into account that the
secondary cosmic ray neutrons are connected with cosmic ray
variations, it is possible to study such effects on the basis of
secondary cosmic ray flux measurements [6].
In this connection, with principal aim to study the variations
of primary cosmic rays, a lead free neutron monitor was
recently developed at BEO Moussala (Fig.1). The lead free
neutron monitor is at mid latitude 42.11 N, mid rigidity
6.5GV, and at high altitude (2925m above sea level). The
principal aim of the device is to investigate the cosmic ray
variations, and to study the possible connection between
cosmic rays and atmospheric processes, simultaneously with
other equipment at BEO Moussala [10]. Lead free neutron
monitors of different designs are useful for the analysis of
ground level solar cosmic ray events [25]. The monitor
represents a system of six BF3 detectors of type SNM-15.
Neutron monitors are very sensitive to external climatic
conditions and to ambient neutron production. The detectors
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have to be shielded by sufficient thickness of moderator
against variable neutron production and moderating effects
outside the assembly. A key point in the construction of
neutron monitors is the estimation of important characteristics,
such as moderator layer, geometry, efficiency, expected
counting rates.

For these purposes a detailed Monte Carlo simulation of the
detector response is carried out. The simulations are made for
a neutron monitor pile. The result is the estimation of effects
of a moderator layer of 12.5 cm. In this study we used the
neutron spectrum measured at Testa Grigia [26] as input for
the simulations. This spectrum is in a full agreement with
measurements [27, 28]. The simulations are carried out with
MCNP code [29]. This permitted to assure a proper accuracy
of simulations of detector response. In this case we used a
simplified geometric model of the detector (planar geometry)
and uniform spherical neutron source.
The total neutron current and the function of the moderator
layer is obtained for different moderator thicknesses (4cm,
7cm, 10cm, 15cm, 20cm, 25cm, 30cm, 35cm and 40cm). The
proposed 12.5 cm moderator of glycerin permits to render the
monitor essentially opaque to low energy background neutrons
due to interaction of high energy cosmic rays with the ground
and detector surroundings. At the same time we assure high
counting rate, which results in a good statistics of the
measurements.

4. PRELIMINARY MEASUREMENTS

Fig. 1 BEO Moussala 2925 m above sea level

Fig. 2 Sketch of the lead free neutron monitor at BEO
Moussala

In this section several preliminary measurements are
described, carried out with the lead free neutron monitor at
BEO Moussala. The detector complex has been operational
since April 2007. The estimation of measurement accuracy is
obtained on the basis of statistical analysis of one week’s data,
when the barometric pressure was relatively constant (the
variation of the pressure was lees than 2 hPa). The estimated
accuracy of the measurements of the neutron flux is 0.014.
This corresponds to about 1% statistical accuracy for 10 min
measurements. The measured data are fitted with Gaussian
(Fig. 3) with mean value of 5260 and σ=250. The latter
analysis shows a good statistical quality of the measured data.
The impact of atmosphere on neutron monitor counting
rates is well known. The atmospheric corrections are based on
both theoretical and experimental investigations of
meteorological phenomena related to the passage of particles
through the atmosphere [15, 30, 31]. Generally the
meteorological effects are associated with changes in the air
mass overburden. During stable atmospheric conditions, the
barometric pressure recorded at the monitor site is related with
air overburden.
Thus one of the first tests for the recently operational lead
free neutron monitor at BEO Moussala is the observed
anticorrelation with barometric pressure. An example is shown
in Fig. 4.
Usually the attenuation coefficient at a given neutron
monitor is determined empirically. In addition, the barometric
coefficient is a function of latitude and altitude [32] which
increases with altitude below 600mm Hg and decreases with
altitude above 600 mm-Hg and also varies with the solar cycle
[15]. The obtained barometric coefficient for BEO Moussala
lead free neutron monitor is 0.21% per HPa.

280

Fig. 3 Count rate distribution of measured data with lead free
neutron monitor at BEO Moussala

Fig. 4 Barometric effect detected with lead free neutron
monitor at BEO Moussala

5. DISCUSSION
. At present several arguments claim that the solar activity
affects the global climate in different aspects and timescales.
One possibility is based on climate response to changes in the
cosmic ray flux and in the radiative budget. This is connected
with tropospheric response to solar variability, namely the
heating of the troposphere during solar maximum. The latter is
related with modulation of the large-scale tropospheric
circulation systems. Additionally the stratospheric ozone plays
an important role in the modulation of the radiative influence
on the climate [33]. There is a general agreement that the

variations of global tropospheric temperature are partly related
to solar activity.
However, the problem how exactly the solar variability can
influence the climate is still open. A possible mechanism is
related to the change of the solar radiance [5]. Another
mechanism suggests that cosmic ray fluctuations, caused by
the heliospheric modulation, affect the climate via cloud
formation [8]. The latter is related through the proposed
mechanism of cosmic ray-aerosol-cloud interactions [34, 35,].
In general the microphysical and radiative processes
involved in the interaction of cosmic radiation with aerosols in
the atmosphere impacts the ion-induced formation of aerosol
particles. They can act as cloud condensation nuclei. This may
in turn affect the cloud droplet distribution and optical
properties of clouds. Basically, when solar activity is less,
more cosmic rays pass through the atmosphere. They activate
the aerosols, already present in the atmosphere. Hence the
fluctuations in the cosmic rays due to variations in the solar
activity can produce significant changes in the atmospheric
environment.
In this connection atmospheric transparency changes may be
associated with solar wind induced atmospheric electricity
variations [36]. The variations in atmospheric transmission of
several percent in clear air accompany solar wind events
associated with variations on the day-to-day timescale in the
flow of vertical current density in the global electric circuit.
These events occurred when there was a high loading of
stratospheric aerosols. Decreases in transmission are present
when Forbush decreases of galactic cosmic ray flux occur, but
only during periods of low stratospheric aerosol loading.
Forbush decreases are associated with both tropospheric ion
production decreases and current density decreases. Similar
effects are present for the 11-year solar cycle, with climate
consequences that have yet to be analyzed.
The mechanisms for these phenomena are not well
understood, but the nature of the observations suggests that
explanations should be sought in terms of theories of the
effects of electric charge on the formation of aerosols.
Therefore the simultaneous measurements of cosmic ray
variations with different complementary to each other devices
and atmospheric transparency is very important [10], together
with development of recent precise models for cosmic ray
induced ionization. In this connection the simultaneous
measurements of cosmic ray variations with lead free neutron
monitor at BEO Moussala, and atmospheric transparency with
Cherenkov telescopes [10], are very important.
The variations of solar and galactic cosmic rays may be
responsible for the changes in the large-scale atmospheric
circulation. It is possible to associate such type of phenomena
with solar activity, namely with cosmic particles of 0.1–1
GeV. Possible mechanism of cosmic ray effects on the lower
atmosphere involves changes in the atmospheric transparency,
which is connected with cloud cover. This is due to changes in
the stratospheric ionization produced by the considered cosmic
particles, during solar cosmic ray bursts.
The dynamics of the temperature profiles, as well as the
changes of other meteorological characteristics may be
associated with the solar cosmic ray bursts with the particle
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energy Ep>90 MeV. The effect takes place within the first 10
hours after the burst and consists in the tropospheric heating
and the stratospheric cooling. Another effect, observed on the
third day after the event onset [37], is opposite to the first one.
The temperature changes occur at the heights 3–6 and 10–12
km. These changes seem to be due to the cloud formation that
may be associated with the changes in the ionization of the
stratosphere during the solar cosmic ray bursts.
Another topic is the possibility to investigate the variations
of the pressure level heights, temperature profiles and wind
characteristics in the troposphere and lower stratosphere
during Forbush-decreases of the galactic cosmic rays [38]. The
Forbush-decreases are accompanied by the pressure increase
in the whole troposphere, the maximum of the effect taking
place on the 3rd–4th day after the event onset. Simultaneously
the temperature decrease is observed in the troposphere during
the first few days of the Forbush-decreases. The pressure
increase might be related to the changes of wind characteristics
in the middle and upper troposphere.
The effects of solar variability on regional climate time
series were examined using a sequence of physical connections
between total solar irradiance modulated by galactic cosmic
rays and ocean and atmospheric patterns that affect
precipitation and stream flow. The solar energy reaching the
Earth’s surface and its oceans is thought to be controlled
through an interaction between total solar irradiance and
galactic cosmic rays, which are theorized to ionize the
atmosphere and increase cloud formation, and its resultant
albedo. High galactic cosmic ray flux may promote cloudiness
and higher albedo at the same time that total solar irradiance is
lowest in the solar cycle, which in turn creates cooler ocean
temperature anomalies. On the other hand, low galactic cosmic
rays flux leads to clear skies and lower albedo, when the total
solar irradiance is highest in the solar cycle. It in turn creates
warmer ocean temperature anomalies [39].
Such effects are global in the majority of the models. At
present there exists evidence for a physical linkage between
galactic cosmic rays and regional climate time series [39].
Therefore measurements at the detector complex mentioned
above, i.e. the lead free neutron monitor at BEO Moussala, can
lead to a better understanding of the physical processes.
Several characteristic signatures in cosmic rays may be used
for space weather applications on the basis of secondary
cosmic ray neutron data. Major disturbances of the
interplanetary medium have a significant impact on cosmic ray
flux and anisotropy, affecting the first harmonic as well as
higher-order terms. Cosmic ray phenomena are observed not
only during solar wind disturbances, but also prior to their
arrival at Earth. Thus they are of major importance for
forecasting space weather. Good examples are the solar proton
events and geomagnetic storms.
The space weather refers to the dynamic, variable conditions
on the sun, the solar wind and Earth’s magnetosphere and
ionosphere, that can diminish the performance and reliability
of spacecraft and ground-based systems. The relativistic
cosmic rays of galactic and solar origin, registered by neutron
monitors, can play a useful key-role in space weather storm
forecasting and in the specification of magnetic properties of

coronal mass ejections, shocks and ground level enhancements
on the basis of real-time data from a neutron monitor network.
The geomagnetic and radiation storms are significant
elements of space weather. The forecasting of such types of
events is very important for orbiting spacecraft. In fact the
geomagnetic storms are driven by magnetized plasma clouds.
They reach the Earth in a few hours to several days. During
their propagation they interact with galactic cosmic rays. The
result is the modulation of galactic comic rays up to energies
of thousands of GeV. The change of the intensity is possible to
detect by surface detectors (neutron monitors, muon
telescopes, muon hodoscopes).
In addition, the data from neutron monitors complementary
to the muon detector network can provide a powerful tool for
better understanding the space weather in the vicinity of Earth.
Sudden correlated measurements and analysis of the variation
of secondary muons, neutrons and electrons could provide a
good basis for indications of upcoming geomagnetic storms.
The solar cycle variations of modulation parameters are
derived from cosmic-ray anisotropy that can be observed by a
network of detector complexes. These data make it possible to
predict the expected global climate change, caused by longterm cosmic ray intensity variation. Using a convenient model
of cosmic ray modulation in the Heliosphere, based on a
relation between long-term cosmic ray variations with
parameters of the solar magnetic field, it is possible to predict
cosmic ray intensity for 1–6 months by using a delay of longterm cosmic ray variations relatively to effects of the solar
activity and to predict cosmic ray intensity for the next solar
cycle.

6. CONCLUSION
The precise measurements with the lead free neutron
monitor give excellent possibility to understand the role of
cosmic ray variation in the Earth climate, and to check
different mechanisms of such type of influence. Moreover, this
gives the possibility to check different proposed models from
an experimental point of view.
This permits to study the influence of galactic cosmic rays
on the solar radiation input to the lower atmosphere, especially
increases of the total radiation fluxes associated with Forbushdecreases in the galactic cosmic rays, the possible influence of
different helio- and geophysical factors such as solar flares,
galactic cosmic ray variations, auroral phenomena on the solar
radiation input to the lower atmosphere, as well as the
latitudinal dependence of such effects.
It is clear that the scientific potential of the detector
complex is promising, starting from estimation of the dose rate
and finishing with space weather applications. The relativistic
cosmic rays of both galactic and solar origin play a useful role
in the forecasting of space weather storms, and in the
specification of magnetic properties of coronal mass ejections,
shocks and ground level enhancements.
In this connection we emphasized one of the main BEO
Moussala activities, which is connected with the registration of
the neutron component of secondary cosmic rays.. The
activities presented above are partly theoretical, based on
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Monte Carlo simulations, and partly experimental. The lead
free neutron monitor was described with estimations
concerning the final design. The detector complex presented
above has the advantage to be placed at high mountain
altitude, and to have large sensitive area, which permits to
provide measurements with good statistics, and to study
different problems. Obviously the high quality data can be
useful as a basis to check several models of the influence of
high energy particles on the middle atmosphere.
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Forbush decreases of cosmic radiation
and connected space weather events
I. Dorotovič, K. Kudela, M. Lorenc, T. Pintér, and M. Rybanský

Abstract—Authors analyse in the paper the temporal evolution of
34 selected decreases (Forbush Decrease – FD) observed by the
Neutron Monitor (NM) of the Institute of Experimental Physics
SAS at Lomnický štít in the period of 1995 – 2007. Evolution of
the individual FDs is supplemeted by data on the proton density
and the magnetic field intensity in the interplanetary space
according to measurements at the satellites WIND and ACE and
by data on the magnetic field and the proton density with
different energy in the Earth’s magnetosphere according to
measurements at the satellites GOES 8 – 11. Results of the
analysis are summarized. It is shown that besides the known
disturbance in the magnetic field of the Earth is the FD in the
majority of events accompanied by an abrupt increase (up to 4
orders of magnitude) of the proton flux in the magnetosphere
with energy of 0.4 – 4 MeV and by a contemporary decrease of
the proton flux with energy of 165 – 500 MeV.

1. INTRODUCTION

The occurence of FDs in the period of 1995 – 2007, i.e. in
the 23rd cycle of solar activity, was analyzed in this paper. The
advantage of this selected period is that regular in situ
observations at satellites WIND, ACE, and SOHO, which are
outside of the Earth’s magnetosphere, are available for this
cycle. Further advantage is the fact that we can also use
measurements at GOES satellites for a better description of
complex evolution of the selected FDs. It is well known that
FD is usually related to the occurrence of flares and
subsequent transients.
In addition, a statistical study presented in this paper
provides an opportunity to verify our hypothesis from [2].
According to this hypothesis, the recovery time after a FD
depends on high-energy particle density in radiation belts of
the Earth.
The second paragraph describes the input data and methods
of processing. Results and consequent conclusions are
presented in the third section.

S

of the heliosphere – distribution of matter and its
properties – can be characterized also using variations of
the cosmic radiation (CR). The current monitoring of the
heliosphere is based on an idea of modulation of the primary
radiation level, which would be constant without this
modulation. However, CR variations of different duration
(from secular to periodic ones) connected with the length of
the SA cycle or the length of the solar rotation (11-year and
27-day period) are observed. Moreover, 24-hour variation
related to the rotation of the Earth is observed as well. These
variations are connected with the manifestations of solar
activity and are described in various monographies, e.g. [1].
These (more or less regular) variations are interrupted by the
sporadic ones – a sudden decrease with slow recovery, FD Forbush Decrease and an abrupt increase with immediate
decrease, GLE – Ground Level Event. Both events are related
to the occurrence of solar flares.
TATUS
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2. DATA AND METHOD OF PROCESSING
The data from the Neutron Monitor (NM) at Lomnický štít
with a resolution of 1 hour in the period of 1995 – 2007 were
used as basic input for the analysis. The data from other
neutron monitors, namely in Oulu, Haleakala, and at the South
Pole were used as additional proof data for verification of
temporal evolution of CR only in certain periods. We are
aware of the fact that in some cases it is rather difficult to
distinguish between FD and periodical changes and therefore
we defined the following criteria for the selection process:
1) A total decrease in NM counts at Lomnický štít is at
least 2% (in normalization of each year to 100%).
2) A decrease occurs at all stations.
Conditions in the heliosphere between the Earth and the Sun
were determined using the data with a temporal resolution
around 1 minute on proton density and magnetic field from the
observatories WIND (till 1998) and ACE (since 1998).
The data on X-ray flux in the range of 0.1 – 0.8 nm were
used for identifying a flare together with its importance as
well as proton density at two energy levels, P1: 0.4 – 4.0 MeV
and P7: 165 – 500 MeV. These data from the satellites GOES
8-11 have a temporal resolution of 5 minutes.
According to the defined criteria and using the described
data we were able to select 34 events in the considered period.
The temporal distribution of individual events is shown in
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Fig. 1. Temporal evolution of cosmic radiation level from NM at Lomnický štít in the period between 1995 and 2007 together with an indication of FDs studied.

Fig. 1. It is important to note that there were no events
fulfilling our criteria in the years 1995 – 1996, and 2007
(minima of the solar activity). We collected temporal evolution
of all input data in a graphical form with a resolution as high
as possible for each selected event and we attempted to decide:
a) whether it is possible to find a flare on the Sun associated
to the given FD and what is its importance;
b) whether it is possible to identify the passage of CME
around the satellites WIND and ACE;
c) what is the temporal evolution of proton counts in
energetic channels P1 and P7.
Moreover, we determined time shifts between the changes in
individual series. Figs. 2 and 3 show the examples of our
analysis.
Data on P1 and P7 are determined in a certain period before
a FD, when the temporal evolution is undistrurbed, as well as
during that FD.

3. RESULTS AND CONCLUSIONS
Results of our statistical investigation are presented in the
Table I.
We can summarize conclusions to the following items:
1) Only in one case out of 34 the origin of FD cannot be
connected with a flare in X-ray flux. The average time between
the flare and the start of FD is 41.5 hours with the limit values
of 18 and 57 hours, respectively. That corresponds to the
speed of shock propagation from 304 to 960 km s-1.

2) The depth of decrease is maximally 7%, each year being
normalized separately. The increase before the decrease of FD
occurs only in 7 of 34 cases.
3) Most FDs are of type A – 14 events; type B – 10 events,
type C – 8 events, D and E types – 1 event each.
4) Almost in all cases FD is related to an increase of Np and B
at the WIND and ACE satellites. However, there are cases
when this increase follows only after the FD. There are 7 of 34
such cases. A component of the magnetic field was used for
indicatiing the disturbance from the GOES satellites; it is
denoted in the original data as Hn (in the plane of orbit),
because other components are relatively stable. It is sometimes
difficult to indicate the disturbances because the measured
magnetic field has a relatively strong daily variation.
5) The most interesting is evolution of P1 and P7 during FD.
P1 during FD strongly increases, in maximum to 3 – 4 orders
of magnitude higher than the quiet value, and P7 decreases.
The decrease in P7 is often superimposed by a burst in this
energetic range, which usually occurs immediately after the
flare or is caused by a flare different from that which caused
the FD studied (Fig. 2). Almost each FD is connected with an
increase in P1. However, not each increase of P1 causes a FD,
as can be seen in Fig. 3. There is aparently a hidden
requirement which has to be revealed yet. FD is usually
accompanied by an abrupt count increase in the channel P1
and by a simultaneous decrease in the channel P7, often as far
as the threshold values of the instrument. This finding can be
considered as the main result of the analysis of FD evolution.
Then an impression arises that during FD the protons of the
primary CR are absorbed on the low-energy protons indicated
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in the channel P1 and simultaneously also the protons from
channel P7.
6) The analysis of the temporal evolution of FD did not
confirm the hypothesis from [2] on different recovery time
after a FD as a function of the energy distribution of the

particles penetrating into radiation belts of the Earth. There are
two reasons: 1) in most cases, the recovery time cannot be
determined owing to other variations occurring during the
recovery period and 2) the channel P7 is either overloaded due
to a previous burst or is at a threshold value.

Figure 2. FD on the 328th day (24 November) in 2001: temporal evolution of NM measurements with a resolution of 1 hour (the bottom part of the y-axis),
from top: GOES, solar X-ray flux (GOES), proton density Np and interplanetary magnetic field intensity  B (ACE), proton fluxes P1, P7 and magnetic field
component Hn (GOES).

Fig. 3. FD on the 100th day (10 April) in 1997: temporal evolution of NM measurements with a resolution of 1 hour (the bottom part of the y-axis), from top:
GOES, solar X-ray flux (GOES), proton density Np and interplanetary magnetic field intensity  B (ACE), proton fluxes P1, P7 and magnetic field component
Hn (GOES).
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Year
1997
1998

1999

2000

2001

2002
2003
2004

2005

2006

DO
Y
100
273
121
238
268
312
22
49
231
346
43
160
195
197
261
303
311
331
101
239
268
310
328
321
302
22
208
312
17
21
135
197
254
348

UT
17
20
21
8
0
4
20
11
16
17
0
12
11
20
18
0
12
13
18
19
20
1
5
11
5
1
23
16
12
16
0
18
0
16

Typ
e
C
C
B
C
C
D
C
B
A
B
E
A
A
A
C
A
A
A
A
B
A
A
A
C
A
B
B
B
B
A
B
C
B
A

TABLE I
RESULTS OF THE ANALYSIS OF THE SELECTED EVENTS (details are in the text).
+∆I –∆I ∆tn
∆Np/∆t
∆B/∆t
I
∆t
Bn
P1
N
5
N
N
N
3
N
2
N
N
N
N
0.5
N
N
N
N
N
1
N
N
1.5
1
N
N
N
N
N
0.5
N
N
N
N
N

4
5
3
3
5
5
5
3
2
3
2
3
3
3
2
2
2
2
4
3
3
3
3
3
7
3
4.5
4.5
6.5
3
3
3
5
3.5

3
0
7
6
4
2
17
3
12
7
2
9
?
4
7
15
2
12
6
7
14
5
4
5
11
20
4
8
8
1
7
3
11
3

+35/0
?
+35/0
+10/0
+10/0
–10/0
+15/+18
+25/0
+20/+80
+20/+8
+30/0
+10/0
+50/0
+30/0
+40/0
+50/–12
+40/+5
+50/0
+28/0
+9/1
+40/2
+27/1
+27/7
N
+21/–4
+15/2
N
+64/-4
+49/3
+32/2
+20/4
+13/-2
+13/7
+10/5

+20/0
?
+15/0
+15/0
+15/0
+50/0
+30/0
–15/0
+20/+40
+5/–4
+30/0
+20/0
+5/0
+50/0
+40/0
+25/–12
+8/–5
+30/0
+29/5
+13/1
+21/1
+65/1
+50/4
N
+37/10
+22/7
+21/5
+43/7
+31/0
+25/2
+48/6
+10/9
+13/1
+14/8

C6.2
N
C2.5
X1.1
M6.9
M8.2
M5.2
M3.4
Cser.
N
C2.1
X1.2
X1.1
X5.6
Mser.
Cser.
C5.5
Mser.
X2.3
X5.3
X2.6
X1.0
M9.9
M1.2
X1.7
M6.1
M1.1
M9.3
X2.9
X7.1
M8.0
X1.2
X3.6
X3.6

–75
N
–50
–34
–41
–56
–48
–57
?
N
–30
–46
–47
–36
?
?
–36
–36
–36
–26
–34
–31
–29
–36
–18
–41
–32
–39
–37
–33
–31
–55
–38
–37

Y+0
Y+4
Y+4
Y+0
Y+0
Y+0
Y+8
Y+0
N
Y+15
Y+4
Y+0
Y+0
Y+0
Y+0
Y–12
Y+0
Y+0
Y–1
N
Y+3
Y+3
Y+0
N
Y+0
Y+10
Y+8
Y+0
Y+7
Y+8
Y+10
Y–1
N
Y+5

3 – 38
0 – 220
8 – 847
29 – 5720
103 – 5150
7 – 646
22 – 195
52 – 2070
73 – 137
66 – 27
46 – 679
14 – 5100
6 – 1190
?
568 – 1120
82 – 24
3 – 1950
57 – 1150
255 – 4565
18 – 738
138 –19725
63 –15878
224 –29442
4 – 44
10 – 43742
21 – 2456
190 –10019
2 – 1016
34 – 12293
194 – 10835
145 – 23842
46 – 124
16 – 9680
568 – 52008

P7[x105]
25.2 –10.4
14.4 –11.7
17.4 – 6.9
19.4 – 5.4
14.6 – 6.0
27.8 – 9.4
24.7 – 8.4
12.2 – 6.4
13.4 – 8.0
15.2 – 7.6
13.3 – 6.8
11.4 – 6.8
10.2 – 3.1
?
11.6 – 5.3
12.7 – 7.1
12.9 – 7.2
burst
42.8 – 2.8
18.8 – 6.9
burst
burst
13.8 – 3.3
12.9 – 3.3
burst
13.4 – 6.0
21.4 – 4.3
13.2 – 4.7
burst
burst
14.0 – 4.4
22.9 – 5.2
18.6 – 4.6
18.3 – 6.2

Rem.

+GLE

+GLE

Legend:
DOY – the day of the year;
UT – the start time of a decrease;
Type of FD – selected according to the shape of the evolution:
A – is a classical evolution, i.e. an abrupt decrease and a slow uniform recovery;
B – non uniform recovery, interrupted by an increase and a decrease;
C – denotes the decrease and increase on the same day followed by a second slower decrease and a gradual recovery to the initial level;
D – has a similar evolution as B, but the interval between the first decrease and increase is longer;
E – is a decrease to a certain level, then a longer persistent period followed by an abrupt incerase to the initial level.
+∆I – an increase in % that precedes the decrease (if occurs);
–∆I – the magnitude of the decrease in %;
The data from WIND/ACE:
∆Np/∆t – a change of the proton density Np [cm–3] together with time in hours between the start of FD and the corresponding change;
∆B/∆t – a change of the magnetic field B [nT] together with time in hours between the start of FD and the corresponding change;
The data from GOES:
I – the importance of a flare estimated from 5-minute measurements;
∆t – time in hours between the occurence of a flare and the corresponding start of FD;
Bn – for the magnetic field we determine only whether a change occurs: yes (Y) or no (N) and with which time shift in hours;
P1 and P7 – these data are estimated at certain time before FD when the temporal evolution is undistrubed and during FD;
Rem. – remarks.
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Search for Solar Neutrons using the Bonner
Ball Neutron Detector on the ISS
H. Matsumoto, K. Koga, H. Koshiishi, T. Goka, and Y. Muraki1)
Its high sensitivity extends almost uniformly throughout the
The Bonner Ball Neutron Detector was energy range of 0.2–10 MeV.
The BBND system’s total weight is about 40 kg. The
launched on March 8, 2001 by the space shuttle STS-102
mission to measure the neutron environment inside the system was launched by the space shuttle STS-102 on March 8,
residential area of the International Space Station. The 2001. Data of the space environment were taken during March
BBND measured conditions during large solar flares in 23 – November 14, 2001 on this flight. Major results have been
April, August, and October of 2001. The authors sought the published elsewhere [1, 2]. Herein, we present additional results
signal of solar neutrons. However on April 15, 2001, the ISS obtained through analysis of the effect of large solar flares on the
passed over the SAA during the arrival time of solar ISS environment.
neutrons. Because of strong background radiation, the
BBND did not detect a clear signal of neutrons in association
with this flare. However, the BBND detected increased 3. EFFECT OF SOLAR FLARES MEASURED BY THE BBND
neutron flux in the space station in association with GLE
that arrived 20 min after the impulsive flare.
Several large solar flares were observed during the flight
Abstract—

[3]. Major flares were observed in April, August, and November
of 2001. Especially for the flares of April 15 [4, 5] and August
25 [6] of 2001, solar neutrons were observed using ground level
1. BONNER BALL NEUTRON DETECTOR
neutron detectors. Therefore, although we sought a signal of
solar neutrons in the present data, no clear signal of solar
he Bonner Ball Neutron Detector (BBND) measures
neutrons coinciding with the observed signals by ground-based
low-energy neutrons. The BBND is often used at beam
extraction areas of accelerators for radiation monitoring the solar neutron detector was found in the data. For that reason, we
experimental hall. The BBND is a Bonner Ball-type detector first discuss why the BBND detected no clear signal of solar
neutrons. Then we introduce an interesting new result.
with six 3He-proportional counters covered with neutron
On April 15, 2001, the neutron monitor located at Mt.
moderators of various thicknesses. The 3He proportional counter
3
Chacaltaya
cosmic ray observatory in Bolivia (5,250 m altitude)
detects neutrons according to nuclear reactions between He and
detected 6,000 solar neutron events during 13:51UT–14:00UT
thermal neutrons (3He + n → 1H + 3H + 765 keV).
[5]. The signal was detected by a 12 m2 neutron monitor. Its
detection efficiency was about 30% and its neutron intensity was
2.BBND ONBAORD THE ISS
reduced about one-third by absorption in the atmosphere. For
that reason, we use a multiplicative factor of 10 when we convert
Bonner Ball Neutron Detectors of six different types were
it to the value at the top of the atmosphere. The solar neutron
prepared for measurement of the radiation environment inside
energy was En≥100 MeV. Therefore, the flux per unit area in a
the International Space Station (ISS). They are presented in
unit time at the top of the atmosphere over Chacaltaya with
Figure 1. Sizes of the polyethylene spheres of the counters are
En≥100 MeV is about 0.055 events/s/cm2 [= (6,000/9 min/12 m2)
the following: S1 has 51 mm diameter; S2 is 51 mm with the
× 10 = 550 events /s/m2 = 5.5 × 10-2/s/cm2].
gadolinium shield; S3 is 81 mm with the gadolinium shield; S4 is
The BBND S6 counter has no sensitivity for solar
110 mm; S5 is 150 mm; and S6 is 230 mm. Detectors of six
neutrons with energy higher than En ≥100 MeV [7]. However,
different types were used to provide uniform detection efficiency
the S6 counter has sensitivity for neutrons with En <50 MeV with
for a wide band of neutron energies. The energy resolution of
low detection efficiency. On the other hand, low-energy
each BBND is not sharp, but the detection of neutrons in a wide
neutrons of less than En ≤10 MeV decay during their flight from
band of energy is guaranteed. For example, the S6 detector is the
the Sun to the Earth. Taking account of these effects, it seems
largest, with the highest sensitivity to neutrons, at around 2 MeV.
appropriate to assume that the flux of solar neutrons at the top of
the atmosphere with energy En ≥50 MeV is about 0.11
H. Matsumoto, K. Koga, H. Koshiishi, T. Goka , Space environment monitor events/s/cm2 or 6.6 events/min/ cm2.
and research group, Tsukuba space center, JAXA, Tsukuba; 305-8505, Japan
On the other hand, the background is estimated using the
(e-mails:Matsumoto.Haruhisa@jaxa.jp,Koga.Kiyokazu@jaxa.jp,Koshiishi.Hide
actual data. Typical counting rates of the BBND S6 detector at
ki@jaxa.jp, Goka.Tateo@jaxa.jp ).
1) Y. Muraki, Department of Physics, Konan University, Koba, 658-8501, higher latitudes, over the Equator, and above the South Atlantic

T

Japan (e-mail: muraki@konan-u.ac.jp and also muraki@stelab.nagoya-u.ac.jp).

288

Anomaly (SAA) were, respectively, 800 counts/min, 200
5. CONCLUSION
counts/min, and 10,000 counts/min as presented in Figure 2a. It
We sought signals of solar neutrons in association with
is worthwhile to consider signals that are greater than three times
large solar flare that occurred on April 15, 2001 by the BBND on
the background fluctuation. Therefore, we set discriminating
board the ISS residential area. However, the ISS passed over the
thresholds for signals to the counting rate of the BBND as 84
SAA just during the solar neutrons’ arrival time. Because of
counts/min, 42 counts/min, and 300 counts/min, respectively. strong background, the BBND detected no clear signal of solar
The acceptance of the BBND S6 detector has total area of 390
neutrons in association with this flare. Instead, the BBND
cm2; however, the effective area can be estimated as 200 cm2 for
detected an increase of neutron flux in the space station in
a region with sufficient thickness to incoming neutrons.
association with the GLE that arrived 20 min after the impulsive
Consequently, the expected counting rate of solar neutrons for
flare. The flux of neutrons induced by these GLE particles was
the S6 detector in the flare of April 15, 2001 is approximately 22
of about the same order as the background.
events/s or 1,320 events/min. The detection efficiency of the
BBND for a single neutron is not given, but it would be natural to
use the value of the neutron monitor at lower energies. Here, we
ACKNOWLEDGMENT
assumed it as 10%. The expected counting rate would then be
The authors thank all the members of Space Shuttle-Mir 8
130 events/min for the S6 detector around the neutron arrival
time, 13:51UT–14:00UT. Unfortunately, the BBND flew over (S/MM-8, STS-89), STS-102 and the mission operations teams
the SAA at just that time. Consequently, the background is 2.3 of NASA and NASDA (former JAXA).
times higher than the 3σ value of the background fluctuation. For
that reason, the BBND was unable to identify the excess because
of solar neutrons.
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latitude (degree)

portrayed in Fig. 2. Figure 2a presents the counting rate of the
BBND S6 detector during 11:00UT–16:00UT on April 15, 2001,
although Fig. 2b represents the same plot for different
ISS trajectory
observation times during 13:00–18:00 UT. The excess of
13:56UT was produced when the ISS passed through the SAA.
Figure 3 depicts the trajectory of the ISS around the same
60
duration. Figure 4 represents the arrival time distribution of
40
Solar Energetic Particles (SEP) observed by the GOES satellite
[8]. The flare occurred near the west limb so that the SEP arrived
20
soon after the impulsive flare (about 20 min later than the
0
impulsive flare) because the interplanetary magnetic field is
connected with the Earth. These Solar Energetic Particles
- 20 1 29 57 85 113 141 169 197 225 253 281
entered the polar region. Neutrons produced by the SEP were
- 40
detected by the BBND onboard the ISS when the ISS passed
over polar regions.
- 60
The effect of the increase was about twice that of the
from 11:00 UT on April 15, 2001 [min.]
background. The background is made by the Galactic Cosmic
Rays (GCR); its flux is usually about 800/min at this time. The
duration of April–October, 2001 corresponds to the solar
Figure. 3 The trajectory of the ISS is shown as the functions of
maximum. Therefore, the amount of GCR to the Earth is smaller
the latitude and the flight time since 11:00UT of April
than that of the solar quiet time. In general, in the case of the high
15, 2001. The duration 13:51-14:00UT corresponds to
activity of the Sun, a high intensity of neutrons (ratio produced
the minutes in the figure at 171-180
by the SEP/produced by GCR) in the ISS is expected in
comparison with the quiet time. Therefore, the detection of solar
neutron events is expected to be easier during the high solar
activity time.
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BBND counting rate after flare
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from 11:00 UT on April 15, 2001

1 23 45 67 89 111 133 155 177 199 221 243 265 287
from 13:30 UT on April 15, 2001

Figure 2a. The two sharp peaks at 175 and 262 were caused by Figure 2b. The first peak from the left (at 23) was caused by the
SAA. Around the time (20-30) solar neutrons were
the South Atlantic Anomaly. After the arrival of
detected by the Chacaltaya neutron monitor.
high energy solar particles ( after 204), the intensity
of neutrons increased when the ISS approached
polar regions.

Figure 1. The six Bonner Ball Neutron Detectors were
launched on the International Space Station. The sensor S6 is
the largest detector, with the highest sensitivity to neutrons, at
around 2 MeV. Its sensitivity extends almost uniformly
throughout the energy range of 0.2–10 MeV.
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Figure 4. The GOES data of April 15-16, 2001.
The top panel shows the X-ray data. The impulsive
gamma-ray flare was observed during 13:40-13:51UT by
the Tohkoh satellite. Solar neutrons were detected at
Chacaltaya during 13:51-14:00UT and Solar Energetic
Particles arrived after 14:00UT (the second panel). The
bottom panel shows the Ground Level Enhancement
(GLE) was observed by the neutron monitor at McMurdo.
( http://goes.ngdc.noaa.gov/data/plots/2001/GOES-2001
04.pdf )
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On the quasi-periodic variations of the galactic
cosmic rays intensity and anisotropy in the
lingering minimum of solar activity
A. Gil, R. Modzelewska, & M.V. Alania

Abstract— We study the 27-day quasi-periodic variations of the
galactic cosmic ray (GCR) intensity and three dimensional (3-D)
anisotropy related with the solar rotation in different polarity
periods of solar magnetic cycle. We established that the larger
amplitudes of the 27-day variations of the galactic cosmic ray
intensity and anisotropy in the minimum epochs of solar activity
for the A > 0 polarity period than for A < 0 polarity period are
connected with the heliolongitudinal asymmetry of the solar wind
velocity. We found that the long - lived (~22 years) active regions
of the heliolongitudes are the sources of the long-lived 27-day
variation of the solar wind velocity during the A > 0 polarity
period. We compare results of calculation based on the data of
the lingering minimum epoch of solar activity with our previous
findings.

1. INTRODUCTION

T

he minimum epochs of solar activity are characterised by

the relatively quiet Sun, with a well established direction of
the regular interplanetary magnetic field (IMF) and minimal
disturbances in the heliosphere. For the minimum epochs a
contribution of the drift effect of the galactic cosmic rays
particles (due to the gradient and curvature of the regular
IMF) can be revealed reasonably purely in different classes of
the GCR variations; this is essentially important for the GCR
variations with relatively small amplitudes, e.g. for the 27-day
variations of the GCR intensity and anisotropy. Richardson et
al., [1] found incontrovertible evidence that the sizes of the
solar wind parameters and recurrent cosmic ray modulations
are ~50% larger when A > 0 (A is the direction of the solar
global magnetic field) than during A < 0. In our previous
papers [2]-[5] was demonstrated that the amplitudes of the 27day variations of the GCR intensity and anisotropy are greater
in the minimum epochs of solar activity for the positive (A>0)
polarity period than for the negative (A<0) polarity period of
the solar magnetic cycles. Kota and Jokipii in [6] have shown
that severe recurrent changes of the stream of protons take

place in the positive A>0 polarity periods rather than in the
negative A<0 periods. Burger and Hitge [7] in a theoretical
hybrid model have shown that the Fisk heliospheric magnetic
field can explain several properties of the 27-day cosmic ray
variations. Nevertheless, the amplitudes of the 27-day
variation of the GCR intensity generated only by the existence
of the Fisk’s field are very small in the comparison with the
experimental results, and there remains a general problem of
the reality of the Fisk’s type magnetic field in the minimum
epochs of solar activity [8]. However, it must be noted that in
papers [2]-[4], [6], [7], in order to explain results of
Richardson and co-authors [1], the general attention was paid
to the drift effect and was not considered the role of the
recurrent changes of the solar wind velocity, which is a
crucial. Our aim in this paper, on one hand, is to extend our
study of the 27-day variations of the GCR intensity and
anisotropy using new data for the last negative A<0 solar
minimum epoch (2006-2008) and on the other, to demonstrate
that the heliolongitudinal asymmetry of the solar wind
velocity is ~2 times greater for the A > 0 than for A < 0 in the
minimum and near minimum epochs of solar activity being
the important reason of the polarity dependence of the
amplitudes of the 27-day variations of the GCR intensity and
anisotropy.
2. EXPERIMENTAL DATA
Amplitudes of the 27-day variations of the GCR intensity
and anisotropy were found using the all functioned neutron
monitors by the global spherical method (GSM) [9]-[12]. We
use the components

( Ar , Aθ , A f )

of the three dimensional

anisotropy and the isotropic component I of the GCR intensity
calculated by the IZMIRAN group; calculations have been
performed by means of the hourly data of all functioned
neutron monitors using the GSM for a long period.
(http://helios.izmiran.troitsk.ru/cosray/main.htm).
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3. 27-DAY VARIATIONS OF THE GCR INTENSITY AND
ANISOTROPY IN THE A>0 AND A<0 POLARITY PERIODS

The daily average values of the isotropic I and 3-D
anisotropy components of GCR were found based on the
hourly values obtained by GSM; then we calculated the
amplitudes of the 27-day variations of the GCR intensity and
anisotropy by means of daily data using the harmonic analyses
method. The amplitudes of the 27-day variations of the
anisotropy and intensity of GCR are presented in the Fig. 1ab
found by Kiel neutron monitor data (rhombi) and by the GSM
(squares) for the minimum epochs of 1965-67, 1985-1987 and
2006-2008 (A<0), and 1975-1977 and 1995-1997 (A>0).
From the methodical point of view it is worth to mention
that, the general features of the 27-day variation of the GCR
anisotropy based on the harmonic analyses method for the
individual neutron monitors with the cut off rigidity < 5 GV
coincide with those calculated using the radial and tangential
components determined by GSM [5]. Based on this thesis only
the Kiel neutron monitor data are used and results of
calculations in the lingering minimum 2006-2008 (A<0) are
presented in Fig.1 with the results found before (e. g. [4]).

previous minimum epoch (A>0). This peculiarity we ascribe
to the clearly established 27-day variation of the GCR
intensity in 2007-2008, which generally is an exception for
the A<0 polarity periods.
The dependence of the amplitudes of the 27-day variations
of the GCR intensity and anisotropy on the A>0 and A<0
polarity periods we explained owing to the existence of the
heliolongitudinal asymmetry of the solar wind velocity [13],
[14]. The directions of the solar wind velocity and the drift
velocity of the GCR particles coincide in the A>0 polarity
period, while they are in the opposite directions in the A<0
polarity period. This phenomenon is considered as a basic
reason that the amplitudes of the 27-day variations of the GCR
intensity and anisotropy are greater in the A>0 polarity period
than in A<0 polarity period. However, the 27-day variations
of the other parameters of solar activity and solar wind could
contribute to the behaviour of the amplitudes of the 27-day
variations of the GCR intensity and anisotropy in different
polarity periods. In connection with this, as we mentioned
above (in the introduction) the relationship of the 27-day
variations of the GCR intensity and anisotropy with the 27day variation of the SW velocity [5] ought to be studied.
4. ON THE RELATIONSHIP OF THE 27-DAY VARIATIONS OF THE
GCR INTENSITY AND ANISOTROPY WITH THE SOLAR WIND
VELOCITY AND TILT ANGLE OF THE HELIOSPHERIC CURRENT
SHEET

Figs 1ab Changes of the average amplitudes of the 27-day variations of the
GCR anisotropy (top panel) and intensity (bottom panel) by GSM and Kiel
neutron monitor data for A>0 (1975-77 & 1995-1997) and A <0 (1965-67,
1985-1987 and 2006-2008) periods.

Figs. 1ab show that the amplitudes of the 27-day variation of
the GCR anisotropy (Fig. 1a) are greater in all minimum
epochs of solar activity for the A>0 polarity periods than for
A<0 polarity periods of the solar magnetic cycles, while the
amplitude of the 27-day variation of the GCR intensity for
lasting minimum epoch (A<0) has the same level as for

We found the amplitudes and phases of the 27-day
variations of the SW velocity, the GCR intensity and
anisotropy, by the harmonic analyses method. Figure 2
presents the distributions of the phases of the 27-day
variations of the SW velocity, the GCR anisotropy and
intensity versus the heliolongitudes for both polarity periods:
1975-1977 & 1995-1997 (A>0, left panel), 1965-1967
&1985-1987 (A<0, middle panel) and the present minimum
epoch 2006 – 2008 (A<0, right panel).
Fig. 2 shows that the distribution of the phases of the 27–
day variation of the SW velocity has a sharply established
maximum for the A>0 (left panel) polarity periods and there
are not any visible regularities in the distributions of the
phases of the 27 – day variation of the SW velocity for the
A<0 (middle panel) polarity periods. The left panel of Fig.2
shows that the distributions of the phases of the 27-day
variations of the SW velocity, the GCR intensity and
anisotropy have maxima for the A>0 polarity period; the
maxima for the 27-day variations of the GCR intensity and
anisotropy basically coincide and they are opposite (about
1800) with respect to the maximum for the 27-day variation of
the SW velocity. The middle panel of the Fig.2 shows that the
distributions of the phases of the 27-day variations of the SW
velocity, the GCR intensity and anisotropy have not clear
maxima for the A<0 polarity period.
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existence of the regular 27-day variations of the GCR
intensity and anisotropy.
The scattered distributions of the phases of the 27-day
variations of the GCR intensity and anisotropy (Fig. 2 middle
panel) for the A<0 polarity period are one of the general
motivations that the amplitudes of the 27-day variations of the
GCR intensity and anisotropy are greater in the A>0 polarity
period than in A<0 polarity period [5], [14]. Analyses of the
phase distribution of the 27–day variation of the solar wind
velocity show that the long – lived (not less than 22 years)
active heliolongitudes exist on the Sun, especially for the A>0
polarity period of the solar magnetic cycles.
In this paper besides the phases of the 27-day variation of
the SW velocity we analyze the magnitude of the
heliolongitudinal asymmetry of the SW depending on the
polarity. In Figs. 3 are presented temporal changes of the
superimposed SW velocity with the fitting by a 27-day
harmonic wave for 1975-77 (A>0), 1985-87 (A<0), 1995-97
(A>0) and for 2006-2008 (A<0).
One can see that the average amplitudes of the 27-day
variation of the SW velocity are greater for the A>0 polarity
period, than for A<0, except the last minimum 2006-2008
(A<0). In this case there is observed clear 3rd harmonic (~9
days). Possibly, the sharply established maximum of the phase
distribution of the SW velocity (Fig. 2a, left panel) leads to
the fact that the size of the heliolongitudinal asymmetry of the
solar wind velocity is ~2 times greater for the A > 0 than for A
< 0 in the minimum and near minimum epochs of solar
activity.
Generally, the point is that the greater amplitudes of the 27 –
day variation of the GCR intensity for the A>0 polarity period
than for A<0 polarity period observed by neutron monitors
experimental data [1], [2], and the similar results obtained for
the anisotropy in [3]-[5] can be generally related with the
greater amplitudes of the 27-day variation of the solar wind
velocity in the A>0 than in A<0.
In Figures 4ab are presented dependences of the amplitudes
of the 27-day variations of the GCR intensity (Fig. 4a) and
anisotropy (Fig. 4b) versus the tilt angles. The linear
dependences of the type
A27I/A = a θ + b
between amplitudes of the 27-day variations of the GCR
intensity I/ anisotropy A, and tilt angles θ were found by a
least squares method and have the expressions:

Fig. 2 The distributions of the phases of the 27-day variations of the solar
wind velocity (SWV-top), the GCR anisotropy (A GSM-middle) and GCR
intensity (I GSM-bottom) versus the heliolongitudes for both polarity periods:
1975-1977 & 1995-1997 (A>0, left panel), 1965-1967 & 1985-1987 (A<0,
middle panel) and 2006 – 2008 (A<0, right panel).

There are some tendencies of the existence of the second
harmonics of the solar rotation period (~13-14 days).
We assume that the clear 27-day variation of the solar wind
velocity in the A>0 polarity period is the reason of the
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A27I = (0.0104 ± 0.0025) θ + 0.5024 ± 0.0911,
A27A = (0.0007 ± 0.0004) θ + 0.1091 ± 0.0158.

The accuracies

σa

of the regression coefficients a and

σ b of

the free terms b were calculated as in [15], where n is the
number of the Carrington rotations used in calculations
(n=113); the amplitudes of the 27-day variations of the GCR
intensity and anisotropy do not noticeably depend on the tilt
angles of the heliospheric current sheet (HCS) in January
2000 - May 2008. Thus, we confirm our previous findings (e.
g. [5], [13]) that the amplitudes of the 27-day variations of the
GCR intensity and anisotropy do not depend on the tilt angles
of the heliospheric current sheet.
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Fig. 4 The distributions of the amplitudes of the 27-day variations of the GCR
intensity (A27I) and anisotropy (A27A) versus the tilt angles of HCS in the
period January 2000 - May 2008

5. CONCLUSIONS

Figs. 3 Temporal changes of the superimposed SW data with theirs fitting by a
27-day harmonic wave for 1975-77 (A>0), 1985-87 (A<0), 1995-97 (A>0)
and for 2006-2008 (A<0)

1. The greater amplitudes of the 27 – day variations of the
GCR intensity and anisotropy for the A>0 periods than in A<0
periods observed by neutron monitors experimental data can
be generally related with the greater amplitudes of the 27-day
variation of the solar wind velocity in the A>0 periods than in
A<0 polarity periods of solar magnetic cycle.
2. The long-lived active heliolongitudes are the source of the
27-day variation of the solar wind velocity; owing to which is
observed the background 27-day variations of the GCR
intensity and anisotropy in the minimum epochs of solar
activity.
3. The amplitudes of the 27-day variations of the GCR
intensity and anisotropy do not depend on the tilt angles of
HCS for the current minimum epoch of solar activity agreed
with our previous results for other epochs of solar activity.
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CR energetic spectra and its evolution in helical
plasma turbulence.
Yurij Fedorov1 , Milan Stehlik2

Abstract— The energetic spectra of accelerated energetic particles is investigated using kinetic equation in a statistically
anisotropic helical turbulent magnetic field in the diffusion
approximation. The acceleration mechanism based on the α-effect
is compared with the second order Fermi acceleration [7] (cited as
Paper I). The solutions of the time-dependent equation describing
stochastic particle acceleration are obtained. The steady state
cosmic ray energetic spectra are also derived, and the evolution
of accelerated particle spectra by their approach to equilibrium
state is studied. Obtained results can be useful for description of
particle acceleration in solar flares, supernova remnants, galactic
nuclei and other astrophysical environments.

One of known acceleration mechanisms is the acceleration
of charged energetic particles in stochastic medium, especially,
in the magnetohydrodynamic turbulence. For example, the
second-order Fermi mechanism has application in a wide
range of astrophysical objects. Into this group can be included
our consideration of particle acceleration in helical MHD
turbulence in which the known α-effect arise and it can possess
additional (initial) acceleration for more intensive mechanism
[9], [6]. In fact, the plasma velocity fluctuations u1 together
with the magnetic field fluctuations H 1 produce a correlation
h[u1 , H 1 ]i/c ≡ E (the turbulent electromotive force) which
allows the system to evolve back toward a stationary state.
Beside it the helicity is a source of the electric field
α
E (α) = − H 0
(1)
c
along the created homogeneous MF H 0 [10], [8] (α is known
as the dynamo coefficient). In result, the electric field E (α)
can accelerate the charged particles. Effectiveness of the last
acceleration mechanism in helical MHD turbulence with the
second-order Fermi mechanism has been discussed in Paper I.
Comparison of energetic spectra of accelerated particles and
their temporal evolution is goal of this contribution.
The energetic particles can experience various kind of
energetic losses and/or they can also leave acceleration region
as a result of diffusion or convection. These processes result
in leakage of particles which have origin in the given energy
region owing to acceleration. One can introduce the escape
time te to take into account particle energetic losses. In this
approximation the diffusion equation (see Eq. (10) in Paper I)
takes the form [16], [13]
(2)

1 MAO
2 IEP

Dp = DF + DK ,
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(3)

where
DF =

I. INTRODUCTION

1 ∂
∂N
N
δ(p − p0 )
∂N
− 2 p2 Dp
+
=q
.
∂t
p ∂p
∂p
te
p2

The third term N/te stands for particle leakage. The right hand
side of the equation corresponds to the continuous injection
of particles with momentum p0 and q is the particle number
injected in the unit of space during the unit of time.
The momentum diffusion coefficient Dp can be written as
a sum

p2 hu21 i
,
3vΛ

DK = α2

p2 Λ
2 .
3vRH

(4)

The first term DF describes the statistical Fermi acceleration
due to energetic particle scattering on moving magnetic irregularities. The second term DK defines particle acceleration
by the large-scale electric field E (α) arising in the turbulent
medium due to α-effect. Here RH = pc/eH0 is the proton
Larmour radius. The relative efficiency of α-acceleration (in
comparison to the second order Fermi mechanism) for injection particle energy is given by the ratio
α2
η= 2
hu1 i

µ

Λ0
R0H

¶2

,

(5)

where Λ0 , R0H corresponds to the momentum p0 of the
particle injection. If the particle mean free path has power
law dependence on momentum,
Λ = Λ0

µ

ζ
ζ0

¶λ

,

ζ=

p
,
mc

(6)

where ζ defines the dimensionless particle momentum and m
is the proton rest mass. Here ζ0 corresponds to the injection
momentum p0 . Then the momentum diffusion coefficient (3)
related to the Fermi stochastic acceleration can be written as
DF = D0F ζ 1−λ

p

1 + ζ 2 , D0F =

m2 chu21 iζ0λ
.
3Λ0

(7)

In the case of α-acceleration the coefficient DK is
DK = D0K ζ λ−1

p

1 + ζ 2 , D0K =

m2 c α2 Λ0 ζ02−λ
. (8)
3R0H

Note that Eq. (2) has been used for the description of CR acceleration in various astrophysical objects. Solutions of similar
equations has been applied for analysis and interpretation of
solar CR spectra [13], [16], [14].

II. STEADY STATE SOLUTION
For the mean free path defined by Eq. (6) the diffusion
coefficient possesses the power law form:
Dp = D0 ζ γ .

(9)

Defining dimensionless time,
τ=

t
,
t0

t0 =

(mc)2
,
D0

(10)

the equation (2) reads
1 ∂ (2+γ) ∂N
N
∂N
δ(ζ − ζ0 )
− 2
ζ
+
.
= qt0
∂τ
ζ ∂ζ
∂ζ
τe
(mc)3 ζ 2

(11)

Fig. 1.

The steady state energetic distribution for λ = 0.5 and
εk0 = 1 MeV. The case of Fermi acceleration.

The quantity τe equals to the ratio of the escape time te to the
acceleration time t0 in (10):
τe =

te
.
t0

(12)

Let the escape time from the acceleration region is independent on CR energy (te = const). Such approximation has
been used, for example, in [13]. Some authors took also the
energetic dependence of te into considerations (see e.g. [3]).
The equilibrium CR energetic spectrum arises provided the
number of accelerated particles of given energy is equal to the
number of particles leaving acceleration region. In that case
the time derivative in the left hand side of Eq. (11) can be
neglected what gives the stationary equation. Analogously to
the solutions of the non-stationary equation in Paper I similar
expressions can be derived for steady state solutions. In result,
·
¸
qt0
1+γ
N (ζ) =
exp
−
ln(ζζ
)
(13)
0
γ̃(mc)3
2
µ
¶ µ
¶
exp [γ̃ ln(ζ0 )]
exp [γ̃ ln(ζ)]
× Kν
Iν
√
√
γ̃ τe
γ̃ τe
for ζ < ζ0 , and
N (ζ)

·
¸
qt0
1+γ
=
exp −
ln(ζζ0 )
(14)
γ̃(mc)3
2
µ
¶
µ
¶
exp [γ̃ ln ζ0 ]
exp [γ̃ ln ζ]
× Iν
Kν
√
√
γ̃ τe
γ̃ τe

for ζ > ζ0 . Here γ̃ = (2−γ)/2 and ν = (1+γ)/(2−γ). From
the last solution one obtain the expression for the density of
high energy particles:
µ
¶
exp [γ̃ ln ζ]
−1− γ4
N (ζ) ∝ ζ
exp −
.
(15)
√
γ̃ τe
So, the particle density exponentially decreases with energy.
The solutions (13),(14) are valid only if γ 6= 2. In fact, when
exponent γ approach to 2 the index ν increases indefinitely.
This particular case need a special examination, as follows
below.
Let us consider the stochastic Fermi acceleration of particles having the constant mean free path (λ = 0). In the
nonrelativistic energy region the diffusion coefficient Dp in
(7) is proportional to momentum that γ = 1. Setting ν =
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Fig. 2.

As in Fig. 1 in the case of α-acceleration.

2 in expression (14) one obtain the known expression for
nonrelativistic CR density [13], [14]
Ã r !
Ã r !
ζ0
ζ
2qt0 1
K2 2
.
(16)
N (ζ) =
I2 2
(mc)3 ζζ0
τe
τe
The momentum diffusion coefficient (7) for ultrarelativistic
particles, in considered case of Λ = const, is proportional to
ζ 2 . Thus one has to solve the equation (11) with γ = 2. This
solution takes the known form [13], [14]
r
µ ¶Γu
qt0
ζ
3
1
9
q
N (ζ) =
, Γu = − −
+
2
τe
4
2(mc)3 τ1e + 49 ζ0
(17)
with the power law dependence of ultrarelativistic CR density
on particle momentum.
Now let us consider the steady state CR energetic spectra.
If the function N (ζ) is known, one can make the change of
variable ζ to kinetic energy using relationship
p2
(mc)2 ζ 2
N (p) =
N (ζ) ,
(18)
v
v
where v is the particle velocity and the dimensionless momentum is associated with kinetic energy according to
p
εk (εk + 2mc2 )
ζ=
.
(19)
mc2
N (εk ) =

The CR steady state energetic spectra calculated according
to (13),(14),(18) is shown in Fig. 1. These spectra correspond
to statistical Fermi acceleration of particles with the Λ ∝
√
p (λ = 0.5). Numbers near curves denote value τe of the
relative rate of particle escape out of the acceleration region.
The injected particle kinetic energy equals to 1 MeV and the
exponent γ of the diffusion coefficient (9) is 0.5. The CR
spectrum in high energy region (above the injected energy)
prove to be harder with the escape time increase (Fig. 1) [13].
Now let us consider the steady state energetic spectrum typical for α-acceleration. We will exploit the same momentum
dependence of mean free path (λ = 0.5) as in the case of Fermi
acceleration in Fig. 1. Nonrelativistic momentum diffusion
coefficient Dp (8) has the form of (9) with index γ = −0.5.
In Fig. 2 the dependence of normalized particle density on
kinetic energy is illustrated, given by relations (13),(14),(18).
Here initial proton energy is the same (εk = 1 MeV) and
numbers near the curves denote τe . Analogically to Fig. 1 the
spectrum prove to be harder for increasing escape time. In the
low energy region the CR spectrum which is suitable for αacceleration, appears to be harder then the spectrum fitted to
Fermi acceleration. On the contrary the energetic distribution
of high energy CR is found to be softer for particle acceleration
by the large scale electric field E (α) , Eq. (1).
III. PARTICLE ENERGETIC SPECTRA
The momentum spectrum exponent Γ can be found from
formulae
ζ ∂N (ζ)
Γ=
.
(20)
N ∂ζ
For high energy particles (ζ > ζ0 ) one obtain from expression
(14) that
·
µ
¶¸−1
1+γ
exp [γ̃ ln ζ]
2 exp [γ̃ ln ζ]
Γ(ζ) = −
−
Kν
(21)
√
√
2
2 τe
(2 − γ) τe
½
µ
¶
µ
¶¾
exp [γ̃ ln ζ]
exp [γ̃ ln ζ]
× Kν−1
+ Kν+1
.
√
√
γ̃ τe
γ̃ τe
Evidently, this expression is valid only for γ 6= 2. In the

Fig. 3.

The index of energetic spectrum in the steady state solution.
The case of Fermi acceleration.

case of γ = 2 which corresponds to Fermi acceleration of
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Fig. 4.

As in Fig. 3 in the case of α-acceleration.

ultrarelativistic particles with constant mean free path one
obtain from (17) that
Γ = Γu ,
(22)
i.e. a power law momentum spectrum with exponent Γ depending on the single parameter τe .
The energy spectrum exponent can be calculated from
formulae
εk ∂N (εk )
Γεk =
(23)
N (εk ) ∂εk
provided the momentum spectrum exponent Γζ ≡ Γ(ζ) is
known:
½
¾
εk (εk + 2mc2 )
εk + mc2
Γζ + 1 +
.
(24)
Γεk =
εk + 2mc2
(εk + mc2 )2

The spectral exponent Γεk as a function of kinetic energy
is shown in Fig. 3 (for Fermi acceleration with Dp defined
by (7)) and in Fig. 4 (for α-acceleration with Dp defined by
(8)) where τe = 0.1, λ = 0.5. The solid curves represent
nonrelativistic particles and the dash curves correspond to
ultrarelativistic ones. Note that nonrelativistic protons have
kinetic energy of about 200 MeV (or less) and ultrarelativistic
protons possess energy at least a few GeV. In the case of
stochastic Fermi acceleration the exponent γ = 0.5 in (9) for
nonrelativistic particles and γ = 3/2 in the ultrarelativistic
region. Fig. 4 corresponds to α-acceleration with λ = 0.5,
therefore, the exponent γ in (9) equals γ = −0.5 for nonrelativistic particles and γ = 0.5 for ultrarelativistic ones. One can
see that for τe = 0.1; λ = 0.5 the curves which correspond
to nonrelativistic and ultrarelativistic protons intersect one
another at kinetic energy about εk1 ' 500 MeV in Figs. 34. In the low energy region εk < εk1 the exponent Γεk
of nonrelativistic particles is bigger, but on the contrary for
εk > εk1 value of the exponent of ultrarelativistic particles
exceeds the corresponding value of nonrelativistic ones.
The dependence of spectrum exponent Γεk on kinetic energy
coincides with the solid curve (in Figs. 3-4) in nonrelativistic
region and with the dash curve for ultrarelativistic particles.
If the particle energy increases the spectrum exponent passes
gradually from solid curve to the dash ones. It is worth to note
that the steady state proton spectrum in the transrelativistic
energy region has been obtained in [16]. Let us consider

the particle acceleration in the transrelativistic region. Here
the diffusion coefficients (7),(8) do not have a power law
form (9) even for the simple momentum dependence of the
mean free path (6). From expressions (7),(8) follows that
the exponent γ of diffusion coefficient (9) increases by unity
between nonrelativistic and ultrarelativistic region. Defining
the power exponent in (9) by formulae
γ(ζ) =

ζ ∂Dp (ζ)
Dp (ζ) ∂ζ

on kinetic energy (λ = 0) and the time of escape τe equals
to 0.03. The calculated value of Γεk in low energy region (
≤ 300 MeV) appears to be greater than the observed value
(solid line in Fig. 6).

(25)

in the total energy range one obtains correct γ value for
nonrelativistic as well as for ultrarelativistic particles. Then
the steady state solution (13),(14) can be used to calculate
CR spectra. In fact, this solution is rigorously correct only for
constant value of γ. In considered approximation the expression for momentum spectrum exponent Γ(ζ) was exploited
in all CR energy region where γ(ζ) is given by (25). These
approximate values of spectrum exponent (21),(24) are shown
in Figs. 3-4 as a dotted curves. It is seen from these figures
that exponent Γεk is monotonically decreasing function of
kinetic energy meanwhile the dotted curves coincides with
solid ones for nonrelativistic protons and they approach dash
curves corresponding to ultrarelativistic CR.

Fig. 6.

The calculated spectral index for the event of Fig. 5.

The coincidence is better when the parameter λ in (6) depends on energy. According to experimental data the exponent
of the rigidity spectrum can often be presented as a linear
function of the logarithm of rigidity [?]. Similarly one can
take also λ to be linear function of ln ζ:
λ(ζ) = λ0 + λ1 ln

Fig. 5.

The SCR energetic spectrum near the Earth [4].

The developed approach can be used for the analysis and
interpretation of energetic spectra of protons accelerated during solar flares. However it is necessary to take into account
that derivation of Eq. (2) supposed the angular CR distribution
be near isotropic. The GLE of 1991, June 15, has SCR
distribution near to isotropic almost from the very beginning
of the event (the lanch of the GLE was at 08:10 UT) [?].
The energetic spectrum of SCR of this observed event near
the Earth became softer with the lapse of time [1], [4]. This
spectrum is presented in Fig. 5 (pick over [4]) for two instants
of time. It is clearly seen that in the beginning of event (at
08:48 UT) the spectrum is depleted by low energy particles,
but later the SCR distribution become softer due to the fact of
high energy particles rapidly leave the given volume. The peak
spectrum of this GLE is depicted which prove to be close to
the particle spectrum in the acceleration region [1], [4]. The
solid line in Fig. 6 represents the exponent of spectrum in the
GLE as a function of proton kinetic energy [4]. This exponent
Γεk meets the SCR peak spectrum shown in Fig. 5. The dash
curve presents the exponent calculated by (21, 24) where γ is
given by (25) supposing that the mean free path is independent

300

ζ
,
ζ0

(26)

where λ0 corresponds to dimensionless momentum of injected
particles, ζ0 . In this approximation the value of γ, Eq. (25),
depends on parameters λ0 , λ1 entering the formula (26). The
dotted curve in Fig. 6 represents the spectrum index Γεk by
(21),(24) taking into account the mean free path given by
(6, 26). Note that under selected set of parameters λ0 =
−0.3, λ1 = 0.1 the mean free path decreases with energy in
low energy region and Λ is virtually constant at εk ≥ 1 GeV.
Alternative mechanism of CR acceleration appears to be an
acceleration process on astrophysical shock waves [14], [5],
[11], [15]. In such kind of acceleration the particle concentration prove to be a power law function of momentum and the
spectral exponent is defined by the medium compression ratio.
Number of effects result in the steepening of the spectrum in
the high energy region [5], [12]. Certain SCR flares can be
interpreted as a consequence of either stochastic acceleration
or shock wave acceleration. For example, in the paper [5] the
SCR spectrum in the event on November 28, 1972 has been
explained on the frame of shock acceleration mechanism. On
the contrary according to our calculations this spectrum can
be caused by stochastic particle acceleration when τe = 0.002
and λ = 0.5. The proton event on May 7, 1978, has been
characterized by the rather hard spectrum with steepening
at proton kinetic energy of 5 GeV [5], [12]. Following our
calculation this spectrum can be explained not only by the
shock acceleration but also by stochastic proton acceleration
in solar corona. The solar proton event on February 16,
1984, shows the power law rigidity spectrum of SCR up
to the kinetic energy of the order of 10 GeV [Loc.etc.90].

It is necessary to note that we failed to interpret this SCR
momentum distribution as a result of stochastic acceleration.
Evidently the crucial significance for the GLE on February 16,
1984 has the energetic particle acceleration by shock waves
propagated in solar corona [12].
IV. EVOLUTION OF ENERGETIC SPECTRA
Let us consider the evolution of particle momentum distribution starting from time - dependent equation (11). It is
convenient to use the Laplace transform
Z ∞
Φ(ζ, s) =
dτ e−sτ Φ(ζ, τ )
(27)
0

for the new distribution function

Φ(ζ, τ ) = N (ζ, τ ) exp

Fig. 7.

µ

τ
τe

¶

.

The energy spectrum evolution. The case of Fermi acceleration.

(28)

The function (27) has to be continuous at ζ = ζ0 (ζ0 the dimensionless momentum of injected particles) and its
derivative on ζ at the point ζ0 has to satisfy the condition
provided by the existence of particle source in (11):
∂Φ(ζ0 + 0, s) ∂Φ(ζ0 − 0, s)
t0 qζ0−2−q
−
=−
(29)
∂ζ
∂ζ
(mc)3 (s − γ̃ 2 /τe )

where γ̃ = (2 − γ)/2. This condition at ζ = ζ0 is satisfied by
the solution
1+γ

Φ(ζ, s) =

³√ ´ ¡√ ¢
t0 q (ζζ0 )− 2
Kν
sζ0γ̃ Iν
sζ γ̃ (30)
3
2
γ̃(mc) (s − γ̃ /τe )

Fig. 8.

As in Fig. 7 in the case of α-acceleration.

for ζ < ζ0 , and

1+γ

¡√ γ̃ ¢ ³√ γ̃ ´
t0 q (ζζ0 )− 2
K
Φ(ζ, s) =
sζ Iν
sζ0 (31)
ν
γ̃(mc)3 (s − γ̃ 2 /τe )

for ζ > ζ0 . Parameter γ defines momentum dependence of
the diffusion coefficient Dp (ζ) in (9) and the index of Bessel
functions ν = (1 + γ)/(2 − γ). Inverse Laplace transform [?]
and using of (28) yields
1+γ
qt0
(ζζ0 )− 2
(32)
(2 − γ)(mc)3
"
# µ
¶
dξ
ξ
ζ 2−γ + ζ02−γ
(ζζ0 )γ̃
exp − 2 −
Iν
,
ξ
γ̃ τe
4ξ
2ξ

N (ζ, τ ) =

Z

0

τ̃

where the upper limit of integration is τ̃ = γ̃ 2 τ .
Fig. 7 shows the dependence of the normalized particle
density on proton kinetic energy. The time - dependent density
has been calculated using (18),(32) for following parameters:
γ = 0.5; τe = 0.1; εk0 = 1 MeV. The value of γ corresponds
to λ = 1/2 in (6) in the case of Fermi acceleration of
nonrelativistic particles. Number near curves represent the
dimensionless time τ = t/t0 where t0 is given by (10).
The dash curve corresponds to the steady state solution
(13),(14),(18). One can see that the particle number of given
energy approaches the steady state value in large time limit,
therefore, the spectrum evolve gradually to this equilibrium
energetic distribution.
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The evolution of the spectra (under continuous particle injection) is illustrated in Fig. 8 in the case of the α-acceleration.
Here γ = −0.5; τe = 0.1; εk0 = 1 MeV. This value of γ
relates to λ = 1/2 for nonrelativistic particles accelerated by
electric field (1). Numbers near solid curves are equal to τ
and the dash curve represents the equilibrium spectrum. For
example, in the instant τ = 0.05 the spectrum is closed to the
equilibrium one for εk ≤ 10 MeV. At τ = 0.2 the spectrum
virtually match up to proton kinetic energy εk ' 200 MeV.
The derived expressions allow to estimate the typical time
of CR spectrum approaching to the equilibrium energetic
distribution. Previously the magnitude of specific acceleration
time about 6 seconds has been used in (10),(7) for the initial
kinetic energy εk0 = 1 MeV and λ = 0.5. Let one choices
physical properties of the acceleration region, H0 = 100
gauss, Λ0 = 100 R0 , u1 = 108 cm/sec [5], [13], [2], [12].
Then calculation in the case of Fermi acceleration with the
diffusion coefficient (4) and the escape time τe = 0.1 gives at
instant 3 second (past their injection) the number of particles
of εk = 1 GeV differing from the equilibrium value less
than ≈ 5%. The energy of continuously injected particles was
εk0 = 1 MeV in calculation of the equilibrium spectrum.
The acceleration time for protons of εk = 100 MeV will
be roughly equal to one second (see in Fig. 7). The steady
state CR spectrum is formed rapidly when the intensity of

particle escape from the acceleration region is bigger. For
example, if τe = 0.01, the particle number of 1 GeV protons
coincides with the equilibrium value (of ≈ 5.10−2 ) past 1
second of continuous injection of 1 MeV protons. Roughly the
same values of typical acceleration times has been calculated
in the case of α-acceleration for the parameter η = 10
(which characterizes relative efficiency of this acceleration
mechanism, see Eq. (5)). Note that these obtained values
of acceleration times sufficiently good agree with both the
observational data and the known consideration of energetic
particle statistical acceleration [5], [13], [2], [14].
V. CONCLUSION
The steady state solutions of equation describing particle
acceleration are derived and these solutions are applied to the
analysis of solar cosmic ray spectra. The time - dependent
solutions are investigated and the typical acceleration times are
estimated. It was shown that typical acceleration time (from
proton kinetic energy εk0 = 1 MeV up to 1 GeV) for solar
coronal active regions has the order of magnitude of one or a
few seconds. The obtained results can be useful for description
of statistical acceleration in solar flares, supernova remnants,
galactic nuclei and other astrophysical environments.
ACKNOWLEDGEMENTS
This work was supported by Science and Technology Assistance Agency under the contracts APVV-0538, and by SAS,
projects No. 2/7063 and No. 2/6193.
R EFERENCES
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]

V.V.Akimov, P.Ambroz, A.V.Belov, et al. 1996, Solar Phys. 166, 107.
M.J.Aschwanden. 2002, Sp.Sci.Rev. 101, 1.
P.A.Becker, T.Le, C.D.Dermer. 2006, ApJ. 647, 539.
A.V.Belov, E.A.Eroshenko. 1996, Adv.Space Res. 17, 167.
D.C.Ellison, R.Ramaty. 1985, ApJ. 298, 400.
Yu.I.Fedorov, M.E.Katz, L.L.Kichatinov, M.Stehlik. 1992, AA. 260, 499.
Yu.I.Fedorov, M.Stehlik. 2008, this conf. O3.11, (cited as Paper I).
M.Hnatic, M.Jurcisin, M.Stehlik. 2001, Magnit.Gidrodin. 37, 80.
L.L.Kichatinov. 1983, Pis’ma Zh.Eksp.Teor.Fiz. 37, 43; Proc.18th ICRC,
Bangalore, 1983, v.3. p.145.
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The estimation of the parallel diffusion
coefficient based on the measurements of the
interplanetary magnetic field turbulence
Krzysztof Iskra

Abstract— Data of the Bx ,By, Bz components of the
interplanetary magnetic field (IMF) have been used to find the
exponent ν and average amplitude of the power spectrum density
(PSD) of the IMF turbulence in different periods of solar activity.
The exponent ν of the PSD density of the IMF turbulence
increases in minimum and near minimum epochs and decreases in
maximum and near maximum epochs of solar activity. These
features should be caused by the essential rearrangement of the
structure of the IMF turbulence in the range of the frequencies
10-6 – 10-5 Hz during the 11-year cycle of solar activity. Using the
parameters ν and average amplitude of the PSD the parallel
diffusion coefficient of the GCR particles has been estimated.

( χ ∝ Rα ) [1-4,8]. The parameters α and ν are
related as, α = 2 − ν (where ν is the exponent of PSD of

particles

the IMF turbulence Based on the experimental data analyses
and theoretical modeling it was shown that an there exists
relationship between the rigidity spectrum exponent γ of the
GCR intensity variations and the exponent ν of the PSD of
the IMF turbulence, namely, ν ≈ 2 − γ [9-11]. A aim of this
paper is to estimate the magnitude of parallel diffusion
cβν (ν + 2) Bν R α
coefficient using the relationships
κ =
9A
derived by Jokipii [1] for the period of 1960-2002.

1. INTRODUCTION
The modulation of cosmic ray intensity at Earth has been
explained in terms of the diffusion of incoming particle flux
through interplanetary magnetic field turbulences raised
outward from the Sun by the solar wind. The diffusion
coefficient (according to the quasi linear theory) [1] depends
on the GCR particle’s rigidity, and is defined by the structure
of the IMF turbulence. In general, the coefficient for diffusion
parallel to the mean magnetic field is inversely proportional to
the power level in the field turbulences transverse to this
direction.
As it is noted in [1-4] the dependence of the diffusion
coefficient on the GCR particle’s rigidity is significant among
equally important dependencies of the diffusion coefficient on
the other parameters of the solar activity and solar wind.
In [5-7] was shown that the temporal change of the diffusion
coefficient of the GCR particles is related with the changes of
the PSD (the power level in field turbulences and the exponent
ν of the PSD of the IMF turbulence) in the energy range of
the IMF turbulence versus the solar activity. For the diffusionconvection approximation the exponent γ of the rigidity R

2. EXPERIMENTAL DATA, METHODS AND
DISCUSSION
The fast Fourier transform was used to find the exponent ν of
the PSD of the IMF turbulence and average amplitude of the
PSD (noted by A in expression 1 and 2) based on the data Bx,
By, Bz components of the IMF. Apart from that was used data
of the exponent γ of the rigidity R spectrum of the GCR
intensity variations based on the data of neutron monitors
using. The temporal changes of parameters (B, ν , γ , A) used
to estimate of the parallel diffusion coefficient for periods
1967-2002 are plotted in figures 1 respectively
7

5
4
3
2

spectrum δD ( R ) / D ( R ) ( δD ( R ) / D ( R ) ∝ R ) of the
GCR intensity variations generally is determined by the
parameter α [9,10] showing the character of the dependence
of the diffusion coefficient χ on the rigidity R of GCR
−γ
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B[nT ]

6

1

Years

0
1965 1970 1975 1980 1985 1990 1995 2000 2005

Fig.1 The temporal changes of the smoothed yearly average
(with the interval of 3 years) magnitudes of the IMF, for the
whole period of investigation (1967-2002)
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2,5

Taking into account these relationships the expression (1) can
be modified as follows:

γ,ν

κ

ν

2,0

cβν (ν + 2) Bν R γ
=
9A

(2)

1,5
1,0

The value of the parallel diffusion coefficient was estimated
for period 1977-1990 In that period we can see a good
correlation between ν and γ (it was shown in [12] ) and
good correlation between the average amplitude of the PSD
for the By component of the IMF turbulence and γ and ν
(coefficients correlation r=0,90; r=0,88 respectively), (fig.4
and fig. 5)

γ

0,5

Years
0,0
1965

1970

1975

1980

1985

1990

1995

2000

2005

2

PSD[nT /Hz ]

1E+07

Fig.2. The smoothed yearly values of the rigidity spectrum
exponent γ (solid line) of the GCR intensity variations and ν
(dot line) of the PSD of the By component of the IMF
turbulence for the period of 1967-2002
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Fig4. The temporal changes of the smoothed yearly (with the
interval of 3 years) magnitudes of average amplitude of PSD
of the IMF turbulence for By component (dot line) and the
rigidity spectrum exponent γ (solid line) of the GCR intensity
variations for the period 1976-1991
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Fig.3 The temporal changes of the smoothed yearly (with the
interval of 3 years) magnitudes of average amplitude of PSD
of the IMF turbulence for By (bold line), Bz (thin line) and
Bx (dot line) of IMF

1E+07

2,5

PSD[nT2/Hz]

ν

1E+07

2,0

8E+06

The expression for the parallel diffusion coefficient based on
the quasi linear theory we can be written [1]:

1,5
6E+06
1,0

κ

=

ν

cβν (ν + 2) B R
9A

α

4E+06

(1)

where c is the velocity of light in (cm/s), β= v/c , B is the
interplanetary magnetic field (in gauss), ν is exponent of the
PSD of the IMF turbulence, R is the particle rigidity (in volt),
α = 2 − ν , A is amplitude of PSD in (gauss)2/Hz

α ∝γ

In [9,10], it was showed that

α = 2 − ν , we can write γ ≈ 2 − ν

.

and because

0,5

2E+06
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1984
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1988
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0,0
1992

Fig.5 The temporal changes of the smoothed yearly (with the
interval of 3 years) magnitudes of average amplitude of PSD
of the IMF turbulence for By (solid line) component and ν
(dot line) of the PSD of the By component of the IMF
turbulence for the period 1976-1991
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TABLE 1

than for the maximum (1982) and anomaly is greater ~9
than in 1988.
REFERENCES

In table 1 are presented the values of the parallel diffusion
coefficient in different periods of solar activity for periods
1980-1988
Figure.6 shows temporal changes of the parallel diffusion
coefficient for abovementioned period In the formula (2) was
taken account values of A and ν for By component of IMF
1,6E+23
1,4E+23

2
κ [cm /s ]
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Fig .6. Temporal changes of the parallel diffusion coefficient
for period 1980-1988
From table 1 and figure 6 we can see that the parallel diffusion
coefficient in minimum of solar activity (1987) is greater ~3,4
times than for the maximum (1982) and anomaly ~9 times than
for 1988

[9]

[10]
3. CONCLUSION
1.

Average amplitude of PSD of IMF turbulence for Bx, By,

[11]

Bz components of the IMF changes from minima to
maxima of solar activity. In the maximum of solar activity
the average amplitude of PSD of IMF turbulence (~9*106

[12]

(nT)2/Hz ) is greater ~1.5 than for the minimum (~6*106
(nT)2/Hz) epoch of solar activity in the energy range
(~10-6 – 4*10-6 Hz).
2.

We observe a good correlation between PSD of IMF
turbulence for By component and exponents γ and ν.
(correlation r=0,90; r=0,88 respectively )

3.

The value of the parallel diffusion coefficient changes
from minima to maxima of solar activity. For example in
minimum of solar activity (1987) is greater ~3,4 times
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On the relationship of the temporal changes of
the rigidity spectrum of the galactic cosmic ray
intensity variations and power spectrum density
of the interplanetary magnetic field turbulence
M.V. Alania , K. Iskra , M. Siluszyk

Abstract—The relationship of the rigidity spectrum of the
galactic cosmic rays (GCR) intensity variations and the structure
of the interplanetary magnetic field turbulence have been studied
using data of neutron monitors and the components Bx, By, Bz of
the interplanetary magnetic field (IMF) for four ascending and
four descending epochs of solar activity (1967-2002). The
exponent ν of the power spectral density of the IMF turbulence in
the range of the frequencies 10-6 Hz – 10-5 Hz increases when the
rigidity spectrum of the GCR intensity variations is hard and
decreases when it is soft. Correlations between rigidity spectrum
exponent γ, exponent ν and average amplitude of the power
spectrum density (PSD) of the IMF turbulence in different
periods of solar activity have been found. These features should
be caused by the essential rearrangement of the structure of the
IMF turbulence during the 11-year cycle of solar activity. The
changes of the IMF turbulence can be considered as one of the
important reasons of the 11-year variation of the GCR intensity
for the energy >1GeV.

1. INTRODUCTION
In papers [1]-[3] it was shown that about 75%-80% of the 11year variation of GCR can be interpreted, based on the
diffusion-convection model of GCR propagation; furthermore,
it was shown that a general reason of the 11-year variation of
the GCR intensity is a change of the character of diffusion of
GCR particles versus solar activity [2]-[3]. According to the
quasi linear theory [4], [6], the dependence of diffusion
coefficient χ on the GCR particle’s rigidity R should be
defined by the structure of the IMF turbulence, as χ ∝ R α ,
where

α ≈ 2 −ν ,

and

ν is

an exponent of the PSD of the
IMF turbulence ( PSD ∝ f −ν , f is frequency); this
dependence is significant among equally important
dependencies of the diffusion coefficient on the other
parameters of the solar activity and solar wind [4]-[7].
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In addition, it was shown that:
1) the temporal changes of the diffusion coefficient of the
GCR particles are related with the change of the PSD in the
frequency range of 10-6 Hz – 10-5 Hz of the IMF turbulence
versus solar activity [2]-[3], [8],
2) the exponent γ of the rigidity R spectrum δD ( R ) / D ( R )
( δD(R) / D(R) ∝R−γ ) of the GCR intensity variations (for the
diffusion-convection approximation) generally is determined
by the parameter α , ( γ ≈ α ), which shows the dependence
of the diffusion coefficient χ on the rigidity R of the GCR
particles ( χ ∝ Rα ) [9]-[11].
The existence of the relationship ν ≈ 2 − γ between the
exponent γ and the exponent ν was shown based on the
neutron monitors experimental data and modeling of the
Parker’s transport equation [8], [10]; in general, the
relationship between γ and ν is valid not only for the longperiod variations but for the Forbush effects of GCR intensity
[12], [13]. It is seen from the expression ν ≈ 2 − γ , that the
decrease of the exponent γ of the rigidity spectrum of the GCR
intensity variations is observed owing to the increase of the
exponent ν of the PSD in the energy range of the IMF
turbulence ~10-6 Hz –10-5 Hz. So, the temporal changes of the
rigidity spectrum exponent γ of the GCR intensity can be
considered as a vital index to study the 11-year variations of
the GCR intensity and to estimate the exponent ν of the PSD
in the energy range of the IMF turbulence ~10-6 Hz – 10-5 Hz,
as well. Thus, the rigidity spectrum exponent γ of the GCR
intensity variations remains as a very important index in the
cases, when the direct (in situ) measurements of the IMF are
absent. Owing to the dependence of the exponent ν on the
frequency of the IMF turbulence f [14], according to the the
relationship γ ≈ 2 – ν, there should be exist a reliance of the
exponent γ on the rigidity R of the GCR particles, i.e. there
should be existed the dependence of the exponent γ on the
frequency f of the IMF turbulence. Namely, when the
frequency f decreases (or a rigidity R of GCR particles
increases) the exponent γ increases [11].
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[8]–[10].

2. EXPERIMENTAL DATA, METHODS AND
DISCUSSION

R max

We use the thoroughly selected monthly average data of
neutron monitors for four ascending and four descending
phases of solar activity for the A>0 and the A<0 epochs (19602002). A criterion for the data selection was continuously
function of neutron monitors with different cut off rigidities

∫R

−γ k

The

values

W i ( R , h i ) dR

of

the

for the magnitudes of

expression

Rmax (from

Ri

30 GV up to 200 GV with the step of 10 GV) and γ (from 0
to 2 with the step of 0.05) were found based on the method
presented in [13], [16].

k

throughout the period to be analyzed. The magnitudes J i of
the monthly average variations of the GCR intensity for ‘i’
neutron monitor were calculated, as:

Ji =
k

Nk − N0
N0

1960

1965

1970

1975

1980

1985

1990

1995

2000

2005

180
150

; Nk is the

120

a

90

running monthly average count rate (k =1,2,3,….months) and
N0 is the monthly average count rate for the year of the
maximum intensity (in the minimum epoch of solar activity).
The count rate of the maximum intensity is accepted as the
100% level; the year of maximum intensity is called a

60
30
W-SunSpot
Number

0

k
reference point (RP). The magnitudes Ji of the monthly

105%

J-Intensity of
GCR

95%

b

average variations of the GCR intensity measured by ‘i’
neutron monitor with the geomagnetic cut off rigidity Ri and

85%

the average atmospheric depth hi are defined as [15]:

75%
65%

J ik =

R max

∫

Ri

 δD ( R )

 D(R)


 W i ( R , hi ) dR ,
k

1960

1,2

coefficient for the neutron component of GCR [14], [15] and
Rmax is the upper limiting rigidity beyond which the magnitude
of the GCR intensity variation is vanished. For the power law
−γk
rigidity spectrum δD(R)/ D(R) k = AR one can write:

0,8

J ik

=

∫

R

−γ k

(2)

γ k (k =1, 2, 3 ... months) a minimization

of the expression φ = ( Ak − Ak ) 2 (where Ak =
∑ i
and

c
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1 n k
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n is the number of neutron monitors) has been provided
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are reliable. To find the temporal changes of the energy
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accuracy of the calculations) for any ‘i’ neutron monitor when
the pairs of the parameters γ k and Rmax are properly
determined.
A similarity of the values of the A ik for various neutron
monitors is an essential argument to affirm that the data of the
particular neutron monitor and the method of the calculations
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recalculated to the heliosphere.
The values of the Aik are the same (in the scope of the
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where J i is the observed magnitude at given month k and
A ik is the magnitude of the GCR intensity variations

spectrum exponent
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where (δD ( R ) / D ( R )) k is the rigidity spectrum of the GCR
intensity variations for the k month; Wi ( R, hi ) is the coupling
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Figure 1abcd. The temporal changes of the smoothed semi
annual average magnitudes for the whole period of
investigation (1960-2002):
a) The sunspot numbers W
b) The GCR intensity J measured by Climax neutron monitor
c) The rigidity spectrum exponent γ
d) The average value of PSD for the Bx, By and Bz
components of the IMF turbulence
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The upper limiting rigidity Rmax , beyond which the magnitude

2,0
1,8
1,5
1,3
1,0
0,8
0,5
1967

of the GCR intensity variation is vanished, equals 100 GV.
This assumption is a reasonable for the 11–year variation of
the GCR intensity [18]. A minimization of the expression φ
for the smoothed monthly means (with the interval of 13
months) of the magnitudes of the 11–year variation of the

ν, γ

a

1969

1971

1973

1975
years

γ

GCR intensity has been provided with respect k for given
number of neutron monitors and the temporal changes of the

2,5
ν, γ
2,0
1,5
1,0
0,5
1976

γ

rigidity spectrum exponent k for all eight periods using the
expression (2). The changes of the smoothed semi annual
k

average magnitudes J i of the GCR intensity variations of
Climax neutron monitor data normalized with respect
maximum intensity of 1965, the rigidity spectrum exponent

2,0

γ k , the sunspot number

numbers W and the rigidity spectrum exponent γ, and good
correlation between γ and W (see Table).

1980

1984

1988
years
c

ν, γ

1,5

and the average value of PSD for the
Bx, By and Bz components of the IMF turbulence are
presented in Figure 1abcd for the whole period of investigation
(1960-2002). Figure 1abcd shows that a distinction between
the temporal changes of the rigidity spectrum exponent γ k for
the A>0 and the A<0 polarity epochs is not recognizable; we
can see a good anti correlation between J i k and the sunspot

b

1,0
0,5
1990

1994

years 2002

1998

Figure 2abc The smoothed yearly values of the rigidity
spectrum exponent γ (red-down) of the GCR intensity
variations and the exponent ν of the PSD (blue-up) for the By
component of the IMF turbulence for the period of 1967-1976
(a), 1977-1989 (b) and 1990-2001 (c).

Years

TABLE

3,0
1960- 1966- 1971- 1977- 1982- 1988- 1992- 1998- 19601964 1970 1975 1981 1985 1991 1996 2002 2002

a

ν, γ

2,0

W&J

-0,97
±0,08

-0,94 -0,69 -0,88 -0,94 -0,93 -0,99 -0,96 -0,83
±0,14 ±0,24 ±0,16 ±0,11 ±0,12 ±0,05 ±0,09 ±0,20

J&γ

1,0

-0,71
±0,24

-0,90 -0,75 -0,92 -0,96 -0,93 -0,92 -0,98 -0,65
±0,15 ±0,23 ±0,13 ±0,09 ±0,12 ±0,13 ±0,06 ±0,24

0,0
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2,5
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ν, γ

1,5
W&γ

1,0
0,84
±0,18

0,77 0,82 0,97 0,90
0,75 0,93 0,91 0,81
±0,22 ±0,20 ±0,07 ±0,14 ±0,23 ±0,13 ±0,14 ±0,20

0,5
0,0
1975

To show a relationship between γ and ν, and average PSD the
yearly average values of the γ, ν, and average PSD for the Bx,
By, Bz components of the IMF turbulence (in the frequency
range of ~ (10–6 Hz – 10–5 Hz ) were considered. The exponent
ν and average PSD were found using the IMF experimental
data [10] for the period of 1967–2002. To increase the
statistical accuracy the smoothed yearly means (running
interval of 3 years) of the rigidity spectrum exponent γ, the
exponent ν, and average PSD for the Bx, By and Bz
components of the IMF have been used; results of the
calculations are presented in fig.2abc-4abc.
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Figure 3abc The smoothed yearly values of the rigidity
spectrum exponent γ (red-down) of the GCR intensity
variations and of the exponent ν of the PSD (blue-up) for the
Bx component of the IMF turbulence for the period of 19671976 (a), 1977-1989 (b) and 1990-2001 (c)
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Turbulence of the By and Bz components of the IMF
(perpendicular to the radial direction) insert a crucial
contribution to the scattering of GCR particles in the
heliosphere, although their roles are not equal at all. The
power of the By component is significantly greater than the
power of the Bz component.
According to the observed character of the relationship
between γ and ν the considered period 1967–2002 could be
divided into three different intervals, 1967-1976, 1976–1989
and 1990–2002. The changes of the smoothed average PSD
for the Bx, By, Bz components of the IMF turbulence and γ are
presented in fig.5a for the period of 1967–1976, for the period
of 1976–1989 in fig.5b, and for the period of 1990–2002 - in
fig.5c. Figures 5abc show that there are not noticeable
correlations between the changes of γ and any PSD of the
components Bx, By, and Bz for period 1966-1976 (a), while
there are observed significant correlations among all above
mentioned parameters for next two periods of 1977-1989 (b)
and 1990-2001 (c)
We assume that either there is some global changes in the
heliosphere during the periods of 1967 - 1976 and 1991 2001 / or ordinary Gaussian distributions of the IMF
components alter into more complicated distributions, among
them, e.g. as the lognormal distribution with the intermittence
[16]; in this case the power spectrum is not sufficient to
completely characterize the IMF turbulence.
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Figure 4abc The smoothed yearly values of the rigidity
spectrum exponent γ (red-down) of the GCR intensity
variations and of the exponent ν of the PSD (blue-up) for the
Bz component of the IMF turbulence for the period of 19671976 (a), 1977-1989 (b) and 1990-2001 (c)
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Figure 5abc The smoothed yearly average value of the PSD of
the Bx, By and Bz components of the IMF turbulence and γ
for the period of 1967-1976 (a), 1977-1989 (b) and 19902002 (c)
Generally high correlation between γ and ν demonstrates
that the IMF turbulence is quite isotropy (for example in
1977–1989); indeed, besides, in situ data of the IMF confined
by the local changes of the IMF, ν correlates well with the
rigidity spectrum exponent γ of the GCR intensity variations
reflecting the integral property of the large vicinity of the
space. So, we do not exclude that the IMF turbulence becomes
more anisotropic since 1990 up to 2000 (at least in the regions
where in situ measurements have been carried out) and in situ
local measurements of the IMF could not correspond to the
changes in the large vicinity of space where the observed
variation of GCR intensity takes place.
The relationship, γ ≈ 2 – ν found in [10] gives a possibility
to prove that the 11–year temporal changes of the rigidity
spectrum exponent γ of the GCR intensity variations is related
with the changes of the exponent ν of the PSD of the IMF
turbulence versus solar activity. Thus, the strong inverse
relationship is established between the temporal changes of the
rigidity spectrum exponent γ and the GCR intensity (Fig.1bc).
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This obvious relationship gives a possibility to estimate the
roles of the changes of the regular and turbulence parts of the
IMF in the long period variations (11 and 22 years) of the
GCR intensity. We consider the temporal changes of the
rigidity spectrum exponent γ as an important index responsible
for the changes of 11–year variation of GCR intensity owing to
the temporal changes of the IMF turbulence versus the solar
activity.

[6]

[7]
[8]

[9]

[10]

3. CONCLUSION
1. We show that the soft rigidity spectrum (γ ≈ 1.2-1.4 ) of the
GCR intensity variations for the maximum epoch and the
hard spectrum (γ ≈ 0.6-0.7) for the minimum epoch of solar
activity [8]-[10], [12] is the universal feature based on the
calculations of neutron monitors data. This phenomenon is
observed owing to the essential rearrangement of the
structure in the range (10-6 Hz – 10-5 Hz) of the IMF
turbulence throughout the 11-year cycle of solar activity.
This region of the IMF turbulence is responsible for the
scattering of the GCR particles with the energy of 5 GeV 50 GeV to which neutron monitors respond.
2. We show that the average value of PSD of the Bx, By and
Bz component for the maximum epochs is ~1.5 times
greater than for the minimum epochs of solar activity in the
~10-6 Hz –10-5 Hz range of turbulence.
3. We demonstrate that the average values of the PSD of the
Bx, By and Bz component are in good correlation with
rigidity spectrum exponent γ of the GCR intensity
variations for the periods of 1977-1989,and 1990-2002,
while a correlation absents for the period of 1967-1976.
4. The rigidity spectrum exponent γ of the long period
variations of the GCR intensity variations should be
considered as a new (vital) index to study the 11-year
variations of GCR intensity. Also, this index can be
successfully used for the estimation of the state of the IMF
turbulence in the range of frequencies ~10-6 Hz – 10-5 Hz.
Therefore, data of GCR intensity variations are unique in
the case of the IMF data absence. The exponent γ of the
GCR intensity variations, and corresponding ν of the PSD
of the IMF turbulence, can be found for the short arbitrary
time interval determined by the accuracy of the GCR
intensity data good enough for the calculation of the
rigidity spectrum exponent γ.

[11]

[12]

[13]

[14]
[15]
[16]
[17]
[18]
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Three dimensional modeling of the galactic
cosmic ray intensity variation with the
changeable solar wind velocity
M.V. Alania, R Modzelewska, A. Wawrzynczak
Abstract— We develop a three dimensional (3-D) models of the
27-day variation and Forbush decrease (Fd) of galactic cosmic
ray (GCR) intensity taking into account the changeable solar
wind velocity. The proposed models are justified by the solution
of the equation div B = 0 of the Interplanetary Magnetic field
(IMF) B for the azimuthally dependence of the radial component
of the solar wind velocity. We show that the proposed models are
more realistic and compatible with the experimental data.

1. INTRODUCTION

T

O investigate various type of the galactic cosmic rays
(GCR) intensity variations (e.g. 27-day, Forbush
decreases) spatial and time dependences of the solar wind
velocity V and the interplanetary magnetic field (IMF) B
should be taken into account. In this case there is necessary to
solve a system of equations keeping validness of the
div B = 0 . Maxwell’s equations for the IMF strength B have a
form [1]:
 ∂B

= ∇ × (V × B )
 ∂t
 div B = 0

We consider that an average value of the heliolatitudinal
component of the solar wind velocity Vθ equals zero (Vθ ≈ 0) ,
and the equations (2a)-(2d) can be reduced to the form:
∂Vϕ
∂Bϕ

∂Bθ
∂Vr
∂B
∂V
+ r sin θ Bθ
+ r cos θ Vr Bθ − rVϕ r − rBr
+ r Vr
+ rBϕ r = 0
r sin θ Vr
∂θ
∂θ
∂ϕ
∂ϕ
∂ϕ
∂ϕ

∂Vϕ
∂B
∂V
 ∂Bθ
Vϕ
+ Bθ
+ r sin θ Vr θ + r sin θ Bθ r + sin θ Vr Bθ = 0
 ∂ϕ
∂ϕ
∂r
∂r

 rB ∂Vϕ + rV ∂Br + V B − V B − rV ∂Bϕ − rB ∂Vr + B ∂Vϕ + V ∂Bθ = 0
ϕ
ϕ r
ϕ
θ
ϕ
r ϕ
r
 r ∂r
∂r
∂r
∂r
∂θ
∂θ
 ∂B
2
ctgθ
1 ∂Bθ
1 ∂Bϕ
+
=0
Bθ +
 r + Br +
 ∂r
r
r
r ∂θ r sin θ ∂ϕ

ϕ

heliocentric spherical
rewritten, as:

(r ,θ ,ϕ )

 ∂B

= 0

 ∂t




1 ∂
∂
 2
 [(Vr Bθ − Vθ Br )r sin θ ] − ∂ϕ [(Vϕ Br − Vr Bϕ )r ] = 0

 r sin θ  ∂θ


1  ∂
∂
(Vθ Bϕ − Vϕ Bθ ) − [(Vr Bθ − Vθ Br )r sin θ ] = 0


r sin θ  ∂ϕ
∂r


 1  ∂ [(V B − V B )r ] − ∂ (V B − V B ) = 0
θ ϕ
ϕ θ 
r ϕ
 r  ∂r ϕ r
∂θ

1 ∂
1
∂
1
∂
2
 2 (r Br ) +
(sin θ Bθ ) +
Bϕ = 0
 r ∂r
r sin θ ∂θ
r sin θ ∂ϕ

( 2a )
(2b)
(2c)
( 2d )

The system of equations (2a)-(2d) is rather complicated and it
can be solved only by the numerical method.
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r

Vr

∂Br
∂B
+ A2 r + A3 Br = 0
∂r
∂ϕ

(4)

2. EXPERIMENTAL DATA AND MODEL OF THE 27-DAY
VARIATION OF THE GCR INTENSITY

in the

coordinate system can be

(3d )

Coefficients A1 , A2 and A3 depend on the radial Vr and
heliolongitudinal Vϕ components of the solar wind velocity V .

components (Vr ,Vθ ,Vϕ ) of the solar wind velocity the system of
equations (1a)-(1b) for the stationary case

(3c )

with respect to the radial component Br has a form:
A1

(1b)

(3b)

In this paper our aim is to build up models of the 27-day
variation and Forbush decrease (Fd) of the GCR intensity
using only two dimensional IMF. So, there is possible to make
certain simplification of the system of equations (2a)-(2d). We
assume that latitudinal component Bθ of the IMF equals zero
(Bθ = 0) ; this assumption straightforwardly leads (from (3a)) to
the relationship between Br and Bϕ , as, B = − B Vϕ . Then (3d)

(1a )

where, B is strength of the IMF, V –solar wind velocity, and
t -time. For the components Br , Bθ , and Bϕ of the IMF and

(3a )

In recent papers [2]-[5] was shown that the heliolongitudinal
asymmetry of the radial component of the solar wind (SW)
velocity is one of important source of the 27-day variation of
the GCR intensity and anisotropy. Regarding the simultaneous
enhancements of the quasi periodic changes of the GCR
intensity and parameters of solar wind was mentioned in paper
[6] for the positive polarity periods of the solar activity
minimum epochs.
In this paper we analyze daily experimental data of the solar
wind velocity (upper panel of Fig. 1), GCR intensity from
Moscow neutron monitor (middle panel of Fig. 1) and IMF
(bottom panel of Fig. 1) for the period of August 2007February 2008.
There are clear changes of the 27-day variations of the solar
wind velocity and the GCR intensity being in opposite phase.
Besides, the dominated 27-days and relatively weaker 14 days
waves in the solar wind velocity changes there is observed also
a clear third harmonic (~9 days). Generally higher harmonics
in the solar rotation period (e.g. 14 and 9 days) are related with
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the simultaneous existence of several active heliolongitudes
[7]. Recently, by [8] were provided strong evidence that the 9day period in the solar wind parameters might be caused by the
periodic longitudinal distribution of coronal holes on the Sun
recurring for several Carrington rotations.

Fig. 3 Temporal changes of superimposed SW velocity data (points) with
theirs fitting (dashed line) by a sum of first three (27, 14 and 9 days)
harmonics for the period of 24 August 2007-28 February 2008

2.1. Numerical solution for the IMF
Fig. 1 Temporal changes of the daily solar wind velocity (SW) [OMNI], GCR
intensity for Moscow neutron monitor and IMF [OMNI] for the period of 24
August 2007-28 February 2008

Our goal is to solve the equation (4) in heliocentric
coordinate system (r , θ , ϕ ) for the changeable solar wind
velocity as much as possible corresponding to the in situ
measurements in the interplanetary space. So, we include in
(4) the expression approximating the changes of the average
radial solar wind velocity calculated based on the experimental
data (dashed line in Fig. 3):
Vr = 400 × (1 + α 1 sin(ϕ − 0.5) + α 2 sin(2(ϕ − 0.9)) + α 3 sin(3(ϕ − 0.15))) (5)
where, ϕ is heliolongitude α 1 = 0.2275 α 2 = −0.0925 α 3 = 0.106
We take into account, as well:
Vθ = 0, Vϕ = Ω r sin θ

(6)

Taking into consideration the expressions (5) and (6) the
coefficients A1 , A2 and A3 in (4) have the form:
A1 = 1

Ω
400 × (1 + α1 sin(ϕ − 0.5) + α 2 sin(2(ϕ − 0.9)) + α 3 sin(3(ϕ − 0.15)))
2 400 × Ω × (α 1 cos(ϕ − 0.5) + 2α 2 cos(2(ϕ − 0.9)) + 3α 3 cos(3(ϕ − 0.15)))
A3 = +
r
(400 × (1 + α 1 sin(ϕ − 0.5) + α 2 sin(2(ϕ − 0.9)) + α 3 sin(3(ϕ − 0.15))))2

A2 = −

Fig. 2 Temporal changes of the daily solar wind velocity with the fitting by a
27-day (I harmonic), 14-day (II harmonic) and 9-day (III harmonic) wave for
the period of 24 August 2007-28 February 2008

In Fig. 2 are presented temporal changes of the observed solar
wind velocity and first (27 days) harmonic (upper panel), sum
of the first (27 days) and second (14 days) harmonics (middle
panel), and sum of the first (27 days), second (14 days), and
third (9 days) harmonics (bottom panel). It is seen that there is
an apparent fitness between the sum of three (27, 14 and 9
days) harmonics and the experimental data of the solar wind
velocity.
In Fig. 3 are presented temporal changes of superimposed SW
velocity data (points) with theirs fitting (dashed line) by the
sum of first three (27, 14 and 9 days) harmonics for the period
of August 2007- February 2008.

Equation (4) can be solved only numerically, and for this
purpose we use a difference scheme method e. g., [9].
Equation (4) does not contain derivative with respect the
heliolatitude θ , but there is an implicit dependence of the Br
on the θ through coefficients A1 , A2 and A3 , i.e., θ plays role
of the parameter. In this case we have a possibility of the
methodical choice, either construct three dimensional (3-D)
difference scheme consider Br as a function of the heliocentric
coordinates (r ,θ ,ϕ ) , and then solve (4) for any possible
changes of θ , or construct (2-D) difference scheme consider
Br as a function of the heliocentric coordinates r and ϕ , and
solve (4) for any possible changes of the parameter θ . In this
paper we use the first method. Equation (4) was reduced to the
algebraic system of equations using a difference scheme
method e. g., [9], as:
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A1

Br [i + 1, j , k ] − Br [i, j , k ]
B [i, j , k + 1] − Br [i , j , k ]
+ A2 r
+ A3 Br [i, j , k ] = 0
∆r
∆ϕ

(7)

where, i=1,2,…, I; j=1,2,…,J; k=1,2,…, K (I = 107 – is
number of steps in radial distance, J =79 - vs. heliolatitude,
and K=36, vs. heliolongitude). Then (7) was solved by the
iteration method with the boundary condition near the Sun
in considered case r1 =0.5 AU,
Br [1, j, k ] = const ;
B r [1, j , k ] = 25 nT

0 0 ≤ θ ≤ 90 0

for

and

− 25 nT

for

90 0 < θ ≤ 180 0

for the positive polarity period (A>0).
The choice of these boundary conditions was stipulated by the
demanding of the coincidence of the solutions (7) with the in
situ measurements of the Br and Bϕ components of the IMF.
Results of the solution of (7) for the Br and Bϕ calculated by
the expression B = − B Vϕ are presented in Figs. 4-5,
ϕ

r

Vr

respectively.

(c)
(d)
Fig. 5 (c) Heliolatitudinal changes of the Bϕ component of the IMF at 1 AU;
(d) azimuthal changes of the magnitude B of the IMF at the Earth orbit

2.2 Modeling of the 27-day variation of the GCR intensity
For the modeling of the 27-day variation of the GCR intensity
we use Parker’s transport equation [10]
∂N
∂t

(

)

= ∇ i K ij ∇ j N − ∇ i (V i N ) +

1 ∂
3 ∂R

(N R )∇ i V i

(8)

Where N and R are density and rigidity of cosmic ray
particles, respectively; V i – solar wind velocity, t is time,

K ij is the anisotropic diffusion tensor of galactic cosmic rays.
We consider a stationary case, ∂N = 0 . In equation (8) were
∂t

(a)
(b)
Fig. 4ab Radial changes of the (a) Br and (b) Bϕ components of the IMF for
different heliolatitudes near the solar equatorial plane

(a)
(b)
Fig. 5ab Azimuthal changes of the (a) Br and (b) Bϕ components of the IMF
at the Earth orbit

included Br and Bϕ components of the IMF obtained based on
the numerical solution of (7), and the changes of the radial
solar wind velocity (5), as well. To exclude an intersection of
the IMF lines the heliolongitudinal asymmetry of the SW
velocity takes place only up to the distance of ∼ 8 AU and then
V = 400 km / s throughout the heliosphere. In connection with
this behind 8 AU in the theoretical model standard Parker’s
field is used. Equation (8) was solved numerically as presented
in our papers published elsewhere [2], [4].
Results of calculations of the 27-day variation of the GCR
intensity based on the solution of (8) are presented in Fig. 6
(dashed line); in this figure are presented (points) changes of
the GCR intensity obtained for Moscow neutron monitor
experimental data averaged for 7 Carrington rotations during
the period of 24 August 2007-28 February 2008 (middle panel
of Fig. 1), as well.

In Figs. 5cd are presented heliolatitudinal changes of the Bϕ
component of the IMF at 1 AU, found by the expression
Vϕ , and azimuthal changes of the magnitude
B = Br2 + Bϕ2
B = −B
ϕ

r

Vr

of the IMF at the Earth orbit, respectively.

Fig. 6 Heliolongitudinal changes of the expected GCR intensity for rigidity
10GV at the Earth orbit during solar rotation period (dashed line) in
comparison with temporal changes of superimposed Moscow GCR intensity
data during 27 day for the period of 24 August 2007-28 February 2008
(points)
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Fig. 6 shows that results of theoretical modeling (dashed line)
and the experimental data (points) are in good agreement. We
conclude that the presented model of the 27-day variation of
the GCR intensity composed using the changeable solar wind
velocity (5) and values of the components Br and Bϕ
obtained as the solutions of (7) is good enough compatible
with the experimental data.

In Fig. 7 dotted line corresponds to the expression (9)
describing the changes of the assumed solar wind velocity, and
dashed line – to the experimental data (bottom panel of Fig. 7).
The components Br and Bϕ obtained as the solutions of (7)
for the changes of the solar wind velocity of type (9) are
presented in Figs. 8 and 9.

3. EXPERIMENTAL DATA AND MODEL OF THE RECCURRENT
FORBUSH DECREASE
3.1 Experimental data
We analyze daily changes of the experimental data of the IMF
(upper panel of Fig. 7), GCR intensity from Moscow neutron
monitor (middle panel of Fig. 7) and the solar wind velocity
(bottom panel of Fig. 7) for the period of 6-20 August 1994.
Changes of the GCR intensity for the period of 6-20 August
1994 (to the first approximation) can be considered as a
recurrent Fd.

Fig. 8. Azimuthal changes of the

Br

component of the IMF at the Earth orbit

during the Fd.

Fig. 9. Azimuthal changes of the Bϕ component of the IMF at the Earth orbit
during the Fd.

Fig. 7. Daily data of IMF (OMNI) (top panel), GCR intensity (Moscow NM)
(middle panel) and solar wind velocity (dotted panel, solid observed by
SOHO, dotted considered in the model of the Fd) in period of 6-20 August
1994. Changes of GCR intensity in periods of 6-20 August 1994 can be
considered as a recurrent Fd.

3.2 Modeling of the Forbush decrease of the GCR intensity
To compose the model of the Fd we found the solution of (7)
for the solar wind velocity as much as possible corresponding
to the experimental data of the period 6-20 August 1994
(Fig. 7) and presented, as:
 − 0.1857ϕ 6 + 3.3538ϕ 5 − 24.273ϕ 4 


Vr = 300 *  + 89.574ϕ 3 − 176.94ϕ 2 + 177.41ϕ  * (sin(θ ) + 0.2) )


 − 69.755




(9)
Fig. 10. Azimuthal changes of the magnitude B of the IMF at the Earth orbit
during the Fd.
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To construct the model of the Fd of the GCR intensity we use
Parker’s transport equation (8) including the Br and Bϕ
components and magnitude B (Figs. 8-10) of the IMF obtained
based on the solutions of (7) and solar wind velocity changes
according to (9) corresponding to the experimental data
(bottom panel of Fig. 7). Also, we assume that in the formation
of the Fd of the GCR intensity an important role belongs to the
changes of the diffusion coefficient K II caused by the changes
of the IMF turbulence [11]-[13]. In the proposed model a
K II
diffusion
coefficient
is
presented
as:
K II = K 0 K (r ) K ( R, r , ϕ ) ,

were

K 0 = 4.5 × 10 21 cm 2 / s ,

 r 
 ; here r is heliocentric distance, ϕ K (r ) = 1 + 0.5
 1 AU 
heliolongitude. The decrease of diffusion coefficient K II is

caused by the increase of the IMF turbulence e.g. [11]-[13].
The change of the IMF turbulence in the energy range of
frequency (10-6- 10-5 Hz) is reflected in the increasing of the
exponent ν of the power spectral density (PSD) of the IMF
( PSD ∝ f −ν ). We suppose that the exponent ν increases in
the vicinity of space responsible for the Fd as:
ν (ϕ ) = 0.8 + 0.1 * (cos(ϕ ) − 0.2) causing the decrease of the
diffusion
coefficient
due
to
dependence
K ( R, ϕ ) = Rα '(ϕ ) = R 2−ν (ϕ ) , [14]-[16].
In Fig. 11 are presented the changes of the diffusion
coefficient (squares line) and the solar wind velocity (triangles
line) at the Earth orbit included in the model of the Fd.

Fig 12 Changes of the expected amplitude of the Fd of the GCR intensity for
the rigidity of 10 GV based on the solution of the model of the Fd with
changeable solar wind velocity

4. CONCLUSIONS
1.

2.

3.

4.

Three dimensional models of the 27-day variation and
recurrent Fd of the GCR intensity are proposed including
the spatial changeable solar wind velocity, and Br and Bϕ
components of the IMF obtained as the numerical
solutions of the Maxwell’s equations.
Proposed model of the 27-day variation of GCR intensity
is compatible with the experimental data of GCR
intensity.
The proposed model of the recurrent Fd well represents
processes which take place in the interplanetary space
during the Fd, i.e. the increase of the IMF turbulence and
the increase of the solar wind velocity.
Creation of the models of GCR modulation with the
spatial changeable solar wind velocity, and corresponding
Br and Bϕ components of the IMF (obtained as the
numerical solutions of the Maxwell’s equations) gives a
possibility to build more realistic models for various
classes of GCR modulation. Possibilities to construct
more realistic but rather complicated models of different
classes of GCR variations can be extended based on the
solutions of Maxwell’s equations for three dimensional
case.

Fig 11. Changes of the diffusion coefficient and the solar wind velocity at the
Earth orbit included in the model of the Fd.

Equation (8) was solved numerically as presented in our
papers published elsewhere e.g. [12], [13]. Changes of the
relative density obtained as a solution of the transport equation
for the model of the Fd are presented in Fig. 12. One can see
that the obtained results are compatible with the experimental
observations e.g. in period of 6-20 August 1994 (Fig.7).
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On the role of the Interplanetary Magnetic
Field turbulence in the change of the rigidity
spectrum of Galactic Cosmic Rays during the
Forbush decrease
Anna Wawrzynczak , Michael V. Alania

Abstract—We develop three dimensional non stationary model of
the Forbush decrease (Fd) of the galactic cosmic (GCR) intensity
for the constant solar wind velocity and the stationary three
dimensional model including the changeable solar wind velocity
and corresponding interplanetary magnetic field (IMF)
components found as a solution of the Maxwell’s equations. We
show that the results of the theoretical modeling are in good
agreement with the experimental data. Moreover, the change of
the theoretical rigidity spectrum during the Fd is observed only
due to the increase of the IMF turbulence, while it does not
depend on the level of convection of the GCR stream. These
results confirm the possibility to use the temporal changes of the
rigidity spectrum exponent γ of the Fd of GCR intensity to
estimate the temporal evolution of the exponent ν of the power
spectral density of the IMF turbulence.

velocity and the stationary 3-D model for the changeable solar
wind velocity including corresponding components of the IMF
obtained as the solutions of the Maxwell’s equation divB=0.
2. EXPERIMENTAL DATA ANALYSIS
For the analyze we consider the period of 24 August10 October 2005. In Fig.1 are presented changes of the Bx, By
and Bz components of the IMF (from ACE), GCR intensity by
Moscow neutron monitor, DST index and solar wind speed.
We study the temporal changes of the rigidity spectrum of Fd
of the GCR intensity occurred in 9-25 September 2005.

1. INTRODUCTION
We show that [1]-[3] the changes of the rigidity R spectrum
δD(R)/D(R) ∝ R-γ of the Forbush decreases (Fd) of the
galactic cosmic ray (GCR) intensity found by neutron monitors
and ground muon telescopes experimental data is related with
the changes of the power spectral density (PSD) of the
interplanetary magnetic field (IMF) turbulence (PSD ∝ f- ν, f is
a frequency); namely the exponent γ depends on the exponent
ν in the range of frequency f of the IMF turbulence, f∼10-6Hz 10-5 Hz, to which neutron monitors and ground muon
telescopes respond. A relationship between the exponent γ and
the exponent ν [1]-[3] exists owing to the dependence of the
diffusion coefficient K of GCR particles on the rigidity R as,
K ∝ Rα , i.e. that the exponent γ is proportional to the α.
According to the quasi linear theory (QLT), the coefficient α
depends on the exponent ν of the PSD of the IMF turbulence,
as α = 2 − ν [4]-[7]. Our aim in this paper is twofold; (1) to
study the temporal changes of the rigidity spectrum and the
change of the IMF turbulence during the Fd by the
experimental data, and (2) to develop three dimensional (3-D)
non stationary model of the Fd for the constant solar wind
Anna Wawrzynczak is with the Institute of Computer Sciences of the
University
of
Podlasie,
Poland,
Siedlce,
(e-mail:
awawrzynczak@ap.siedlce.pl)
Michael V.Alania is with the Institute of Mathematics and Physics of the
University of Podlasie, Poland, Siedlce, (e-mail: alania@ap.siedlce.pl).

Fig.1. Changes of the Bx, By and Bz components of the IMF (from ACE),
GCR intensity by Moscow neutron monitor, DST index and solar wind speed
(SW) in the period of 24 August – 10 October 2005.

To study Fd we use daily average data of the neutron monitors
(Apatity, Calgary, Fort Smith, Tbilisi, Thule) and different
channels of Nagoya muon telescope(N0VV, N1NN, N4NW)
(upper panel of Fig. 2). The exponent γ of the power law
rigidity spectrum was found using the expression [9]:
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δD ( R )


=
D( R) 

A R −γ for
0

for

R ≤ Rmax
R > Rmax

Where Rmax is rigidity beyond which the Fd of the GCR
intensity vanishes. The method of calculation is described in
papers [1]-[4].
Fig. 2 (bottom panel) shows that rigidity spectrum during the
beginning and recovery phases of the Fd is relatively soft with
respect to the rigidity spectrum in the minimum and near
minimum phases of the GCR intensity

Fig. 3. Power Spectrum Density of the Bx, By and Bz components of the IMF
for the periods before (I), during (II) and after (III) the Fd in September 2005.

Fig. 2. Temporal changes of the GCR intensity (top panel) for Calgary and
Tbilisi neutron monitors and Nagoya N0VV muon telescope and of the
rigidity spectrum exponent γ (bottom panel) for period of 9-20 September
2005.

The temporal changes of the exponent γ (bottom panel of
Fig.2) we ascribe to the conversion of the structure of the IMF
turbulence during the Fd. Particularly, the hardening of the
rigidity spectrum δD ( R ) D ( R ) ∝ R −γ of the Fd (the exponent
γ gradually decreases in the minimum and near minimum
phases of the Fd) should be observed owing to the increase of
the exponent ν of the PSD in the energy range of the IMF
turbulence (10-6Hz - 10-5 Hz). First of all, to carry out a study
of the Fd in September 2005, we consider three periods, first
one (I: 24 August – 8 September 2005) – before the Fd, the
second one (II: 9-24 September 2005) –during Fd, and the
third one (III: 25 September- 10 October 2005) after the Fd.
To estimate a degree of relation of γ with ν there is necessary
to find ν of the PSD of the Bx, By and Bz components of the
IMF with the acceptable accuracy for the relatively quiet
periods before and after the Fd, and compare that with the
results during the Fd (period of disturbances). Fig. 3 shows
that during the Fd (II period) the exponents ν are greater for
By and Bz components of the IMF, than before (I period) and
after the Fd (III period). So, during the Fd is observed the
inverse dependence between the changes of the exponents ν
and γ; when the exponent ν increases the exponent γ decreases.

Fig. 4. Changes of the exponent

γ

of the rigidity spectrum (triangle),

changes of the exponent ν of the PSD of the IMF turbulence (squares)
calculated based on the experimental data and the changes of the exponent

νγ

predicted based on the changes of the exponent

spectrum from the postulated dependence

γ

of the rigidity

ν ≈ 2 − γ in periods before (I),

after (III) and during (II) the September 2005 Fd for By and Bz component of
the IMF.
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In connection with this we can consider one backward
problem; namely, use the temporal changes of the rigidity
spectrum exponent γ of the Fd of GCR intensity to estimate the
evolution of the IMF’s turbulence (Fig.4). In the Fig.4 are
presented results for two By and Bz components of the IMF.
The turbulence of the By and Bz components of the IMF
(perpendicular to the radial direction) insert a crucial
contribution to the scattering of GCR particles in the
heliosphere, although their roles are not equal at all. The
power of the By component is significantly greater than the
power of the Bz component.
2. MODEL OF THE FORBUSH DECREASE

A. Non stationary model of the Fd
In the non stationary models the diffusion coefficient

K II = K 0 K (r ) K ( R, t ) ,
 r
K (r ) = 1 + 0.5
 1 AU

(1 − β ) m β1 sinψ ]
K rϕ = K ΙΙ [sinψ cos δ cosψ (β − 1) m β1 sin δ cosψ ]
2
K θr = K ΙΙ [sin δ cos δ cos ψ (1 − β ) ± β1 sinψ ]
rθ

K 0 = 4.5 × 10 21 cm 2 / s ,


 ; here r is heliocentric distance, t-time. To


show the dependence of the exponent γ on the exponent ν, we
assume the change of the diffusion coefficient on ν, as

K ( R, t ) = R α (t ) = R 2 −ν (t ) . The exponent ν in the vicinity
responsible

for
 3t − 0.3 

 3 

ν (t ) = 0.8 + 35 ∗ 

To describe the Fd of the GCR we use the Parker's transport
equation [10]
1 ∂
∂N
(1)
= ∇ i (K ij ∇ j N ) − ∇ i (U i N ) +
(N R )∇ iU i
∂t
3 ∂R
Where N and R are density and rigidity of cosmic ray
particles, respectively; Ui – solar wind velocity, Kij -is the
anisotropic diffusion tensor of cosmic rays, which for the three
dimensional IMF has the form [11], [12]:
2
2
2
2
2
K rr = K ΙΙ cos δ cosψ + β (cos δ sinψ + sin δ )

[
K = K [sin δ cos δ cosψ

were

the
1.5

Fd

* Exp (− 8 * (t − 0.1) )

changes,

as

(Fig. 6).

]

2

ΙΙ

K = K [sin δ cos ψ + β (sin δ sin ψ + cos δ )]
K = K [sin δ sinψ cosψ (β − 1) ± β cos δ cosψ ]
K ϕ = K [cosδ sinψ cosψ (β − 1) ± β sin δ cosψ ]
K ϕθ = K [sin δ sinψ cosψ (β − 1) m β cosδ cosψ ]
K ϕϕ = K [sin ψ + β cos ψ ]
2

θθ

ΙΙ

θϕ

ΙΙ

r

ΙΙ

2

2

2

2

Fig.5. Changes of the expected amplitudes of the Fd of the GCR intensity for
the rigidity of 10 GV based on the solutions of the model of the Fd for
different solar wind velocities.

1

1

ΙΙ

1

2

2

ΙΙ

Where δ is the angle between the lines of the IMF and the
radial direction in the meridian plane ( δ = arctan( Bϑ / Br ) and
ψ = arctan(− Bϕ / Br ) for A>0 solar magnetic cycle in the

spherical coordinate system r,ϑ, ϕ; β and β 1 are the ratios of
the perpendicular K⊥ and drift Kd diffusion coefficients to
parallel KII diffusion coefficient with respect to the regular
IMF lines (β = K⊥ / K and β 1 = Kd / K), respectively.
Our aim is to show theoretically a dependence of the
expected rigidity spectrum exponent γ of the Fds on the
exponent ν of the PSD of the IMF turbulence. It should be
observed (according to our thesis), as far there exists a
dependence of diffusion coefficient K on the GCR particles
rigidity R as, K ∝ Rα , i.e. when the QLT is valid (for the
rigidity of GCR particles registered by neutron monitors and
muon telescopes).

Method of solution of the non stationary (1) is presented in
[13]. We solve (1) for different constant in time solar wind
velocities, U= 400, 500, 600, 700 and 800 km/s in order to
show that γ does not depend on the level of convection of the
GCR stream, but depends generally only on the state of the
turbulence of the IMF.
Changes of the relative density obtained as a solution of the
transport equation for different solar wind velocities (U= 400,
500, 600, 700 and 800 km/s) and the calculated expected
power law R −γ rigidity spectrum exponents γ of the Fd are
presented in Fig. 5 and Fig 6, respectively. We see that with
the increase of the solar wind velocity we observe the increase
of the amplitudes of the simulated Fd (Fig.5). In doing so, the
similar changes of the rigidity spectra with the inverse
dependence between the changes of the exponent γ and the
exponent ν are observed for all considered models (Fig.6). It is
in agreement with our thesis anticipating a change of the
rigidity spectrum of Fd only versus the changes of the
exponent ν.
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assumption that a change of the rigidity spectrum of Fd is
observed only versus the changes of the exponent ν.

Fig. 6. Temporal changes of the expected rigidity spectrum exponent γ and
exponent ν of the PSD of the IMF turbulence for model of the Fd.

B. Stationary model of the Fd

Fig. 7. Changes of the solar wind velocities during the Fd included in the
stationary model of the Fd.

An applying of the stationary model to describe the Fd is
justified, while the amplitudes of the Fd of GCR intensity
generally are rather small (≤ 5-6% in the energy range of
10 GeV) and duration is reasonably large (10-12 days). In case
of the stationary models as the model of the Fd we consider the
changes of the expected density versus the heliolongitudes (the
value of the heliolongitudes 13.3o corresponds to the 1 day).
To investigate in detail the Fd there is necessary to take into
account the increase of the solar wind velocity during the main
phase of the Fd.
Inclusion in the model the change of the solar wind velocity
and three dimensional IMF (Br, Bθ, and Bϕ components)
depending on the spatial coordinates requires to investigate a
conservation of divergence free IMF. The equation divB=0 (B
is the strength of the IMF) for the azimuthally depending of
the radial component of the solar wind velocity (Fig.7) is
solved in [8]. The assumed solar wind velocity, and Br , Bϕ
components of the IMF obtained as solutions of the equation
divB=0 are presented in Figs. 7-9, respectively.
In contrast to our assumption in section A, we suppose that
the exponent ν in the vicinity responsible for the Fd changes
as: ν (ϕ ) = 0.8 + 0.5 * (cos(ϕ ) + 0.2) (Fig. 11). At the same time
we assume the changes of the solar wind velocity, as
U (ϕ ,θ ) = 400 * (1 + δ * (− exp( −0.7ϕ + 80 o ) * cos(1.1ϕ ) + 0.1)* (0.2 + sin θ )) ,
where the maximal velocity is changing by expense of the
coefficient δ = {1,0.75,0.5,0.25,0.1} from 480 to 780 km/s.
(Fig. 7).
Changes of the relative density obtained as a solution of the
(1) for various profiles of the solar wind velocity (Fig. 7) and
the calculated expected power law R −γ rigidity spectrum
exponents γ of the Fd are presented in Fig. 10 and Fig 11,
respectively. We see that the various levels of the solar the
wind velocity, e.g. an increase of it, causes a increase of the
amplitudes of the simulated Fds (Fig. 10), but without any
influence on the changes of the rigidity spectrum exponent γ,
as it is seen from Fig. 11. This effect also confirms our

Fig.8. Azimuthal changes of the Br component of the IMF at the Earth orbit
during the Fd.

Fig. 9. Azimuthal changes of the Bφ component of the IMF at the Earth orbit
during the Fd.
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3.

4.

Fig. 10. Changes of the expected amplitudes of the Fd of the GCR intensity
for the rigidity of 10 GV based on the solutions of the stationary model of the
Fd for changeable solar wind velocities

The temporal changes of the rigidity spectrum exponent γ
of the Fd of GCR intensity can be successfully used to
estimate the temporal evolution of the IMF turbulence for
the arbitrary period (sufficient for calculation of γ), which
is not achievable by the in situ measurements of the IMF.
The proposed models (stationary and non stationary)
reasonably describe the behavior of the exponent γ during
the Fd; the theoretical calculations are compatible with the
results obtained based on the neutron monitors and ground
muon telescopes experimental data and confirms
theoretically a dependence of the expected rigidity
spectrum exponent γ of the Fds on the exponent ν of the
PSD of the IMF turbulence; at the same time γ does not
depend on the level of convection of the GCR stream.
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Energetic Ions from Corotating Interaction Regions
During Small Solar Events in May 2007
Radoslav Bučı́k1 , Raúl Gómez-Herrero2 , Axel Korth1 , Urs Mall1 , Glenn M. Mason3
Abstract— Using SIT instrument on STEREO we have surveyed abundances and energy spectra of ∼ 0.1 − 1.0 MeV/n
heavy ions in two corotating interaction regions (CIRs) on May
18 (CIR1), and May 24 (CIR2), 2007, that occurred during two
weak solar energetic particle (SEP) events. The intensity increases
related to the CIR2 were much more pronounced compared with
those associated with the CIR1, although the total pressure,the
magnetic field magnitude and the speed difference between high
and slow solar wind were less enhanced. We found that a ratio of
He CIR2 and CIR1 fluences decreases with energy as a powerlaw below ∼ 1 MeV/n and the energy spectra of H and He inside
the CIR2 are much softer compared to the spectra in the CIR1
region. On the basis of this we assume that larger intensities
in the CIR2 could be due to additional source population. The
abundances within the CIR2 and in the high speed streams
of CIR1 region resembled a SEP event composition and the
energy spectra of H and He inside the CIR2 were close to the
preceding SEP event spectra. The similarity in the elemental
composition and in the spectral slopes suggests that CIR2 has
as seed population ions from the preceding SEP event while for
CIR1 event we consider contamination by the SEPs.

I. I NTRODUCTION
The interaction of the high-speed streams (HSSs), emerging
from solar coronal holes, with upstream slow-speed streams
leads to the formation of compression regions called corotating
interaction regions (CIRs), and a pair of forward and reverse
shocks is formed after collision usually beyond ∼ 2 AU [1].
These shocks presumably accelerate particles up to a few
MeV/n in energy. In particular, energetic ions observed in
HSSs at 1 AU are expected to be energized at the CIR reverse
shocks and propagate back toward the Sun [2].
The elemental composition of the accelerated particle population associated with CIRs is still a puzzle. Although some
of the elemental ratios (e.g. Fe/O) are similar to those found
in the solar wind, other ratios like He/O or 3 He/4 He are
significantly enhanced [3]. The recent surveys suggest that
low-energy solar flare particle may provide a seed population
for CIR acceleration leading to the intensity increasing in the
CIR events [4], [5], destroying the correlation between the ion
intensity and the shock compression ratio [6], and explaining
the overabundance of 3 He [3].
Two weak SEP events which occurred between onsets of
two CIR events on May 18 and 24, 2007 at solar activity minimum, present an ideal opportunity for research on a source
1 Max-Planck-Institut für Sonnensystemforschung, 37191 KatlenburgLindau, Germany, bucik@mps.mpg.de
2 Universität Kiel, 24118 Kiel, Germany
3 Applied Physics Laboratory, Johns Hopkins University, Laurel, MD 20723,
USA

population accelerated by CIRs. Also at this time STEREOA, at 0.96 AU, and STEREO-B, at 1.06 AU, monitored the
energetic ions while residing at heliocentric longitudes of W06
and E03, respectively, near the ecliptic plane. In this work we
have surveyed solar particle and CIR associated events in the
above mentioned period, examining the temporal variations of
particle fluxes, energy spectra, and calculated abundances in
the flares and CIR populations.
II. O BSERVATIONS
The measurements presented here were made with the
Suprathermal Ion Telescope (SIT) [7] onboard two STEREO
spacecraft, A and B, launched in October 2006. SIT is a
time-of-flight mass spectrometer with a geometric factor of
0.29 cm2 sr, a 10 cm flight path which measures H to Fe
ions from 20 keV/n to several MeV/n. For our study we
further use energetic hydrogen ions measured by the LET
instrument [8], solar wind measurements from the PLASTIC
instrument [9], and magnetic field measurements obtained by
the magnetometer [10].
A. Corotating interaction regions
Figure 1 shows two CIR events observed by the SIT
on STEREO, together with related solar wind plasma and
magnetic field parameters from PLASTIC and magnetometer
sensors. The top panels show hourly averaged values of the
0.16 MeV/n to 0.91 MeV/n He intensities. The bottom panels
show 10 −min averages of total pressure P , the magnetic
field magnitude |B|, and the solar wind speed Vp . The pair
of vertical dashed lines marks the CIR leading and trailing
edge, bounding the region of enhanced plasma densities and
magnetic field intensities that precede the HSS and define the
CIR itself [11]. The edges of May 17 CIR (hereafter CIR1)
were adopted from the List of CIRs in Level 3 data [12].
The interplanetary medium in vicinity of STEREO spacecraft
on May 22-23, 2007 was influenced by the presence of a
interplanetary coronal mass ejection (ICME) and other CIR
(hereafter CIR2). The time transit of the ICME, reported in
the List of ICMEs (Level 3 data), is indicated by gray shaded
region in Figure 1.
Figure 1 shows that the CIR1 resulted from interaction
between ∼ 300 km s−1 slow and ∼ 670 km s−1 high speed
solar wind flows as monitored by both satellites. The CIR2
HSS (∼ 710 km s−1 and 660 km s−1 as sampled by STEREOB and -A), separated from preceding stream less than a quarter
of a solar rotation, interacted with the faster slow solar wind (>
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Fig. 1. STEREO-B (left) and STEREO-A (right) measurements associated with two CIR events. Top panel: Hourly averaged He intensities between 0.16
and 0.91 MeV/n measured by SIT for the period May 17-27, 2007. Panels 2 - 4: 10 −min averages of the total pressure P , the magnetic field magnitude
|B|, and the solar wind speed Vp .

400 km s−1 when seen from STEREO-B and ∼ 470 km s−1
when seen from STEREO-A).
Richardson et al. [11] observed near quiet time ion fluxes in
CIRs when two streams were closely spaced in heliolongitude.
They noted that this prevents the proper formation of the
corotating shocks since interaction is between two HSSs rather
than between slow and high-speed solar wind. The correlation
between the intensity of CIR ions and speed-difference of
high-speed solar wind from preceding slow solar wind in
the quiet phase of solar activity was shown in the study by
Kobayashi et al. [13].
As Figure 1 shows enhancements in the He intensity associated with region CIR2, with the smaller difference in solar
wind speeds (∼ 300 km s−1 at satellite B and ∼ 190 km s−1
at satellite A), were much more pronounced when compared
with those associated with the CIR1, where speed-difference
(∼ 370 km s−1 at both spacecraft) was significantly higher.
We also note that inside CIR1, the field magnitude and the
total pressure were greatly enhanced when compared with the
corresponding measurements inside CIR2.

In order to quantitatively describe an overabundance of
energetic ions in the region CIR2, the ratio of He fluence
(/cm2 sr MeV/n) associated with CIR2 and CIR1 is plotted
for different energies in Figure 2. The circles depict the ratios
for fluences integrated only inside CIR and the squares are for
the entire time period of the flux enhancement, both inside the
CIR and in the HSS. As Figure 2 shows, at 0.19 MeV/n the
He fluence within CIR2 is more than one order of magnitude
higher than fluence inside CIR1. Below ∼ 1 MeV/n an
overabundance of He ions decreases with energy, roughly
linearly in log-log scale (with approximate slope −1), to the
factor of 4.5 at 0.77 MeV/n.
B. Solar energetic particles
Figure 3 plots STEREO-A hourly averages of the 320 keV
to 10 MeV proton intensities measured by SIT and LET.
The dashed vertical lines in proton panels separate intervals
(numbered from 1 to 7), where SIT intensities are believed to
be dominated by contributions from different ion populations.
The increases in time period (1), with peak inside CIR1
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Fig. 3.
Hourly averaged proton intensities between 0.32 and 10 MeV
measured by SIT (upper panel) and LET (mid panel) on STEREO-A. Bottom
panel: The solar wind speed Vp .

and in the HSS, were observed up to energy of ∼ 6 MeV
and are presumably CIR related. The SEP event, identified
by intensity onset of 6 − 10 MeV protons at 1630 UT on
May 19 (hereafter SEP1) was associated with a B9.5 flare
at W05 (Solar Geophysical Data), and with GOES X-ray flux
maximum at 1302 UT on May 19. The low energy protons
measured by SIT show no clear response to the SEP1 event.
Around the intensity maximum of 6 − 10 MeV protons, time
period (2), the fluxes in the SIT energy channels continued
to decrease or remained flat, indicating that CIR low-energy
ions may still dominate in the interval (2). Another, a B6.7
flare at 0556 UT on May 20 from the same active region
also injected particles into the interplanetary medium [14],
and may cause a additional rise at all energies observed in
the interval (3). In period (4), high energy proton fluxes
decreased gradually, while at lower energies (< 1.28 MeV)
they remained essentially constant. Here likely connection to
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Fig. 2. The ratio of CIR2 to CIR1 He fluence as a function of energy for
integration inside CIRs (circles) and over the CIRs and HSSs (squares).
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Fig. 4. 10 −min averaged H and He intensities at 0.32 − 0.45 MeV/n on
STEREO-A (black) and B (red).

the CIR1 reverse shock sill exists. In the end of May 21,
marked by (5), intensity below 3.6 MeV showed minor local
increase, probably associated with interplanetary (IP) shock,
that passed by the STEREO-A at 0159 UT on May 22 (listed
in Level 3 data). Small enhancements in SIT energy channels
within interval (6) were related to the next SEP event (hereafter
SEP2), with 6 − 10 MeV proton intensity onset at 1030 UT on
May 23, and associated with a B5.3 flare at W51 that peaked
at 0732 UT. At lower energies the SEP2 event increase within
period (7) was most likely overwhelmed by CIR event protons.
Note, the 6−10 MeV peak intensity in our study is 4 orders of
magnitude lower than median proton intensity at comparable
energies in survey of the largest SEP events between 1977 and
1981 [15]. Comparing the 6−10 MeV proton peak intensities,
the SEP2 event is about factor of 2 weaker than SEP1 event.
C. Solar versus CIR enhancement
There may arise a question whether ion enhancements on
May 24 which suddenly appeared quite a long time, ∼ 16 hr,
after onset of the SEP2 event, could not be of a solar flare
origin. Figure 4 shows STEREO-A and B 10 −min H and
He ion intensities in 0.32 − 0.45 MeV/n energy channel for
period May 23-26, 2007. The approximate time delay of
∼ 2 hr between intensity onsets on A and B satellites on
May 24 is marked by two vertical dashed lines. The increase
was observed first by STEREO-B and later by STEREO-A.
This is consistent with the expected co-rotation order for an
interplanetary magnetic field line connected to the CIR source.
In addition, the reverse situation was observed for the onset of
6 − 10 MeV SEP2 event protons. Mewaldt et al. [16] reported
that in the 23 May 2007 SEP event the protons arrived more
than 1 hr later on STEREO-B.
If CIR associated, the particle fluxes would by more pronounced on larger distances from the Sun due to positive radial
gradients of CIR fluxes reported by Christon and Simpson
[17]. Indeed, as shown in Figure 4, starting from May 24, ion
fluxes observed by STEREO-B, located on 0.1 AU onward
from A, are higher than fluxes on STEREO-A. On May 26,
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fluxes on satellite B dropped below intensity measured aboard
A. Note, on May 23 during the SEP2 event the ion fluxes on
A and B satellites were on average equal.
D. Relative ion abundances
1) He/H ratio: Upper panel in Figure 5 shows hourly
proton intensities measured by SIT on STEREO-A in three
energy channels. Lower panels display six-hour He/H ratios
at corresponding energies with error bars indicating statistical
uncertainties. The green and blue bands show ranges of He/H
ratios measured in CIR [18] and SEP events [19], respectively.
Inside the CIR1 region - period (1), the ratio remained between
0.1 and 0.2, close to CIR event ratio of 0.125 ± 0.061 for
0.15 MeV/n [18]. Around the SEP1 event intensity peak,
time period (2), the ratio showed only minor decrease, still
remaining at the CIR abundances. Interestingly, the He/H
reached minimum in the end of interval (3), during the decay

Helium
19
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Fig. 7. Upper panel: Same as upper panel in Figure 6. Panels 2 and 3:
six-hour H and He power-law spectral indices.

phase of SEP1 event. Here ratio is close to the SEP event
ratio of 0.032 ± 0.003 for > 0.3 MeV/n [19]. Within period
(4), the ratio increased to the CIR-like values. The presence
of the IP shock ions, marked by (5), is accompanied by the
local decrease of He/H towards the SEP-like values. The
enhanced ratio occurred during the ICME transit on May 2223, 2007. In the mid of the interval (6), after the rise phase
of the SEP2 event, the ratio dropped to the SEP event like
values. At beginning of region (7), when inside CIR2, the
He/H still remained around the SEP event ratio. The He/H
reached the CIR-like values near the CIR2 trailing edge and
remained relatively constant in the fast solar wind.
2) Fe/O ratio: Figure 6 plots six-hour heavy ion Fe/O
abundance ratios in three energy channels between 0.06 and
0.16 MeV/n. The red circles indicate ratios with statistical
error greater than 35%. Note, in some six-hour intervals during
the period of CIR1 and SEP1 events, there were no measurable
intensities either in oxygen or iron mass bins. For reference,
hourly proton SIT intensities at 0.39 MeV are shown in the
upper panel. The green, blue and violet bands present ranges of
Fe/O ratios for CIR [18], SEP [20], and 3 He-rich or impulsive
SEP (ISEP) events [21], respectively. Figure 6 shows that
Fe/O was close to ISEP/SEP ratio on May 22-23 at times
of ICME transit. The Fe abundance near the ISEP (SEP) Fe
abundance in the period (6) was associated with the SEP2
event and similarly to He/H, the Fe/O ratio was still close
to SEP-like ratios at beginning of period (7). Around the mid
of May 24 (still inside CIR2), when SEP2 event continued to
decline, the Fe/O approached the CIR-like ratio and remained
at this value outside the compression region.
E. Energy spectra
Figure 7 shows spectral indices obtained from fitting power
laws in energy to H, and He intensities over the range
0.32−1.81 MeV/n and 0.16−0.91 MeV/n for each 6 hr time
interval between May 17 and May 27, 2007. Only indices
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with statistical errors less than 35% are included in figure.
One-hour H intensities at 0.32 − 0.45 MeV are shown for
reference in the upper panel. The SEP2 event index at 1824 UT on May 23, and CIR2 event index at 00-06 UT on
May 24 are marked by blue and red, respectively. The H (He)
spectral index associated with the SEP2 event, −1.95 ± 0.05
(−3.49 ± 0.21), showed only a little change to −2.10 ± 0.01
(−3.22 ± 0.86) over the next 6 hr, even though related fluxes
suddenly raised in all energy channels (see Figure 3).
Figure 8 shows energy spectra related to SEP2 and CIR2
events, discussed in previous paragraph. The He spectra
show clear power-law shape. While the H spectrum for
SEP2 event shows power-law shape, that for the CIR2 event
changes around 1 MeV/n. The power law spectral shape below
1 MeV/n and steepening of the spectrum above 1 MeV/n have
been reported for H and He CIR ions [22].
The average energy spectral slope inside CIR2 at 00-24 UT
on May 24 is −2.30 ± 0.01 for H and −3.19 ± 0.22 for He.
The corresponding values derived for CIR1 between 1800 UT
on May 18 and 1200 UT on May 19 are fairly harder, −1.81±
0.19 for H and −1.90 ± 0.27 for He. Below ∼ 1 MeV/n the
spectral forms of CIR heavy ions are fitted with power-law
with index of −2.51 ± 0.10 [3]. The energy spectra of heavy
ions form SEP events are typically harder with slopes ranging
from −1.0 to −1.5 [21], [23].
III. D ISCUSSION
A. CIR2 event
As pointed out by Scholer, Morfill and van Hollebeke [24]
and Desai et al. [6] the intensity of particles accelerated at
the corotating shocks is determined only by the intensity
of seed particles and the acceleration strength of the shock.
In Section II-A we have shown that the speed difference
between high and slow solar wind, probably related to the
shock strength [13], was less enhanced in the CIR2 region.
The similar feature is seen for total pressure and magnetic
filed magnitude. From these observations we may assume that
acceleration strength of CIR2 region beyond 1 AU may not

be higher than that of CIR1 compression region. In addition,
a harder spectra found in the CIR1 compared to the spectra
in CIR2 may suggest a higher acceleration strength for the
CIR1 region. On the basis of this, one would expect that
if shock strengths for CIR1 and CIR2 are even similar and
higher intensities are observed in association with compression
region CIR2, than these shocks should accelerate particles
out of seed populations with different intensities. In view of
previous we consider following scenario that might account
for the observations shown in Figure 2. The overabundance
of the He fluences associated with CIR2 and its power-law
decrease below ∼ 1 MeV/n probably reflects an additional
particle population, not available for CIR1 acceleration.
Since SEP2 event is a western hemisphere event, STEREO
is supposed to be well-connected to the nose of the shock
early in the event and see rapid rise and decline [25]. A
rather complex intensity-time profile has been observed at the
highest energies with rapid rise and plateau in the period (6),
and decline with CIR-ions contribution in the period (7) (see
Figure 3). In spite of this it is likely that SEP2 ion fluxes, as
measured by SIT, attained peak values within interval (6) and
continued to decay in period (7). The H and He intensities
in the interval (6) are one order of magnitude lower than
intensities at the beginning of interval (7). Thus it is hardly
for solar ions with intensities as observed in (6) substantially
affect the CIR elemental composition in the period (7). Rather,
observed SEP-like abundances of H, He, O, and Fe ions
inside CIR2 may result from energizing of the low-energy
i.e. more abundant solar flare ions. This is further supported
by similarity of the corotating and the preceding solar event
spectra. The ratio of CIR to flare spectral index is 1.08 for H
and 0.92 for He, close to unit as would be predicted by Axford
[26], if CIR-shock accelerated particles were energized out
of flare population with flatter spectrum than the CIR shock
would produce.
B. CIR1 event
Around the intensity peak-time of 6−10 MeV SEP1 protons
(May 20, 0100 UT) the solar wind speed of ∼ 650 km s−1
corresponds to a 1.01 AU Archimedean spiral path length at
location of the STEREO-A. If we assume that the ions would
propagate scatter free along the interplanetary magnetic field
spiral with a zero pitch angle, the expected intensity maximum
of 0.6 MeV/n solar ions, the middle energy in our survey,
would be delayed in 3 hr with respect to the 6 − 10 MeV
intensity peak. However the He/H ratio has attained the
closest approach to the SEP-like values at ∼2100 UT on May
20 (see Figure 5), ∼ 17 hr after the expected flux maximum.
A possible explanation for our observations could be that a
contamination by SEPs from the flare on May 20, occurred
∼ 17 hr after previous solar flare, may lead to the He/H
minimum in the end of period (3). However, particle signatures
at highest energies are very faint and are difficult to relate
unambiguously to the May 20 flare. Since there were no clear
anisotropy observed in rise phase of ∼ 100 keV electrons in
the SEP1 event [14], an assumption on scatter free propagation
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may not be valid. The delayed SEP-like He/H ratios at lower
energies in respect to the solar flux maximum (at highest
energies) may be a consequence of a small scattering mean
free path between the Sun and 1 AU. We have shown that
CIR1 event is essentially weaker compared to the CIR2 event.
Therefore a contamination by solar flare ions from SEP1 event
may be important here.
IV. C ONCLUSION
We have surveyed particle events at energies from ∼ 0.1
to ∼ 1.0 MeV/n, associated with two compression regions,
CIR1 and CIR2, with corotating streams closely spaced in
heliolongitude, which immediately precede and follows two
weak SEP event onsets. We suggest that an overabundance
of ion fluxes in association of the CIR2, where difference
between high and slow speed flows is lower and plasma
parameters are moderately enhanced relative to corresponding
values for weaker CIR1 event, could be due to additional
source population. The relative abundances for H, He, O,
and Fe inside the CIR2 and He/H ratio in the HSS of CIR1
region are very close to the solar energetic particle relative
abundances both in the flare in this survey and in previously
published solar flare surveys. The similarity in elemental
abundances and spectral slopes suggests that CIR2 has as seed
population ions from the preceding SEP event. The elemental
abundances late in the CIR1 event could be explained by the
SEPs contamination.
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Flux of Secondary Particles induced by
Solar Neutrons and Protons
JEAN NOEL CAPDEVIELLE1), HIROAKI MENJO2), AND YASUSHI MURAKI2)3)

Abstract—At the 30th International Conference on
Cosmic Rays we reported the fluxes of secondary particles
produced by solar neutrons and protons. The fluxes were
calculated using two Monte Carlo codes, GEANT4 and
CORSIKA [1]. We found systematic differences between
the fluxes of neutrons predicted by the two codes, but not
between the fluxes of electrons or photons. We
investigated the former difference, and found two feasible
causes, as described in [1].
In [1] we discussed neutron fluxes at an observational
altitude of 600g/cm^2 only. However, observations were
made at various altitudes, 5,250m (Chacaltaya), 4,200m
(Tibet and Mauna Kea, Hawaii), 2,770m (Mt. Norikura)
and ground level. Monte Carlo techniques are needed to
deduce the intensity of solar particles incident at the top of
the atmosphere from observations made at these altitudes.
In this paper we provide basic data for this conversion.
1. PURPOSE OF THE MONTE CARLO CALCULATIONS

Ｌ

arge numbers of particles are accelerated to high
energies in solar flares, sometimes beyond 10 GeV.
These particles reach Earth and produce Ground Level
Enhancements (GLEs). They used to be monitored by the
GOES satellite. When we try to deduce the energy spectra of
SEPs at the top of the atmosphere, it is necessary to combine
data obtained by the GOES satellite with data obtained by
neutron monitors at ground levels. A conversion factor of the
neutron monitor data is then needed to deduce fluxes at the top
of the atmosphere. Neutron monitors are sited at various
altitudes and observations are often made at different altitudes.
Atmospheric attenuation factors of SEPs at various altitudes are
therefore required.
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A good code of Monte Carlo calculations was not made
available until recently. This is because the interaction
processes of very low energy neutrons in nuclear cascades are
complicated. However, the new GEANT 4 code (version
4.6.2.p02) together with the interaction model, QGSP_BERT,
is now available with improved simulations of neutron cascade
processes at low energies down to a few MeV [2]. It is now
possible to deduce initial neutron and proton fluxes at the top of
the atmosphere with use of these codes. In the previous
paper, we have presented the results on atmospheric attenuation
and compare these with results calculated by CORSIKA. The
new results should be useful in future cosmic ray research,
especially for understanding SEPs. However at that time, we
have presented only the result at the atmospheric depth
600g/cm2. In this paper we present the secondary fluxes at
different altitudes.
2. CONDITIONS OF CALCULATIONS
We calculated integral spectra of electrons, photons, muons,
protons and neutrons for primary incident protons and neutrons
with energies 1-10GeV, 1-100GeV, and 1-1000 GeV. The
power indices of proton and neutron primaries were both
assumed to be -2.5 above 1 GeV. The calculations were made
using CORSIKA with options QGSJET01 plus GHEISHA 200.
The results are shown in Figs. 1 to 4. These results correspond
to the flux of neutrons at the observation attitude for 500 g/cm2,
600 g/cm2, 700 g/cm2 and 800 g/cm2 respectively. The plots
were obtained for vertically incident neutrons. For the proton,
photon and muon component, the results are given by Figs. 5-8,
Figs.9-12 and Figs. 13-15 respectively..
The upper lines of the panels (solid line) represent for the
contribution of primary neutron components with En= 1-1000
GeV, the middle line (dashed) for En= 1-100 GeV and the lower
line (dotted) for only the contribution of neutrons with En=1-10
GeV.
A note must be made here that on the neutron
components, the GEANT 4 prediction is doubles that of
CORSIKA [1]. This stems from the fact that the contribution
of anti-neutron production in the early stages of the nuclear
cascade was not included in present calculation by CORSIKA.
It must be noted that in the treatment of CORSIKA results,
anti-neutrons produced are not selected in the sampling of the
“neutron component” ; the number of anti-neutrons produced
in CORSIKA is practically symmetric of the neutron number
and when we denominate “neutron component” the neutron
and anti-neutron content the result turns to be double.
Another discrepancy may come from both QGSJET01 and
GHEISHA. An excess of produced pions for QGSJET01
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neutron at 5750m

Count(>E)[/events]

model was ascertained during comparisons with p-C collisions
in NA49 experiment at 158~GeV/c (3); one consequence is
again an excess of muons and hadrons in the cascade simulated.
This circumstance supports the preference of QGSJET II for
further analysis. However, this discrepancy is present only
in the upper part of the cascade above 80 GeV. Under this
energy, GHEISHA is performing the simulation of the hadron
component inside CORSIKA; the comparison with other
options selected, for instance FLUKA to be more close of
GEANT shows also an excess of pions produced in the case of
GHEISHA (4). It could be interesting to repeat the simulation
with other options implemented in CORSIKA such as QGSJET
II-FLUKA or EPOS-FLUKA.
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We have calculated the energy spectra of secondary
components of cosmic rays that are produced by the collisions
of energetic solar particles in the atmosphere at various
altitudes. The spectra will be used in future analyses of SEPs.
To obtain fluxes of primary solar particles at the top of the
atmosphere, the intensity of the secondary cosmic rays
observed by neutron monitors or plastic scintillator needs to be
divided by the value shown on the vertical axis, after correction
of the detection efficiency of each detector. Thus we will be
able to deduce the energy spectra of solar particles in a wide
range of solar particles from 10 MeV to 1000 GeV. This will
enable the shock, stochastic and DC acceleration processes at
the solar surface to be differentiated.
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Fig. 3 Neutron flux at 700g/cm2.
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Relativistic solar particle dynamics during the
December 13, 2006 GLE
Eduard V. Vashenyuk, Yury V. Balabin, Boris B. Gvozdevsky

Abstract — The characteristics of relativistic solar protons have
been obtained using the methods of optimization based on the
data of ground detectors of cosmic rays during the event of
December 13, 2006, which occurred under the conditions of solar
activity minimum. The dynamics of relativistic solar protons
during the event has been studied. It has been indicated that two
populations (components) of particles exist: fast and delayed
(slow). The prompt component with a hard energy spectrum and
strong anisotropy manifested itself as a pulse-shaped
enhancement at Apatity and Oulu stations, which received
particles with small pitch-angles. The delayed component had a
wider pitch-angle distribution, as a result of which an
enhancement was moderate at Barentsburg station and at most
neutron monitors of the global network. The energy spectra
obtained from the ground-based observations are in good
agreement with the direct measurements of solar protons on
GOES-11 spacecraft.

1. INTRODUCTION

T

he solar cosmic ray (SCR) event of December 13,2006,
occurred at the ground level during the decline phase of
solar cycle 23. This event was related to an X3.4/2B flare
with S06 W24 heliocoordinates. A flare was accompanied by
radio bursts of types II and IV and by a halo coronal mass
ejection (CME) (www.izmiran.rssi.ru/space/solar/forecast).
Radio emission of type II (the probable instant of generation of
relativistic SCRs began at 02.26 UT. This event occurred
when the conditions on the Sun and in the interplanetary
medium corresponded to a solar cycle minimum. An abrupt
intensification in the active region (AR) 10930 occurred
against a background of an almost complete absence of
sunspots. Nevertheless, the event of January 13, 2006, is
among large events and was registered by more than 30
neutron monitors of the global network. The present work
analyzes the dynamics of relativistic solar protons (RSPs), the
characteristics of which were obtained using the optimization
methods based on the data from the global network of neutron
monitors [1], [2], [3]. The determination of the primary RSP
parameters includes several stages. (1) The determination of
asymptotic acceptance cones for the studied neutron monitors
by calculating the trajectories of particles with different
rigidities in the [4] magnetosphere model. The calculations are
performed from 1 to 20 GV at a rigidity step of 0.001 GV.

Author are with the Polar Geophysical Institute of Russian Academy of
sciences, Apatity, Murmansk reg. Russia, 184209 (corresponding author is
E.V. Vashenyuk to provide phone: +7-81555-79173; fax: +7-81555-74339;
e-mail: vashenyuk@pgia.ru).

One of these trajectories was directed vertically upward, and
remaining particles were launched at a zenith angle of 20°
from eight equidistant radial directions. Thus, we determine
the asymptotic cone of particles that fall on a neutron monitor
not only from the vertical but also from the oblique directions.
(2) The calculation of neutron monitor responses to an
anisotropic flux of solar protons with specified parameters. (3)
The determination of the parameters of relativistic proton
fluxes outside the Earth’s magnetosphere with the help of the
least squares technique by comparing the calculated neutron
monitor responses with observations. The detailed description
of our GLE modeling technique is given in [1].
This paper extends the study of the 13.12.2006 GLE started
in [2] and [3].
2. OBSERVATIONS
The GLE 13.12.2006 in its initial phase showed a large
anisotropy. In Fig. 1 characteristic intensity-time profiles at
selected NM stations are shown. The early onset, fast rise and
maximal amplitude of increase were registered by the stations
Oulu (104 %) and Apatity (81 %) according to 1-min data. The
fast rise to a maximum has also registered the Moscow NM
(Fig. 1), and other European mid-latitude stations [5]. At the
NM in Barentsburg (Spitsbergen) the increase started 5
minutes later than in Apatity. It had the slow growth and only
36 % maximal increase. In the majority of other stations of the
worldwide network the increase was even smaller. So, the next
to Barentsburg station Thule (Greenland) showed the increase
of ~ 21 %. Nearly the same effect registered Southern polar
stations McMurdo and SANAE.

3. RESULTS OF MODEL STUDY
The results of the modeling are presented in figs. 2-5.. As the
NM data show (see below) during the initial phase of the event
the RSP flux arrived at the Earth as a collimated bunch from a
direction close to an average IMF. In Fig. 2 the map of
celestial sphere in solar-ecliptic (GSE) coordinates with
asymptotic cones (for vertically incident particles) for a
number of NM stations is shown. The cones are calculated in a
range of rigidities from 1 to 20 GV. In Fig. 2 the name of
stations is put at the 20 GV edge of an asymptotic cone. As
illustration, the asymptotic directions of the 1 GV and 20 GV
particles are indicated for the Barentsburg station. Lines of
equal pitch angles relative to the calculated direction of the
anisotropy axis at 3.00 UT are also shown here. It is seen, that
the anisotropy axis corresponds to an average direction of a
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Parker IMF spiral (43o to the West of the Sun-Earth line) and
almost coincides with the IMF direction (ACE spacecraft
data). At the same time an early increase was registered by
only the stations with asymptotic cones within a limit of 50о
relative to the calculated anisotropy axis. These are Apatity,
Oulu, Moscow and some mid-latitude European stations where

Fig.1. Intensity-time profiles during the GLE 13.12.2006 at the
neutron monitor stations: Ou-Oulu, Ap-Apatity, Mo-Moscow,
Bar- Barentsburg, FS- Fort Smith.

flux was registered from 02.56 to 3.05 UT. Since 3.10 UT an
appreciable backward (to the Sun) flux of particles has
appeared.

Fig.3. Dynamics of derived pitch-angle distributions. Numbers
denote moments of time: 1- 02.57, 2-3.00, 3-3.05, 4-03.20, 5-03.30
6-4.00 UT.

The profile 4 corresponds to the moment of time 03.20 UT.
According to Fig. 3, the simultaneous intensity rise of derived
flux of solar protons from both the Sun and the opposite
directions continued up to 4.00 UT (profile 6), though the
intensity-time profiles of NMs showed a decline (Fig. 1). The
cause of discrepancy is that the PAD profiles in Fig. 3 are
constructed for protons with rigidity 1 GV (430 MeV) that
corresponds to the lower limit of a NM response. The main
contribution to the NM response is given by solar cosmic rays
in the rigidity range 2-10 GV. The growth in intensity of solar
protons with energy up to 500 MeV up to 4 UT proves to be
true by direct solar proton data on the GOES-11 spacecraft.

Fig.2. The derived anisotropy axis and pitch angle grid lines
for solar proton flux at 03.00 UT. IMF direction (ACE data) is
indicated by cross. The asymptotic cones (1-20 GV), the title
is placed at the 20 GV end, are shown for the following NM
stations: Th-Thule, Bar-Barentsburg, McM-McMurdo, SaSANAE, Ma-Mawson, Ou-Oulu, Ap-Apatity, Mo-Moscow,
Mi-Mirny, No-Norilsk, Ti-Tixie, CS-Cape Shmidt, In-Inuvik,
FS-Fort Smith, Pe-Pewanuk, Th-Thule.
increase began at 02.50-02.52 UT. An asymptotic cone of the
Fort Smith station was looking to the anti-sun direction (Fig.
2). Thus the intensity-time profile at Fort Smith characterizes
behavior of backward (to the Sun) flux of RSP. The increase at
Fort Smith started at 3.05 UT, which is 15 minutes later than
the onset of direct RSP flux (Apatity, 02.51 UT). The increase
rate of backward flux was very slow. At Barentsburg station,
which registered particles of the direct flux with only large
pitch angles (> 60о), the increase began slightly earlier, at
02.58 UT. However, the intensity rise was also very slow.
Dynamics of the direct (from the Sun) and the backward (to
the Sun) fluxes of RSPs can be traced by the evolution of
pitch-angle distributions (PAD) of RSP derived at consecutive
moments of time (Fig. 3).
The PADs with numbers from 1 up to 3 (Fig.3) characterize
a collimated bunch of particles directed from the Sun. A PAD
curve of the flux being close to a Gaussian. This collimated

Fig.4. The derived energetic spectra of RSP at different

moments of time. Direct solar proton data (GOES-11).are
shown by blacked squares, TOM spectrum (3.30-4.30 UT).
Filled green circles are measurements at 06.00 UT.
Fig.4 shows the derived energetic spectra dynamics from
3.05 to 4.00 UT. The spectrum derived at 3.05 UT belongs to
the direct RSP flux and its form differs from a power law. On
the contrary, the spectrum derived at 4.00 UT, during the event
decline phase has a pure power law form. In Fig. 4 the data on
direct solar protons in adjacent energy interval from 100 to
500 MeV obtained by GOES-11 spacecraft are shown also. It
is seen a good agreement between the spectra, derived from
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Fig.5. The increase profiles a number of neutron monitor stations during the 13.12.2005 GLE. Points are the modeled
responses.
[3]

ground based observations, and those of the directly measured
solar proton fluxes. Differential intensities of protons in
different energy channels of the GOES 11 were taken at the
times of a maximum (3.30-4.30 UT) in a given energy channel
(TOM spectrum). This can explain their good consent with a
spectrum of the maximal fluxes for relativistic solar protons
energies where maximum was observed at ~03.05 UT (Fig.1).
An asymptotic cone of the Fort Smith station was looking to
the anti-sun direction (Fig. 2). Fig. 5 shows increase profiles at
a number of NM stations during the GLE. One can see good
agreement of modeled (points) and observed responses.

[4]
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The features of the study of Forbush effects
in the flux of muons
Natalia S. Barbashina, Anna N. Dmitrieva, Konstantin G. Kompaniets, Giampaolo Mannocchi,
Anatoly A. Petrukhin, Oscar Saavedra, Viktor V. Shutenko, Dmitry A. Timashkov,
Giancarlo Trinchero, Elena I. Yakovleva and Igor I. Yashin

Abstract—Muon rate variations during Forbush decreases
registered by means of muon detectors DECOR and URAGAN
operated in the experimental complex NEVOD (MEPhI, Moscow)
are studied. Analysis of the data of these setups has been
performed using a technique that allows to reduce both statistical
and systematic uncertainties. Preliminary results on dependences
of Forbush decrease amplitude on effective primary proton
energy have been presented. "Muon images" of Forbush decrease
obtained by means of the unique muon hodoscope URAGAN,
which gives a possibility to observe angular dynamics of muon
flux anisotropy, are also shown.

hodoscope is a possibility to simultaneously register muons
from different directions and to form "muon images" of the
sky hemisphere. On the other hand, the reduction of the
amplitude of FD with the increase of energy imposes higher
demands to the accuracy of the determination of the basic
parameters of FD.
In this work, the analysis of the Forbush decreases
registered in muon detectors DECOR [2] and URAGAN [3] in
2004 – 2006 is conducted.

2. DETECTORS AND EXPERIMENTAL DATA
1. INTRODUCTION

T

HE disturbances of the interplanetary magnetic field,
caused by solar activity, often lead to a sharp decrease of
the flux of primary cosmic rays in the heliosphere. This
phenomenon, called Forbush decrease (FD), for the first time
was observed in the registration of charged cosmic ray particle
flux (mainly muons) at the Earth's surface. However, its further
studies for a long time were usually conducted with neutron
monitors. The relatively low energy of primary cosmic rays to
which neutron monitors are sensitive, and as a consequence
considerable amplitudes of the effect are advantages of this
approach. Last forty years, monitoring of Forbush decreases is
performed by means of the world-wide network of neutron
monitors. However to explore modulations of galactic cosmic
rays with energies of tens GeV during Forbush effects the
possibilities of neutron monitors are somewhat limited.
Besides, the absence of information about the direction of the
arrival of cosmic ray particles is another significant drawback
of neutron monitors.
The appearance of multidirectional muon telescopes and
later of muon hodoscopes revealed new possibilities in studies
of Forbush decreases [1]. The important advantage of muon
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The coordinate detector DECOR was deployed around the
Cherenkov calorimeter NEVOD [4]. The side part of DECOR
includes eight 8-layer supermodules (SM), 8.4 m2 area each,
with vertical planes of streamer tube chambers. Top
supermodules of DECOR are located on the cover of the
calorimeter water tank and are assembled of eight horizontal
streamer tube chamber layers interlaid with 10 cm foam
plastic. For the present analysis, coincidences between signals
from any side DECOR supermodule and any top DECOR SM
are used. Such condition provides registration of muons with
energy E > 2 GeV.
In 2005, on the basis of top DECOR supermodules a new
multipurpose muon hodoscope URAGAN was constructed.
The URAGAN supermodule includes eight planes interlaid
with 5 cm foam plastic, each composed of 320 streamer tubes
(1 cm × 1 cm × 350 cm) with external strips (along and across
streamer tubes) forming two-dimensional readout system (608
data channels in each plane). Total area of one supermodule is
about 11.5 m2. The setup provides detection of particles in a
wide range of zenith angles (from 0 to 80°) with angular
accuracy about 0.7°. The data processing system allows to
reconstruct muon tracks in on-line mode and to register muon
flux from the upper hemisphere as continuous sequence of 2Dpictures. Threshold energies of the URAGAN depend on
zenith angle and lie within limits from 200 MeV to 600 MeV.
In the present work, ten FD detected by means of these
setups in 2004 – 2006 are considered. In the analysis, 10 min
non-normalized data corrected for barometric effect are used.
Median energies of primary particles giving main contribution
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to muon detector counting rate are calculated on the basis of
CORSIKA simulation using methods described in [5].
To exclude the influence of atmospheric effects on muon
flux intensity at ground level, the technique of eliminating of
various trends and background variations has been developed.
This approach reduces the uncertainties in the estimation of the
amplitude of Forbush decrease.

3. METHOD OF FD PARAMETER DETERMINATION
Analysis of Forbush effect begins from the choice of the
moments of start and stop of counting rate decrease: t1 and t2
(Fig.1) and selection of time series before t1 (Ib) and after t2
(Ir). Using linear fits of the series Ib(t), the biases Bb( i ) during i
days (i = 1, 2, 3) are calculated, and compensated time series
I bs(i ) (t ) are formed: I bs(i ) (t ) = I b ( t ) − Bbi × ( t − t1 ) .

described above, the basic parameters which characterize FD,
including the amplitude AFD in the integral counting rate, were
determined (see Тable 1). For the comparison, the data of
Moscow neutron monitor (IZMIRAN) were also analyzed.
Muon hodoscope URAGAN detected eight FD, and for each
of them the values of amplitudes for five zenith-angular
intervals (0°–17°, 17°–26°, 26°–34°, 34°–44° and more 44о)
were determined. Median energies of primary protons (E0.5)
which give the contribution to counting rate of the muon
hodoscope in these zenith intervals were also calculated and
their values are equal to: 13.4 GeV, 14.3 GeV, 16.2 GeV,
18.3 GeV and 24.1 GeV, respectively.
TABLE 1. CHARACTERISTICS OF ANALYZED FD.

Date of FD

1 380

AFD, %
Крindex Moscow NM URAGAN

DECOR

22 Jan 2004

7

7.07 ± 0.40

-

2.43 ± 0.19

8 May 2005

7

4.82 ± 0.51

2.71 ± 0.13

1.74 ± 0.07

15 May 2005

9

7.13 ± 0.17

2.52 ± 0.17 2.07 ± 0.09

29 May 2005

6

3.77 ± 0.13

-

1.57 ± 0.26

20 Feb 2006

6

1.29 ± 0.09

0.30 ± 0.06

-

13 Apr 2006

4

1.27 ± 0.14

1.22 ± 0.05

-

9 Nov 2006

4

1.63 ± 0.11

0.87 ± 0.02

-

14 Nov 2006

2

1.33 ± 0.08

0.65 ± 0.05

-

29 Nov 2006

3

1.79 ± 0.10

1.04 ± 0.17

-

14 Dec 2006

8

-

3.78 ± 0.12

-
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Figure 1. Parameters which characterize Forbush decrease.

After that, the series I (t ) are averaged over j days (j ≤ i)
(i )
bs

and mean values of counting rate before Forbush effect 〈 I bs(i , j ) 〉
are obtained. Similarly, the mean values of counting rate after
Forbush decrease 〈 I rs( k , m ) 〉 are calculated, where k = 1, 2, 3
days is time interval for biases calculations, m ≤ k is an
interval for averaging. Thus, considering various variants of
mean counting rate values before and after FD, the set of 36
relative amplitude values may be calculated:

Aijkm =

(I

i, j
bs

− I rsk , m

)

I bsi , j × 100% .

(1)

Average value of obtained relative amplitudes Aijkm is
assumed as Forbush decrease amplitude AFD , and the value of
rms-deviation of Aijkm is used as estimation of AFD error. By
means of this method, variations of cosmic ray flux measured
with muon hodoscopes DECOR and URAGAN were analyzed.
Data of Moscow neutron monitor were also considered.

3. DEPENDENCE OF DECREASE AMPLITUDE ON MEDIAN ENERGY
During the period 2004–2007, muon detectors DECOR and
URAGAN detected ten Forbush decreases. Using procedure

Capabilities of muon hodoscope allow reconstruct
dependence of FD amplitude on primary proton energy using
data even from a single detector for different zenith angle
bands. We fit this dependence using a power-like function in a
following form
FD
AFD ~ ( E0.5
) .

−α

(2)

According to the value of the parameter α, the events can be
separated into “soft” (with exponent about 1) and “hard”
(exponent value less than 0.5). Soft dependence of amplitude
on primary energy may be caused by the fact that primary CR
modulations touch very wide energy range and top boundary
of energy interval of CR modulation is significantly higher
than characteristic primary energies in this direction. In two
events, the fitting demands to use two different values of α. In
the cases when the upper boundary of energy interval of CR
modulation lies within muon detector sensitivity range, a
FD
typical threshold behavior of AFD ( E0.5
) is observed.
In Fig.2, the dependences of the amplitude of FD on the
median energy are presented for three FD, registered on May
15, 2005; December 14 and November 9, 2006. These events
illustrate “hard”, “soft” and “threshold” behavior of FD
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amplitude, respectively.
4

AFD, %

2

1
2
3

1

0,5

Figure 3. Variations in the muon rate measured by URAGAN in different
directions on November 14, 2006 with 30 minute intervals.
15

20

25

30

FD

E

0.5

Figure 2. Dependence of FD amplitudes on median energy. 1 – 14 Dec 2006
(α = 0.72 ± 0.08); 2 – 15 May 2005 (α = 0.37 ± 0.11); 3 – 9 Nov 2006
(α1 = 1.15 ± 0.26 and α2 = 2.34 ± 0.17).

Comparison of these events with the disturbances of the
solar wind and magnetosphere of the Earth shows that
corresponding heliospheric perturbations are lined up in the
same order (the strongest on May 15, 2005; the most weak on
November 9, 2006).

4. SPATIAL-TEMPORAL DYNAMICS OF MUON FLUX DURING
FD OF NOVEMBER 14, 2006
Main peculiar feature of muon hodoscope URAGAN is the
possibility of measurements of the spatial-angular structure of
muon flux. Excellent angular resolution allows to detect the
decreases of muon flux not only for various zenith angles but
even for separate solid-angle cells from different directions of
the celestial hemisphere.
On-line reconstruction gives values of both zenith and
azimuth angles, or projection zenith angles θx, θy of muon
track (in local coordinate system), on the basis of which the
track is put in a corresponding cell of two-dimensional matrix.
To study muon flux fluctuations, for every cell of this matrix
the average number of muons (estimated during preceding 24
hours and corrected for atmospheric pressure) is subtracted,
and results are divided by standard deviations. In Figure 3, the
sequence of 2D-matrices averaged over 10-minute intervals is
presented. To smooth Poisson fluctuations, a special Fourier
filter is used. Thin lines identify North-South and West-East
directions. Colors represent excess and deficit of muons from a
certain direction.
In different frames of the figure, variations of muon flux
intensity detected from various directions with time step 30
min are shown. The circles correspond to zenith angles 30°,
45° and 60°. Statistics of each image is equal to about 5
million tracks. From the figure, the two-dimensional angular
picture of the decrease of the muon flux and its evolution
during the Forbush decrease are seen.

4. CONCLUSION
The analysis of the data of muon detectors of Experimental
Complex NEVOD showed that simultaneous measurements of
the muon rate in muon detectors with different energy
thresholds and at different zenith angles allow investigating the
dependence of FD value on the primary energy of galactic
cosmic rays.
Detection of muon flux in the hodoscopic mode gives the
possibility to obtain unique data on the time-spatial picture of
the muon flux from the upper hemisphere during the
disturbances of the interplanetary magnetic field and
magnetosphere.
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Observation of heliospheric disturbances in
muon component of cosmic rays at ground level
Dmitry A. Timashkov, Natalia S. Barbashina, Konstantin G. Kompaniets, Giampaolo Mannocchi,
Anatoly A. Petrukhin, Oscar Saavedra, Victor V. Shutenko, Gian Carlo Trinchero and Igor I. Yashin

Abstract—Results of monitoring of heliospheric disturbances
by means of ground-based muon hodoscope are presented. The
approach is based on the fact that the disturbed regions in solar
wind and in IMF modulate galactic cosmic rays and lead to
changes of ground level muon intensity in given direction. To
study such modulations the muon hodoscope URAGAN (MEPhI,
Moscow) allowing to measure the muon flux variations from
thousands of directions of the celestial hemisphere with a high
statistics is used. Methods of projection of muon arrival directions
to GSE coordinate system (taking into account geomagnetic field)
which give a possibility to observe heliospheric perturbations at
large distances from the Earth are described. The examples of
observations of heliospheric disturbances in "muon window" are
presented. Perspectives of the further use of muon hodoscopes are
also discussed.

1. INTRODUCTION

R

APID growth of space infrastructure, expansion of the use
of satellite communications, actual and future space
missions demand the solution of one of crucial problems as of
present days as of a new solar cycle: prediction of space
weather events with high level of reliability.
Nowadays this difficulty is solved by means of all-wave
monitoring of the Sun (using both ground-based and spacecraft detectors) and by measurements of heliospheric
conditions at some points in vicinity of the Earth (ACE,
WIND, etc.) or immediately in the Earth magnetosphere
(GOES). Information about the space between the Mercury’s
and the Earth’s orbits is very scarce and this zone is still terra
incognita.
STEREO mission can improve this situation since it allows
to view the inner heliosphere from other sides than from the
Earth. But independent ways for validation and diversification
of heliospheric data are needed as before. One of perspective
ideas is the examination of ground level cosmic rays variations
to develop new forecast technique.
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Usually, to detect secondary cosmic ray variations, the
world-wide networks of neutron monitors or muon telescopes
are used. New possibilities in this direction are opened by the
use of muon hodoscopes. Unlike the neutron monitors, muon
hodoscopes have higher counting rate, are sensitive to more
energetic primary particles (up to hundreds GeV). Since
muons (in contrast to neutrons) keep primary particle
direction, the opportunity to measure the galactic cosmic ray
variations from various directions appears. Moreover, muon
hodoscope allows to detect muons simultaneously from any
direction of upper hemisphere and to form "muon images" of
disturbed regions.
This principle underlies the muon diagnostics: a new
technique of remote monitoring based on the simultaneous
detection of muon flux generated by high energy primary
particles from various directions for the study of different
dynamic processes in the heliosphere and near-terrestrial space
[1–2].
In muon diagnostics, a natural source of penetrative
radiation in the heliosphere—galactic cosmic rays which have
a high level of constancy and isotropy—is used. To study
heliospheric disturbances it remains to unroll a special
"screen" which can detect cosmic rays in real time mode with
sufficient angular resolution. Muon hodoscope URAGAN is a
prototype of such a "screen" and gives a possibility to test this
approach.

2. SETUP DESCRIPTION AND DATA PROCESSING
Description of detector URAGAN can be found elsewhere [3–
5]. URAGAN setup satisfies the main requirements to muon
hodoscopes. It contains several coordinate planes equipped
with two-coordinate data readout system. Such structure
provides angular accuracy of muon track reconstruction better
than 1 degree and ensures a high level of stability of muon
detection efficiency. Total area of URAGAN is equal to 34.5
m2 (three supermodules) and is sufficient to provide a high
statistics: more than two hundred thousands muons per minute.
The supermodule response contains information about muon
track in each of the X- and Y-projections. These parameters
(two projection zenith angles) are reconstructed in real time
mode and are accumulated in 2D-directional arrays (zenith and
azimuth angles, or pair of projection zenith angles); after that
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information about individual muon track is lost. Every minute
these arrays are recorded on the hard disc.
Thus, the main format of muon hodoscope URAGAN data
is two-dimensional muon angular matrix (array). Sequence of
such matrices allows conduct the filming of the upper
hemisphere in "muon light". To study muon flux fluctuations,
for every cell of the angular matrix the average number of
muons (estimated during preceding 24 hours and corrected for
atmospheric pressure) is subtracted, and results are divided by
standard deviations. Obtained data array is a “muon
photograph” of the upper hemisphere with 1-minute exposure.
Resolution of such muon images is determined by sizes of
angular cells in URAGAN matrix data which is chosen 2°×2°
(in two projected zenith angles). These values are more than
three times more than accuracy of muon track reconstruction in
hodoscope.
To compare angular muon flux variations at ground level
with variations of galactic cosmic rays in the heliosphere it is
necessary to calculate asymptotic directions for each angular
cell of muon matrix. These directions depend on geomagnetic
coordinates of the detector, threshold energies of the setup
(which for the URAGAN vary from 200 up to 600 MeV for
different zenith angles) and average energies of galactic
cosmic rays which give main contribution to URAGAN
counting rate at given zenith angle. Dependence of the average
energy on zenith angle was obtained on the basis of CORSIKA
simulation [6] and has a following form: E p = 63 ⋅ cos −1.08 θ .
The task of calculation of the asymptotic directions was
solved using the method of simulation of reverse muon
trajectories from the detector up to generation level, and
further simulation of reverse proton trajectories from muon
generation level to magnetopause. In simulation, the following
models are used:
− Multilayer model of the Earth atmosphere NRLMSISE00 [7] based on a number of experimental data (from
rockets, weather sondes, space shuttles, weather
stations). Advantage of this model is a good description
of stationary atmosphere up to 1000 km.

− Models of the Earth magnetosphere developed by
Tsyganenko: TS04 [8] and GEOPACK-2005 [9]. In the
models, the parameters of solar wind and interplanetary
magnetic field (IMF) as well as Dst-index are taken into
account.
Simulation of the asymptotic directions was performed for
each angular cell of muon matrix of URAGAN data taking into
account muon and proton ionization and radiation energy
losses in atmosphere. In Fig. 1, several asymptotic directions
calculated for calm geomagnetic period are presented. It is
seen from the figure that even a single muon hodoscope has
the acceptance cone allowing to detect angular perturbations of
primary cosmic rays in a considerable part of celestial
hemisphere.

Figure 1. GEO projection of asymptotic directions of arrival of primary
galactic protons. The star denotes the URAGAN location. Curves represent
asymptotic directions for various azimuth angles at fixed zenith angles and
average primary proton energies (labels near the curves).

3. ANALYSIS OF URAGAN DATA
Since February, 2007 three supermodules of URAGAN
hodoscope are under operation. Total live time of monitoring
exceeded 15 thousand hours, and about 800 thousands of oneminute muon snap-shots were recorded. Each muon matrix is
corrected for atmospheric pressure using different coefficients
for different zenith angles.
Capabilities of muon hodoscope to measure the angular
dynamics of muon intensity with unexcelled angular resolution
open a number of ways for analysis of muon flux variations
during heliospheric disturbances. Here we consider only two:
GSE-images and anisotropy vector.
A. GSE-images
To obtain GSE-image, a "muon photograph" is projected to
magnetopause using asymptotic directions and is transformed
into GSE coordinate system. In Fig. 2, one can see a sequence
of GSE-images in "muon light". A scale at the figure denotes
values of muon intensity changes in standard deviation units.
To form these images only muons detected within the interval
of zenith angles 0°–65° are used. Circle with X-sign denotes
the direction to IMF line (average GSE longitude is equal to
–45°). The Sun direction is pointed in the centers of images. A
thin cross denotes the asymptotic direction for vertical muons
at the ground level. Each image is obtained using one hour
exposure.
In the Fig. 2, GSE-images during the period of magnetic
cloud approaching the Earth are presented. The first image
recorded at Nov 18, 00h (hereafter UTC) corresponds to calm
conditions in the nearby heliosphere. Fluctuations of muon
flux and consequently of primary galactic CR are insignificant
(light yellow and green colors in GSE-image). But after
several hours (Nov 18, 04h45m) muon hodoscope URAGAN
detected a decrease region in the direction close to IMF line.
Later, due to the Earth rotation the acceptance cone of muon
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hodoscope turned, and the effect disappeared. However, it was
observed again the next night. In this case the decrease of
muon flux intensity was detected earlier (Nov 19, 00h30m)
and at passing IMF line direction (Nov 19, 05h) had a higher
magnitude.

object is detected: along with a region of deficit of particles,
the region of excess is observed. It is interesting to note that
these regions are symmetric relative to the Sun direction.

Figure 4. Examples of GSE-images obtained during passing of corotated
interaction regions near the Earth on January 5 (on the left) and on March 9
(on the right) in 2008.

Although GSE-images provide yet only qualitative
information, the use of GSE-images as input data may allow to
solve an inverse problem and reconstruct the structure of
interplanetary coronal mass ejections, magnetic clouds, CIRs
and other heliospheric perturbations.
Figure 2. GSE-images of magnetic cloud approaching the Earth obtained by
means of muon hodoscope URAGAN. Circle with X-sign denotes direction to
IMF line; the Sun direction is pointed in centers of images.

The start of the disturbance in solar wind was detected by
ACE [10] only at Nov 19, 17h UTC (Fig 3). Arrival of
magnetic cloud itself was observed approximately at Nov 20,
01h. Thus, muon hodoscope URAGAN detected disturbances
in muon flux caused by losses of primary protons along IMF
direction (in loss cone) approximately 40 hours before the
cloud arrival to the Earth.

Figure 3. Solar wind and IMF parameters during passing of magnetic cloud
on November 20 (data from ACE [10]).

Other examples of observation of heliospheric disturbances
using GSE-image technique are shown in Fig.4. Here, two
events concerned with passing of corotated interaction regions
(CIR) are presented. Muon hodoscope URAGAN allows to
observe the shape of disturbed regions. In the event of January
5, 2008 a loop-like structure is seen close to anti-Sun
direction. In the event of March 9, 2008 a strange double

B. Anisotropy vector
Formation of GSE-images takes much time and has not yet
been realized in on-line mode. For observation of heliosphere
in real-time regime more simple characteristics of angular
muon distribution may be used. In a general case muon flux
intensity depends on both azimuth and zenith angle.
Anisotropy vector describing preferred direction of muons
arrival to ground level may be defined as the sum of unit
vectors pointing the directions of arrival of each detected
muon. Using the numbers of muons detected in each angular
cell of muon matrix, the projections of the anisotropy vector
can be written in a following form:

AX (t ) =

1
∑∑ N (θ, ϕ, t ) cos ϕ sin θ ,
M (t ) θ ϕ

AY (t ) =

1
∑∑ N (θ, ϕ, t )sin ϕ sin θ ,
M (t ) θ ϕ

AZ (t ) =

1
∑∑ N (θ, ϕ, t ) cos θ ,
M (t ) θ ϕ

(1)

where t is the time, θ and ϕ are centers of angular cells,
N (θ, ϕ, t) is the number of muons detected within angular cell
(θ, ϕ), M (t) is the total number of detected muons. Summation
is carried out from vertical direction up to maximum zenith
angle over whole range of azimuth angles.
In Figure 5, time dependences of two projections of the
anisotropy vector obtained from URAGAN data during March,
2008 as well as IMF and solar wind parameters from ACE
[10] are presented. From the figure, the diurnal oscillations of
the south (AS) and the east (AE) projections of anisotropy
vector are clearly seen. During the period under consideration
two heliospheric disturbances were detected: on March 9 and
on March 25. Both times, a growth of magnitude of diurnal
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anisotropy vector appeared a day earlier than in ACE data.
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Figure 5. Behavior of the south and the east projections of the anisotropy
vector from URAGAN as well as solar wind and IMF parameters [10] during
March, 2008.
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Thus, analysis of variations of the anisotropy vectors gives
direct indications for the changes of equilibrium galactic
cosmic ray flux caused by space weather processes.

4. CONCLUSION
Creation of a new type of ground level detector for studies
of cosmic ray variations—muon hodoscope—and development
of muon diagnostics methods open new possibilities of inner
heliosphere monitoring by penetrative high energy particles.
Even a single muon hodoscope is more informative than many
standard muon telescopes and allows to form continuous series
of “muon images” of the celestial hemisphere in a significant
solid angle region with a high resolution. Data on muon
variations can also be used for testing different models of
evolution of heliospheric disturbances (e.g., coronal mass
ejections and shocks).
No doubt, muon hodoscopes may significantly extend
capabilities of existing ground level detector networks, and
also be a basis of a new hodoscope network which will allow
to conduct continuous monitoring of the heliosphere at a new
level.
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Coupling functions for primary cosmic rays and
ground-level muons at various zenith angles
Aleksey G. Bogdanov, Anna N. Dmitrieva, Rostislav P. Kokoulin,
Anatoly A. Petrukhin, Dmitry A. Timashkov, Elena I. Yakovleva

Abstract—Features of coupling functions calculations for muon
hodoscopes are considered. Coupling functions are calculated on
the basis of simulation of cosmic ray penetration through the
Earth atmosphere using CORSIKA code. Results of calculations
of main coupling functions for three types of primary cosmic ray
(CR) spectra (galactic CR, cosmic rays in solar proton events and
variation of galactic CR during Forbush effects) are presented.
Average and median energies of primary cosmic ray flux, which
gives the contribution to muon detector counting rate, are
calculated for different zenith angles. It is shown that even a
single muon hodoscope allows to examine a wide range of
primary cosmic ray energies.

2. DEFINITIONS OF COUPLING FUNCTIONS
Coupling functions link the primary particle spectra and
variations of counting rate of ground level detectors. The flux
of muons at the ground level (GL) can be written as follows:

J µGL ( Eµ ,θ ) =

∞

∫m

GL

( Eµ , E ,θ ) ⋅ J p ( E ) dE ,

(1)

Eµ

where mGL(Еµ, E, θ) is muon distribution function in energy Eµ
with zenith angle θ from single primary proton with energy E,
Jp(Е) – differential energy spectrum of primary protons. The
detector counting rate is determined by the expression:

1. INTRODUCTION

O

NE of the methods of the study of solar, heliospheric and
geomagnetic processes is the analysis of cosmic ray
variations detected by various ground-based detectors. For this
purpose neutron monitors (NM), muon telescopes and muon
detectors included in the arrays for detection of extensive air
showers (EAS) are usually used. New possibilities for groundbased monitoring of CR variations are opened with the use of
muon hodoscopes which make possible to measure the spatialangular variations of muons flux simultaneously from all
directions of the upper hemisphere [1]. However, to analyze
variations in the primary CR flux by means of muon
hodoscopes, coupling functions [2] which allow link variations
in counting rate of ground-based setups and the changes of
primary CR intensity on the border of the atmosphere are
necessary. Calculations of the coupling functions were
performed earlier mainly for NM (see review [3]) and for
muon detectors included in EAS arrays [4-5].
In this work, the features of the method of calculation of
main coupling functions for muon hodoscopes are considered.
Direct calculations were performed for coordinate detector
DECOR [6] and muon hodoscope URAGAN [7] which are
parts of the experimental complex NEVOD (MEPhI) [8].

n=

∞

∫ dEµ ∫ d Ω J µ ( Eµ ,θ ) ⋅ S (θ , ϕ ) ,

(2)

Eth

where S(θ, φ) is effective area of detector, Еth – its threshold
energy. Here, it is assumed that muons keep the proton motion
directions.
On the basis of formulas given above it is possible to define
the main coupling functions. Multiplicity function - the
number of muons at the surface with energy higher than Eth
from one proton with energy E:
E

M ( E ,θ ) =

∫m

GL

( Eµ , E ,θ ) dEµ .

(3)

Eth

Yield function – the number of muons integrated over the solid
angle cell with effective area S(θ,φ) at given direction (θi, φj):

P ( E ,θ i , ϕ j ) =

∫ d Ω S (θ , ϕ ) ⋅ M ( E,θ ) ,

(4)

∆Ω

where ∆Ω is the region of solid angle around the direction (θi,
φj). The yield function joins the differential (in primary
energy) counting rate of hodoscope at the direction (θi, φj) with
the primary protons flux:

dn(θ i , ϕ j )
Authors are with Moscow Engineering Physics Institute (State University),
Moscow 115409, Russia, e-mail: EIYakovleva@mephi.ru.
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dE

= P ( E ,θ i , ϕ j ) ⋅ J p ( E ) .

(5)

The expression in the right side of (5) is the response function
of hodoscope G(E, θi, φj). Thus, the response function is the
yield function multiplied by primary proton spectrum and
represents a distribution of detector counting rate at given
direction in primary proton energy:

G ( E , θ i , ϕ j ) = P ( E ,θ i , ϕ j ) ⋅ J p ( E ) .

calculated taking into account ionization energy losses of
particles in the experimental building and detectors and vary
from 200 MeV to 600 MeV depending on zenith angle (see
Fig. 1). The effective area of URAGAN supermodule was
calculated taking into account the structure of SM and also
depends on zenith angle (see Fig. 2).

(6)
700

Such definitions of coupling functions allow investigate
anisotropic primary CR flux variations (in this case Jp(E) can
depend on the angles). If the function M(E, θ) weakly changes
within the solid angle range ∆Ω, the expression (4) can be rewritten as:

500

Eth (MeV)

P( E ,θ i , ϕ j ) = M ( E ,θ i ) ⋅ ∆S Ω(θ i , ϕ j ) ,

600

(7)

400
300

where ∆SΩ(θi, φj) is the partial acceptance of the detector near
the direction (θi, φj).
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3. DESCRIPTION OF SIMULATION PROCEDURES
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Figure 1. Threshold total energies for muon hodoscope URAGAN.
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In this work, the multiplicity function M(E, θ), the yield
function P(E, θ) and the response function G(E, θ) were
calculated using simulation of penetration of primary protons
through the atmosphere.
Simulation was performed for primary protons with energies
from 1 GeV to 10 TeV at zenith angles from 0˚ to 70˚ by
means of the CORSIKA code (v 6.611) [9]. In this case, fixed
primary protons energies were distributed evenly in terms of
the logarithm of energy with a step of 0.1 (for energies less
than 20 GeV) or with a step of 0.2 (above 20 GeV). A step in
zenith angle was equal to 10 degrees. For simulation of hadron
interactions, combination of models SIBYLL 2.1 (for hadron
energy Eh > 80 GeV) and FLUKA 2006 (for lower energies) is
used.
Calculations of coupling functions were performed for
coordinate detector DECOR [6] and muon hodoscope
URAGAN [7]. Coordinate detector DECOR has a modular
structure and consists of several 8-layer supermodules (SM)
assembled on the basis of streamer tubes. Supermodules are
located around the NEVOD water reservoir in the side
galleries and on the NEVOD cover. For investigations of CR
variations the counting rate of a special trigger which selects
the events with signals from top and side SMs is used. To
calculate coupling functions for DECOR, the following values
of average parameters for this trigger are used: threshold
energy equals to 2 GeV, the acceptance is about 1.5 m2·sr and
average zenith angle is equal to 46˚.
Muon hodoscope URAGAN consists of four separate
mobile supermodules with area 11.5 m2 each, located above
the NEVOD water tank. Since the URAGAN is situated in the
building of experimental complex NEVOD (i.e., it is
surrounded by walls and a roof), it has different threshold
energies for different directions. Threshold total energies were

10o
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Figure 2. Effective area of a single URAGAN supermodule.

At present, three SM URAGAN are under operation,
therefore in further calculations the area of one SM multiplied
by 3 is used.
4. RESULTS
In Fig. 3, the results of calculations of the multiplicity
functions for the URAGAN setup and for the detector DECOR
are shown. The yield functions can be calculated according to
(7) if the values the partial acceptance for muon detectors at
different zenith angles are used (see Table 1). To calculate the
yield functions for the muon hodoscope URAGAN, the solid
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angle region was considered as a ring with the boundaries in
zenith angle at the middles between simulation grid points.

3)
modulation of galactic CR spectrum during the
Forbush decrease (FD) [12] :

∆J p / J p = 0.2 ⋅ R −1 ,
103

where R in the rigidity in GV.
Considering the response function as the distribution of
detector response in primary CR energy, it is possible to define
the average energy Еav of primary protons which give main
contribution to counting rate of the detector. For data analysis
of different setups it is also convenient to use the median
energy Е0,5, which divides this distribution into two equal
parts, and also the lower Е0,05 and the upper Е0,95 boundaries of
the energy range, below and above of which the contribution
to counting rate of the detector comprises 5% (see Fig. 4).
Diapason between Е0,05 and Е0,95 may be called the range of
setup sensitivity in primary protons energies, which provides
90% of the setup counting rate.
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Figure 3. The dependences of multiplicity functions for URAGAN and
DECOR energy thresholds on primary proton energy.
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right) represent the yield function.

(8)

2)
solar cosmic ray (SCR) protons (values of parameters
were averaged on fourteen ground level enhancement events
(GLE) listed in the paper [11]):

J p = 2.3 ⋅ E −5.15 [nucleons/(cm2·s·sr·GeV)],

80

E0,95

To obtain the response functions, the following CR spectra
were used (energies in GeV):
1) galactic cosmic rays (GCR) [10]:

J p = 1.8 ⋅ E −2.7 [nucleons/(cm2·s·sr·GeV)],

Eav

-2

10

E0,5

θ˚

G(E) (1/(s⋅ GeV))

TABLE I
THE PARTIAL ACCEPTANCE OF URAGAN AND DECOR FOR DIFFERENT
RANGES OF ZENITH ANGLES.

2

100
0.0015

P(E,θ) ((muon/s⋅ GeV)/(proton/m ⋅ s⋅ sr⋅ GeV))

M(E,θ) (particles)

(10)

The method of response functions calculations in the case of
Forbush effect is different from the methods used for
calculations of response functions for galactic and solar CR.
This is caused by the fact that deficit of detector counting rate
during Forbush effect is connected with the deficit of primary
particles flux. Therefore, to calculate the setup response
function for Forbush decrease the difference between response
functions for usual GCR spectrum and response function for
GCR spectrum during Forbush decrease, which may be
obtained from (10), should be used (see Fig. 5).

(9)
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2

Jð (1/(m ⋅s⋅sr⋅GeV))
10
0.08

100
-2

G(E) (1/(s⋅Gev))

2

10
0.06

80
-4

0.04

60

10

40
0.02

0.00

TABLE 2
THE LOWER BOUNDARIES OF THE ENERGY RANGE, THE MEDIAN ENERGIES
AND THE UPPER BOUNDARIES OF THE ENERGY RANGE FOR URAGAN AND
DECOR.
θ, o
GCR
SCR
FD
0
6.8
3.3
5.1
10
7.0
3.8
5.2
20
7.2
4.0
5.3
30
7.8
4.2
5.8
URAGAN
40
9.2
4.3
6.7
Е0.05, GeV
50
11.2
6.0
6.8
60
14.5
7.0
8.0
70
21.7
10.8
9.2
DECOR
46
18
–
12
0
38
7
13
10
39
8
14
20
40
9
15
30
43
10
16
URAGAN
40
50
11
17
E0.5, GeV
50
59
13
20
60
77
17
25
70
120
26
36
DECOR
46
82
–
28
0
450
23
52
10
460
24
53
20
490
25
54
30
530
27
56
URAGAN
40
590
30
58
Е0.95, GeV
50
700
37
60
60
930
50
71
70
1380
75
86
DECOR
46
1095
–
68

120

Deficit of primary CR flux

P(E,θ) ((muon/s⋅ GeV)/(proton/m ⋅ s⋅ sr⋅ GeV))
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Figure 5. Definitions of the response function and average energy for the case
of Forbush effect.

In Fig. 6 the dependences of average energy on the zenith
angle for different forms of spectra are presented. The
dependence of average energies on the zenith angle for GCR is
well
described
by
a
simple
formula
Eav(θ) = 63·cos 1.08(θ) GeV.

200

GCR:
fit Eav=63⋅(cosθ )-1.082

150

SCR:

Eav (GeV)

fit Eav=12,5⋅(cosθ)-1.045
FD:

100

It is necessary to underline that the given values of primary
proton energies relate only the GCR spectrum. Values of
primary energies for SCR are considerably loss that is caused
by the soft character of the spectrum. Threshold value of
primary proton energies (E0,05) in the case of SCR for the
URAGAN hodoscope for the vertical direction equals to
3.3 GeV with the median energy about 7 GeV.

fit Eav=16,8⋅(cosθ)-0.899

50

0
0o

15o

30o

45o

60o

75o

Zenith angle
Figure 6. Dependence of average energy on the zenith angle for different
forms of spectra. Symbols denote results of simulation, curves are fits by
means of given formulas.

In Table 2, the lower Е0,05 and the upper Е0,95 boundaries of
the energy range and median energies of primary protons for
different spectra are listed.
It is seen from the table that muon detectors URAGAN and
DECOR are really sensitive to the primary particle energies of
tens and hundreds GeV. For example, the median primary
energy for the vertical direction is equal to 38 GeV, at that
90 % of the setup response is provided by primary protons
with energies from 7 to 450 GeV. For zenith angle 60°, the
median energy is approximately two times higher, and the
range of setup sensitivity in primary proton energies is from
14.5 to 930 GeV.

5. CONCLUSION
The features of the method of coupling functions
calculations for muon hodoscopes are considered. On the basis
of simulation with CORSIKA code, the functions of
multiplicity, yield and response of detectors URAGAN and
DECOR were calculated, and also average and median
energies of primary protons for different types of primary
spectra were obtained. Average energy of primary CR in
vertical direction for muon hodoscope URAGAN is equal to
63 GeV. For DÉCOR, this value is higher and equals to 141
GeV (at θ = 46°). It is shown that the muon hodoscope in
different directions is sensitive to primary flux at different
energies. These results show that it is possible to evaluate
changes of the primary CR in a certain energy range (from
several GeV and above) on the basis of data on variations in
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the counting rate of a single muon hodoscope.
The results of calculations of median energies and ranges of
the setup sensitivity show that in the cases of solar CR these
parameters may be an order of magnitude lower than for
galactic CR. This circumstance is frequently ignored in
estimations of energies of solar cosmic rays detecting by muon
setups during GLE events [13].

ACKNOWLEDGMENT
The research has been performed with the support of the
Russian Federal Agency for Science and Innovations and
Russian Foundation for Basic Research (grant 08-02-01204-a).
REFERENCES
[1]

[2]

[3]
[4]

[5]

[6]

[7]

[8]
[9]
[10]
[11]

[12]
[13]

D. A. Timashkov et al., “Muon diagnostics of the Earth's atmosphere,
near-terrestrial space and heliosphere: first results and perspectives”,
Proc. 30th ICRC, Merida, 2007, v. 1, pp. 685-688.
L. I. Dorman, Cosmic Ray Variations, Gostekhteorizdat, Moscow, 1957
(English translation: US Department of Defense, Ohio Air-Force Base,
1958).
J. M. Clem, L. I. Dorman, “Neutron monitor response functions”, Space
Science Reviews, 2000, v. 93. pp. 335-359.
G. F. Krymsky et al., “Coupling coefficients for the ground and
underground muon detectors”, Proc. 29th ICRC, Pune, 2005, v. 2,
pp. 461-464.
Z. M. Karpova, Yu. V. Balabin, E. V. Vashenyuk, S. N. Karpov,
“Derivation of relativistic solar cosmic-ray spectra from the Baksan
EAS array data”, Bull. Rus. Acad. Sci. Physics, 2007, v. 71, N 7,
pp. 938-941.
M. B. Amelchakov et al., "High-resolution large area coordinate
detector for investigations of high energy cosmic ray phenomena at the
ground level", Proc. 27th ICRC, Hamburg, 2001, v. 3, pp. 1267-1270.
D. V. Chernov et al., "Experimental setup for muon diagnostics of the
Earth’s atmosphere and magnetosphere (the URAGAN project)", Proc.
29th ICRC, Pune, 2005, v. 2, pp. 457-460.
NEVOD Laboratory, http://www.nevod.mephi.ru
D. Heck et al. Report FZKA 6019, 1998. Forschungszentrum Karlsruhe.
http://www-ik.fzk.de/corsika/physics description/corsika phys.html
S. Eidelman el al., Particle Data Group, Physics Letters, 2004, B 592, 1.
E. V. Vashenyuk, Yu. V. Balabin., L. I. Miroshnichenko et al.,
“Relativistic solar cosmic ray events (1956-2006) from GLE modeling
studies”, Proc. 30th ICRC, Merida, 2007, v. 1, pp. 253-256.
L. I. Dorman, Cosmic Rays Variations and Space Exploration, NorthHolland Publishing Company, Amsterdam, 1974.
Y. Muraki el al., ”Detection of high-energy solar neutron and protons
by ground level detectors on April 15, 2001”, Astroparticle Physics,
2008, v. 29, pp. 229-242.

346

Behavior of the cosmic ray vector anisotropy
near interplanetary shocks
A. Belov, E. Dryn, E. Eroshenko, O. Kryakunova, V. Oleneva, V. Yanke, M. Papailiou

Abstract—The behavior of the galactic cosmic ray density
and vector anisotropy during geomagnetic storms with
sudden storm commencements are being investigated using
the Global Survey Method (GSM) and the results derived
from neutron monitor (NM) network data over the time
period 1964 - 2006. It is shown that in average the
anisotropy
directly
before
the
sudden
storm
commencement (SSC) has a perceptible increase which is
proportional to the magnitude of the following Forbush
decrease (FD). The approach of a shock wave begins to
affect the cosmic ray anisotropy and density about five
hours prior to the shock’s arrival at the Earth. Changes of
the anisotropy direction, especially for western sources of
Forbush effects (FEs), may be revealed significantly
earlier.

T

1. INTRODUCTION

he fact that cosmic rays, observable at the Earth, react to
a shock wave approach, prior to its arrival [1], [2] is a
subject already known but more actively investigated during
the last 15 years [3], [4], [5], [6], [7], [8], [9]. As it was
emphasized in [6], the effect of the arriving shock (precursor)
is a complicated combination of the pre-increase and predecrease in the cosmic ray (CR) variations. This presupposes
unusual pitch-angle distribution of the CR intensity which
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cannot be described by the sum of some first spherical
harmonics. Nevertheless, this effect may be revealed in
variations of the zero (CR density) and first (anisotropy)
cosmic ray spherical harmonics.
In the present work the CR density and the first
harmonic of CR anisotropy before the shock arrival are
investigated on the big statistical material
2. DATA AND METHODS
In the present analysis the CR density and anisotropy
were calculated using the GSM [6] on an hourly basis covering
48 years (1957-1962 and 1964-2006). One of the main tools of
this analysis was the new database, created in IZMIRAN and
recently
presented
in
the
Internet
which
(http://cr20.izmiran.rssi.ru/AnisotropyCR/Index.php),
combines the results derived by the GSM for CRs of 10 GV
with the parameters of solar wind and other interplanetary
characteristics
acquired
from
OMNI
database
(http://omniweb.gsfc.nasa.gov/ow.html). Data concerning the
interplanetary disturbances and FEs were derived from another
database, also created in IZMIRAN. From 5800 FEs in total,
1529 FEs begin simultaneously with the SSC of the magnetic
storm and 1317 of them refer to the time period 1964 - 2006,
which is mainly studied in this paper.
Furthermore, the component Axy (the projection vector of
anisotropy on the Earth equatorial plane) of the first harmonic
of anisotropy is mainly used for analysis. This component is
responsible for the creation of solar diurnal variations and
diurnal waves, both of which are known to all dealing with NM
data. The advantages of Axy component are that it is derived
separately for each hour and it does not depend, in any way, on
the procedure of combining the results obtained by the GSM for
different time intervals. It is also important that we can define
an absolute value of Axy which is difficult to calculate for
another component of the full vector of anisotropy A, e.g. the
north-south component Az directed along the Earth’s axis [10].
3. RESULTS - DISCUSSION
Firstly, CR anisotropy (Axy) is considered to vary directly
before the shock arrival, at the hour preceded the SSC
registration. For the 1529 FEs, beginning simultaneously with
the SSC, the value of the averaged anisotropy (Axyb) was
calculated and the same value of Ахуb was also found for the
1317 FEs, within the time period 1964 - 2006. For comparison,
the mean value of Аxy for all 376402 hours over the time period
1964 - 2006 (only the periods of ground level enhancements of
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solar cosmic rays are excluded) was calculated. All these results
are shown in Table I. As it is seen the anisotropy before the
SSC is perceptibly higher than the mean value. However this
increase of anisotropy can not be immediately attributed to the
approaching shock. It must be taken under consideration that
FEs are often developing by series and a significant amount of
FEs begin on a disturbed background. If retain only those FEs
started not earlier than in 72 hours (tA>72) then averaged
Ахуb=0.70±0.02 (525 events), and for the period 1964-2006
Ахуb=0.70±0.02 (471 events). It is obvious that under such a
selection the magnitude of anisotropy before the shock
decreases a little, but it still exceeds the mean values.
In order to be certain that disturbed periods before the
shock are excluded we selected only those events when the
interplanetary conditions near Earth were sufficiently quite at
the hour preceded the SSC: solar wind velocity <550 km/s and
interplanetary magnetic field (IMF) intensity <9 nT. Under
these conditions (tA>48 hrs), 368 events were registered and the
averaged anisotropy was calculated (Table I). For those
quiescent interplanetary conditions (131316 hours in total) the
mean value of anisotropy was Аху =0.574±0.001 %, i.e. it is
perceptibly lower than that calculated for all hours of the time
period 1964 - 2006. Thus, the difference between the mean Аху
and the anisotropy before the SSC is more than 6 standard
statistical errors and it may be considered as meaningful. This
confirms the fact that the obtained distinction appears to be due
to the approaching shock and the interplanetary disturbance
following it, and not due to earlier disturbances.

increases but it becomes more variable due to the strengthening
of Ay directed from east to west.

TABLE I
THE AVERAGED ANISOTROPY BEFORE THE SHOCK ARRIVAL А AND THE MEAN VALUE
OF ANISOTROPY А FOR THE EVENTS UNDER CONSIDERATION
ХУB

ХУ

Averaged anisotropy
(before the
shock arrival)
1529 FEs
(onset
simultaneously with
the SSC)
1317 FEs
(1964 – 2006)
525 FEs
( tA>72 hrs)
471 FEs
( tA>72 hrs)
(1964 – 2006)
368 FEs
(tA>48 hrs)
(1964 – 2006)

Fig. 1. Correlation of the FE magnitude (AF) and maximum amplitude
of the first harmonic of CR anisotropy (Axy) during the FEs with
the magnitude of the first harmonic (Axyb) directly before the shock.

Mean value
of anisotropy

Ахуb=0.77±0.01 %

Ахуb=0.77±0.01 % Аху=0.6165±0.0007 %
Ахуb=0.70±0.02
Ахуb=0.70±0.02
Ахуb=0.73±0.02 %

Аху =0.574±0.001 %

The radial Аx and azimuthally Аy components of the
equatorial anisotropy (



A xy = A2x  A2y ) were calculated and

compared for different conditions. For the quiescent solar wind
(131316 hours) Аx = 0.070±0.001 % and Аy = 0.370±0.001 %.
For the same quiescent but pre - shock conditions (368 hours)
Аx = 0.05±0.02 % and Аy = 0.47±0.03 %. The differences
concern mainly the Аy component and they are less than in Аxy,
which means that before the SSC the anisotropy not only

In order to find out if the anisotropy (Axyb) before the
onset of event is connected to the magnitude of the following
FE (AF) and to the anisotropy inside the FE, only the events
which began in the quiescent conditions (as they were defined
above) have been considered. The decreases with the minimum
CR density, which are less than one day apart from the events’
onset, are considered, in order to reduce the possible number of
events caused by the high speed solar wind streams from
coronal holes or by complicated FEs due to several sources. In
Fig. 1 the magnitudes of FEs and maximum values of the
equatorial component of anisotropy Axym are depicted upon the
anisotropy before the shock (Axyb). It is obvious that the
magnitude of the FE (AF) increases with the increase of the Axyb
and the correlation coefficient of these two parameters is 0.46.
Stronger correlation is observed between Axyb and Axym
(correlation coefficient equal 0.74). One can see that the
magnitude of CR anisotropy, as it is observed before the shock,
is statistically connected both with the magnitude of the
evolving FE and the anisotropy inside this FE and is determined
by them in some way.
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The CR anisotropy changes may be seen not only
directly before the shock but earlier as well, as it is indicated in
Fig. 2, where the variations of CR density and Axy component of
anisotropy, averaged by the superposed epoch method, are
depicted relatively the SSC moment.

Fig. 3. A frequency distribution of the amplitude of the first harmonic of CR
anisotropy at the last hour before the SSC.

There is also a big variety of interplanetary conditions
before the shock. It is clear that for separate events and FE
groups more considerable effect should be pronounced.

Fig. 2. Variations of CR density (points) and amplitude of the
first harmonic of anisotropy (columns) for the periods before and after
the SSC obtained from 332 FEs.

One day before the occurrence of the SSC, a gradual
increase of the CR density is noticed. This is the recovery phase
after the preceded FDs. During the last 12 hours the rate of this
increase slows down. This increase is followed by a decrease
which started to be clearly observed at least 5 hours prior to the
SSC. The Axy is close to the mean value during this day. In the
last 5 - 7 hours a gradual increase of Axy is observed which
becomes larger near the SSC moment and continues after the
SSC. Note, that CR anisotropy reaches its maximum in 3 - 4
hours after the SSC for this kind of FEs.
The effect of the shock on the greatest part of CR is
likely to be detectable at a distance of one larmor radii ρ from
the front. In the used set of 332 events started on the quiet
background the mean IMF intensity before the SSC was
5.1±0.1 nT. For the protons of 10 GV rigidity in such field the
Larmor radii ρ ≈ 0.043 au and the shock with velocity 500 km/s
covers this distance in 3.6 hours.
A distribution of Axyb by the magnitude is considered as
compared to the distribution for all Axy over the time period
1964 - 2006 (Fig. 3). As it is seen small magnitudes of Axy
(<0.6%) before the shock are observed more rarely than at other
times, whereas magnitudes higher than 0.6% are observed more
often. This difference is especially noticeable for Аxyb>1.1%.
Hereby the strengthened CR flux is directed from east to the
Sun that apparently points out on the perceptible increase of CR
gradient along the IMF. Besides, as the analysis has shown, the
events with Аxyb>1.1% are distinguished by the more deep FD
and higher values of anisotropy. All these peculiarities more
clearly manifest for the FEs associated to the remote western
sources, while the region of the strongest modulation is located
to the west of Earth.
The averaged behavior of the anisotropy succeeded in
picking up the effect of approaching shock, but this effect is
relatively small. It is obviously decreased while averaging. The
point is that in FEs two types of precursors occurring by a
different way (pre-increase and pre-decrease) are combined,
and they create almost opposite anisotropy.

Fig. 4. Averaged variations of the CR density and anisotropy
before the Forbush effects caused by the western sources.

In Fig. 4 the variations of CR density and equatorial
component of the first harmonic of anisotropy (Axy) are shown
before and just after the SSC, averaged for 15 events which
begun with quiet interplanetary and geomagnetic conditions and
followed at least by a moderate magnetic storm (Kp-index ¿
6). These events were associated to western sources (associated
flares were located to the west of 30oW). One can see that in
such events the anisotropy vector starts its turning to the Sun
approximately 30 hours prior to the shock arrival.

4. CONCLUSIONS
The analysis of the CR vector anisotropy derived from
the data of the world wide NM network during the FEs is able
to provide the information about approaching shock waves. For
different groups of such events the precursors are big enough
and become detectable more than a day prior to the
geomagnetic storm onset. The most interesting results of this
analysis are:
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•
•
•
•
•

•

The values of the equatorial CR anisotropy
before the shock arrival (Axyb) averaged
separately:
by all 1529 FEs,
by the 1317 FEs through the time period 1964 –
2006,
by those FEs which started not earlier than in 72
hours one after another
and by the 368 FEs, which were registered
during quiescent interplanetary conditions, - is
higher than the mean value of anisotropy (Axy)
as it was calculated for the FEs mentioned
above (see section 3)
The values of the two components Аx and Аy of
equatorial anisotropy were calculated for both
quiescent solar wind and the same quiescent but
pre - shock conditions. The difference is more
significant for component Аy.

•

CR anisotropy before the shock is statistically
connected to the magnitude of the evolving FEs
and especially to the anisotropy inside these
FEs.

•

CR anisotropy changes may be seen not only
directly before the shock but earlier as well.

•

Small magnitudes of Axyb before the shock are
observed more rarely than at other times,
whereas magnitudes higher than 0.6% are
observed more often. This difference is
especially noticeable for Аxyb>1.1%.
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Geomagnetic Disturbances and Cosmic Ray
Variations in Relation to Human Cardio-health
State: A Wide Collaboration
H. Mavromichalaki, M. Papailiou, S. Dimitrova, E.S. Babayev, F. R. Mustafa

Abstract—Research groups from Athens (Greece), Baku
(Azerbaijan) and Sofia (Bulgaria) carry out relevant
heliobiological and biometeorological studies and the obtained
results reveal that human organism is sensitive to changes in
environmental physical activity and reacts to these changes
through variations of human body’s physiological parameters
such as systolic and diastolic blood pressure, heart rate (HR),
human brain’s bioelectrical activity, etc. Results of a
collaborative study conducted by these scientific groups
concerning the influence that geomagnetic disturbances and
cosmic ray activity might have on human cardio-health state, are
described in this paper. This multi-disciplinary study refers to
the time period of 15 July 2006 - 31 March 2008. Daily HR data,
which were digitally registered for seven functionally healthy
persons on working days and Saturdays in the Laboratory of
Heliobiology, located at the Medical Center INAM, Baku,
Azerbaijan, were studied in relation to daily variations of cosmic
ray intensity (CRI), measured in the Neutron Monitor Station of
the University of Athens, Greece, and daily variations of Dst and
Ap geomagnetic indices taken from accessible data sources. The
time interval from 4 to 22 December 2006 was most interesting as
it was characterized by extreme solar and geomagnetic activity
(GMA) and intense cosmic ray events such as a series of Forbush
decreases which started on 6 December 2006 and lasted until the
end of the month, and a solar proton event causing a Ground
Level Enhancement of the CRI on 13 December 2006. A sudden
decrease of the CRI on 15 December resulted in a major
geomagnetic storm, which was recorded also in Athens Station
(cut-off rigidity 8.53 GV) with amplitude of 5%. The statistical
methods were applied to establish a statistical significance of the
effect of GMA levels and CRI variations on HR (for the whole
group and for each person in the group). Our study has revealed
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that HR variations can be connected to geomagnetic disturbances
and CRI variations. The effects of HR increase were more
pronounced for high levels of GMA (when geomagnetic storms
occur) and large CRI decreases. HR increased on the days
before, during and after geomagnetic storms with high intensities
and on the days preceding, and following CRI decreases.

T

1. INTRODUCTION

he Earth and its surroundings (geospace) are very
sensitive to changes in solar activity, its manifestations in
the near-Earth space environment and on Earth [1]. Solar
disturbances interacting with the geospace cause geomagnetic
storms[2], perturbations in the ionosphere, long-term
variations in the Earth’s climate, etc. Conditions on the Sun
and in the solar wind, the interplanetary space, the
magnetosphere, the ionosphere and the thermosphere
constitute the so called “Space Weather” [3]; they can
influence not only the performance and reliability of spaceborn and ground-based technological systems, but can also
endanger many kinds of human activities, particularly in
connection to human life itself and human health.
As human health in general and human organism reactions
can be affected by many internal and external factors,
skepticism towards these kinds of studies always exists. Some
studies did not find a relation between geomagnetic activity
(GMA) and cardiovascular mortality [4], or correlation
between geomagnetic field (GMF) variations and heart attacks
[5], [6]. A recent study also found no statistically significant
relation between GMA and the number of fatal or nonfatal
acute myocardial infraction cases, the number of sudden
deaths or the number of patients with chest pain and without
myocardial damage [7].
Nevertheless, in the last several decades many scientists
have worked on the possible impact of space weather
variations on living beings. Over the last thirty years, the
investigation of the effect that solar and geomagnetic
activities, and, in general, the space weather, might have on
human health has resulted in series of serious studies,
conducted in number of countries [8], [9], [10], [11], [12],
[13] (and references herein).
Different levels of GMA and cosmic ray activity (CRA)
have been studied in association with human physiological
parameters [14], [15], [16], [17], [18], [19], [20], [21]. Results
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of these investigations are rather new but majority of them are
irrefutable and quite interesting. For example, it is found that
the human being’s reactions to geomagnetic disturbances
seem to vary from men to women [22], [23], [24], and from
persons suffering from cardio-vascular diseases to healthy
people [23], [24], [25], etc.
Some evidence has also been reported on the association
between geomagnetic disturbances and increases in number of
traffic (road) and work (industrial) accidents [26], [27], [28],
[29]. These studies were based on the hypothesis that a
significant part of traffic accidents could be caused by the
incorrect or retarded reaction of drivers to the traffic
circumstances, the capability to react correctly being
influenced by the changes in the environmental physical
activity, particularly, sharp fluctuations of GMF.
Some studies revealed that the most significant effects on
myocardial infarction, brain stroke and traffic accidents were
observed on the days of GMF disturbances accompanied with
Forbush decreases [30], [31], [32].
Recent investigations [18], [33] have revealed that the
number of sudden cardiac deaths and the incidences and preadmission mortality from acute myocardial infarctions
increased on the days both of highest and lowest daily levels
of GMA and high levels of CRA described by neutron flux.
This work is an outcome of the collaborative investigations
of three different scientific groups, namely those from Athens
(Greece), Baku (Azerbaijan) and Sofia (Bulgaria), carried out
for the study of potential influence of variations of
environmental physical activity on human cardio-health state.
In this paper we investigate how heart rate (HR) dynamics
could be influenced by variations in GMA and cosmic ray
intensity (CRI). Baku team has performed digitalized
registrations of certain cardiologic parameters of a group
consisting of seven functionally healthy persons and provided
HR data for the time period from 15 July 2006 to 31 March
2008. CRI decreases, like the big event recorded during
December 2006, together with Ap- and Dst- indices variations
during geomagnetic disturbances with different intensities, has
been analyzed in regard to measured HR variations.

2. DATA AND METHODS
A. Medical data
The relevant medical measurements were conducted with a
group consisting of seven functionally healthy persons from
Baku, Azerbaijan (geographic coordinates: latitude 40°23’N;
longitude 49°51’E). Digitized electrocardiograms (ECGs)
were registered on working days and Saturdays in the
academic Laboratory of Heliobiology, located at the Medical
Center “INAM” (Baku), from 15 July 2006 until 31 March
2008. The group consisted of 4 women and 3 men and the
average age of the group members was 31.6 years. In total the
number of obtained digital recordings, which were subjected
to analysis, was 1673 and referred to such cardiologic
parameters as RR intervals (time series of beat-to-beat HR

intervals or HR period in msec), minimal RRmin, maximal
RRmax, average RRavg and HR values.
In order to minimize the effects of other parallel objective
and subjective factors (i.e. environmental conditions, artificial
electromagnetic fields, personal problems of patients etc.) the
registrations were conducted in a special isolated room, which
was designed for medical examinations, providing also the
possibility for full relaxation of the persons examined. None
of the members of the group were informed about current
space weather conditions before and during the measurements.
In addition to all mentioned above, the physiological and
psycho-physiological state of these persons was also taken
into consideration and in case of complaints about their
physiological and psycho-physiological state (stress, emotional
experiences, an additional pathology – influenza, cold, etc.)
their measurements were neither conducted nor considered.
These small gaps did not affect results of experiments.
B. Cosmic ray data
Daily, pressure corrected data of the hadronic component of
the CRI obtained from the Neutron Monitor Station of the
University of Athens (Super 6NM-64) were used. This station
is located at altitude of 260 m above the sea level and detects
particles with a cut – off rigidity of 8.53 GV. It has been
operational since November 2000 providing high quality realtime cosmic ray data (http://cosray.phys.uoa.gr). These data
have time resolution of 1 hour, 1 min and 1 sec and are
considered as unique ones in the world [34], [35]. Athens
Station is unique in the Balkan and Caspian Sea Area as well
as the east part of the Mediterranean Sea. It is among the first
stations (4th) in the worldwide Neutron Monitor Network
providing real time data to Internet. The statistical error is
smaller than 0.3 % on hourly data.
C. Geomagnetic activity data
Τhe geomagnetic Dst-index data from the World Data
Center
for
Geomagnetism,
Kyoto
(http://swdcwww.kugi.kyoto-u.ac.jp/) were used in this study
for the considered period. GMA was divided into five levels
(I0, I, II, III, IV) according to the average daily Dst-index
values as shown in Table I. This table also presents the
number of HR measurements for each GMA level. Level “I0”
(very low GMA, positive values for Dst-index) was
introduced because for the time period under study there were
quite many days with very low GMA levels. Inclusion of
these very low levels of GMA in our study is also based on
the aforementioned results that very weak fluctuations or
almost the lack of fluctuations in GMF also can have adverse
effects on the human health state. The only major space
weather event was recorded on 15 December 2006 when Dstindex had a value of -99 nT and the CRI decrease, as recorded
in Athens, was approximately -5% [21].
Similar separation/gradation (I0, I, II, III, IV) is shown in
Table II for Ap-index, which data were handled from the
Space Weather Prediction Center at NOAA, Boulder, US
(http://www.swpc.noaa.gov/ftpmenu/indices/old_indices.html).
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25
0

PARAMETERS

Number of
Measureme

I

II

III

IV

Dst ≥ 0 0<Dst<-20 -20 ≤ Dst<-50 100≤ Dst<-50 Dst<-100
494

966

208

5

-25

0

-50
-75
-100
06.01.06
07.16.06
08.30.06
10.14.06
11.28.06
01.12.07
02.26.07
04.12.07
05.27.07
07.11.07
08.25.07
10.08.07
11.23.07
01.07.08
02.21.08

Dst-index, nT

I0

Dst, nT

Dst levels

TABLE II
AP-INDEX LEVELS AND THE NUMBER OF MEASUREMENTS OF CARDIOLOGIC
PARAMETERS

Ap-index
levels
Ap-index
values
Number of
Measureme

I0

I

Ap<8
986

II

III

8 ≤ Ap<15 15 ≤ Ap<30 30 ≤ Ap<50
409

248

21

4
3
2
1
0
-1
-2
-3
-4

CRI, %

TABLE I
DST-INDEX LEVELS AND THE NUMBER OF MEASUREMENTS OF CARDIOLOGIC

IV

Date

Ap ≥ 50

Dst

CRI

Fig. 1. Daily CRI (%) and Dst-index (nT) variations during experiments
period from 15 July 2006 to 31 March 2008.
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D. Statistical methods
The statistical method ANalysis Of Variance - ANOVA
(statistical package STATISTICA, ver.6, StatSoft Inc., 2001),
was applied to establish the statistical significance levels (p)
of the effect of GMA and CRI variations on the HR (for the
whole group and for each person in this group).
The effect of GMA and CRI variations up to three days
before and after the respective events (the main phase of
geomagnetic storms and CRI decreases and increases) on the
examined parameter HR was investigated by the method of
superimposed epochs and also by the help of ANOVA.
Significance levels (p – values) were calculated for the days
before (-), during (0) and after (+) geomagnetic storms and
CRI variations. The chosen level for statistical significance in
the used data analysis software system STATISTICA is set to
p<0.05 and the same value is used for interpreting the results.
3. RESULTS AND DISCUSSION
The time period under study is characterized mainly by low
GMA levels and one important space weather event on 15
December 2006 (Fig. 1), nevertheless it is quite interesting to
investigate how HR dynamics could be influenced by different
(high and low level) variations in GMA and CRI.
ANOVA was used for obtaining the significance levels (pvalues) of the effect of GMA level and the percentage of CRI
variations on the HR for each person in the group separately
and for the whole group (collective effect) for the days before
(-), during (0) and after (+) geomagnetic storms and CRI
variations. Table III shows p-values for CRI effect on HR for
each examined person (p1-p7) and for the whole group.
Fig. 2a shows HR variations of one person (p4) of the
group in relation to Ap-index levels (as they were gradated in
Table II). Fig. 2b and 2c show HR variations for the same
person under environmental physical activity, estimated by the
Dst-index levels and CRI variations, respectively. Results
show that high GMA levels (GMA increase, i.e. Ap-index
values increase and Dst-index values decrease) and CRI
decrease are associated to HR increase.

TABLE III
SIGNIFICANCE LEVELS (P-VALUES) OF CRI EFFECT ON HEART RATE (HR) FOR
THE DAYS BEFORE (+), DURING (0) AND AFTER (-) CRI VARIATIONS
(RESULTS MARKED WITH <*> ARE STATISTICALLY SIGNIFICANT;
P1-P7 DENOTE THE PERSONS IN THE GROUP)
p – values
Day HR
HRp4 HRp5 HRp6 HRp7
HRp1 HRp2 HRp3
group
-3 0.683 0.041* 0.456 0.513 0.0003* 0.386 0.833 0.600
-2

0.592

0.024* 0.461

0.297

0.0002* 0.512

0.339

0.034*

-1

0.952

0.219

0.106

0.003*

0.197

0.889

0.054

0

0.362

0.302

0.043* 0.627

0.041* 0.0003* 0.660

0.155

0.250

+1 0.700

0.111

0.714

0.002 * 0.00007* 0.712

0.149

0.045*

+2 0.411

0.054

0.308

0.112

0.00012* 0.074

0.048* 0.177

+3 0.692

0.165

0.339

0.072

0.0002* 0.455

0.029* 0.288

HR variations for the whole group on the days before (-),
during (0) and after (+) geomagnetic storms with different
intensities are shown in Fig. 3a (estimated by Ap-index), Fig.
3b (Dst-index) and Fig. 3c (CRI variations). It appears that
HR varies significantly for increased GMA: levels III and IV
for Ap-index classification and levels II and especially III
according to Dst-index classification as well as for the largest
CRI decreases (from -4% to -2%), which were registered
during the considered time period.
Regarding the two highest GMA levels (III and IV),
described by the Ap-index, HR started increasing 3 days
before geomagnetic storms, having the highest values for level
III from -2nd to 0 day and slowly returned to its basic values.
Meanwhile, being increased on the day before the event,
denoted as level IV, HR decreased to its basic values on 0 and
+1st day and obtained peak values on +2nd and +3rd days (Fig.
3a).
Concerning the Dst-index for level II, there was again HR
increment from -3rd to 0 day and, after that, recovering of the
values. For IV level, there were peak increments on some of the
days under consideration (-3rd, -1st, +1st and +3rd day) (Fig. 3b).
It is evident from Fig. 3c that HR of the group had peak
values on the days before (-3, -2, -1), during (0) and after (+1,
+2, +3) CRI decreases from -2% to -4%.
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GMA levels - Ap-index
Fig. 2a. Effect of GMA (estimated by Ap-index) on heart rate (±95% CI)
for the person p4 in the group.
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Fig. 2b. Effect of GMA (estimated by Dst-index) on heart rate (±95% CI),
for the person p4 in the group.
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Fig. 3b. Effect of GMA (estimated by Dst-index) on heart rate for the whole
group before (-), during (0) and after (+) geomagnetic storms.
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Fig. 3a. Effect of GMA (estimated by Ap-index) on heart rate for the whole
group before (-), during (0) and after (+) geomagnetic storms.
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Fig. 2c. CRI effect on heart rate (±95% CI) for the person p4 in the
group.
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Figures 4a, 4b, 5a and 5b show HR variations before (-),
during (0) and after (+) geomagnetic disturbances with
different intensities and CRI variations but refer to different
individuals of the group. It was revealed that HR of different
persons had peak increments on some of the days before,
during and after days with high GMA and CRI decreases
(more than -2%).
The most interesting and common result of our study is that
HR variations appear to be connected to geomagnetic
disturbances and CRI variations. The effects of HR increase
are more pronounced for high levels of GMA (especially
when geomagnetic storms occur) and large CRI decreases.
However, researches of this sensitive subject must be
continued on regional and global scales.

CRI:

-3

-4%

-2

-3%

-1

0
Day
-2%

+1

-1%

+2

0%

+3

+1%

Fig. 3c. CRI effect on heart rate for the whole group before (-), during (0)
and after (+) CRI variations.

Changes in the GMA level are related to fluctuations in
solar activity and conditions in the interplanetary and nearEarth space and are involved in climate regulation and various
animal and human behaviors. The biological effects of GMF
have emerged in recent years as an important factor. A
number of studies have shown that the GMF has a major
influence on the orientation of migratory birds and other
vertebrates, protein synthesis and branching in plants and
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human physical and mental states. Various animals utilize the
GMF for migrational and direction-finding purposes with
precision along definite geographical routes. Many living
organisms (e.g. various bacteria, homing pigeons, skates,
honey-bees, probably sharks, rays, etc.) have been reported to
have the ability to detect small fluctuations in the GMF and
react to the Earth’s magnetic field and its variations [36], [37].
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Fig. 5b. Effect of GMA (estimated by Ap-index) on heart rate before (-),
during (0) and after (+) geomagnetic storms for the person p7 in the group.

Fig. 4a. Effect of GMA (estimated by Dst-index) on heart rate before
(-), during (0) and after (+) geomagnetic storms for the person p1 in the
group.
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What becomes clear in all these studies is that the living
beings, including man, have adapted to normal variations in
GMA [34]. But, any deviations from this normal level, either
extremely high or low level fluctuations in GMA, will
undoubtedly affect biological systems through their brain,
cardio-vascular, nervous and other systems.
The human heart has an autonomous rhythm of activity but
variations of the HR can be changed and adjusted to variations
of external factors such as ionization, temperature and
pressure of the environment and the GMF which, through the
autonomous nervous system, influence the nervous and
muscular strings and can alter the amplitude of HR frequency.
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80

4. CONCLUSIONS
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This paper is an outcome of collaboration of three different
research groups, and focuses on the possible relation between
geomagnetic activity and cosmic ray intensity changes, and
human cardio-health state through measured parameters in
middle latitudes. CRI decreases, like those during the big
event recorded in December 2006, together with Ap- and Dstindices variations, has been analysed in regard to HR
variations. This study shows that human beings’ heart rate
dynamics can be affected by space weather changes like
variations in geomagnetic activity and cosmic ray intensity.
Results have revealed that heart rate increased with
geomagnetic activity increase and accompanied cosmic ray
intensity decrease.
Heart rate increased on the days before, during and after
geomagnetic storms with high intensities and on the days
preceding and following cosmic ray intensity decreases.
Further studies should be performed at different latitudes
and longitudes to confirm the obtained results and to clarify
biophysical mechanisms of these effects.
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Fig. 4b. CRI effect on heart rate before (-), during (0) and after (+) CRI
variations for the person p1 in the group.
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Fig. 5a. Effect of GMA (estimated by Ap-index) on heart rate before
(-), during (0) and after (+) geomagnetic storms for the person p6 in the
group.
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The induced Ionization by Solar Cosmic Rays in
the Earth Atmosphere-CORSIKA code
simulations
P. Velinov and A. Mishev

Abstract—. In this work we propose physical model for
estimation of solar cosmic ray induced ionization in the upper
atmosphere of the Earth on the basis of recent simulations. The
contribution of the electromagnetic, muon and hadronic
components to total ionization is computed. Atmospheric cascade
processes are simulated using CORSIKA code. The Fluka and
QGSJET hadronic interaction subroutines are applied. The
simulations are carried out according US Standard Atmosphere,
taking into account Earth curvature. The atmosphere is divided
in 1036 layers per 1g/cm2, allowing good precision for
longitudinal energy deposit estimation, respectively ion pair
production. Different energies of primary solar protons are
considered. The energy deposit of different cascade components
is obtained. As a result the ionization yield function Y is
computed. This permitted to obtain explicitly the profiles of ion
production rates q(h) by solar cosmic rays in the upper
atmosphere.

T

1. INTRODUCTION

HE cosmic rays are the dominant source of ionization of
the troposphere. The galactic cosmic rays create the
ionization in the stratosphere and troposphere and also in
the independent ionosphere layer at altitudes 50-80 km in the
D region [1]. First Van Allen (1952) [2] received cosmic ray
produced ionization in the atmosphere on the basis of V2
rocket sounding measurements. The study of cosmic ray
induced ionization is very important, because it is connected
with cloud formation and atmospheric chemistry.
The primary galactic cosmic rays extend over twelve
decades of energy with the corresponding decline in the
intensity. The flux goes down from 104 m-2 s-1 at energies ~
109 eV to 10-2 km-2 yr-1 at energies ~1020 eV.
The solar cosmic rays originate mostly from solar flares.
Coronal mass ejections and shocks in the interplanetary
medium also produce energetic particles. Usually solar cosmic
ray particles have energy of up to several hundred
MeV/nucleon, rarely up to few GeV/nucleon. Their
A. Mishev. is with the Institute for Nuclear Research and Nuclear EnergyBulgarian Academy of Sciences, 72 Tsarigradsko chausse 1784 Sofia,
BULGARIA (corresponding author, phone: 359-9746310; fax: 359-9753619;
e-mail: mishev@ inrne.bas.bg).
P. Velinov., is with Solar-Terrestrial Inluences Laboratory- Bulgarian
Academy of Sciences, 3 str. Acad. G. Bonchev 1113 Sofia Bulgaria (e-mail:
pvelinov@bas.bg).

composition is similar to galactic cosmic rays: mostly protons,
about 10% of He and <1% heavier elements. During strong
solar flares, the flux of particles at the Earth largely increases
leading in some case to a ground level enhancements.
A solar flare is a violent explosion of the surface of the
Sun's. Solar flares take place in the solar corona and
chromosphere. In solar flare different particles, such as,
electrons, protons and even heavy ions are accelerated.
Usually the flares occur in active regions around sunspots.
As was mentioned above the solar flares are associated with
coronal mass ejections, which represents an ejection of
material from the solar corona. The ejected material is a
plasma consisting of electrons, protons and small quantities of
heavier nuclei such as Helium, Oxygen and Iron.
The particles from primary cosmic ray radiation produce
cascade processes in the Earth atmosphere. The high energy
particle from primary cosmic ray collides with an atmospheric
nucleus and produces new, very energetic particles. Those
also collide with air nuclei. Each collision adds a large number
of particles to the cascade. Some of the produced particles are
neutral pions. The neutral pions immediately decay to a pair of
high energy gamma quanta. The gamma quanta produce
electron positron pairs passing near air nuclei. The electrons
and positrons regenerate gamma rays via Bremsstrahlung,
building the electromagnetic cascade. The charged pions
decay into muons. In addition different hadrons, strange
particles, are produced in strong interactions. As a result we
observe nucleonic-electromagnetic cascade. The secondary
particles depose energy in the atmosphere. As a result they
ionize the medium i.e. this is cosmic ray induced ionization.
Obviously the ionization profiles are connected with energy
deposit of the EAS particles. To estimate the cosmic ray
induced ionization it is possible to use a model based on an
analytical approximation of the atmospheric cascade [3] or on
a Monte Carlo simulation of the atmospheric cascade [4, 5].
2. MODEL
Our model is based on full Monte Carlo simulation of the
atmospheric cascade processes. The majority of Monte Carlo
codes for cascade simulations give detailed information for
type, energy, momentum, direction and arrival time of
secondary particles ate given location. The CORSIKA code
[6] gives the possibility to obtain information about the
characteristics of large diversity of particles at given location
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Y ( x , E ) = π ∆E ( x , E )

1
1
⋅
⋅Ω
∆x Eion

(1)

where ∆E is the deposited energy in layer ∆x in the
atmosphere and Ω is a geometry factor, integration over the
solid angle.
In Y we use Eion=35 eV [8], which is the energy needed for
production of one ion pair and Ω is geometrical factor
(integration over the solid angle with zenith of 70 degrees).
Basically the ionization yield function Y gives an average of
produced ion pairs at given observation level and at given
energy of the primary particle. In addition ionization yield
function Y gives the possibility to estimate the ion pair
production in the case when one deal with mean spectrum.
Therefore the ion pair production q by cosmic rays
following steep spectrum is calculated according the formula:
∞

q (h, λm ) = ∫ D( E , λm )Y (h, E ) ⋅ ρ (h)dE

(2)

E0

where D(E) is the differential primary cosmic ray spectrum at
given geomagnetic latitude λ m , Y is the yield function, ρ(h)
is the atmospheric density (g.cm-3).
The simulation of atmospheric cascade processes is carried
out with CORSIKA 6.52 code [6]. The hadronic interactions
below 80GeV/nucleon are simulated with FLUKA 2006 [9]
and above 80GeV/nucleon with QGSJET II [10] subroutines.
The electromagnetic interactions in CORSIKA are simulated
with EGS4 [11]. The SLANT version of the code is applied
[12] with realistic curved atmospheric model [13]. This
permits to follow the longitudinal shower development in
vertical bins, counting all particles crossing horizontal layers
and summing the deposited energy between two consecutive
horizontal layers. The atmospheric depth is parameterized
according to J. Linsley US Standard Atmosphere model [14].
The atmosphere is divided in layers per 1g/cm2. This gives the
possibility for detailed description of deposited energy,
respectively ion pairs production.
The contribution of the different cascade components is
taken into account, namely the electromagnetic, muon and
hadron component [15, 16] and their contribution as a
function of the altitude and energy is analyzed.

obtained using ionization yield function Y (1) taking into
account proton step spectrum with index 5.0.
In Fig. 1 and Fig.2 are presented the obtained ionization
rates for solar protons with different energies, namely 10MeV,
20 MeV, 40 MeV and 60 MeV.
The used statistics varies between 10 000 and 50 000 events
per energy point. As was expected the shape of ioniozation
profiles and the position of the Pfotzer maximum are very
similar [17]. However we observe several differences. As was
expected the position of Pfotzer maximum is deeper in the
atmosphere for 60 MeV incoming protons. The observed
differences in ionization rates (Fig.3) are due essentially on
the different particle fluxes, because the steepness of the
spectrum.
The observed large fluctuations below 600 g/cm2 level are
due essentially of low particle fluxes at this atmospheric
region and low statistics. The can be considered as systematic
errors. Obviously it is necessary to study the processes in low
atmosphere separately.
Obviously the solar energetic particles effects are important
in the upper atmosphere of the Earth, namely in stratosphere,
mesosphere and lower thermosphere as well in the polar
regions. It is known that cosmic rays plays important role for
electric conductivity processes in the middle atmosphere.
Therefore they influence the atmospheric electric processes.
The solar cosmic rays, appeared during sporadic solar
energetic particle events associated with solar flares, coronal
mass ejections. In this connection the quantitative study of
solar cosmic rays ionization in the troposphere-stratosphere is
of a big interest as well the contribution of the different
components to total ionization in attempt to investigate
previously proposed analytical models.
B

A

-1
-3
Ionization rate [ion pairs s cm ]

(observation depth) in the atmosphere. In addition, very
important for our aims, it is possible to sample the
longitudinal shower development and obtain fluxes (for
electromagnetic, hadronic, muon particles, as well as
neutrinos and Cherenkov photons), and deposited energy of
secondary particles.
In this work we apply the formalism for ionization yield
function Y which is defined according Oulu model [7]
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3. IONIZATION RATES FROM PRIMARY SOLAR PROTONS
The energy deposit in the Earth atmosphere is obtained on
the basis of full Monte Carlo simulation of the atmospheric
cascade processes due to solar protons using CORSIKA 6.52
code [6] and hadronic interaction models FLUKA 2006 [9]
and QGSJET II [10]. Therefore the ionization rates are
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Fig. 1 The ionization rates for 10 and 20 MeV solar protons
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4. CONTRIBUTION OF DIFFERENT COMPONENTS
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Fig. 2 The ionization rates for 40 MeV and 60 MeV solar
protons
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On the basis of formalism described in section 2 of the
paper using the obtained ionization yield function Y (1),
which gives the number of ion pairs, produced in 1 g of the
ambient air at a given atmospheric depth by 1 proton of the
primary cosmic ray particles with the given energy per
nucleon and convenient parameterization of cosmic ray
spectrum we obtain the ionization rates according formula (2)
due to primary solar protons.
The results are plotted as ion pairs per second in cm3
function of the observation depth. In Fig. 4-7 are plotted the
ionization profiles for 10 MeV, 20 MeV, 40 MeV and 60
MeV protons respectively. With solid black squares is shown
the total ionization. The electromagnetic component is
presented with open circles. The hadron and muon
components are shown with up and dawn triangles.
The contribution of hadron component to total
ionization in all cases is significant [18]. At the other hand the
contribution of muon component is in practice negligible. The
ionization due to energy deposit from hadron particles, in the
case of 10 MeV (Fig. 4) solar protons, dominates till 250
g/cm2 observation level. Below this altitude the contribution
of hadron and electromagnetic components is in practice
equal. Similar behavior of component contribution is observed
in the case of 20 MeV solar protons as incoming particles
(Fig.5). In this case the hadron contribution dominates till
altitudes corresponding to 280 g/cm2. In the case of 40 and 60
MeV solar protons as initiating atmospheric cascade particles
the electromagnetic and hadron particles render energy
equally deeper in the atmosphere (Fig.6 and Fig.7). In all
cases the contribution from hadron particles dominates till
observation depths of some 300 g/cm2.
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Fig. 4 Ionization rate for 10 MeV solar protons with
contribution of EM, hadron and muon components
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5. DISCUSSION
In all plots large fluctuations of the energy deposit,
respectively ion pair production are observed at altitudes
below 600-700 g/cm2 (below 4000 m above seal level). They
are due essentially to low secondary particle flux in this
atmospheric region and may be considered as systematic
errors. The contribution of hadron component to total
ionization is significant especially at observation levels above
300 g/cm2 (9300 m above sea level). Therefore the present
work gives the possibility to improve several previously
proposed models, which take into account only
electromagnetic component.
The solar energetic particles effects are important in
the upper atmosphere of the Earth, namely in stratosphere,
mesosphere and lower thermosphere. The adequate model of
cosmic ray induced ionization is a first step for electric
conductivity processes in the middle atmosphere
understanding. The solar cosmic rays, appeared during
sporadic solar energetic particle events associated with solar
flares, coronal mass ejections. It exist several studies showing
a statistical relation between such events and atmospheric
properties [19, 20].
Obviously on the basis of recent CORSIKA code [6]
simulations with corresponding hadron interaction subroutines
FLUKA 2006 [9] QGSJET II [10] the energy deposit by
different secondary particles for solar proton primaries can be
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estimated. To obtain q as ion pair produced per second in cm3
it is necessary to multiply the results per atmospheric density
ρ. The cosmic ray differential spectrum D(E) is approximated
according convenient parameterization. Obviously the
described formalism gives the possibility to estimate the ion
rate due to solar proton in different regions of the Earth,
heliospheric conditions [21] assuming in addition convenient
parameterizations [22].
6. CONCLUSION
In this work is presented new model for calculation of the
ionization of primary cosmic rays into the Earth atmosphere
on the basis of Monte Carlo simulations on the basis of
CORSIKA code version 6.52. The obtained results allow
estimate of the ion pair production in different regions of the
Earth in the whole atmosphere starting from ground level.
In the presented study was demonstrate the possibility to
estimate the induced by solar cosmic rays ionization in the
Earth atmosphere explicitly. The ionization profiles are
applicable to the entire atmosphere, from ground level to upper
atmosphere. In the proposed model all components of the
atmospheric cascade are taken into account. The future work is
related with comparison with analytical approaches and study
of cascades produced by heavier particles. In addition taking
into account the performance of CORSIKA code to sample the
longitudinal development of cascade process in the
atmosphere, we intend to estimate the dose exposure at high
mountain and flight altitudes. The presented results are very
important for studies related with influence of cosmic rays on
atmospheric processes, small particles in the atmosphere and
space weather.
The obtained results in this work give a good basis for
study of ozone production in Pfotzer maximum and solarterrestrial influences and space weather. The future work is
related with comparison of the proposed results with analytical
approaches and detailed study of the impact of the different
components.
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The Study of the Hectometric Radio Bursts and
Energetic Electrons from Solar Flares.
V.S. Prokudina, M. Slivka 2, V.N. Kuril’chik

Abstract - We analyzed the temporal profiles of solar radio
bursts at frequency range 1500-100 kHz, registered by AKR-X
and its relation to energetic electrons, registered by DOK-2 on
INTERBALL-1. We evaluated the delay of arrival of electrons
with E>40 keV to the Earth relativily to the impulsive phase of
the solar flare and compared it with spreading of radio bursts.

1.

INTRODUCTION

The objective of our investigation is the analysis of
observational data from INTERBALL-1 and comparison of
radio bursts in the frequency range 1500 –100 kHz,
registered by AKR-X during solar flares, with the fluxes of
energetic electrons, observed by DOK-2 near Earth orbit. It
is known that hectometric radio bursts
spread
at
interplanetary space and are generated at local plasma
frequency by energetic electrons, accelerated during the
solar flares and arrived to the Earth with delay relatively to
the impulsive phase of the flare.
The estimation of the delay time is the important
practical interest, because it is known, that energetic
electrons, moving along the open magnetic field lines of IMF,
arrived to the Earth more quickly, than plasma thrown out
during the flares and observed as CME, MC, IP-shocks.
These disturbances at solar wind are spreading to the Earth
during about 2 days and may caused the geomagnetic
storms. The peculiarities of hectometric radio bursts are
discussed at several publications., especially from data of
WIND/WAVE[ http:// www-lep.gsfc.nasa.gov/wave/]. The
features of energetic electrons from ACE [http://sdwww.jhuapl.edu/], WIND, SOHO and IMP-8 are analysed at
[1,2], where the electron events and its connection with active
solar phenomena are discussed. Also the questions about the
relation between the radio bursts and electrons are studied
[4,5,6 ].
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2. THE ANALYSIS OF OBSERVATIONAL DATA
The data were obtained with AKR-X and DOK-2 on
INTERBALL-1. The radio bursts were registered with 6channel radiometer at frequencies 100, 252, 500, 749, 1463
and 1500 kHz (passband 10 kHz, dynamical range 80 dB,
sensibility at 749 kHz P=10 –19 W/m2.Hz). The fluxes of
electrons were observed with DOK-2 at three energy ranges
: e1=21-34 keV, e2=39-46 keV, e3=76-96 keV. (unite/cm2.str.keV) ; orientation to the direction of axis X [8]. For
analysis of data we consider
only the periods
of
INTERBALL-1 localization beyond the magnetosphere.
From the list of events of radio bursts we selected only
the bursts of III type, identified with solar flares. As a rule,
the flares were localized at geoeffective longitudes, i.e., at
the western hemisphere of the Sun. The radio emission of
magnetosheric origin, type of AKR, we don’t consider here.
The detail description of similar bursts are given at [4].
Further we studied the events with energetic electrons
from DOK-2, which coincided with long-wave solar radio
bursts, and analyzed the temporal profiles electron fluxes
at channels e1, e2, e3. It is possible to notice several types of
electron flux’s profiles. The events with sharp increases of
fluxes and determined onset are of the especial interest,
because this mean , we suppose, the arrival of electrons to
the Earth. In many cases the intensification of the fluxes
coincided with strong fluctuations and oscillations, with
maximum and decreases, but sometimes exist the regular and
equal background. The similar classification of electron
events from ACE/EPAM were discussed at [3] and there
were picked the types of spikes, pulse, ramp and continuum
at temporal profiles. For our purpose we consider only the
events with onset and increase of flux. The cases with the
large fluctuations we don’t describe because of its complex
connection with magnetospheric and solar wind disturbances.
The typical temporal profiles of analyzed events are given
at Fig.2 - 7. From these and similar profiles we may
determine the onset of increase of flux (UTonset), i.e. the
moment of arrival of electrons to the Earth. If we know the
beginning of generation for solar hectometric radio burst
during the flare, we may evaluate the delay of arrival of
energetic electrons to the Earth.
The Table 1 contains the data with the estimations of the
time delay for some solar flares. At the Table are given the
data about flares (Importance, coordinates, No. AR,
microwave emission 15,4 GHz (Fmax, UT max), radio bursts
of III, II, IV types, UT onset and Pmax of radio bursts at
frequency f=1463 kHz, the beginning of increase of the
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electron flux (UTe) and the time delay of electron’s arrival
(∆t)).

keV) (down) on Interball-1 for November 4, 1997 solar
flare.

Figure 1. The temporal profiles of radio bursts in the
frequency range 1500-100 kHz, registered by AKR-X (up)
and energetic electron fluxes registered by DOK-2 at three
energy ranges (e1:21-34 keV,e2:39-46keV and e3:76-96

Figure 2. The same like on Fig.1 for November 6, 1997
solar flare.

363

Figure 3. The same like on Fig.1 for May 6, 1998 solar flare.

Figure 4. The same like on Fig.1 for June 4, 1999 solar flare.
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Figure 5. The same like on Fig.1 for June 10, 2000 solar
flare.

Figure 6. The same like on Fig.1 for June 18, 2000 solar
flare.
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Table 1.

It is noticed, that the onset of hectometric radio burst may be
consided with maximum of flare, observed at microwave and
HXR ranges [7]. It means, that energetic electrons escape
from the region of acceleration at the Sun and are spreading
at interplanetary space along IMF structures. The several
events with radio bursts and electrons, registered on
INTERBALL-1 also were observed on IMP-8 , ACE and
WIND, what is important for our future research. The
results of the time delay evaluations are presented at the
Table 1 (see ∆ t). From our data we may conclude that the
time delay of arrival of energetic electrons to the Earth
relatively to the explosive phase of the solar flare equal to 2040 min.
3.

Figure 7 The same like on Fig.1 for September 19, 2000
solar flare.

CONCLUSION

From the study of the observational data we may
suppose, that the source of hectometric radio bursts and
energetic electrons were the solar flares of X,M
Importances, with large microwave emission, coronal radio
bursts of III, II, IV types and CME. The flares were
developed at active regions with complex magnetic
structure, situated at western hemisphere.
The microwave emission is the important parameter for
the analysis the events with the energetic electrons. It, as
HXR bursts, better determined the process of acceleration
at the flare, than the SXR, usually descibed the importance
of the flare. Hence for the study of electron events we must
use HXR and microwave data.
We obtained the estimation of the time delay of electron
arrival by comparison of onset of electron flux increase,
registered by DOK-2, with the moment of appearance of
hectometric radio burst of III type during the explosive phase,
observed by AKR-X on INTERBALL-1. This value was
equal to 20 –40 min, the result similar to other reports. The
events with considerable fluctuations and oscillations of
electron fluxes we don’t analyzed because of the different

366

problems, connected with the acceleration and spreading of
energetic particles at disturbed interplanetary space and
near magnetosphere.
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Periodic Variations of CR Muon Intensity in the
Period 2002-2004
A. Dragić13 , R. Banjanac1, V. Udovičić1 , D. Joković1, J. Puzović2, I. Aničin2

Abstract— Power spectral analysis of cosmic-ray muon intensity record from Belgrade muon detectors in the period 2002-2004
is carried out. Several periodicities are found in data sets from
both ground(GD) and underground(UD) (25 mwe) detectors.
Periodogram analysis revealed statistically significant peaks in
both data sets at solar rotation period 26.5 day (27.0 in the
ground data) day and its higher harmonics 13.6, and ∼ 8.7 day
as well as periods 1 year, 240, 190, 90, 37, 34.5, 20.5 and 1 day.
Signals unique for underground detector data are: 25.4, 77, and
162 days, while signals found only in surface detector data are:
22 and 57 days. Similar periodicities are reported in various
solar activity parameters, confirming the relevance of cosmicray studies as an indirect diagnostic tool of solar activity and
representing a strong motive for further investigation of relation
between solar activity and CR variations.

I. INTRODUCTION
The cosmic-rays (CR) arriving at the Earth after propagation
through the heliosphere carry information on the interplanetary
magnetic field (IMF). The structure of the IMF, on the other
hand, varies under the influence of phenomena in which
solar activity is manifested. Therefore, variation of CR flux
is expected to be good indicator of solar activity.
The CR time series have been analyzed in a search for
periodic intensity variations by various authors. Majority of
studies is with neutron monitor records, covering lower CR
energy than muon detectors. In the frequency range covered
by the present study 1.06 · 10−8Hz-3.47 · 10−4Hz (period 0.31100 days) several periodicities are reported.
El-Borie et al. [1] have studied periodicities in CR data from
eight different stations - six neutron monitors: Deep River,
Mt. Wellington, Climax, Hermanus, Rome and Huancayo, as
well as two muon telescopes: Nagoya and Mawson, separately
for solar minimum and solar maximum epochs. In four consecutive solar minima they found only one consistent peak
∼ 27d and its first two harmonics. Another signal present
in all periods is ∼ 250 − 285day. Sporadically, signals with
periods 45-54, 66 and 100 days are found.
Mavromichalaki et al. [2] investigated Climax neutron monitor data in the period 1953-1996 searching for periods ranging
from a few months to 11 years. Identified signals by maximum
entropy method are: 3, 4, 4.5, 5.2, 7.1, 8.4, 9.1, 10 months and
1year and 1.7year.
Joshi [3] also looked for periodicities in Climax data, but
in the 22 solar cycle maximum (1989-1991). Author related
1 Institute
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of Physics, Belgrade University, Studentski trg 16, Belgrade,
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periodicity of ∼ 170 day to strong magnetic field.
Kudela et al. [4] were interested in CR spectra and
time evolution of the signals. In the analysis of four neutron monitors: Climax(1951-2000), Calgary(1969-2000), Lomnický Štı́t(1982-2000) and Huancayo(1953-2000) in the period
range 60-1000 days, among found waves ∼ 170 day appears
to be the most persistent one. Signal at ∼ 150 day is not stable,
but ranges from 140 to more than 200 days, appearing usually
just after solar maxima. The other sporadic signals are 70-75
days and 600-700 days. Solar rotation period ∼ 27 days (+
higher harmonics) are also present.
Attolini et al. [5] in the time series from Huancayo (19371953) and Climax(1953-1979) neutron monitors detected 1
year periodicity, shifting to 1.3 year near solar minima. The
other signals (1.77, 1.58, 1.33 and 1.18 tears), identified as
higher harmonics of fundamental frequency (10.67 years) are
considered nonsignificant.
Spectral analysis of Voyager1 and Voyager2 anomalous CR
data is done by Hill et al. [6]. Authors dedicated most attention
to ∼ 151day signal, although other signals are present in
oxygen, helium and proton data.
Generally, fewer number of studies are dedicated to spectral
analysis of muon time series. Muons are produced by higher
energy primaries than neutrons, and therefore muon flux
variability provides additional information needed for better
understanding of solar modulation process. Of course, cosmicray and solar variability can not be related in a straightforward
manner, due to complexity of mechanism of solar modulation
of cosmic rays.
In a number of studies of solar variability, periodicities
similar to above mentioned are reported. Lou et al. [7]
identified periodicities in coronal mass ejection data from
LASCO/SOHO during maximum of solar cycle 23 (19992003). This result is highly relevant for the present study, since
time interval investigated partially overlaps with ours and since
relation between CME and cosmic rays is well established [8].
In the same time interval authors have analyzed data on solar
X-flares (clas > M5.0) from the GOES and found a series of
periodic signals.
After discovery of ∼ 154 days periodicity of solar flare
rates by Rieger et al. [9] many investigations are undertaken
searching for periodicity in solar parameters variability. Lean
and Brueckner [10] found ∼ 155 days periodicity in sunspot
blocking function, 10.7cm radio flux and sunspot number, as
well as the other peaks at 115, 162, 270 and 323 days. The
signal with the same period is found in photospheric magnetic
flux in solar cycle 21, but not in solar cycle 22 [11]. In the
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same solar cycle, 155 day signal was absent from daily record
of sunspot areas [12] (in contrast to ∼ 86 day signal), but
present in cycles from 14 to 20 (1904-1976) [13]. The signal
was also absent from the green corona brightness of the Sun
in time interval 1947-1976 [14] where 17.6 month periodicity
is located. Another form of solar activity exhibited 152-158
day period: radio burst of type II and IV [15].
Pap et al. [16] presented evidence for periodicities in total
solar irradiance and various solar activity indices: 10.7cm
flux, Ca-K plage index, projected areas of active and passive
sunspot groups and sunspot blocking function.
Another solar parameter relevant for cosmic-ray studies is
occurrence of solar proton events. Gabriel et al. [17] found a
series of periodicities whose position is cycle dependent.
The ∼ 78 day period is detected in 1-8A x-ray index in
time interval 1977-1981 [18].
Sturrock et al. [19] searched for periodicity in solar neutrino
data and found none.
There is no agreement on physical mechanism of observed periodicities in solar activity. Several explanations are
proposed. Wolff [20], [21] suggested that rotation coupling
of active bands generated by the solar g-mode oscillations
with spherical harmonics l=2 and l=3 may generate 154 day
periodicity. Other periodicities could be understood by normal
mode of oscillation of slowly rotating star when two inertial
r-modes couple with an interior g-mode. Bogart and Bai [22]
proposed that cause of periodicities is interaction of active
regions rotating at different rates. Lou [23] suggested that
periodicities in question can be explained by equatorially
trapped Rossby-type waves.
The CR variability investigated simultaneously with solar
activity might help discriminating between different models,
since they have different consequences on CR transport.
II. E XPERIMENT D ESCRIPTION
Cosmic-ray muons are detected by two identical plastic
scintillator detectors, installed in the Institute of Physics,
Belgrade, Serbia. The laboratory is located at geographic
latitude 44o 51’N; geographic longitude 20o 23’E, and altitude
78m above sea level. Geomagnetic latitude of the laboratory
is 39o 320 N and vertical geomagnetic rigidity cut-off is 5.3GV.
One detector is situated on the ground level, while the other
is in the ”Dr. Radovan Antanasijević” underground laboratory
(at the depth of 25 m water equivalent). The detectors are
of prismatic shape with dimensions 50cm × 23cm × 5cm.
Scintillator type is similar to NE102. The scintillation light
from each detector is collected by single photomultiplier tube.
After amplification, the analog output signal is digitalized by
laboratory made A/D converter and then linked to a computer PCI card. The 4096 channel spectrum is automatically
recorded every 5 min, with 270 sec dedicated to measurements,
and 30 sec being allowed for recording on local hard disc,
some quick interventions on the system, and data transmission
to second local network computer. The setup enables off-line
data analysis without interrupting the measurements.

The recorded spectrum is mainly the spectrum of muon
energy deposit ∆E. Daily recorded spectrum from surface
detector, together with Monte Carlo simulation of detector
response is plotted in Fig.1. The spectrum stretches to about
200 MeV and have a well defined single particle peak corresponding to an energy loss of some 11 MeV. The rise in
the low energy part of the spectrum is due to environmental
radiation.

Fig. 1. Energy loss spectrum in plastic scintillator detector and Monte Carlo
simulation of detector response to CR muons. The low energy rise is due
to environmental radiation, whose contribution to overall spectrum is well
separated from that of muons.

Monte Carlo simulation of this ∆E spectrum, based on
GEANT4 package, agrees well with the experimental spectrum. With the given geometry, detector response to cosmic
and ambient radiation are well separated (as confirmed by MC
simulation) and unambiguous YES/NO selection criteria can
be applied. All relevant physical processes leading to muon
energy loss in interaction with detector is taken into account
(ionization, bremsstrahlung, pair creation). Contribution to
total energy loss from δ-electrons and other particles, produced
by muonic interaction is also accounted for. Reliable detector
simulation allows improvement of data analysis.
III. DATA ANALYSIS

AND MAIN RESULTS

The data from Belgrade muon detectors for the period 20022004 (belonging to descending phase of cycle 23) are spectrally analyzed. The time interval covers years following the
maximum of solar cycle 23, when the Sun was exceptionally
active.
The muon flux is recorded by two plastic scintillator detectors located on the ground level and in the underground
laboratory of the Institute of Physics, Belgrade. The experimental setup is described in more detail elsewhere [24]. The
muon data averaged over 4 hour period are presented in Fig.1.
The time series in question are incomplete, with 30% of
missing data. Lomb-Scargle periodogram [25], [26] analysis
method has been used in spectral analysis. This particular
method is preferred since it can successfully treat unevenly
sampled and gapped time series. Another advantage of LombScargle method is the well known statistical interpretation
of the periodogram. Power spectral density P (ν), calculated
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Muon detector relative counting rate: ground detector (left) and underground detector (right).

on a discrete set of frequencies, has a statistical significance
is the power, normalized to the
exp(−z), where z = Pσ(ν)
2
0
total statistical variance. For a periodogram, calculated on a
set of N independent frequencies, probability of observing
a single peak above some value z is p0 = 1 − F , where
F = 1 − (1 − e−z )N is a false alarm probability. The number
of independent frequencies N is estimated according to [27],
rather than by following the empirical formula of [28] which
is deduced from a quite specific problem and has limited
applicability.
Better definition of peak position and a smoother appearance
of periodogram is achieved by oversampling (the number
of sampled frequencies in a periodogram is larger than the
number of independent frequencies). Anyway, the frequency
resolution is determined by the spacing between independent
frequencies. In our case, with 4 hour averaged data, the investigated frequency range is between Nyquist critical frequency
(34µHz) and inverse of the total time span (10.6nHz). The
number of independent frequencies is N=3427 and frequency
resolution is δν = 10nHz. If the individual peak width is
larger than the frequency resolution it is a signature of a quasiperiodicity with variable period, rather than a true periodicity.
Beside statistical, periodogram analysis faces also spectral
problems (spectral leakage and aliasing). Thus, statistical criterion alone, based on false alarm probability is not sufficient
for discrimination between true and false periodicities in the
time series. One way to address this problem is by harmonic
filtering [29]. After calculating the periodogram, usually the
strongest signal is subtracted from the data to test its influence
on other signals and then the periodogram is recalculated.
Yet another problem might plague the result - the pattern in
missing data could cause the presence of false peaks and in
the case of noisy data could shift positions of true peaks.
The above mentioned problems are addressed by the
CLEAN deconvolution algorithm [30]. The true, undistorted
spectrum is obtained by deconvolution of ”dirty” spectrum
from spectral window function. The spectrum reffered to as
”dirty” is computed in our case as a Schuster periodogram
and it turns out to be almost identical to Lomb-Scargle
periodogram. Deconvolution procedure is started from highest
amplitude component in the ”dirty” spectrum. A fraction of its

amplitude (named gain: 0 < g < 1) is convoluted and removed
from the ”dirty” spectrum, resulting also in removal of its
sidelobs in the residual spectrum. In our calculations value g =
0.1 is used, but results are not sensitive to change of this value.
Residual spectrum is processed in the same manner until the
stopping condition is met. We have chosen stopping condition
recommended by Vityazev [31], that residual spectrum is not
significantly different from pure noise.
The results of spectral analysis of cosmic ray counting rates
averaged over 4 hours period are presented in Fig.3 for both
the underground and the ground detector data.
The statistically significant peaks identified in the spectra
and which survived deconvolution procedure are listed in Table
1 and Table 2. The ∆Ta is an error estimated theoretically,
knowing frequency resolution (δν = 10nHz), while ∆Tb
is experimentally determined as a half of full width at half
maximum of a given signal. These errors are comparable,
making it difficult to distinguish between true and quasiperiodicities.
IV. D ISCUSSION
A number of statistically significant periodicities are identified by spectral analysis. Most of them are common features of
both data sets, but several are unique to one or another detector
data. These peaks are particulary interesting, since they appear
as a consequence of energy dependent modulation processes.
A periodicity with solar rotation period (∼ 26.5 ± 0.3 day
in underground and ∼ 27.0 ± 0.3 day in ground data) is
easily identified. This signal is well documented in various
parameters describing solar activity and it is also present in
many cosmic-ray time series. By far less significant are higher
harmonics of this solar rotation period (∼ 13.6 ± 0.1 in both
data sets and ∼ 8.70±0.03(∼ 8.40±0.03) days). The presence
(and absence) of these signals might be related to sectorial
structure of the interplanetary magnetic field.
In the high frequency region there is a peak at 1day period
in the underground data. The same signal is recognized by
Lomb-Scargle periodogram, slightly above 99% confidence
level, but the signal is not confirmed by CLEAN. This periodicity is partly due to atmospheric effects but also indicates
CR anisotropy arising from corrotation of CR particles with
interplanetary magnetic field lines. In the surface detector data
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Fig. 3. Power spectra of the underground (left column) and ground (right column) detector data in different frequency range. The 99% confidence level is
also plotted.
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TABLE I
P ERIODICITIES PRESENT IN THE
T
∆Ta
∆Tb

1
5 · 10−4
-

8.7
0.03
0.1

13.6
0.1
0.1

20.5
0.2
0.2

UNDERGROUND DATA SET.

25.4
0.3
0.3

26.5
0.3
0.3

34.5
1
0.5

P ERIODS ARE

37
0.6
0.5

77
2.5
-

GIVEN IN DAYS .

90
3.5
4

162
11.5
10

194
16
20

240
24
23

350
53
45

TABLE II
P ERIODICITIES PRESENT IN
T
∆Ta
∆Tb

5.3
5 · 10−4
-

8.4
0.03
0.1

13.6
0.1
0.1

20.5
0.2
0.2

22
0.2
0.3

THE GROUND DATA SET.

27
0.3
0.5

some evidence is found for ∼3.5d and∼5.3d signals, both
being higher harmonics of solar rotation period.
A set of periodicities is present in the region of intermediate
frequencies: 20.5 ± 0.2d (both detectors); 22 ± 0.2d (GD);
25.4 ± 0.3d (UD); 27 ± 0.3d GD (26.5 ± 0.3 UD); 34.5 ± 0.5d
(both); 37±0.6d (both); 57±2.5d (GD); 77±2.5d (UD); 90±
3.5d (both). Interestingly, the signal with solar rotation period
does not appear to be the most pronounced. Proliferation of
peaks in this frequency band came as a surprise and one might
question wether they represent genuine signal or artifacts of
methods of analysis. CLEAN indeed removed several peaks,
significant at the 99% level in the Lomb-Scargle periodogram
but the above cited remained. The only known case where
CLEAN fails is when false signal has the highest amplitude
in a periodogram.
High-altitude neutron monitor (NM) data, as reported by
[32], exhibit common features with Belgrade muon data. In
the analyzed period (1990-1999), 27 day periodicity is present
in Climax, Lomnický Štit, Tsumeb and Huancayo-Haleakala
data. The 35 day signal (similar to ours 34.5 day) is detected
only in Climax data. On the other hand, 37 day signal is found
in all NM data, except Huancayo. Lomnický Štit, Mexico and
Tsumeb NM have 58 day signal, corresponding to 57 day
signal in our GD data. The 78 day wave is present in Mexico
and Huancayo NM (77 day in our UD). In all NM 89 day
periodicity is also found in all NM data (90 day in our muon
data). Interestingly, this periodicity appears in Climax data in
descending phase of solar cycle 22 (1992-1994), but not in
the solar maximum period. The 115 day variation, otherwise
common in NM data, is missing from Climax in the same
period (1992-1994). This signal is not detected in Belgrade
muon data.
Some rare periodicities also coincide in muon and NM data:
25 day in Alma Ata and Mexico (1992-1994) and 25.4 day
in Belgrade UD; 20 day in Mexico 1992-1994, Lomnický Štit
1990-1999 and 20.5 day Belgrade UD+GD;
In the low frequency region, 162 ± 10 day periodicity
is found only in UD. This period correspond to six solar
rotations (6×27 =162 day). It is not clear wether this signal can
be correlated with variations of many solar parameters with
periods ranging from 154 to 158 day. According to [4] ∼ 150
days periodicity in cosmic-rays is not stable, but ranges from
140 to more than 200 days, appearing usually just after solar

34.6
1
0.5

37
0.6
0.6

57
2.5
-

90
3.5
4

194
16
15

240
24
18

350
53
43

maxima. This period is close to 170 days period found by Joshi
[3] for the years 1989-1991 (maximum phase of solar cycle 22)
in Climax data. It is the only period exhibiting this periodicity
within entire period 1953-1997. Author relates this periodicity
to the strong magnetic field via influence of magnetic clouds
on CR intensity variation [33], [34].
In the vicinity of our 240 days periodicity El-Borie and
Thoyaib [1] found evidence for a peak in several NM data
ranging from 250-285 days for different epochs.
Some evidence is found for 1.3 year signal in the GD data,
but it is not well spectrally resolved from annual variation and
still needs to be confirmed in the more detailed analysis.
As already mentioned in the Introduction, CR intensity
variation is correlated with solar parameters. Much progress
is made in understanding solar modulation of cosmic rays
and with new observational data and continuous research,
further improvement is expected. Various indicators of solar
activity are proven to produce modulation: magnitude of
IMF, heliospheric current sheet tilt. Dynamics component of
IMF is associated with Corotating Interaction Regions and
coronal mass ejections. In many studies of solar modulation
process, CR intensity is correlated with different solar activity
parameters: sunspot number, flare microwave flux at 10.7cm,
polar coronal holes, CMEs (see for example [35]).
In the study of periodicities of solar coronal mass ejections
[7], the most significant peaks are at ∼ 358±38d, ∼ 272±26d,
∼ 196 ± 13d close to ∼ 350 ± 43d, ∼ 243 ± 18d, and ∼ 190 ±
16d in Belgrade muon data. Other peaks (significant at level
higher than 3σ) at ∼ 57±1d, ∼ 35.9±0.4d, ∼ 33.5±0.4d, and
also ∼ 20.6±0.2d are close to ∼ 57±1d(GD), ∼ 37.0±0.5d,
∼ 34.5±0.5d and ∼ 20.5±0.2d (GD) in Belgrade muon data.
Daily counts of X-ray solar flares of class ≥M5.0, analyzed
in the same study, contain periodicity at ∼ 157 ± 11d, which
might be related to ∼ 162 ± 10d in Belgrade muon data. It is
a strong indication that CR exhibit Rieger-type periodicity. In
a recent study of soft X-ray flare index (FISXR ) 161d period
is revealed in cycle 21 (but not during cycles 22 and 23) [36].
The nature of this periodicity could be better understood if
one looks at other signals, expected to be related to the present
one. Following Bai and Sturrock [37], if this periodicity
is of Rieger-type, it is a manifestation of a hypothetical
solar ”clock”, with a fundamental period of about 25.5days.
Periodicities often observed in solar activity data at 51, 78,
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103, 129, and 154 days are subharmonics of this fundamental
period. In Belgrade muon data, in addition to 162 days signal,
25.4 ± 0.3d and 77 ± 1d periodicities are indentified in UD.
None of these periodicities is present in GD. We can not offer
an explanation for the observed difference between the two
detector data sets.
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Aničin, I., ”Analysis of Continuous Cosmic-Ray Measurements in
Belgrade”, Proc. 28th Int. Cosmic Ray Conf., 1199.
[25] Lomb, N.R. - Least-squares frequency analysis of unequally spaced data
Ap & SS 39, 447-462 1976.
[26] Scargle, J.D. - Studies in astronomical time series analysis. II Statistical
aspects of spectral analysis of unevenly spaced data, Ap. J. 263, 835-853
1982.
[27] Press W.H., Teukolsky S.A., Vetterling W.T., Flannery B.P. - Numerical
Recipes, Cambridge Univ. Press, Cambridge, 1992.
[28] Horhe, J.H., and Baliunas, S.L. - A prescription for period analysis of
unevenly sampled time series, Ap. J. 302, 757 1986.
[29] Ferraz-Mello, S., Estimation of periods from unequally spaced observations, AJ 86, 619-624 1981.
[30] Roberts, D.H., Lehár, J., and Dreher, J.W. - Time Series Analysis with
CLEAN. I. Derivation of a Spectrum, AJ 93, 968-989 1987.
[31] Vityazev V.V. - Analiz neravnomernih vremennih ryadov (in Russian),
Sankt-Peterburg 2001.
[32] Caballero, R., and Valdés-Galicia, J.F. - Statistical analysis of the fluctuations detected in high-altitude neutron monitor, solar and interplanetary
parameters, Sol. Phys. 213, 413-426 2003.
[33] Ananth, A.G. and Venkatesan, D., - Effect of interplanetary shocks and
magnetic clouds on onset of cosmic-ray decreases, Sol. Phys. 143, 373383 1993.
[34] Badruddin, Yadav, R.S. and Yadav, N.R., - Influence of magnetic clouds
on cosmic ray intensity variation, Sol. Phys. 105 413-428 1986.
[35] Caballero, R., and Valdés-Galicia, J.F. - Solar modulation of galactic
cosmic-ray intensity as seen by neutron monitors during 1990-1999,
Sol. Phys. 212, 209-223 2003.
[36] Joshi, B. & Joshi A. - Intermediate-term periodicities in soft X-ray flare
index during solar cycles 21, 22 and 23, Sol. Phys. 226, 153-161 2005.
[37] Bai, T. & Sturrock, P.A., - The Sun and its relation to the 154 day
complex of periodicities, Ap. J. 409, 476-486 1993.

373

On diurnal variation of cosmic rays: statistical
study of neutron monitor data
including Lomnický Štít.
K. Kudela , K.A. Firoz , R. Langer, V. Kollár
Abstract. Results of statistical study of diurnal wave amplitude
and phase on day-to-day basis using Lomnický Štít neutron
monitor (NM) data, in addition to the longer time series of Oulu
and Climax NM data, are reported. The data set constructed is
useful for checking the time profiles of the diurnal wave
characteristics and their relations to solar, interplanetary and
geomagnetic parameters. On the extended data set we indicate
that the narrower phase distribution with non-significantly
changed position of maxima is obtained at all three stations when
the amplitude to dispersion ratio is increasing; the different long
term behavior of the amplitude and phase; and the significance of
Btot of interplanetary magnetic field for the amplitude of the
diurnal wave.

1. INTRODUCTION
There are many studies of diurnal variation of cosmic rays
(CR) observed by neutron monitors and by muon telescopes.
Only few of the studies are mentioned here. Parker [23]
published the theory of streaming of cosmic rays and its
relation to diurnal variation. Ahluwalia and Singh [1]
described the diurnal, semi-diurnal and tri-diurnal variation of
cosmic rays as observed by neutron monitors with different
cutoff rigidities. Ahluwalia and Riker [2] reviewed the longterm changes of solar diurnal variation over period 1965-1976
and obtained the rigidity dependence of parallel diffusion
coefficient. Swinson et al. [28] explored the diurnal
anisotropies with Interplanetary magnetic field (IMF) over 21
years. Results of other studies relevant to diurnal variability of
cosmic rays are e.g. in papers [3-5, 7, 9, 12-15, 17, 18, 24, 26,
30 among others]. Assuming that at 1 AU the solar wind
average speed is 400 km/s and the Earth orbital motion is
about 30 km/s, cosmic rays will overtake the Earth from local
time direction of ~ 18 h [8]. Analysis by El-Borie and AlThoyaib [10] have shown the difference in diurnal variations
measured in toward and away polarity days of IMF. In the
study by Kumar et al. [16] the time/spatial variations in the
amplitude and phase of the diurnal anisotropy become more
pronounced for 60 geomagnetically quiet days. Paper [19]
indicated the shift of the diurnal and semi-diurnal anisotropy
K. Kudela, R. Langer and V. Kollár are with the InŠtítute of Experimental
Physics, Slovak Academy of Sciences, Košice, Slovakia (corresponding
author’s e-mail: kkudela@kosice.upjs.sk).
K.A. Firoz is with the Faculty of Science, P.J. Šafárik University, Košice,
Slovakia.

vectors on geomagnetically quiet days to earlier hours when
the solar poloidal magnetic field (SPMF) was positive during
the periods 1971-79 and 1992-95 as compared to that during
the periods 1964-70 and 1981-90 when the the field was
negative, showing a periodic nature of daily variation in CR
intensity with poloidal magnetic field of the Sun. Tiwari et al.
[29] indicated the anomalies in diurnal anisotropy during
descending phase of solar cycle 22, namely that in 1992, in
comparison with earlier years, the diurnal phase shifted to later
hours, but anomalously recovered in 1993 and 1994, and then
again shifted to earlier hours continuously since 1994 to 1997.
Moraal et al. [22] have shown that during the solar minimum
period of 1954 the cosmic-ray diurnal variation as observed by
neutron monitors and muon telescopes underwent a dramatic
swing in its direction of maximum intensity, from the normal
value between 16 and 18 h local time to as early as 08 h. This
can be explained as being due to a negative radial density
gradient of cosmic rays in the inner heliosphere. Singh and
Badruddin [27] found that the amplitude of the diurnal
anisotropy varies with a period of one solar cycle (similar to
11 years), while the phase varies with a period of two solar
cycles (similar to 22 years). The authors also indicated the
difference in time of maximum of diurnal anisotropy (shift to
earlier hours) is observed during A < 0 (1970s, 1990s) polarity
states as compared to anisotropy observed during A > 0
(1960s, 1980s). A>0 is assigned for the time intervals when
IMF is directed away from the Sun above the current sheet (in
north), while A<0 for the intervals with IMF directed to the
Sun above the current sheet. Enhanced and low amplitude
wave trains of diurnal variation were examined e.g. in papers
[20,21]. Recently, Sabbah and Duldig [25] pointed out that the
amplitude of the diurnal variation observed by underground
muon telescopes is lower for even cycles (20 and 22) than for
the odd cycle. Badruddin [6] reported that enhanced diurnal
anisotropy and intensity deficit of CR have been identified as
precursors to Forbush decreases (Fds) in CR.
Here we use data from the middle latitude high mountain
neutron monitor at Lomnický Štít over the period of 1982 –
2006 for checking the characteristics of amplitude and phase
of the diurnal variation on day-to-day basis. For comparison
the hourly data from Oulu and Climax neutron monitors are
used too. After description of the data and method used we
review the long term behaviour of amplitude and dispersion of
the fit, the distribution of the amplitude and phases for the
complete data set and its selections. Selections with better
quality of the fits provide narrower phase distributions and
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better correlation with total interpalnetary magnetic field
which is the parameter for which we see the clear dependence.
Although assuming the large data set, the correleation of
amplitude with solar wind speed and geomagnetic activity
indices is different from zero, their values are relatively low.
There is no clear dependence between diurnal wave
characteristics and north-south component of IMF (Bz). The
dependences look similarly at all three monitors for the
periods when all data are available. The data set constructed
with extension to longer time interval and additions of more
neutron monitor and muon telescope data can be used in
detailed studies of diurnal variation and its relation to solar,
interplanetary, and geomagnetic activity parameters.
2. DATA AND METHOD
The hourly pressure corrected data from neutron monitor
Lomnický Štít for interval 1982-2006 are used. When
maximum 5 hours data is missing, linear interpolation is used.
Figure 1 displays a plot of the data and its power spectrum
density
in
narrow
interval
about
diurnal
variation.

On day-to-day basis the fit of hourly data was obtained to
characterize the diurnal variation. Intensity of cosmic ray at
hour ti is considered by the equation as
f(ti) = A + B.cos(ωti + ψ)

(1)

Here A is assumed as daily average intensity of cosmic rays, B
is the amplitude and ψ is the phase of diurnal variation.

ω=

2π
is the angular velocity where T = 24 hours, i=1, ...,
T

24. Using the diurnal variability only plus stationarity of the
process from the least square method, we found out the values
of A, B, ψ which are obtained by subŠtítuting the hourly data
Yi. The ideal form of the diurnal wave is determined by (1).
The quality of the fit, i.e. the measure of deviation from the
ideal one, is characterized by the dispersion d

d2 =

n

n

i =1

i =1

∑ di2 = ∑ [Yi − f (ti )]

2

(2)

where n=24.
The values A, B, ψ and d were obtained for each day starting
from January 1, 1982 until July 24, 2007. Value ψ was
recalculated to the local time of Lomnický Štít position. The
data base was added by interplanetary magnetic filed and its
components, solar wind velocity, density and temperature,
sunspot number and geomagnetic activity indices on daily
basis from NASA web site (http://omniweb.gsfc.nasa.gov/) for
the period until year 2006, day 334.
For comparison the hourly data from two other neutron
monitors, namely Oulu (1964, day 92 – 2006, day 334) and
Climax (1963, day 331 – 2006, day 334) were examined in
similar way and added to the data base constructed. These data
were downloaded from sites (http://cosmicrays.oulu.fi/) and
(http://ulysses.sr.unh.edu/NeutronMonitor/Misc/neutron2.html
) respectively. Normalization to 100% for Oulu (OU) and
Climax (CL) is done in the same way as it is for Lomnický Štít
(LS). More details on the method are in [11].

3. AMPLITUDE, PHASE AND DISPERSION
Since the daily fits include various interplanetary situations as
well as Fds, ground level events (GLEs) and responses to
particles accelerated in interplanetary space, the distributions
of the amplitudes and dispersions were examined to skip the
irregular strong events from the following analysis.

Fig.1. Hourly cosmic ray intensity measured by neutron
monitor Lomnický Štít. The power spectrum density (in units
%2/Hz) has the clear diurnal wave. The value 1,745.200 counts
per hour corresponding to September 1986 average is taken as
100%.
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evolution at the three neutron monitors, is displayed in figure
4. While the amplitude has 11-year variation, the phase has a
different profile indicating the presence of solar magnetic
cycle variation with 22 year quasiperiodicity which is seen
both on Oulu and Climax data.

Fig. 2. Normalized distribution of probabilities of phases of
diurnal variation at three NMs (upper panel). Number of days
included is indicated. The middle panel shows the distribution
of the ratio B/d for Lomnický Štít Neutron Monitor (LSN).
The bottom panel displays comparison of normalized
distributions of phases for all days (LSN) and for days when
B/d > 3 (LS3N). B and d are defined by Eq. 1 and 2.
Similar changes (narrowing of phase distribution with
increase of B/d) was found in all three data sets. However, the
position of maximum phase is not changing. Thus, for reviews
the whole data set is used just with excluding strong FDs and
all GLEs observed at Oulu neutron monitor to deduce the
temporal variations of diurnal wave and its relation to solar,
interplanetary and geomagnetic parameters.
4. LONG TERM BEHAVIOUR OF DIURNAL WAVE
The amplitude to average ratio is a useful parameter for
review of diurnal wave contribution to cosmic ray time signal
on long time scales (see figure 3). This, along with the phase

Fig.3. The long term evolution of the amplitude to average
(B/A) ratio. All data sets are smoothed by 27 neighbour points.
Values B and A are obtained from Eq. 1.
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fitted at the three neutron monitors are significant. For Oulu
versus Climax the linear correlation coefficient r=0.78 (15232
points), for Lomnický Štít vs Climax r=0.77 (8939 points) and
for Lomnický Štít vs Oulu r=0.75 (8939 points). Out of the
checked relations of the amplitude of diurnal wave with
various parameters, the most significant one was found with
the value of total IMF. It is shown in figure 5.

Fig. 4. The long term evolution of the phase (ψ in Eq. 1) of
diurnal wave. Data are smoothed by by 27 neighbour points

5. RELATIONS TO SOLAR, INTERPLANETARY AND GEOMAGNETIC
CHARACTERISTICS

The data set constructed allows to check various
dependences of diurnal wave characteristics to solar,
interplanetary and geomagnetic activity parameters. The
mutual correlations between the amplitudes of diurnal waves

Fig.5. Scatter plot of amplitude/average of the diurnal wave fit
versus the magnitude of interplanetary magnetic field vector.
The linear correlation coefficients and number of days is
labeled for data of the three neutron monitors.
Splitting the data into the subsets for A>0 and A<0 did not
reveal the different connection to IMF magnitude for the two
polarities of solar magnetic field. While for amplitudes the
sign of the changes with Btot is clear, the changes of phases at
the three monitors do not provide clear pattern if the whole
data set is analyzed. Only a slight tendency with increase of
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Btot towards earlier hours is seen in linear fit, but also the
shape of distribution is changed.
Regarding the north-south polarity of IMF neither the
amplitude nor the phase was found different in the whole data
set.
The relation of amplitude to the solar wind velocity is
significantly different from zero assuming the large data set,
but its values are smaller than those with Btot. For Climax
r=0.12 (12716 days), for Oulu r=0.17 (12794 days) and for
Lomnický Štít r=0.19 (7335 days). No clear relation of the
phase to solar wind speed was found.
There is also non-zero correlation between the amplitude of
the diurnal wave and Kp index obtained. For Oulu r=0.15
(15232 days), for Climax r=0.22 (15688 days) and for
Lomnický Štít r=0.24 (8939 days).
The non-zero correlations of the amplitude are obtained also
with sunspot number, namely r=0.15 for Lomnický Štít (8939
days), r=0.18 for Climax (15688 days) and r=0.12 for Oulu
(15232 days). However the dependences on Kp and on sunspot
number are not casual, because of their mutual relations to
IMF and solar wind which are affecting the modulation of
cosmic rays in the heliosphere.
6. CONCLUSION
The data set constructed allows the detailed study of diurnal
wave characteristics of cosmic rays in relation to solar,
interplanetary and geomagnetic characteristics. The statistical
study based on it using neutron monitor measurements at
Lomnický Štít, Oulu and Climax confirmed on extended data
set the earlier findings of other authors and indicated that (a)
narrower phase distribution with non-significantly changed
position of maxima is obtained at all three stations when the
amplitude to dispersion ratio is increasing; (b) while amplitude
of diurnal wave has ~11-year variation, the phase profile is
more complicated and it is related most probably to ~22-year
period of solar magnetic field polarity; and (c) the significant
parameter controlling the amplitude of the diurnal wave is Btot
of IMF. For the three NMs no clear difference in the
dependence of diurnal wave amplitude and of the phase on the
daily average IMF value, solar wind velocity and geomagnetic
indices is observed which may be related to the cut-off or
position of the individual NMs.
The extension of the data set with other neutron monitor and
muon telescope data can be a useful tool for clarifying the
dependences obtained here for three neutron monitors, at
different energies of primary cosmic rays.
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Performance of the PAMELA space telescope in the
identificationof the light nuclei cosmic rays
component
Valeria Malvezzi1 for the PAMELA Collaboration
Abstract— PAMELA is a space telescope orbiting around the
Earth since the 15th of June 2006. The orbit is elliptical and
semi-polar, with an inclination of 70o and an altitude varying
between 350 km and 610 km. The scientific objectives addressed
by the mission are the measurement of the antiprotons and
positrons spectra in cosmic rays, the hunt for anti-nuclei as
well as the determination of light nuclei fluxes from hydrogen to
oxygen in a wide energy range and with high statistics. Accurate
measurements of the elemental composition of cosmic rays over
a wide energy range are required in order to understand the
origin, propagation and lifetime of the cosmic radiation. The
primary cosmic rays (e.g. C, N and O), produced at the sources,
propagate through the interstellar medium giving information
about the composition at the source. Secondary elements (e.g.
Li, Be, and B) are tracers of amount of matter traversed
by the cosmic rays. PAMELA will measure the light nuclear
component of Galactic cosmic rays in the interval 100 MeV/n150 GeV/n with an accuracy overcoming the uncertainties of
the current propagation models. The analysis techniques shown
in this proceeding demonstrate that spectrometer, time-of-flight
system (ToF) and calorimeter are able to discriminate lightcharged particles.

I. INTRODUCTION
Cosmic rays (CRs) were discovered by Victor Hess in 1912.
Today their origin is still unclear. CRs have been studied in
experiments above the atmosphere, in the atmosphere, on the
ground, underground and in space. Their energies cover an
enormous range, from sub GeV to more than a few 1011
GeV, over which their differential flux decreases by roughly 33
orders of magnitude (figure 1). This flux can be approximated
by a broken power-law, dn/dE ∼ E −δ , with a series of breaks
near 3 PeV known as the knee, a second knee near 200 PeV
and an ankle near 4 EeV. The power-law index changes from
δ ≈ 2.67 below the knee to δ ≈ 3.05 above it and steepens to
δ ≈ 3.2 at the second knee [2] [3]. At the ankle, the spectral
index changes to δ ≈ 2.7.
The cosmic rays in the energy range from several GeV
up to about 100 PeV are assumed to be mostly of galactic
origin, while at energies between the knee and the ankle
their galactic or extragalactic origin is not yet clarified [4].
CRs with energy above the ankle are generally believed to
be extragalactic in origin because they can no longer be
isotropized by the Galactic magnetic fields while their arrival
directions are isotropic to a fair approximation. At energies up
to around the knee the CRs energy spectra can be measured
1 INFN Sezione di Roma Tor Vergata, Via della Ricerca Scientifica 1, Rome,
Italy, I-00133, valeria.malvezzi@roma2.infn.it, http://pamela.roma2.infn.it

Fig. 1.

All particle cosmic rays energy spectrum [1].

in a direct way with experiments on balloons at the top of the
atmosphere or in space on board satellites or outside the ISS.
At energies above 1 PeV the steeply falling spectrum requires
large detection areas and exposure times of several years [5],
so that only on ground indirect measurements are available.
The understanding of the origin of the Galactic Cosmic
Rays (GCRs) is an old and refractory problem. There are
actually several distinct questions. The first concerns the origin
of the energy. What powers the accelerator and how does it
work? The second regards the source of the particles which are
accelerated. Out of what component of the Galaxy does the
accelerator select particles to turn into cosmic rays? Third,
there is the question of how much of the observed cosmic
ray spectrum is in fact of Galactic origin. Over what energy
range does the accelerator work and what spectral form does
its output have? Finally, there is the question of how many
different types of accelerator are required. Can one basic
process explain all the data, or do we need to invoke multiple
sources and mechanisms? Of course a satisfactory physical
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rays. The ratio of secondary to primary (for instance B/C)
cosmic ray fluxes provides a unique tool to characterize the
diffusion properties of the ISM [11].
To clarify the role of the different mechanisms that act in
the propagation of Galactic cosmic rays it is fundamental to
have more precise and extended data on the secondary/primary
abundance ratios (like the ratio B/C) and on the fluxes of
primary particles: in this field PAMELA can represent a big
step ahead. Object of this paper is the presentation of the lightcharge identification capabilities of PAMELA, as evaluated
during the first two years of flight.
II. T HE PAMELA S PACE M ISSION
Fig. 2. B/C ratio as a function of kinetic energy per nucleon. Solid curves
correspond to theoretical predictions [10]; dashed line is a simple power law
spectrum B/C=1.4E −0.60 .

model for the origin of the GCRs should simultaneously
answer all these questions [6].
A theory on particles acceleration which is sufficiently
well developed to allow quantitative model calculations, and
which appears capable of meeting many of the observational
constraints on any cosmic ray acceleration theory, is the
diffusive acceleration applied to the strong shocks associated
with supernova remnants (SNRs) [7] [8].
After acceleration, the particles propagate in a diffusive
process through the Galaxy, being deflected many times by the
randomly oriented magnetic fields (B ∼ 3 µG). The nuclei are
not confined to the galactic disc, they propagate in the galactic
halo as well. The diffuse γ-ray background, extending well
above the disc, detected by the EGRET experiment, exhibits a
structure in the GeV region, which is interpreted as indication
for the interaction of propagating CRs with interstellar matter
[9]. The measured abundance of radioactive nuclei in CRs
yields a residence time in the Galaxy of about 15 × 106 yr, for
particles with GeV energies. Information on the propagation
pathlength of CRs is often derived from the measurement
of the ratio of primary to secondary nuclei. The first are
produced through spallation during propagation in the Galaxy.
As an example, the measured boron-to-carbon ratio is shown
in figure 2 as function of energy [10]. The energy dependence
of the measured ratio is frequently explained in Leaky Box
models by a decrease of the pathlength of CRs in the Galaxy.
Ratios such as D/p, 3 He/4 He and B/C give information
on the interstellar medium since all compare the abundances
of secondary and primary species. The beryllium isotope ratio
10
Be/9 Be is a probe for galactic confinement times since both
isotopes are secondary but one of them, 10 Be, is unstable
(t1/2 = 1.5 × 106 yr). The composition of low energy cosmic
rays provides important hints to the acceleration processes and
the propagation of cosmic rays through the interstellar medium
(ISM). Especially important in this respect are the abundances
and spectra of elements such as Boron, Beryllium and Lithium,
which are mainly produced as secondaries of primary cosmic

PAMELA – Payload for Matter-Antimatter Exploration and
Light Nuclei Astrophysics – is an international collaboration
constituted by several INFN and Italian Universities, three
Russian institutions (MEPhI and FIAN Lebedev in Moscow
and IOFFE in St. Petersburg), the University of Siegen in Germany and the Royal Technical Institute in Stockholm, Sweden.
The PAMELA mission focuses on the investigation of dark
matter, cosmic ray generation and propagation in our galaxy
and the solar system, and studies of solar modulation and the
interaction of cosmic rays with the Earth’s magnetosphere. The
primary scientic goal is the study of the antimatter component
of the cosmic radiation, with the following themes in mind:
• To search for evidence of dark matter particle annihilations by precisely measuring the antiparticle (antiproton
and positron) energy spectra.
• To search for primordial antinuclei (e.g. antihelium) and
evidence for antistellar nucleosynthesis (e.g. anticarbon)
• To test cosmic-ray propagation models through precise
measurements of the antiparticle energy spectrum and
precision studies of light nuclei and their isotopes.
Table I shows the nominal design goals for PAMELA performace, the various cosmic-ray components energy ranges over
which PAMELA will provide new results are indicated.

Antiproton flux
Positron flux
Electron/positron flux
Electron flux
Proton flux
Light nuclei (up to Z=6)
Antinuclei search

Energy range
80 MeV - 150 GeV
50 MeV - 300 GeV
up to 2 TeV (from calorimeter only)
up to 500 GeV
up to 700 GeV
up to 200 GeV/n
sensitivity of O(3 × 10−8 ) for He-bar/He
TABLE I

PAMELA

DESIGN PERFORMANCE

In figures 3(a) and 3(b) the arrangement of the PAMELA
apparatus and the Flight Model are shown.
The core of the apparatus is a magnetic spectrometer,
composed of a permanent magnet, with an almost uniform
magnetic field of 0.43 T, and of a tracking system made up
of six equidistant silicon detector planes composed of two
double sided microstrip layers, 300 µm thick each [12]. The
resolution in the bending side is 4 µm and the MDR is 800
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(a)
Fig. 3.

(b)

Scheme of PAMELA instrument (a) and photo of PAMELA Flight Model(b).

GV.
The separation between the leptonic and hadronic components
is assured by two detectors, an imaging calorimeter [13] and
a neutron detector [14]. The calorimeter is composed by 44
ministrip silicon layers, 380 µm thick each, interleaved with
22 tungsten planes for a depth of 16 radiation lengths and
0.6 interaction lengths.
A large thick scintillator (S4) and a neutron detector located
below the calorimeter give a supplementary tool in the
discrimination between hadron/lepton [15]. In fact, a shower
induced in the calorimeter by an hadron contains many more
neutrons than a shower produced by an electron.
A set of 3 pairs of stripped plastic scintillators constitutes
the PAMELA trigger and Time-of-Flight [16]. An additional
set of plastic scintillators in anticoincidence defines the
acceptance of the particles inside the spectrometer [17]. The
geometry factor of the instrument is 21.5 cm2 sr and the total
weight is 470 Kg. A complete description of the subdetector
components can be found in [18].
III. C HARGE I DENTIFICATION AND INTRINSIC DETECTORS
RESOLUTION

PAMELA can determine the particle charge in a redundant
way, by means of the Time-of-Flight scintillating paddles, the
silicon microstrips of the tracking system ant the ministrips of
the imaging calorimeter. In this section the intrinsic detector
resolutios in Z reconstruction will be presented.
A. Nuclei Identification with ToF
The time-of-flight system provides the charge of the incident
particles by the energy deposit (dE/dx) measurements in the
scintillators and the determination of particles velocity up
to energies of about 3 GeV/nucleon. The particle velocity,
β, is determined by measuring the flight time between two
scintillators planes of the ToF. In this way, we have more than
one β evaluation. Once β has been determined, the dE/dx, in

any of the ToF layers, will vary as a function of both velocity
and charge as shown in figure 4 for the plane S31. The energy

Fig. 4. Plot of energy loss (dE/dx) in the scintillator S31 vs. particle velocity.
Superposed are the derived charge-band fits.

loss presented in the figure is corrected for the incident angle
of the particle and light attenuation within the scintillator.
The measured particles clearly fall into distinct, easly identified charge bands. Such bands can be fitted, as shown
by the curves superimposed to the points. A charge scale
for each scintillator was derived from the results of these
fits [19]. The six scintillator layers enable six independent
charge determinations, thus significantly improving the charge
resolution of the whole ToF system. Combining by a weighed
average the charges reconstructed with this method, the charge
resolution presented in figure 5 is reached. The charge peaks
have been fitted by a Gaussian curve with the following
peak/sigma: 3.00/0.11; 4.00/0.14; 4.99/0.18; 5.99/0.21.
B. Nuclei Identification with Tracker
The tracking system can be used to determine the absolute
value of the charge by multiple measurements of the mean
rate of energy loss in the silicon sensor and by the magnetic
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Fig. 7.

Calorimeter charge resolution normalized to the number of events.

Fig. 5. Charge separation in ToF system; the histograms are normalized to
the number of events. The gaussian fit of the peak gives the detector charge
resolution.

rigidity, R = p/Ze (where p= particle momentum, Z =particle
charge). Using the same tecnique described above for the ToF
system, a charge scale from the fit of dE/dx vs. rigidity was
obtained. Selecting a clean sample of nuclei from Z=3 up to
Z=6, we obtain the charge resolution presented in fugure 6,
where histograms are normalized to the number of events.
In this way no interaction or conversion happened to the
particle through the detector. Fitting the peaks with a Gaussian
curve we have obtained the following peak/sigma: 2.99/0.16;
4.00/0.23; 4.98/0.28; 6.01/0.34.
Fig. 8. Reconstructed kinetic energy vs. simulated one for events with right
charge identification with the Bragg technique.

C. Nuclei Identification with Calorimeter
The dE/dx measurement on the calorimeter silicon planes
can be used to determine the charge of the incident nuclei
too. The particle charge can be measured in the calorimeter
by considering the energy released in one or more than one
plane of the detector. Obviously, charge separation increases
with the number of planes required but the efficiency of the
measurement decreases. With this detector, as well, is possible
to reconstruct a charge scale from the fit of dE/dx vs. β
or R, depending on the energy range we are investigating.
In figure 7 the charge resolution obtained considering only
the first plane and the particle velocity, β, is shown; the
histogram is normalized to the number of events and cuts are
applied to be sure that no interaction occurred in the detectors
above the calorimeter. In this case the Gaussian fit of the

Fig. 6.

Spectrometer charge resolution normalized to the number of events.

peaks gives the following peak/sigma: 3.01/0.20; 4.01/0.23;
5.00/0.26; 6.01/0.29.
Such a sampling calorimeter allows another method to
identify the charge and the energy of the particle. For noninteracting events with energy below 2 GeV/n, an iterative
algorithm to reconstruct Z and E has been developed. All the
energy losses in the planes preceding the Bragg peak are fitted
with a Bethe-Bloch curve with Z, A and E as free parameters.
The efficiency of this method has been studied with simulates
data; figure 8 shows the reconstructed energy vs simulated one
for events with right charge identification.
IV. C ONCLUSION
In this paper preliminary results on PAMELA charge identification capabilities and the conseguent charge resolution
has been presented. The numbers reported show that the
tracking system, optimized for Z=1 particles, can contribute
with a good charge resolution at least up to Lithium (when
the single-channel saturation of the silicon sensors reduces
the performances). The calorimeter has instead good charge
resolution at least up to Z=8. The ToF seems to be the most
powerful detector; it can evaluate the particle charge also in
the cases in which the tracking algorithm was not able to
reconstruct a track, and the elemental separation is better than
in the other two detectors for nuclei with Z more than 3.
With these performances PAMELA confirms the possibility
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to improve our knowledge in the mechanisms involved in the
generation, acceleration and propagation of cosmic rays.
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PAMELA MISSION:
preliminary results about nuclei analysis
Laura Marcelli1 on behalf of the PAMELA Collaboration

Abstract— The PAMELA (Payload for Antimatter Matter Exploration and Light nuclei Astrophysics) experiment is a satelliteborne apparatus that will make long duration measurements
of the cosmic radiation over an extended energy range with a
particular focus on antiparticles and light nuclei. Specifically,
PAMELA will measure the cosmic-ray antiproton and positron
spectra over the largest energy range ever achieved and will
search for antinuclei with unprecedented sensitivity. Furthermore, it will measure the light nuclear component of cosmic
rays and test cosmic-ray propagation models.
PAMELA is housed on-board the Russian Resurs-DK1 satellite, which was launched from the Baikonur cosmodrome on June
15th 2006 in an elliptical (350-610 km of altitude) orbit with an
inclination of 70 degrees. PAMELA consists of: a permanent
magnet spectrometer which provide rigidity and charge sign
information; a Time-of-Flight and trigger system for velocity and
charge determination; an electromagnetic imaging calorimeter
for lepton/hadron discrimination; a shower tail catcher scintillator and a neutron detector. An anticoincidence system is used
offline to reject false triggers.
This paper reviews the capability of the PAMELA subdetectors to identify light nuclei; preliminary results about
nuclear abundance ratios will be presented.

I. T HE PAMELA I NSTRUMENT

Fig. 1.

The PAMELA experiment [1] is a space-borne apparatus
devoted to the study of cosmic rays, with an emphasis on the
measurement of the cosmic-ray antiproton and positron energy
spectra.
The instrument was launched by a Russian Soyuz-TM
rocket on the 15th of June 2006 from the cosmodrome of
Baykonur in Kazakhstan. It is carried as a ”piggy-back” on
board of the Russian Resurs-DK1 satellite for Earth observation. The satellite flies on a quasi-polar (inclination 70◦ ),
elliptical orbit (altitude 350-610 km), and the expected mission
length is 3 years.
The instrument measures the spectra of cosmic rays (protons, electrons, and corresponding antiparticles) over a wide
energy range and with a statistics unreachable by balloonborne experiments. Additionally, PAMELA is searching for
antimatter in the cosmic radiation and it is investigating phenomena connected with Solar and Earth physics and measuring
the light nuclear component of Galactic cosmic rays in the
interval 100 MeV/n - 200 GeV/n.
The apparatus is ∼ 1.3 m high, has a mass of 470 kg and
an average power consumption of 355 W.
1 INFN,
Section
of
laura.marcelli@roma2.infn.it

Rome

Tor

Vergata,

Rome,

Italy,

PAMELA apparatus with its reference system.

The PAMELA apparatus is composed of the following
subdetectors, arranged as shown in figure 1:
• a Time of Flight system (ToF: S1, S2, S3);
• a magnetic spectrometer;
• an anticoincidence system (CARD, CAT, CAS);
• an electromagnetic imaging calorimeter;
• a shower tail catcher scintillator (S4);
• a neutron detector.
PAMELA is built around a 0.43 T permanent magnet
spectrometer equipped with 6 planes of double-sided silicon
detectors allowing the sign, absolute value of charge and
momentum of traversing charged particles to be determined.
The acceptance of the spectrometer (which also defines the
overall acceptance of the PAMELA experiment) is 21.5 cm2 s
and the maximum detectable rigidity is ∼ 1 TV. Spillover
effects limit the upper detectable antiparticle momentum to
∼ 190 GeV/c (∼ 270 GeV/c) for antiprotons (positrons). The
spectrometer is surrounded by a plastic scintillator veto shield.
An electromagnetic calorimeter, mounted below the spectrometer, measures the energy of incident electrons and allows topological discrimination between electromagnetic and
hadronic showers (or non-interacting particles). Planes of
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(a)

(b)
Fig. 2.

Boron (a) and Carbon (b) as detected by the PAMELA instrument.

plastic scintillator mounted above and below the spectrometer
form a Time of Flight (ToF) system which also provides the
primary experimental trigger. The timing resolution of the ToF
system allows albedo particles to be identified and protonelectron separation to be performed below ∼ 1 GeV/c. Ionising
energy loss measurements in the Time of Flight scintillator
planes and in the silicon planes of the tracking system allow
the absolute charge of traversing particles to be determined.
The volume between the upper two ToF planes is bounded
by an additional plastic scintillator anticoincidence system. A
plastic scintillator system mounted beneath the calorimeter
aids in the identification of high energy electrons and is
followed by a neutron detection system for the selection
of very high energy electrons (up to 2 TeV) which shower
in the calorimeter but do not necessarily pass through the
spectrometer.
In figure 2, two nuclear events (Boron and Carbon respectively) detected by PAMELA instrument are shown. The
hadronic interactions inside the calorimeter are clearly visible,
as well as the activity recorded by the neutron detector.
II. T HEORETICAL IMPORTANCE OF B ORON TO C ARBON
RATIO

Most of the available information about matter in our
Universe, and in our Galaxy in particular, comes indirectly
from the detection of the electromagnetic radiation (from
meter waves to γ rays) that is emitted or absorbed by this
matter. A completely different information is provided by
the cosmic ray nuclei, which constitute a genuine sample of
galactic matter. Many different nuclei species are observed, in
a wide range of energy, and with different origins.
The sources of CR are believed to be supernovae (SNe)
and supernova remnants (SNRs), pulsars, compact objects in
close binary systems, and stellar winds. Observations of Xray and γ-ray emission from these objects reveal the presence
of energetic particles thus testifying the efficient acceleration
processes in their neighborhood [2][3]. Particles accelerated
near the sources propagate tens of million years in the ISM
before escaping into the intergalactic space. In the course of

CR propagation secondary particles and γ-rays are produced,
and the initial spectra and composition of CR species change.
The destruction of primary nuclei via spallation gives rise
to secondary nuclei and isotopes (rare in nature), antiprotons
and pions (π ± , π 0 ) that decay producing secondary e± ’s and
γ−rays. The CR source composition and CR propagation
history are imprinted in their abundances.
The relative abundances of the constituents of Galactic
cosmic rays provide information about cosmic-ray transport
within the Galaxy. In particular, cosmic rays of primary origin
such as Carbon and Oxygen may interact with the interstellar
medium to produce secondary fragments such as Lithium,
Beryllium and Boron. The measured ratio of secondary to
primary cosmic rays can be used to compute the mean amount
of interstellar matter that cosmic rays have encountered before
reaching the Earth, which ultimately provides important constraints on the composition and homogeneity of the ISM in
which they propagate.
One of the most sensitive quantity is B/C, as B is purely
secondary and its main progenitors C and O are primaries.
The shape of this ratio is seriously modified by changes in the
propagation coefficients. Measuring the energy dependence of
the B/C ratio we can infer the diffusion coefficient D(E), or
more in general the escape time as a function of energy, which
scales as 1/D(E) if diffusion is the only process responsible
for escape. Moreover, B/C ratio is also the quantity measured
with the best accuracy, so that it is ideal to test models. Indeed,
as a ratio of two nuclei with similar Z, it is less sensitive to
systematic errors and to Solar modulation than single fluxes
or other ratios of nuclei with more distant charges. For the
same reasons, the sub-Fe/Fe may also be useful. Unfortunately,
since existing data are still affected by sizeable experimental
errors, we can only use them to cross-check the validity of
B/C but not to further constrain the parameters under scrutiny.
It is important to recall that existing experimental results at
energies smaller than ≈ 30 GeV/n suggest that the diffusion
coefficient scales with energy as D(E) ∝ E δ , with δ ≈ 0.6,
at least at rigidities below ∼10 GV. The variable δ is the key
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parameter in the description of cosmic-ray diffusion from the
Galaxy.
A better determination of the cosmic ray propagation is
fundamental for the search of exotic matter, like dark matter
candidates or antimatter produced in exotic processes, since
the signature of such processes can be recognized only by
knowing with great precision the fluxes due to the conventional
production, acceleration and transport models [4][5][6].
III. B ORON TO C ARBON RATIO WITH THE PAMELA
E XPERIMENT
In the energy range between 200 MeV/n and 3 GeV/n the
best accurate estimation of the B/C ratio with the Pamela
instrument has been obtained using only Calorimeter and TOF
information. In figure 3 a 2-D histogram of the energy released
in the first layer of the Calorimeter versus the ’beta’ (ratio
between the particle velocity and the speed of light) value for
each nuclear event is shown. Different families are identifiable
up to Oxygen, with the exception of Nitrogen due to its low
statistic. Starting from this result, it is possible to identify each
nuclear family and fit it by an exponential function. Using
as reference the fitted curves, a simple interpolation method
allows Z reconstruction for all events.
To obtain a better resolution, the result could be improved
by using more Calorimeter planes for the estimation of the
energy released for each event, but to the detriment of the
precision of the ratio, due to the different interaction cross
sections with tungsten for Boron and Carbon nuclei. To obtain
a better discrimination between different families, the energy
range between 200 MeV/n and 3 GeV/n has been divided into
six energetic bins.
Starting from Z reconstruction histograms relative to different energy bins, it is quite simple to obtain the Boron to
Carbon ratio. We made a triple gaussian fit correlating in this
way Beryllium, Boron and Carbon behaviors (as shown in
figure 5, upper, for the energy interval 0.2 - 0.4 GeV/n) and
then we used the parameters obtained by this triple fit to do
single fits on Boron and Carbon peaks (bottom). B/C values
have been achieved as the ratio between the two subtended
relating areas, as shown in the bottom part of figure 5. It is
important to underline that these values have to be corrected
for the different Tracker efficiency in reconstructing Boron
and Carbon nuclei tracks, and for the different Calorimeter
efficiency in the detection of the same particles.

Fig. 3. Nuclear families: energy released in Calorimeter first plane versus
beta value. Particles fall into distinct charge bands.

Fig. 4. Nuclear families: energy released in Calorimeter first plane versus
beta value. Particles fall into distinct charge bands. Fit is superimposed for
each family.

IV. E FFICIENCY ESTIMATION
A. Tracking reconstruction efficiency
At this phase of the analysis the PAMELA tracking reconstruction software routine is optimized for tracking Z=1
particles; it is not complete for the nuclei events.
To estimate the tracking reconstruction efficiency as a
function of the particle energy, a Boron and a Carbon confident
sample has been selected from Calorimeter and TOF. Then, the
track efficency has been obtained at low energy imposing only
single track existence.

Fig. 5. Z reconstruction for events with energy in the interval 200 MeV/n
- 400 MeV/n. Upper: Triple gaussian fit to correlate Berillium, Boron and
Carbon families is superimposed. Bottom: Single gaussian fits for Boron and
Carbon peaks are superimposed.
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Fig. 6. Preliminary Boron to Carbon ratio measured by PAMELA. Results
from other experiments are also shown: ATIC [7], HEAO3 [8], CREAM [9],
ISEE3 [10], CRN [11].

B. Calorimeter Efficiency
The percentage of Boron and Carbon events triggered by
PAMELA apparatus but not detected by the Calorimeter, as
a function of the particle energy, is not the same. For this
reason is important to calculate the Calorimeter efficiency for
a correct B/C ratio estimation.
A confident sample of Boron and Carbon nuclei has been
obtained using TOF System. Then, the number of nuclei
releasing energy along the reconstructed track in the first layer
of the calorimeter is considered. The efficiency, calculated for
the same energy bins used for B/C ratio calculation, is given
by the ratio between this number and the primary sample.
V. P RELIMINARY RESULTS
B/C ratio has been calculated with the Pamela experiment
taking into account the Tracker and Calorimeter efficiencies.
PAMELA results are shown in figure 6 together with the main
experimental data existing in literature. PAMELA data seem
to be in good agreement with other experimental data. It is
important to notice that PAMELA results partially cover an
unexplored region (200 MeV/n - 600 MeV/n) and that it is the
only experiment, besides HEAO3, that reproduces the peak at
∼ 1 GeV/n, confirming previous results.
In conclusion, this is only a first analysis of the nuclear
components of cosmic rays detected by the PAMELA instruments. This work is in progress.
More statistics needs to be added, and a better tracking algorithm will allow to recover events discarded in this analysis.
Neverthless the data obtained in the first analysis seem to be
promizing. Furthermore, the statistics will be greatly improved
in the next future.
R EFERENCES
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Aspects of cosmic-ray positron astrophysics
Catia Grimani1

Abstract— Cosmic-ray e+ /(e+ +e− ) data indicate pair production in the pulsar magnetosphere as one of the most promising
sources of positrons above 10 GeV . On the other hand, braking
index observations suggest that energy loss mechanisms different
from electromagnetic occur at the pulsars. In particular, we
focused on the role of debris disks from Supernova fallback
material. We find that present cosmic-ray positron observations
remain consistent with a pulsar origin even in the case young
pulsars lose energy via interactions with debris disks within
measurements and model uncertainties.
The detection of gravitational waves emitted by planetary
systems would help in estimating the actual fraction of pulsars
surrounded by these systems. Future, high sensitivity space
interferometers might lead to this detection.

I. INTRODUCTION
Cosmic-ray positrons are mainly produced in proton and
nucleus interactions in the interstellar medium (ISM; see for
example [1] and references therein). However, on average,
measurements above a few GeV indicate an e+ excess with
respect to the estimated secondary component [2].
Among all suggested extra origins for positrons (for a
review see, for example, [3]), pair production in the pulsar
magnetosphere appears to be one of the most promising ([4]
hereafter H&R; [5]; [6]). We estimated the average parameters
of mature pulsars (magnetic field and period) consistent with
the assumption of e+ and e− production at the polar cap in
addition to the secondary component ([7]; [8] and references
therein).
In spite of precious clues on pulsar physics gathered from
e+ measurements, results were vitiated by large error bars
affecting available positron data.
The PAMELA experiment observations on e+ /(e+ +e− )
ratio will help in solving this problem. PAMELA is gathering
data since June 2006 at solar minimum during a negative
polarity period with an unprecedented precision. Negative
polarity epochs represent optimum conditions to study any
possible excess of cosmic-ray positrons with respect to the
secondary component. In fact, during negative polarity periods
the Global Solar Magnetic Field affects positive particles more
than negative ones (see for example [9] and references therein).
PAMELA preliminary results on the e+ /(e+ +e− ) ratio
below 10 GeV [10] seem to confirm that the Moskalenko
& Strong ([11] hereafter M&S) calculations reproduce well
observations when the whole effect of solar modulation, including drift, is taken into account [8]. Therefore, no extra
positron components need to be claimed below 10 GeV . In
particular, no features are found near 6 GeV [12]. Conversely,
an increase of the positron fraction above 10 GeV is found by
1 Institute of Physics, University of Urbino, INFN Sez. Florence, Via S.
Chiara, 27, 61029 Urbino (PU), Italy, catia.grimani@uniurb.it
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PAMELA as well [13]. In spite of these encouraging clues, it
is mandatory to wait for the final results of this experiment to
be published before to discuss a quantitative comparison with
the average trend of previously most accurate and precise data.
We point out that the estimates of positron fluxes produced
in the pulsar magnetosphere are generally carried out assuming
that pulsars lose energy via electromagnetic processes only.
However, braking index observations indicate more than one
energy loss mechanism [14]. Debris disks from Supernova
fallback material surrounding young pulsars might play an
important role ([15] hereafter MP&H). In this work we investigate if available positron measurements are compatible with
this last suggested scenario. Preliminary results were presented
in [16]. Detectability of gravitational waves possibly emitted
by planetary systems surrounding pulsars are studied as well.
In a future work we aim to investigate if disks interacting with
the pulsar magnetosphere might be sources of gravitational
waves as well.
II. COSMIC-RAY POSITRON OBSERVATIONS AND
PAIR PRODUCTION AT THE PULSAR POLAR CAP
Pulsed γ-ray flux observations from young pulsars such as
Crab and Vela indicate that electromagnetic showers are produced in the pulsar magnetosphere [17]. Polar cap and outer
gap models were proposed to explain this evidence (see for
example H&R; [18]). The MAGIC and GLAST experiments
will clarify the role of these two processes in young and middle
age pulsars. A recent study of e+ /(e+ + e− ) ratio versus
energy [8] shows that the positron fraction observations are
compatible with a secondary origin of positrons (M&S) when
solar modulation, including drift of opposite charge particles in
the heliosphere, is considered and an additional component of
electrons and positrons is added above a few GeV. In fig. 1 we
have reported the most accurate measurements of the positron
fraction gathered during the last two solar cycles (references
to data are in [8]). The solid line indicates our prediction for
the PAMELA experiment assuming a modulation parameter
of 450 M V /c.
The e+ and e− in excess with respect to the secondary
components are found consistent with the model of pair
production at the polar cap of young pulsars by H&R when
a normalization factor of 0.9 is applied to both particle fluxes
[5]. However, it was pointed out that mature pulsars are
favoured over young ones in producing electrons and positrons
reaching the ISM since a large part of them lies outside host
Remnants ([18]; [8] and references therein). Average mature
pulsar magnetic fields of a few × 1012 G and periods ranging
between 200 and 300 ms allow us to reproduce the trend of the
observed positron fraction above a few GeV properly scaling

Fig. 1. Positron fraction measurements gathered during the last two solar
cycles. The dot-dashed curve represents the expected trend for the positron
fraction at the time of the PAMELA experiment in case of positive polarity
conditions [11]. The continuous line corresponds to a negative polarity period
and therefore represents the actual expected trend for the PAMELA data.
Above 10 GeV extra components of e+ and e− from the pulsar polar cap
were added [8].

the H&R results [7]. These parameters are found consistent
with both average radio and gamma-ray pulsar observations
[8].
Büshing e al. [19] have suggested that nearby pulsars only
such as Geminga and B0656+14 generate extra positrons
observed near Earth. The characteristics of these pulsars are
close to our estimates and it is plausible that close pulsars
contribute more than far ones. However, an e+ contribution
at a few tens of GeV from more distant pulsars cannot be
excluded [20].
Gao, Jiang & Zhang [6] have shown that outer gap models
are compatible with recent e+ and e− observations as well.
A. PULSAR OBSERVED BRAKING INDICES
Pulsar secular spin-down is represented by
.

n
Ω= −KΩ

(1)

where the braking index, n, is defined as it follows
..

n=−

ΩΩ

(2)

.2

Ω

.

..

In equation 2 Ω is the pulsar angular speed and Ω and Ω,
its first and second derivatives, respectively.
In case pulsars are subject to the action of an electromagnetic torque only, n is expected to be 3 [21].
Conversely, all unambiguously measured pulsar braking
indices are smaller than 3 as it can be observed in table I [14].
Various scenarios were proposed to explain this evidence and
all of them were found plausibly consistent with observations.
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We recall the following ones: pulsars might not be a point
dipole [22]; the pulsar spin down might be affected by its
relativistic wind [23]; by a time varying magnetic moment
[24]; by friction or propeller torque from a Supernova fallback
disk (MP&H). Moreover, many authors (see for example [25],
[26]) have suggested that gravitational wave emission due
to pulsar ellipticities might play some role. The advanced
LIGO and Virgo experiments will allow us to shed light on
this last process even if pulsar ellipticities are expected to
cause gravitational wave emissions during the early stage of
a pulsar life only [21]. The present limit set by LIGO to the
Crab pulsar ellipticity is of a few × 10−4 which constrains
the gravitational wave luminosity to be less than 6% of the
observed spin-down luminosity [27].
It is worth to investigate if the hypothesis of pulsar energy
losses different from electromagnetic is consistent with e+
and e− cosmic-ray observations within the assumption of pair
production in the pulsar magnetosphere taking measurement
and model errors into account. In particular, friction of debris
disks from Supernova fallback material and pulsar magnetosphere might increase the pulsar spin down.
TABLE I
P ULSAR OBSERVED BRAKING INDICES . E RRORS IN PARENTHESES ARE
REFERRED TO THE LAST DIGIT [14].

Pulsar

n

J1846-0258
B0531+21
B1509-58
J1119-6127
B0540-69
B0833-45

2.65(1)
2.51(1)
2.839(3)
2.91(5)
2.140(9)
1.4(2)

III. THE ROLE OF DEBRIS DISKS AROUND
PULSARS
The first unambiguous discovery of a planetary system, different from ours, was claimed by Wolszczan and Freil in 1992
[28] for the millisecond pulsar PSR1257+12. It was suggested
that planet formation was originated from the Remnant of
the Supernova that generated the pulsar. A debris disk was
detected around the millisecond pulsar 4U 0142+61 of 106
years as well [29].
MP&H have developed a model for young radio pulsar spin
down caused by energy losses due to the torque of a disk
surrounding the pulsar produced by the ejecta fallback. MP&H
applied their model to 5 young pulsars, 3 of them being γ- ray
pulsars such as Crab and Vela. In particular, they were able
to reproduce the Crab parameters within 30% of the observed
values assuming a debris disk mass fallback of 3 ×1016 - 1017
g/s. Alpar [30] has shown that the MP&H model explains the
P Ṗ plot as well, where P is the period and Ṗ is the period
derivative of the observed Galactic radio pulsar sample.

In table II we report the characteristics of the debris disks
on the basis of the MP&H model and of the observed disk
surrounding 4U 0142+61.
TABLE II
D EBRIS DISK CHARACTERISTICS .

Internal Radius (theoretical)
External radius (theoretical)
Internal Radius (observed)
External radius (observed)
Mass (observed)
Mass fallback (theorethical)
Temperature (observed)
Age (observed)

2000 km
200000 km
2.02 × 106 km
6.75 × 106 km
5.97× 1028 g
3× 1016 - 1017 g s−1
1200 K
106 years

IV. GRAVITATIONAL WAVES FROM PULSAR
PLANETARY SYSTEMS
The gravitational energy loss of pulsar-planet systems is
[21]:

Ã

Ṁ
16
10 gs−1

!−1

32 G4 3 µ2
M 5
(4)
5 c5
a
where, M is the sum of the pulsar (M1 ) and planet
(M2 ) masses (M = M1 + M2 ) and µ is the reduced mass
[M1 M2 /(M1 + M2 )]. We call a the radius of the orbit of the
planet around the pulsar.
The keplerian angular velocity is:
Lgw =

The amount of energy loss via electromagnetic processes
(Ėem ) with respect to that lost because of the presence of a
debris disk (ĖDD ) in Crab is reported in equation 3.
Ėem
= 25
ĖDD

In the following Section we study the possible gravitational
wave energy loss from planets and debris disks orbiting
pulsars. Detection of gravitational waves from these systems
would give valuable hints about the presence of debris disks
in a large sample of galactic pulsars producing a major step
forward with respect to individual observations.
These measurements along with positron fraction data will
allow us to set severe upper limits to pulsar energy losses due
to electromagnetic processes.

(3)

Between 12% and 29% of the Crab energy loss might be
due to pulsar interaction with a surrounding debris disk. The
luminosity (Le+ ) of positrons produced at the polar cap of
young pulsars is proportional to B12 P 1.7 where B12 is the
magnetic field of the pulsar in terms of 1012 G and P is the
pulsar period in seconds (H&R). The estimate of the parameters of mature pulsars contributing to interstellar electrons
and positrons was carried out normalizing properly the results
obtained by H&R for young pulsars without considering the
possible role of debris disks [7]. Therefore, the magnetic fields
of young pulsars such as Crab and Vela might be between
6% and 16% lower than those estimated by H&R (Eem is
proportional to B 2 ). Consequently, the positron flux per mature
pulsar estimated by [8] should be reduced accordingly. This
uncertainty lies within the range of the allowed values of the
pulsar parameters estimated by Grimani of the order of 30%
for the pulsar period or a factor of two for the magnetic
field from e+ measurement best fit. We conclude that the
hypothesis of the presence of debris disks around young
pulsars is consistent with the possibility of pulsar polar cap
origin of electron and positron pairs.
The positron flux measurements carried out by PAMELA
will allow us to confirm or to reject the possibility discussed
here. In particular, it will be possible to discriminate between
positron extra components showing (such as for pulsar origin)
or not (such as for supersymmetric particle annihilation origin)
a power-law trend versus energy. Moreover, precious clues
will be provided by absolute flux normalization within a few
% measurement statistical uncertainties that might be useful
to estimate the pulsar energy losses due to electromagnetic
processes.
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GM
(5)
a3
For the pulsar PSR1257+12 and its two large planets, for
example, M1 is, typically, 2.8×1030 kg and M2 is 1.67×1025
kg and 2.03 × 1025 kg. The two planets lie at 0.47 and 0.36
AU from the pulsar, respectively [28]. The energy losses via
gravitational wave emission are 1.84×105 J/s and 1.03×106
J/s and the keplerian angular velocities are 7.3 × 10−7 Hz
and 1.09 × 10−6 Hz.
These results can be compared to that of the Sun-Earth
system characterized by an energy loss of about 200J/s with
an angular velocity of 1.99 × 10−7 Hz .
More in general, since planetary systems are supposed
to form beyond hundreds of thousands kilometers from the
pulsars [31], we estimate the upper limit to the gravitational
energy losses in case all observed disk matter would form
one only planet orbiting the pulsar. Minimum distances of
these planets from pulsars were considered in table III for
Keplerian orbital frequency (Ω) estimate. The expected emitted
gravitational wave frequencies (2ν) and energy losses from
planets surrounding pulsars appear in table IV.
Ω2 =

TABLE III
K EPLERIAN ORBIT CHARACTERISTICS OF PLANETARY SYSTEMS AROUND
PULSARS

Ω

Planetary system
dimensions
(km)

(Hz)

> 8×105

<6.04×10−4

TABLE IV
G RAVITATIONAL WAVE FREQUENCY AND ENERGY LOSSES FROM

aged pulsars. This scenario remains valid even in the case
young pulsars are surrounded by Supernova fallback debris
disks.
The detection of gravitational waves from planetary systems
or, possibly, from disks with future space interferometers
would allow us to estimate the fraction of young pulsars surrounded by these systems. This datum will allow us to better
constrain the role of various pulsar energy loss mechanisms
and to reduce the uncertainty on positron fluxes produced in
the pulsar magnetosphere.

CIRCUMPULSAR PLANETARY SYSTEMS

2ν
(Hz)

Lgw
(J/s)

< 1.92×10−4

<1.24×1016

In order to estimate the amplitudes of gravitational waves
emitted by planets surrounding pulsars we assume a system
of reference in spherical coordinates (r,θ,φ) where an observer
is positioned at a distance r from the center of mass of the
system being r>c/Ω. The two wave polarization amplitude
are [32]:
h+ = −

1 G2 2M1 M2
(1 + cos2 θ)cos[2Ω(t − r) − 2φ] (6)
r c4
a

1 G2 4M1 M2
cosθsin[2Ω(t − r) − 2φ]
(7)
r c4
a
On the xy plane cosθ = 0 and no cross polarization is
found. The amplitude of the gravitational wave associated
becomes:
h× = −

1 G2 4M1 M2
(8)
r c4
a
Considering typical pulsar, debris disk masses and distances
of planets from the pulsars given above, we obtain:
ho = −

1
ho = − 4.59 × 10−7 m
(9)
r
Wave amplitude are at the most three orders of magnitude
larger than that produced by the Earth around the Sun.
The frequencies of gravitational waves possibly emitted by
planetary systems around pulsars might barely lie in the LISA
space interferometer band (10−5 -10−1 Hz) [33]. The LISA
sensitivity at these low frequencies is still uncertain but the
maximum estimated mission lifetime of 10 years from 2018
will limit severely the distance of detectable sources because
of the requirement r > c/Ω. In other words, it is unlikely
that LISA might lead to the detection of gravitational waves
emitted by phoenix pulsars collecting planetary systems from
Supernova explosions. However, this might happen with future
space interferometers.
V. CONCLUSIONS
+

Cosmic-ray e measurements indicate that below 10 GeV
positrons are of secondary origin only, produced essentially
by protons and nuclei interacting in the ISM. Above this
energy a positron excess with respect to the secondary origin
is indicated by the average trend of the data. This excess is
compatible with positron production at the polar cap of middle
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Observation of geomagnetic effects in EAS
muon component
A.G. Bogdanov, R.P. Kokoulin, A.A. Petrukhin, O. Saavedra, V.V. Shutenko, I.I. Yashin

vector θ = 19°).
Abstract—The dependence of the intensity of muon bundles
registered at the Earth surface by means of coordinate detector
DECOR on the angle between muon arrival direction and
geomagnetic field vector (pitch angle) has been analysed. It is
found that muon bundle intensity decreases with the increase of
the transverse component of the magnetic field in comparison
with calculations performed under assumption of azimuthal
uniformity of the flux, the effect being enhanced with the increase
of zenith angle. Comparison with CORSIKA-based simulations
shows that this effect is explained by changes in EAS muon
lateral distribution functions caused by propagation of particles
in the geomagnetic field. Another effect - appearance of a
coplanar component in relative directions of EAS muons in a
plane determined by the shower axis and Lorentz force vector has been also observed.

1. INTRODUCTION

T

he effects of the influence of the Earth magnetic field
(EMF) on ground level muon flux characteristics are wellknown. For example, the azimuth asymmetry of low energy
muon intensity related with primary particles geomagnetic cutoff is observed [1]. The influence of the magnetic field on the
trajectories of secondary particles (muons) changes the
observed value of their charge ratio; the effect is the most
significant for East-West direction at low geomagnetic
latitudes near horizon [2]. Considerably less understood is the
influence of EMF for multi-muon events. Experimental
indications for destruction of the axial symmetry of muon
lateral distribution function (LDF) were found in giant air
showers at large zenith angles [3-4]. Though theoretically the
EMF influence on EAS muon component was considered by
several authors [5-6], the quantitative experimental data on
these effects are practically absent.
In this paper, the results of the analysis of EMF influence on
muon bundle characteristics measured by means of coordinatetracking detector DECOR [7] are presented. The setup is
located in Moscow. The absolute value of the EMF induction
vector B0 = 52 µT [8]; the declination is about 9° East; the
inclination is equal to 71° (that is, the zenith angle of the EMF

2. ANGULAR DEPENDENCE OF MUON BUNDLE INTENSITY
As it was noticed earlier [6], in a small-angle approximation
the displacement of muons in a plane orthogonal to the shower
axis is proportional to the transverse component of the magnetic field, inversly proportional to particle momentum, and
directly proportional to the squared geometrical path (that is,
nearly proportional to the squared zenith angle secant). As a
result, at large zenith angles low energy muons are swept out
to shower periphery, the particles are separated in charge sign
and momentum. Axial symmetry of the shower is destroyed,
and muon LDF becomes "8-shaped" with the main axis
parallel to the Lorentz force vector. Muon density in the
central part of the shower considerably decreases.
When muon bundles are detected with a small-size setup
(smaller than typical sizes of the shower), the event rate is
determined primarily by muon density near the shower axis
[9]. In this case, the EMF influence leads to the decrease of the
bundle intensity, and, if the magnetic field vector is not
vertical, for a fixed zenith angle the dependence of the event
rate on the azimuth angle must appear.
In order to check this effect experimentally, we have used
the data on muon bundles obtained by means of the
coordinate-tracking detector DECOR in series of 2004-2005
measurements (about 4200 hours "live" registration time). The
side part of DECOR [7] has a total area of 70 m2 and consists
of 8 supermodules; each of them includes 8 vertical planes of
plastic streamer tube chambers. Charged particles are
registered by means of external strip readout system in two
orthogonal views, that allows reconstruct particle tracks in
space. To ensure high statistics of the data, low multiplicity
events with 3 muons detected in three different supermodules
(the minimal number determined by trigger conditions) were
selected. Total number of events in four zenith angle intervals
(35°-45°, 45°-55°, 55°-65°, and 65°-75°) amounted to about
150 thousands.
The expected number of events for different zenith and
azimuth angle bins was calculated taking into account the
effective setup area, registration conditions and selection
criteria. In calculations, a power dependence of the flux of
incident events with local muon density D was assumed [9]:

A.G. Bogdanov, R.P. Kokoulin, A.A. Petrukhin, V.V. Shutenko and
I.I. Yashin are with Moscow Engineering Physics Institute (State University),
Moscow 115409, Russia (e-mail: VVShutenko@mephi.ru).
O. Saavedra is with Dipartimento di Fisica Generale dell’ Universita di
Torino, 10125 Torino, Italy.
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dF/dD ~ D - (β + 1) cos α θ;

(1)
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Figure 1: The ratio of the observed number of muon bundles to the expected one as a function of azimuth angle (left) and
of the pitch angle sinus (right)
the parameters (α ∼ 4.5, β ∼ 1.95 - 2.10) were estimated from
pEMF = 0.3 B0 sinγ H0 secθ.
(2)
the experimental distributions of muon bundle characteristics.
The expected event number was computed under assumption
of azimuthal uniformity of the flux; then the total number of Here H0 is the effective muon production altitude; usual
events was normalized to the observed one for every zenith system of units (GeV/c, T, m) is used. A typical value of this
angle interval.
momentum in conditions of the present experiment for 60°
In Fig.1 (left panel), the ratio of the measured and expected zenith angle is about 0.3 - 0.5 GeV/c which is comparable to
intensity of muon bundles is plotted as a function of arrival transverse momentum for meson production; contribution of
azimuth angle in the laboratory frame (direction to multiple scattering is several times less.
Muon bundles detected by a small-size setup contain muons
geomagnetic South corresponds to ϕ = 26°). As it is seen from
the figure, this ratio is far not uniform. In the right panel, the initially emitted in different directions and slightly turned
same ratio is shown as a function of the sinus of angle between (differently, depending on the momentum and sign) by the
muon bundle direction and EMF vector (pitch angle). In this magnetic field. Hence, in the directions of particles that hit the
case, the dependence becomes regular and monotonous; the detector a kind of alignment (coplanarity) in a plane defined
by the EAS axis and Lorentz force vector must appear. Let us
slope is increasing for larger zenith angles.
Solid curves in the right part of Fig.1 represent the results of note, that for EAS arrival directions close to the geomagnetic
calculations of the expected muon bundle intensity (also meridian (that means, for showers arriving from North or
normalized to the total number of events for every zenith angle South) the Lorentz force vector is horizontal; for EAS arriving
bin) for fixed zenith angles and different values of the pitch from East or West the regular component of transverse
angle, obtained on the basis of muon LDF simulated by means momenta must be inclined relative to horizon.
To search for this effect, we have selected muon bundle
of the CORSIKA code [10] (version 6.502). Comparison of
the curves and the data exhibits a good qualitative (and a events with four (and only four) quasi-parallel particles
reasonable quantitative) agreement and confirms that the detected in four different supermodules of DECOR from data
observed angular dependence of the event intensity is collected in 2004-2007 (10102 hours “live” time). The last
explained by the changes of EAS muon LDF under the condition only one track in each supermodule was necessary
for unambiguos spatial reconstruction of individual particle
influence of the geomagnetic field.
tracks. The events with zenith angles 55°-65° in four sectors of
3. COPLANARITY OF TRACKS IN MUON BUNDLES
azimuth angle (nearly equivalent from the view-point of track
Apart from stochastic processes of the angular deflection of registration and geometry reconstruction, but differently
muon trajectory from the direction of the primary particle oriented relative to geomagnetic meridian) were analyzed.
For every muon bundle event, the average direction was
(transverse momenta in hadronic interactions, parent meson
determined,
and then deviations of individual tracks from this
decay kinematics, multiple Coulomb scattering in air), there
exists a regular component caused by the Earth magnetic field. average bundle vector in a horizontal plane (∆X) and across it
(∆Y) were calculated. In Fig.2, scatter diagrams of the track
An equivalent transverse momentum pEMF may be estimated as
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Figure 2: Scatter diagrams of relative track directions in muon bundles; θ = 55°- 65°;
different azimuth angle intervals. Ellipses show 2σ-contours of 2D-Gaussian fits; solid lines:
main axes of the ellipses; dotted lines: directions of Lorentz force vector
directions in (∆X, ∆Y) coordinates for muon bundles arriving
from four different azimuth angle intervals are presented.
Ellipses in the figures correspond to 2σ-contours of 2DGaussian fit of the distribution; solid lines indicate the main
axes of the ellipses, dotted ones show the directions of Lorentz
force (average for every data sample). As it is seen from the
figure, at the background of measurement errors and random
scattering factors, a regular component (with rms-value about
0.3°-0.4°) close to Lorentz force vector is really observed in
muon track directions.

4. CONCLUSION
Analysis of muon bundles registered in coordinate-tracking
detector DECOR has shown that the event intensity
significantly decreases with the sinus of the angle between the
muon bundle arrival direction and geomagnetic field vector;
this effect is enhanced with the increase of zenith angle.
Comparison with CORSIKA-based simulations shows that this
phenomenon is explained by the distortion of muon lateral
distribution functions resulting from propagation of EAS
muons in the geomagnetic field. A reasonable agreement
between calculations and data may be considered as a
validation of CORSIKA treatment of EMF influence on EAS
muon component. A new phenomenon - coplanarity of muon
bundle tracks in a plane determined by the Lorentz force

vector and EAS axis - has been found.
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Abstract— PAMELA is a satellite–borne experiment designed
to study charged particles in the cosmic radiation. The primary
scientific goal is the study of the antimatter component of
the cosmic–rays over the largest energy range ever achieved
(antiprotons, 80 MeV – 100’s GeV; and positrons, 50 MeV –
270 GeV) in order to search for evidence of dark matter particle
annihilations. PAMELA is also searching for primordial antinuclei with unprecedent sensitivity, and its precise measurements
of the antiparticle energy spectrum together with its precision
studies of light nuclei and their isotopes are used to test cosmic–
ray propagation models. Moreover, PAMELA is investigating
low energy particles in the cosmic radiation which permit to
study solar physics and solar modulation during the 24th solar
minimum. Finally, the reconstruction of the cosmic ray electron
energy spectrum up to several TeV allows a possible contribution
from local sources to be studied. PAMELA is housed on–board
the Russian Resurs–DK1 satellite, which was launched on June
15th 2006 in an elliptical (350–610 km altitude) orbit with an
inclination of 70 degrees. The status of the PAMELA experiment
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is reviewed, and scientific results after two years in flight are
presented.

I. INTRODUCTION
The WiZard collaboration is a scientific program devoted to
the study of cosmic rays through balloon and satellite borne
devices. The main stream of physics goals our collaboration is
devoted to include the precise determination of the antiproton
[1] and positron [2] spectrum, the search of antimatter, the
measurement of low energy trapped, and solar cosmic rays
(NINA-1 [3] and NINA-2 [4] satellite experiments). Other
research on board Mir and International Space Station has
involved the measurement of the radiation environment, the
nuclear abundances, and the investigation of the Light Flash
phenomenon with the Sileye experiments [5], [6]. At present
PAMELA is the largest and most complex device built by
our collaboration. In this work we describe the scientific
objectives, the detector and the first preliminary results of
PAMELA after two years of data taking.
II. INSTRUMENT AND SCIENCE
PAMELA aims to measure in great detail the cosmic ray
component at 1 AU (Astronomical Unit). Its 70 degrees,
350–610 km quasi–polar elliptical orbit makes it particularly
suited to study items of galactic, heliospheric, and trapped
nature. PAMELA has been mainly conceived to perform high–
precision spectral measurement of antiprotons and positrons
and to search for antinuclei, over a wide energy range. Besides
the primary objective to study cosmic antimatter, the instrument setup and the flight characteristics allow many additional
scientific goals to be pursued. Due to the high–identification
capabilities of the instrument light nuclei and their isotopes,
as well, at least up to Z=8, can be identified. This provides
complementary data, besides antimatter abundances, to test
models for the origin and propagation of galactic cosmic rays.
In addition, the low–cutoff orbit and long–duration mission
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Fig. 2. Counting rates of S1 (green), S2 (blue) and S3 (red) as function
of the On Board Time (OBT). During these three orbits the South Atlantic
Anomaly (SAA) is crossed twice.

Fig. 1. A schematic view of the PAMELA apparatus. The instruments is
∼1.3 m tall and has a mass of 470 kg. The average power consumption is
355 W. Magnetic field lines inside the spectrometer are oriented parallel to
the y direction.

permits to detect low–energy particles (down to 50 MeV) and
to follow long–term time variations of the radiation intensity
and transient phenomena. This allows to extend the measurements down to the solar–influence energy region, providing
unprecedented data about spectra and composition of solar
energetic particles and allowing to study solar modulation of
galactic cosmic rays over the minimum between solar cycles
23 and 24. Finally, the satellite orbit spans over a significantly
large region of the Earth magnetosphere, making possible to
study its effect on the incoming radiation. A more detailed
overview of the PAMELA scientific goal can be found in [7].
The instrument is installed inside a pressurized container
(2 mm aluminum window) attached to the Russian Resurs–
DK1 Earth–observation satellite that was launched into Earth
orbit by a Soyuz–U rocket on June 15th 2006 from the
Baikonur cosmodrome in Kazakhstan. The mission is foreseen
to last till at least December 2009.
The PAMELA apparatus comprises the following subdetectors, arranged as shown in Figure 1 (from top to bottom):
a time–of–flight system (TOF – S1, S2, S3); a magnetic
spectrometer; an anticoincidence system (CARD, CAT, CAS);
an electromagnetic imaging calorimeter; a shower tail catcher
scintillator (S4) and a neutron detector. Planes of plastic
scintillator mounted above and below the spectrometer form
the TOF system, which also provide a fast signal for triggering
the data acquisition. The timing resolution of the TOF system
allows albedo–particle identification and mass discrimination
below 1 GeV/c. The central part of the PAMELA apparatus
is the magnetic spectrometer consisting of a 0.43 T permanent magnet and a silicon tracking system, composed of 6
planes of double–sided microstrip sensors. The spectrometer
measures the rigidity (momentum over charge) of charged

particles and the sign of the electric charge through their
deflection (inverse of rigidity) in the magnetic field. Ionization
losses are measured in the TOF scintillator planes, the silicon
planes of the tracking system and the first silicon plane of
the calorimeter allowing the absolute charge of traversing
particles to be determined. The acceptance of the spectrometer,
which also defines the overall acceptance of the PAMELA
experiment, is 21.5 cm2 sr and the spatial resolution of the
tracking system is better than 4 µm up to a zenith angle of
10◦ , corresponding to a maximum detectable rigidity (MDR)
exceeding 1 TV. The spectrometer is surrounded by a plastic
scintillator veto shield, aiming to identify false triggers and
multiparticle events generated by secondary particles produced
in the apparatus. Additional information to reject multiparticle
events comes from the segmentation of the TOF planes in
adjacent paddles and from the tracking system. An electromagnetic calorimeter (16.3 X0 , 0.6 λ0 ) mounted below
the spectrometer measures the energy of incident electrons
and allows topological discrimination between electromagnetic
and hadronic showers, or non–interacting particles. A plastic
scintillator system mounted beneath the calorimeter aids in
the identification of high–energy electrons and is followed
by a neutron detection system for the selection of high–
energy electrons which shower in the calorimeter but do not
necessarily pass through the spectrometer. For this purpose, the
calorimeter can also operate in self–trigger mode to perform an
independent measurement of the lepton component up to 2 TV.
More technical details about the entire PAMELA instrument
and launch preparations can be found in [8].
III. ORBITAL ENVIRONMENT
PAMELA was first switched on June 21st 2006 and it has
been collecting data continuosly since July 11th 2006. To date
about 650 days of data have been analyzed, corresponding to
more than one billion recorded triggers and about 12 TB data.
A typical behaviour of the acquisition of the device is shown
in figure 2. The three colours represent the the counting rate of
the three planes of the time of flight and correspond to particles
of increasing energy: S1 is triggered by 36 MeV protons and
3.5 MeV electrons, S2 requires protons and electrons of 63 and
9.5 MeV, respectively, and S3 requires protons and electrons
of 80 and 50 MeV (lower energy particles may penetrate the
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energy per nucleon. Only few months of data were used to
produce this figure.
B. Solar modulation of GCR

Fig. 3.

Launch of PAMELA occurred during the 23rd solar minimum. In this period it is be possible to observe solar modulation of galactic cosmic rays due to varying solar activity.
A long term measurement of the proton, electron, and nuclear
flux at 1 AU provides information on propagation phenomena
occurring in the heliosphere. As already mentioned, the possibility to identify the antiparticle spectra allows to study also
charge dependent solar modulation effects. Figure 4 shows
the proton flux as measured by PAMELA in three different
months in 2006, 2007 and 2008. To a decreasing solar activity
corresponds an increasing flux of galactic cosmic rays. This
effect is in agreement with the increase of neutron monitor
fluxes [9].

Proton and helium nuclei spectra in arbitraty units.

C. Primary and re-entrant albedo measurements
detector from the sides and increase the trigger rate). The
passages in the South Atlantic Anomaly (SAA) saturate several
times the ADC counting rate of the S1 scintillator but not the
other two scintillators. This is consistent with the power law
spectrum of trapped particles in the SAA and the geometrical
ratio between the two scintillators. Outside the SAA it is
possible to see the increase of particle rate at the geomagnetic
poles (North Pole, NP, and South Pole, SP) due to the lower
geomagnetic cutoff. The highest rates are found when the
satellite crosses the trapped components of the radiation belts
(Van Allen Belts). The acquisition trigger rate depends on
the used scintillator planes used to trigger an event (trigger
configuration). The configuration that was found to maximize
the collected number of good cosmic-ray events makes use
of S1, S2 and S3 in the low-radiation environment and of
S2 and S3 in the high radiation environment (magnetic poles
and SAA). Since only S1 is affected by SSA radiation, this
plane has been excluded from the trigger condition for highradiation environment. Switch between the two acquisition
modes is performed when the counting rate of S1 exceeds
a given threshold. The overall average trigger rate is of about
25 Hz.

Albedo particles are secondary particles produced by
cosmic-rays interacting with the Earth’s atmosphere that are
scattered upward. When these particles lack sufficient energy
to leave the Earth’s magnetic field they re-enter the atmosphere
in the opposite hemisphere but at a similar magnetic latitude
and they are called re-entrant albedo particles. The measurement of the composition and spectra of the secondary cosmic
rays particles provides a tool for the fine tuning of models
used in air shower simulation programs. The importance
of the programs for simulation of atmospheric showers has
been emphasized in connection to the atmospheric neutrino
observations performed by underground experiments. In fact
a correct interpretation of these measurements depends on the
accuracy of the predictions to which they are compared. Due
to its orbit PAMELA is able to provide a world map of the
primary and re-entrant albedo particles, allowing to discern
fine details in the spectra especially in the sub-cutoff region.

IV. PRELIMINARY RESULTS
A. Galactic cosmic rays
The most common particles in the cosmic radiation, protons
and helium nuclei, are detected by PAMELA with very high
statistics over a wide energy range. This allows to perform
a precise measurements of their spectral shape and makes
possible to study time variations and transient phenomena.
The measurement of the spectra of primary cosmic rays have
deep astrophysical implications and the importance of knowing
the absolute values of the fluxes is essential to perform, for
example, atmospheric neutrino observations. Figure 3 shows
the preliminar protons (Z=1) and helium nuclei (Z=2) fluxes
measured by PAMELA as function of the particle kinetic

Fig. 4. Proton flux measured by PAMELA in July 2006 (violet), August
2007 (blue) and February 2008 (red). Solid line is a fit of the interstellar
spectrum at energies greater than 20 GeV.
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Fig. 5. Primary and re-entrant albedo proton spectra as function of the
geomagnetic cutoff.

Fig. 7.
event.

Time variation of the proton flux during the December 13th 2006

E. Solar energetic particles

Fig. 6. Differential proton energy spectra of PAMELA in different regions
of the South Atlantic Anomaly. The chosen regions are selected according to
decreasing intensity of the magnetic field as described in the legenda.

Figure 5 shows the proton spectra at different geomagnetic
latitudes. For each spectra is clearly visible the position of the
geomagnetic cutoff and the secondary proton component due
to re-entrant albedo particles. It is also possible to observe
structures in the spectra, for example violet data between 3
and 5 GeV, that are also reproduced by simulations [10].
D. Trapped particles
The 70◦ orbit of the Resurs–DK1 satellite allows for
continuous monitoring of the electron and proton belts. The
high energy (>80 MeV) component of Van Allen Belts
can be monitored in detail and it is possible to perform a
detailed mapping of these regions by determining spectral
and geometrical features [11]. Also the neutron component
can be measured, although some care needs to be taken to
estimate the background coming from proton interaction with
the main body of the satellite. Figure 6 shows the differential
proton energy spectra in different regions of the South Atlantic
Anomaly. Data samples are selected according to the intensity
of the magnetic field, lower the field the deeper inside the
anomaly and the higher the proton flux. The flux of trapped
protons can exceed the secondary particle flux in the same
cutoff region outside the anomaly of about four orders of
magnitude at low energy.

Due to the period of solar minimum few significant solar
events with energy high enough to be detectable are expected.
The observation of solar energetic particle (SEP) events with a
magnetic spectrometer will allow several aspects of solar and
heliospheric cosmic ray physics to be addressed for the first
time.
Positrons are produced mainly in the decay of π + coming
from nuclear reactions occurring at the flare site. Up to now,
they have only been measured indirectly by remote sensing
of the gamma ray annihilation line at 511 keV. Using the
magnetic spectrometer of PAMELA it is possible to separately
analyze the high energy tail of the electron and positron spectra
at 1 AU obtaining information both on particle production and
charge dependent propagation in the heliosphere in perturbed
conditions of solar particle events.
PAMELA will is able to measure the spectrum of cosmic
ray protons from 80 MeV up to almost 1 TeV and therefore is
able to measure the solar component over a very wide energy
range (where the upper limit will be limited by statistics).
These measurements can be correlated with other instruments
placed in different points of the Earth’s magnetosphere to give
information on the acceleration and propagation mechanisms
of SEP events. Figure 7 shows, as example, the time variation
of the the proton flux as consequence of the solar event of
December 13th 2006. Different colors represent the measured
flux as function of the time. The solar quiet proton spectrum
is shown as it was before December 13th (black) and after
(yellow) the December 13th event. It is possible to notice that
the high statistic allows to precisely measure the proton flux
in very small time intervals and hence to study accurately the
evolution of the solar event.
Furthermore PAMELA can also investigate the light nuclear
component related to SEP events over a wide energy range.
These measurements will help us to better understand the
selective acceleration processes in the higher energy impulsive
events [12]. Finally the high inclination of the orbit of the
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Fig. 8. PAMELA Boron to Carbon ratio compared to previous measurements.

Resurs-DK1 satellite allows PAMELA to study [13], [14]
the variations of cosmic ray geomagnetic cutoff due to the
interaction of the SEP events with the geomagnetic field.
F. Nuclei
Also light nuclei (up to Oxygen) are detectable with the
scintillator system. In this way it is possible to study with
high statistics the secondary/primary cosmic ray nuclear and
isotopic abundances such as B/C, Be/C, Li/C, and 3 He/4 He.
These measurements can constrain existing production and
propagation models in the galaxy, providing detailed information on the galactic structure and the various mechanisms involved. Figure 8 shows very preliminary B/C ratio as function
of kinetic energy per nucleon. PAMELA results (green circles)
are in very good agreement with previous measurements.
G. Antiparticle measurements
The main task of PAMELA is to identify antimatter components against the most abundant cosmic–ray components.
At high energy, main sources of background in the antimatter
samples come from spillover (protons in the antiproton sample
and electrons in the positron sample) and from like–charged
particles (electrons in the antiproton sample and protons in
the positron sample). Spillover background comes from the
wrong determination of the charge sign due to measured
deflection uncertainty; its extent is related to the spectrometer
performances and its effect is to set a limit to the maximum
rigidity up to which the measurement can be extended. The
like–charged particle background is related to the capability
of the instrument to perform electron–hadron separation.
Electrons in the antiproton sample can be easily rejected by
applying conditions on the calorimeter shower topology, while
the main source of background comes from spillover protons.
In order to reduce the spillover background and accurately
measure antiprotons up to the highest possible energy, strict
selection criteria were imposed on the quality of the fitted track

10
kinetic energy (GeV)

102

Fig. 9.
The antiproton-to-proton flux ratio obtained by PAMELA [22]
compared with contemporary measurements [23], [24], [25], [26], [27], [28],
[29].

and the absolute value of the measured deflection was required
to be 10 times larger than its estimated error. To measure the
antiproton–to–proton flux ratio the different calorimeter selection efficiencies for antiprotons and protons were estimated.
The difference is due to the momentum dependent interaction
cross sections for the two particles. These efficiencies were
studied using both simulated antiprotons and protons, and
proton samples selected from the flight data. In this way, it
was possible to normalize the simulated proton, and therefore
the antiproton, selection efficiency. The selected proton and
antiproton samples could be contaminated by pions produced
by cosmic-ray interactions with the PAMELA payload. This
contamination was studied using both simulated and flight data
and was estimated to be less than 5% above 2 GV decreasing
at less than 1% above 5 GV.
Figure 9 shows the antiproton–to–proton flux ratio measured by the PAMELA experiment [22] compared with other
contemporary measurements. Only statistical error are shown
since the systematic uncertainty is less than a few percent
of the signal, which is significantly lower than the statistical
uncertainty. The PAMELA data are in excellent agreement
with recent data from other experiments, the antiproton–to–
proton flux ratio increases smoothly with energy up to about
10 GeV and then levels off. The data follow the trend expected
from secondary production calculations and our results are
sufficiently precise to place tight constraints on secondary
production calculations and contributions from exotic sources,
e.g. dark matter particle annihilations.
Proton contamination in the positron sample can be reduced
to a negligible amount using strong selection criteria on
the topology of the shower inside the calorimeter and by
requiring the match between the calorimeter detected energy
and the tracker measured momentum. Using particle beam
data collected at CERN we have previously shown [21] that a
proton rejection power of 105 can be achieved up to 200 GeV/c
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keeping an electron selection efficiency of 80%. A different approach has also been used to measure the high energy positron
flux. This approach consist in keeping a very high selection
efficiency and in quantifying the residual proton contamination
[30]. Results are shown in figure 10, where PAMELA data are
compared to other contemporary measurements. At low energy
PAMELA data are lower than most of the other data and this
can be interpreted as an observation of charge-sign dependent
solar modulation effects. PAMELA data are in agreement
with results from a balloon–borne experiment which flew in
June 2006 [38] which observed a low positron fraction at
low energies, but with large statistical uncertainties. At higher
energies and below 10 GeV the PAMELA positron fraction is
compatible with other measurements but does not confirm the
structure between 6 and 10 GeV which was claimed previously
by the HEAT experiment [39].
PAMELA is continuously taking data and the mission is
planned to continue until at least December 2009. The increase
in statistics will allow higher energies to be studied. An
analysis for low energy antiprotons and positrons (down to
100 MeV) is in progress and will be the topic of future
publications.
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A Markov Chain Monte Carlo for Galactic Cosmic
Ray physics
A. Putzea,1 , L. Derome1 , D. Maurin2 , L. Perotto1 , R. Taillet3

Abstract— Propagation of charged Cosmic Rays in the Galaxy
depends on the transport parameters, which number can be
large depending on the propagation model under scrutiny.
Yet, a standard approach to determine these parameters is a
manual scan, leading to an inefficient and incomplete coverage
of the parameter space. The awaited results of forthcoming
experiments call for a better strategy. An automated statistical
tool is required for a full coverage and a sound determination of
the transport and source parameters. We implement a Markov
Chain Monte Carlo (MCMC), which is well suited for multiparameter determination. Its capabilities and performances are
explored on the phenomenologically well understood Leaky Box
Model. A trial function based on binary space partitioning proves
to be very efficient, allowing a simultaneous determination of up
to nine parameters, including transport and source parameters
(slope, abundances). The best model includes both a low energy
cut-off and reacceleration, which values are compatible with
those found in diffusion models. A Kolmogorov spectrum for
the diffusion slope (δ = 1/3) is excluded. The marginalised
probability density function for δ and α (the slope of the source
spectra) are δ ≈ 0.55 − 0.60 and α ≈ 2.14 − 2.17, depending on
the dataset used and the number of free parameters in the fit.

I. I NTRODUCTION
One issue of cosmic-ray (CR) physics is the determination
of the transport parameters in the Galaxy. Such a determination
is based on the analysis of the secondary-to-primary ratio
(e.g. B/C, sub-Fe/Fe), in which the dependence on the source
spectra factors remain mostly sensitive to the propagation
processes (e.g., [20] and references therein). For nearly 20
years, the determination of these parameters relied mostly on
the most constraining data, namely the HEAO-3 data, taken
in 1979, which cover the ∼ 1 − 35 GeV/n range ([11]).
For the first time since HEAO-3, several satellite or balloon borne experiments (see ICRC 2007 reporter’s talk [4])
have obtained better data in the same energy range, i.e.
1 TeV/n−PeV/n, or covered a yet scarcely explored range in
terms of nucleus: the ATIC collaboration has presented some
results for the B/C ratio at 0.5 − 50 GeV/n ([25]), and for
H to Fe fluxes at 100 GeV−100 TeV ([24]). The TRACER
collaboration has recently published spectra for O up to Fe
in the GeV/n-TeV/n range ([1], [5]). The CREAM experiment
([26]) flew a cumulative duration of 70 days in December
2004 and December 2005 ([27] and preliminary results in [19],
[31]), and again in December 2007. A fourth flight is schedule
1 Laboratoire de Physique Subatomique et de Cosmologie LPSC , Grenoble,
France
2 Laboratoire de Physique Nucléaire et des Hautes Energies LPNHE , Paris,
France
3 Laboratoire de Physique Théorique LAPTH , Annecy-le-Vieux, France
a Corresponding author: putze@lpsc.in2p3.fr

for December 20081 . Finally, some exciting data will soon
come from the PAMELA satellite.
It is relevant to question the method to extract the propagation parameters in order to take the best advantage of
this wealth of new data. This determination is an important
issue for many theoretical and astrophysical questions, as it is
linked, amongst others, to the transport in turbulent magnetic
fields, sources of CRs, γ-ray diffuse emission (see [30] for
a recent review and references). It also proves to be crucial
for indirect dark matter detection studies (e.g. [8], [9]). The
usage in the past has been mostly based on a manual or
semi-automated—hence partial—coverage of the parameter
space (e.g., [14], [29], [33]). More complete scans have
been performed in [16], [20], [21], although in an inefficient
manner: the addition of a single new free parameter (as done
for example in [21] compared to [20]) remains prohibitive
in terms of computer time. Such a scan is generally further
complicated by the observation of large degeneracies in the
parameter space [20].
Therefore it is necessary to use an efficient and sound
numerical tool to i) cover efficiently the parameter space
and ii) enable the enlargement of the parameter space at a
minimal computing time cost. The Markov Chain Monte Carlo
(MCMC) algorithm, widely used for cosmological parameter
estimates (see e.g. [6], [10], [15] and references therein), meets
these demands.
II. M ARKOV C HAIN M ONTE C ARLO (MCMC)
Markov Chain Monte Carlo (MCMC) techniques have
proven particularly well-defined for Bayesian parameter estimates ([18], [22]). The Bayesian approach aims at assessing to
which extent an experimental dataset improves our knowledge
of a given theoretical model. Considering a model depending
on m parameters
θ ≡ {θ(1) , θ(2) , . . . , θ(m) },

(1)

we wish to determine the conditional probability density
function (PDF) of the parameters given the data, P (θ|data).
This so-called posterior probability quantifies the change in
the degree of belief one can have in the m parameters of
the model in the light of the data. Applied to the parameter
inference, Bayes theorem reads
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P (θ|data) =

P (data|θ) · P (θ)
,
P (data)

1 http://cosmicray.umd.edu/cream/cream.html

(2)

where P (data) is the data probability (the latter does not
depend on the parameters and hence, can be thought as a
normalisation factor). This theorem links the posterior probability to the likelihood of the data L(θ) ≡ P (data|θ) and the
so-called prior probability, P (θ), giving the degree of belief
one has before observing the data. The technically difficult
point of Bayesian parameter estimates lies in the determination of the individual posterior PDF, which requires an
(high-dimensional) integration of the overall posterior density.
Thus an efficient sampling method for the posterior PDF is
mandatory. For models having more than a few parameters,
regular grid-sampling approaches break down and statistical
techniques are required [7]. Among the latter, MCMC algorithms have been fully tried and tested for Bayesian parameter
inference [18], [22].
MCMC methods aim at exploring any target distribution of
a vector of parameters p(θ), by generating a sequence of n
points (hereafter a chain)
{θ~i }i=1,...,n ≡ {θ 1 , θ 2 , . . . , θ n }.

(3)

Each θ i is a vector of m components [e.g., as defined in
Eq. (1)]. In addition, the chain is Markovian in the sense that
the distribution of θ n+1 is entirely influenced by the value
of θ n . MCMC algorithms are built such as the time spent
by the Markov chain in a region of the parameter space is
proportional to the target PDF value in this region. Hence,
from such a chain, one can obtain an independent sampling
of the PDF. The target PDF as well as all marginalised PDF
are estimated by counting the number of samples within the
related region of parameter space.

then
T (θ i+1 |θ i ) = a(θ trial |θ i )q(θ trial |θ i ).

(5)

If accepted, θ i+1 = θ trial , whereas if rejected, the new state
is equal to the current state, θ i+1 = θ i . This criterion ensures
that once at its equilibrium, the chain samples the target
distribution p(θ).
B. Chain analysis
The starting point θ 0 of a chain is chosen randomly. The
time needed to reach a state uncorrelated to θ 0 , i.e. to “forget”
the starting point, is called the burn-in length b. The b first
samples {θ i }i=1,...,b of the chain have to be discarded for
a further analysis. Each step depends on the previous one,
which makes the samples of the chain correlated. To obtain
independent samples, thinning the chain is mandatory. The
correlation length l is defined as the smallest j for which the
states θi and θi+j of the chain are considered uncorrelated.
C. Choice of the target and trial functions
1) Target function: As already said, we wish to sample
the target function p(θ) = P (θ|data). Using Eq. (2) and the
fact that the algorithm is not sensitive to the normalisation
factor, this amounts to sample the product P (data|θ) · P (θ).
Assuming a flat prior P (θ) = cst, the target distribution
reduces to
p(θ) = P (data|θ) ≡ L(θ).
(6)
Here, the likelihood function is taken as
¶
µ
χ2 (θ)
.
L(θ) = exp −
2

(7)

The χ2 (θ) function for ndata data is

A. The algorithm
The prescription we use to generate the Markov chains from
the unknown target distribution is the so-called MetropolisHastings algorithm (the interested reader is referred to [18],
[22, chapter 29] for further details and references.). The
Markov chain grows in jumping from the current point in the
parameter space θ i to the following θ i+1 . As said before,
the PDF of the new point only depends on the current point,
i.e. T (θ i+1 |θ 1 , . . . , θ i ) = T (θ i+1 |θ i ). This quantity defines
the transition probability for state θ i+1 from the state θ i .
The Metropolis-Hastings algorithm gives a prescription on the
transition probability to ensure that the stationary distribution
of the chain asymptotically tends to the target PDF one wishes
to sample from.
At each step i (corresponding to a state θ i ), a trial state
θ trial is generated from a proposal density q(θ trial |θ i ). This
proposal density is chosen so that samples can be easily
generated (e.g. a Gaussian distribution centred on the current
state). The state θ trial is accepted or rejected depending on
the following criterion: forming the quantity
¶
µ
p(θ trial ) q(θ i |θ trial )
,
(4)
a(θ trial |θ i ) = min 1,
p(θ i ) q(θ trial |θ i )

the trial state is accepted as a new state with a probability a
(rejected with probability 1 − a). The transition probability is

χ2 (θ) =

nX
data
k=1

(ykexp − yktheo (θ))2
,
σk2

(8)

where ykexp is the measured value, yktheo is the hypothesised
value for a certain model and the parameters θ, and σk is the
known variance of the measurement. For example, ykexp and
yktheo represent the measured and calculated B/C ratios.
2) Trial function: Despite the effectiveness of the
Metropolis-Hastings algorithm, in order to optimise the efficiency of the MCMC and minimise the number of chains to
be run, trial functions should be as close as possible to the true
distributions. We use below a sequence of three trial functions
to explore the parameter space. The first step is a coarse
determination of the parameter PDF using m independent
Gaussian distributions centred on θ i . This allows to calculate
the covariance matrix used by the second proposal density,
an N-dimensional Gaussian of covariance matrix V . This step
provides a better coverage of the parameter space by taking
into account possible correlations between the m parameters.
The last step takes advantage of a binary space partitioning
(BSP) algorithm. The results of the covariance matrix run are
used to subdivide the parameter space into boxes for each of
which a given probability is affected. The proposal density is
defined as a uniform function equal to the assigned probability.
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In comparison to the other two proposal densities, this on is
not symmetric, because it is only dependent on the proposal
state q(θ trial ).
III. I MPLEMENTATION IN THE PROPAGATION MODEL
The MCMC with the three above methods are implemented
in the USINE package2 , that computes the propagation of
galactic CR nuclei and anti-nuclei for several propagation
models (LBM, 1D and 2D diffusion models). The reader is
referred to [20] for a detailed description for the nuclear parameters (fragmentation and absorption cross sections), energy
losses (ionisation and Coulomb) and solar modulation (forcefield) used.
In this algorithm, it is up to the user to decide i) which
data to use, ii) which observable is retained to calculate the
likelihood, and iii) the number of free parameters m (of the
vector θ, depending on the propagation model chosen) for
which we seek the posterior PDF.
The framework we use is the Leaky Box Model (LBM),
a simple propagation model widely used in the past decades.
This model contains most of the CR phenomenology and is
well adapted for a first implementation of the MCMC tool.
A. Leaky Box Model (LBM)
The LBM assumes that all cosmic-ray species are confined
in the Galaxy, with an escape rate equal to N/τesc , where
the escape time τesc is rigidity-dependent, and is written as
τesc (R). This escape time has two origins. First, cosmic rays
can leak out the confinement volume and leave the Galaxy.
Second, they can be destructed by spallation on interstellar
matter nuclei. This latter effect is parameterised by the grammage x (usually expressed in g/cm2 ), defined as the column
density of interstellar matter encountered by a path followed
by a cosmic ray. The cosmic rays that reach the Earth have
followed different paths, so that they can be described by a
grammage distribution N (x) ≡ dN/dx. The LBM assumes
that
N (x) ∝ exp−λesc (R)x ,
(9)
where the mean grammage λesc (R) = hxi is related to
the mass m, velocity v and escape time τesc (R) through
λesc (R) = m̄nvτesc (R).
The function λesc (R) determines the amount of spallations
undergone by a primary species, and thus determines the
secondary-to-primary ratios, for instance B/C. The grammage
λesc (R) is known to provide an effective description of diffusion models [2]: it can be related to the efficiency of confinement (which is determined by the diffusion coefficient and
to the size and geometry of the diffusion volume), spallative
destruction (which tend to shorten the average lifetime of a
cosmic ray and thus to lower λesc ), and a mixture of other
processes (such as convection, energy gain and losses).
In this paper, we compute the fluxes in the framework
of the LBM with minimal reacceleration by the interstellar
2A

public version will be released soon (Maurin, in preparation).

turbulence, as described in [23], [28]. The grammage λesc (R)
is parameterised as
(
−(δ−δ0 ) −δ0
λ0 βR0
R
when R < R0 ,
λesc (R) =
(10)
−δ
λ0 βR
otherwise;
where we allow for a break, i.e. a different slope below and
above a critical rigidity R0 . The standard form used in the
literature is recovered setting δ0 = 0.
To summarise, our LBM with reacceleration may involve up
to five free parameters, i.e. the normalisation λ0 , the slopes δ0
and δ below or above the cut-off rigidity R0 , and a pseudoAlfvén velocity Va related to the reacceleration strength.
B. Source spectra
We assume that the primary source spectrum Qj (E) for
each nuclear species j considered are given by (β = v/c)
Qj (E) ≡ dQj /dE = qj β ηj R−αj ,

(11)

where qj is the source abundance, αj is the slope of species j
and the term β ηj encodes our ignorance about the low energy
spectral shape. We assume that αj ≡ α for all j, and unless
stated otherwise, ηj ≡ η = −1 in order to recover dQ/dp ∝
p−α , as obtained from acceleration models (e.g., [13]).
In this work, the source abundances are initialised to the
solar system abundances ([17]) times the first ionisation potential (FIP) taken from [3]. During the run, the elemental
abundances are then rescaled—keeping fixed the relative isotopic abundances—to match experimental data (see Fig. 1 in
[21] for further details), so the result is not sensitive to the
input values.
The measurement of all propagated isotopic fluxes should
completely characterise all source spectra parameters, i.e. the
qj and αj parameters should be free. However, only elemental
fluxes are available, which motivates the above rescaling
approach. In Sec. IV-B, a few runs are undertaken to determine
self-consistently, along with the propagation parameters, i) α
and η, and ii) the source abundances for the primary species C,
O and the mixed N elements (main contributors to the boron
flux).
IV. R ESULTS
In particular, the sequential use of the three sampling
methods (Gaussian step, then covariance matrix step, then
binary space partitioning) is found to be the most efficient:
the results presented hereafter all rely on this sequence.
A. Fitting the B/C ratio
1) HEAO-3 data alone: In this section the model parameters are constrained by HEAO-3 data only ([11]). These data
are the most precise data available at the present day for the
stable nuclei ratio B/C in the energy range of 0.62 to 35 GeV/n.
The values obtained for our Model I = {λ0 , R0 , δ} =
{54, 4.2, 0.7} are in fair agreement with those derived by [32],
who found {λ0 , R0 , δ} = {38.27, 3.6, 0.7}. The difference
for λ0 could be related to the fact that [32] rely on a mere
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Fig. 1. Best fit curves for Model I (blue dotted line), II (red dashed line),
and Model III (black solid line) using only the HEAO-3 data (green symbols).
The curves are modulated with Φ = 250 GV.

eye inspection to extract the best fit or/and use a different set
of data.
The reacceleration mechanism was invoked in the literature in order to decrease the spectral index δ toward
the preferred value 1/3 given by a Kolmogorov spectrum
of turbulence. The estimated propagation parameter values
for the models II ({λ0 , δ, Va } = {26, 0.52, 88}) and III
({λ0 , R0 , δ, Va } = {30, 2.8, 0.58, 75}) are indeed slightly
smaller than for Model I, but the Kolmogorov spectral index
is excluded for all this three cases. This result agrees with the
findings of [20], in which a more realistic two dimensional
diffusion model with reacceleration and convection was used.
Note that the values for Va √
∼ 80 km s−1 kpc−1 , would lead
to a true speed Va = Va × hL ∼ 80 km s−1 in a diffusion
model for which the thin disk half-height is h = 0.1 kpc and
the halo size is L = 10 kpc: this is consistent with values
found in [21].
The best χ2 value per degree of freedom, χ2min /dof, for each
model allows to compare the relative merit of the models. LB
models with reacceleration better fit HEAO-3 data: χ2 /dof of
1.43 and 1.30 respectively for the Models II and III compared
to χ2 /dof = 4.35 for Model I. The best fit B/C fluxes are shown
along the B/C HEAO-3 data modulated at Φ = 250 MV in
Fig. 1. Physically, the origin of a cutoff R0 in λesc at low
energy can be related to convection in diffusion models [12].
Hence, it is a distinct process as reacceleration. The fact that
Model III performs better than Model II hints at the fact that
both processes are significant, as found in [20].
2) Confidence levels for the B/C ratio: Taking advantage
of the knowledge of the χ2 distribution, we can extract a list
of configurations, i.e. a list of parameter sets, based on CLs
of the χ2 PDF allowing to derive e.g. fluxes3 .
The B/C best fit curve (dashed blue), the 68% (red solid)
3 For instance, it can be used to predict the p or d¯ background flux to look
for a dark matter annihilating contribution, as done, e.g. in [9].

Fig. 2. Confidence regions of the B/C ratio for Model III-C. The blue dashed
line is the best fit, red solid line is 68% CL and black solid line 95% CL. Two
modulation parameters are used: Φ = 225 MV below 0.4 GeV/n (adapted
for ACE+Voyager1&2+IMP7-8 data) and Φ = 250 MV above (adapted for
HEAO-3 data).

and 95% (black solid) CL envelopes are shown in Fig. 2. This
demonstrates that, for the specific case of the LBM, current
data already strongly constrain the B/C flux (as contained
in the very good value χ2min = 1.06), even at high energy.
This leads to good prospects for the discriminating power
of forthcoming data. However, such a conclusion has to
be confirmed by an analysis in a more refined model (e.g.
diffusion model), where the situation might not be as simple.
B. Adding free parameters related to the source spectra
In all previous studies (e.g. [14]), the source parameters
are investigated once the propagation parameters have been
determined from the B/C ratio (or other secondary to primary
ratio). We propose a more general approach, where we simultaneously fit all the parameters. With the current data, it
already provides strong constraints on the CR source slope α
and source abundances (CNO). Awaiting for better data to take
full advantage of the method, we show how this approach can
also help uncover inconsistencies in measured fluxes.
For all models below, taking advantage of the results
obtained in Sec. IV-A, we retain Model III-C. The roman
number refers to the free transport parameters of the model
(III = {λ0 , R0 , δ, Va }) and the capital refers to the choice
of the B/C dataset (C=HEAO-3+Voyager1&2+IMP7-8). This
is supplemented by source spectra parameters and additional
data.
1) Source shape α and η from Eq. (11): We first add, as a
free parameter, the universal source slope α (Model III-C+1).
We then let η, parameterising a universal low energy shape
of all spectra, as a second free parameter (Model III-C+2).
In addition to B/C which constrains the transport parameters,
some primary species must be added to constrain α and η. We
restrict ourselves to O, the most abundant boron progenitor,
as it has been measured by the HEAO-3 experiment [11], but
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III-C: propagation parameters are {λ0 , R0 , δ, Va } and the B/C dataset is HEAO-3+Voyager1&2+IMP7-8.
†
Abundances are 1.65|0.10|2.04 for HEAO-3 ([11]).

TABLE I
M OST PROBABLE VALUES OF THE PROPAGATION PARAMETERS ( AFTER MARGINALISING OVER THE OTHER PARAMETERS ) FOR MODELS III-C+ ,. T HE
ADDITIONAL FREE PARAMETERS CORRESPOND TO : 1 = {α}, 2 = {α, η}, 4 = {α, qC , qN, qO}, 5 = {α, η, qC , qN, qO} WITH O DATA FROM HEAO-3.
T HE UNCERTAINTY ON THE PARAMETERS CORRESPOND TO 68% CL OF THE MARGINALISED PDF.

also very recently by the TRACER experiment [1]. During
our study it became apparent that these two datasets are
incompatible at low energies and that the HEAO-3 dataset
seems to be more reliable. The most probable parameters are
gathered in Tab. I, where, to provide a comparison, the first line
reports the values found for Model III-C (i.e. with γ ≡ α + δ
is fixed to 2.65). We remark that adding HEAO-3 oxygen data
in the fit, the propagation parameters λ0 , R0 and δ overshoot
Model III-C’s results. The parameter Va undershoots for this
model, as it is anti-correlated to the former parameters. As
a consequence, the fit to B/C is worsened, especially at low
energy (not shown).
To remedy this, we let η as a free parameter (model III+2).
The net effect is to absorb whatever uncertainty that comes
from either the modulation level or the source spectrum low
energy shape. The value η ' 0.3 might give a reasonable guess
of the low energy shape of the source spectrum, but might be
as well a consequence of systematics of the experiment.
Whereas it is premature to draw any firm conclusion on
the low energy shape, we can turn the argument around as
to serve as a diagnosis of the low energy data quality. For
instance, assuming that the shape of all light to heavy elements
is the same, extracting and comparing ηi for each of these
i elements may diagnose some systematics remaining in the
data. It would be worth fitting the H and He species which are
the best measured fluxes to date, and this is left for a future
study carried in the diffusion models.
2) α, η and source normalisation qi : The last two models
add, as free parameters, the CNO elemental source abundances
(relative isotopic abundances are fixed to SS ones). The data
used in the fit are B/C, C, N and O, all measured by HEAO-3
(TRACER data for C and N have not been published yet). The
models, which are denoted for short 4 and 5 in the text below,
are:
•
•

III-C+4: {λ0 , R0 , δ, Va } + {α, qC , qN , qO };
III-C+5: {λ0 , R0 , δ, Va } + {α, η, qC , qN , qO }.

The most probable values are gathered in Tab. I. Compared
with the respective Models 1 and 2, leaving the source abun-

dances qC , qN and qO free in 4 and 5 does not significantly
change the conclusions. Again, adding η (2 and 5) as a free
parameter allows to absorb the low energy uncertainties on the
data, so that we obtain α = 2.17 (5) instead of the biased value
2.13 (4). The same conclusions hold for other propagation
parameters. On the derived source abundances, the impact of
adding the parameter η is to increase them. The relative C:N:O
abundances (O ≡ 1) are respectively 0.78 : 0.36 : 1 (4) and
0.82 : 0.40 : 1 (5), the second model providing values slightly
closer to those derived from HEAO-3 data 0.81 : 0.49 : 1.
All source elemental abundances, when rescaling them to
match the data or including them in the MCMC, are roughly in
agreement, however our approach underlines the importance
of taking properly into account the correlations between the
parameters to extract unbiased estimates of the propagation
and source parameters.
The goodness of fit on the models on the B/C, C, N and O
data are no better, but no worse than those with qC,N,O fixed.
As soon as primary fluxes are included in the fit (compared
to Model III-C), the χ2min is worsened. This is due to a
combination of an imperfect fit on the primary fluxes and,
as already said, a worsened B/C fit because the propagation
parameters are optimised to match the former rather than the
latter. The best fit CNO fluxes are plotted in Fig. 3 as an
illustration.
3) Perspective on source spectrum parameters: Other primary species may have been combined in the χ2 calculation to
i) constrain further α, and/or ii) to check the hypothesis αi 6=
αj for different species, and/or iii) diagnose some problems in
the data if we believe the slope should be universal. However,
using a few primary species (O or CNO) already affects the
goodness of fit of B/C. As there are many more measured
primary fluxes than secondary ones, taking too many primaries
would weight too much in the χ2 compared to B/C, and this
would drive the MCMC in regions of the parameter space such
as to fit these fluxes rather than B/C. As systematics are known
to be larger in flux measurements than in ratio, this may lead
to biased estimates of the propagation parameters. Letting η
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Fig. 3. Carbon, nitrogen and oxygen fluxes from best fit models. A very
good fit to HEAO-3 data is achieved for all models and all three elements:
the “large” χ2min ∼ 4 found for all models is partly related to the fact that for
some energies, the error bars on HEAO-3 data are likely to be underestimated.
Models with η set to -1 (1 and 4) or with η converging to ∼ 0.3 − 0.4 (2
and 5) differ only at very low energy.

as a free parameter allows to some extent to settle this issue
for the low energy part of the spectrum.
To illustrate the difficulty on data systematics, suffices to say
that for the most abundant species H and He, all experiments
were giving mutually incompatible measurements, until AMS
and BESS experiments flew ten years ago. We then cannot
expect HEAO-3 data, taken in 1979, to be completely free of
such drawbacks. Again, we await the publication of several
forthcoming new data before pursuing further along this line.
V. C ONCLUSION
We implemented a Markov Chain Monte Carlo to extract the
posterior distribution functions of the propagation parameters
in a Leaky Box Model. Three trial functions were used, namely
a standard Gaussian step, an N-dimensional Gaussian step and
its covariance matrix, and a binary space partitioning. For each
method, a large number of chains can be run in parallel to
speed up the PDF calculations. The three trial functions were
used sequentially, each method providing some inputs for the
next: while the first one is very good at zoning the gross range
of the propagation parameters, it is not as efficient to provide
a fine description of the PDF. This is somehow the reverse
for the two others, so that the sequential use ending with the
binary space partitioning provides the best description of the
PDF.
In this first paper, we focused on the phenomenologically
well understood Leaky Box Model, to ease and simplify the
discussion and implementation of the MCMC. In agreement
with previous studies, we confirm that a model with a rigidity
cutoff performs better than without and that reacceleration is
preferred over no reacceleration. Such a model can be associated to a diffusion model with wind and reacceleration. As

found in [20], the best fit models demand both a rigidity cutoff
(wind) and reacceleration, but do not allow to reconcile the
diffusion slope with a Kolmogorov spectrum for turbulence.
In a last stage, we let free the abundance and slope of the
source spectra as well as the elemental abundances of C, N and
O. This shows some correlation between the propagation and
source parameters, potentially biasing the estimates of these
parameters. The best fit for the slope of the source abundances
is α ≈ 2.17 using HEAO-3 data. The MCMC approach allows
to draw confidence intervals for the propagation parameters,
the source parameters, and also for all fluxes.
A wealth of new data on galactic cosmic ray fluxes are
expected soon. As illustrated on the LBM, the MCMC is
a robust tool to handle the complexity of data and model
parameters, where one should fit at the same time all source
and propagation parameters to avoid bias. The next step is
to apply it to more realistic diffusion models and on larger
datasets including more nuclear species.
R EFERENCES
[1] M. Ave et al. Astrophysical Journal, 678:262–273, 2008.
[2] V. S. Berezinskii, S. V. Bulanov, V. A. Dogiel, and V. S. Ptuskin.
Astrophysics of cosmic rays. Amsterdam: North-Holland, 1990, edited
by Ginzburg, V.L., 1990.
[3] W. R. Binns et al. Astrophysical Journal, 346:997–1009, 1989.
[4] P. Blasi. ArXiv e-prints, 0801.4534, 2008.
[5] P. J. Boyle et al. ArXiv Astrophysics e-prints, 2007.
[6] N. Christensen, R. Meyer, L. Knox, and B. Luey. Classical and Quantum
Gravity, 18:2677–2688, 2001.
[7] G. Cowan. Statistical data analysis. Publisher: Oxford: Clarendon Press,
1998 Series: Oxford science publications. ISBN: 0198501560, 1997.
[8] T. Delahaye et al. ArXiv e-prints, 712.2312, 2007.
[9] F. Donato et al. Physical Review D, 69(6):063501, 2004.
[10] J. Dunkley et al. Monthly Notices of the Royal Astronomical Society,
356:925–936, 2005.
[11] J. J. Engelmann et al. Astronomy & Astrophysics, 233:96–111, 1990.
[12] F. C. Jones. Astrophysical Journal, 229:747–752, 1979.
[13] F. C. Jones. Astrophysical Journal Supplement, 90:561–565, 1994.
[14] F. C. Jones et al. Astrophysical Journal, 547:264–271, 2001.
[15] A. Lewis and S. Bridle. Physical Review D, 66(10):103511, 2002.
[16] A. M. Lionetto et al. Journal of Cosmology and Astro-Particle Physics,
9:10, 2005.
[17] K. Lodders. Astrophysical Journal, 591:1220–1247, 2003.
[18] David MacKay. Information Theory, Inference, and Learning Algorithms. Publisher: Cambridge University Press. ISBN: 0521642981,
2003.
[19] P. S. Marrocchesi et al. 36:3129, 2006.
[20] D. Maurin et al. Astrophysical Journal, 555:585–596, 2001.
[21] D. Maurin et al. Astronomy and Astrophys., 394:1039–1056, 2002.
[22] Redford M. Neal. Probabilistic Inference Using Markov Chain Monte
Carlo Methods. Technical Report CRG-TR-93-1, Department of Computer Science, University of Toronto, 1993.
[23] J. L. Osborne and V. S. Ptuskin. Soviet Astronomy Letters, 14:132, 1988.
[24] A. D. Panov et al. ArXiv Astrophysics e-prints, 0612377, 2006.
[25] A. D. Panov et al. ICRC2007, ArXiv e-prints, 0707.4415, 2007.
[26] E. S. Seo et al. Advances in Space Research, 33:1777–1785, 2004.
[27] E. S. Seo et al. COSPAR, Plenary Meeting, 36:1846, 2006.
[28] E. S. Seo and V. S. Ptuskin. Astrophysical Journal, 431:705–714, 1994.
[29] A. W. Strong and I. V. Moskalenko. Astrophysical Journal, 509:212–
228, 1998.
[30] A. W. Strong et al. Annual Review of Nuclear and Particle Science,
57:285–327, 2007.
[31] S. P. Wakely et al. COSPAR, Plenary Meeting, 36:3231, 2006.
[32] W. R. Webber et al. Astrophysical Journal, 508:940–948, 1998.
[33] W. R. Webber, M. A. Lee, and M. Gupta. Astrophysical Journal, 390:96–
104, 1992.

407

Multiple Interactions of Muons in Baksan
Underground Scintillation Telescope
A. G. Bogdanov, V. N. Bakatanov, R. P. Kokoulin, Yu. F. Novoseltsev, R. V. Novoseltseva,
V. B. Petkov, and A. A. Petrukhin

Abstract—Analysis of experimental data on registration of high
energy muons accumulated for a long period (1983-1993) of
operation of Baksan Underground Scintillation Telescope (BUST)
is presented. To increase the sensitivity to high energy particles,
the method of multiple interactions is used. Phenomenological
parameters and sensitivity of the method to the shape of muon
energy spectrum are discussed. The experimental distributions
are compared with results of calculations for a “usual” muon
spectrum (using simulation of the response of the telescope for
passage of muons by means of Monte-Carlo technique).

1. INTRODUCTION

T

HE aim of this work is a search for very high energy
muons (Eµ ≥ 100 TeV). Excess of VHE muons can be the
evidence for new physics appearance at PeV energies (that
correspond to TeV energies in the center-of-mass system) [1].
In the interval of hundreds TeV, it is impossible to use wellknown methods of muon energy spectrum studies such as
magnetic spectrometer (very small deviations of trajectory of
particles in accessible magnetic field) and absorption curve
(the fluxes of such muons and of neutrino-induced muons are
comparable). Two other methods of muon energy evaluation
are: ionization calorimeter and pair meter technique.
The paper concerned with the measurement of energy
spectrum of muons by means of calorimetric method
(measurements of big electromagnetic cascades with energy ~
Eµ) in BUST was published earlier [2]. In present work, in
order to find VHE muons, the method of multiple interactions
of muons based on the ideas of the pair-meter technique [3]
(measurements of multiple cascades with energies << Eµ) is
used. The rate of interactions of VHE muons in matter differs
from that of muons with lower energies due to a fast increase
of electron-positron pair production cross section with muon
energy. Analyzing events with several muon interactions in the
detector, it is possible to make some conclusions about the
behavior of the muon spectrum at very high energies.

A. G. Bogdanov, R. P. Kokoulin, and A. A. Petrukhin are with Moscow
Engineering Physics Institute (State University), Moscow 115409, Russia (email: AGBogdanov@mephi.ru).
V. N. Bakatanov, Yu. F. Novoseltsev, R. V. Novoseltseva, and V. B.
Petkov are with Baksan Neutrino Observatory of Institute for Nuclear
Research of RAS, 361609, KBR, Russia.

2. EXPERIMENT
BUST [4] is located in an excavation under the Mt.
Andyrchy at effective depth 850 hg/cm2, that corresponds to
threshold energy of detected muons 220 GeV. It is a four-flour
building with 17×17×11 m3 dimensions. 3150 scintillation
detectors cover entirely all four horizontal planes (two of them
are internal ones) and four vertical sides of the installation.
Each of the detectors has dimensions 0.7×0.7×0.3 m3 and
consists of an aluminum tank filled with liquid scintillator
viewed by a 15-cm diameter PMT (FEU-49). Most probable
energy deposition in the detector at passage of a muon is 50
MeV (one relativistic particle). The anode output of PMT
serves for trigger formation of various physical programs.
Pulse channel with operating threshold of 12.5 MeV is
connected to 12-th dynode of PMT and gives coordinate
information of “yes-no” type. The signal from 5-th dynode of
PMT is used to measure the energy deposition in the range
from 0.5 to 600 GeV by means of logarithmic converter of
pulse amplitude to the duration. Here we use only information
from horizontal planes of the telescope. Upper scintillator
plane consists of 576 (24×24) detectors, three lower planes
contain 400 (20×20) counters each. The distance between
neighboring planes in a vertical is 3.5 m. Total thickness of
one layer (concrete and scintillator) is approximately 7.2
radiation length.
Preliminary selection of experimental data collected at
BUST in 1983-1993 was carried out by means of physical
master – energy deposition in at least one horizontal plane ≥
2.5 GeV (counting rate – about 2000 events per day). Total
“live” time of registration amounted to 2.46×108 second.

3. SIMULATION
Simulation of the response of the telescope for passage of
single muons (Fig. 1) was performed by means of Monte-Carlo
technique on the basis of Geant4 package [5] (version
9.1.p01). Before full-scale simulations were started, tests of
electromagnetic muon interactions implemented in Geant4
have been performed in a wide range of energies and for
different materials. It was found that theoretical dependences
of the cross sections are well reproduced in the simulation.
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Fig. 1. Passage of high energy muon through the telescope. Interactions of
muon in telescope layers and cascades of secondary particles are seen.

Total statistics of simulated events for muon energy ≥ 1
TeV exceeded the expected flux by 3 times, ≥ 10 TeV – by 15
times, ≥ 100 TeV – by 70 times. Note that the slope of integral
muon spectrum γ was set equal to 2 (in order to increase the
number of high energy particles), angular distribution of
muons was taken isotropic. Passage of muons crossing all four
horizontal planes of the telescope was simulated.
Data on energy depositions in scintillation counters, as well
as information on the type, value and coordinates of the
interactions with transferred energies more than 1 GeV for
each event were saved for the further analysis.
To construct the distributions for different muon spectra,
angular dependence, effective area of registration, statistics of
events with different muon energies were taken into account
with corresponding weights.

Fig. 2. Samples of events. Horizontal planes of BUST (top view) with hit
detectors are shown.

3) introduction of selection threshold in E1 allows to
reduce contribution of muons with energies of the order of
TeV by about 10 times (at E1 ≥ 40 GeV), while considerable
part of statistics (~ 1/3) for high energy particles (~ 100 TeV)
is retained.

4. METHOD OF MULTIPLE INTERACTIONS
A. Phenomenological parameters of the events
The structure of BUST (4 horizontal planes) allows select
events with two clearly separated muon interactions in the
telescope (Fig. 2).
It was required that in a longitudinal profile of energy
depositions (in horizontal planes) of the event there was a
minimum in one of inner planes (Emin) and two maxima – atop
and below it – were observed. Then, E1 is energy deposition in
the largest maximum and E2 – in the lower ones, K2 =E2/Emin.
Parameters of E1, E2, K2, characterizing multiple
interactions of high energy muons in the telescope, affect the
selection of events in a following way:
1) shift in E2 is almost proportional to the shift in muons
energy (from Fig. 3 it is seen that with the rise of E2 the most
probable value of muon energy is also increasing);
2) increase of K2 allows to suppress nuclear cascades,
which may imitate multiple muon interactions (the contribution
of such false events is reduced from 14% at K2 ≥ 1 to 3% at
K2 ≥ 10);

Fig. 3. Distributions of muon energies, giving contribution to the events with
different parameters of E2 for a “usual” spectrum of muons.

As it follows from the theory of pair-meter technique,
spectra of rank statistics of energies transferred in interactions
(in this case – the second in value cascade) are approximately
similar to the muon spectrum. Since the energy in the lower of
two maxima E2 is determined mostly by the second in value
cascade, it is reasonable to use event distributions in E2 for the
analysis.
B. Sensitivity of the method
To check the sensitivity of the method of multiple
interactions to the shape of energy spectrum of muons, integral
distributions of simulated events in E2 for different muon
spectra (Fig. 4) have been constructed.
In Fig. 5, the ratio of distributions in E2 for spectra with
power index γ=2.5 and γ=2.7+“prompt” (i.e. taking into
account production of muons through charmed-particle
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decays) to the distribution for a “usual” spectrum of muons
(γ=2.7) are shown; conditions of event selection are E1 ≥ 20
GeV and K2 ≥ 2. As one can see from this figure, at large E2
(~ 100 GeV) the sensitivity of the method to the shape of
muon spectrum substantially increases: a change of the slope
of distributions appears, whereas in the range of low E2 they
differ from each other practically only in absolute value.

calculated. Then a recalculation from energy depositions in
compact “spots” to energy depositions from cascades is carried
out.
To ensure the identity of selection and the analysis of
simulation and experimental events, the parameters Emin, E1,
E2 for simulated data were calculated by energy depositions in
horizontal planes of the telescope (as only single muons were
simulated, the energy deposition in the plane corresponds to
energy deposition from the cascade).
Calculations for a “usual” muon spectrum (from π-, Kdecays in the atmosphere) with γ = 2.7 according to Gaisser
and Stanev formula [6] on the basis of simulated events were
performed, and normalization to the expected number of
muons with energy above 1 TeV at the surface during the
exposition was carried out taking into account the aperture of
telescope.

Fig. 4. Differential spectra of muons for different power indices.

Fig. 6. Integral distributions of experimental and simulated events (for a
“usual” muon spectrum) in energy deposition E2; selection parameters are E1
≥ 20 GeV and K2 ≥ 2.

Fig. 5. Ratio of integral distributions of events, calculated for spectra of
muons with power index γ = 2.5 and γ = 2.7 + “prompt” to distribution for a
“usual” muon spectrum (γ = 2.7).

5. COMPARISON OF EXPERIMENTAL DATA WITH SIMULATION
In case when muon group passes through the installation,
processing of experimental events becomes complicated, since
the energy deposition in the plane of the telescope consists of
energy deposition of the cascade from muon in interest and
energy depositions of cascades from other muons of the group.
Therefore, first in each of the horizontal planes of the
telescope compact “spots” of hit detectors are found (compact
“spot” is an area in which hit detectors touch each other at
least with corners). Energy deposition in the compact “spot” is
calculated as a sum of energy depositions in constituent
detectors. If spots on all four planes belong to the same
trajectory of the muon, parameters of E1, E2, Emin are

In Fig. 6, integral distributions of experimental and
simulated events in E2 (energy deposition in lower maximum
of longitudinal profile of energy depositions in horizontal
planes of the telescope), selected with conditions E1 ≥ 20 GeV
and K2 ≥ 2, are presented.
It is seen that within the statistical errors the experiment and
calculations are in a good agreement, except for the “tails” of
distributions, where the intensity observed in the experiment
considerably exceeds the expectation (at a level of 1-2 events).
As was shown above, the sensitivity of the method is
increasing namely here. Estimated average and logarithmic
average energies of muons, giving contribution to such events,
are hundred TeV and several tens TeV, respectively (Table 1).
It is necessary to note that detection of very high energy
muons is more probable in the case when EAS axis crosses the
telescope. At energies of primary particles E0 ~ 1016 eV the
muon density near the axis is high, and cascades from different
muons will be overlapped, therefore their separation within
this methodology is difficult.
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TABLE I.
ESTIMATES OF MUON ENERGIES, GIVING CONTRIBUTION TO EVENTS WITH
MULTIPLE INTERACTIONS IN BUST FOR DIFFERENT THRESHOLD VALUES OF
PARAMETER E2 (UNDER SELECTION CONDITIONS E1 ≥ 20 GEV, K2 ≥ 2).
lg(E2, GeV)
0.7
0.9
1.1
1.3
1.5
1.7
1.9
2.1
2.3

average Eµ, TeV
10.5
13.0
14.6
17.0
26.2
39.2
55.4
106.2
166.2

logarithmic average Eµ, TeV
3.8
4.5
4.8
5.1
6.7
13.0
15.7
30.9
51.1

6. CONCLUSION
The presented analysis confirms that BUST, despite of a
small thickness and low number of layers, in principle, can be
used to search for very high energy muons by means of the
method of multiple interactions. Some excess of the number of
experimental events over the expected one from a “usual”
muon spectrum, generated as a result of π-, K-decays in the
atmosphere, is observed; estimated energies of such muons are
~ 100 TeV. It is necessary to note that very high energy muons
flying near the axis of EAS initiated by primary particles with
energies above the spectrum “knee” remained outside of the
frame of the present consideration. Therefore a different
approach to the analysis of such muons is required.
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Primary Cosmic Ray Spectra in the Planet
Atmospheres
Marusya B. Buchvarova, Peter I. Y. Velinov

Abstract - The primary cosmic rays influence strongly on the
ionization state of the planet atmospheres. We propose a model
which generalizes the differential D(E) and integral D(>E)
spectra of galactic (GCR) and anomalous cosmic rays (ACR)
during the 11-year solar cycle. The model takes into account the
cosmic ray (CR) modulation by the solar wind. The modulated
differential spectra of galactic cosmic rays are compared with the
force field approximation to the transport equation. The model
results are compared with IMAX92, CAPRICE94 and AMS98
measurements. The calculated integral spectra are on basis on
mean gradient - 3%/AU. The obtained integral spectra are
compared with experimental data for Earth, Voyager
measurements in the outer heliosphere and theoretical results.
The proposed analytical model gives practical possibility for
investigation of experimental data from measurements of galactic
cosmic rays and their anomalous component. The obtained
parameters are used for determination of profiles of ionization in
the ionospheres of Earth and Saturn.

Fig.1. CR (galactic and solar) intensity and 11– year solar cycle (This picture
is from F. Nichitiu, CANADA).

2.
1.

INTRODUCTION

The cosmic rays maintain ionization in ionosphere,
atmosphere, hydrosphere, cryosphere and lithosphere of the
Earth and planets. CR possess maximal penetration capability
in comparison with the other radiations.
CR particle populations are diverse:
- Galactic CR (GCR), with energy range from ~ 10s MeV to
106 GeV, which are accelerated in the space of our Galaxy.
- Meta galactic CR with energies 106 GeV - 1012 GeV,
accelerated in the Meta galaxy.
- Solar CR, with energy range from ~ 10s of MeV to 100s of
MeV, accelerated on the Sun.
- Anomalous CR, with energy from 1 MeV ~ 100 MeV,
accelerated in the interplanetary space.
The intensity of the GCR with E < 20 GeV shows an inverse
relationship to the 11 – years solar cycle. This relation for CR
protons with energies E >190 MeV is given in Fig. 1.

M. B. Buchvarova is with the Space Research Institute of Bulgarian
Academy of Sciences, Sofia 1000, Bulgaria. (corresponding author, phone:
359-2-979-343; fax: 359-2-981-3347; e-mail: marusjab@yahoo.com).
P. I. Y. Velinov is with Solar-Terrestrial Influences Laboratory, Bulgarian
Academy of Sciences, Sofia 1000, Bulgaria. (e-mail: pvelinov@bas.bg).

MODELLING COSMIC RAY DIFFERENTIAL SPECTRUM

The expression for the differential spectrum (energy range E
from ~ 30 MeV to 100 GeV) of the protons and other groups
of cosmic ray nuclei on account of the anomalous cosmic rays
(energy range E from 1 MeV to about 30 MeV) is [1], [2]:
−β

 α  1

D( E ) = K (0.939 + E )− γ 1 +   [1 + tanh(λ (E − µ ))] +
 E  2

 x  1

+  y   [1 − tanh(λ (E − µ ))]
(1)
2

 E 
Here the first term presents the galactic CR, and the last
term takes into account anomalous CR [3]. The members with
tanh are smoothing functions [4].
Here we take Kp=25.298 (GeV2.75/(s.m2ster.MeV)) and
γp=2.75 for protons. The used parameters for the alpha
particles are Kα=1.145 (GeV2.68/(s.m2ster.MeV) and γα=2.68.
The normalization constants Kp and Kα are chosen to match the
modulated data near to 100 GeV/n, where the modulation
effect is negligible.
The parameters α, β, x and y are related with modulation
levels in corresponding energy intervals. The dimensionless
parameter λ = 100 is inversely proportional to the length of the
smoothing interval between the two addends. The physical
meaning of µ (GeV) is the energy at which the differential
spectrum of GCR crosses the differential spectrum of ACR [2].
The differential spectrum is given as the number of particles
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Fig. 2. The modelled spectrum D(E) of CR protons for eleven levels of solar
activity and measurements: period near to solar maximum - ■ IMAX92 [7]
and periods near to solar minimum – ● CAPRICE94 [8] and ▲ AMS98 [9].

1 0

3. COMPARISON OF THE MODELING COSMIC RAY
SPECTRUM WITH THE FORCE FIELD APPROXIMATION
Under some simplifying assumption, CR transport equation
can be reduced to Force Field approximation. The force field
parameterization of cosmic ray nuclei at 1 AU is given as:

D( E , Φ ) = D LIS (E + Φ )

 α
D( E ) = D LIS ( E + Φ )1 + 
 E

2
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(3)

On the base on the calculated spectra D (E) at different
values of modulation parameter ϕ are estimated coefficients α
and β from (3) for different modulation levels of the proton
and alpha particles. On the fit the standard deviations for
protons and alpha particles are in the range of 1.5%.

s o la r m in im u m

s o la r m a x im u m

1 0

(2)

2

2
0

E (E + 2 E 0 )
(E + Φ )(E + Φ + 2 E 0 )

D (E, Φ) is differential intensity of cosmic ray nuclei and
DLIS (E+Φ) – local interstellar spectrum (LIS) of cosmic ray
nuclei (was taken from [11]). E is the kinetic energy (in MeV
per nucleon) of cosmic nuclei with charge number Z and mass
number A, Φ = (Ze/A)ϕ - modulation strength (in MeV), and
Е0= 938 MeV is the proton’s rest mass energy.
We calculate differential spectra D (E, Φ) of galactic
protons and alpha particles from (2) at given values of the
modulation potential ϕ. The results from the differential
energy spectra D (E) of primary protons for four values of
modulation parameter: ϕ = 400, 550, 700 and 1200 MV are
shown in Fig.4. These results are given for helium nuclei in
Fig. 5. The number ratio α/p = 0.05 in LIS [12] is used for
alpha particles. Received spectra are fitted to energy range E
from ~ 30 MeV to 100 GeV of (1) using Burger’s LIS [11]:
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observed per (m2s.ster.MeV/n).
The calculation of the parameters α, β, x, y and µ is
performed by Levenberg - Marquardt algorithm [5], applied to
the special case of a least squares. The described programme is
realized in algorithmic language C++.
Experimental data (Ei, Di) for protons and helium nuclei at
energies E < 10 GeV was got from [6] for 20 solar cycle.

2

E , G e V /n

In Figs. 2 are show the results from the differential energy
spectrum D (E) of primary protons for eleven levels of solar
activity for the Earth. Fig. 3 gives the modelled spectrum D
(E) of CR helium nuclei for solar minimum and maximum and
comparatively average level of solar activity. The modelled
spectra are compared with measurements for period near to
solar maximum - ■ IMAX92 [7] and periods near to solar
minimum – ●CAPRICE94 [8] and ▲ AMS98 [9], [10]. This
data practically coincides with our results for these periods.

D ( E ) ,p a r tic le /( m

Fig. 3. The modelled spectrum D(E) of CR helium nuclei for three levels of
solar activity and measurements: period near to solar maximum - ■ IMAX92
[7] and periods near to solar minimum – ● CAPRICE94 [8] and ▲ AMS98
[10]. Curve 1 relates to solar maximum, 2 – to comparatively average level of
the solar activity and 3 – to solar minimum.
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vicinity of ϕ ≈ 700 MV, CAPRCE94 [8] and AMS98 [9] of ϕ ≈ 550 MV.
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Fig. 5. The differential spectra D(E) of GCR helium nuclei for modulation
levels ϕ = 400, 550, 700 and 1200 MV. Measurements with IMAX92 [7] are
in the vicinity of ϕ ≈ 700 MV and CAPRCE94 [8] and AMS98 [10] of ϕ ≈
550 MV.

In Tables 1 and 2 the calculated values of coefficients α, β
from (3) and the corresponding values of normalized chisquare χ2n for the experiments IMAX92 [7], CAPRICE94 [8]
and AMS98 [9], [10] are given for protons and helium nuclei,
respectively.
The measurements with IMAX 92 are in the vicinity of ϕ ≈
700 MV, while CAPRICE 94 and AMS 98 of ϕ ≈ 550 MV.
Figs. 4 and 5 show that our empirical model (3) well agrees
with the results from force field approximation (2) for the
protons and alpha particles.
TABLE I
COEFFICIENTS α,
Experiments
α
β
χ2n

β and χ2n FOR PROTONS FOR THE EXPERIMENTS IMAX 92
[7], CAPRCE 94 [8] AND AMS 98 [9].
IMAX 92
CAPRICE94
3.910976±
2.277076±
0.082667
0.007783
1.177608±
1.206174±
0.011403
0.002096
0.266998
2.242491

AMS98
1.855219±
0.058292
1.278139±
0.021470
0.232845

TABLE II
2
COEFFICIENTS α, β and χ n FOR HELIUM NUCLEI FOR THE EXPERIMENTS
IMAX 92 [7], CAPRCE 94 [8] AND AMS 98 [10].
Experiments
IMAX 92
CAPRICE94
AMS98
α
1.934045±
1.945276±
2.686511±
0.087330
0.023703
0.076862
β
0.833586±
0.726074±
0.683225±
0.019206
0.004698
0.008542
0.603221
4.149506
0.186076
χ2n

4.

(4)

E

IM A X 9 2
C A P R IC E 9 4
AM S98

10

∫ D (E ) dE

COSMIC RAY INTEGRAL SPECTRA

Using analytical expression (2) for D(E), we can obtain the
integral spectra of the galactic CR theoretically:

D (>E) is integral spectrum, expressed by the number of
particles per unit solid angle, square centimetre, and second,
with total energies at least E. The integration on E begins from
the energy, corresponding to the geomagnetic cut-off rigidity
in the point of measurements. (The spectrum is dependent of
the geographical position below a few tens of GeV).
Integration in (4) is performed by rule of Simpson [5]. The
computer programme is realized in algorithmic language C++.
The computation of integral spectra is important, because in
many cases the ground based, balloon and satellite instruments
measure the integral particle fluxes.
Mean distances ra of the outer planets from the Sun and a
couple of parameters for each planet: PEUV of decreasing of
solar EUV radiation (proportional to 1/ra2 ) and PGCR of
increasing of galactic CR intensity (because of solar
modulation) are shown in Table III [13]. For 1 AU, the energy
flux with wave length below 100 nm is about 3.3 erg/cm2.s and
galactic CR energy flux is ≈ 2×10-2 erg/cm2.s. We assume
mean differential gradient of GCR in the interplanetary space
as 3%/AU. It can be seen from Table III, the solar EUV
radiation is weaker than the galactic cosmic ray intensity for
Jupiter, Saturn, Uranus and Neptune. This comparison shows
the importance of the galactic cosmic rays in the formation of
outer planet ionospheres.
TABLE III
VALUES OF PLANETARY AVERAGE DISTANCES RA FROM THE SUN, PARAMETER
PEUV OF DECREASING OF SOLAR EUV RADIATION, AND PARAMETER PCR OF
INCREASING OF GALACTIC CR INTENSITY
Planet
Earth
Jupiter
Saturn
Uranus
Neptune
ra, AU
1.00
5.2028
9.5388
19.1914
30.0611
PEUV
1.00
3.69E-2
1.1E-2
2.72E-3
1.11E-3
PGCR
1.00
1.16
1.29
1.58
1.9

Using the values of the parameters PGCR of increasing of
galactic CR intensity for outer planets and the received values
of coefficients from (2) for the Earth the integral spectra of the
outer planets are obtained.
Integral energy spectrum D (>E) of primary protons for
solar minimum and maximum for the Earth and the Jovian
planets: Jupiter, Saturn, Uranus and Neptune are given in Figs.
6 and 7 [14]. The computations are compared with data: +
Schopper [15] and theoretical results: • CREME96 [16] and
2D stochastic model built from Bobik et al. [17].
In our model integral spectra are computed only in first
approximation. We assume mean differential gradient of GCR
as 3%/AU [18], [19] for all rigidity, irrespectively of the
distance in the heliosphere or solar activity level [14].
It is seen from Fig. 6 that in Bobik’s model, the integral
spectrum of the Earth almost tally with Jupiter’s integral
spectrum at solar minimum. It is due to a lower average value
of integral radial gradient in this model at 5 AU. Actually at
solar minimum the radial gradients have lower values in the
inner heliosphere.
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In Fig. 8 are shown integral energy spectra D (>E) of
primary helium nuclei for solar minimum and maximum for
Earth and Jupiter.
In Bobik’s model [17] for positive solar period (A > 0) are
used the following values: parallel diffusion coefficient (KII)0
= 2.1022 cm2s-1, tilt angle θ = 300 and the ratio between the
parallel and perpendicular diffusion coefficient (K┴)0 = 0.025.
Burger’s model [11] is used as local spectrum of protons.
Bobik’s model with these parameters reproduces the spectrum
measured by AMS – 01, corresponding to modulation strength
ϕ ≈ 510 - 550 MV [17].

Fig.8. The modeled integral spectra D(>E) of CR helium nuclei for maximum
and minimum levels of solar activity for Earth and Jupiter.

5.

APPLICATION OF THE MODEL FOR CALCULATION OF
THE ELECTRON PRODUCTION RATE Q(H) PROFILES IN
ENERGY INTERVALS OF GALACTIC CR AND
ANOMALOUS CR COMPONENT

The observed CR spectrum in energy interval from 30
MeV/n to 1.102 GeV/n (related to GCR) has important
contribution for the physical processes in the ionospheric CRlayers of the planetary ionospheres. Also the energy interval E
= 1 – 30 MeV/n (related to ACR) is related to the polar cap
region in Earth’s ionosphere. The particles from this interval
can penetrate directly in the cusp regions, where they cause
enhanced ionization, heating and excitation of the upper and
middle atmosphere.
The differential D(E) spectra (1) of galactic and anomalous
CR are used for computation of electron production rate
profiles in the ionospheres, at which the ACR component is
also taken [20], [21].
Computational results for terrestrial ionosphere are shown
on Fig. 9. The calculations are made for six values of
geomagnetic cut-of rigidity R = 0 GV (polar cap region), 1.5
GV (the CR threshold at geomagnetic latitude 550), 3 GV, 5
GV (geomagnetic latitude 410), 9 GV and 15 GV
(geomagnetic equator). The positive deviation in the upper
part of the polar cap profile shows clearly the contribution of
the anomalous CR component, which has significant influence
above 80 km.
These computations are valid above 30 km since we may
neglect the nuclear interactions at the height of the ionosphere.
At these altitudes more important remain the electromagnetic
interactions. Among them the ionization is the process, which
creates the largest quantity free electrons in the ionosphere.
We made calculations for electron production rate profiles
for the ionosphere of Saturn, which is the most oblate planet in
the solar system in two cases: a) taking into account the real
planetary oblateness 0.1076 [22], and b) with spherical model.
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Abstract— The balloon-borne Cosmic Ray Energetics And
Mass (CREAM) experiment investigates high energy cosmic
rays (CRs) from 1012 eV to 1015 eV over the elemental range
from protons to iron. CREAM extends direct measurements
of cosmic-ray composition to energies where ground-based air
shower detections are possible, thereby providing calibration for
indirect measurements. The precise measurement of CRs in this
energy range allows also to study the production (injection and
acceleration) and propagation processes in the Galaxy. A third
flight of ∼ 29 days was accomplished in the Antarctic Summer
07/08, resulting in an overall accumulation of almost 100 days of
exposure for the CREAM payload. Elemental spectra of cosmic
ray particles for 1 ≤ Z ≤ 26 were measured at the top of
atmosphere with excellent charge and energy resolution, assured
respectively by a Silicon Charge Detector (SCD) and a Cherenkov
Imager (CherCam) for the charge and a tungsten-scintillator
fiber ionisation calorimeter for the energy measurements. The
instrument performance during this flight and results from the
on-going data analysis, particulary for the CherCam detector for
which it was the first flight, are presented.

I. I NTRODUCTION
The production and acceleration sites of galactic cosmic
rays are presently unknown, even though there is evidence
pointing to supernova remnants as natural acceleration site
candidates [2], [4]. Cosmic rays originating from these sources
diffuse through the Galaxy and may be confined by the galactic magnetic field. In addition, during galactic propagation,
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the cosmic-ray ions interact with the interstellar matter and
produce secondary particles through nuclear fragmentation.
The goals of this project included the direct measurement
of the energy spectra of primary cosmic rays and of their
elemental composition up to the highest energies attainable
in practice. The ultimate aim is to understand the mechanism
of acceleration of primary cosmic rays up to very high energy,
to identify their sources, and to clarify their interactions with
the intergalactic medium. Since the discovery of cosmic rays
nearly one hundred years ago, experiments to detect them
directly have constantly improved. Today they are highly
diversified to address different cosmic-ray processes over a
wide energy range.
The spectral index of the energy spectra of the various elements comprising the cosmic-ray flux reflects the dynamics of
their propagation, in particular the convolution of cosmic-ray
source spectrum effects and those related to their propagation
(acceleration, absorption, and escape). The evolution of the
spectral index with the particle energy provides a sensitive
test of the propagation processes determining that evolution.
The precise measurement of the elemental abundances in the
cosmic-ray flux, and in particular of the so-called secondaryto-primary ratios (e.g. B/C or subFe/Fe) leads to strong
constraints on the galactic propagation models, because it is
directly dependent on the total amount of material encountered
by the particles during their propagation. The elucidation of
particle propagation details in turn leads to a determination of
the cosmic-ray source spectrum, and therefore to constraints
on the acceleration processes.
The Cosmic Ray Energetics And Mass (CREAM) balloonborne experiment measures the cosmic-ray spectrum of nuclear
elements from proton to iron between 1012 eV and up to
1015 eV. This upper energy represents the statistical limit
accessible to the current generation of balloon experiments, but
also the lower threshold energy of ground-based indirect measurements of the cosmic-ray flux. Direct measurements of the
elemental composition at these energies not only provide new
data on cosmic-ray spectral characteristics and abundances but
also serve as a calibration for the ground-based experiments,
where data analysis is based on hadronic interaction models
(such as QGSJET and SIBYLL), which can lead to different
and sometimes inconsistent results.
The CREAM instrument measures simultaneously the relative abundances of secondary cosmic rays and the energy
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spectra of primary nuclei, with excellent charge and energy
resolution. In order to accomplish such a challenging task, the
instrument consists of complementary and redundant detectors
for charge identification and energy measurements. To assure
sufficient statistics for the low flux of high-energy particles,
the CREAM instrument was designed and constructed to have
a large geometry factor (acceptance) and to fulfill all the
requirements for NASA’s Long-Duration Balloon flights. A
detailed description of the CREAM instrument can be found
in [1].
II. T HREE SUCCESSFUL L ONG -D URATION BALLOON
F LIGHTS OF CREAM
The first flight of the CREAM experiment was launched
from Williams Field near McMurdo Station in Antarctica on
16 December 2004, and ended nearly 42 days later, after
circumnavigating the South Pole three times and establishing
a new record for Long-Duration Balloon flights. A second
flight (CREAM-II) took place exactly one year after the launch
of CREAM-I. This time the experiment circumnavigated the
South Pole twice and landed 28 days later. CREAM-III was
launched on 19 December 2007. A first circumnavigation
around the Pole was completed in 15 days and the balloon
flew directly over McMurdo station from where it could be
seen. The second round described a nearly perfect circle, as
can be seen in Fig. 1 (top), and ended on 17 January 2008
after approximately 29 days of flight. The float altitude of the
balloon during this flight, shown in Fig. 1 (bottom), varied
from 35.7 (lower solid line) to 39.9 km (upper solid line),
with a mean value of 38.2 km (dotted line) which corresponds
to an atmospheric overburden of around 3.9 g/cm2 . With this
third flight, a cumulative exposure of about 100 days was
achieved in about 4 years, exceeding those of all prior balloon
experiments. Additionally, due to the acceptance and the high
float altitude of the detector, CREAM collected more protons
and high-charge particles up to iron than any other balloonborne experiment so far [8].
III. T HE CREAM-III DETECTOR

Fig. 1.
Top: Balloon trajectory of the CREAM-III flight from 19 December 2007 to 17 January 2008. The outer red curve represents the first
cricumnavigation and the inner green (nearly circular) curve the second
circumnavigation. Bottom: Altitude of the CREAM-III experiment during this
flight. The maximum (39.9 km, upper line), minimum (35.7 km, lower line),
and mean altitude (38.2 km, dotted blue line) are represented.

The CREAM-III instrument consists of multiple charge and
energy detectors (see Fig. 2 for an exploded view).
The Timing Charge Detector (TCD) is placed at the top
of the instrument. This charge detector is made up of two
crossed layers of large-area thin scintillator paddles read
out via fast, low-jitter photomultiplier tubes. The Cherenkov
Detector (CD), measures the Cherenkov radiation produced
only by relativistic particles, with a 1 cm thick scintillator,
and thus vetoes low-energy background particles. The CD
is mounted directly on the Cherenkov Camera (CherCam),
a proximity focusing Cherenkov imager. Detailed features of
this subdetector, for which this was the first flight, will be
discussed later in section IV. The double layer Silicon Charge
Detector (SCD) is segmented into small pixels (2.12 cm2 )
to minimise hits of accompanying back-scattered particles in
the same segment as the incident particle. Two 9.5 cm thick
carbon targets (ρ = 1.92 g/cm3 ) with a 30◦ flare angle are

mounted over the calorimeter, inducing nuclear interactions,
allowing the calorimeter to measure incident energy through
the resulting showers and to provide tracking information on
the incident particle. The calorimeter is a sampling tungsten/scintillating fiber device, with 20 tungsten plates, each
followed by a layer of 0.5 mm diameter scintillating fibers,
arranged in 50 ribbons and comprised of 19 fibers each. To
further reduce uncertainty due to back-scattering, a layer of
2 × 2 mm2 scintillating fibers is positioned directly above the
calorimeter stack. This detector, labeled S3, measures the time
at which back-scattered particles start their way back to the
TCD. One can then calculate the time at which the primary
particle would have traversed the TCD scintillators, with an
accuracy of better than 0.1 ns.
A more detailed description of the instrument can be found
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Fig. 4. Photomultiplier plane of CherCam composed of 1600 (40 × 40)
1 inch Photonis XP3112 photomultiplier tubes.

Fig. 2.

Fig. 3.

resolution through the range of nuclear charge from hydrogen
to iron.
The Cherenkov radiator consists of a 20.8 mm thick silica
aerogel plane, made of two superimposed layers of 10.5 ×
10.5 cm2 Matsushita-Panasonic SP50 tiles, with a refraction
index n ∼ 1.05 . The radiator plane is separated from the
photon detector plane by a 110.5 mm gap. The detector plane
consists of an array of 1600 photomultiplier tubes (PMT, 1 inch
Photonis XP3112), backed with custom dedicated front-end
electronics, power supply, and readout electronics.
The mechanical structure of the detector is illustrated in Fig.
3. The upper frame includes the radiator plane fixed to the top
lid, and an (empty) drift space. The lower frame supports the
PMT array and the first level readout electronics.
PMTs are arranged in a square pattern with a 27.5 mm pitch
(Fig. 4). The matrix is divided into 10×10 square blocks, each
block consisting of 16 PMTs. All the PMTs are inserted in a
15 mm thick housing block of black epoxy material (ertalyte).
This arrangement provides a photon detection active surface of
about 50%. A light guide option had been studied to minimise
the dead-space, but the reconstruction algorithm proved to
be more efficient without the complex reflections introduced
by guides. Each block is readout by the same 16-channel
front-end ASIC as developed for the AMS Cherenkov imager,
and is powered by a single dedicated high-voltage module.
The 100 high-voltage modules were designed and built at
LPSC Grenoble and CESR Toulouse. They are placed on two
opposite external sides of the lower frame, while the data
acquisition, housekeeping and control boards are fixed on the
other two sides, respectively. The detector is also equipped
with an LED light source coupled to an optical fiber array,
used for single photon calibrations.

Expanded view of the CREAM-III instrument

Exploded CAD view of the CherCam mechanical structure

B. CherCam thermal, vacuum and beam tests

in [1].
IV. C HER C AM , A C HERENKOV IMAGER FOR CREAM [7]
A. CherCam design and architecture
The CherCam is a proximity focusing imager derived from
the solution developed for the AMS experiment [3]. The
detector is optimised for charge measurements, with a constant

The CherCam has to operate under physical conditions close
to space experiments with only radiative thermal dissipation,
a low pressure environment and large temperature excursions.
We successfully carried out a complete validation of the
instrument through dedicated thermal test (power switch-on at
-10 ◦ C, low range thermal variation (-10 ◦ C, +10 ◦ C), thermal
cycling at atmospheric pressure between -10 ◦ C and +35 ◦ C)
and vacuum exposure (long duration (23 h) test at 5 mbar
pressure).
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where α is the fine structure constant (≈ 1/137), Z the
particle charge, d the radiator thickness, τ the zenith angle
of the incoming particle and n the refractive index of the
radiator material. The number of emitted Cherenkov photons
is proportional to the square of the incoming particle charge,
hence allowing particle charge identification.
The number of Cherenkov photons detected by the CherCam
Ndet (x, y, τ, ψ, Z) depends on the detection efficiency, which
includes the quantum efficiency εQE of the photomultiplier
tubes, and the geometrical efficiency εgeo (x, y, τ, ψ), defined
as the detected-to-emitted photon ratio due to the CherCam
architecture and Rayleigh scattering:
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Fig. 5. High charge particle event in the CherCam. Each pixel represents one
photomultiplier tube, where the color code indicates the number of Cherenkov
photons seen. The Cherenkov ring and impact point of the incoming particle
are clearely visible. The photons in the ”halo” around the impact point are
Rayleigh scattered photons.

where NγZ=1 represents the mean number of detected photons
for a particle of charge Z = 1, a geometric efficiency εgeo = 1
and a normal incidence. Equation 2 then becomes

A CherCam prototype had been tested in a secondary Z = 1
particle beam at CERN in October 2006 and 2007. The
prototype consisted of a single 64 PMT module equipped with
a partial set of flight electronics and a dedicated acquisition
system for the beam test. The incident particle momentum
used in the 2007 test ranged between 100 and 300 GeV/c.
The Z = 1 particles provided a sensitive way of testing
the background sources since the counter was operated at
its lower limit of sensitivity. A preliminary estimate of the
charge resolution gives a value of σZ = 0.2 charge units. This
result is compatible with the expected performance and with
the expectations derived from simulation studies.

Z2
. (4)
cos τ
Ndet depends strongly, through the geometric efficiency
εgeo , on the impact position (x, y) of the incoming particle
on the radiator plane and its zenith and azimuth angles τ
and ψ, respectively. Therefore, in order to assure the required
precision of ∆Z < 0.3 on the particle charge reconstruction
up to iron (Z = 26), it is necessary to have a good knowledge
of the particle trajectory. Indeed, based on the equation


1
1
∆εgeo
∆ cos τ 
q
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⊕Z
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,
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2
εgeo
cos τ
N Z=1

V. C HER C AM EVENT RECONSTRUCTION
A. Constraints on the charge reconstruction
The principle of the CherCam detector is based on the
detection of Cherenkov photons, emitted by an incoming highenergy particle passing through the radiator plane. A typical
high charge particle event in the CherCam is represented in
Fig. 5. The number of these emitted Cherenkov photons Nγ
for a given wavelength range dλ is given by the Franck-Tamm
formula, which, for β = 1, where β is the particle velocity
in units of the speed of light (which is a good approximation
given the energy of the particles measured by CREAM), and
integrating over the path length in the radiator, reads:
µ
¶
Z2 d
1
dNγ
= 2πα 2
1−
,
(1)
dλ
λ cos τ
n(λ)2

Ndet (x, y, τ, ψ, Z) = εgeo (x, y, τ, ψ) · NγZ=1 ·

det

Z=1
the condition ∆Zr
< 0.3 gives for Z = 26 and Ndet
= 10
³
´2 ¡
¢
2
∆εgeo
cos τ
an upper limit on
+ ∆cos
of 2.3 · 10−2 . This
εgeo
τ
number can be translated into a precision on the impact point
(∆x and ∆y), which must be known to within less than 1 mm
for the two space directions [6].

B. Event reconstruction
As seen in section III the CREAM calorimeter yields a 3d
track for the incoming particle. This leads to the identification
of the region of interest within the multiple charge detectors
of the CREAM-III instrument and provides for background
noise for the charge measurement. Combining the knowledge
of the track reconstructed in the calorimeter and of the impact
points in the two layers of the SCD, the impact point within
the CherCam detector can be extrapolated with good precision.

420

The calorimeter trigger needs 6 consecutive layers (3 in
each plane) to be active. A layer is considered active if at
least one ribbon’s low-energy range (out of 50) registered
a signal exceeding a commandable threshold, typically set
at about 60 MeV [1]. To reconstruct the particle shower a
clustering algorithm was used for each plane (X-Z and YZ), after pedestal correction and noise-channel subtraction. For
each layer in a given plane the pixel with the maximum energy
deposit and its closest neighbours within this cluster are used
to calculate the center of gravity (COG) and the associated
error (see Fig. 6 top panels).
For each layer (top and bottom) of the SCD a clustering
algorithm is used, after pedestal correction and noise-channel
subtraction, to find the impact point of the incoming particle.
The pixel with the maximum signal within this cluster is
identified as the pixel hit by the particle (see Fig. 6 middle
panels). The two points are added to the ensemble of the
resulting COG from the calorimeter event reconstruction. To
extract the trace in the given plane the resulting ensemble
of COGs and two SCD points is fitted linearly. The trajectory
information (x, y, τ, ψ) is obtained by combining the fit results
of the two spatial planes.
The resolution on the track reconstruction can be evaluated
by using the CREAM calorimeter and SCD data extrapolated
to the CherCam level. Figure 6 (bottom panels) shows the
distribution of the difference between the extrapolated and
reconstructed impact points (in the x and y directions, respectively) on the CherCam, where the reconstructed impact
point corresponds to the pixel within the chosen cluster of
hit PMTs with the maximum number of detected photons. A
resolution of ∼ 11 mm is found, which is insufficient for the
charge reconstruction accuracy required as described in the
section above. Therefore it is necessary to add the CherCam
event information to the track reconstruction.
For the event reconstruction in the CherCam an overlap
method is used. The idea is to superpose a simulated event
over the measured event and to minimise the following χ2
with the help of a Powell algorithm [5]:
χ2 =

PMT
Xhit
i

¢2
1 ¡ det
ni − nest
,
i (x, y, τ, ψ)

ndet
i

Fig. 6. Top panels: Event in the CREAM-III calorimeter. Represented are
the X-Z (left) and the Y-Z plane (right), containing 50 × 10 ribbons for the
energy and track reconstruction. The color code indicates the energy deposit
in each ribbon. Ribbons marked with crosses are considered to be hit by the
particle shower (cluster). The ribbon with the maximum energy deposit and its
closest neighbours are identified. Such pixels with maximum activity are used
to calculate the COG, permitting the reconstruction of the shower direction
through a linear fit (black line). Middle panels: Event in the bottom (left)
and top (right) SCD (51 × 55 pixels). The color code represents the energy
deposit in each pixel. The pixel with the maximum energy deposit inside the
cluster (crosses) is considered to be the pixel hit by the incoming particle.
Bottom panels: Resolution of the impact point reconstruction in the x (left)
and y directions (right). The tracking information from the calorimeter and the
SCD is used to linearly extrapolate the impact point of the incident particle
on the CherCam. The reconstructed impact point is the centre of the PMT
entrance window with the maximum photon number in the cluster, considered
to be hit by the incoming particle.

they are detected in the photomultiplier plane below.
(6)

where ndet
and nest
are the detected and estimated photon
i
i
numbers in the hit PMT i, respectively.
A CherCam simulation package was developed [7], based
on the GEANT4 toolkit, to provide simulated events and to
investigate the detector response. In addition to the CherCam
architecture (as described in section IV-A) simulation, it
includes Cherenkov light generation in the radiator and its
propagation (refraction and reflection), Rayleigh scattering dispersion and photon detection by modelised photomultipliers.
The photocathode quantum efficiency is taken into acount
according to the data provided by the PMT manufacturer. In
Fig. 7 an incoming beryllium nucleus with normal incidence
produces Cherenkov photons, represented by the green lines,
in the radiator plane. After their travel through the detector

A second event simulation package was also developed,
with a simpler detector geometry than in the GEANT4 version.
This package provides, with minimal computing time, the
number of estimated photons nest
i (x, y, τ, ψ) in the PMT i,
produced by an incoming particle (simulated) with a trajectory
given by τ and ψ and an impact point (x, y) on the CherCam detector. The reconstruction of simulated event samples
(overlap of two simulated events) shows that the charge
reconstruction accuracy remains within ∆Z = 0.28 over the
whole charge range considered with this simulation package.
The overlap fit also provides a more precise impact point on
the CherCam detector than the PMT center ansatz, which was
used for the prior track resolution evaluation. Figure 8 shows
the improved evaluation using the reconstructed impact point
of the overlap fit after minimisation. A ∼ 2 mm improvement
on the track reconstruction resolution is thus achieved.
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in progress.
In the meantime a fourth flight of CREAM is in preparation.
The instrument will be launched in December 2008 with the
CherCam on board.
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Fig. 8. Resolution of the impact point reconstruction in the x (left) and
y directions (right). The calorimeter and SCD track is linearly extrapolated
to find the impact point of the incident particle on the CherCam. The
reconstructed impact point is the result of the overlap method described in
the text.

VI. C ONCLUSIONS AND P ERSPECTIVES
After two previous successful flights of the CREAM instrument, the detector accomplished a third during the Antartic
summer 2007/2008. During the 29 day long flight, about
1.5 × 106 events were collected, achieving a cumulative flight
exposure of about 100 days. This is the longest cumulative
flight exposure of any previous balloon experiments and represents the largest event set so far. The CREAM-III instrument
is composed of multiple charge and energy detectors, amongst
them the CherCam, a Cherenkov imager, for which this was
the first flight. The detector, measuring the incoming particle
charge with a constant resolution from hydrogen to iron, was
designed and fully integrated in less than two years, and tested
in space-like conditions. The maximum charge resolution
requires a good knowledge of the particle trajectory, which is
determined by two other subdetectors of the CREAM instrument: the calorimeter and the SCD. The resulting resolution
was found not to be sufficient, and an additionnal CherCam
event fit, based on a overlap between a simulated and real
event, was needed. Therefore two simulation packages were
developed, in order to study the physical processes inside the
detector and to develop a data analysis algorithm integrating
the different phenomena. Preliminary results of the charge
reconstruction of simulated events show that the desirec charge
resolution is obtained over the whole charge range studied.
The data analysis of the events collected during the flight is
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Abstract— The PAMELA space telescope was launched on 15th
of June 2006. The main goal of the experiment is precision studies
of the antiparticle component of the cosmic radiation. Particle
rigidity, charge and type can be measured with the three main
detectors of the experiment - the silicon tracker, the time-of-flight
(ToF) system, and the electromagnetic calorimeter. PAMELA is
housed on a Russian Resurs-DK1 satellite which orbits the earth
with an inclination of 69 degrees and is therefore exposed to
regions with low geomagnetic cutoff, making the detection of
low energy antiparticles feasible. The combination of the ToF
and silicon tracker allows the antiproton component to be massresolved below 1 GV/c, while the electromagnetic calorimeter is
used in addition to this above 1 GV/c. The selection of antiprotons
below 2 GeV/c is discussed in this paper.

I. I NTRODUCTION
The PAMELA experiment [1] is the main piece of scientific equipment on-board the Resurs DK1 satellite which
was launched on the 15th of June 2006 from the Baikonour
Cosmodrome. The satellite has since been in orbit, and the
expected lifetime is at least 3 years, limited by the drag
from the residual atmosphere and the solar wind. PAMELA
is housed in a pressurized container filled with nitrogen kept
at 1 atmosphere pressure. The satellite is travelling in a semipolar orbit (69◦ ) at an altitude between 350 km and 600 km
when passing the north and south pole respectively. The orbital
period is about 90 minutes. The trajectory will thus go through
regions with varying geomagnetic cutoff. The trajectory also
pass the outer electron belt and the South Atlantic Anomaly
(SAA).
The PAMELA instrument is measuring the charged component of the cosmic radiation, with a particular emphasis on
antiparticles. The measured energy range of antiparticles is
the most extended to date, and the statistics at high energy
is significantly increased compared to previous experiments.
Previous results from PAMELA regarding antiparticles can be
found at [2] [3].
PAMELA consists of a number of sub-detectors as illustrated in Figure 1. The core of the PAMELA instrument is
the magnetic spectrometer which measures particle rigidity by
means of the bending (deflection) of a particle trajectory in
a magnetic field, generated by a permanent magnet. A ToF
system is employed to provide a trigger for the experiment and
is composed of three planes of scintillator, referred to as S1,

Fig. 1.

The PAMELA instrument [9].

S2 and S3. This system also provides albedo particle rejection,
and a measurement of particle velocity at low energy. Both
the ToF system and the spectrometer measure the ionization
energy in the detecting layers. This allows for an accurate
determination of the absolute charge, and for the separation
between antiprotons and electrons below 1 GV/c. An electromagnetic calorimeter is located below the spectrometer. The
main task of this device is to separate hadrons and leptons
by means of their interaction pattern when traversing the
orthogonal layers of absorber and silicon detectors inside the
detector. The spatial development of a shower is reconstructed
by the layers of silicon detectors which are divided into strips
in alternating directions for each plane.
A tail-catcher (S4) and a neutron detector is mounted below
the calorimeter. These detectors enhance the lepton-hadron
separation capability of the calorimeter. The tail-catcher is
composed of layers of scintillators read out by photomultipliers.
Surrounding the magnet and on top of it are the first two
sets of scintillators, CAS and CAT respectively, that form
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the anticoincidence detector. The third (CARD) surrounds the
open cavity between S1 and S2. These detectors are used to
discriminate against events that do not enter the acceptance
cleanly. This could for example happen if a particle enters
the experiment through the magnet, interacts, and produces
secondaries that give a trigger. The anticoincidence system
is made of single sheets of plastic scintillators read out by
redundant photomultipliers.
II. E VENT SELECTION
To select down-going single particle events the following
selection was applied: 1) a single track reconstructed by the
magnetic spectrometer, fully contained inside the geometrical
acceptance and fulfilling the tracker quality selection, defined
below, 2) a downward-going particle measured by the Time-ofFlight system, 3) at-least one hit in S1 and S2, consistent with
an extra-polated track from the spectrometer, 5) no activity in
either of the CAT or CARD anticoincidence detectors, 6) a
consistent dE/dx-signal in the different spectrometer planes,
7) an upper limit on the number of energy deposits close to
the reconstructed track.
The tracker quality selection comprises of the two
requirements, i) a χ2 of the track fitting less than
4
(3.6 + 1.85 × |deflection|) , ii) a number of points in the track
reconstruction greater than or equal to 4 in the x-z view and
3 in the y-z view.
Applying the event selection ensures a clean sample of
downward-going single particles with a reliable rigidity reconstruction. Galactic particles were selected by requiring the
reconstructed rigidity to be greater than the Störmer Vertical
Cutoff multiplied by a factor of 1.2. This factor was tuned
by experimental data to ensure an unambiguous selection of
galactic particles.
III. P̄,P IDENTIFICATION
The proton and antiproton selection is done with a combination of velocity measurements by the ToF system, dE/dx
measurements by the tracker and ToF system and by the
interaction pattern in the calorimeter.
Protons and antiprotons are assumed to behave identically
inside the tracker and ToF system except for their sign of
deflection in the magnetic field and their inelastic interactions. The selection criteria in these detectors were therefore
developed from the measured properties of protons and their
efficiency for selecting protons and antiprotons are assumed
to be identical.
The velocity q
of a particle depends on mass (m) and rigidity
2
(r) as β = 1/ 1 + m
r 2 . Antiproton and proton candidates
are required to have a β inside a band dependent on rigidity,
consistent with that of a proton. This is illustrated in Figure 2.
The upper limit on β is stricter than the lower limit to increase
the electron and pion rejection.
Single charged particles are selected with dE/dx measurements and is done separately for S1, S2 and the tracker. Events
with a dE/dx inside a band defined as a function of rigidity

Fig. 2. The β-rigidity distribution for all flight events passing the event
selection. Negatively and positively charged particles are assigned a negative
and positive rigidity respectively. All particles inside the black lines are
selected as (anti)proton candidates.

Fig. 3. The dE/dx-rigidity distribution for all flight events passing the
event selection. The bands of protons, helium and heavier nuclei are clearly
distinguishable. All particles inside the black lines are selected as (anti)proton
candidates.

corresponding to single charged particles are selected. The
tracker dE/dx selection is illustrated in Figure 3.
The negatively charged events remaining after the velocity
and dE/dx selection are made, are antiprotons and predominately electrons. Antiprotons are identified in this sample using
the calorimeter. The longitudinal and transverse segmentation
of the calorimeter allow hadronic showers to be selected
with high efficiency. Antiprotons and protons not interacting
in the calorimeter are selected by imposing a cut on the
number of strips hit which peaks around 44 for this type of
events, together with a requirement of an energy release in the
last planes of the calorimeter to reject very inclined electron
showers. Late interacting events are selected with a topological
variable sensitive to events with a proton-like energy deposit
close to the reconstructed track. Interacting events are selected
with a cut on the fraction of energy outside a cylinder of radius

424

IV. P ION AND ELECTRON CONTAMINATION

Fig. 4. An interacting (top) and non-interacting (bottom) antiproton inside
the calorimeter. The red line corresponds to the track reconstructed by the
tracker. The energy deposited in each strip is color coded where light blue
corresponds to 0-2 MIP and dark blue to 2-10 MIP.

8 strips. This rejects a large fraction of electrons, which deposit
95 % of their energy inside a cylinder of 7.5 strips, while
selecting a substantial part of interacting antiprotons which
deposit 95 % of their energy inside a cylinder of radius 10 cm
(corresponding to roughly 40 strips). An additional cut is put
on the fraction of energy released inside a cylinder of 4 strips.
This select events where an antiproton breaks up a nucleus in
the detector material and the fragments deposit all their energy
in a single strip. A non-interacting and interacting antiproton
event is illustrated in Figure 4.
The selection was developed using the PAMELA Collaboration’s official simulation program GPAMELA, which is based
on the GEANT3 package [10] version 3.21. The simulation
reproduces the entire PAMELA apparatus, including the pressure vessel, and has been validated using particle beam data.
The different, and energy dependent, interaction crosssections for protons and antiprotons in the calorimeter were
taken into account by estimating the selection efficiencies
for both species. These efficiencies were studied using both
simulated protons and antiprotons, and a sample of protons
selected from flight data. A scaling factor was calculated from
the proton efficiency derived in flight and in simulation, and
used to normalize the simulated antiproton efficiency. These
efficiencies were used to rescale the number of protons and
antiprotons.

An upper limit on the electron contamination in the selected
antiproton sample was estimated by using a combination of
simulation and flight data. The rigidity dependent probability
of selecting an electron with the antiproton calorimeter selection was obtained from simulations. Convoluting the probability function with the distribution of selected events in flight,
before the calorimeter selection is applied, an upper limit
on the contamination of electrons is derived. The resultant
electron contamination is less than 3 % and decreasing with
rigidity.
Pions do not occur naturally in the cosmic radiation but
can be created locally in the satellite payload by cosmic
ray interactions. A negative pion is indistinguishable from
an antiproton above a few GV/c and therefore pose a contamination in the selected antiproton sample. The amount of
pion contamination has been estimated using both simulations
and experimental data. In the simulations, protons impinging
isotropically on PAMELA were generated according to the
experimental proton spectrum measured by PAMELA. For
the pion production the FLUKA generator [11] was used.
The derived pion spectrum below 1 GV/c was compared with
the selected pion spectrum from flight data were pions were
identified by velocity measurements with the ToF system,
dE/dx measurements with the tracker and ToF system, and
the calorimeter. The agreement between experimental and
simulated data was good. The estimated number of pions
remaining after all antiproton selections have been applied is
shown in the left column in Table I. The errors are assumed
to be Poisson distributed which introduce a systematic error
from 0 % to 20 % in the results.
Below 1.2 GV/c, pions are rejected with velocity measurements with the ToF system and the residual pion contamination
is zero. Between 1.2 and 2.0 GV/c, the velocity distributions of
pions and antiprotons start to merge. The shape of the velocity
distribution in this rigidity region can be used to estimate
the number of pions in the antiproton sample. By using
Kolmogorov-Smirnoff tests on the velocity distribution of the
selected antiproton candidates in flight and generated velocity
distributions containing np̄ number of antiprotons and N − np̄
number of pions, were N is the number of selected antiproton
candidates in flight and np̄ is varied between 0 and N, the
pion and antiproton component in the flight sample can be
estimated. The result is shown in the right column in Table I.
The agreement between simulation and flight in the rigidity
interval 0.4 to 2.0 GV/c, where the two methods overlap, is
good. The estimated pion contamination is subtracted from
the number of selected antiprotons in each bin. Experimental
results of the pion contamination are used from 0.4 GV/c to
2 GV/c. At higher rigidities, results from simulations are used.
V. C ORRECTIONS
The number of selected antiprotons and protons are compensated for i) losses due to hadronic interactions, ii) energy
loss in the instrument and iii) charge sign bias of the tracker
selection efficiency.
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TABLE I
T HE CONTAMINATION OF PIONS IN THE ANTIPROTON SAMPLE ESTIMATED
WITH SIMULATIONS ( LEFT ) AND FLIGHT ( RIGHT ).

B OLD FIGURES

[13] K. Abe et al, Measurement of cosmic-ray low-energy antiproton spectrum with the first BESS-Polar Antartic flight., Preprint submitted to
Elsevier, 2008.

INDICATE THE NUMBERS THAT ARE SUBTRACTED FROM THE
EXPERIMENTAL ANTIPROTON SAMPLE .

Rigidity [GV/c]

Nπ− sim.

Nπ− flight

0.4-0.8
0.8-1.2
1.2-1.6
1.6-2.0
2.0-2.4
2.4-2.78

0
0
6
12
3
2

0
0
6
11
-

Losses due to inelastic collisions in the dome covering the
PAMELA acceptance or in the instrument itself were estimated
with simulations. Energy loss for protons in the instrument
was compensated for using an unfolding method based on
Bayes’s theorem [5]. Due to the low statistics of antiprotons, a
systematic error was instead added to the antiproton spectrum
to accommodate for the uncertainties introduced by energy
loss. This uncertainty was estimated by simulating a large
number of antiproton spectra, identical to the experimentally
selected antiproton spectrum, and comparing the spectra on
top of the instrument with the spectra in the spectrometer.
A final correction (iii) is made to the antiproton spectrum to
compensate for the charge sign selection bias that is introduced
by the degradation of the tracker. This is estimated with
simulations and is shown to be less than 5 %.
VI. C ONCLUSION
Methods for selecting protons and antiprotons from the large
number of cosmic rays, detected with the PAMELA space
experiment, have been discussed. Using ionization, velocity
and calorimeter measurements, it has been demonstrated that a
sample of antiprotons with a small contamination of electrons
can be selected. A non-negligible amount of negative pions are
still present in the selected sample. Methods for estimating this
contamination has been discussed, and the number of pions in
each rigidity bin is derived. Furthermore, corrections to the
number of selected antiprotons and protons are discussed.
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1. INTRODUCTION

T

elaborate study of primary mass composition in the
energy range 1015 – 1018 eV is of crucial importance for
the understanding of the origin and propagation of cosmic rays
in the Galaxy. The change from light to heavier composition
with growing energy marks the energy limit of cosmic ray
acceleration in galactic sources (SN remnants). An opposite
change from heavy to light composition at higher energy
would testify the transition from galactic to extragalactic
cosmic rays. Both changes are expected in the energy range
under our study.
To study the mean composition we use the relation
between the logarithm of mass (lnA) and the depth (Xmax) of
the extensive air shower (EAS) maximum: <Xmax> ~ <lnA> which is well-known from electromagnetic cascade theory. In
the Tunka-25 experiment Xmax was derived for every event
from the steepness of the Cherenkov light flux lateral
distribution function (LDF), resulting in an Xmax distribution.
There are two methods of estimation of the mean composition
HE

2. MASS COMPOSITION ANALYSIS USING Xmax DISTRIBUTION
The detailed description of the Tunka-25 experiment and
the procedure of Xmax deriving from the LDF steepness is
given in [1].
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Distance to EAS maximum, km

Abstract—The final analysis of EAS maximum (Xmax) depth
distribution derived from the data of Tunka-25 EAS Cerenkov
array is presented. The perspectives of Xmax study with the new
Cherenkov light array Tunka-133 of 1 km2 area are discussed.
During the winter 2007 – 2008 the new array operated with 4
clusters of 7 detectors in each one. The analysis of experimental
data has shown the unique possibilities of the new array provided
by the registration of pulse waveform from each detector.

using this distribution. The first of them is a linear
interpolation of <lnA> between that for protons and iron using
the experimental <Xmax>. The second, more correct one
presented below is the statistical analysis of the total
distribution. It shows the existence of a methodical distortion
of estimated <lnA> for the first method.
Both methods show the beginning of composition change
from light to heavy at energies above 1016 eV. To study the
further behavior of <lnA> one needs more statistics and
consequently an array of larger sensitive area and solid angle.
Such an array, Tunka-133, is now under construction close to
its predecessor Tunka-25. Last winter the first part of the new
array operated for about 270 h during clean moonless nights.
The first results and perspectives of the new array are
presented below.

Steepness P

Figure 1. Simulated correlation between Cherenkov light LDF
steepness and the distance of the EAS maximum.

The simulated connection of the LDF steepness P with the
linear distance to shower maximum Hmax is shown in fig. 1.
We have to pay attention once more to the fact that all the
simulated points for different primaries, different energy and
different zenith angles cluster along the same straight line in
fig. 1. So this correlation can be really used for measuring the
EAS maximum position, taking into account the barometric
formulae connecting Hmax with Xmax. The simulation was made
for the Tunka valley level (675 m a. s. l.). A similar simulation
for the EAS-TOP level (2000 m a. s. l.) shows a slight
difference from the first line at large depth only.

partial distribution make it almost impossible to distinguish
between proton/helium and CNO/iron groups.

Figure 3. Distribution of the depth of the EAS maximum for
6.4<log10(E0/GeV)<6.5. Line – experiment, filled area –
simulation for 70% of light (p+He) and 30% of heavy
(CNO+iron) nuclei.
A more stable estimation can be made for the percentage of
light (p+He) and heavy (CNO+iron) nuclei in the primary
composition. And the most stable is the estimation of the mean
logarithmic mass <lnA>. The experimental dependence of
<lnA> on primary energy E0 is shown in fig. 4.

Figure 2. Depth of maximum, Xmax, vs. primary energy E0.
The experimental plot of the depth of the shower maximum
thus obtained vs. primary energy E0 is shown in fig. 2. It
contains 7632 points. Analysis of possible distortions of the
distribution has shown that there are no systematic errors for
EAS with energy E0>2.5·1015 eV and zenith angles θ≤12° and
for E0>5·1015 eV and θ≤25°. The distributions inside narrow
logarithmic energy bins (0.1) have been analyzed. The analysis
was done as follows. The experimental Xmax distribution is
compared with the simulated one. The simulated distribution is
constructed from 4 partial distributions for different nuclei
groups – p, He, CNO and Fe. Partial distributions are
simulated with a “model of experiment” code assuming the
QGSJET-01 model of primary interaction. The code itself
includes all the essential parameter correlations and
distributions extracted from CORSIKA and takes into account
all the apparatus errors and selection of events. A detailed
description of this code is given in [1]. The weight of each
group is selected for the best fit of the experimental
distribution. The result for one of the logarithmic bins
(6.4<log10(E0/GeV)<6.5) is shown in fig. 3. We note that
QGSJET-01 provides the best fit of the left edge of the
distribution when compared with the other models.
In principle the result of this procedure can give the relative
weight of each group of nuclei within the total composition.
But limited statistics and the relatively large width of the

Figure 4. Mean logarithmic mass vs. primary energy E0. Dense
curve is the theory [2], dotted curves are the smoothing
approximations of the experimental points.
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The theoretical curve in fig. 4 is a simulation from [2]. One
sees that the old method of interpolation shifts <lnA>
systematically by about 0.25 towards heavier composition,
compared to the more strict method of the analysis of the full
distribution. The mean value obtained with the second method
for the knee range of energies (3·1015 eV) coincides with that
obtained in the recent balloon experiments for energy about 10
TeV [3]. The rise of <lnA> for energies above 1016 eV is well
visible.
3. TUNKA-133 ARRAY
To study the mass composition behavior at the intermediate
energy range 1016 – 1018 eV, the new array Tunka-133 is under
construction [4].

Figure 5. Plan of the Tunka-133 array. Black – 4 clusters
operated in winter 2007-2008, grey – 8 clusters ready for
operation in winter 2008-2009, open circles – the last 7
clusters to be deployed in 2009.
The array will consist of 133 detectors grouped into 19
clusters each composed of 7 detectors. The map of the array is
shown in fig. 5. The new array provides much more
information than the previous one. Each detector signal is
digitized by a FADC with time step 5 ns. So the waveform of
every pulse is recorded, together with the preceding noise, as a
total record of 5 µs duration. The minimal pulse FWHM is
about 20 ns and the dynamic range of amplitude measurement
about 104. The latter is achieved by two channels for each
detector taking signals from anode and intermediate dynode of
the PMT with different additional amplification factors.
Four clusters marked with black color in fig. 2 operated last
winter between November and April. Data have been recorded
over 270 hours during clean moonless nights. The average
trigger rate was about 0.3 Hz, the number of the registered

events was about 300000.
4. RECONSTRUCTION OF EAS PARAMETERS
A. Structure of the codes for data processing.
The program of calibration and reconstruction of EAS
parameters consists of three main blocks of codes.
1. The first block works with the primary data recorded
separately for each cluster and includes the following steps.
The analysis of 5 µs record with a measurement step 5 ns; a
pulse search defined by a noticeable increase of the absolute
amplitude value over 5 or more consecutive points; the
definition of a zero level as a mean amplitude during the first
1500 ns of the record; a correction of the measured amplitudes
by subtraction of the zero level; fitting of the modified
amplitudes with a four-parameter function [5]; definition with
this function of three key parameters of the pulse: front delay
at a level 0.25 of the maximum amplitude (ti), pulse area (Qi)
and full width on half-maximum FWHMi.
2. The second block of codes works with files of pulse
parameters. This block unites the data of different clusters and
provides the time and amplitude calibration. Data from various
clusters are merged to one event, if the time difference for
cluster triggers is less than 2 µs.
The time calibration consists of the shower flat front
reconstruction by the measured delays ti, separately for each
cluster. The distributions of the delays with respect to the
reconstructed front are analyzed for each detector and each
inherent delay (defined basically by the communication cable
length) is corrected. The procedure is repeated until the
residual is less than 1 ns. The final EAS arrival direction is
defined by data of the cluster with the maximum amplitudes.
The amplitude calibration is provided in the same way
described in our previous work [1].
3. The third block of programs reconstructs the EAS core
location, the primary energy and the depth of the shower
maximum.
B. EAS core reconstruction by the density of Cherenkov
light flux Qi.
The first method of EAS core location reconstruction is
fitting the Qi by the lateral distribution function (LDF) with
varied parameters of steepness (P) and light density at a core
distance 175 m (Q175). This function was first suggested by the
members of our collaboration in [6], and it is changed here to
include large distances to a treatment:
Q(R) = Qkn·exp((Rkn–R)·(1+3/(R+3))/R0), R < Rkn
Rkn< R < 200 m
Q(R) = Qkn·(Rkn/R)2.2,
2.2
Q(R) = Qkn·(Rkn/200) ·((R/200+1)/2)-b, R > 200 m

(1)

Here R is the core distance (in meters), R0 is a parameter of
the first branch of LDF, Rkn is the distance of the first change
of LDF, Qkn is the light flux at the distance Rkn. The second
change is at the core distance 200 m, b is the parameter of the
third branch. This branch is checked till the distance 700 m
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with CORSIKA simulated events.
These 4 variables are strictly connected with two main
parameters of the LDF – density at 175 m Q175 and steepness
P:
Qkn = Q175·(Rkn/175)-2.2
R0 = exp(6.79 - 0.564·P), (m)
Rkn = 207 - 24.5·P, (m)
b = 4.84 – 1.23·ln(6.5-P), P < 6
b=3.43,
P>6

An example of a reconstructed shower is presented in fig. 6.
The LDF and WDF for this event are shown in fig. 7 and 8,
respectively.

(2)

C. EAS core reconstruction with measured widths of
Cherenkov light pulses FWHMi.
In addition to the traditional method above described a new
method of EAS core reconstruction using Cherenkov light
pulse FWHM has been designed and included into the code.
To fit the experimental FWHM, the empirical width-distance
function (WDF) is used. It has a very simple analytic form for
FWHM>20 ns:
FWHM(R) = 11·(FWHM(400)/11)(R+100)/500, (ns)

(3)

This expression approximates the result shown below for
core distances R<500 m. To get the WDF for higher distances
and to connect FWHM(400) with the shower maximum depth
we plan additional CORSIKA simulations.

Figure 7. Lateral distribution resulting from fitting the
measured light fluxes (points) with the expression (1) (curve)
for the event from fig. 6.

The EAS maximum depth Xmax will be reconstructed for
each event by two independent methods from LDF steepness P
and the parameter FWHM(400).

Figure 8. Dependence of Cherenkov light pulse width on the
core distance for the event from fig. 6. Points – experiment,
line – approximation by expression (2).
5. PERSPECTIVES OF THE NEW METHOD OF EAS PARAMETERS
Figure 6. An example of an experimental event. The radii of
the circles are proportional to the logarithm of the Cherenkov
light flux.

RECONSTRUCTION WITH PULSE DURATIONS

The good agreement of the experimental pulse durations
with WDF (2), the absence of FWHM random fluctuations and
a more simple expression for WDF than for LDF seems to
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allow us applying the new method of EAS core reconstruction
not only inside the array geometry, but also outside up to a
certain distance.
A similar idea of reconstruction of EAS core distance using
pulse width was suggested many years ago by John Linsley
[7]. But the use of the idea for charged particle detectors is
problematic because of essential random fluctuations of the
signal form. Figure 8 shows that in case of Cherenkov light
random fluctuations do not play an essential role.
We realize that before using the second method of core
reconstruction, the detailed study of WDF up to core distances
1000 – 1500 m has to be made not only with CORSIKA
simulation but also experimentally. A positive result of this
study would let us expand the sensitive area of the array for
energies above 5·1017 eV by 5 – 10 times compared with the
geometrical area covered by the detectors.
Such sensitive area increase will provide 20-30 events with
energies above 1018 eV during one year of observation and
ensures an overlapping of the Tunka-133 energy range with
that of huge installations such as Auger.
6. UNUSUAL EAS LONGITUDINAL DEVELOPMENT
Among the events recorded by the first stage of the array a
unique shower with very unusual waveforms of pulses at all
the detectors was noticed. The core location for this shower
determined by the traditional method of density light flux
analysis was outside the array geometry. The experimental
points of pulse waveform at one of detectors with EAS core
distance ~700 m is shown in fig. 9. The waveform looks like
containing two local maxima. The delay of the second
maximum to the first one is about 150 ns. The waveforms of
pulses at the other detectors are similar to this one but with
slightly different delays between maxima.
The further analysis has shown the possibility of influence to
the waveform of small clouds appearing at the sky at that time.
The normal waveform coinciding with the observed one at the
front and the tail of the pulse is shown by the curve in fig. 9.
The observed waveform can be obtained from the normal one
if to conceal a part of a shower track with a small cloud,
because for the large core distance a different time in fig. 9
corresponds to a different direction in the sky.
Nevertheless the ability of the modern apparatus to record
events with abnormal longitudinal development in the
atmosphere is shown by this example. The main conclusion of
this experience is that in order to search for events with
unusual longitudinal development we have to introduce
permanent monitoring of the optical conditions of the sky.

Figure 9. Abnormal experimental pulse waveform at a large
core distance (~700 m). Curve – normal Cherenkov light pulse
waveform.
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Towards the trans-GZK era
from giant EAS arrays to satellite experiments
Jean-Noël Capdevielle1

Abstract— The present data on giant air showers supports the
existence of the GZK cut off, but some problems concerning
the mass composition remain. Simulations have been carried
out to understand the discrepancy beween AUGER, HIRES and
AGASA at ultra high energy. Above the GZK cutoff, we explore
also the interest of experiments borne on satellites such as the
JEM-EUSO project on the ISS taking the advantage of collection
areas near 1 million km2.

AGASA, 1000 m for AUGER) is derived from the best analytic
distribution fitted to the densities on the detectors. Density
ρ600 (θ) is used to determine S600 (θ) which is in turn converted
to the value of the estimator for shower generated by the
same primary Cosmic Ray particle at vertical incidence. This
conversion inferred by fitting the attenuation of S600 [14] is
represented by:

I. I NTRODUCTION
The number of showers collected in AUGER as well as in
HIRES above 70 EeV falls rapidly, suggesting a behaviour in
agreement with GZK cut off. After considering some circumstances reducing the primary energy of the larger number of
events previously obtained in AGASA, we obtain a tendancy
to a tolerable agreement among giant and hybrid fluorescence
arrays.
A few events remain above 100 EeV and the question arises
if those ultra high energy events characterized by a maximum
depth at very high altitude have a common origin with the
events of lower energy or if those showers start with a different
type of interaction. To compense the statistical deficit, we
examine the interest of satellite borne experiments detecting
the fluorescence of the showers from the ISS. The feasability
of γ Ray Astronomy at ultra high energy together with Hadron
Astronomy is considered for the JEM-EUSO project.
II. T HE

CASE OF GIANT SURFACE ARRAYS AND HYBRID
EXTENSIONS

Extensive simulations with CORSIKA code [5] have been
performed for γ’s, protons and iron nuclei as primary particles
for 6 energies and in most cases for 8 different zenith angles.
The observation level corresponded mainly to the Auger
experiment. In each combination of primary particle, energy
and zenith angle, 40 EAS have been simulated. Previous simulations at different levels such as AGASA, Haverah Park and
Yakutsk [7] have also been involved in the present approach.
A. The energy overestimation in the treatment of inclined
showers
The major part of the data concerns individual inclined
EAS where the basic characteristics are first collected and
sorted during the earliest analysis: zenith angle from timing
on different detectors, axis position from adjustment on different densities with relations similar to 2. The most probable
density at the distance selected for the estimator (600 m for
1 APC Astroparticules et Cosmologie, Univ. Paris-Diderot, 10 rue Alice
Domont et Leonie Duquet, 75205 Paris, France, capdev@apc.univ-paris7.fr

S600 (θ) = S600 (0) ×

t0
t0
(sec(θ) − 1)2
exp − (sec(θ) − 1) −
Λ1
Λ2


(1)

−2
The values Λ1 = 500 gcm−2 and Λ2 = 594+268
were
−130 gcm
◦
describing the data on showers with θ ≤ 60 .

The primary energy E0 (in eV) is recovered for the most
recent data with the conversion of AGASA [12]:
1.02

S600 (0◦ )
(2)
E0 = 1.96 · 1019
100
The simulations at ultra high energy contradict the classical
absorption behaviour of relation 1 (the lowest line in Fig. 1):
the density increases progressively in function of the primary
energy versus sec(θ) reaching a maximum between 10◦ − 20◦
and then decreases with zenith angle for primary protons
(E0 = 109 , 5 · 109 , 1010 , 5 · 1010 , 1011 GeV). The dependence
shown in Fig. 1 is a general consequence of the electromagnetic cascade theory. In contrast with the description of the
attenuation by relations similar to relation 1, i.e. monotonously
decreasing functions, the measurements of attenuation by the
method of constant intensity cuts have to be performed with
functions able to rise versus sec(θ), reach a maximum and
finally decrease at large θ for primary energies exceeding
5 · 1018 eV. The distorted gaussian function 3 is introduced
hereafter to fulfil those properties.
A similar increase of the estimator density appears in the
calculations performed with AIRES [16], plotted versus the
distance between the experimental plane and the maximum
depth (the upper dashed curve corresponds here to the extremal
circumstance where the maximum depth coincides with the
level of AGASA) . The behaviour shown in fig.1 (solid curves
from our calculation) in the case of AUGER corresponds to
a maximum depth of the longitudinal development at about
one electron radiation length (for E0 = 1011 GeV) above the
experimental array (a similar situation in AGASA would be
obtained with a model of modest multiplicity such as HDPM
or DPMJET). For a model with large multiplicity, such as
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TABLE I
TABLE OF COEFFICIENTS A, < l >, σ, s AND k

The dependences shown in Fig. 1 are a general consequence
of the electromagnetic cascade theory and the discrepancy with
the original ”AGASA” absorption increases as the distance
from AGASA level to the shower maximum decreases. In the
case of iron primaries as the maximum is higher in the atmosphere than for protons, the attenuation remains less different
from relation 1 (equivalent sets of parameters presented in
Table I are also available [29])

VERSUS ENERGY FOR

AUGER
E0 (eV)

A

<l>

σ

s

k

1018
5 ·1018
1019
5 ·1019
1020

1.0
1.01
1.03
1.06
1.1

1.0
1.03
1.09
1.15
1.16

0.37
0.38
0.34
0.34
0.34

0.020
0.0019
0.10
0.16
0.083

0.18 ·10−5
0.24 ·10−6
0.3 ·10−4
0.24 ·10−5
0.14 ·10−5

C. Difficulties in interpretation of Tmax and attenuation measurements in AUGER

QGSJETII or Sybill2.1, the same maximum is near 3 radiation
lengths above AGASA and the total discrepancy is slightly
reduced at 920 gcm−2 for AGASA.
The contrast between those models characterized by higher

1

S1000VEM(Θ)

ρ600(Θ)/ρ600(0)

1.2

We have already compared our results with the measurements of AGASA by the method of fixed intensity cuts [11]
used in AGASA to determine the relation 1
The dependence of the estimator at 1000 m from the axis
has also been calculated at AUGER level for the energy of
1019 eV [18] using the QGSJET II model. We compare in
Fig. 2 our results with the model QGSJET01 to those calculations together with the experimental data of AUGER [22].
We underline that here S is not the density, but the total
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Fig. 1. Dependence ρ600 (0) versus sec(θ) for protons with E0 = 109 , 5 ·
600
109 , 1010 , 5 · 1010 , 1011 GeV (from bottom to top) respectively for models
of low multiplicity(thick lines) . The bottom curve corresponds to formula 1).
The dashed line (upper curve) corresponds to the situation at Auger level
following [16].
ρ

1.1

multiplicities or lower multiplicities is emphasized by the cross
sections implemented respectively in the calculation of the
hadronic cascades (see for example [17]).
B. The distorted gaussian analytic description
This typical behaviour can be described analytically by the
so called distorted gaussian function:


1
1
k sδ 1
−
− (2 + k)δ 2 + sδ 3 + kδ 4
f (l) = A × exp
8
2
4
6
24
(3)
where: l = sec(θ), δ = (l− < l >)/σ
Values of parameters in formula 3 are summarized in the
Table I in agreement with the figure 1.

Fig. 2. Attenuation at 1000 m from axis, experimental measurements from
AUGER for energy 0.9 · 1019 eV, lines from QGSJET01/GHEISHA and
QGSJET II/Fluka as indicated.

number of VME’s recorded on the water Cerenkov tank;
our results for QGSJET01/GHEISHA for Fe and p primaries
suggest that the primary component at 1019 eV would still be
very rich in heavy nuclei.
In our case, as well as for QGSJET II/FLUKA (given only for
p primary) the resulting S is the sum of the em component and
the muon component, both converted in VME’s. The experimental data obtained by the method of constant intensity cuts
in AUGER corresponds to a primary energy of 0.9 · 1019 eV
: we note that QGSJET II even in case of Fe primary will
not agree with the data; according to the muon component
given also in [18], we estimate that for an Fe primary the
total value of S1000 cannot reach the experimental points of
Fig. 2, remaining under 50 VME’s for the vertical incidence.
Several features may be at the origin of the problems exhibited
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Xmax g-cm

-2

by Fig. 2 concerning the difficulty to reach a tolerable agreement and the discrepancies between calculations. An earliest
calculation [19] has given 47 VME’s for a vertical proton of
1019 eV for the combination QGSJET01+Fluka, 43 VME’s
for the combination QGSJET01+GHEISHA2002: in similar
situation, we received 42 VME’s as an average for 40 cascades
simulated, contrasting apparently with the 37 VME’s in [18]
for QGSJET II + Fluka.
Considering the calculation performed with CORSIKA on
maximum depth < Xmax > [20] very close values may
be ascertained for QGSJET II and QGSJET 01 on Fig. 3,
the authors pointing out near 1019 eV an elongation rate
which does not need to be explained by a very heavy primary
component as required in Fig. 2.

GAMMA s

1000

900

sidering that the primary energy in AUGER is underestimated
by at least 15% around 1019 eV together with a mixed primary
component.
D. Unified tendancies and convergence to GZK
We have simulated EAS with a differential primary
spectrum with an ankle or with 3 spectral index like in
formula 4 and compared the spectrum reconstructed with
AGASA method or via our distorted gaussian function [29].
The assumed correct energy (obtained via relation 3) is
then sorted in the suitable energy bin of the reconstructed
histogram of the primary energy spectrum. The intensities
inside the same energy bins from HBOOK are in turn
compared for both histograms and the adequate reduction is
applied to the points of AGASA (Fig. 4). The corrections
above 1020 eV turn to a factor of reduction by 7-10, if
we consider a large number of showers in each energy
bin. Our procedure is not valid for a limited number of
showers and the experimental data must be sorted again in
the convenient bins of energy and zenith angle event per
event. Such work can be performed correctly only with the
raw data of the experimentators; their revision is now in
progress [12] replacing formula 1, as previously suggested by
us [11] and has rejected one half of the events above 100 EeV.

EPOS
800

HIRES

FY

QGSJET01
700

AUGER
QGSJETII-03

17

18

19

20

21

LOG(Primary energy Eo) (eV)

Fig. 3. Depths of shower maximum vs. primary particle energy, experimental
points for Auger and HiRes, lines for QGSJET01, QGSJETII-03 as indicated
and EPOS (only for protons).

The most sophisticated approach carried in [18] has taken
into account the very specific responses of the water Cerenkov
tanks through elaborated simulations with GEANT4. However,
new considerations on the muon contribution to the signal of
the water Cerenkov tank were advanced recently [23], but
remain questionable about the primary energy estimation in
AUGER.
Nethertheless, an excess of produced pions for QGSJET01
model was ascertained during comparisons with p-C collisions
in NA49 experiment at 158 GeV/c [25]; one consequence is
again an artificial excess of muons in the simulation with
QGSJET01 and this circumstance supports the preference of
QGSJET II for further analysis of AUGER data where the
muons play an important role. Assuming the advantages of
QGSJETII, the coherence between both AUGER attenuation
and < Xmax > measurements could hardly be restored con-

Observing that some detectors of AGASA (even if the data
is presented as rescaled at the level of Akeno array used for the
calibration) are lying at lower altitude (around 950 gcm−2 ), we
have repeated the procedure of Table I with a set of parameters
corresponding to a distance of 3 radiation lengths between
shower maximum and AGASA level. The fluctuations with an
r.m.s. of 10% for S600 have been included (amending relation
2 by an energy reduction of 12%) and the energy reconstructed
has been weighted versus the elementary solid angle. We found
that after an individual treatment only 4 events might remain
above 1020 eV.
This corresponds to an overestimation of the primary energy
by 17% at 1018 eV rising to 27% at 8 · 1019 eV. Taking into
account the possible underestimation of the primary energy
in AUGER by 15% (section 2.3), we present the respective
spectra (Fig. 5) amended as follows, after taking for AUGER
the data presented in [26] and for HiRes the data of HiRes I
and II, presented together with AGASA measurements in [1]:
- General increase of the primary energy by 15% in
AUGER
- Correction for inclined showers similar to Table I and
statistical correction in conversion 2
- HiRes I and HiRes II unchanged
A better convergence appears between the 3 spectra in Fig. 5,
where we have adapted the fits used by [1] and [26] in the
analytic descriptions:
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J(E0 ) = A ×
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−γ

(4)
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γ = 3.26 A = 1.65110
γ = 2.81 A = 1.65110−32
γ = 5.1 A = 2.99210−37
−32

respectively for E0 < 1018.65 eV , 1018.65 eV ≤ E0 ≤
1019.75 eV , E0 > 1019.75 eV . Another possible parameterization could be equation 4 for E0 < 1018.65 eV and for
E0 ≥ 1018.65 eV:
 −γ
1.
E0

 (5)
×
J(E0 ) = A ×
Ec
lg(E0 ) − lg(Ec )
1 + exp
W
c

where γ = 2.56, Ec = 1019.75 eV, Wc = 0.16 and A =
2.636 10−32 . The last analytical representation was inspired
by the astrophysical models assuming a uniform distribution
of the sources with an injection spectral index of 2.2 combined
with different energy cut off between 1020 and 1021 eV [27].
The dip for the 3 spectra is close to 1018.65 eV (4.47·1018 eV)
corresponding to the e+ e− production by a pure proton flux
interacting in the extragalactic environment [28]. Herealso,
AUGER measurements suggest a mixed primary component,
instead the pure proton composition expected.
III. S ATELLITE EXPERIMENTS
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Fig. 4. Differential primary spectra for Akeno(full triangles), HiRes (stars),
AUGER (crosses) [26], AGASA (open squares) as in [11] and a possible
situation of AGASA data amended (full squares) after a specific treatment of
inclined showers with Table I.
The thin line is a fit to Akeno energy spectrum.


 Ec = 1018.65 eV
Ec = 1018.65 eV

Ec = 1019.75 eV
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AND GIANT AIR SHOWERS

A. γ Ray Astronomy from the sky
The discrimination by the maximum depth < Xmax >
as it appears on Fig. 3 is considerably easier (LPM effect
and limited consequences of the geomagnetic field in the preshower phase) between hadron and γ’s and may be the first

Fig. 5. An approach of the convergence to GZK : differential primary spectra
for HiRes I, II (stars), AUGER (full circles)amended, AGASA (squares)
amended

objective of satellite experiments, with the identification of the
sources.
The case of geminated showers of ultra high energy could
also be interesting taking the advantage of areas observed on
about 1 million km2. Pairs of γ’s as well as pairs γ-hadron
may be observed as residues of GZK’s type interaction in the
interstellar medium or hadronic interactions in higher densities
region in the galaxy. In this extent, a pair of γ’s of 10EeV
coming from α Centaurus (4 l.y. dstance) will be separated
by about700 km, when the same pair coming from the spiral
arms of the galaxy will be lost.
The time delay τ for one pair p-γ or n-γ varies as γ12 where
L
γL is the Lorentz factor of the proton or the neutron. For a
proton or neutron of 100 EeV from α Centaurus, the delay τ
is around 0.6µs (respectively 1 ms for the spiral arms taken
at 6000 l.y.).
B. The JEM-EUSO project
An analysis based on separation and time delay for pairs
of cascades with an experiment like JEM-EUSO [30] would
therefore be possible up to distances of 100 l.y. . With
one pixel of the photelectronic detector boarded on the ISS
corresponding to 1km X 1 km at ground level, the resolution
on < Xmax > is better than 50gcm−2 and the possibility of
γ Ray Astronomy is obvious (Fig. 3 ); some improvements in
the resolution will allow rapidly extension to measurements
of mass composition and to energies lower than 50 EeV.
According to the present data on Fig. 5 10000 events could
be expected above GZK cutoff for an exposure of 5 years
of JEM-EUSO (tilted mode with fluorescence scanning on
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800000 km2. This statistics would fall approximately to 2500
events above 100 EeV and 150 events above 200 EeV.
IV. C ONCLUSION
A tendancy to the convergence between all the data of
surface arrays supports the GZK behaviour. Some additive
corrections in progress for AGASA, especially from the complex combination of the steepness of the spectrum data with
the statistical fluctuations of the energy estimator will turn to
a complete confirmation. The dependance of < Xmax > in
AUGER above 30 EeV could be the indication of a change
in p-air interaction such as an effect of phase transition to
QGP and supression of the leader [31] or an unexpected enhancement in heavy primaries at ultra high energy. Favourable
circumstances appear to perform satellite detection of fluorescence, like in the JEM-EUSO project starting first with γ Ray
Astronomy at ultra high energy.
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Muon tracking in KASCADE-Grande:
Lateral distributions of EAS muon densities
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I.M. Brancus4 , M. Brüggemann5 , P. Buchholz5 , E. Cantoni3,6 , A. Chiavassa3 , F. Cossavella2 , K. Daumiller1 ,
V. de Souza2,c , F. Di Pierro3 , P. Doll1 , R. Engel1 , J. Engler1 , M. Finger1 , D. Fuhrmann7 , P.L. Ghia6 , H.J. Gils1 ,
R. Glasstetter7 , C. Grupen5 , A. Haungs1 , D. Heck1 , J.R. Hörandel1,d , T. Huege1 , P.G. Isar1 , K.-H. Kampert7 ,
D. Kang2 , D. Kickelbick5 , H.O. Klages1 , Y. Kolotaev5 , H.J. Mathes1 , H.J. Mayer1 , J. Milke1 , B. Mitrica4 ,
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Abstract— The KASCADE-Grande Muon Tracking Detector
allows to measure with high accuracy (∼ 0.3o ) muon directions
in Extensive Air Shower up to 700 m distance from the shower
centre. According to the simulations within such a distance,
in showers initiated by primaries with energies 1016 –1017 eV,
nearly all muons reaching the observation level are subject of
investigation.
Study of lateral distributions of muon densities allows to
investigate not only the longitudinal development of the Extensive
Air Shower but also to check performance of the Muon Tracking
Detector. Measuring muon tracks and their angles with respect to
the shower direction it is possible to study also such quantities like
mean muon production heights and muon pseudorapidities. They
are not only sensitive to the longitudinal shower development
but are a tool for testing hadronic interaction models and
investigating cosmic ray mass composition.
The description of the detector, its capabilities to investigate
the longitudinal development of muonic component in EAS,
especially by means of studying lateral distributions of muon
densities, will be presented. Preliminary results of these distributions will be shown.

Grande EAS experiment, being an extension of the KASCADE
experimental setup [1], [2]. It is a multi-detector system located on the site of the Research Centre (Forschungszentrum)
Karlsruhe in Germany at 110 m a.s.l., measuring all three
EAS components: hadrons, electrons and muons (at 4 energy
thresholds) in a wide range of distances (up to 700 m) from
the shower core, and primary particle energies (5×1014 –1018
eV) [2]. High precision measurements of particle densities and
tracks the latter by means of a dedicated Muon Tracking
Detector (MTD) [3] - at different energy thresholds allow
to investigate many features of EAS and are the basis for
multiparameter analyses (e.g.: [4], [5] and [6]). These features
of KASCADE-Grande make it also to a very good test field
for the development of other shower detection techniques, like
radio detector (LOPES [7]).
II. KASCADE-GRANDE
A. The KASCADE experiment

I. INTRODUCTION
Ivestigations of muonic component in Extensive Air Shower
(EAS) is of a primary importance for understanding air
shower physics. Muons carry to the observation level nearly
undistorted information about their parent particles pions and
kaons, which are the most numerous products of hadronic
interactions responsible for the development of the shower
cascade in the atmosphere.
Perfect tool for such investigations is the KASCADE1 Institut
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The KASCADE experiment consists of several detector
systems. A description of the performance of the experiment
can be found elsewhere ([1]). A 200 m × 200 m array of
252 detector stations (called the Array), is organized in a
square grid of 16 clusters, and equipped with scintillation
counters, which measure the electromagnetic (threshold 5
MeV) and in the outer 12 clusters, below a lead iron shielding
superimposing the energy threshold of 230 MeV, also the
muonic parts of EAS. In its centre, a 16 m × 20 m iron
sampling calorimeter (Central Detector) detects the hadrons
in the shower core. The calorimeter is equipped with 11 000
warm liquid ionization chambers arranged in nine layers. Due
to its fine segmentation (25 cm × 25 cm), energy, position and
angle of incidence can be measured for individual hadrons. A
detailed description of the calorimeter and its performance can
be found in [8].
Muon detectors located in the third gap of the calorimeter
provide trigger for the calorimeter and additional information
about the lateral and time distribution of muons (above 490
MeV energy) near the shower core [1], [9]. Underneath the
calorimeter two layers of multi-wire proportional chambers
(MWPC) are used to measure tracks of muons with energy
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TABLE I
C OMPONENTS OF THE KASCADE-G RANDE EXPERIMENT
Detectors
KASCADE Array:
Liquid scintillators
Plastic scintillators
Grande array:
Plastic scintillators
Piccolo
Central Detector:
Ionization chambers
Plastic scintillators
Streamer tubes
MWPC
Plastic scintillators
MTD:
Limited streamer
tubes

Detected EAS
particles

Area

Energy
threshold

490 m2
622 m2

5 MeV
230 MeV

37×10 m2

5 MeV

80 m2

5 MeV

Hadrons
Muons
Muons
Muons
Electrons

9×304 m2
208 m2
247.5 m2
2×129 m2
23 m2

50 GeV
490 MeV
2.4 GeV
2.4 GeV
5 MeV

Muons

4×128 m2

800 MeV

Charged particles,
photons
Muons
Charged particle,
photons
Charge particles,
photons

Fig. 2.

Scheme of the Muon Tracking Detector tunnel.

Fig. 3. The MTD tower. Steel crates hold three horizontal modules, a vertical
module is between the crate and the tunnel wall.

Fig. 1.

The layout of the KASCADE-Grande experiment.

above 2.4 GeV.
In the North part of the KASCADE Array (see Fig.1) the
128 m2 large Muon Tracking Detector is situated.
B. Grande part of the experiment

concrete, sand and iron (Fig.2), 16 muon telescopes (called
detector towers) register tracks of muons which energy exceeds 800 MeV. Each tower contains limited streamer tube
detector modules: three horizontal and one vertical (see Fig.2
and Fig.3). All towers are connected with a gas supply system,
high voltage and electronic chain readout system. Detailed
information about the design of the MTD may be found in
[3] and [10]. When a particle is passing through the modules
of the tower it ionizes the gas in the streamer tube and a
streamer is created. As a result we have a large increase of
charge in a small volume of the tube. This charge is inducing

Grande is an extension of the KASCADE Array. It is an
array of 37 detector stations organized in a hexagon grid of 18
clusters covering an area of 0.5 km2 . Each station contains 10
m2 of plastic scintillators for registration of charged particles
above the energy threshold of 5 MeV. In the centre there is
a small trigger array of plastic scintillation stations, called
Piccolo build to provide additional trigger for the MTD and
other KASCADE components. The layout of the KASCADEGrande experiment is shown in Fig.1. In Table I one finds a
list with total size of each detector group, type of detected
particles and their detection energy thresholds.
III. THE MUON TRACKING DETECTOR
The Muon Tracking Detector is installed below ground
level in a concrete tunnel. Under the shielding, made out of

Fig. 4.
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The MTD module design.

3

Fig. 6. lg(Ne )–lg(hHµtr i) matrix with effective muon production height
HµA along the z-axis. Muon multiplicities (ntracks) increase with the shower
size (see [13]).
Fig. 5.

Definitions of radial and tangential angles [11].

a certain charge in the aluminum strips above and below the
tubes (perpendicular and diagonal, 60o with respect to the
wires), respectively (Fig.4). Coincidence of the signal from
wires and strips in each layer is called a hit. The tracks are
reconstructed out of three or two hits, in three or two modules,
respectively.
IV. TRACKING MUONS IN EAS
Combined information of the muon tracks, direction of the
shower axis and the shower core position allows to investigate
the muonic component of the EAS more precisely than it is
done with the scintillator array alone. With the MTD we count
muons and, in addition, have very precise (better than 0.3o )
information about their directions. This allows to investigate
the longitudinal development of the muon component, and
due to its close relation to EAS hadrons, the development
of showers themselves. This investigation is done by studying
quantities derived from the experimental data, like mean muon
production height and shower muon pseudorapidities on the
observation (detector) level. The way shower develops in the
atmosphere (and its muon component in particular) leaves
its imprint in the lateral distributions of muons – also a
subject of our investigations with the MTD data. Mean muon
production height is a primary mass sensitive parameter, while
muon pseudorapidity is a tool for testing hadronic interaction
models and composition study, as well. Analysis of muon
directions for the above mentioned studies utilizes the concept
of tangential (τ ) and radial (ρ) angles [11] derived from the
measured muon and shower directions in the way depicted in
Fig.5.
Determination of the muon production height Hµ [12] is
done by triangulation, based on the muon radial angle and the
distance of the muon to the shower core position. An example
of some results of this analysis, taken from [13], is shown in
Fig.6, where the regions of different mass-A dependent mean
muon production heights hHµA i are shown in the 2-parameter
space.

Fig. 7. Energy spectra for different HµA groups which produce muons at
different effective muon production height.

In this figure Ne is a total electron number in a shower
and Hµtr is the, so called, truncated muon number (see in
[1]). The picture shows regions of distinct hHµA i in a color
code with a step size of 40 gcm−2 . HµA is derived from Hµ
after correction for the elongation rate in the form: HµA =
Hµ − (α lg(Hµtr ) + β lg(He ). Applying to the distribution of
Fig.6 the procedure described in [13] the energy spectra were
obtained and shown in Fig.7.
Study of muon pseudorapidities utilizes both, tangential
and radial angles of registered muons. As it was shown
in [11], a certain combination of τ and ρ is equal to the
ratio of transversal to longitudinal momentum components
of the muon with respect to the shower direction. And this
ratio determines the muon angle of incidence with respect to
the shower direction, i.e., muon pseudorapidity η in shower
coordinate system: η = − ln(ζ/2), where
p
ζ = ρ2 + τ 2 = pt /p||
(1)
Investigation of muon pseudorapidities gives a direct insight
into hadronic interactions taking place in the atmosphere
because, as simulations show, it is closely related to the pseudorapidity of their parent mesons [14]. The relation between
pseudorapidity distribution of muons registered in EAS and
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PRELIMINARY

MTD

Fig. 8.

lg(Ne)>6.0
0˚≤≤18˚

Pseudorapidity distributions of muons and parent hadrons

KASCADE lg(Nμ) :
4.9-5.2
5.2-5.5
5.5-5.8
5.8-6.1
Rμ[m]

dN
d ⋅N max
Fe:
DATA:
H:

MEAN
3.61
3.48
3.38

Fig. 10. Lateral muon density distributions obtained with the MTD (solid
symbols) and with the KASCADE Array muon detectors (open symbols) in
four muon size bins. A Lagutin-like function is represented by solid and
dashed lines for MTD and KASCADE distributions, respectively (see text).

200m – 400m
QGSJetII+Fluka2002.4



Fig. 9. Muon pseudorapidity distribution measured in a ring 200÷400 m
from the shower centre and compared with CORSIKA simulation predictions
for iron and proton (dashed and doted line, respectively) primary originated
showers.

corresponding distribution for parent hadrons is shown in
Fig.8.
For this investigation high precision in the determination
of muon and shower directions is required which is fulfilled
in case of the MTD and the KASCADE-Grande. Therefore,
pseudorapidity distributions of muons registered in the MTD
have been studied by the KASCADE-Grande and used as a
test tool for interaction models used in Monte Carlo EAS
simulations [14], [15], [16].
In Fig.9 an example of such distributions is shown. It is a
preliminary distribution of muon pseudorapidity reconstructed
from the MTD data measured in a certain range of distances to
the shower core together with the predictions of the CORSIKA
[17] simulations for proton and iron primary particles. It is
seen, that experimental values are bracketed by simulated
ones, what indicates that in this particular case the interaction
models describe the data reasonably well, and one may try to
draw some conclusions on the cosmic ray mass composition.

distributions. Also KASCADE experiment has done so [4] and
first preliminary distributions from KASCADE-Grande were
reported [16].
Most results were obtained with arrays of shielded scintillator detectors most popular device in EAS experiments. With
the MTD in KASCADE-Grande, for the first time with high
angular resolution, it is possible to obtain lateral distributions
of muons registered with the tracking devices, like limited
streamer tube telescopes. Muon numbers (muon densities)
are obtained by counting particle tracks instead of measuring
energy deposits, as is the case with shielded scintillator arrays.
In Fig.10 the preliminary results for the lateral muon
density distributions are presented in four muon size bins:
from lg(Nµ ) > 4.9 to lg(Nµ ) < 6.1. Nµ is derived from
muon densities measured with KASCADE muon detectors and
the above mentioned range roughly corresponds to primary
energies from 1016 eV to 1017 eV. Together with the MTD
results, represented by full symbols, the lateral distributions
based on number of muons reconstructed out of energy
deposits in shielded plastic scintillators of the KASCADE
Array (represented by open symbols) are given. The absolute
values of muon densities for both muon energy thresholds (230
MeV for the KASCADE Array and 800 MeV for the MTD)
are still preliminary. Some analysis details and efficiency
corrections are under investigation. However, general shape of
the distributions has been already established. It can be fitted
with a Lagutin-like function ([18],[19]). In case of the lower
energy muons the function is of the form :

V. LATERAL MUON DENSITY DISTRIBUTIONS
Lateral distribution of EAS particles is an important characteristics of the shower cascade in the atmosphere. In particular,
such distributions of EAS muons, being closely related to
the hadronic shower component, are a good tool to test the
quality of experimental detector setup and our understanding of shower physics. Therefore, every EAS experiment,
equipped with sufficiently large muon detectors, provides such

f (r)

−0.69 
−2.39
r
r
=
1+
r0
r0

−2 !−1
r
× 1+
10 · r0
0.28
r02



(2)

where r0 =320 m. For the higher energy muons registered
by the MTD (where the energy cut-off is 800 MeV) the
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distribution is steeper and can be described by similar Lagutinlike function where r0 is lowered. The lines running over solid
and open points in Fig.10 are obtained with these formulas.
VI. C ONCLUSION
Lateral muon density distribution in a wide distance range
has been obtained from tracks of the particles. Because of
different energy thresholds KASCADE and MTD distributions
are separated and have different slopes.

[16] A. Haungs et al. (The KASCADE-Grande Coll.), “Investigations of
Muons in EAS with KASCADE-Grande”, Nucl. Phys. B (Proc.Suppl.)
2002, vol. 175-176, pp. 354-357.
[17] D. Heck, J. Knapp, J.N. Capdevielle, G. Schatz, T. Thouwheck, “CORSIKA: A Monte Carlo Code to Simulate Extensive Air Showers”,
Forschungszentrum Karlsruhe Report FZKA 6019, 1998
[18] A. A. Lagutin, R. I.Raikin, “Latreal distribution of electrons in EAS at
superhigh energies: predictions and experimental results”, Nucl. Phys.
B (Proc. Suppl.), vol. 97, 2001, pp. 274-277.
[19] A. A. Lagutin, R. I. Raikin, N. Inoue and A. Misaki, “Electron lateral
distribution in air showers: scaling formalism and its implications”, J.
Phys. G: Nucl. Part. Phys. 2002, vol 28, pp. 12591274.
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Arrival Directions of UHECR on the Celestial
Sphere
A.A. Mikhailov, N.N. Efremov, N.S. Gerasimova, V.A. Kolosov, I.T. Makarov

Abstract—The arrival directions of ultrahigh energy extensive
air showers (EAS) by Yakutsk, AGASA, P. Auger array data are
analyzed. For the first time, the maps of equal exposition of
celestial sphere for the distribution of particles by AGASA and P.
Auger arrays data have been constructed. The large-scale
anisotropy of cosmic particles at E>4.1019 eV by Yakutsk,
AGASA and P. Auger array data has been detected. The problem
of cosmic particle origin is discussed.

1. INTRODUCTION

U

ntil now there is an opinion that cosmic rays with
energy E>4.1019 eV are isotropic (see for example [1,2]).
Here data of EAS Yakutsk, AGASA, P. Auger arrays in
terms of their exposition on the celestial sphere are analyzed.
2. LARGE-SCALE ANISOTROPY

We have analyzed the Yakutsk EAS array data with energy
E>4.1019 eV whose shower cores lie inside the array perimeter
and the accuracy of arrival angle determination is ~ 3°. The
particle energy is estimated by formula according to [3], it has
been determined with the accuracy ~ 30%.
Fig.1 presents the distribution of 34 particles with the
energy E>4.1019 eV on the map of equal exposition of the
celestial sphere for the period of 1974-2007 (the method to
construct this map is based on the estimation of the expected
number of showers in the celestial sphere [4,5] and etc.). On
the map of equal exposition the equal number of particles from
the equal parts of sphere is expected.
In Fig.1 the most concentration of particles is observed from
the side of Input of Local Arm Orion of Galaxy at the galactic
latitude 3.3°<b<29.7° and longitude 60.1°<l<116.8° (this
region is noted by dash quadrangles). In this coordinates there
are 9 particles. We divided the whole period of observation
into 2 periods, equal to the exposition of observation: 1974 –
1985 and 1986 - 2007. For the first period 5 particles have
been registered, the probability of chance to find 4 of 34
particles in abovementioned coordinates using the method [5]
is P~0.1.
A.A. Mikhailov, N.N. Efremov, N.S. Gerasimova, V.A. Kolosov, I.T.
Makarov are with the Yu.G. Shafer Institute of Cosmophysical Research and
Aeronomy, 31 Lenin Ave., 677980 Yakutsk, Russia (corresponding authors
to provide phone: 4112-390-468; fax: 4112-390-450; email:mikhailov@ikfia.ysn.ru).

We take the first period as a sample and for second period 5
particles were registered, the probability of chance to find 4 of
34 particles in the coordinates abovementioned is P~0.03.
For the distribution of particles with energy E>4.1019 eV by
AGASA array data [6] we’ve constructed the map of equal
exposition of the celestial sphere according to [5]. As is seen
from this map, almost a half of events (25 particles of 58) are
within coordinates 11.2°<b<69.3° and 38.9°<l<154° towards a
side of Input of the Local Arm. Also we have divided the
whole period of observation into 2 periods: 1984 – 1994 and
1995 - 2001.
For the first period 13 particles were registered, the
probability of chance to find 13 of 58 particles in
abovementioned coordinates is P~10-3. We take the first period
as a sample and for second period 12 particles were registered,
the probability of chance to find 12 of 58 particles in the
abovementioned coordinates is P~10-3.
Thus, the statistically significant particle flux in the case of
the AGASA array is observed from the side of Input of Local
Arm as well as data of the Yakutsk EAS array.
For the distribution of particles with the energy E>4.1019 eV
of the P. Auger array [7] the map of equal exposition of the
celestial sphere have been constructed. As is seen from this
map, 7 particles of 27 are within of coordinates towards the
side of Output of the Local Arm near a galactic plane:
1.7°≤b≤19.2° and -52.4°≤l≤-34.4°. Also we have divided the
whole period of observation into 2 periods: 2004 – 2005 and
2006 - 2007. For first period 3 particles was registered the
probability of chance to find 3 of 27 particles in
abovementioned coordinates is P~10-3. We take the first period
as a sample and for the second period 4 particles were
registered the probability of chance to find 4 of 27 particles in
the abovementioned coordinates is P~3.10-5.
As follows from the distribution of particles on the celestial
sphere by the data of the Yakutsk, AGASA, P. Auger
extensive air shower arrays (Fig.1-3), there is a large-scale
anisotropy in arrival direction of particles connected with the a
galactic plane and Local Arm Orion of the Galaxy.
Earlier we found that if sources of particles are distributed
uniformly in the Galaxy disc, then protons with the energy
E~1018 eV mainly move along the magnetic field lines of the
Galaxy Arms [8]. Therefore, one can suggest that the observed
particles with the energy E>4.1019 eV from the side of the
Input and Output of Galaxy along the magnetic field lines of
Local Arms have a rigidity R~1018 eV and they are a charged
heavy particles. The similar conclusion about the composition
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Fig.1. On the map of equal exposition particles with energy
E>4.1019 eV are shown by Yakutsk EAS array data. SGP –
Super Galactic Plane. Dashed quadrangles on the left – a
considered region of a celestial sphere. δ - declination, RA –
right ascension, b, l – a galactic latitude and longitude. Big
circles – clusters.

Fig.2. The same as in Fig.1 for the AGASA array data.
Dashed quadrangles on the upper – a considered region of
a celestial sphere.

of cosmic rays was made by us on the basis of analysis of the
distribution of particles in the celestial sphere and the muon
content of extensive air showers at energy E=1019-1020 eV by
the Yakutsk EAS array data [9, 10]. Also independently from
us our colleagues using another method of muon data of
showers analysis have made a conclusion [11] that the iron
nuclei portion at Е> 2.1019 eV can be from 29 up to 68 % of
the total number of particles. The last data of the P. Auger
array indicate that the particles at energy E>4.1019 eV are not
only protons, the average mass of particles A is equal
lnA=2.6±0.6 [12].
Thus, a large–scale anisotropy of particles at E>4.1019 eV
from the side of Local Arm Orion of Galaxy has been found.

3. SIGN OF THE GALACTIC ORIGIN
In the paper [13] a galactic model of cosmic ray origin of
ultrahigh energy has been considered. It is supposed, that
sources of particles are uniformly distributed over the Galaxy
disc, the regular magnetic field of the Galaxy has mainly
azimuth directions. If a magnetic field doesn’t change its
direction above and below a galactic plane (near the Sun a
magnetic field is directed in galactic longitudes l~90°), then as
a result of influence of large-scale regular magnetic field,
characteristic trajectories of particles are possible. (Fig. 4).
In the case of uniform distribution of cosmic ray sources in
the Galaxy disc an expected particle fluxes by separate
directions of the celestial sphere will be proportional to
lengths of particles trajectories in this direction. As follows
from Fig. 4 from the center of the Galaxy with positive
latitudes and from the anticenter from negative latitudes the
increased fluxes of particles are expected. Therefore, from the
side of Galaxy center (longitudes -90°<l<90°) the ratio of the
number of particles above the galactic plane the number of
particles below the plane will be nc(b>0°)/nc(b<0°)>1 and
from the side of anticenter the ratio will be

+
Fig.4. Trajectories of particles in a magnetic field H of a disc.

Fig.3. The same as in Fig.1 for the P. Auger. Dashed
quadrangles – a considered region of a celestial sphere.
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particles by P. Auger data the same directions as Fig.5.

na(b>0°)/na(b<0°)<1. This is a sign of galactic origin of cosmic
rays.
We’ve considered the distribution of particles in galactic
latitudes by data the Yakutsk, AGASA, P. Auger for sides: the
center and the anticenter of the Galaxy. The particle
distribution by data of the northern Yakutsk, AGASA arrays is
considered separately (Fig.5) from the data of P. Auger, which
is located in the southern hemisphere (Fig.6). The total number
of particles is equal to 119.
In Fig.5a a distribution of particles in galactic latitude for
the Galaxy center is shown. The number of particles in the
subsequent interval of angles have been summarized. Also the
expected number of particles in the case of isotropy is shown
[5]. In Fig. 5 the distribution of particles in galactic latitudes
above/below the galactic plane to the side of anticenter (b, d),
at b<0° - center of Galaxy (c ) is also shown.

a

c

8

0

-90

Fig.5. Distribution particles (Yakutsk+AGASA) versus a
galactic latitude in sides: a, c – center, b, d – anticenter of
Galaxy. The curve line is the expected number of particles.

3.0

10

Number of particles

5

N umber of particles

30

c

10

Number of particles

Number of particles

12

According to Fig.5 the increased flux of particles is
observed at latitudes |b|>15° from the center and from the
anticenter of the Galaxy (Fig.5a, d), the decreased flux is
observed at |b|>30° from the center at the negative latitudes
and from the anticenter at positive latitudes of the Galaxy
(Fig.5b, c). Practically the same particle distributions in
galactic latitudes are observed by data of the P. Auger (Fig.6).
The independent data of the southern array confirm the
particle distribution in galactic latitude of the northern arrays.
In Fig. 7 ratio of the number of particles above galactic
plane to the number of particles below the galactic plane in
terms of the exposure of the celestial sphere is shown YA, P, R
= n1(b>0°)S2/n2(b<0°)S1 in the interval of angles <90° from the
galactic plane, where n1, n2 are the number of particles, S1 and
S2 are the exposure of the celestial sphere to the arrays (YA –
Yakutsk + AGASA, P - P. Auger). Also the ratio of the number
of particles by 3 arrays R above/below the galactic plane in
terms of the exposure (R – Yakutsk + AGASA + P. Auger) is
shown.
We’ve considered these ratios YA, P, R in two cases (Fig.7):
the center (a) and the anticenter of the Galaxy (b). The ratio of
the numbers of particles YA, P, R from the side of the
center/anticenter differs: from the center – YAc, Pc, Rc>1, from
the anticenter – YAa, Pa, Ra<1. As we have mentioned above
this is a sign of galactic origin of cosmic rays.
In Fig. 7 the ratio of the number of particles Rc is not a
maximum value because this value was found at interval of
angles <90° from the galactic plane. The maximum value Rc
will be between 0 - 90° from the galactic plane (see a
distribution trajectory of lengths in Fig. 5). For example, at
interval of angles <45° from the galactic plane in a case of
Fig.7 (a) this value has increased Ra~1.55 (instead of 1.4 at
<90°) and in a case of Fig.7 (b) it has decreased Ra~0.75
(instead of 0.85).
Note, the probability of chance Р to observe particles by
data of 3 arrays by the following sides: ≥34 particles (the
center, b>0°, array data), ≥30 particles (the anticenter, b<0°),
≤40 particles (the anticenter, b>0°), ≤15 particles (the center,

444

b<0°) is P<10-6. This probability was found by simulation of
119 events over the whole celestial sphere in terms exposure
[5].
In Fig.7 the ratio of the number of particles from the side of
center/anticenter is Rc/Ra ~ 1.7 (the interval of angles <45° Rc/Ra ~ 2). This ratio can be interpreted as follows: from the
side of center the density and region of sources along
trajectory particles are higher and larger than the density and
region of sources from the anticenter of the Galaxy. The ratio
of the number of particles from the side of center/anticenter of
the Galaxy Rc/Ra confirms our conclusion about the galactic
origin of cosmic rays (see above).
We also note that the distribution of particles in galactic
latitude depends on sides of the galactic plane (above/below
and center/anticenter, Fig. 5-7). It means that an influence of
the magnetic field of he Galaxy on the movement of particles
of ultrahigh energy is rather strong (Fig. 5-7).
.

[13] S.I. Syrovatsky. “O vozmoshnosti galacticheskogo proiskozdenia
kosmicheskich luchei sverchvisokich energii.”, Preprint of P. N. Lebedev
Physical institute of AS USSR, M., 1969, p.7.

4. CONCLUSION

Most likely the main part of particles with E>4.1019 eV has a
galactic origin.
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A search for Extragalactic Sources of
Ultrahigh-Energy Cosmic Rays
A. A. Ivanov1 , S. P. Knurenko2 , I. Ye. Sleptsov3

Abstract— Possible extragalactic sources of cosmic rays at
energies above 4 × 1019 eV detected with the Yakutsk array
are sought. Correlation of the shower arrival directions with
objects from Véron’s catalog that are located closer than 100 Mpc
from the Earth confirms the observations at the Pierre Auger
observatory, as well as the Greisen-Zatsepin-Kuzmin effect on
ultrahigh-energy cosmic rays. The detailed analysis of the data
reveals the classes of objects belonging to the active galactic nuclei
that are probable sources of ultrahigh-energy cosmic rays.

The problem of the origin of ultrahigh-energy cosmic rays
(UHECRs) remains unsolved in spite of considerable efforts of
researchers. The reason is that the observed distribution of the
arrival directions of cosmic rays is practically isotropic, due
to the trajectories of charged particles deflected in magnetic
fields in the Galaxy and beyond. Indications of a possible
correlation of UHECR arrival directions with certain most
active extragalactic objects have been obtained only at the
highest energies E > 4 × 1019 eV (= 40 EeV), where the
deflection of protons, the most probable particles of cosmic
rays, is comparable or smaller than the angular resolution of
detectors.
In particular, Farrar and Biermann [1] found correlation of
the highest energy (E > 1019.9 eV) extensive air showers
(EASs) detected to that time with compact radio quasars at
high redshifts. On the contrary, Glushkov [2] pointed out the
correlations with closer quasars, z < 2.5. However, these
results were not confirmed by subsequent observations.
Another type of the extragalactic objects that can generate
UHECRs is presented by gamma ray bursts [3]. In this case, a
search for correlation is complicated, because these are shortterm events with duration less than several minutes. Nevertheless, the data from the Pierre Auger observatory (PAO, 609
161 EASs) were compared [4] with the observations by Swift,
HETE, INTEGRAL, etc. missions (284 bursts detected with
an angular resolution better than 10 ). To reveal correlation of
the arrival directions with the coordinates of the bursts within
the angular range from 50 to 300 , a time interval of 100 days
before and after each burst is taken. Comparing the event rate
of cosmic rays before and after the burst as a function of
time difference, Anchordoqui [4] concluded that there is no
frequency difference detectable.
Stanev et al. [5] noted that the existing set of cosmic rays
with energies E > 40 EeV detected before 1995 tends to align
1 Yu. G. Shafer Institute for Cosmophysical Research and Aeronomy SB
RAS, ivanov@ikfia.ysn.ru
2 Yu. G. Shafer Institute for Cosmophysical Research and Aeronomy SB
RAS, s.p.knurenko@ikfia.ysn.ru
3 Yu. G. Shafer Institute for Cosmophysical Research and Aeronomy SB
RAS, i.ye.sleptsov@ikfia.ysn.ru

along the Supergalactic plane, where the density of galaxies is
relatively high. However, analysis of data from five NorthernHemisphere arrays (114 showers, E > 40 EeV) performed in
2000 [6] revealed no significant excess of particles from the
plane. At the same time, Uchihori et al. [6] noted that the
number of doublets and triplets (coincidences in the arrival
directions of two and three particles, respectively, within 40 )
in ±100 band near the Supergalactic plane is larger than that
expected for the isotropic distribution. They treated it as the
possibility for the part of cosmic rays at energies above 4 ×
1019 eV to correlate with the Supergalactic plane.
Blasars, including BL Lacertae (BL Lacs) and OVV quasars,
used to be regarded as active galactic nuclei (AGNs) with
relativistic jets pointing at the Earth. Tinyakov and Tkachev [7]
found a significant angular correlation of UHECRs detected
by the AGASA (39 EASs, E > 48 EeV) and Yakutsk (26
EASs, E > 24 EeV) arrays with BL Lacs (m < 18) from
catalog [8]. The analysis of HiRes data performed by Abbasi
et al. [9] did not confirm this result for the BL objects, but
they found a significant correlation (revealed by Gorbunov et
al. [10]) of cosmic rays with energies above 1019 eV and all
events without selection in energy with high-polarization (HP)
objects, as well as with the combined BL+HP sample from the
same catalog. Abbasi et al. [9] interpreted this correlation as
an indication of the possible flux of neutral particles generated
by Lacertae.
Other AGNs, namely Seifert galaxies closer than 40 Mpc,
were treated as possible sources of UHECRs by Uryson [11].
She found angular correlation of the showers of energies
3.2×1019 < E < 3×1020 eV detected by the Akeno, AGASA,
Haverah Park, and Yakutsk arrays with Seifert galaxies at
redshifts z ≤ 0.0092, which are faint x-ray and radio sources.
Subsequently, correlation of UHECR arrival directions with
these objects, as well as with other possible sources, was reanalyzed in [12]. It was shown that correlation with Seifert
galaxies is observed only in the AGASA data, and if the
deflection of particles in the Galactic magnetic field is taken
into account, i.e., under the conditions different from those
accepted in [11].
The Pierre Auger collaboration (PAC) [13] recently analyzed a sample consisting of 81 EASs with energies above 40
EeV detected from January 1, 2004 to August 31, 2007. The
authors used a part of the data (to May 27, 2006) in order to
determine the parameters resulting in the maximum correlation
of UHECR arrival directions with AGNs. Then, the second
part of the data was used to confirm the hypothesis obtained.
As a result, the observed UHECR arrival directions are

446

0.3
0.1
-0.1

R

-0.3
-0.5
-0.7
-0.9
-1.1
18

19

20

log(E, eV)

Fig. 1. Distribution of UHECR arrival directions (circles) and active nuclei
(squares) in the Galactic coordinates. The dashed line is the Supergalactic
plane and the dash-dotted line is bordering the observation region of the
Yakutsk array.

Fig. 2. Excess of UHECRs from the Supergalactic plane as a function of
energy. The vertical bars are statistical errors and the horizontal bars are energy
bins. The dashed line shows the value expected for the isotropic distribution.
5

4
Observed/Expected

found to be anisotropic, and there is a significant correlation of
EASs with energies above 56 EeV within an angle of ψ = 3.10
with AGNs from catalog [8] located at distances z ≤ 0.018
from the Earth (closer than 75 Mpc if the Hubble constant
is equal to 71 km s−1 Mpc−1 ). In the second part of the data
(from May 27, 2006), 8 of 13 EASs correlate with AGNs
under the same conditions that have been found for the first
part of the data, while the number of expected coincidences
is 2.7 in the isotropic case. This corresponds to the chance
probability P = 1.7 × 10−3 for the uniform distribution.
In this work, in order to confirm or reject the PAC result
assumed as the null hypothesis, an independent sample of 51
EASs with energies above 40 EeV and zenith angles below
600 that were detected with the Yakutsk array and reported by
Pravdin et al. [14] is analyzed. The error in the determination
of the arrival angles of these showers is less than 50 . The
energy of a primary particle initiating EAS is estimated on the
basis of the total flux measurement of Cherenkov light and the
numbers of electrons and muons at the observation level. The
procedure used was described in [15]–[17]. The error in the
estimation of the energy, δE/E, is about 30% and less than
50% for the showers with axes inside the array area and in
the effective region outside, respectively.
The Galactic coordinates of AGNs from [8] at the distances
z < 0.015 are shown in Fig. 1 in the Hammer-Aitoff projection
along with the arrival angles of 22 EASs with energies above
60 EeV. The observation regions of the Pierre Auger observatory and Yakutsk array are directed towards and outwards the
center of the Galaxy, respectively, because these two arrays are
located in different hemispheres. Thus, these two observation
regions are complementary and, in particular, cover different
segments of the Supergalactic plane. The showers detected
with the Yakutsk array seem to gather around the Supergalactic
plane: the density of UHECRs is higher near this plane.
To verify this hypothesis by Stanev et al. [5] using the
extended Yakutsk array database, the excess R = (nSGP −
nother )/(nSGP + nother ) of UHECRs arriving from the ±100
vicinity of the Supergalactic plane, nSGP , over the number
from all other directions, nother , is calculated and compared
with the value R0 = −0.555 obtained for the isotropic distri-
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Fig. 3.
Ratio of the coincidences of UHECR arrival directions with
extragalactic objects to the number of random coincidences expected for the
isotropic distribution versus the threshold energy of the particles, E > Eth .
The statistical error bars are also shown.

bution of cosmic rays taking into account different exposures
of celestial regions over the array (see Fig. 2). An exposure
was calculated using the algorithm described in [18]. As it is
seen in the figure, R tends to increase with energy, but there is
no statistically significant excess of cosmic ray flux from the
Supergalactic plane in the data in any energy bin. Glushkov
and Pravdin [19] previously claimed that the observed UHECR
flux from this plane noticeably exceeds the flux expected for
the isotropic distribution if the angular interval width near the
plane and energy threshold for the sample are adjusted. In
particular, the excess in a narrow angular bin (10 − 20 ) and for
the particle energies above 8 EeV is (4 − 5)σ for the Yakutsk
array data. However, the correction factor to this excess that
should be introduced in order to take into account a posteriori
optimization of the data selection criteria is indefinite in this
case.
Let us proceed to the correlation of UHECRs detected
in Yakutsk [14] with extragalactic objects. The test of the
PAC hypothesis with the recommended parameters (E > 56
EeV, z < 0.018, and ψ = 3.10 ) shows that the arrival
directions of 12 of 24 EASs correlate with the AGNs from [8],
while the number of coincidences expected for the isotropic
distribution is 5.6. In this case, the chance probability of 12 or
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Fig. 4. Ratio of the coincidences of UHECR arrival directions with AGNs to
the expected number in various redshift bins, z. The vertical bars are statistical
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0.025, 0.05, 0.075, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.7, 0.9, 1.5, and 5.4.

more coincidences is P = 4 × 10−3 . Therefore, the Yakutsk
array data confirm the result obtained by the Pierre Auger
collaboration, but at a lower significance level.
Due to the different observation region, as well as the
energy/arrival angles estimation procedures, the ’optimal’ parameters of correlation can be different for the Yakutsk array
data. For this reason, scanning in the energy (E > 40 EeV),
redshift (0.001 < z < 0.03), and angular distance (10 <
ψ < 60 ) is performed to determine the maximum ratio of
the difference in the observed number of coincidences and
the number expected for the isotropic case to the standard
deviation. The maximum ratio appears to be reached for 22
EASs with energies above 60 EeV, 12 of which arrive within
ψ = 30 of the AGNs (while an expected number is 4.1)
at distance from the Earth less than z = 0.015 (63 Mpc).
The chance probability is P = 2 × 10−4 . In this case, it is
also necessary to determine a penalty factor to the probability
due to a posteriori selection of the parameters; or the chosen
parameters should be used as a null hypothesis for the testing
with independent data.
Figure 3 shows the ratio of the observed number of coincidences of UHECR arrival directions (hereafter, within 30 )
with quasars, Lacertae, and AGNs from [8] to the number of
random coincidences expected for the isotropic distribution,
taking into account the exposure of sky regions to the Yakutsk
array. The active nuclei were chosen at the distances z <
0.015, the quasars were taken at the distances z < 0.3,
and BL Lacs were selected with luminosities m < 18 as
in [7]. According to Fig. 3, there is no significant deviation
of the number of coincidences from isotropic expectation in
the case of Lacertae and quasars. Variation in the redshift
ranges for quasars does not reveal any significant deviation.
Any significant correlation is also absent for HP objects and
BL+HP objects from [8].
Correlations with AGNs are found in the PAO and Yakutsk
array data at almost the same angular distances (3.10 and
30 , respectively). It is unclear whether this is a random
coincidence. The error in arrival angles of the showers with

axes inside and outside the array area is estimated in [14] as 30
and 50 , respectively. At the same time, as the energy increases,
the angular error should decrease because the number of array
stations fired in a shower increases with energy. Therefore, the
actual accuracy of UHECR angles for the Yakutsk array can
be equal to 30 or better.
Approximate coincidence in the threshold energies at which
the maximum correlation is observed by the two arrays may be
accidental. A comparison shows the similarity in the shapes
of the energy spectra measured by giant EAS arrays: if the
correction factors are applied to the energy estimates of the
primary particles inducing EASs, the spectra almost coincide
both in shape and in intensity [20]. Systematic energy corrections introduced in this way for the Pierre Auger observatory
and Yakutsk EAS array can differ from each other by a factor
of 1.5−2. Hence, the threshold energy at which the maximum
correlation is reached for the PAO data would be from 90 to
120 EeV if the assumption about correction factors is valid.
Another part of the PAC hypothesis is that cosmic rays
correlate with the directions to the AGNs at distances z <
0.018 due to the Greisen-Zatsepin-Kuzmin effect [21], which
strongly suppress the flux of cosmic rays with energies E > 60
EeV from cosmological distances. In order to verify this effect
with the Yakutsk array data, the ratio of the observed number
of coincidences of cosmic rays (E > 60 EeV) with AGNs in
various redshift bins to the number of random coincidences
expected for the isotropic distribution is used (Fig. 4). Indeed,
a significant correlation of UHECRs with AGNs is found only
in the interval z ∈ (0.001, 0.015). In all other redshift bins, the
observed number of coincidences is equal (within errors) to
the number expected in the isotropic case. Hence, this can be
considered as one of the independent evidences of the GreisenZatsepin-Kuzmin effect.
It should be noted that the Yakutsk data, as in the case of the
PAO data, possibly correlate not only with AGNs, but also with
other astrophysical objects with a similar spatial distribution
that are not considered in this work. Moreover, Gorbunov et
al. [22] stated contrary to the PAC hypothesis: the conclusion
that the most part of UHECRs are protons originating in
nearby extragalactic sources (AGNs) can be rejected at 99%
CL. Instead, they explained the data [13] by the existence of
a bright source in the direction of the Centaurus Supercluster.
Another interpretation of these data was proposed by Wibig
and Wolfendale [23], who stated that cosmic rays are nuclei
with < lnA >= 2.2. ± 0.8 that are generated in nearby (about
tens of Mpc) radio galaxies.
Analysis of the muon detectors data of the Yakutsk array [24] shows that the data at energies above 10 EeV can be
explained within the framework of the two-component model
of the cosmic ray composition consisting of protons and a
considerable fraction of heavy nuclei. This is hardly consistent
with the correlation of the arrival directions of such particles
within 30 with AGNs. ’Clusters’ of EASs associated with
clusters of (radio) galaxies are hardly seen in the data of the
Yakutsk array in contrast to the PAO data.
If the hypothesis that active galactic nuclei are sources of
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Fig. 5. Ratio of UHECR coincidences with different classes of AGNs to the
expected number.

UHECRs is accepted, the following question arises: Whether
all classes of the objects belonging to active galaxies are
sources or, for example, only Seifert galaxies generate cosmic
rays, as was assumed by Uryson [11]. To answer this question,
one can analyze a correlation of UHECR arrival directions
with each class of the objects separately. Figure 5 shows the
results of such an analysis of the data. Here, AGNs are divided
into four classes according to the proposal of VéronCetty and
Véron [8]: i) S1, Seifert galaxies of the first type with broad
Balmer lines; ii) S2, Seifert galaxies of the second type; iii)
S3, so-called LINERs (low-ionization nuclear emission-line
regions), which are galaxies with weak nuclear emission lines;
and iv) H2, galaxies whose spectrum of nuclear emission lines
is similar to that of nebulae ionized by hot stars. The redshift
boundaries giving the maximum correlation with the Yakutsk
data are selected for each class of the objects: z < 0.015 for
S1 and S3, z < 0.016 for S2, and z < 0.024 for H2.
Correlations of the Seifert galaxies of the first type and
LINERs with cosmic rays do not exceed correlation expected
for the isotropic distribution. Only S2 and H2 objects correlate
with UHECRs (with the maxima at E > 50 and E > 70 EeV,
respectively). The excess of the observed number of coincidences over the number expected for the isotropic distribution
is 4.7σ and 3.7σ in the maxima for S2 and H2, respectively.
Therefore, possible sources of UHECRs are Seifert galaxies
of the second type and/or H2 objects at distances less than
100 Mpc.
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Investigation of primary cosmic ray spectrum
shape by means of EAS muon density technique
I.I. Yashin, A.G. Bogdanov, D.V. Chernov, D.M. Gromushkin, R.P. Kokoulin, G. Mannocchi,
A.A. Petrukhin, O. Saavedra, V.V. Shutenko, G. Trinchero

Abstract—Results of the study of primary cosmic ray flux
features in the energy range 1015 – 1018 eV by means of the
spectra of local density of muons at Experimental complex
NEVOD-DECOR are presented. Experimental distributions and
spectra obtained on the basis of muon LDFs calculated with
CORSIKA code are compared. Possibilities of a new technique of
event analysis based on the estimator of effective primary energy
for CR flux characteristics study are discussed.

1. INTRODUCTION

A

T energies above 1015 eV, the only source of information
on primary cosmic rays and their interactions are
extensive air showers (EAS) detected at the Earth surface. A
quantitative interpretation of observational results is model
dependent and EAS analysis involves many unknown
functions: primary CR energy spectrum and composition,
extrapolation of hadronic interaction description into UHE and
EHE region, and others. As a result, in spite of significant
efforts to solve many puzzles of primary CR spectrum (slope,
composition, “knee”, “second knee”, “ankle”, GZK cutoff,
etc.) there are many questions open till now. Therefore, any
new approach to the analysis of detected EAS components
together with data on other EAS observables allows to put new
constraints on combinations of spectrum, composition and
interaction models. Such an approach for investigations of
UHE cosmic rays in very wide primary energy range from 1015
to 1019 eV based on the ground-level measurements of the
spectra of local density of EAS muons at various zenith angles
was proposed and developed recently [1 - 3].
At large zenith angles, the transverse area of the showers
(mainly muons at ground level) generated by UHE primary
particles exceeds square kilometers. Hence, muon detector
may be considered as a point-like probe and capability of UHE
primary particles detection is determined not by size of the
setup but by effective EAS dimensions in a plane orthogonal to
the shower axis. In this case the observed muon bundle
multiplicity m is related to the local muon density D (measured
I.I. Yashin, A.G. Bogdanov, D.V. Chernov, D.M. Gromushkin,
R.P.Kokoulin, A.A. Petrukhin and V.V. Shutenko are with Moscow
Engineering Physics Institute (MEPhI), 115409, Moscow, Russia. E-mail:
IIYashin@mephi.ru
G. Mannocchi and G. Trinchero are with Istituto di Fisica dello Spazio
Interplanetario, INAF, 10133, Torino, Italy
O. Saavedra is with Dipartimento di Fisica Generale dell Universita di
Torino, 10125, Torino, Italy.

in particles/m2) as D ∼ m/Sdet. Contribution to the flux of
events with a fixed local density is given by the showers with
different primary energies detected at different distances from
the axis; however, due to a fast decrease of cosmic ray flux
with the increase of energy, the effective interval of primary
particle energies appears relatively narrow [2]. Fixed muon
densities at different zenith angles correspond to substantially
different primary energies; at that, event collection area
increases with zenith angle. It provides a unique possibility to
study CR characteristics in a very wide range of primary
energies.
Without taking into account fluctuations of the shower
development, the integral spectrum of the events in local muon
density may be written as:
∞

r
F (≥ D) = ∫ N (≥ E ( r , D )) dS ,

(1)

0

r
where r is the point in the transverse section of the shower,
N( ≥ E) is the integral primary energy spectrum, and the
minimal primary energy E is defined by the equation
r
r
ρ ( E , r ) = D , where ρ ( E , r ) is muon LDF in a plane
orthogonal to the shower axis. Differential spectrum can be
obtained as derivative of expression (1):
r
(2)
dF / dD = ∫ ( dN / dE ) dS / [ d ρ ( E , r ) / dE ] .

Preliminary analysis of local muon density spectra (LMDS)
characteristics [1 - 3] has shown that spectra exhibit a power
type behavior with index β somewhat steeper than that of
primary particles (β = γ/κ ~ 2; κ ~ 0.9). Similar to the spectrum
of EAS in the total number of muons Nµ, it increases in
absolute intensity for heavier nuclei. Selection of the events by
muon density enhances the sensitivity to the central part of the
shower, therefore the measured distribution is sensitive to
primary CR composition and to the features of VHE hadronnucleus interaction, especially in the forward kinematical
region.
In the present paper, the results of the analysis of
experimental data on muon bundles detected by means of the
NEVOD-DECOR complex on the basis of a new
phenomenological EAS observable - local muon density
spectra - are described. Experimental spectra of local muon
density are compared with expected distributions obtained
with the CORSIKA code for certain models of spectrum,
composition and hadron interaction. A special attention is paid
to the behavior of LMDS in those regions of muon density and
zenith angles for generation of which primary particles with
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energies in the ranges 1015 - 1016 eV (spectrum “knee”) and
around 1017 eV (second “knee”) are responsible.
2. EXPERIMENTAL
Experimental local muon density spectra were obtained on
the basis of the data on muon bundles accumulated during
experimental runs with the NEVOD-DECOR complex in 2002
– 2007 (Fig. 1). The coordinate detector DECOR [4]
represents a modular multi-layer system of plastic streamer
tube chambers with two-coordinate external strip readout,
arranged around the Cherenkov water calorimeter NEVOD
with volume 2000 m3 [5].
Fig. 2: Example of muon bundle event in the coordinate detector (19 quasiparallel tracks, 86º zenith angle). Dark points represent hit strips. Left: Y coordinate (azimuth angle measurements); right: X-coordinate (projected
zenith angle)

The event selection procedure includes several stages:
trigger selection; soft program selection; scanning of muon
bundle candidates, final event classification, and track
counting by operators. More detailed description is presented
in [1 - 3]. Selection of event was conducted separately for
different ranges of θ и m (see Table 1).

Fig. 1: General layout of NEVOD-DECOR complex.

The side part of DECOR includes eight 8-layer assemblies
(supermodules, SM) of chambers with total sensitive area 70
m2. Angular accuracy of reconstruction of muon tracks
crossing the SM is better than 0.7° and 0.8° for projected
zenith and azimuth angles, respectively. At large zenith angles,
the EAS reach the setup practically as pure muon component.
In these conditions muon bundle events have a very bright
signature, and their interpretation is unambiguous (Fig. 2). To
suppress the residual soft EAS component, for zenith angles <
75º only events in limited intervals of azimuth angle (with
DECOR SMs shielded by the water tank) are selected.
It gave possibility to select muon bundles starting from 30º
and from a minimal multiplicity determined by trigger
conditions (m ≥ 3).

Fig. 3: Integral distributions in muon bundle multiplicity for different zenith
angle intervals.

TABLE I
STATISTICS OF MUON BUNDLE EVENTS
m

θ°

≥3

30 - 60

≥5

30 - 60

≥ 10

30 - 60

≥3

≥ 60

≥5

≥ 60

≥ 10

≥ 60

≥ 10

≥ 75

ϕ°
120 ≤ ϕ < 160;
200 ≤ ϕ < 240
120 ≤ ϕ < 160;
200 ≤ ϕ < 240
120 ≤ ϕ < 160;
200 ≤ ϕ < 240
120 ≤ ϕ < 160;
200 ≤ ϕ < 240
120 ≤ ϕ < 160;
200 ≤ ϕ < 240
120 ≤ ϕ < 160;
200 ≤ ϕ < 240
0 ≤ ϕ < 360

Live time, h

No. events

758

18137

1296

8864

2680

3272

1552

4109

10102

6786

19922

2013

19922

395

Fig. 4: Distributions in zenith angle for different minimal muon bundle
multiplicity
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Muon bundles selected in different zenith angle and
multiplicity intervals correspond to different ranges of primary
energy. In Fig. 3, the integral distribution in muon bundle
multiplicity for different zenith angle intervals is shown. The
distributions in zenith angle for different minimal muon bundle
multiplicities is presented in Fig. 4. As a whole, experimental
muon bundle data cover about 6 – 7 decades in the event
intensity.
Reconstruction of LMDS from the observed characteristics
of muon bundles represents iterative deconvolution of the
measured distributions to detector-independent spectra of local
muon density for several zenith angle intervals and is started
from estimation of parameters of a spectrum model in a
following semi-empirical form:
(3)
dF0 ( D,θ ) / dD = C ⋅ D − ( β +1) cosα θ ,
where α ~ (4.5 - 4.8) was found from the fit of LMDS
distributions in zenith angles by power law function of cosθ. In
more detail, the procedure of experimental estimation of
LMDS is described in [1].
3. L O C AL D E N S IT Y S P E C TR A O F E AS M U O N S

Fig. 5. LMDS for different zenith angles. Points - DECOR data; curves calculations. a) θ = 35°; b) θ = 50°; thin line represents partial fit of the data
between 1016 and 1017 eV; c) θ = 65°; two lines represent partial fits of the
data below and above 1017 eV; d) θ = 78°

The measured and calculated differential LMDS multiplied
by D3 for zenith angles 35°, 50°, 65° and 78° are presented in
Fig. 5. The points are obtained from different sub-sets of the
experimental data summarized in Table 1.
The curves correspond to results of calculations of LMDS
on the basis of two dimensional muon LDFs simulated by
means of CORSIKA code (v. 6.500 and 6.600) [6] for fixed
zenith angles, a set of primary energies (from 1014 to 1019 eV,
one point per decade), pure protons and pure iron nuclei as
primary particles, and two combinations of hadron interaction
models: QGSJET01c + GHEISHA2002 and SIBYLL2.1 +
FLUKA2003.1b. Calculations have been performed with
consideration of the Earth magnetic field, which significantly
decreases muon density in the central part of the shower [7]
and influences the intensity of events selected by muon density
[8]. As a reference model of the primary flux, a power type allparticle differential spectrum in the form dN/dE = 5.0 × (E,
GeV) − 2.7 cm-2 s-1 sr-1 GeV-1 below the knee energy, steepening
to (γ + 1) = 3.1 above the knee (4 PeV) was used. This
spectrum is close to MSU data as given in [9] and is not much
different from other experimental data around the knee.
Arrows in the upper part of the figures indicate estimated logaverage primary energies responsible for generation of muon
bundles with given densities; these estimates only slightly
depend on primary particle type and interaction model.
At moderate zenith angles (35°, Fig. 5a), the steepening of
the spectra related with the knee is seen both in data and
calculations; a reasonable agreement (including the absolute
normalisation) of DECOR data with CORSIKA-based
simulation is observed. Data for 65° (see Fig. 5c) correspond
to intermediate primary energies (about 3 – 500 PeV). In this
angular interval, the behavior of experimental LMDS
demonstrates a trend to a heavier composition and a hint for an
increase of the slope near 1017 eV: partial fits of the data above
and below this energy (thin lines in the figure) give ∆β = 0.20
± 0.10. Fit of the “tail” of the experimental spectrum for 50°
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has practically the same slope (see Fig. 5b) as the part of the
spectrum for 65° before the second knee. It allows to exclude
the version about systematical origin of the second knee of
local density spectrum. Large multiplicity events in the last
angular interval (m ≥ 10, θ > 75°) correspond to energies
around 1018 eV (see Fig. 5d). Experimental LMDS
qualitatively agree with the expected distributions, but in
absolute intensity they are near the limit of the curves
calculated on the basis of QGSJET model for iron nuclei.

(1016 - 1018 eV) the dependences in Figures 7 and 8 are well
approximated by power law functions:
(4)
(EEST /E0 )=(D/D0 )1.07 ⋅ (sec θ / sec θ0 )3.8 .

4. C O M B IN E D E S T IM AT O R O F P R IM AR Y E N E R G Y
The preceding analysis was based on LMDS obtained in
relatively wide bands of zenith angle. However, the effective
energy of primary particles strongly depends on zenith angle.
To enhance the sensitivity to the shape of primary CR
spectrum (first of all, to verify the existence of the “second
knee”) an event-by-event analysis on the basis of a combined
estimator (muon density and zenith angle) of primary particle
energy EEST was performed.
In Fig. 6, results of calculations of the average logarithms
of the energy of primary particles that give contribution to
events with a given local muon density D for several zenith
angles (labels near the curves) are presented. The polygons in
the figure outline the regions corresponding to selection of
muon bundles of different categories. The lower limit of
accessible primary energies corresponds to about 1015 eV and
is determined by low muon densities in such EAS.

Fig. 7: Dependence of average logarithm of primary energy on lg(D) for
different zenith angles

Fig. 8: Dependence of average logarithm of primary energy on lg(cosθ) for
different muon densities

Taking as a reference point the energy E0 = 108 GeV and
zenith angle θ0 = 65° we can find (by interpolation of
calculated curves) D0 = 0.377 m-2. In this case, the expression
(4) for primary energy estimation may be re-written as follows:
Fig. 6: Average logarithms of primary energies responsible for events with a
given local muon density for various zenith angles (see the text)

On the other hand, statistical limitations appear around 1019
eV, since the flux of events with such primary energies
becomes low. As it follows from Fig. 6, for every event with
some set of observables (m, θ, φ) it is possible to attribute a
certain effective primary energy.
Results of calculations of <lg(E, GeV)> for primary protons
(in frame of above assumptions about energy spectrum and
QGSJET01 model) are presented in Figures 7 and 8 as
functions of lgD and lg(cosθ). In certain ranges of densities
(0.05 - 2.0 m-2), zenith angles (40 - 80°) and primary energies

lg( EEST , GeV) =
8.00 + 1.07 (lg D + 0.424) - 3.80 (lg cos θ+ 0.374) .

(5)

This function reproduces calculation data in the above ranges
of densities and zenith angles with accuracy better than 2% (in
energy), and it is used for event-by-event analysis with primary
energy estimator EEST(m, θ, ϕ). In Figure 9a, experimental and
expected distributions of estimates of energy responsible for
generation of muon bundles with multiplicities 5 ≤ m ≤ 55 and
zenith angles 40º ≤ θ ≤ 80º are presented.
Expected distributions were calculated for a constant index
of LMDS β = 2.13 (without the knee). Experimental
distribution is in a good agreement with expected one. The
ratio of experimental and calculated distributions is shown in
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Figure 9b. A smooth slope variation around EEST = 107 GeV
(close to the first knee) and a hint for increasing of the slope at
EEST > 108 GeV are clearly seen. This ratio was fitted by
different power law functions for different intervals of EEST.
Fitting results presented in Figure 9b evidence for a gradual
increase of the power law index in the given range of EEST.
However, it should be noted that the difference of indices
obtained around 108 GeV (∆β = 0.06 ± 0.04) is appreciably
less than the value obtained as a result of partial fits of
differential local muon density spectra for zenith angle 65º (∆β
= 0.20 ± 0.10).

steepening of spectrum around 108 GeV but with a smaller
change of the slope. As a whole, we can conclude that the
comparative analysis of experimental and expected LMDS
gives a possibility to study features of spectrum and
composition of primary CR and characteristics of hadron
interaction in a wide energy range (three decades of primary
particles energy) on the basis of a single technique and by
means of a single experimental setup.
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5. CONCLUSION
Analysis of local muon density spectra for different zenith
angles revealed some important features of the spectrum
shape: steepening of LMDS related with the knee of primary
CR spectrum at PeV energies; a trend to a heavier
composition; a hint for an increase of the slope near 108 GeV.
To obtain additional information about these features, a new
technique based on a combined estimator matching a certain
muon density and zenith angle with an effective energy of
primary particle was applied. This method also reveals the
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Heavy Cosmic Ray Nuclei from Extragalactic
Sources above ”The Ankle”
Tadeusz Wibig1 , Arnold W. Wolfendale2

Abstract— A very recent observation by the Auger Observatory
group [1] presents evidence for cosmic rays above 5.6×1019 eV
- (56 EeV) being ’predominantly protons’ from Active Galactic
Nuclei. If, as would be expected, the particles above the ankle
at about 2 EeV are almost all of extragalactic (EG) origin then
it follows that the characteristics of the nuclear interactions of
such particles would need to be very different from conventional
expectation – a result that follows from the measured positions
of ’shower maximum’ at somewhat lower energies where mass
measurements using conventional nuclear interaction models
indicate hlnAi ' 2.5.
In our own analysis we study to what extent the Auger results
could, indeed, give such a mean value for hlnAi rather than a
much smaller one. We conclude that they can, and the need for
a dramatic change in the nuclear physics disappears.

I. I NTRODUCTION

[1] point out, the distribution is not isotropic and, furthermore,
their analysis shows that the arrival directions of many are
correlated with AGN out to about 70 Mpc.
Our own analysis, to be described, is an alternative in that
it considers the possibility that half of the detected particles
may have come from just 3 ‘nearby’ sources. If this is true
then, adopting a particular model for the magnetic field in
the intergalactic medium (IGM), it is possible to estimate
roughly what the mean mass (hln Ai) might be. Alternatively,
we can ask the question, assuming the conventional mean
mass, hln Ai ' 2.5, is the magnetic field ‘reasonable’, bearing
in mind the uncertainties in its derivation. In fact, concerning
the latter remark, it is not essential to assume the presence of
the 3 ‘sources’ but simply to examine if ‘medium nuclei’ are
allowed by the data.

The impressive results from the Auger Observatory are
shown in Figure 1, where we have indicated the energy ranking
by the size of the ‘circles’. It is evident that, as the authors

Fig.1 Auger source map showing possible ’sources’ A, B and C [1]. The energy threshold is 57 EeV.

We start by discussing the role of the ankle in the spectrum
(i.e. the sharp change of slope at ∼ 3 EeV) insofar as it is
germane to the argument, the relevance of previous searches
1 Univ. of Łódź and Sołtan Inst. Nucl. Stud., Uniwersytecka 5, 90-950 Łódź,
Poland., wibig@zpk.u.lodz.pl
2 Department of Physics, Durham University, Durham, DH1 3LE, UK

for ‘discrete’ sources and the problem with nuclear physics.
It has long been suggested that the cosmic ray particles
above the ankle are extragalactic (e.g. [2], [3]); indeed, some
believe that the transition starts at an even lower energy than 2
EeV (e.g. [4]). There have been many claims for EG ’signals’
from specific sources (e.g. [5]) but, apart for rather strong
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evidence for particles from the VIRGO cluster (the centre of
the supercluster in which we are situated) the results have been
conflicting. There were thus high expectations for the results
from the very large Auger Observatory and such result, based
on an exposure (area times time) exceeding the sum total of
the world’s data have recently appeared [1]. Figure 1 shows
the results and it is evident that there is ’clumpiness’ in the
arrival directions as already mentioned.
The Auger conclusion that the primaries are ‘predominantly
protons’ is based on the contention that the deflections in the
intergalactic medium (IGM) and the Galaxy would nullify the
coincidences for heavier nuclei.
Although not stated, the need for a change in the nuclear
physics would appear to follow from examination of the
world’s data (and their own e.g. [6], [7]) on the depth of
shower maximum, which indicate hln Ai ∼ 1.5±0.5 at 10 EeV
and ∼ 2.5 ± 0.5 at 40 EeV, the highest energy point plotted
in the Auger results. With the conventional nuclear physics
model, protons (hln Ai = 0 ) are ruled out for the particles
above 56 EeV. If true, this result would arguably be more
important than the demonstration that AGN are responsible
for the ultra high energy particles (the depth of maximum
problem is considered in more detail, later).
This, then is the problem addressed here: Are ’medium
nuclei’ (hln Ai = 2 ÷ 3) ruled out?

φ(E)/φankle × E

2.6

a)

E

φ(E)/φankle × E

2.6

b)

II. T HE A NKLE

E

(eV)

2.6

c)

φ(E)/φankle × E

As remarked already, and referred to by us in several
publications (eg. [8]) we consider that this feature marks
the transition from a mainly Galactic (G -) to a mainly
Extragalactic (EG -) origin. Some others have it as a property
of EG protons and a demonstration that this is the case
would clearly support the Auger contention. We have made
many arguments against the EG protons/ankle hypothesis (eg.
[8]) and these are strengthened from observation of the Auger
energy spectrum reported in [7]. The ankle is so sharp as to
make its explanation in terms of E - p quite untenable.
The situation can be seen by reference to Figure 2. A
two component spectrum with the spectra Galactic (G -)
and Extragalactic (EG -) crossing sharply, as in Figure 2a,
clearly gives a sharp ankle. The EG protons alone, spectrum
(Figure 2b) has too smooth a transition; in fact, various factors
would make the transition smoother still for such a model [8].
Figure 2c refers to one of our variants [8]; specifically, origin
of ultra high energy cosmic rays (UHECR) in quasars. It is
our contention that the actual form of the spectrum can be
used to define the best fit spatial distribution of the sources as
a function or red shift Q(z) see [8]. The rather sharp fall in
the Auger spectrum at about 40 Eev has relevance here, as will
be discussed in more detail elsewhere. At present a possibility
is that heavy nuclei are involved,indeed,this is the basis of our
following arguments. In fact the prediction shown,which is for
protons alone, would need to be displaced downwards to allow
for ’heavy’ nuclei at energies below 20 EeV,too.

(eV)

E

(eV)

Fig. 2. The Auger energy spectrum [7] in comparison with various predictions
a. Our model fit [8] where the Galactic (G -) and Extragalactic (EG -) spectra
are simple power laws;
b. Comparison with EG protons only model of [4];
c. Comparison with our Q2 model for protons [8];
The shortage above 10 EeV would be covered by heavier nuclei.
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xmax

radio spectrum. The Auger workers allocate 2 of the nearby
particles to it but we would argue that the 8 particles within
20◦ of CEN-A could well be due to it. Arguments in favour
of the increased number of particles [7] having come from
CEN-A can be listed:

FE [Bird et al. (1993)]
QGSJETII-03
QGSJET1.0
EPOS1.6
SIBYLL2.1

i. We often find elliptical patterns as a result of propagation
characteristics. Indeed, the median ratio of maximum to
minimum extent is ∼ 6.
ii. The radio source has a long jet in the direction of the
longer axis.
iii. It is true that there is an excess of AGN in the general
region ‘above’ (i.e. at higher latitudes than) CEN-A and
thus there should, perhaps, be contributors to the cosmic
ray flux from some of them but there are other regions
with many AGN but no detected high energy cosmic rays.

proton
iron
- PAO [7]
- HiRes [9]
- Fly's Eye [11]
- Yakutsk [12]

E (eV)
Fig. 3. Depth of shower maximum versus energy measured by different
experiments compared with different model predictions.

III. T HE D EPTH OF S HOWER M AXIMUM
Measurements over many years have shown that the depth
of maximum increases with increasing energy and its value is
roughly mid way between expectation for ’all protons’ and ’all
iron’ for essentially all the nuclear models to date. With their
superior statistics and analysis, the Auger work [7] has shown
that there is structure in the energy dependence, with a feature
near the ankle energy. Figure 3 shows the results and Figure 4
shows the resulting hln Ai from our analysis. It is interesting
to note that the HiRes EAS array shows a similar feature:
an Xmax change close to the ankle [9]. A relevant matter
to consider now is the expected mass composition before
the ankle. This cannot be anywhere near mainly ’protonic’
because of the lack of the large anisotropies favouring the
Galactic Plane that would occur for protons, as shown by us
in a previous detailed analysis [10]. Thus, the nuclear physics
models should not be too inaccurate here. Were the particles to
be mainly protonic only above the ankle, the change in nuclear
physics model would need to take place over half a decade of
energy, at most, and we consider this to be unphysical.
At this stage, it can be remarked that, in fact, the
Auger Xmax results would give too high an anisotropy at
1EeV,where the particles are of Galactic origin because of the
significant flux of very light particles. The lower Xmax values
measured by most others would not [10].
IV. T HE ARRIVAL

The case for more ‘nearby’ sources on the basis of clustering
of arrival directions is not strong but we have tentatively
identified 2, denoted B and C in Figure 1. it is necessary to
point out, however, that the argument to be advanced does not
depend crucially on the legitimacy of B and C.
Although there is an excess above chance of coincidences
with AGN in general the statistics will be made worse when
the CEN-A events are removed. It is instructive to make an
estimate of how many particles might have been expected to
be seen by Auger from VIRGO. Including the difference in
collection efficiency, a factor ∼ 2.5, we would expect to see,
for a single CEN-A source at the distance of VIRGO, about 0.3
events,therefore there are less than a few CEN–A type galaxies
amongst several thousand galaxies, and probably ∼ 10 AGN

Fe
Si

〈lnA〉

QGSJETII-03
QGSJET1.0
EPOS1.6
SIBYLL2.1

C

CEN-A

He

Mean

〈A〉

p

DIRECTIONS

E (eV)

A. CEN–A
Returning to Figure 1, together with the Auger authors, we
are impressed by the signal from Centaurus-A (CEN-A), a
long favoured source with its double jet, high power and flat

Fig. 4. hln Ai vs energy from our analysis of the Auger results and different
models. Most other Xmax values from Figure 3 would give higher mean
masses.
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in that cluster. Were all AGN like CEN-A we would expect to
see ∼ 3 events here. This, not unexpected, variability of output
in CR amongst AGN of different types coupled with the lower
detection efficiency of distant AGN and not to mention their
time variability tends to give problems for an analysis in
which coincidences are sought between a non homogeneous
set of AGN and UHECR. In fact, there was a prior likelihood
of large radio galaxies rather than AGN in general being
likely sources or UHECR for two reasons:
a. the likely detection of M87,(see Figure 1) a radio galaxy
with a pronounced jet in the Northern hemisphere, [3]
and,
b. the obvious need for a type of source with large linear
dimensions and, preferably radio spectra with small exponent indicating, for electrons at least, flat energy spectra.
It is necessary to see if there is further support for the
argument that radio galaxies may be important sources of
UHECR. Those giving the highest radio fluxes at earth are,
in order of increasing distance from earth:
• CEN-A (NGC 5128) at 4.9 Mpc
• VIRGO A (NGC 4486, M87) at 16.8 Mpc
• and FORNAX (NGC 1316, ARP 154) at 16.9 Mpc
Thus, the last mentioned may be relevant in the UHECR
search.
B. ’Source B’
In the list just given, the first two have been mentioned
already. FORNAX itself is seen to be not far from the
’Source B’ but probably too far to be physically associated.
However, it is in the FORNAX cluster and this has galaxies
extending across to l, b: 200◦ , −40◦ . Most notable is that of the
radio sources with flat radio spectra (associated with elliptical
galaxies), [13] the flattest, with exponents ∼0 and 0.1, are
near to Source B. They are NGC 1052 and NGC 1407 at l, b,
distance: 182◦ , 58◦ ; 17.8 Mpc and 209◦, −50◦ , 21.6 Mpc.
We conclude that there are reasonable contenders for
’Source B’.
C. ’Source C’
The evidence for this ’cluster’ of UHECR arrival directions
being associated with a single known source is not strong.
There are no obvious candidates. There are only a few
’normal’ galaxies within 20 Mpc [14], [15] although there
is a nearby galaxy within 5 Mpc. Presumably a source further
away is responsible? A possibility is the cluster at ∼ 30
Mpc [14] known as the ‘Pisces-Austrinus spur’ and this will
be tentatively adopted. it must be said, however, that at this
distance the number of other ‘sources’ which might have been
expected to have been seen starts to grow.
D. Other Source Complications
Its well known that many AGN are time variable (and CENA is no exception). Thus, in view of transit time differences
between UHECR and protons for very distant sources, the
optical and UHECR sky may differ. It is interesting to note
that nearby colliding galaxies (some of which go on to produce

AGN) have not (yet) been seen (see [15] for previous work).
In addition, to the different types of AGN their distances
are clearly of great relevance; thus, catalogues are needed
of putative claims for coincidences giving particle energies
and AGN distances (and types). It can be remarked at this
stage that the term ’Active Galactive Nuclei’ is perhaps a
misnomer to describe the UHECR sources. Many of the
large radio sources have ceased to have active nuclei by
the time the radio jets are seen.
V. T HE

CASE FOR , OR AGAINST, NON PROTONS

A. Acceleration Mechanisms
Starting with acceleration, there is an obvious advantage
in accelerating high Z particles insofar as the commonly
considered acceleration mechanisms operate, with a rapidly
falling energy spectrum, to some maximum rigidity. Thus,
provided there is an adequate pool of pre-accelerated nuclei,
say up to iron, such non protons should be at an advantage.
There is a similar situation in the tens of thousands of GeV
region, where the mean mass increases with energy [16].
B. Angular deflections in the Galaxy
In [1] it is pointed out that the deflections in the Galactic
magnetic field do not allow the incoming nuclei to maintain
their common direction. This is true, but there are two points
that should be made here:
a. For CEN-A the trajectories are very largely along the
coherent magnetic field direction (the Sagittarius Arm).
b. Calculations by us for the random field, using the parameters of field strength and reversal length [17], [18], yield
a median deflection of 0.72 degrees, again for CEN-A.
Allowing a spread of arrival directions of 10◦ rms radius
from CEN-A would allow a mean charge as high as 14
if there were no deflection in the IGM.
Turning to ’Source B’ at l ∼ 190◦ , b ∼ 60◦ , the direction
gives paths mainly in our weak ’spur’.
Finally, for ’Source C’ at l ∼ 60◦ , b ∼ 45◦ , again the
direction is along a spiral arm, specifically along the inter arm
region between the Orion and Sagittarius arms where the
magnetic field is lower, as well as being mainly ineffectual
because of direction. Furthermore, the length of path through
the irregular field is smaller than that for CEN-A (by a factor
sin sin 19◦ / sin 45◦ = 0.46).
C. Angular deflections in the IGM
Uncertainty in the magnetic properties of the IGM is
probably the biggest problem in the determination of the
origin of the UHECR. In a simple model in which the field
is characterised by a mean field B and a ’reversal legnth’
L a number of authors have given the rms deflection, θ,
for a source at √
a distance D. Our own analysis [15] gives
θ(deg) = 510 B LD E −1 where B is in µGs, L and D are
in Mpc and E, the particle energy, is in units of 100 EeV.
Other workers [19], [20] give relations within a factor 2 of
the above (the difference relates to the meaning of ‘B’).
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TABLE I
M EDIAN EXPECTED DISPLACEMENTS ( IN DEGREES ) FOR PROTONS FROM
THE SOURCES INDICATED , AND THEIR ’ TOTAL’, I . E . ADDITION IN

δ>E

QUADRATURE .

100

C OMPARISON WITH OBSERVED DISPLACEMENTS GIVES AN

ORDER OF MAGNITUDE ESTIMATE OF THE PARTICLE CHARGE ,

15

Source

CEN–A
Source B
Source C

5 Mps

Distance
(Mpc)

Galaxy

IGM

Total

5
20
33

0.7
0.46
0.48

1.1
2.2
2.8

1.3
2.2
2.8

Median
displacement
observed
10
6
10

Z.
Z
7.7
2.7
3.6

us unlikely that for our assumptions about the magnetic fields
and the clusters, the true value is outside these limits; certainly,
hln Ai = 0 appears not to be needed.

E

VII. C ONCLUSIONS

(eV)

Fig. 5. Integral distribution of the root mean square angular deflection (δ in degrees) for protons of energy greater than E from CEN–A (line labeled
5 Mpc) and the distributions for 15 Mpc and 100 Mpc distant sources for
comparison. A universal mean field has been adopted [21]

Under the assumption of equipartition of the energy densities of UHECR and magnetic field a mean field of 2-3 nG is
indicated. However, there will be big variations from region
to region, most specifically in and near galaxy clusters. The
VIRGO direction is a case in point; in [15] it is shown that for
a source in VIRGO, the deflection could well be some three
times the ‘average’ value.
In what follows we use a model put forward by one of
us [21] in which a Kolmogorov distribution is adopted for
the scattering elements, with maximum and minimum linear
dimensions of 0.01 to 2 Mpc and a mean field of 2 nG. The
characteristics satisfy the condition from
√ observation (referred
to in [1] and elsewhere) that hBrms i L < 10−9 G Mpc1/2
where L is, as before, the effective field reversal length. It
is appreciated that our scattering estimates are very imprecise
but we regard them as the best available at the present time,
particularly for the direction to CEN-A, which is far enough
away from the enhanced field region approaching the VIRGO
cluster.
Figure 5 shows the distribution of root mean square deflections for protons from 3 different distances and energy greater
than E. The calculations were made by way of a Monte Carlo
technique adopting the field model just described.

We conclude that it is probably not necessary to change the
nuclear physics of high energy interactions at energy above
60 EeV, or so.
The way forward in the analysis of the Auger results is
to endeavour to check the hypothesis that ’nearby’ (within
some 10s of Mpc) flat spectrum radio galaxies are responsible.
Identification will clearly rely on examination of the allotted
energies to events within clusters as a function of radial
distance from the possible source. Individual Xmax values
need treating in the same manner.
A complication, affecting all searches, is the fact that the
distant source may not be seen optically to be ’still on’ when
the particles arrive, [20]. Typical transit times of 105 years
(over and above the light travel times) are not unlikely.
It remains to examine the situation if the Auger claim for
coincidences with AGN is correct and, as is possible, the IGM
fields are so low that the Extragalactic magnetic deflections are
negligible. With the small Galactic deflections predicted in our
analysis (e.g. Table 1), for a mean deflection of 3◦ the mean Z
would be about 5. The value of hln Ai follows as 2.3, a result
in the region of that found in our own more complex analysis.
It should be remarked that we envisage a range of masses
for the primary particles with some protons and some heavy
nuclei, however, the fraction of the latter may well be very
small in view of the small fraction of AGN not close to
UHECR. Surprisingly, perhaps is the fact that the highest
energy particle, at 148 EeV, from `, b: −57.2◦, +41.8◦ which
is unlikely to be deflected by more than 0.2◦ in the Galactic
magnetic field (if a proton) is not associated with an AGN. It,
at least, seems likely to be more massive than a proton.

VI. A PPLICATION TO THE UHECR M AP
Our method is to use the order of magnitude values of the
median angular deviations from Figure 1, to give the expected
median values of Z. Converting the mean value for the sources
to an effective mass (A = 2Z) gives our estimated hln Ai. This
is then shown on Figure 4.
The value for CEN-A, the best identified source, is seen to
be hZi = 6.3 and hln Ai follows as ∼ 2.5. Taking the mean
of all three gives hZi = 3.8 and hln Ai = 2.0. It seems to
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Cosmic ray spectrum and mass composition in the
ultra-high energy domain
S. P. Knurenko1 , A. A. Ivanov2 , A. V. Sabourov3 , E. G. Berezhko4

Abstract— In this work we present cosmic ray spectrum (CR)
and mass composition data obtained from Cherenkov radiation
measurements at the Yakutsk EAS array. Mass composition was
determined from the maximum of shower development Xmax .
The energy dependence of Xmax was compared to simulation
results (EPOS and QGSjetII-03) for p and Fe primaries. Within
the framework of these models and superimposition method, an
estimation for mass composition of cosmic rays was made in
energy region of 1017 − 5 × 1019 eV. At E0 = 1017 eV, hlog Ai
value is 1.5 − 2.5. Discrepancy in estimated values results as
from precision of Xmax measuring in various experiments, so
from sistematics arising from the chosen hadronic model. Two
scenarios were considered for interpretation of the obtained
result: 1)CR spectrum is generated by supernovae remnants
(SNRs) and dominates at 1017 eV, at higher energies spectrum
is formed by particles of metagalactic origin (dip-scenario);
2)Spectrum is composed of three components: CR from SNRs,
galactic cosmic rays modulated by galactic star wind near 1018 eV
and metagalactic CR with hard spectrum above 1018 eV (anklescenario). It is shown that energy dependence of CR mass
composition better fits to the ankle-scenario, while spectrum is
well-described by the dip-scenario. The unambiguous answer to
this question requires more precise experimental data on mass
composition and further theoretical research.

I. I NTRODUCTION
The origin of cosmic rays (CR) is steel unresolved problem
in astrophysics. However, during last several years considerable progress has been achieved in this field experimentally
and theoretically as well. Recently the steepening of CR
spectrum above 3 × 1019 eV was established in HiRes [1]
and Auger [2] experiments. It is presumably Greizen-ZatsepinKuzmin (GZK) cutoff, caused by CR energy losses in their
interactions with cosmic microwave background radiation [3]–
[5]. Therefore it becomes evident that the highest energy part
of CR spectrum is of extragalactic origin.
It was also recently demonstrated [6] that CRs with energies
up to  ∼ 1017 eV are presumably produced in supernova
remnants (SNRs). Nonlinear kinetic theory of CR acceleration
in SNRs [7] not only explains the existing measurements of
CRs but also well reproduces the properties of nonthermal
emission from young SNRs produced by CRs [6], [8], [9].
It was demonstrated, that observed CR spectrum can be well
represented by two components [6]. The first one, dominated
1 Yu. G. Shafer Institute for cosmophysical research and aeronomy SB RAS,
s.p.knurenko@ikfia.ysn.ru
2 Yu. G. Shafer Institute for cosmophysical research and aeronomy SB RAS,
ivanov@ikfia.ysn.ru
3 Yu. G. Shafer Institute for cosmophysical research and aeronomy SB RAS,
tema@ikfia.ysn.ru
4 Yu. G. Shafer Institute for cosmophysical research and aeronomy SB RAS,
berezhko@ikfia.ysn.ru

up to 1017 eV, consists of CRs, produced in galactic SNRs,
whereas the second is produced in extragalactic sources.
This so called dip scenario [10] requires relatively steep CR
spectrum produced in extragalactic sources J ∝ −2.7 at least
at high energies  > 1018 eV. Here J is CR differential
intensity and  is the total energy of CR particle.
According to energetic requirements active galactic nuclei
(AGN) and gamma-ray bursts (GRB) [11]–[13] are considered
as a potential extragalactic sources of ultra high energy CRs.
However, as Berezinsky et al. [5] argued, the energy output of
GRBs has a serious problem to be considered as a main source
of extragalactic CRs. In addition, simulations of CR shock
acceleration performed by Niemiec et al. [14] demonstrated
low efficiency in the case of relativistic shocks, which are
considered as a source of CRs in GRBs. At the same time
AGNs have enough power to generate ultrahigh energy CRs
and diffusive acceleration at the outer shock associated with
AGN jet is presumably able to produce CR spectrum up to the
sufficiently high energy  ∼ 1020 eV [15]. Since this shock is
nonrelativistic the expected CR spectrum is close to the form
J/−2 , eventhough much steeper spectrum J/−2.7 , produced
by the ensemble of AGNs is also possible. Note, that based
on the data collected at the Auger EASA correlation between
the arrival directions of CRs with energy above 6 × 1019 eV
and the position of nearby AGNs has been find [16], that
strongly supports AGNs as a prime candidate for the source of
ultra high energy CRs. Note that recent analysis of the arrival
directions of CRs with energies above 4 × 1019 eV detected
at Yakutsk EASA gave the same conclusion [17].
If indeed the spectrum of extragalactic CRs is as hard
as J/−2 , then in this so called ankle scenario extragalactic
CRs dominate in the observed CR spectrum only above
1019 eV [10]. In this case except SNRs there is another galactic
CR source (component B according to Hillas definition [18])
which significantly contributes in the energy interval 1017 −
1019 eV. The most natural way to produce a smooth extension
of the spectrum of CRs created in SNRs towards the higher
energies is some kind of reacceleration process which pick up
the most energetic CRs from SNRs and increases their energy
up to a factor of 100.
It was already noted [6] that chemical CR composition is
expected to be very different in these two cases at energies
1017 − 1019 eV. Therefore the experimental determination of
CR composition at these energies is so important.
In this paper we analyze CR spectrum and composition
measured by Cherenkov detectors of Yakutsk extensive air
shower array (EASA) in order to find transition region between
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galactic and extragalactic CR components.
II. E XPERIMENT
Yakutsk EASA is the ground based experiment for the
detection of CRs with energies 1015 − 1019 eV (see [19],
for details). Its detectors cover the area of 12 km2 . The
measurements of light-integrating Cherenkov detectors can be
analyzed separately from the measurements of other detectors of Yakutsk EASA [20]. Cherenkov detectors are array
of photomultiplier tubes with light collection cones looking
upwards in the night sky, measuring the lateral distribution of
Cherenkov light at the ground level. The energy of CR primary
particle initiating extensive shower is determined in almost
model independent way using Cherenkov detectors measurements together with charged particle detectors data [21], [22].
The depth of the shower maximum Xmax is derived from
observations of lateral distribution of Cherenkov light [23]–
[26].
Knowing the average depth of the shower maximum for
Fe
protons X pmax and for iron nuclei Xmax
from simulations,
the mean logarithmic mass can be derived from the measured
Xmax according to the relation [27], [28]
hln Ai =

p
Xmax − Xmax
· ln AFe
Fe − X p
Xmax
max

Fig. 1. CR intensity as a function of energy. The dashed line represents
the Galactic component, which consists of CRs produced in SNRs [6].
The dash-dotted line represents the assumed extragalactic component, which
eg
corresponds to the source spectrum Js ()/−2.7 [10]. Experimental data
obtained in the ATIC-2 [32], JACEE [33], KASCADE [34] and Yakutsk EASA
experiments are shown as well.

(1)

This conversion requires to chose a particle interaction model.
Here we use the model QGSJET01 to determine hln Ai.
Compared with earlier considerations we present here the
most complete set of events detected at the Yakutsk EASA. At
highest energies  > 1017 eV it includes about 75000 events.
III. M ODELS
We analyze below experimental data within two, dip and
ankle, scenarios. In both cases low energy part of CR spectrum
J() is represented by particles produced in SNRs. Their
spectrum J g () and composition are calculated within kinetic
nonlinear theory (see [6] for a details).
Within the dip scenario the second CR component J eg ()
is represented by extragalactic sources, assuming that they
produce CR spectrum Jseg /−2.7 at  > 1018 eV and taking
into account the modification of this spectrum due to the
propagation effects in the intergalactic space according to
Aloisio et al [10]. Extragalactic CRs are assumed to consist
of 90% of protons and 10% of helium nuclei.
In the ankle scenario the extragalactic source spectrum is
assumed to be much harder Jseg /−2 . In this case extragalactic
component J eg () becomes dominant above the energy  =
1019 eV and therefore to fit the observed CR spectrum one
needs the third component. Since it is presumably due to
reacceleration we represent it in a following way. Instead of
JZg () for every element with the nuclear charge number Z
as in the dip scenario we use the spectrum JZ0g (), which
coincides with JZg () at () < Z
max1 and has a power-law form
with exponential cutoff

−γ



−
0g
g Z
· exp Z
(2)
JZ () = JZ (max1 ) · Z
max1
max2

Fig. 2. The same as in Fig. 1 but for the ankle scenario. Dashed line represents
galactic component, which includes CRs produced in SNRs and reaccelerated
CRs. Dash-dotted line represents extragalactic component, which corresponds
eg
to the source spectrum Js /−2 [10].

Z
at  > Z
max1 . Here max1 is minimum energy of particles
involved into reacceleration and Z
max2 is maximum particle
energy achieved during reacceleration. It is natural to assume
that these energies scale proportional to the rigidity Z
max =
Zpmax . Here subscript p denotes protons. Quantities pmax1 ,
pmax2 and γ are treated as a free parameters, which values are
determined as a result of best fit. CR acceleration by spiral
shocks in the galactic wind [29] or in the pulsar vicinity [30],
[31] could play a role of the reacceleration mechanism.

IV. R ESULTS AND D ISCUSSION
CR spectrum measured at Yakutsk EASA by Cherenkov
detectors is compared with the theoretical spectrum for dip and
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Fig. 4. Mean logarithm of the CR nucleus atomic number as a function of
kinetic energy calculated within the dip and ankle scenario are represented by
solid and dashed lines respectively. Experimental data obtained in the ATIC2, JACEE, KASCADE (QGSJET and SYBYLL [27], HiRes [36], Auger [37]
and Yakutsk EASA experiments are shown as well.

Fig. 3.
Galactic component of CR spectrum, which consists of CRs
accelerated in SNRs and reaccelerated CRs, which spectrum starts above the
energy max1 = 5 Z 1015 eV. Experimental data obtained in CAPRICE [35],
ATIC-2, JACEE, KASCADE and Yakutsk experiments are shown as well.

ankle scenarios in Fig. 1 and 2 respectively, where the data
obtained in the ATIC-2 [32], JACEE [33] and KASCADE [34]
experiments are shown as well. It is clearly seen that Yakutsk
data are very well consistent with the KASCADE data.
It is also seen in Fig. 1 that the experimental CR spectrum in
a satisfactory way is consistent with the theoretically expected
spectrum within the dip scenario [6]. Note that compared with
the source spectrum Jseg () the component Jeg(), observed
in the Galaxy, is modified by two factors. At energies  >
1018 eV the shape of J eg () is influenced by the energy losses
of CRs in intergalactic space as a result of their interaction
with the cosmic microwave background that leads to the
formation of a “dip” structure at  ∼ 1019 eV, and to a GZKcutoff for  > 3 × 1019 eV [10]. At  < 1018 eV the spectrum
J() is determined by the character of CR propagation in
intergalactic space, followed by adiabatic cooling [10]. Since
a Galactic Wind is expected to exist [29], CRs penetrating into
the Galaxy from outside are in addition subject to modulation
by the wind. This effect is described by the modulation factor
f = exp(−m /), where the maximum CR energy modulated
by the Galactic Wind is about m = 1017 eV.
According to Fig. 2 and 3 CR spectrum calculated within the
ankle scenario with pmax1 = 5×1015 eV, pmax2 = 1.5×1017 eV
and γ = 3 is less consistent with the experiment. For instance,
such a well-known peculiarity in CR spectrum as a knee at

 ' 3 × 1015 eV is much less pronounced in the theoretical
CR spectrum. This can be considered as indication against the
ankle scenario.
The mean logarithm of CR atomic number hln Ai as a
function of CR kinetic energy k is presented in Fig. 4. Due to
the dependence of maximal (cutoff) energy of CRs produced in
SNRs max ' 3 Z 1015 eV on the atomic charge number Z CRs
become progressively heavier as the energy increases from
 ∼ 1015 eV to  ' ×1016 eV, where iron nuclei contribution
is dominant. At higher energies within the dip scenario the
contribution of extragalactic CRs becomes essential, therefore
hln Ai goes down with the increase of the energy towards the
value hln Ai ' 1.5.
Essentially different CR composition is expected at energies
 > 1016 eV within the ankle scenario. In this case due to
reacceleration heavy CR composition with the dominant iron
contribution extends from  ∼ 1016 eV to about  ' 1019 eV
(see Fig. 3), as it is seen in Fig. 4. In this case the transition to
the light extragalactic component takes place at  ∼ 1019 eV.
Yakutsk EASA data as it is seen in Fig. 4 better agree
with the ankle scenario. Note however that CR composition
determined on the basis of measurements accomplished by
different instruments are not in agreement with each other.
Contrary to the Yakutsk data, HiRes [36] and Auger [37] data
reveals constant or even progressively heavier CR composition
as energy increases from 3 × 1017 eV to 2 × 1019 eV.
V. S UMMARY
Chemical CR composition determined at Yakutsk EASA is
characterized by CR mean atomic number which increases
with energy at  < 3 × 1016 eV, it remains nearly constant
hln Ai ' 2.3 at 3 × 1016 <  < 4 × 1018 eV and
progressively decreases with energy at  > 4 × 1018 eV. Such
a behavior is well consistent with ankle scenario in which
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CR spectrum consists of three components: CRs produced
in SNRs; reaccelerated galactic CRs and extragalactic CRs
with hard spectrum. On the other hand CR spectrum measured
Cherenkov detectors of Yakutsk EASA better agrees with the
theoretical spectrum, expected in the dip scenario. However
CR composition deduced from HiRes and Auger experiments
is significantly different: at energies  > 3 × 1017 eV it
reveals almost constant relatively light CR composition with
hln Ai ' 1.5. Such a rather controversial situation does not
allow to make any reliable conclusion about the transition
from galactic to extragalactic CR component. More precise
determination of CR composition at 1016 <  < 1019 eV is
needed to determine this transition.
A PPENDIX
EGB acknowledges the hospitality of the Max-Plank-Institut
für Kernphysik where part of this work was carried out. The
work is supported in part by the Russian Federation Council
for Support of Young Scientists and Leading Scientific Schools
(grant NSh-7514.2006.2) and by the Russian Foundation for
Basic Research (grants 06-02-16973, 07-02-00221).
R EFERENCES
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]

Bergman, D.R. et al. 2007, Nuclear Phys. B (Proc. Supl.), 165, 19
Yamamoto, T. et al. 2007, arXiv:0707.2638v3[astro-ph]
Greisen K. 1966, Phys. Rev. Let. 16, (17): 748-750
Zatsepin G., Kuzmin V. 1966, JETPl 4, 78-80
Berezinsky, V.S. et al. 2006, Phys. Rev. D, 74, 043005
Berezhko, E. G. & Völk, H. J. 2007, ApJ, 661, L175
Berezhko, E. G., Elshin, V. K., & Ksenofontov, L. T. 1996, JETPh, 82,
1
Berezhko, E.G. 2005, Adv. Space Res., 35, 1031
Berezhko, E.G. 2005, Adv. Space Res., 41, 429
Aloisio, R. et al. 2007, Astropart. Phys., 27, 76
Milgrom, M. & Usov, V. 1995, ApJ, 449, L37
Waxman, E. 1995, Phys. Rev. Let., 75, 386
Vietri, M. 1995, ApJ, 453, 883
Niemiec, J., Ostrowski, M. & Pohl, M. 2006, ApJ, 650, 1020
Norman, C.A., Melrose, D.B. & Achterberg, A. 1995, ApJ, 454, 60
Abraham, J. (Pier Auger Collaboration). 2007, Science, 318, 938
Ivanov, A.A. et al. 2008, JETPh Lett., 87, 185
Hillas, A.M. 2006, J. Phys.: Conf. Ser., 47, 168
Egorova, V.P. et al. 2004, Nucl. Phys. B (Proc.Suppl.), 136, 3
Ivanov, A.A. Knurenko, S.P., & Sleptsov, I.Ye. 2003, Nucl. Phys. B
(Proc.Suppl.), 122, 226
Knurenko, S.P. et al. 2006, Nucl. Phys. B (Proc. Suppl.), 151, 92
Ivanov, A.A., Knurenko, S.P., & Sleptsov, I.Ye. 2007, JETPh, 104, 870
Knurenko, S.P. et al. 2005, Int. J. Mod. Phys. A (Proc. Suppl.), 20, 6894
Knurenko, S.P. et al. 2005, Int. J. Mod. Phys. A. (Proc. Suppl.), 20,
6897
Knurenko, S.P. et al. 2005, Int. J. Mod. Phys. A (Proc. Suppl.), 20, 6900
Knurenko, S.I. et al. 2008, Nucl. Phys. B (Proc.Suppl.), 201, 175
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Spati-temporal distribution of cascade particles
below the maximum of EAS development with
E0 ≥ 1017 eV
Stanislav Knurenko1 , Zim Petrov2 , Yuri Yegorov3 , Nikolai Dyachkovsky4
Abstract— Signal from scintillation detectors in showers with
energies 1017 − 1020 eV has been analyzed. It was determined,
that for core distances ≥ 200 m the time scale of particle arrival
time at the detector constitutes 40 − 5000 ns and longer. Events
with fine structure of the signal have been observed. The pulse
consists of several peaks (for vertical showers) and a single pulse
(for inclined showers). There are some anomalous events with two
pulses wherein such a pulse shape is presented in two, three and
more detectors. A period between these pulses makes 60−350 ns.
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I. I NTRODUCTION
For many years at the Yakutsk EAS array a studies of
the pulse shape from Cherenkov and scintillation detectors
have been performed [1], [2]. Initial measurements of the
pulse shape from 2-m2 scintillation detector at the Yakutsk
array have been performed in 1975, continued in 1988-1990
and renewed in 2005. Lately, a special designed setup is
being used for this purpose, which consists of scintillation
and Cherenkov detectors and quick-response electronics. All
this allowed reconstruction of time-related characteristics of
forward and back fronts and curvature and thickness of shower
disk with a good precision. Measurements have shown that
time-base of the signal in scintillation detector can be used in
quantative analysis of EAS data, including cosmic ray mass
composition data.
II. E QUIPMENT USED FOR REGISTERING OF THE PULSE
SHAPE FROM CHARGED PARTICLES
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Fig. 1. Delayed pulses distribution (relative to the “fastest” particle) over
delay time t. Considered core distances in the range of 80 − 1500 m

Ethr. ≥ 0.3 GeV and electrons in shower. Scintillation detector
with the area 1 m2 was 1 cm thick and effectively registered
particles with Ethr. ≥ 2 MeV. For studying the spati-temporal
characteristics of Cherenkov radiation a camera obscura was
used [3].
A. Recording system and control

For measurements at the Yakutsk EAS array there were
used scintillation detectors of different areas and thickness.
Two detectors were 2 m2 and were separated by 51 m from
each other, the rest six had area 1, 0.25, 0.10 and 0.02 m2
correspondingly and were placed in apexes of a tetragon
with sides 7 and 4.5 m. One of detectors (s = 0.10 m2 )
had ceiling made of lead (thickness 10 cm), similar detector
had no top and was covered with a thin black paper. These
detectors were appointed for studying of the influence of cover
material on detector response and a ratio between muons with
1 Yu. G. Shafer Institute for cosmophysical research and aeronomy SB RAS,
s.p.knurenko@ikfia.ysn.ru
2 Yu. G. Shafer Institute for cosmophysical research and aeronomy SB RAS,
pze@ikfia.ysn.ru
3 Yu. G. Shafer Institute for cosmophysical research and aeronomy SB RAS,
yuriyegorov@ikfia.ysn.ru
4 Yu. G. Shafer Institute for cosmophysical research and aeronomy SB RAS,
nikolayakut@rambler.ru

For pulse shape recording we used an industrial computer
of increased reliability equipped with integrating board with
19 PCI slots. La-n10-m8 boards with two fast 8-bit ADconverters with 100 MHz sampling rate and 2 Mb buffer store
were plugged in these PCI slots. The computer meant for
20 ADCs. Registration is controlled by external “masters”.
Masters are generated by the main array when signals from
three noncollinear scintillation detectors spaced by 500 m
coincide (so-called Trigger-500). Masters are generated by
the small Cherenkov array when signals from three integral
Cherenkov detectors located in apexes of equilateral triangle
with side 50, 100 and 250 m coincide. After start of the
registration program, ADCs continuously convert signals from
detectors outputs and repeatedly record them into the area of
buffer memory called “pre-history”. In “pre-history” there are
stored the latest data on digitization of valid signals, period
between neighbouring counts is 10 ns. After accepting of
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Fig. 2. An example of anomalous pulse shape. Channel number 16 (detector
without ceiling). There are also double pulses in other detectors but with very
small amplitude

the “master”, signals of “master” marking and data on the
amplitude of calibration LED are recorded into the area of
buffer memory called “history”. Accepted frames of events
are formed as file record and added to initial file, created
automatically at the beginning of observation. Such selection
system allows pulse registration in showers with energies
1015 − 1019 eV.
III. R EGISTRATION RESULTS
After ∼ 18000 hours of array duty cycle it was registered
∼ 1.2 × 105 showers with energy above 1015 eV. In every
event arrival time of forward front of charged particles and
Cherenkov light, build-up time and pulse half-width were
measured and pulses from delayed particles were recorded
on time scale up to 15 mcs. Shower characteristics such
as primary energy, zenith and azimuth angles, shower size
(full number of charged particles, full number of muons with
Ethr. ≥ 1 GeV) and depth of maximum development were
estimated with scintillation and Cherenkov detectors of the
main array.
Several peculiarities were discovered in analysis as in the
shape of registered pulses, so in their time distribution. This
concerns both “young” (vertical) showers and “old” (inclined)
showers. Former ones have half-width of the pulse 200 −
250 ns, the later —150 − 180 ns. There are showers with
large amount of delayed particles and in some events time
scale notably extends up to 10 mcs.
As it follows from fig. 1, in most EAS events delayed
particles are distributed over the interval ∆t = 40−2000 mcs,
which coincides with particles picking time of ADC at the
Yakutsk array.
From the huge amount of data one can distinguish a small
group of showers with clearly visible double-peaked shape

Fig. 3. Pulse shape recorded at the core distance R = 1298 m. E0 =
1.7 × 1019 eV, zenith and azimuth angles equal to 18◦ and 78◦ respectively

(see fig. 2). Such a shape is traced as at single detector, so
at two-three detectors. Time of delay of the second group
of particles lies within 60 − 350 ns from the first one. The
number of such events is all in all ∼ 1.5 − 2% from the
total number of registered EAS events. From all mentioned
above, it is possible to classify showers by their pulse shape.
Electron-photon shower has larger pulse half-width and halfheight compared to “muonic” one. Pulse structure consists of
many saw-like peaks distributed in interval from 0 to 1000 ns
relatively to the first particle arrived at the detector (see fig. 3).
Such pulses to a greater degree reflect string nature of shower
particles generating including electron-photon component of
the shower. Such a pulse shape usually is appropriate to
vertical showers with low maximum in the atmosphere.
“Muonic” showers have round pulse peak and notably 30%
lesser half-width compared to pulse from electron-photon
shower component (see fig. 4). Judging by the pulse such
particles arrive compactly i.e. distributed in lesser time interval
from 0 to 550 ns. Such a pulse shape can be observed
in inclined showers and in showers with low maximum of
development.
It has been assumed since the very beginning that in analysis
would be considered as single detectors, so their combinations.
This is connected with the fact, that detectors have different
relative apertures on core distances and different threshold for
registering relativistic particles — 10, 5 and 2 MeV. Also, a
relation of signals from two geometrically identical detectors,
with additional shielding (Ethr. ≥ 0.3 GeV for muons) and
without one, was taken into account. Preliminary analysis of
the experimental data have shown, that scintillation detectors
with different areas have different registering efficiency. In
showers with E0 = 1017 − 1018 eV counters with s =
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Fig. 4. Pulse shape recorded at the core distance R = 1000 m. E0 =
2.4 × 1019 eV, zenith and azimuth angles equal to 56◦ and 200◦ respectively

0.1, 0.25 m2 effectively operate at core distance R ≤ 500 m
and counter with s = 2 m2 does so at R ≤ 1500 m. Thus,
smaller counters can participate in generating of the “trigger500” and larger ones — in generating of the “trigger-1000”.
It has been noted, that pulse characteristics, build-up time of
the forward front, half-width on the half-height and response
strongly depend on type of detector (geometry, method of light
gathering — direct or reflected) and on type of voltage divider
on PMT’s dynodes. It was shown in comparison of responses
from fundamentally different detectors with s = 1 m2 and
s = 2 m2 . Reaction of the scintillation counter with s = 1 m2 ,
gathering light with optical fiber mounted into the plastic
scintillator and with fast PMT “FEU-115” is 200 − 300 ns
faster than that of the large scintillation counter with s = 2 m2
and this fact makes it preferable for precise measurements
of time-related characteristics of a shower. From analysis of
showers of different energies one may conclude, that signal
in showers with energy ∼ 1017 eV is represented by the
single-peaked pulse, not unlike the pulse from inclined shower
and this fact speaks well for faster development compared
to showers with energy ∼ 1019 eV whose maximum of
development is at the depth 750 − 850 g/cm2 .
Analysis of the signal amplitude also has shown interesting
results (see fig. 5). To begin with, in some cases the amplitude
in shielded detectors is much higher, than in unshielded ones.
Preliminary analysis of such showers (E0 ∼ 1017 − 1018 eV,
core distance R ≤ 200 m) points to presence of low-energy
hadrons in a stream, which interact with shielding material
and generate a micro-shower resulting in growth of the signal
amplitude. Secondly, from the comparison of experimental
amplitudes distribution with QGSjet simulation for single
muons [4] it follows that in the range of n ≥ 5 relativistic
particles, there is an excess of registered particles over sim-

Fig. 5. Delayed pulses distribution over the amplitude A. Histogram —
the Yakutsk EAS array data. Curve – single muons (QGSjet [4]). (It should
be noted, that there are showers, where response from shielded detector with
Ethr. ≥ 0.3 GeV is bigger than that from an unshielded one)

ulated, which also requires explanation. One of versions —
generating of Cherenkov radiation in glass of the PMT’s
photocathode, which we observed in special experiments with
closed Cherenkov detectors at R ≤ 125 m from the core in
showers with energies 1017 − 1019 eV. It should be stressed
out, that portion of such events is rather small and makes about
3%.
A. Forward and rear EAS front. Thickness and curvature of
the shower disk.
On fig. 6 time-related shower characteristics are shown,
obtained in measurement of charged particles and Cherenkov
photons arrival times at the detectors of the array. A wide distance range was covered, showers with energy above 1017 eV
were selected. Measurements have shown, that up to distances
∼ 300 m forward front is semi-flat and slightly exceeds the
precision of zenith angle measurement at the Yakutsk array
(100 ns). At R ≥ 300 m from the core front delay increases
significantly and at 1000 − 1500 m amounts 400 − 800 ns,
requiring taking it into account in measurement of EAS arrival
angles.
Using the value of particle arrival delay at the detector
hτ i, one can obtain curvature radius of the shower front.
These times characterize areas of shower development in the
atmosphere from which at given core distance arrives main
portion of particles. Radius of curvature is determined by
formula:
R2 − (cτ )2
Rcurv =
,
2cτ
where R — core distance, τ — particle delay, c — speed of
light. For experimental data of the Yakutsk array at mean core
distance 790 m and hτ i = 248 ns, Rcurv = 4180 m. Along
with the core distance the curvature radius increases, meaning
that particles arrive from larger heights.
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Fig. 6. Forward and back EAS fronts reconstructed by time delays measured
in showers with energies above 1016 eV. Open circles — forward front
(charged particles), filled circles — rear front. Squares — Cherenkov photons

IV. C ONCLUSION
Registration of time-related shower characteristics (particle
arrival time at the detector, pulse shape in scintillation detectors) allowed make following conclusions:
1) “Young” and “old” showers have drastically different
pulse shape.
2) Pulses delayed by ≥ 2 mcs observed in showers but not
in all. Anomalous pulse shapes are presented.
3) Curvature of the forward front of showers with energy
> 1017 eV at the core distance 500 − 800 m equals to
3.9 − 4.9 km.
4) Analysis of response from scintillation detectors with
different energy thresholds have shown that pulses delayed by larger periods are generated by low-energy
particles (electrons) which were possibly born in the
process of neutron moderation in frozen ground [5].
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Abstract— The Pierre Auger Observatory has the capability of
detecting neutrino-induced extensive air showers by searching
for very inclined showers with a significant electromagnetic
component. In order to study the detector response of the surface
array of the Pierre Auger Observatory, Monte Carlo simulations
of up-going and down-going neutrino showers for all flavors were
performed. A set of relevant observables were determined to
discriminate these showers from the background of very inclined
hadronic showers and the identification efficiency was studied.
The acceptance and the expected event rates, based on the
assumption of the incoming neutrino flux, were finally calculated.

I. I NTRODUCTION
Searching for high-energy neutrinos (1018 eV or above)
emitted from astrophysical objects is one of the most challenging field in Astroparticle Physics. Neutrinos offer a unique
opportunity to open a new observation window, since they are
only weakly interacting and neutral [1]. After having traveled cosmological distances without being perturbed and/or
deflected in the interstellar medium, neutrinos behaves as
messengers of the most mysterious regions of astrophysical
sources.
Astrophysical neutrinos of any flavor, νl , are expected to
be observed by detecting the leptons, l, induced with Deep
Inelastic Scattering (DIS) processes on nuclei, N , of the traversed matter, in the charged current (CC) interaction channel
or in the neutral current (NC) interaction channel, according
to the following reaction:
[CC] νl + N → l + X,

(1)

[N C] νl + N → νl + X,

(2)

where X represents the outgoing fragments of hadrons. Neutrinos with energy Eν such that 1016 < Eν < 1021 eV
are predicted to have cross-sections which increase typically
1/3
as Eν [2]. The cross-section for NC ν-nucleon interaction
is expected to be 1/3 smaller than the cross-section for CC
interactions. Nevertheless, at the highest energies (or low
Bjorken-x, x . 10−5 ), extrapolation of the cross-section is
needed [3]. The more conventional cross-sections termed as
GRV98lo [4] will be considered in this work.
Several theoretical models predict a significant flux of
high-energy neutrinos associated to the emission of a flux
of particles (see e.g. [5]), generally called cosmic rays, at
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macroscopic energies of about 1018 eV or larger along with
gamma rays (beam dump scenario). The emerging ν flux,
φνl = dN/dEνl , is distributed among the flavors according
to φνe : φνµ : φντ = 1 : 2 : 0 for a large range of different
spectra of parent particles. Neutrino oscillations, confirmed
by atmospheric and solar neutrino data [6, 7], modify the
expected flavor ratio during the propagation from the sources
to the observation point [8, 9] to φνe : φνµ : φντ = 1 :
1 : 1. Exotic phenomena can modify even drastically this
scenario [10, 11, 12].
An additional challenging observational window for neutrinos is from propagation of ultra-high energy cosmic rays in the
interstellar medium (GZK neutrinos [13]). In this scenario, ν is
expected to be produced by the interaction of primary cosmic
rays with the cosmic microwave background through inverse
photoproduction of a ∆+ resonance.
Extensive air showers (EAS) which are initiated by the
interaction of primary cosmic rays in the atmosphere, are continuosly detected on the ground by large arrays of detectors,
which sample their lateral distribution, and/or fluorescence
detectors, which reveal the ultraviolet radiation emitted by the
excitation of nitrogen during the passage of particles in the
atmosphere. The Pierre Auger Observatory [14] synthetizes the
two detection techniques in a hybrid technique and offers the
possibility to improve event reconstruction quality and reduce
systematic errors.
One of the observations, made possible by the observatory,
is the detection of high-energy neutrinos [15, 16, 17, 18]
and a limit was put by the Pierre Auger Collaboration in
case of up-going ντ [19]. At large zenith angles (θ & 70◦ )
ν showers may be distinguished from hadronic showers by
searching for the typical features of young showers (shower
maximum close to the ground) as well as of elongated and
asymmetric footprints. The background to neutrino detection
is mainly due to proton-induced showers, which are able
to survive to the ground as old showers (shower maximum
far from the ground). The surface array of the observatory
consists of an array of water Cherenkov detectors which can
differentiate signals produced by muons from signals produced
by electrons and, thus, to discriminate between young and old
showers. Down-going ντ and νe , and up-going ντ are expected
to be revealed in the huge background of detected hadronic
cosmic rays [20, 21, 22, 23]. Up-going ντ have a chance to

II. T HE SURFACE

DETECTOR ARRAY OF THE OBSERVATORY

The Pierre Auger Observatory [14], located near Malargue
in the province of Mendoza, Argentina, is being built as a
hybrid-detector. It combines the measurement of the particles
at the ground – by means of a huge array of water Cherenkov
detectors – with the measurement of the fluorescence light
produced by EAS in the atmosphere. The surface detector
array (SD) consists of about 1600 water Cherenkov detectors
(tanks) arranged in a triangular grid with 1.5 km spacing.
Each Cherenkov detector consists of three photomultipliers
(PMTs) on the top, which samples the shower signal with
a 40 MHz flash analog-to-digital converter (FADC). A Tyvek
coverage of the internal wall of each station guarantees a
complete diffusion of the Cherenkov light. At each station of
the surface detector, the FADCs sample the current generated
at the PMTs and return a measure of the light produced by
particles crossing the water Cherenkov station. The signal
detected at each station refers to a common calibration unit,
the so-called vertical equivalent muon or VEM [28]. Two
separate local hardware triggers are implemented at each
station. They form the first level trigger and are a simple
threshold trigger and a time-over-threshold trigger (ToT). In
particular, the nominal ToT trigger requires the signal to be
above 0.2 VEM in at least 2 PMTs for a minimum of 13
bins (325 ns) within a sliding time window of 120 time bins
(3 µs). The ToT trigger was designed to detect broader signals
and, thus, it is suitable to identify signals produced by the
electromagnetic component of showers. The threshold trigger
requires the signal to be above 1.75 VEM in at least 1 PMTs
for 25 ns and was designed to detect fast signals, typically
produced by the muonic component of showers. A second
level trigger selects multiplet of first level triggers and, finally,
a third level trigger may accept a multiplet as possible physical
shower on the basis of space-time coincidences.
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induce detectable EAS only if their incoming direction ranges
up to few degrees below the horizon [24, 25], scratching
the Earth’s crust (Earth-skimming ν). The surrounding Andes
mountains enhance the sensitivity of the observatory to τ induced showers [26, 25, 19]. Not only do the expected
neutrino detection rates depend on the incoming flux, but also
the ν-nucleon cross-section and the τ energy loss at the highest
energies give rise to important contributions to the systematic
uncertainty of calculated rates [27].
In this work a study on detecting high-energy neutrinos
with the surface array of the Pierre Auger Observatory will
be presented. After a short description of the performances of
the surface detector array (Sec. II), the Monte Carlo (MC)
chain implemented to simulate ν-induced showers will be
discussed (Sec. III). Simulations are needed to study the
signatures expected from ν-induced showers and to define
suitable observables which allow their identification (Sec. IV).
Finally, sensitivity and expected event rates will be given
(Sec. V). An outlook to the upcoming future shows that further
studies to improve the present work can be forseen (Sec. VI).
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Fig. 1. Topography of the Southern site according to CGIAR-CSI data. The
center of the map corresponds to the center of the Auger array (latitude
φSO = 35.25◦ S, longitude λAuger center = 69.25◦ W). The Auger
position can be approximately localized in the center of the flat area.

In order to retain all the detector performances, a framework, called Off line [29], was designed to simulate and
reconstruct EAS.
III. S IMULATING ν- INDUCED

AND PROTON - INDUCED
SHOWERS

In order to study the signatures expected from ν-induced
showers at the surface array of the observatory, a full MC
simulation chain was set. Simulation of neutrino signatures
consists of three phases: propagation and interaction inside
the earth and atmosphere to produce primaries able to initiate
potentially detectable showers in the atmosphere; simulation
of lateral profiles of shower developments in the atmosphere
and, finally, simulation of detector response.
The initial incoming ν-flux is propagated through the encountered matter (Earth, its atmosphere or both), until an
interaction takes place by using an extended version of the
code ANIS [26]. First, for fixed neutrino energies, 106 events
were generated with zenith angles in the range [60◦ , 90◦ ]
(down-going showers) and [90◦ , 95◦ ] (up-going showers) and
with azimuth angles in the range [0◦ , 360◦ ] on the top of the
atmosphere. Then, neutrinos were propagated along their trajectories of length ∆L from the generation point to the backside of the detector array in steps of ∆L/1000 (≥ 6 km). At
each step of propagation, the ν–nucleon interaction probability
was calculated according to the parameterization of the crosssection GRV98lo [4]. The propagation of τ leptons through
the Earth was simulated by using the energy loss model
of Ref. [30]. Electrons, instead, were assumed to interact
immediately with the surrounding medium. If the interaction
takes place in the atmosphere, an EAS is, thus, produced. All
the computations were done by using digital elevation maps
(DEM, Fig. 1) [31] and, then, they were repeated by using
the spherical model of the Earth (SP), with its radius set to
6371 km (sea level). The flux of outcoming leptons as well as
their energy and decay vertex position were calculated inside
a defined detector volume. The geometrical size of the volume
was set to 50 × 60 × 10 km3 and it included the real shape
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Fig. 2. The inelascticity distribution in CC (solid line) and NC (dashed line)
interactions of 50 simulated ν events at Eν = 1018 eV, as obtained from
PYTHIA.

of the Auger Observatory on the ground at its completion.
The detector was positioned at 1430 m above sea level, which
corresponds approximately to the average altitude of the array.
In case of computations with the simple spherical model of the
Earth, the same size of the detector volume was assumed, but
the detector position was set at 10 m above the sea level. The
additional outcoming particle spectrum from deep inelastic NC
and CC ν-nucleon interactions was simulated by using the
event generator PYTHIA [32]. In Fig. 2 the distribution of
the inelasticity1 of νe CC and NC interactions is shown. Both
the distributions show a similar behaviour and the average
values agree quite well with the canonical value of 0.2. In case
of νe CC interactions, the outcoming electrons are expected
to induce electromagnetic showers at the same point where
the hadronic products induce hadronic showers. In case of
ντ CC interactions, the produced τ leptons can travel some
distance in the atmosphere and decay into particles which
can induce a detectable shower. Thus, outcoming hadronic
showers initiated by ντ are usually separated by a certain
distance from showers initiated by tau decay products. In
this particular case, tau decays were simulated by using the
additional package TAUOLA [33]. Finally, muons produced in
νµ CC interactions are expected to induce showers which are
generally weaker, with a smaller energy transfer to EAS, and,
thus, with a suppressed longitudinal profile and much fewer
particles on the ground. The detection probability is expected
to be strongly reduced. Interactions in the NC channel induce
only pure hadronic showers whose primaries are generated
with PYTHIA.
Lateral profiles (particle density distributions of secondaries) of shower developments were generated by using
PYTHIA and/or TAUOLA output as input for the EAS MC
generator AIRES [34]. A special mode was used to inject
1 The inelasticity is defined as the fraction of energy which the hadronic
component acquires at the interaction vertex.

471

5000

10000
15000
20000
25000
30000
Distance from the earliest station [m]

Fig. 3.
Average of the sum of rise and fall time of station signals
versus distance from the earliest triggering station. Quasi-horizontal up-going
ντ -induced showers, down-going νe -induced showers and down-going ντ induced showers at 0.3 EeV and 10 EeV, compared to inclined hadronic
showers (θ > 60◦ and θ > 80◦ ) are shown.

simultaneously several particles or primaries (namely, the
products of ν-nucleon interactions) at a given interaction point.
Showers induced by the products of up-going decaying τ
leptons with energies from 0.1 EeV to 100 EeV at altitudes
of decay points from 0 to 3500 m above the ground level,
with step 100 m, were simulated. At each altitude 40 events
were generated to cover the tau decay channels implemented
in ANIS. In case of down-going showers, the decay altitudes
were distributed from the ground level up to the altitude corresponding to the beginning of the atmosphere for fixed zenith
angle. For example, for down-going electrons, the particles
produced by PYTHIA were inserted at different slant depths
measured from the ground up to 3000 g/cm−2 with a step size
of 200 g/cm2. At zenith angles θ > 80◦ , the simulations were
done at slant depths, measured from the ground, starting from
50 g/cm2 up to 8000 g/cm2 with a step size of 200 g/cm2.
Finally, a thinning algorithm [35] was selected, with a thinning
level of 10−7 . The kinetic energy thresholds for explicity
tracking particles were set to: 100 , 100 , 0.25 , 0.25 MeV for
hadrons, muons, electrons and photons, respectively.
In this paper proton-induced showers, simulated with the
code CORSIKA [36] and considering the model QGSJET
01 [37] for interactions in the atmosphere, will be treated as
the main background to detecting ν showers with the surface
array of the observatory.
The detector response to AIRES simulated EAS was evaluated by retaining all the real performances of the surface
array [38] implemented in the Off line framework [29].
IV. I DENTIFYING AND

DISCRIMINATING

ν- INDUCED

SHOWERS

Hadronic showers develop after few atmospheric depths
and only high-energy muons can survive to the ground. As
a result, the detected showers have thin and flat fronts which
lead to short and fast signals (duration ∼ 150 ns). In young
ν-induced showers a significant electromagnetic component
is, instead, present at the ground as well. The shower fronts,

vij =

dij
∆tij

(3)

where dij is the distance between the couples, projected
onto the direction defined by the length of the footprint,
and ∆tij the difference in their signal start times [19]. The
mean apparent velocity is expected to be compatible with
the speed of light for quasi-horizontal showers, within its
statistical error σhV i . The determination of hV i is strictly
related to the goodness of the principal component analysis.
Wider footprints, typical for more energetic showers or less
inclined showers, might produce large uncertainties in the
estimate of the direction of footprint length and width.
Young showers are expected to trigger detector stations with
broad signals. Local ToT trigger signals are clearly broad
signals (Sec. II) and counting them can help in identifying
young showers. However, double muon or high energetic
single-muon signals may affect the set of selected ToT stations.
To strengthen the ToT condition, signals triggering for at
least 375 ns (equivalent to 15 time bins) were retained. In
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therefore, are curved and thick, and broad signals (duration
. 1000 ns) are expected to be detected [39]. On the ground
an early bulk of particles (electromagnetic component) is
expected to trigger the earliest stations of a ν-footprint as
broad signals while, later along the footprint, narrower signals
are expected (asymmetric signal duration). The attenuation
in the atmosphere affects also the topology of the footprints
such that a “broader” structure is present in the earliest
regions (asymmetric footprint structure). In ordinary hadronic
showers no difference in signal duration and asymmetry in
the footprints can be seen. In particular, asymmetry in the
signal rise and fall times, already presented in Ref. [40], can
be clearly seen in simulations of ν-induced showers (Fig. 3).
The signal for ν-showers is broader around the position of
the maximum of the shower development. At energies below
3 EeV broader signals can be observed in the two earliest
triggering stations, while above 10 EeV, broader signals can
be also observed in later stations since the complete ground
shower development can be detected at the ground.
The first step towards the identification of ν-events is the
discrimination between young and old showers. The topology
of footprints and the evolution of the station signals are
the basic ingredients. Elongated footprints indicate inclined
showers. A principal component analysis was used to evaluate
the length (L) over the width (W ) of patterns on the ground.
The positions of the stations are weighted by their signals. The
elongation of a footprint is defined as L/W [19]. A large value
for the L/W of a footprint is not enough to estabilish whether
the event, which has produced it, is inclined. Low-energy
events (below 1 EeV), expected to have low multiplicity of
stations, can still have quite large L/W since the transversal
development is not enough to trigger further stations. The
additional parameter which was taken into account is the socalled mean apparent velocity of a shower on the ground,
hV i. The mean apparent velocity is defined by averaging the
apparent velocity between couples of stations, defined as
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Fig. 5. Mean apparent velocity, hV i, versus its statistical uncertainty, σhV i .

addition, the ratio of integrated signals over their peak height
was required to be larger than 1.4. The number of such ToTs
over the total number of triggering stations is called T OT F .
A similar parameter was also used in Ref. [19]. Compact
configurations of selected ToTs complete the expected features
of young ν-shower footprints.
A final criteria for the identification is the observation of
the average rise time, hRT2 i, and the average fall time, hF T2 i,
calculated for the 2 earliest triggered stations.
Several distributions for the parameters described above can
be drawn to show the differences between proton-induced
showers and ν-induced showers. In Fig. 4–6 example of
distributions for showers induced by CC ν-interactions are
shown. In Fig. 4, it can be observed that the fraction of
young stations for hadronic showers decreases by increasing
the zenith angle (the electromagnetic component is attenuated).
For tau lepton showers, one expects that most of the stations
have broad ToT signals, according to the definition given
previously in this section, along with elongated footprints. In
Fig. 5, the apparent velocity depends clearly on the zenith
angle of the shower (in hadronic simulations), and, for quasihorizontal showers with zenith angle between 85◦ and 95◦ ,
it is tightly concentrated around the speed of light (range
0.30÷0.32 m/ns) with uncertainty below 0.02 m/ns. In Fig. 6,
the separation of hRT2 i and hF T2 i in ν-showers and proton
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Fig. 6. The average rise time hF T i2 as a function of the average fall time,
hF T i2 calculated for the two earliest triggered stations.

showers is more enhanced in the region where the average
rise time is larger than about 80 ns and the average fall time
is larger than 200 ns. These values can be also produced by
hadronic showers with θ < 70◦ but in this case the average
apparent velocity is expected to be larger than the speed of
light and concentrated around 0.35 m/ns. Thus, discrimination
of ν-showers from hadronic events is still possible at lower
zenith angles.
In order to evaluate the best set of cuts to
identify ν-showers, the program GARCON [41]
was used. The six-parameter phase space ~x
≡
{T OT F, L/W, hV i, σhV i , hRT2 i, hF T2 i}
was
used
to maximize
the functional F [S(~xcut ), B(~xcut )]
=
p
cut
cut
S(~x )/ S(~x ) + B(~xcut ), where S(~xcut ) is the number
of signal events (ν showers) passing the cuts and B(~xcut )
the number of remaining background events (proton-induced
showers) surviving the cuts.
The neutrino identification efficiency, Tef f (Ei , θ, h), is defined as the number of ν events triggering the detector and
passing the cuts (Ncut ) over the total number of simulated
AIRES showers (NAIRES ). The efficiency was calculated for

Fig. 7. Identification efficiency for CC ντ -induced showers at the surface
array of the Pierre Auger Observatory. Showers with 4 or more triggering
stations (4-fold events) are considered.

fixed zenith angle and energy of injected particles. An example
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of efficiency for down-going τ -induced showers at 87◦ is
shown in Fig. 7.
V. E XPECTED EVENT RATES
The total observable rates (number of expected events) were
calculated according to
Z Emax
N = ∆T ×
A(Eν ) × Φ(Eν ) × dE,
(4)
Eth

where Φ(Eν ) is the isotropic ν-flux, ∆T the observation time
and A(Eν ) the acceptance for a given initial neutrino energy,
Eν . The acceptance was calculated with the following equation
−1
A(Eν ) = Ngen
×

Nk
XX
k

Pi (Eν , Ek , θ)

i=1

(5)

×Tef f,k (Ek , θ, h) × Ai (θ) × ∆Ω,
where Ngen is the number of generated neutrino events, Nk is
the number of particles of type k (leptons/hadrons for CC/NC
reactions) with energy Ek larger than the threshold energy of
the detector (Eth ) and for which the decay vertex positions are
above the ground and inside the detector volume, P (Eν , Ek , θ)
is the probability that a neutrino with energy Eν and crossing
the distance ∆L would produce a particle with an energy Ek
(this probability was used as ”weight” of the event), Aj (θ)
is the cross-sectional area of the detector volume seen by the
neutrino, ∆Ω is the space angle. At high energies the effect
of the mountains on the acceptance calculations is important
for ντ -induced showers. The enhancement of the event rate
for down-going ντ -induced showers is about 130% and for
up-going ντ -induced showers is about 19% [26, 42]. In Tab. I
the rates (number of events per year), for different injected νfluxes are listed. The rates labeled with “WB” are obtained
for the Waxman-Bahcall bound [43], Φ(Eντ +ν̄τ ) = 1 ×
10−8 E −2 (GeV s−1 cm−2 sr−1 ). Other rates are calculated
for the GZK flux [44] and Topological Defects (TD) flux [45].
VI. S UMMARY
A complete MC simulation chain to study the possibility
of detecting up- and down-going ν-induced showers with
the surface array of the Pierre Auger Observatory has been

presented. A more detailed study of background from deep
gamma and muon showers (e.g. [46]) needs to be performed
in order to predict their effective contribution to the total
background.
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Photon physics with Auger
Piotr Homola1 , for the Pierre Auger Collaboration

Abstract— The composition of ultra-high energy (UHE) cosmic
rays above 1018 eV remains uncertain ever since they were
discovered. While the most likely candidates for cosmic rays
at highest energies are hadrons, most of the scenarios if not
all of them predict also a photon component in the cosmic
ray flux. Observing this component will be of vital importance
not only for the cosmic ray physics it will also open a new
research window with possible impact on astrophysics, cosmology,
particle and even fundamental physics. The southern Pierre
Auger Observatory, the world’s largest new-generation cosmic
ray detector, is currently the best scientific instrument to search
for UHE photons. In this paper the current status of this search is
reported including the newest Auger Collaboration upper limits
for the fraction of photons in cosmic-ray flux. The perspectives
are outlined for the photon search after the northern part of
the Observatory is completed. An increased potential of photon
search with the two observatory sites with significantly different
local magnetic field is also discussed.

early Universe or at present as a result of decay or annihilation
of early Universe relics like domain walls, cosmic strings or
topological defects. The masses of X-particles should be larger
than 1023 eV and their consecutive decays should result in
substantial fluxes of photons and neutrinos seen among cosmic
rays. The predicted photon fractions of the total cosmic-ray
flux vary in different scenarios, but for the energies as large
as 1020 eV they can reach even ∼50% [4]. This is much more
than in case of conventional models. The difference in photon
predictions from the two classes of models offers a unique
possibility to verify the theory: identification of photons or
specifying the upper limits for their flux or fraction should
allow a discrimination between the “bottom-up” and “topdown” scenarios or even to narrow down the favored class
to only few models.

I. I NTRODUCTION

II. UHE

The ultra-high energy (above 1018 eV) cosmic rays, although discovered decades ago, are still poorly understood.
Their origin, propagation and composition are uncertain. Seriously considered candidates for UHE particles include protons,
heavier nuclei, photons and neutrinos. This paper summarizes
the capabilities and first results of the Pierre Auger Observatory [1] concerning the contribution of photons to the observed
flux of UHE cosmic rays. The UHE photons, if discovered,
would open a new and valuable channel of multimessenger
observations of the Universe.
There are two main classes of theoretical scenarios aiming
at the explanation of highest energy cosmic ray origin. Both
of them predict that photons should contribute to the UHE
cosmic-ray flux. The first class, so-called “bottom-up” models,
is based on conventional acceleration mechanisms. Charged
particles can be accelerated to high energies in relativistic
shocks nearby astrophysical objects like radiogalaxies or active
galactic nuclei or during catastrophic events like collisions of
galaxies. After escaping from the shock region the accelerated
particles propagate through the Universe and interact with
different types of background radiation. Among the products of these interactions are photons and neutrinos due to
the GZK-type [2] process of resonant photo-pion production
of UHE nucleons and cosmic microwave background. The
“GZK photons” are expected to contribute to the cosmic-ray
flux observed at Earth on the level of 0.1% [3]. The other
class of cosmic-ray origin scenarios, so-called “top-down”
or “exotic” scenarios, describe mainly decay processes of
hypothetic supermassive X-particles which could originate in
1 Institute of Nuclear Physics PAN, ul. Radzikowskiego 152, 31-452
Kraków, Poland, Piotr.Homola@ifj.edu.pl

PHOTONS : SIMULATIONS

Since cosmic rays above 1015 eV can be observed only indirectly through the extensive air showers, in order to identify
cosmic-ray photons, a set of well-observable shower features
characteristic for photon primaries is required. These can be
found only through precise simulations of photon-induced air
showers. An important process that should be simulated in
case of photon primaries is the so-called preshower effect.
Highest energy photons (E > 1019 eV), in the presence of
the geomagnetic field, can convert into e+ e− pair which, in
turn, emit secondary bremsstrahlung photons [5]. As a result,
instead of one high energy photon, a bunch of lower energy
particles, mainly photons and a few electrons, reaches the
top layers of the atmosphere. Such a cascade is called a
preshower since it originates and develops before the extensive
air shower. The effect of pre-cascading depends on the energy
of primary photon and on the component of the geomagnetic
field transverse to the primary’s motion. The latter dependence
implies directional asymmetry of the effect intensity and
dependence on the location of the observatory. A typical
preshower originated by a photon of energy around 1020 eV
and arriving more or less perpendicular to the local magnetic
field starts around 1000 km a.s.l. and consists of one e+ e−
pair and ∼500 photons [6]. All the preshower particles can be
regarded with a good approximation as propagating along the
primary trajectory and arriving to the top of the atmosphere
at the same time [6]. After entering the atmosphere, each
of the preshower particles initiates an air subshower and the
superposition of these subshowers is observed as one extensive
air shower. The results presented in this paper were obtained
with use of CORSIKA [7] and AIRES [8] programs which
both include procedures that simulate the preshower effect.
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A. Photon shower signatures
For detailed discussion of the characteristics of photoninduced showers the reader is referred to Ref. [9] and the
references therein; only a short review of basic information is
given below. The occurence of preshower and the directional
dependence of this effect considerably influence the air shower
development and properties. Without preshowering, an UHE
photon initiates an air shower that develops significantly
deeper (even by several hundreds of g/cm2 ) in the atmosphere
than in case of proton primary. Also the fluctuations of shower
maximum depth (Xmax ) are larger for showers induced by
UHE photons. This is due to the LPM effect [10] which
suppresses the interaction cross section of electromagnetic
particles with air. This suppression increases with primary
energy and with density of the medium. At densities of the
upper atmosphere the LPM effect starts to be important for
photons of energies above 1019 eV. The properties of an
air shower are different when the primary photon initiates
a preshower above the atmosphere. Since in most cases the
preshower particles have energies smaller than 1019 eV, they
are not affected by the LPM effect and the resultant air shower
develops faster than in case of non-converting photon primary,
but with maximum still deeper than for a proton primary. It
was investigated elsewhere (see Ref. [9] and the references
therein) that Xmax , its fluctuations and directional dependence allow for distinction between the photon and proton
primaries. While Xmax can be determined mainly with the
air fluorescence technique, there are other photon signatures
that should be seen with the array of particle counters at the
ground. Out of these signatures, the most important one is the
significantly reduced content of muons (Nµ ) due to almost
purely electromagnetic character of a photon-induced shower
at the beginning of its development. For the purpose of this
work we introduce below two more signatures that are partially
dependent both on Xmax and Nµ and which can be observed
by the surface array.
Radius of curvature of the shower front Let’s consider
an imaginary planar shower front, a particle counter localized
within this front at distance r from the shower core and shower
particles that originate at height H and reach the selected front
plane (see Fig. 1). For geometrical reasons, the particles hitting
the plane at a distance r are delayed with respect to those
moving along the shower axis. Therefore, the actual shower
front is expected to be curved. A good approximation of its
shape is a sphere. We note that the delay mentioned above
decreases with increasing H. Consequently, the radius of front
curvature Rc is sensitive to the depth of shower development:
the air showers developing deep in the atmosphere (e.g. like
those initiated by a photon, without pre-cascading) will form
a front with Rc smaller than in case of showers developing
earlier. Since photon-induced showers are expected to develop
extraordinarily deep (in case no preshower effect occurs)
compared to the other primaries, small Rc observed on ground
should serve as a good primary photon signature.
Risetime of the signal in the surface detector Corre-

Fig. 1. Explanation of photon shower signatures: radius of curvature of the
shower front (top) and risetime of the signal recorded by a surface detector
(bottom). For details see the text. [12]

spondingly, the time of arrival of particles originating within a
certain pathlength ∆H is larger at lower altitudes (see Fig. 1).
Automatically, the risetime of the signal recorded by the detector is longer for showers developing deep in the atmosphere.
This in turn makes the risetime another promising signature of
primary photons. In the studies presented throughout this paper
the risetime t1/2 (1000) denotes the time it takes to increase
from 10% to 50% of the total shower signal reconstructed
for 1000 m distance from the shower core and located along
the line given by the projections of the shower axis onto the
ground.
It should be noted that in realistic detection circumstances
both Rc and t1/2 (1000) are affected not only by the shower
geometry but also by the history of its propagation. For
instance, the shower muons should pass long distances without
significant deflections which for showers with large muon
content should result in larger Rc and shorter t1/2 (1000). The
reconstruction details and other information concerning these
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two observables can be found in Ref. [11] and [12].
III. S EARCH

FOR

shower profile
shower direction

UHE PHOTONS : THE P IERRE AUGER
O BSERVATORY

Currently, the best instrument capable of detecting cosmic rays at highest energies (including, possibly, photons)
is the Pierre Auger Observatory. The ∼3000 km2 area near
Malargüe, Argentina, covered by ∼1600 water Cherenkov
detectors (so-called tanks) and 4 stations of 6 fluorescence
telescopes each viewing the sky above the site1 makes the
Observatory the largest cosmic-ray instrument ever. Another
part of the Observatory, to be located, for complementarity,
on the northern hemisphere, is planned in Colorado, USA.
Although the official inauguration of the Observatory took
place in November 2008, the data has been taken since 2004
and its volume is already now larger than what was recorded
by all the other UHE cosmic-ray experiments together. Apart
from the scale, the other great advantage of the Pierre Auger
Observatory is its hybrid detection technique: the surface
array of particle counters and the telescopes detecting the
fluorescence light induced by shower particles propagating
through the atmosphere are the two independent ways to
measure the shower properties. Having these two techniques
working together enables better understanding of systematic
errors related with each technique, a cross-calibration of the
detectors, and, in consequence, a more precise reconstruction
of shower arrival directions and primary energies.
Determination of composition of the highest energy cosmic rays is one of the main scientific goals of the Auger
Collaboration. While hadrons are the main candidates for
cosmic-ray primaries and the existing data seem to confirm this
candidature, the magnitude of photon contribution is unknown.
As mentioned above, all the models of cosmic-ray origin
predict certain fractions of photons in the flux observed on
Earth and these predictions differ significantly from each other.
One of the Collaboration’s tasks is the determination of the
photon fractions at different energies or the relevant upper
limits. This should enable discrimination between the existing
theoretical models and get us closer to solving the mystery of
the sources of the highest energy particles in the Universe.
A. Upper limit for UHE photons with the Auger hybrid events
In its first analysis concerning the UHE photons the Pierre
Auger Collaboration studied the data set recorded during the
period from January 2004 to February 2006 [13]. Only the
hybrid events (recorded by both fluorescence and surface
detectors) were considered. Several selection criteria had to
be applied to the available data set in order to properly
reconstruct shower properties and analyze the photon candidates. Main data quality cuts included: reconstructed event
energy > 1019 eV, minimum viewing angle of the shower
direction > 15◦ , minimum number of triggered phototubes in
the fluorescence detector ≥ 6, no observation disturbance by
clouds, Xmax within the telescope field of view. The latter
1 The fluorescence telescopes can operate only during clear, moonless
nights.

field of view
depth of shower maximum

event
rejected
event
accepted

fluorescence
telescope

Fig. 2. Exemplary photon showers and the selection requirement of observing
Xmax . For further explanations see the text. [13]

condition is visualized in Fig. 2. Photon-induced showers
start deep in the atmosphere and it may happen that nearly
vertical events reach the ground before being fully developed
- hence they have to be excluded from the analysis. Another
limitation concerns the maximum distance of the shower
impact point to the viewing telescope. Deeper Xmax of a
photon-induced shower means that the light emitted from the
shower maximum towards the telescope passes through the
air of higher density and hence it is more attenuated than in
case of nuclear primaries which typically reach their maxima
at larger altitudes. The increased attenuation implies a shorter
maximum distance between the shower and the telescope.
After applying all the cuts, 29 events were left for the
analysis. The investigated photon signature was Xmax . Dedicated simulations (see also [19] for details on the method)
with reconstructed parameters of each event (energy, arrival
direction) as the input were performed. By comparison with
the recorded data, the probability was determined that a
particular event was initiated by a photon primary. Since in
case of all the events the probabilities of photon origin were
small (2 or more standard deviations from the data) an upper
limit to the photon fraction could be determined. The result
was 16% with the confidence level (CL) of 95%.
For details concerning the data selection, distributions of
cut variables and analysis of the data the reader is referred to
Ref. [13].
B. Upper limits for UHE photons with the Auger surface
detector events
Another analysis was based on the events detected only
by the Auger surface detector (SD) in the period between
1 January 2004 and 31 December 2006. Since SD works
24 h a day, the statistics of events is much (∼10 times)
larger than in case of the hybrid events study. The most
relevant and easily observable photon signatures for events
recorded by the SD are Rc and t1/2 defined above. The
analysis was restricted to the events with reconstructed primary
energies ≥ 1019 eV and arrival directions with zenith angles
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Fig. 3. Photon detection and reconstruction efficiency in the surface detector
of the Pierre Auger Observatory. [12]
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θ of 30−60 (0.5 < cosθ < 0.87; see the relevant plot in
Fig. 3). For the selected energy threshold and with the applied
quality cuts (see Ref. [12] for more details) the total number
of events above 10, 20 and 40 EeV in the analyzed sample
was, respectively, 2761, 1329 and 372 with the assumption
of primary photons. If the primary hadrons are assumed the
respective quantities are 570, 145 and 21. Different quantities
of events are due to different energy reconstruction methods
required for primary hadrons and photons ([14], [12]). 5% of
the selected data were processed with the principal component
analysis [15] by combining the information on Rc and t1/2 .
The principal component axis was selected so that the variance
of the sample is maximized. The deviation from the principal
component axis for all the data and its dependence on the
energy is plotted in Fig. 4. The data (black crosses) are
compared to the photon MC simulations (open circles). The
events above the mean for the MC photon distribution were to
be regarded as photon candidates. But, as can be seen in Fig. 4,
there are no such events. This enabled placing the following
upper limits for photon fractions: 2.0% for E > 1019 eV, 5.1%
for E > 2 × 1019 eV and 31% for E > 4 × 1019 eV. The
corresponding numbers for the limits of photon fluxes are 3.8
× 10−3 , 2.5 × 10−3 and 2.2 × 10−3 km−2 sr−1 yr−1 . All the
limits were calculated at 95% CL. All the upper limits for UHE
photon fractions calculated by the Pierre Auger Collaboration
are summarized in Fig. 5. The comparison is made to the
predictions of some representative exotic models of cosmicray origin, the expected bound for the photons originated from
the GZK processes and the upper limits from other analyzes.
It’s clear from the plot that the Auger limits constrain seriously
the exotic models. The future increase of statistics can bring
either the more stringent upper limits or the identification of
photons. The first case may discredit completely the exotic
models while the latter one, provided the photon fraction is
measured precisely enough, may point to a single model or
specific family of scenarios.
◦

1.2

1.4

1.6

1.8
2
Log(Energy/EeV)

2.2

Fig. 4. The deviation of data and MC photons from the principal component
as a function of energy. No data points above the line (mean of the MC photon
distribution) means the lack of photon candidates. [12]

Fig. 5. Upper limits for the photon fraction based on the Pierre Auger
Observatory data. The limits are compared with the predictions from the exotic
scenarios (SHDM, TD and ZB from Ref. [3], SHDM’ from Ref. [16]) and
with the expectation bound for the photons originated from the GZK processes
(from Ref. [3]). The thickest arrows denote the Auger results based only on
the surface detector data and the label FD stays for the Auger photon limit
based on the hybrid events. The previous experimental limits are also shown
(HP: Haverah Park [17]; A1, A2: AGASA [18], [19]; AY: AGASA-Yakutsk
[20]; Y: Yakutsk [21]). [12]
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period of the site’s operation. However, with the successful
completion of the northern part of the observatory, the chance
for observations of the GZK photons will be significant.
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Fig. 6. Sensitivity of the southern site of the Pierre Auger Observatory
to the UHE photon upper limits as a function of threshold energy. For
comparison, the predictions for the GZK photons from primary nucleon
sources following a spectrum with flux suppression are shown (as given in
Ref. [3]). The uncertainty of the sensitivity is indicated at the lower left corner.
The theoretical minimum numbers of events needed to exclude the fractions
represented by the horizontal dotted lines are indicated on the right hand side
of the plot. At around 1019 eV (dashed lines) additional threshold effects may
become increasingly important for the array. [9]

A separate analysis performed by the Pierre Aguer Collaboration provided the upper limit for ultra-high energy tau
neutrinos [22].
IV. O UTLOOK
With the completed southern and northern parts of the
Pierre Auger Observatory, the available statistics of data will
soon enable further interesting investigations related with UHE
photons. Some highlights are presented below.
A. GZK photons
Even in case the exotic scenarios have to be abandoned,
one still should expect to detect photons produced through
the GZK processes. The capability of the southern Auger
Observatory to detect these showers can be drawn out from the
plot shown in Fig. 6. The plot shows the predicted sensitivity
of the southern site of the Observatory to the upper limits
for photons as a function of threshold energy. The predictions
for the GZK photons from primary nucleon sources following
a spectrum with flux suppression (as given in Ref. [3]) are
also shown. In case no photon candidates are seen in the
data, the upper limits, on the plot represented by the thick
lines, could be set. The lines are given for a short- and longterm perspective. At around 1019 eV (dashed lines) additional
threshold effects may become increasingly important for the
array. In addition, the possible limits from the hybrid data are
shown. The theoretical minimum numbers of events needed
to exclude the fractions represented by the horizontal dotted
lines are attached to each line on the right hand side of the
plot (see Ref. [9] for details). It can be seen that the limit
of 1% at the energies larger than 1019 eV can be reached
within the next few years of operation of the southern site
of the Observatory, while the fractions typical for the GZK
photons (0.1% or less) may not be observed within the whole

Another promissing issue is related with the possibility of
constraining the predictions of photonuclear cross section at
the highest energies. The process of reconstruction of shower
properties depends heavily on simulations. This introduces
a major uncertainty to the results, especially in case of
hadron primaries where simulations at the highest energies
have to rely on models extrapolated even over several orders
of magnitude. In case of photon primaries the beginning of
shower development is ruled mostly by the electromagnetic
processes which are understood much better than the hadron
dynamics. This means a smaller reconstruction uncertainty for
photon-induced showers and in consequence a most efficient
way to constrain the cross-sections of high-energy interactions
initiating the shower. For a photon primary, the photonuclear
interactions at the beginning of shower development significantly influence the main shower properties characteristic
for photon primaries (e.g. the muon content is increased).
Therefore, assuming effective identification of photon events,
the measurements of photon signatures would offer a unique
chance for constraining the models of photonuclear interactions. The first analysis in this direction was published in
Ref. [23].
C. Cross-checking the photon signal using directional dependence of the preshower effect
The directional dependence of the preshower effect mentioned at the beginning of this paper can be helpful in the
identification of photons. A good signature of photon contribution in the observed set of events should be the directional
asymmetry of Xmax and related observables. Photons arriving
from directions nearly parallel to the local magnetic field
vector B (small transverse component of B) will have small
chance to convert into e+ e− pair and start a preshower. This
means the subsequent air showers will develop deep in the
atmosphere. On the other hand, if the arrival direction of the
primary photon is nearly perpendicular to B, the probability
of conversion is high, and, consequently, Xmax is expected
at a shallower atmospheric depth. Correspondingly, if two
observational sites with significantly different local magnetic
fields are available, a different distributions of Xmax are
expected for the same local sky window observed at the two
locations. The study of this effect for the two sites of the Pierre
Auger Observatory was published in Ref. [24]. Based on the
probability distributions of the preshower effect at the two
sites, certain parts of the local skies can be selected for which
the differences in the photon-induced air shower properties
are especially pronounced. A simulation example of Nµ vs.
Xmax scatter plot for such a selection at the two Auger sites
is shown in Fig. 7. The assumptions made for the presented
simulations include uniform distribution of sources, standard
energy spectrum without cutoff and 1% photon fraction. The
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The available simulations show that distinction between
hadron- and photon-induced showers is possible with a number
of shower observables. So far there is no evidence for photon
primaries among the showers recorded in all the relevant
experiments, especially by the Pierre Auger Observatory - the
largest UHE cosmic-ray observatory ever. The upper limits for
UHE photon fraction and flux constrain seriously the exotic
models of cosmic-ray origin which commonly predict significant photon contribution to the observed flux. With the rapid
increase of UHE cosmic-ray event statistics expected in the
future from the two sites of the Pierre Auger Observatory, the
observation of very small fractions (∼ 0.1%) of UHE photons
originated form the GZK processes will be possible. Detection
of such photons would offer a new observation window of the
Universe making a contribution to the multimessenger tracing
of the highest energy processes known.
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Fig. 7. Dependence of the Nµ vs. Xmax scatter plot on the geographical
location of the observatory. Photon-induced showers observed in Malargüe
(Auger South - AS) should have deep maxima with large fluctuations (small
conversion probability) while the photons of the same energies and arriving
from the same directions to the observatory in Colorado (Auger North - AN)
will most likely start preshowers that induce showers with shallower and less
fluctuated maxima. For a further explanation see the text.

cutoff of the spectrum will not change the conclusions of this
paragraph but the number of events will be smaller. In the
presented example a total exposure of the southern part of the
Auger Observatory is taken as 1.5 × 105 L (= sr×km2 ×yr)
and 5 × 105 L for the northern part. The final quality cuts
in primary energy and arrival direction are shown in the
plot. As can be seen, the observation of the events with
the same local arrival directions at the two sites should give
clearly separated group of points. The local field vectors at the
chosen locations are different both in strength and direction:
in Malargüe the field of ∼24.6 µT points upward to zenith
angle θ ∼ 55◦ and azimuth φ ∼ 87◦ , while in Colorado
the field of ∼52.5 µT points downward from θ ∼ 25◦ and
azimuth φ ∼ 262◦2 Due to the different local magnetic field
vectors the photons arriving from the selected directions to the
observatory located in Malargüe will have small chance for
conversion and the respective air showers should have large
and strongly fluctuated values of Xmax (open squares). For
the same local directions and the observatory in Colorado the
photon conversion probability is large and hence the expected
values of Xmax and their fluctuations are smaller. The results
of simulations for proton-induced showers are shown for
comparison. The earlier mentioned clear separation between
photon- and proton-induced showers is worth noting. With use
of plots similar to the one in Fig. 7 the photon signal detected
at Auger South could be confirmed and cross-checked by the
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Anisotropy Studies with the Pierre Auger
Observatory
E. M. Santos1 , for the Pierre Auger Collaboration

Abstract— An anisotropy signal for the arrival directions of
ultra-high energy cosmic rays (UHECR) of more than 99%
confidence level was established using data collected by the Pierre
Auger Observatory. Cosmic rays with energy above ∼ 6 × 1019
eV show a correlation with the positions of extragalactic nearby
active galactic nuclei (AGN), being maximum for sources at
less than ∼100 Mpc and angular separation of a few degrees.
The evolution of the correlation signal with the energy shows
that the departure from anisotropy coincides with the flux
suppression observed in the spectrum, being therefore consistent
with the hypothesis that the correlated events have their origin in
extragalactic sources close enough to avoid significant interaction
with the cosmic microwave background (the Greisen-ZatsepinKuz’min effect). Even though the observed signal cannot unambiguously identify AGNs as the production sites of UHECRs,
the potential sources have to be distributed in a similar way. A
number of additional statistical tests were performed in order to
further understand the nature of the correlation signal.

I. I NTRODUCTION
The origin of the highest energy cosmic rays (above 1018
eV), as far as their mass composition and production mechanisms are concerned, is still undetermined. However, the
recent Auger results, which include limits on the diffuse flux
of neutrinos [1], bounds on the flux of photons above 1019
eV obtained with the Surface Detector (SD) and Fluorescence
Detector (FD) together [2] and with the SD only [3], have put
stringent bounds on top-down models, favoring, therefore, the
hypothesis of production by acceleration process in powerful
astrophysical sources [4].
Anisotropy studies play an important role in the identification of the sources and can even provide valuable information
on the chemical composition. Detectors like the large Auger
surface array are sensitive to showers with energies around
above 1017 eV, but the detector reaches 100% efficiency
only above 3 × 1018 eV. Given the steep falling spectrum,
even taking into account the rapidly falling efficiency of the
detector below this threshold, the Auger Surface Detector
sample is dominated by below-saturation showers. In this
energy region, despite the higher statistics, the myriad of
systematic effects associated to the detector exposure makes
large scale anisotropy analysis a very challenging task [5].
Weather induced effects, like seasonal and diurnal trigger rate
modulations [6], geometric effects associated to the particular
arrangement of the SD array and the influence of the local
geomagnetic field on the air shower development are some of
the examples of systematic effects which one has to deal with
1 Laboratoire de Physique Nucléaire et de Hautes Énergies, T33 RdC,
4 place Jussieu, 75252 Paris Cedex 05, France, emoura@lpnhe.in2p3.fr

in order to extract reliable information on anisotropies over
extended regions of the sky. For energies above 1018 eV, the
Pierre Auger Collaboration has already published some results
on one-dimensional analyzes, that is, right-ascension first
harmonic analysis, Fourier development in modified sidereal
time [7] and the East-West method [8]. The galactic centre
is a natural candidate for searches of anisotropy, since there
are a number of evidences that it harbors, as essentially every
galaxy in the universe, a massive black hole, which would be
associated to the strong radio emissions from Sagittarius A*,
and the γ-rays detected by H.E.S.S. [9]. However, above 1017
eV, the Auger results in the galactic centre region show no
signs of anisotropy [10], despite claims in the past of large
excesses in this region of the sky [11], [12].
At the very edge of the cosmic ray spectrum measured so
far, the systematic effects are no longer so dominant, however,
now the extremely low statistics is the challenge to be faced.
On the other hand, it has been long since people realized
that at such extreme energies, charged particles magnetic
rigidity, both in galactic and extra-galactic fields, should be
large enough to avoid a complete isotropisation of their
arrival directions. In fact, the Auger Collaboration has recently
demonstrated that its highest energy events, that is, above 60
EeV (1 EeV = 1018 eV), are anisotropic [13], [14]. The result
has been established by means of a correlation found between
the arrival directions of the showers and a catalog of AGNs.
The result has demonstrated the feasibility of charged particle
astronomy. This conference paper contains a discussion of the
results presented in the two papers mentioned above and some
remarks on their implications to the cosmic ray physics as well
as on issues they have raised after publication.
II. C URRENT A RRAY S TATUS AND THE DATA S ET U SED
The Pierre Auger Observatory has now reached completion
with all of its 1600 surface detector stations deployed on
ground and the FD with all 24 telescopes taking data together
since February 2007. The surface detector has been taking
data stably since January 2004. The data presented in this
conference contribution corresponds to showers detected by
the SD in the period 1 January 2004 up to 31 August 2007,
amounting for a total integrated exposure of 9000 km2 sr yr.
In this period, the surface detector has continuously grown in
size from only 154 to 1388 stations.
In order to avoid border effects, which tend to be important
during the detector growing process, when the array has a non
negligible number of holes, we consider only events where the
station with the highest signal is surrounded by at least 5 other
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(a)

(b)

Fig. 2. (a) Distribution of the space angle between reconstructions of the same shower performed with independent sets of tanks in a sub-array of doublets.
Defining the AR as the angle containing 68% of all reconstructed showers coming from a point source, AR=1.5σ. (b) Distribution of the space angle between
the reconstruction done using only the surface detector and the surface and fluorescence detectors together (the hybrids). Notice that the intrinsic hybrid
resolution contributes to the total dispersion observed in this plot.

Fig. 1. Surface detector array status as of 27 October 2008, showing a
total of 1638 stations deployed and taking data. The field of view of the four
fluorescence eyes (with 6 telescopes each) are represented by the blue lines
(each one is 20 km long). Some infills, tanks deployed at half the distance
of the regular array from each other in order to lower the observatory energy
threshold can also be seen close to one of the eyes.

active tanks, that is, stations actually taking data when the
shower reaches the ground. To further constrain the impact of
dead stations in the event reconstruction, the estimated shower
core position is required to fall inside a triangle of active
stations.
Obviously, for anisotropy studies, the accuracy with which
one reconstructs the shower direction plays a special role.
The reconstruction of the event direction is done by fitting
the arrival times predicted by a certain shower front model
(either a plane or a curved form) propagating at the speed
of light to the measured arrival times in the tanks triggered

by a shower. The accuracy achieved in such a reconstruction
is limited essentially by the clock resolution of the station
and the intrinsic fluctuations of the arrival time of the first
particle [15]. The Auger SD angular resolution (AR) above
1019 eV, is estimated to be better than 1◦ , as defined by the
angular window which would contain 68% of all reconstructed
showers produced by primaries coming from a point source
[16]. Figures 2(a) and 2(b) show two different estimations
of the AR in Auger, using a sub-array of doublets1 , through
which is possible to reconstruct the same shower with two
independent sets of tanks and using the hybrid events, by
comparing the SD and SD+FD reconstructions.
By profiting from the unique hybrid nature of the Auger
detector, the so called hybrid events, the ones detected simultaneously by the SD and the FD, are used to inter-calibrate
these two detectors, providing an energy estimation which
is almost independent of Monte Carlo simulations. Firstly,
we have identified a SD observable which could be used to
estimate the shower energy, and this was taken be the estimated
signal 1000 m (S(1000)) from the reconstructed shower core.
Secondly, as such a signal is attenuated by the atmosphere,
a correction is applied using the so called Constant Intensity
Cut (CIC) [17]. After the correction, S(1000) is normalized to
a reference angle (38 degrees) and the final observable (S38◦ )
can then be correlated to the calorimetric energy measurement
performed by the FD [18]. Once such a calibration curve is
built for the hybrid events, it can be used for the whole high
statistics sample measured by the SD.
III. E STABLISHING THE A NISOTROPY OF THE H IGHEST
E NERGY S AMPLE
A. The source catalog and the scan method
The Veron-Cetty (V-C) catalog [19] is a compilation of
different surveys and its 12th edition contains 85221 quasars,
1122 BLLacs and 21737 AGNs (of which 694 are less
than approximately 100 Mpc from us). By considering only
1 Doublets are pairs of tanks deployed very close to each other (11 m), so
that they sample essentially the same part of the shower.
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its closest sources (z ≤ 0.024), the probability for chance
correlations with sources from the catalog, already taken into
account the Auger exposure, is as high as approximately 70%
for angular windows of 7◦ . In other words, it is still possible
to look for anisotropies. As farther sources are aggregated, of
course, chance correlation becomes essentially 100%, making
searches for deviations from isotropy impossible.
Anisotropy signals in the cosmic ray arrival directions might
be identified with the help of an intermediate source catalog
through which a correlation signal might be established using
an appropriate set of parameters such as: the typical angular
scale of the correlation signal, the maximum redshift of the
candidate sources and the minimum energy of the events. A
scan over these parameters can then be performed looking for
the typical values leading to a minimum of the probability for
such a data-catalog correlation has been produced by chance.
Given N events above a certain energy threshold Emin , and
a set of sources (limited by a maximum redshift zmax ), the
probability that at least k of them are at less than a certain
angular distance γ from one of the catalog’s sources, just by
chance, is given by the cumulative binomial probability

N 
X
N
P =
pj (1 − p)N −j ,
(1)
j
j=k

where p(γ, zmax ) is the probability for an event, drawn
uniformly on the sky (but taking into account the detector
exposure), to be at an angular distance less than γ from at
least one of the sources with z ≤ zmax .
B. The exploratory scan
A potential anisotropy signal in a subset of the Auger SD
data, collected between 1 January 2004 and 27 May 2006,
was identified through a scan over the 3 parameters mentioned
above. Angular windows from 1◦ to 6◦ , V-C sources up
to z = 0.024 and showers with energies above 40 EeV
were considered. The minimum and maximum values for the
windows are limited by the detector angular resolution and the
constraint of moderate chance correlation probabilities with
sources up to a certain maximum redshift, respectively. The
soil energy was chosen in order to cope with the fact that
typical magnitudes for the galactic and extra-galactic magnetic
fields, will imprint deviations on low energy primaries, even
protons, larger (in average) than the angular interval considered. The minimizing parameters for this exploratory scan
were: γ = 3.1◦ , zmax = 0.018 and Emin = 56 EeV. For
such a configuration, 12 out of 15 events were correlated with
V-C sources when only 3.2 were expected by chance (21% of
chance correlation probability).
C. The signal confirmation
The Pierre Auger Collaboration has an internal policy which
states that any potential anisotropy signal should be tested
on an independent data set [20]. Therefore, a prescription
was established in order to confirm or to reject the potential
signal. Given the very low statistics at the energies considered,

the Collaboration decided to proceed through a sequential
analysis with a predefined stopping rule, since such tests can
give an answer at earlier stages in the sequence. We have
chosen isotropy as our null hypothesis, adopting a α = 1%
Type I error, that is, the allowed probability for a false claim
of anisotropy, and a Type II error of β = 5%, that is, the
probability for an incorrect claim that the data was isotropic.
The error β determines the power of the test (1 − β), that
is, 95%. By moving the bounds of the exploratory scan, the
correlation power could drop from 80% (12/15) to values as
low as 60% (8/14). In order to keep the test power above the
95% threshold, even in the case of such a lower correlation
power, the total length of the test was set to 34 additional
detected events above 40 EeV (the predefined stopping rule).
This prescription was fulfilled almost a year later on 25
May 2007, with the detection of 8 new events above 40 EeV, of
which 6 were at less than 3.1◦ from AGNs up to 75 Mpc from
us. We could then claim that the hypothesis of isotropy for the
highest energy Auger events (E > 40 EeV) was rejected with
at least 99% CL.
Hypothesis tests done via a classical sequential analysis
have to deal with the fact that a penalty factor should be
included at each intermediate step where the hypothesis has
been tested, simply due to the fact that by performing the
test several times, the probability for fulfilling it by chance is
enhanced. Such a penalty factor will therefore depend on the
total length of the test, introducing an undesirable dependence
of the corresponding probability being monitored on data
actually not taken. These classical tests drawbacks can be
avoided by the use of a likelihood ratio test [21]. In figure
3 one can see the evolution of the likelihood ratio 2 [22]
R1 k
p (1 − p1 )N −k dp1
p 1
,
(2)
R=
pk (1 − p)N −k+1
as a function of time and the rejection of the isotropy hypothesis after the collection of 10 events out of which 7 were
correlated with AGNs for the prescription parameters.
D. Combining the full data set
Once the anisotropy signal has been confirmed with the
independent data set, all the data collected since 1 January
2004 was submitted to the same scan, using as well a new
calibration available at the time. The minimum was achieved
for the 27 events above 57 EeV, of which 20 were at less than
3.2◦ from AGNs of the V-C catalog up to approximately 71
Mpc (zmax = 0.017). Only 5.6 events are expected to correlate
by chance under such conditions, and the probability for that
to have happened by chance (already penalizing for the scan
procedure) is approximately 10−5 .
Figure 4 contains a sky map in galactic coordinates with
the 27 events above 57 EeV for the full data set with circles
2 The numerator is the probability to get a particular data set in case
the anisotropy hypothesis is true and the denominator the corresponding
probability when the isotropy hypothesis is true. Notice that since we do not
know the true correlation power p1 in case of anisotropy, we have integrated
over this variable.
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Fig. 4. Sky map in galactic coordinates showing the directions of 27 Auger highest energy events (E > 57 EeV) with angular windows of 3.2 ◦ around
them, as well as the positions of the 442 AGNs in the V-C catalog with redshift z ≤ 0.017 (∼ 71 Mpc). The color code indicates the observatory relative
exposure over the sky. Centaurus A is marked in white.
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Fig. 3. Likelihood ratio R (see eq. 2) evolution for every new event detected
since the start of the internal Auger prescription. The threshold for isotropy
rejection is represented by the dashed horizontal line. The 68% and 95% CL
regions from isotropic expectations are also shown. Isotropy rejection was
achieved after 10 detected events.

of 3.2◦ around each of them, as well as the positions of the
442 AGNs with z ≤ 0.017. The color code indicates the
Auger relative exposure in each direction of the sky. A clear
property of the events distribution is the concentration close
to the supergalactic plane (dashed line), following the local
anisotropic matter distribution in our neighborhood. Notice as
well the two events at less than 3◦ from Centaurus A, one of
the closest AGNs.

IV. S IGNAL P ROPERTIES
A closer look at the signal behavior in the vicinity of
the minimum in the parameter space, shows the presence of
additional secondary minima, indicating that the minimizing
parameters shown above should not be taken at their face
values, but only as indicative of the true correlation scales.
Another distinctive property of the signal evolution as a function of energy is the sharp transition to the global minimum,
suggesting that something abrupt happens around Emin and
have the effect of enhancing the anisotropy signal.
Figure 5(a) shows the average log-likelihood per event LL

where the sum runs over all the events above the energy
threshold and ρk is the column density in the direction of
the k-event of a map built by smoothing out the V-C catalog
with Gaussians of 2◦ around each of its sources. The plot
shows also the 1σ expectation bounds of the log-likelihood
for sets of events (consistent with the statistics in the data
for the corresponding energy threshold) drawn from the VC catalog itself (red lines) and from an isotropic distribution
(blue lines). One can clearly see the abrupt transition from
isotropy to V-C-like anisotropy as the energy reaches 60 EeV
from below. Such a sharp transition is accompanied by a 50%
drop in the flux, from what would be expected from a simple
extrapolation of the measured flux just below the cutoff, in the
form of a E −2.69 power law as can be seen in figure 5(b). This
striking coincidence is an additional evidence for the existence
of the GZK effect, in which the sudden horizon shrinking, as
the energy threshold for pion photo-production is reached, has
the immediate consequence of revealing the anisotropies of our
clumpy neighborhood. If sources were simply running out of
power at energies around 60 EeV, such a sudden appearance
of anisotropy would not be expected.
Some idea of the anisotropic nature of the 27 most energetic events detected by the Auger Observatory might be
obtained without using the V-C catalog, therefore avoiding the
incompleteness issues related to this compilation of sources.
One of the most simple intrinsic properties of a given set of
arrival directions is given by its auto-correlation function, that
is, the number of pairs for different angular scales. The autocorrelation for the highest events identified in the scan over the
full data set is shown in figure 6, together with the expectations
from isotropic data sets. The departure from isotropy can be
seen in a wide range of angles from 9◦ to 22◦ , where the data
shows a larger number of pairs than the isotropic expectations.
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Fig. 5. (a) Average log-likelihood per event (dots) for the Auger events as function of the energy threshold in EeV compared to the expectations from
samples drawn from the V-C catalog smoothed at a 2◦ scale (dashed red line) and from isotropic samples (dashed blue line). The solid lines represent 1σ
bounds. (b) top: Differential flux as a function of energy and its statistical uncertainty. The number of detected showers for each data point is shown on top of
each point; bottom: Fractional difference between the Auger cosmic ray SD spectrum and an E −2.69 power law. Notice the coincidence between the onset
of anisotropy for the events above ∼ 60 EeV in the plot on the left-hand side and the energy where the flux drops by a factor 2 from what would be expected
from a power law on the right-hand side. The HiRes data is also shown for comparison.

a dedicated experiment, such as the Square Kilometer Array
(SKA) [24], which plans to measure about a million pulsar
rotation curves, building a true 3-dimensional map of the
regular magnetic field component in our galaxy. This kind of
information, combined with the detection of multiplets, would
enable us to measure particles rigidity dependence with energy
and, in turn, get information on their chemical composition.

Fig. 6. Auto-correlation of the 27 highest energy events (dots) as a function
of the angular scale in degrees. The expectations from isotropic samples of
27 directions is also shown (crosses) and the error bars represent the 90%
CL.

V. A DDITIONAL R EMARKS
The topology of the galactic magnetic field is highly unknown. The few measurements of polarized light from galactic
and extragalactic pulsars seems to point to a field of some µG
with direction reversals between arms and an exponentially decreasing magnitude as a function of the distance to the galaxy
center measured in the galactic plane [23]. With the increasing
statistics of the Auger surface detector, the prospects for the
detection of multiplets are very promising, which could bring
valuable information on the galactic field structure. However,
a true knowledge of the field topology should be provided by

As already mentioned, the coincidence in energy between
the flux attenuation and the enhancement of the anisotropy
signal is an additional evidence for the GZK effect. Therefore,
one could naively identify the maximum distance Dmax of
sources coming from the scan with the horizon at Emin
(defined as the distance from us containing the sources responsible for 90% of the protons above a certain energy threshold.).
At a first sight, then, the value of 75 Mpc for Dmax as
compared to ∼ 200 Mpc [25] for the proton horizon at 60 EeV
(assuming continuous energy losses, a uniform distribution of
sources with equal intrinsec luminosities) could be seen as
an inconsistency. Nonetheless, Dmax and the horizon are not
even linearly correlated, chance correlations with foreground
sources induce some bias on Dmax towards smaller source
distances, and the same effect can be obtained in the presence
of a large local overdensity.
The HiRes Collaboration [26] has performed a similar
analysis, but it does not seem to confirm the Auger result.
Above 56 EeV, from a total of 13 events, only 2 are correlated
with AGNs with z ≤ 0.018. A difference in energy scale
larger than the one envisaged by the Hires Collaboration
could explain the discrepance if one believes the Northern
and Southern skies are not so much different. On the other
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hand, an apparent lack of events in the region corresponding
to the Virgo cluster seems to be a property of both data sets, an
effect which could arise in a scenario where the bulk of the flux
reaching us is generated in a very limited number of sources,
like has been suggested in [27], in particular, analyzing the
possibility of being Cen A the sole source. The construction
of the Auger North [28] will allow us to crosscheck the
anisotropy results obtained from the South Observatory and
from HiRes, to enhance the statistics in the highest energy
part of the spectrum, look for multiplets, and even measure
individual source spectra.
A detailed study of the sources correlating with the Auger
high energy events, shows that they do not constitute the subsample with the most powerful sources. It is worth stressing
though, that we do not claim the identification of the cosmic
rays sources, and given the size of the correlation scale of less
than ∼ 6◦ , it is impossible to pinpoint the true ones, and essentially, anything whose spatial distribution, when convoluted
with the magnetic deflections, follows the AGNs clustering
properties, cannot be excluded so far. An interesting possibility
raised in [29] is that, perhaps, some of the Auger events are
pointing back to the last scattering centers, instead of their
original sources, due to the presence of an inhomogeneously
magnetized intergalactic medium.
There have been some concerns with respect to the incompleteness of the V-C catalog, close to the galactic plane (due
to dust extinction), at high redshifts and the lack of a selection
function, since this is in fact a compilation of surveys and not a
survey by itself. However, the demonstration of the anisotropy
is not affected by these problems, since the catalog has been
used only as an intermediate step in order to establish the
typical scale of the anisotropy signal.
VI. C ONCLUSION
The Pierre Auger Collaboration has established with more
than 99% CL the anisotropy of its highest energy sample.
The reconstructed directions of showers with energy above
60 EeV show a correlation on angular scales of less than
6◦ with the positions of AGNs up to ∼100 Mpc from us.
The evolution of the signal with the energy shows a sharp
transition from isotropy to anisotropy at E ∼ 60 EeV, and
such a transition coincides with the flux attenuation observed
in the Auger spectrum. This is an additional evidence for
the existence of the GZK cutoff, where the abrupt reduction
in the particles mean free path as the threshold for pion
photo-production in the CMB is achieved, makes the universe
essentially opaque at scales much larger than 100 Mpc for
particles above 60 EeV. As a byproduct, the small effective
horizon at high energies enhances the anisotropies signal,
revealing the clumpy aspects of the structures in our local
universe. Even though the correlation with the V-C catalog
seems to be quite robust, the angular scale of ∼ 6◦ does
not make possible to unambiguously identify the sources.
Essentially, anything which clusters (after taking into account
magnetic deflections) in a similar way as AGNs are cannot be
excluded as the true sources. Intrinsic (catalog independent)

properties of the events, such as their auto-correlation function,
show a clear departure from isotropy in a large angular range.
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First Results from the IceTop Air Shower Array
Abstract— IceTop is a 1 km2 air shower detector presently
under construction as a part of the IceCube Observatory at South
Pole. It will consist of 80 detector stations, each equipped with
two ice Cherenkov tanks, which cover 1 km2 . In 2008, the detector
is half completed. One of the design goals of the detector is to
investigate cosmic rays in the energy range from the knee up to
approaching 1 EeV and study the mass composition of primary
cosmic rays.
In this report the performance of IceTop, the shower reconstruction algorithms and first results, obtained with one month
of data with an array of 26 stations operated in 2007, will be
presented. Preliminary results are shown for the cosmic ray
energy spectrum in the range of 1 to 80 PeV. Being located at an
atmospheric depth of only 700 g/cm2 at the South Pole, a high
sensitivity of the zenith angle distribution to the mass composition
is observed.
The main advantage of IceTop, compared to other detectors in
this energy range, is the possibility to measure highly energetic
muons from air showers in coincidence with the IceCube detector.
The muon rate at a given air shower energy is sensitive to mass
composition. The prospects of this method and alternative methods to scrutinise different composition models will be presented.

I. I NTRODUCTION
Cosmic rays in the PeV to EeV energy regime, where
the transition from galactic to extragalactic cosmic rays is
expected, are studied by detecting extensive air showers (EAS)
they produce in the atmosphere. In its maximum in terms of
particle number, an EAS predominantly consists of electromagnetic particles. IceTop [1], located at 700 g/cm2 on the
south polar glacier, is built to detect showers from cosmic
rays in that energy regime close to their maximum. It is built
on top of the IceCube detector [2], [3], which is located
between 1450 and 2450 m depth. IceCube is able to detect
the light from the bundles of highly energetic muons in the
cores of the EAS. The sizes of electromagnetic and muonic
components of EAS can be used to draw conclusions on the
composition of the primary particles and/or the particle physics
that takes place in the beginning of the shower development.
The main difference of IceTop/IceCube compared to other,
mostly surface-bound, EAS arrays is the sensitivity of deep
IceCube to early interaction processes, and the fact that the
IceTop signal on the surface is predominantly created by
electromagnetic shower particles. This complementary setup
may therefore verify existing measurements or cancel out
systematic discrepancies between them, which are for instance
caused by the hadronic interaction models used in the simulation of EAS events.
1 DESY, D-15735 Zeuthen, Germany;
now at: IFAE Edifici Cn., Campus UAB, E-08193 Bellaterra, Spain,
klepser@ifae.es
2 see www.icecube.wisc.edu
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Fig. 1. Display of a shower event with an energy of about 100 PeV as
recorded with the 40 stations of the 2008 detector. The colors of the halfcircles
indicate the pulse times in the tanks, the sizes scale with the integrated charges.
The arrow and the orthogonal dashed line display the reconstructed direction.

Furthermore, studies can be done with IceTop alone, using
different inclinations to study composition and the energy
spectrum. Also, efforts are being put into the identification
of single muons at high distances from the shower core, both
in IceCube and IceTop. This may also allow for conclusions
on the interaction models or composition.
Another physics goal not discussed in the following is the
use of IceTop in the context of heliospheric physics [4].
II. T HE I CE T OP D ETECTOR
In 2007, when the data presented in this paper were taken,
IceTop consisted of 26 detector stations on a triangular grid
with a mean distance of 125 m. Each station comprises two
1.86 m diameter tanks filled with ice to a depth of 90 cm.
In each tank, two digital optical modules (DOMs) detect
Cherenkov photons emitted by charged particles in air showers. The DOMs are mounted on top of the ice bulk, with
their light sensitive halves frozen to the ice surface. A DOM
is a light detection unit that contains a 1000 photomultiplier
tube (PMT) and electronics to digitise recorded pulses with a
precision of 3.3 ns for about 422 ns. Figure 1 shows the display
of an event recorded with the 2008 detector configuration.
The light in the tanks can be reflected multiple times by the
inside layers of the tank walls and may be recorded by one
or both DOMs, depending on the pulse height and the DOM
and trigger configuration. In 2007, the DOMs were run with
two different gains to enhance the dynamic range. This lead
to effective thresholds of about 20 and 200 PE, respectively.
In 2008, the gain difference was slightly increased.

A. Trigger and Calibration
To initiate the readout of DOMs, a coincidence of the two
high gain DOMs of a station is required. Low gain DOMs are
read out only if this local coincidence is already established.
The data is written, and thus available for analysis, if the
readouts of six DOMs are launched by a local coincidence. In
2007, the event rate with this configuration was about 14 Hz.
The low level processing and calibration of the data is done
in several steps. First, an arrival time is defined by the leading
edge of the pulse and the integrated charge of the pulse is
converted into a number of equivalent photo electrons (PE).
Making use of the muon calibration method [5], these values
are further converted to vertical equivalent muons (VEM),
which makes the analysis essentially independent of the exact
simulation and understanding of the tank and ice properties,
which otherwise would lead to high uncertainties.
The recording of waveforms in principle allows for sophisticated analyses, exploiting the information in the time
structure of the pulse shapes to investigate the shower structure
or particle content. At present, this is not being used.
III. S HOWER R ECONSTRUCTION
The data sets recorded with IceTop comprise a set of
arrival times and calibrated signal sizes in units of VEM.
Likelihood maximisation methods are used to reconstruct the
location, direction and size of the recorded showers. In general,
the arrival times contain the direction information and the
charge distribution is connected to size and location of the
shower centre. In practice, it turned out to be a stable and
capable approach to start from simple first guess estimations
of direction and shower core and iterate further with detailed
likelihood functions. This also allows an eventual sensitivity
of the arrival times to work on the core location.
A. Fit Procedure and Data Cuts
The iterative process starts off with the analytic direction
calculation under the assumption of a plane shower front, and
the centre of gravity of the square root of charges (COGSC) as
a seed for the shower core. Then a fit to the lateral distribution
of charges is performed, keeping the direction fixed. If the
core is found closer than 11 m to a station, the pulses of
that stations are discarded and the fit is repeated. In the next
step, a combined fit, using times, charges and a more realistic
curved shower front assumption, leads to the final direction
estimation. In this step, for stability reasons, the direction
is kept flexible only in a limited range. Finally, the lateral
function is fitted again with fixed direction to yield the shower
size, energy and lateral power index results.
In this analysis, we require 5 or more triggered stations to
ensure small errors on the fitted quantities. This leads to an
effective reconstruction threshold (assuming a step function
acceptance) of about 500 TeV. A constant efficiency is reached
at about 1 PeV, depending on inclination.
The presently applied data cuts mainly assure the convergence of the fits and the containment of the events inside the
array borders. The latter is achieved not only by requiring the
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fitted core position to be 50 m (about half a station distance)
inside the array, but in addition asking the COGSC and the
station with the highest charge to fulfill the same condition.
The effective area of the 2007 array, reached with these cuts,
is between 0.094 and 0.079 km2 for zenith angles between 0◦
and 46◦ in the energy range of constant acceptance.
B. Direction and Core Position
The final event direction is determined under the assumption
of a fixed time delay profile relative to a plane shower front:
2

∆t(ri ) = 19.41 ns [e−( 118.1 m ) − 1] − 4.823 · 10−4
ri

ns 2
r
m2 i

σt (ri ) = 2.92 ns + 3.77 · 10−4 ri2 .
(1)
Here, ∆t(ri ) is the expectation value of the time delay at a
perpendicular distance from the shower axis ri , and σt (ri )
is the expected (Gaussian) standard deviation at that radius.
This shape was determined by fitting deviations from the fitted
plane in experimental data. The radii ri depend on the core
and direction parameters, so the fit is in general sensitive to
both. The 68 % resolution that is achieved is 1.5◦ and almost
independent of energy and zenith angle.
The core position is determined after a lateral fit using the
function introduced in [6]:
S(r) = Sref

µ

r
Rref

¶−βref −κ log10

“

r
Rref

”

(2)

where r again is the perpendicular distance to the shower axis,
Sref the signal expectation at a distance Rref , βref a slope
parameter related to the shower age, and κ a (lateral) curvature.
In the fit, Rref = Rgrid = 125 m is used, leading to a shower
size S125 and a power index β125 at that radius. κ = 0.303
was found constant in simulations and remains fixed in the fit.
The performance of the fit, in terms of likelihood distributions and retrieved parameter confidence intervals, is well
in agreement with simulation. The achieved core resolution
improves with energy, approaching 9 m at 3 PeV for zenith
angles below 30◦ .
C. Energy Reconstruction
A simplified simulation study with proton showers was
done to derive a functional form of an energy estimator
E(Sref , Rref ) for any given combination of shower size Sref
and reference radius Rref (see also [6]). This was done because
it allows us to chose the radius at which the shower size
Sref is defined, and the energy is extracted, for each event
individually. At the radius where Sref is independent from the
power index parameter β, the uncertainty on Sref , and on the
extracted energy estimator, is minimal. In the ideal case of a
power law, this optimal radius is the mean of logarithmic radii
of all fitted data points, log r. Consequently, to minimise the
(statistical) error on the energy, Slog r is calculated for each
event, using Eq. 2, and the energy estimator is derived from
that.
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B. Systematic Uncertainties
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too difficult and was done with two iterative methods. One
is a Bayesian approach as presented in [8], the other one
is the Gold algorithm [9]. To determine correct error bands,
a bootstrap method was used [10], which randomises the
measured distributions within their error bands, analysing the
resulting variations in the unfolded spectrum. The iteration
depths were adjusted in simulation in a way that the deviation
between unfolded spectrum and assumed true spectrum was
minimised in the energy range of interest.
Both algorithms and the error determination were verified
in simulation. The uncertainties that arise from the unfolding
are only a minor contribution to the total systematic error.
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Fig. 2. Graphical display of the proton (blue) and iron (black) response
matrices for air showers below 30◦ zenith angle.

The energy resolution improves with energy and approaches
0.05 in log10 E, or 12 % in E, at ∼ 3 PeV for zenith angles
below 30◦ . A graphical display of the resulting response matrix
can be seen in Fig. 2 for proton and iron nuclei. The faster
development of showers from heavy primaries leads to a tilt
of the bands against the diagonal of the matrix. Since IceTop
is close to the shower maximum, the center of rotation, i.e.
where the two bands cross, lies within the observed energy
range. This means that at low energies, showers from heavy
primaries look less energetic than proton showers, whereas at
high energies they appear more energetic. It shall be noted
that the point of rotation depends on many factors, such as
the chosen energy extraction radius and inclination.
The deviation of the proton response from the diagonal at
high energies is connected to inaccuracies of the simplified
simulations with respect to the full detector simulation. It is
corrected by the unfolding.
IV. S TUDIES WITH I CE T OP A LONE
IceTop can be used as a standalone air shower detector,
which allows for an early verification of the above techniques,
analysing showers with zenith angles up to 46◦ . The different
attenuation of proton and iron showers, and its dependence
on the zenith angle, leads to a deviation from the expected
isotropic flux if an incorrect primary composition is assumed.
In this way, IceTop alone is sensitive to composition [7].
A. Unfolding Techniques
The response matrix is defined in a way to relate the true
energy spectrum to the measured distribution of first guess
energies. It depends on the primary type and zenith angle.
In the case of IceTop, the matrix is only two-dimensional,
close to diagonal and the resolution does not vary much
with energy. The unfolding of the spectrum, which essentially
corrects for resolution and an eventual shift, is therefore not
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Presently, the main systematic error of the energy spectrum
reconstruction comes from the calibration (7 % in E). Also, in
this preliminary study, there are still some technical inaccuracies in the simulation, which for instance lead to an incorrect
reproduction of the signal threshold function and consequently
an inaccuracy of the likelihood function. These technical issues
contribute another 6 % uncertainty in E.
Minor systematic errors come from the unfolding procedure,
and the statistical quality of the simulated datasets (each 2 %
in E). In the CORSIKA shower simulation [11] two high
energy interaction models were tested up to now, namely
SYBILL2.1 [12] and QGSJet01.c [13]. The derived deviation
in energy assignment between the two models was found to be
less than 1 %, which is probably due to the low muon content
of the IceTop signal.
The sum of systematic errors is about 10 − 11 %, slightly
depending on energy. It is expected that most of the problems
mentioned above will be solved in the near future.
C. Analysis of Three Inclination Ranges
The air shower data recorded in August 2007 was subdivided into three zenith bands that are roughly equidistant
in sec θ, namely Ω0 = [0◦ , 30◦ ], Ω1 = [30◦ , 40◦ ] and
Ω2 = [40◦ , 46◦ ]. For each of these bands, a proton and an
iron response matrix were simulated. In addition, two mixed
composition response matrices were calculated. One is a twocomponent mixture of protons and iron [14]; the iron fraction
increases from 34 % at 1 PeV to 80 % at 100 PeV. The other
one is a 5-component implementation of the poly-gonato
model that turned out optimal in [15]. Here, the elements
above helium increase from 40 % to 98 % in the same range.
In both cases, the mixed composition matrices were calculated as a superposition of the proton and iron responses. Using
them for unfolding means that only the relative composition
goes into the analysis, not the absolute flux scales of the
models.
Figure 3 shows the energy spectra resulting from the unfolding for the four response matrices. The pure proton and iron
assumptions lead to deviating spectra with opposite ordering
for protons and iron. Furthermore, the proton spectra diverge
towards higher energies, whereas the iron spectra converge.
This suggests that the response matrix needed for a isotropic
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Fig. 3. Preliminary, unfolded energy spectra for three zenith bands, assuming four different composition assumptions. The shown points are those that are
well above threshold and that correspond to more than four events [7]. The error bars of the single points represent statistical errors. The total systematic
error, and the error intrinsic to the inclination bins, are displayed on the lower left (see text).

flux must be generated assuming a mixed composition with a
mean mass increasing with energy. In fact, the spectra obtained
with the poly-gonato and two-components models do agree
much better.
D. Results on Composition
To quantify the observed discrepancy of the unfolded spectra, likelihood values were calculated that characterise the
compatibility of the spectra. The most sensitive method is to
compare the values from the three zenith ranges with their
mean for each individual spectrum bin. Since the absolute
likelihoods rather characterise the statistical quality of the
dataset than the model itself, likelihood ratios were taken to
validate the models against each other. In this comparison, care
was taken to distinguish between systematic errors that apply
on all zenith bins equally (e.g. the muon calibration error) and
errors that do or may apply on the zenith bins independently.
The likelihood ratios with respect to the poly-gonato model
were 4 · 10−8 for pure proton and 2 · 10−14 for pure iron
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composition, respectively. This excludes both of the pure
composition assumptions. No preference could clearly be
identified between the two mixed composition models.
Although this finding is as yet not surprising, the power of it
may increase considerably as systematic and statistical errors
will be reduced in the near future. Furthermore, the benefit of
this analysis is that it is complementary to the coincident measurement, since it exploits only the development of the (mainly
electromagnetic) showers and therefore is less dependent on
the production mechanisms for highly energetic muons.
E. Results on the Energy Spectrum
Figure 4 shows several energy spectra from other experiments, along with a preliminary spectrum from IceTop, assuming the 5-component poly-gonato composition model. The
two-components model delivers almost the same result and is
equally qualified by the derived probabilities, so this choice
by now is arbitrary. The following systematic errors are given
for the context of the poly-gonato composition assumption, so
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Fig. 5. Coincident air shower events from experimental data. NPE is the sum
of all recorded photons in IceCube. The shaded histogram indicates the spread
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Fig. 4. Preliminary energy spectrum from 1 − 80 PeV measured by IceTop
in August 2007, in comparison to results from other experiments. The error
bars of the single points represent statistical errors. The total systematic error
is displayed on the lower left.

they do not assess a possible deviation from that.
The spectrum can be fitted with a broken power law
(χ2 /n.d.f. = 9.5/13). It determines the knee position at 3.1 ±
0.3 (stat.) ± 0.3 (sys.) PeV and a power index change from
γ1 = −2.71 ± 0.07 (stat.) to γ2 = −3.110 ± 0.014 (stat.).
The preliminary estimate of the systematic uncertainty of the
power indices is 0.08.
The absolute flux, or energy assignment, is below that of
most other spectra. Taking into account the systematic error
of our and the other measurements, however, the deviation
corresponds to no more than about 1.5 σsys. .
The low flux, or energy assignment, is a feature that is
already found in the energy distributions before the unfolding.
Simulation improvements in the near future will reduce the
systematic error and probably clarify whether the reason of
this deviation is physical or not.
V. I CE T OP -I CE C UBE C OINCIDENT A NALYSIS
Detecting events with IceTop and IceCube in coincidence
can be used to do a composition analysis, but also to improve
the event reconstruction. Both of these efforts are still under
development, but will make IceCube a three-dimensional air
shower detector in the near future.
A. Reconstruction of Coincident Events
Air showers near vertical, with the shower axis contained
in both IceTop and IceCube, can be observed in coincidence.
The signal in IceCube is caused by a muon bundle that usually
has a spread of some tens of meters, which is much less than
the grid constant (125 m). This means that the single muon
reconstruction algorithms used in the neutrino analysis of
IceCube can in principle be applied to air shower data and lead
to a good estimation of arrival direction. Existing simulations
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indicate that a combined IceTop-IceCube reconstruction may
improve the overall shower direction resolution.
A muon bundle reconstruction has to consider the ice
properties and longitudinal development of the muon number.
It can lead to an estimation of size, i.e. muon content, and the
spread of the bundle and its light in time and space. Adding
the IceTop size and β parameters, a coincident event is then
characterised by at least 4-5 parameters and has only two
variables to be determined, namely energy and mass. This
allows for several reconstruction and analysis approaches that
at present are still under development.

B. Analysis of Coincident Events
A well-known quantity that is related to the primary mass
of an cosmic ray air shower is the ratio of electromagnetic to
muonic particles (e/µ). Heavy nuclei tend to produce more
muons and in addition develop faster, which mostly leads to
a lower e/µ on ground level.
The limiting issue in e/µ analyses is still the understanding
of the early high-energetic interactions that strongly affect the
muon production. It is therefore of great importance to have
experiments that detect air showers in orthogonal approaches.
Unlike many other experiments, IceTop has the ability to
complement its almost dominantly electromagnetic signal at
the surface with a measurement of the exclusive and highly
energetic muon bundle in the deep IceCube detector.
Figure 5 shows experimental data of photon numbers in
IceCube vs. reconstructed energy in IceTop. As expected, the
muon bundle size, related to the IceCube photon number,
clearly increases with energy. Simulations show that the mean
signals of the two extreme cases of proton and iron showers are
significantly separated in this graph. As in other experiments,
the strong variations, intrinsic to the hadronic shower cascades,
require a statistical analysis of the data, probably involving
unfolding and/or sophisticated event classification techniques.

Fig. 6. Pulse charge distributions in experimental data for different maximal
expectation value conditions. At lower expectation values, i.e. high distances
from the shower axis, a peak becomes visible at about 1 VEM that corresponds to single muons hitting a tank (filled area) [16].

A first study of the energy spectrum, using IceTop as a
standalone detector and the data from one month in 2007,
yielded two results: First, a sensitivity on cosmic ray composition was found by comparing energy spectra from different
inclinations. A first study, using pure proton, pure iron and two
mixed modellings of cosmic rays, showed a clear preference
for the two mixed composition models. Secondly, an energy
spectrum between 1 − 80 PeV was extracted that shows all
expected features, and, within uncertainties, agrees relatively
well with other measurements.
The reconstruction and analysis of IceTop/IceCube coincident events is still under development. IceCube offers various
possibilities to interpret the three-dimensional shower images,
making use of time and signal height information on the
surface and deep in the ice.
A new analysis is being developed that aims at the identification of single muon signals in IceTop, at large distances from
the shower axis. This will lead to another, yet complementary
composition analysis method and may be usable for testing
air shower models.
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Abstract— Extreme Universe Space Observatory (EUSO) is a
mission to study ultra-high energy phenomena in the Universe.
Ultra-high energy cosmic rays (UHECRs) above ∼ 1020 eV will
be observed by a super-wide field of view (±30◦ ) telescope with
2.5 meter in diameter attached to the International Space Station.
The requirement is observation of more than 1000 UHECRs
above 7 × 1019 eV, which is necessary statistics for astronomy
with ultra-high energy particles. In this paper, the structure of the
JEM-EUSO telescope will be described. Expected performance
and recent improvements will be also reported.

I. INTRODUCTION
About a half century has passed since the first 1020 eV cosmic ray had been observed[1], however, the origin of cosmic
rays above 1020 eV has not been identified. A proton above the
energy of 4×1019 eV interacts with the microwave background
radiation and looses its energy to produce pions[2], [3].
Therefore the origin should be in the local universe, within
∼50 Mpc. Nuclei such as iron and gamma ray at 1020 eV
interact with background radiation to loose their energy, so
that the attenuation lengths are similar to that of proton or
shorter. Recent results by the HiRes experiment[4] and the
Pierre Auger Observatory[5] shows possible suppression in
the energy spectrum by GZK mechanism[6], [7]. So far,
astrophysical sources to accelerate particles up to 1020 eV have
not been found within 50 Mpc. However, the cluster events
of UHECR observed by AGASA suggests point sources[8]
and the correlation between the arrival direction distribution
of UHECR and the distribution of local active galactic nuclei
(AGNs) was reported by the Auger group[9]. They have not
been confirmed yet mainly due to the limited statistics.
Electronics
JEM−EUSO

Focal Surface detector

These electrons excites Nitrogen in the atmosphere and fluorescence is produced in the wavelength of 300-450 nm. The
fluorescence and Čerenkov light is detected by the telescope. A
UHECR is observed as a bright point moving along a line with
variation of intensity. Parameters such as the energy and the
arrival direction will be determined from the intensity and the
direction of the line. The field of view (FoV) of the telescope
is very wide, ±30◦ , so that an area of about 50,000 km2
will be seen at once. The whole sky will be covered by a
single telescope since the ISS flies around the Earth. This
is a big advantage to study the arrival direction distribution
of UHECR, because comparison of different observations on
ground requires understanding of systematic uncertainties. If
there are several bright sources, energy spectrum for each
source may be obtained and astronomy with UHECR will
start[13].
EUSO was originally selected in 2000 as a mission of
the European Space Agency (ESA). The Phase A study was
completed successfully in 2004, but the start of Phase B
was postponed due to the financial trouble in Europe. It
was reconstructed as the JEM-EUSO mission by Japanese
and USA team to utilize the JEM/EF. In 2006, JEM-EUSO
was accepted as a mission candidate of the second phase of
JEM/EF utilization and the Phase A study has started. After the
ESA Phase A study, the energy threshold has been decreased
by new optics design with new lens material, detectors with
higher quantum efficiency and improvements of the trigger
algorithm. In the later phase of the mission, the telescope
will be inclined to emphasize the observation of higher energy
cosmic rays than 1020 eV (Fig.2). JEM-EUSO is planed to be
launched by a H-IIB rocket in 2013 and be delivered to the
ISS by a H-II Transfer Vehicle (HTV).

Double−sided Fresnel Lenses

400km
Fluorescence
Cherenkov light

Cosmic Ray

Fig. 2. Two operation modes of JEM-EUSO. The left picture shows nadir
mode and the right one shows tilted mode.

Atmosphere

Earth

230km

Fig. 1. Observation of cosmic rays by the JEM-EUSO telescope. It is attached
to the JEM/EF of ISS at 400 km in height to see towards the Earth.

JEM-EUSO is a mission that a super-wide-angle telescope
with 2.5 meter in diameter is attached to the Japanese Experiment Module Exposure Facility (JEM/EF) of the International
Space Station (ISS) and views the Earth atmosphere (Figs.1
and 2). A UHECR goes into the atmosphere and induces an extensive air shower (EAS), which consists of a lot of electrons.
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This paper is focused on the description of the JEM-EUSO
instrument and the science targets and the general information
of the mission will be described in another paper[11].
II. INSTRUMENT
A. Overview
The JEM-EUSO telescope is divided into four parts: optics,
focal surface, atmospheric monitor and calibration system
(Fig.3) [14]. The optics consists of two Fresnel lenses with
a diameter of 2.65 meter of which edges are cut by 1.9
meter in width, and a diffractive plate. Ultra violet (UV)

Fig. 3.

The structure of the JEM-EUSO telescope.

light in 330–400 nm is collected to the focal surface with
an angular resolution of 0.1 degree. The collected light is
converted to electric signal by multi-anode photomultiplier
tubes (MAPMTs). The electric pulses are counted every 2.5
µs and the number of signals is stored into a memory as a
picture. If it is judged as a UHECR event, the information
in the memory before and after the trigger time will be read
and transferred to the ground. Since the observation target
is phenomena in the atmosphere, the atmospheric condition
should be monitored. It is done by a UV LIDAR (LIght
Detection And Ranging) and an infrared camera to be used
for analysis of cosmic rays. The change of the telescope
performance with time and atmospheric transmittance will be
checked regularly by UV LEDs on board and by UV flasher
lamps on ground.
B. Optics

decrease around 350 nm and down to 80% at 300 nm. Another
advantage of CYTOP over PMMA is a low dispersion of the
refractive index, which leads to less chromatic aberration. A
little residual chromatic aberration is reduced by the diffractive
lens between the Fresnel lenses. In total, the light collection
power has increased by a factor of 1.5 to ESA EUSO optics.
In the current design, the two Fresnel lenses with 2.65 meter
in diameter are cut with 1.9 meter in width[12]. The light
collection power is same as for a full-circled lens with 2.5
meter in diameter for the light incident parallel to the light
axis. At surrounding parts of the FoV, it is decreased by about
10% because some rays were supposed to pass through the cut
area. The manufacturing precision for a small piece satisfies
the requirement of surface roughness, <20 nm RMS. We are
now preparing for machining larger lenses, whose diameter is
>1.5 meter in RIKEN. The first lens will be made in several
months and the machining precision will be evaluated.
C. Focal Surface Detector

Fig. 5.

Fig. 4. The design of the optics. It consists of two Fresnel lenses and
diffractive plane between them. The F number is 1.

In order to realize an optics with super wide angle FoV
and light weight, optics with two double-sided Fresnel lenses
made of UV transparent material and one diffractive lens is
adopted for JEM-EUSO[15]. Fig.4 shows a drawing of the
optics. It is designed to optimize the performance for the light
in 330-400 nm. The angular resolution is 0.1 degree, which
corresponds to 0.8 km on ground observed from the height of
430 km. The lens material is an amorphous fluorinated resin,
CYTOP (Asahi Glass Co., Ltd). CYTOP has a transparency
of larger than 95% above 300 nm, while the transparency of
PMMA, which was a lens material in the past design, starts to
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Hierarchical structure of the focal surface detector.

The focal surface consists of 2 × 105 pixels in total of
MAPMTs (Fig.5)[16]. Four MAPMTs compose Elementary
Cell (EC), which is the smallest unit for signal processing
and the first trigger. Nine ECs make a Photo-Detector Module
(PDM), which is a unit for the data acquisition. A PDM
works independently, and have functions to judge whether
an event is a possible EAS data or not. The used MAPMT
is R8900-03-M36 (Hamamatsu Photonics) with 6 × 6 pixels,
developed for EUSO. Photo-electrons are focused on the first
dinode by a weak electric field to make the effective detection
area larger. Fundamental evaluation was already completed
in the phase A study of ESA EUSO[18]. At that time,
typical quantum efficiency (Q.E.) was about 25%. Recently
Hamamatsu has succeeded to increase Q.E. up to about 40%
(Ultra-Bialkali photocathode). Several R8900-03-M36 PMTs
with Ultra-Bialkali photocathode were manufactured in trial
and the photon detection efficiency (D.E.:=Q.E.×C.E.) was
measured. It was found to be about 30%, which is 1.5 times
better than a MAPMT with normal bialkali photocathode.
Since expected number of photons at the EUSO telescope is
small, SiPM detector is considered to be used as a possible
focal surface detector, which has better Q.E. than PMTs.
The development is on going in German, Russia and Japan,

however, operation as a multi-pixel array and stability in the
JEM-EUSO environment should be studied further to adopt it.
D. Electronics and Trigger Algorithm

Fig. 6.

Hierarchical scheme of the data stream and trigger system.

The data acquisition circuit and the trigger have a hierarchical structure with three layers as shown in Fig.6[12], [17].
Operation modes are main one for UHECR observation, slow
mode for Transient Luminous Events(TLEs) and meteorites,
fast mode for LIDAR and calibration mode. The gate time
unit(GTU) of the photon counting for each mode is 2.5 µs
for UHECR observation, 40 µs for slow mode and 0.156 µs.
Data are reduced by three stages of trigger to satisfy the
transmission rate to ground, 300 kbps.
EC includes front-end ASIC(s) and FPGA(s). Charge from
a MAPMT anode is converted to a square pulse with time
width proportional to the charge (Q-T conversion) by a frontend ASIC. The pulse width is counted with a clock pulse by
the front-end FPGA. This ASIC+FPGA system is designed
to work at single photo-electron level (∼ 5 × 105 e) and the
counted pulse width corresponds to the number of incident
photons. The count is sent to a ring buffer in a corresponding
FPGA in the PDM every GTU for the second trigger judgment.
The Q-T conversion has an advantage over the usual photon
counting method that it consumes less power and that count
loss is avoidable if many photons come at once.
We have already made the ASIC in trial and confirmed
that 1) The power consumption was 1.8mW/ch as designed,
2) linearity up to 300 p.e. level and 3) various functions
implemented in the chip worked. The total power for the
whole telescope is limited to ∼1 kW, so that we have designed
ASIC with much less power consumption, 0.7mW/ch. The trial
pieces will be delivered by March, 2009.

496

There are two threshold levels for each pixel, Nth;r and
Nth;y (Nth;r >Nth;y ). The pixel whose count, N, is larger
than Nth;r is called red pixel, the pixel with N>Nth;y is called
yellow pixel and the other is called white pixel which is not
used in the trigger algorithm. These threshold counts will be
adjusted according to the background level in observation. The
second level trigger in FPGA is to find a track moving at the
speed of light along a specific line. This algorithm is called
Track Trigger Algorithm (TTA). First, a red pixel is searched.
If it is found, the number of photo-electrons are integrated for
the red and yellow pixels within ±4-5 GTU centered at the red
pixel along a specific direction. The directions are predefined
for 16 directions at present. If the summed number of photoelectrons go beyond a certain threshold level (Nth ), a second
level trigger will be issued. The threshold levels, Nth , Nth;r
and Nth;y depends on the average background level and are
set so that the trigger rate is between 0.1 Hz and 1000 Hz at
present.
The data will be sent to a cluster control board equipped
with digital signal processors (DSPs) for the third level trigger.
The algorithm of the third level trigger is essentially same as
the second one, but the event will be examined in more detail
and events across over PDMs will be also checked for trigger.
At last, events judged as EAS events will be handled by
mission data processors (MDPs) and will be sent to ground
by way of the ISS interface together with house keeping data.
The electronics is required to work in stable in the space
(ISS) environment. The JEM-EUSO electronics is based on
those for Pamela, Agile, Altea and Sileye-3, which works
successfully in space, and incorporates new technologies for
recent CPUs and FPGAs to match the JEM-EUSO data
acquisition system.
E. Atmospheric monitoring
As described above, JEM-EUSO observes light emitting
phenomena in the atmosphere. Therefore it is important to
obtain the atmospheric conditions during the UHECR observation. Information on the cloud is necessary especially
for analysis of low energy events around threshold energy
with better quality and for the estimation of the exposure.
In order to measure the vertical structure (height) of clouds,
third harmonics (355 nm) of a 20 mJ Nd:YAG laser is shoot
toward the atmosphere, at a few directions[19]. Scattered light
is received by the JEM-EUSO telescope to reduce the power.
Intensity of the scattered light is taken every 0.156 µs with
the fast mode and then vertical distribution of clouds will be
obtained. In addition to the LIDAR, the FoV of the JEMEUSO telescope is monitored with an infrared camera (1012µm) with the similar FoV to obtain the distribution of cloud
top height[19].
F. Calibration
The energy of a cosmic ray is essentially proportional to the
amount of detected light. In order to determine the intensity of
the shower maximum in the EAS development, it is required
to determine the emitted amount of light accurately. Therefore

it is necessary to know attenuation and conversion factors
between the source and the detector. Calibration works in flight
for JEM-EUSO are classified into three parts[12].
Three kinds of LEDs in the range of 330-400nm are put on
the back side of the rear lens to illuminate the focal surface
detectors directly in the days. The variation of the efficiency
in time will be checked with it. If any change is found, high
voltage or threshold levels will be adjusted. LED light source
is put on the focal surface and illuminate through the lenses.
The reflected light at the rear side of the lid is detected by
the focal surface detectors. This data is used to check the
transmittance of the optics.
Second one is 10-20 stations of Xe flashers on ground,
whose intensity are calibrated[20]. JEM-EUSO will fly over
one of the flashers once per day. The transmittance of the
atmosphere and the degradation of light collection power of the
telescope and of the light detection efficiency will be checked.
UV LIDAR (355nm) is used to emulate EASs and evaluate
the precision of energy determination and angular determination. Some LIDAR stations will be settled on the same place
as a flasher to cross-calibrate the vertical transmittance of the
atmosphere.

produce simulated event sets. They are reconstructed and the
performance was evaluated. In the calculation, the background
light intensity was assumed to be 500 photons/m2 ·ns·sr. Fig.7
shows the trigger efficiency as a function of energy. If the
trigger threshold is defined as the energy where 50% of events
in the FoV are triggered, it is 5 × 1019 eV for the nadir
mode. In the later phase of the mission, the telescope will
be inclined to increase the covered area especially at higher
energy than 1020 eV. The trigger efficiency at 1020 eV is smaller
than in the nadir mode. However covered area on ground is
three times larger at 35◦ in nadir angle and about five times
larger at 38◦ . Beyond 38◦ , the telescope starts to see the sky
above the horizon. Therefore it is more appropriate to see

III. EXPECTED PERFORMANCE

Fig. 8. Effective area as a function of energy for four kinds of tilt angles
(0, 30, 35 and 38◦ ).

Fig. 7. Trigger efficiency as a function of primary cosmic ray energy. The
efficiency of the full FoV is shown by circles for four kinds of tilt angles (0,
30, 35 and 38◦ ) and that for the center area of the FoV is shown by squares.

The performance of the JEM-EUSO was evaluated by simulation. First, EAS data base was made. Then fluorescence and
Čerenkov light is calculated for each EAS and the information
of the photons (position, direction, time, wavelength, etc.)
arrived at the entrance of the telescope at 430 km in height is
recorded taking account of attenuation in the atmosphere. In
the detector simulation, characteristics of the optics, efficiency
of the PMTs, electronics, etc. are taken into account to
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the effective detection area in order to show the detection
power. It is shown in Fig.8 assuming the duty cycle of 19%.
The area for the nadir angle of 38◦ starts to become larger
than in the nadir mode from below 1020 eV, and it is 1.8
times larger at 1020 eV and 2.4 times larger at 1020.5 eV.
Expected number of events during the 5-year mission period,
with the nadir mode for 2 years and with the tilt mode (38
deg.) for 3 years, was calculated. The energy spectrum was
normalized to the Auger’s result as J(E)E 3 = 2.0 × 1024
[(eV)2 /m2 ·s·sr] at 2×1019 eV. 1800 events above 7×1019 eV,
which satisfies the requirement, and 450 events above 1020 eV
are expected. For the events below the threshold energy, the
full trigger efficiency is worse but more than 1000 events
per year are expected around 3 × 1019 eV even if only the
events at the center of the FoV, with the radius of the area
on ground less than ∼100 km where the efficiency is good,
because of steep energy spectrum slope are used. It is enough
statistics for the study of anisotropy and comparison of the
energy spectrum with the results of ground experiments. The

energy resolution and the angular resolution are less than 30%
and less than 2.5◦ respectively for events with zenith angle
larger than 45◦ at 1020 eV. The angular resolution for the
events with zenith angle larger than 60◦ is ∼1 degree, which
will be powerful for search of sources. The resolution of the
shower maximum depth (Xmax ) is about 120 g/cm2 and it is
capable to discriminate ultra-high energy neutrinos.
IV. SUMMARY
EUSO was reconstructed as JEM-EUSO and was accepted
as a mission candidate of the second phase of JEM/EF
utilization in 2006. The main science target is astronomy with
ultra high energy particles around and above 5 × 1019 eV.
The performance of JEM-EUSO telescope has been improved
by adoption of the CYTOP optics, high detection efficiency
MAPMT and more intelligent trigger algorithm. About 1800
events are expected during the 5-year mission period above
7 × 1019 eV. In this energy region, deflection by galactic
and intergalactic magnetic field is small and identification of
UHECR sources will be promising.
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Simulation study of UHECR particle propagation
and photon fluxes
Daniel Kuempel1a , Karl-Heinz Kampert1 , Markus Risse1

Abstract— We investigate ultra-high energy (UHE) particle
propagation using the Monte Carlo code CRPropa. Particularly,
the distance ranges from which particles of a certain energy reach
the Earth, modifications of the spectra during propagation and
photon fluxes, are studied for varying source parameters. First
preliminary results are presented.

I. I NTRODUCTION
One of the most pressing questions of astroparticle physics
is the understanding of the origin and nature of the highest
energy cosmic rays. Even though cosmic rays with energies
exceeding 1020 eV have already been observed more than 40
years ago (e.g. [1]) many questions remain unanswered:
• “Where do they come from?”
• “What is their composition?”
• “What is the acceleration mechanism to such high energies which have already been observed?”
• “Is there an upper end in energy of the cosmic-ray flux?”
• ...
The discovery of the cosmic microwave background (CMB)
radiation by Penzias and Wilson [2] 1965 lead Greisen [3] and
independently Zatsepin and Kuzmin [4] 1966 to the point, that
this radiation would make the Universe opaque to high energy
protons, today known as the GZK-suppression2 . They found
that, above ∼ 5·1019 eV, thermal photons are seen highly
blue-shifted by the protons in their rest frames. The energy
of the CMB photon is sufficient to excite baryon resonances
thus draining energy of the primary nucleon resulting in a
steepening of the energy spectrum. However, in spite of the
prediction of the GZK-suppression, a number of experiments
claimed to have observed events with E > 1020 eV. Even
before the cutoff was proposed in 1966, Volcano Ranch [5] observed one event. Later on, SUGAR [6] and Haverah Park [7]
observed high energy events as well, but the interpretation
is still disputed. Recently, both, the Yakutsk Array [8] and
AGASA [9] have claimed to measure events above 1020 eV.
The Yakutsk Array result seems to be in accordance with
the GZK-suppression, but AGASA has claimed the opposite.
The High Resolution Fly’s Eye (HiRes) experiment claimed
to observe the GZK-suppression [10]. HiRes observed two
features in the ultra-high energy cosmic ray flux spectrum: The
ankle at 4 · 1018 eV and a high energy break in the spectrum
at the energy of the GZK-suppression around 6 · 1019 eV with
1 Department of Physics, Bergische Universität Wuppertal, Gaußstr. 20, D42097 Wuppertal, Germany, a kuempel@physik.uni-wuppertal.de
2 In the literature this effect is also known as the GZK-Cutoff, although it
is not a real cutoff.
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Fig. 1. Energy loss length of photons and protons for interactions with the
photon background (cf. Ref. [13]).

a significance of about 5σ. Recent results from the Pierre
Auger Observatory [11] reject the hypothesis that the cosmicray spectrum continues with a constant slope above 4·1019 eV,
with a significance of more than 6σ [12].
Up to now the sources of ultra-high energy cosmic rays
are still unknown. Recently, the Pierre Auger Observatory
made an important step forward. They revealed a correlation
between the arrival directions of ultra high energy cosmic
rays (UHECR) with energy above 6 · 1019 eV and the positions of active galactic nuclei (AGN) lying within ∼ 75 −
100 Mpc [14]. At least if UHECR deflection in large scale
cosmic magnetic fields is moderate, this requires a certain
minimal density of sources within the “GZK-horizon” (cf. Sec.
VI).
To get a clue of an answer of the raised questions it is
therefore desirable to expand the knowledge of particle propagation through the local universe. The photon background is
a key ingredient in understanding the properties of particle
propagation. In the following, the most important energy loss
mechanisms en route to Earth are discussed.
A. Photo-Pion-production
For proton primaries, the most important interaction with
the low-energy photon background is pion production, which

Fig. 2. Mean energy of the leading nucleon as a function of propagated
distance. The dashed and dotted line represents a primary energy of 1021
and 1020 eV, respectively. Since the time evolution of the background photon
spectra is taken into account, attenuation is stronger for distant (earlier in
time) sources, as shown for 1022 eV initial energy events.

Fig. 3. Ratio of RMS fluctuations of energies to mean energy as a function
of propagation distance (time) for the indicated initial energies (corresponding
to the lines labeled 1000 Mpc in Fig. 2).

II. CRP ROPA FRAMEWORK
generates the already mentioned GZK feature. Here the low
energy photon can Lorentz transform into a γ-ray in the rest
frame of a very-high energy particle. The cross section is
strongly increasing at the ∆+ (1232) resonance. The process
can be described as
p + γ → ∆+ (1232) → n + π +
→ p + π0 .
in addition, also further baryon resonances can occur with
increasing energy:
p + γCMB → ∆++ + π − → p + π + + π − ,

(1)

where ∆++ indicates e.g. ∆(1620) or ∆(1700) resonances.

The interplay between different astroparticle physics experiments has become very important. Existing and planned
projects range from UHECR observations like the Pierre Auger
Observatory, to neutrino telescopes [15], [16], as well as
ground and space based γ-ray detectors operating at TeV and
GeV energies, respectively [17]. Even if a putative source
were to produce exclusively UHECRs, photo-pion and pair
production by protons on the photon background would lead
to guaranteed secondary photon and neutrino fluxes that could
be detectable. With this motivation a numerical tool called
CRPropa [18] has been developed that can treat the interface
between UHECR, γ-ray and neutrino astrophysics, and large
scale magnetic fields.
A. Nucleon interactions

B. Pair-production
Pair production by protons (also known as Bethe-Heitler
process) on the low energy photon background is identical
to the pair production interactions of γ-rays in the nuclear
field and the dominant attenuation process below the GZKsuppression region. It can be described as
p + γ → p + e+ + e− .

(2)

The interaction length of this process is much shorter, compared to the photo-pion production, but on the other hand,
the inelasticity is much lower, ∼ 10−3 . This makes the pair
production loss length of the order of Gpc (cf. Fig. 1).
C. Redshift losses
The last important mechanism which dominates near and
below the pair production threshold is redshifting due to the
expansion of the universe. This adiabatic fractional energy loss
can be described as
µ
¶
1 dE
−
= H0 ,
(3)
E dt adiabatic
where H0 is the present Hubble constant.
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Pion production is modelled by using the event generator
SOPHIA [19] that has been explicitly designed to study this
phenomenon and is augmented in CRPropa for interactions
with a low energy extra-galactic background light (EBL).
Unlike pion production, pair production by protons is taken
into account as a continuous energy loss due to the low
inelasticity. More details on the specific spectrum of the pairs
and applied approximations are given in [18].
B. Secondary electromagnetic cascades
The electromagnetic (EM) cascade code is based on [20].
All relevant interactions with a background photon are taken
into account (cf. Fig. 1) and implemented in CRPropa including single pair production, double pair production, inverse
Compton scattering and triplet pair production. If magnetic
fields are selected, synchrotron losses of electrons are taken
into account as well and the resulting lower energy synchrotron
photons are also followed in the subsequent EM cascade.
C. Background photon spectra and their evolution
There are three different photon backgrounds implemented
in CRPropa. The most important is the CMB with a well

Fig. 4. Modification factor f (E) of proton sources located at 100, 30 and
5 Mpc, respectively. The maximum simulated energy Emax is 1023 (solid
line), 1022 (dashed line) and 1021 eV (dotted line). The “bump” preceding the
GZK-suppression is more pronounced for distant sources. A plateau beyond
the GZK-suppression becomes visible for larger Emax or closer distances.
Note that the “wiggles” are indicative of the Monte Carlo statistics.

known redshift evolution. Three different infrared background
(IRB) distributions can be chosen which are all consistent with
recent limits from blazar observations. They become important
for EM cascades around the threshold for pair production and
are less significant in the UHE region. Above ' 1018 eV
interactions with the universal radio background (URB) become more important where it can inhibit cascade development
due to the resulting small pair production length. The redshift
evolution of the IRB and URB is more complicated and
described in [18].
III. I NTERACTIONS EN ROUTE TO E ARTH
In the following we use a one dimensional simulation to
calculate the attenuation of a primary proton when propagating
through the intergalactic background light. All relevant energy
losses (see above) are implemented. At a fixed distance from
the observer, 60000 individual protons are injected and their
energy loss is monitored with a stepsize of 1 Mpc. Three
different primary energies of 1020 , 1021 and 1022 eV are
simulated. The mean energy of the leading nucleon as a
function of propagation distance is shown in Fig. 2. After
a distance of ∼100 Mpc the mean energy is essentially
independent of the initial energy of the protons and that energy
is less than 1020 eV. However, as a consequence of the time
evolution of the CMB, the attenuation is stronger earlier in
time with respect to a nearby source. This is shown for initial
energies of 1022 eV where several distances (points in time)
are illustrated. This effect starts to be significant at distances
above 100 Mpc. The ratio of the RMS energy fluctuations
to the mean energy as a function of propagation distance is
shown in Fig. 3. For propagated distances in the range between
∼ 5 − 40 Mpc, these fluctuations are very significant. They
can give rise to deviations of a spectrum derived from a low
number of events from the average spectrum (cf. Fig. 4), and
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Fig. 5. Spectrum of secondary photons generated by pion and pair production
from a single UHECR proton source at a given distance. We consider here a
one-dimensional model, with an injection spectral index α=2.5 and maximum
energy of 1020.5 eV. No magnetic fields were taken into account. In this
example, GZK-photons are mainly observed within a propagation distance of
up to 25 − 50 Mpc.

should be taken into account when interpreting the observed
spectrum.
IV. E FFECT ON OBSERVED SPECTRA
The observed energy spectrum depends on the spatial distribution and the input spectrum of the sources. For the highestenergy part of the spectrum, the bulk of particles originates
from relatively nearby sources (<100 Mpc) and hence the
redshift evolution of the CMB and of the sources becomes
negligible. In Fig. 4 the modification factor for different
sources is illustrated. The modification factor f (E) is given
by
Ip (E)
f (E) =
,
(4)
I0 (E)
where I0 (E) is the injected spectrum and Ip (E) is the
spectrum as modified by the background light. As one can
see, if the observed particles have an extragalactic origin, the
interaction with the background light can dramatically change
the original shape of accelerated particles injected into the
intergalactic medium. By measuring the spectrum at highest
energies the shape gives constrains on the maximum energy
of the source (cf. Fig. 4). Moreover, the “bump” preceding
the GZK-suppression is more pronounced for distant sources.
A plateau beyond the GZK-suppression becomes visible for
larger Emax or closer distances.
V. O BSERVED EM

CASCADE

As described in Sec. II-B electromagnetic cascades are
evolved and propagated to the observer. Fig. 5 illustrates
the resulting spectra for a UHECR proton source at a given
distance to the observer (with spectral index α = 2.5). In
this example, GZK-photons are mainly observed within a
propagation distance of up to 25 − 50 Mpc. Most of the
contribution arises from nearby (< 25 Mpc) sources with a
peak at about 10 Mpc. More distant sources have the main

Fig. 6. Spectrum of secondary photons from a single UHECR photon source
at a given distance. We consider here a one-dimensional model, with an
injection spectral index α = 2.5 and maximum energy of 1020.5 eV. No
magnetic fields were taken into account.

Fig. 7. GZK-horizon as a function of threshold energy for varying maximum
energies of 500 EeV (solid, black), 1000 EeV (dotted, black), 1500 EeV (solid,
red) and 10000 EeV (dotted, red).

contribution in the TeV range. In Fig. 6 a photon source
is assumed (also with spectral index α = 2.5). At source
distances close to the observer the largest EeV photon flux
is expected.
VI. GZK- HORIZON
Given the directional correlation of UHECR with relatively
nearby AGN observed by the Pierre Auger Observatory [21],
it is interesting to investigate the “GZK-horizon”. The GZKhorizon reflects that distance, within which the major part of
the observed events should be produced and is therefore an important parameter for anisotropy studies (cf. [21]). Within the
present analysis the horizon is defined as the distance within
which 90% of the observed events above a certain energy
threshold E thres were originally produced. In this simulation
sources are distributed uniformly up to a distance of 800 Mpc.
Unless stated otherwise, default values are Emax = 1021 eV,
α = 2.7 and H0 = 71 km s−1 Mpc−1 . The GZK-horizon as
a function of threshold energy is shown in Fig. 7 for varying
maximum energies. The calculated GZK-horizon at a threshold
energy of 6 · 1019 eV, where the correlation has maximum
significance, is about 190 Mpc. This is to be compared with a
value of ∼ 210 Mpc from Ref. [22]. Compared to the distance
Dmax ' 75 Mpc, where the correlation is most significant, a
deviation of more than a factor 2 is observed. If these numbers
were to be taken at face value, an upward shift in the energy
calibration of ∼ 30%, as suggested in some simulations of
the reconstruction of the shower energies [23], would lead
to a better agreement between the maximum AGN distance
Dmax that maximises the correlation signal and the theoretical
expectations based on the idealised GZK attenuation [21].
However, as also noted in Ref. [21], Dmax may not directly
be comparable to the GZK-horizon (for instance, an accidental
correlation with foreground AGN different from the actual
source may induce some bias in the value of Dmax toward
smaller maximum source distances).
The effect on different input parameters is shown in Figs.
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Fig. 8. Ratios of GZK-horizons shown in Fig. 7 normalized to Emax =
1000 EeV. Larger Emax produce a more distant horizon for a growing energy
threshold.

8, 9 and 10. In Fig. 8 the effect on the maximum energy
is shown. Larger Emax produce a more distant horizon for
a growing energy threshold. Differences are of the order of
∼ 5% for E thres > 120 EeV compared to the default values.
Fig. 9 illustrates the effect of varying spectral indices of
the source on the horizon. A more constant offset (energy
independent) of about 2% is induced. The effect on the Hubble
parameter H0 is shown in Fig. 10. For lower energy thresholds,
the effect seems to be of the order of ∼ 2%.
VII. C ONCLUSION
The interactions en route to earth of a primary proton/photon
have been simulated using the Monte Carlo based propagation
code CRPropa. There is a strong dependence on the evolution
of the extragalactic background light in particular the CMB

progress.
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Geometry reconstruction of
fluorescence detectors revisited
Daniel Kuempel1a , Karl-Heinz Kampert1 , Markus Risse1

Abstract— High-energy cosmic rays with energies exceeding
1017 eV are observed by measurements of the fluorescence
light induced by air showers. In the fluorescence technique, the
geometry of the shower is reconstructed from the correlation
between arrival time and incident angle of the signals detected
by the telescope. The calculation of the expected light arrival
time used so far in shower reconstruction codes is based on
several assumptions. Particularly, it is assumed that fluorescence
photons are produced instantaneously during the passage of the
shower front and that the fluorescence photons propagate on a
straight line with vacuum speed of light towards the telescope. We
investigate the validity of these assumptions, how to correct them,
and the impact on reconstruction parameters when adopting
realistic conditions. Depending on the relative orientation of the
shower to the telescope, corrections can reach 100 ns in expected
light arrival time, 0.1◦ in arrival direction and 5 g cm−2 in
depth of shower maximum. The findings are relevant also for
the case of “hybrid” observations where the shower is registered
simultaneously by fluorescence and surface detectors.

I. INTRODUCTION
The physics of the ultra-high energy (UHE) cosmic rays
above 1019 eV is a challenging topic in the field of cosmic
ray physics [1]. These cosmic rays are studied by detecting
the atmospheric showers they initiate. Current and planned air
shower experiments [2], [3], [4], [5], [6] use the technique
of fluorescence light observation: shower particles deposit
energy in the atmosphere through ionisational energy loss.
Part of this energy (of order 10−4 ) is emitted isotropically
at near-UV wavelengths in de-excitation processes. These
fluorescence photons can be detected by appropriate telescope
systems operating in clear nights. Typically, pixel cameras with
25−100 ns timing resolution are used, where an individual
pixel covers a field of view of about 1−1.5◦ in diameter (see
e.g. Ref. [2]). The signal (light flux per time) is registered as
a function of the viewing direction of the pixels.
The first step to reconstruct the primary parameters of
an observed air shower is given by the determination of
the shower geometry. An accurate geometry reconstruction
is, for instance, decisive for directional source searches; but
it is also a prerequisite for reconstructing other important
shower parameters such as the primary energy or the depth
of shower maximum. We note that also the shower energies
obtained from Auger ground array data are calibrated by the
fluorescence telescopes [7].
The determination of the shower geometry is commonly
performed in two steps in the fluorescence technique [9].
1 Department of Physics, Bergische Universität Wuppertal, Gaußstr. 20, D42097 Wuppertal, Germany, a kuempel@physik.uni-wuppertal.de
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Fig. 1. Sketch of the shower geometry and quantities used in the derivations.

First, the “shower-detector-plane” (SDP) is determined as the
plane spanned by the (signal-weighted) viewing directions of
the triggered camera pixels (Fig. 1). Next, the geometry of
the shower within this SDP is reconstructed based on the
correlation between arrival time of the signals and viewing
angle of the pixels projected into the SDP. The measured timeangle correlation is compared to the one expected for different
shower geometries, and the best-fit geometry is determined.
For the calculation of the expected time-angle correlation, the
following function is in use (following e.g. Ref. [8], [9], [10]):
µ
¶
Rp
χ0 − χi
ti = t0 +
tan
(1)
cvac
2
where ti is the arrival time of the photons at camera pixel i
(usually, a signal-weighted average arrival time is taken from
the time sequence observed in a pixel), t0 is the time at which
the shower axis vector passes the closest point to the telescope
at a distance Rp , cvac is the vacuum speed of light, χ0 is the
angle of incidence of the shower axis within the SDP, and χi
is the viewing angle of pixel i within the SDP (see also Fig. 1).
Comparing the expected ti −χi correlation to the observed one
(i = 1...n for n triggered pixels), the best-fit parameters Rp ,
t0 and χ0 in Eq. (1) are found by a χ2 -minimization. Together
with the SDP derived previously, the shower geometry is then
fully determined and can also be expressed in terms of shower
impact point, arrival direction, and ground impact time.
Eq. (1) is derived as follows. Assuming the fluorescence
light to be emitted by a point-like object moving at cvac along
the shower axis vector, the shower propagation time τshower,i
from point Si to the point at reference time t0 on the shower

axis (Fig. 1) can be expressed as
τshower,i =

Rp
.
cvac · tan(χ0 − χi )

(2)

Next, assuming the fluorescence photons to propagate on
straight lines with cvac , the light propagation time τlight,i from
Si to the telescope is
τlight,i =

Rp
.
cvac · sin(χ0 − χi )

(3)

With Eqs. (2) and (3), and assuming an instantaneous
emission of the fluorescence photons at Si , the expected arrival
time ti (relative to the time t0 of closest approach of the
shower to the telescope) of fluorescence photons at a pixel
viewing at an angle χi becomes
ti

= t0 − τshower,i + τlight,i
µ
¶
Rp
χ0 − χi
= t0 +
tan
cvac
2

(4)

which equals Eq. (1).
Thus, the derivation of Eq. (1) for calculating the expected
time-angle correlation is based on the following assumptions:
• the spatial structure and the propagation of the shower
disk can be approximated by a point-like object moving
at cvac ,
• the fluorescence light is produced instantaneously,
• the fluorescence light propagates with cvac ,
• the fluorescence light propagates on a straight line.
In this article, we investigate the validity of these assumptions. The impact of the corrections on reconstruction
parameters is studied. The results are relevant both for observations with fluorescence telescopes alone and for “hybrid”
observations where the shower is registered by fluorescence
and surface detectors.
This conference proceeding is based on a paper given in
[11].
II. A NALYSIS OF INDIVIDUAL EFFECTS
We discuss step-by-step the individual effects given by
• the spatial structure and speed of the shower disk (instead
of a point-like object moving with cvac ),
• the delayed (instead of instantaneous) fluorescence light
emission,
• the reduced propagation speed of light (instead of cvac ),
• the bending of light (instead of straight-line propagation).
A. Spatial structure and speed of shower disk
To check the assumption of the shower propagating as
a point-like object with cvac on a straight line, one may
first regard the fastest particles during the cascading process.
Assuming, as a rough estimate, an elasticity of 50% per
interaction, the energy of the leading particle in a hadronic
air shower is Elp ' (E0 /A0 ) · 0.5n after n interactions for
a primary particle of energy E0 and mass A0 . For n =
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Xmax /λ ' 10 (the depth of shower maximum in units of the
hadronic interaction length), the energy of the leading particle
is ∼10−3 E0 for primary protons and of order ∼10−5 E0 for
primary iron. Hence, Elp > 1013 eV for primary energies
E0 > 1018 eV around shower maximum, which is the most
relevant portion of the shower development for fluorescence
light observations. In this case, the accumulated time delay of
the leading particles with respect to an imaginary shower front
moving with cvac from the first interaction to Xmax is ¿1 ns.
This is negligible compared to current timing resolutions of
giant shower detectors. Lateral deflections of these particles
due to transverse momenta in interactions or deflection in
the Earth’s magnetic field are also sufficiently small (below
∼1 m).1 For the case of UHE shower observations by fluorescence telescopes we conclude that the fastest shower particles
can in reasonable approximation be assumed to move on a
straight line along the shower axis with cvac .
The main contribution to the fluorescence signal in the
shower, however, is due to lower-energy secondaries, particularly electrons and positrons between 0.1 MeV and several
100 MeV [12].2 These have larger lateral displacements from
the shower axis and larger longitudinal time delays with
respect to the shower front.
Concerning the lateral width of the fluorescence shower
beam, about 80% of the total fluorescence signal is produced
within ∼75 m around the shower axis [12]. The impact of
the finite shower width on the fluorescence reconstruction and
how to correct it, was previously studied in detail [14]. It was
shown in Ref. [14] that choosing too small a photon collection
angle around the shower axis during reconstruction can lead
to a signal loss and underestimation of the primary energy in
nearby showers.
Here we study the longitudinal time delay of secondaries
using the CORSIKA code [15]. In Fig. 2 the time delay of
secondaries, weighted according to their contribution to the
energy release into air and thus to the fluorescence signal,
after the arrival time of the first particles is shown (1019 eV
shower at maximum, for particles closer than 75 m from the
axis; results are practically identical for primary proton and
iron showers). One can note a sharp initial increase of the
cumulative distribution (about 50% of energy is deposited
within the first 3−4 ns after the fastest particle), with a long
tail towards larger delays. The average time delay is ∼8 ns,
corresponding to a shower “thickness” of a few meters, which
is in reasonable agreement with measurements of particle
delays in air showers (see e.g. Ref. [16]). As can also be
seen in Fig. 2, the distribution of time delays changes only
marginally with the shower development stage.
1 Time delay and lateral deflection of the leading particles may become
non-negligible in case of considerably smaller E0 or larger n (the latter being
rather relevant for ground array observations of near-horizontal showers).
2 Note that for the energy transfer from > 0.1 MeV electrons to fluorescence
photons, the production of even lower-energy (e.g. < 1 keV) electrons is
important (for instance, the cross-section for exciting the main molecular
bands (cf. Section II-B) has a sharp peak at about 20 eV electron energy).
However, the additional delay from this intermediate step is ¿ 1 ns and, thus,
negligible for this analysis [13].

Fig. 2. Cumulative energy deposit (normalized to unity) as a function of
time delay with respect to the fastest particle. The plot refers to a 1019 eV
proton at shower maximum (and at 100 g cm−2 smaller/larger depths) and
includes particles within 75 m of the shower axis. The average time delay is
indicated by the dotted line. Simulations were performed with CORSIKA [15]
/ QGSJET 01 [17].

The delay of secondaries with respect to the fastest shower
particles results in a small constant time offset of the observed
shower compared to the assumption of the shower moving
with cvac . This might be less relevant for observations with
fluorescence telescopes alone, since in this case, only the
relative timing between the pixels is used to determine the
spatial shower geometry. For hybrid observations, however,
usually the arrival time of the first particle in the ground
detector is taken, while in fluorescence telescopes, usually an
average time from a fit to the signal viewed by a pixel is
used. Then, comparing the timing signals from ground and
fluorescence detectors, the small shift due to the finite shower
thickness should be taken into account.3 The precise value
of the delay will depend on the specific procedure of signal
extraction applied during reconstruction. As a rough estimate,
the delay is of order τthick ' 5−6 ns.
To summarize, the leading particles in >1018 eV showers
can be considered to propagate along the shower axis with
cvac , and one can set τleading,i ' τshower,i with τshower,i
given by Eq. (2). Compared to these particles, the secondaries
relevant for the fluorescence light are slightly delayed due to
the finite shower thickness by τthick , i.e. this term has to be
added on the r.h.s. of Eq. (4).
B. Fluorescence light production
During propagation, the shower particles excite and ionize
air molecules. Fluorescence light is then emitted by deexcitation and recombination.
Typical excitation times are of the order ∼10−6 ns [18] and
negligible for current fluorescence telescopes. De-excitation
times, in turn, can exceed 30 ns. Depending on the local
atmospheric conditions and on the specific transition system,
quenching processes (radiationless transitions by collisions

Fig. 3. Lifetime of the three main sets of bands as a function of height a.s.l.
for dry air. The thick line shows the averaged lifetime, weighted according
to different intensity fractions. The width of the line indicates the effect of a
change in temperature by ±40 K.

with other molecules) can substantially reduce the mean deexcitation time of the radiative processes.
Fig. 3 shows the calculated lifetimes4 as a function of
height for the three main sets of bands [8] 2P(0, ν 00 ), 2P(1, ν 00 )
and 1N(0, ν 00 ), assuming dry air (78.1% N2 , 20.9% O2 and
1% Ar) and temperature profiles corresponding to the typical
conditions at the Auger Observatory [20]. Also shown is the
averaged lifetime, weighting the emission bands according
to their relative (altitude dependent) intensities. The width
of the weighted line indicates the effect of an arbitrary
temperature variation of ±40 K to show the minor dependence
of the averaged lifetime on reasonable variations of the actual
atmospheric conditions. At very high altitudes of 30−40 km,
the averaged lifetime is 15−25 ns. With decreasing altitude,
the quenching effect reduces the lifetime; thus, in general,
the delay of fluorescence light emission with respect to the
passing shower front is a differential effect that changes
during the shower development (smaller delay deeper in the
atmosphere).5 At heights below ∼20 km where showers are
typically observed by ground-based observatories, lifetimes of
a few ns are reached.
The average lifetime τdeexc [in ns] (weighted line in Fig. 3)
can in good approximation be parameterized as a function of
height h a.s.l. [in m] of the emission point by
τ0
τdeexc (h) =
,
(5)
−h/H
α·e
+1
with τ0 = 37.5 ns, H = 8005 m and α = 95. The term
τdeexc (h) has to be added to the r.h.s. of Eq. (4).
C. Reduced speed of light
The propagation speed of light v = cvac /n is reduced
compared to the vacuum case by the local index of refraction
of air n. The change of n with wavelength is small (<3%) [21]
4A

3 For

ground detectors located at larger distances from the shower axis, the
curvature of the shower front needs to be accounted for in addition.
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detailed description is given in [19]
this means the front of fluorescence light emission can move
with an apparent velocity larger than cvac through the atmosphere.
5 Anecdotally,

Fig. 4. Arrival time difference (treal −tvacuum ) due to the effect of reduced
speed of light. The telescope is placed at 1.4 km a.s.l. corresponding to the
altitude of the Auger telescope station “Los Leones.”

within the fluorescence window of about 300−400 nm. A more
detailed description is given in [11], [22].
In Fig. 4, the difference of light arrival times (between
the cases of vacuum and reduced speed of light) is shown
as a function of the location of emission point with respect
to a telescope. The parametrization of ρ(h) is taken from
Ref. [20] for the example of the southern Auger Observatory.
As expected, for fixed distance between emission point and
telescope, time differences grow for propagation closer to
ground due to the larger value of n. Differences of 20−25 ns
or more can occur. For a single air shower, the effect changes
along the longitudinal shower path, depending also on the
relative orientation of shower axis and telescope. For instance,
the time difference along the shower path typically varies less
for showers pointing towards the telescope.
In Eq. (4), τlight,i is replaced by τrefr,i . For convenience,
one can express τrefr,i using Eq. (3) by replacing cvac with
crefr,i = s/τrefr,i , defined as the effective speed of refracted
light along the path of length s between emission point and
telescope.
D. Bending of light
Due to refraction, the emitted light propagates on a bent
trajectory. In turn, the direction of the incidence angle of the
observed light does not point towards the real emission point,
see Fig. 5 (right). More specifically, the zenith angle of downgoing light is continuously reduced during propagation.6 The
zenith angle difference ∆ϑ = ϑreal − ϑapp ≥ 0 between the
observed light direction ϑapp (towards the apparent emission
point) and the straight-line direction ϑreal (towards the real
6 We consider here only the case of a stable atmosphere with a standard
decrease of ρ(h) and n(h) with height as given in Ref. [20]. We note,
however, that the path of refracted light can become more complicated for
specific atmospheric conditions such as atmospheric inversion, or in case of
a strongly radiating ground leading to a local heating of air. The impact of
the latter on the fluorescence technique might be reduced due to the fact that
observations are only performed well (∼1−2 h) after / before sunset; also,
the shower path very close to ground usually is below the field of view of
the telescope (∼1◦ elevation of lower edge of field of view).
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emission point) has been calculated from ray tracing; it is
shown in Fig. 5 (left) as a function of the position of the emission point in the atmosphere relative to the telescope. These
shifts change over the longitudinal viewing direction towards
an air shower. In case of hybrid observations where timing
signals of fluorescence and ground detectors are combined,
the impact time on ground estimated from the telescopes will
be delayed compared to the actual one.
For a vertical shower, or, more generally, for showers with
ϑSDP = 90◦ (cf. Fig. 1), χi in Eq. (4) is just reduced by ∆ϑ,
as the refracted light direction still points towards the actual
shower axis. In general, however, this effect slightly shifts the
refracted light signals out of the actual SDP, and this shift
usually changes along the shower path. Thus, the apparent
SDP (which, in fact need not be a “plane” anymore) may
slightly be tilted compared to the real one. To still permit the
practical approach of fitting the best shower geometry within
a plane only (instead of testing the full phase space), the
projected shift ∆ϑ · sin ϑSDP is taken as a correction. Thus, in
Eq. (4), χi is replaced by χrefr,i ' χi − ∆ϑi · sin ϑSDP where
χrefr,i denotes the effective viewing direction of pixel i due to
refraction. To account for the possible slight tilt of the apparent
SDP, which is expected to be no larger than ∆ϑmax ' (few
times) 0.01◦ , the best-fit SDP might be found in an iterative
procedure.
Finally, we note that the additional time delay due to
the increased, bent path length compared to the straight-line
connection (see sketch in Fig. 5) is ¿1 ns and can thus be
neglected.
III. I MPACT ON SHOWER RECONSTRUCTION
Taking the discussed effects into account, Eq. (1) is finally
replaced by
ti

1
Rp
cvac tan(χ0 − χrefr,i )
Rp
1
+
+ τthick + τdeexc,i (6)
crefr,i sin(χ0 − χrefr,i )

= t0 −

The index i indicates that these quantities, for a given
shower geometry, depend on the viewing direction of pixel
i. One caveat, as discussed in Sec. II-D, is that the bending
of light slightly changes the apparent SDP (within which the
angles χ0 and χrefr,i are defined). It is worthwhile to note that
all correction terms depend only on shower geometry but not
on shower physics such as the primary particle type, which
facilitates their application in shower reconstruction codes.
τthick can, to a good degree, be treated as a constant; τdeexc,i
depends on the altitude of the emission point; and crefr,i and
χrefr,i depend on the locations of emission point and telescope.
The time shifts introduced by the various effects along
the viewing direction χi towards the shower are displayed in
Fig. 6 for different shower geometries. The distance between
impact point and telescope were fixed to 15 km (thin line)
and 40 km (thick line), and for each distance three different
shower inclinations of χ0 = 50◦ , 90◦ , 130◦ are considered.

Fig. 5. Zenith angle difference ∆ϑ = ϑreal − ϑapp between direct and
curved path due to light refraction as a function of the location of the
emission point relative to the telescope. The telescope is placed at 1.4 km a.s.l.
corresponding to the altitude of the Auger telescope station “Los Leones.”

Here, for simplicity ϑSDP = 90◦ is taken such that |90◦ − χ0 |
is identical to the shower zenith angle. In this case, the effect
from light bending is minimized concerning the change of the
SDP and maximized concerning χi − χrefr,i .
In Fig. 6 (a), the overall shapes of ti vs. χi are given, which
differ for the different geometries. The shift of the arrival
times, compared to the previous approach, is shown in Fig. 6
(b) when taking all effects into account. The contributions
from the individual effects are provided in Figs. 6 (c)−(e).
For the bending of light, in Fig. 6 (f), also the shift between
apparent and effective viewing angle is given. One sees that
the time delays are geometry dependent and can reach, and
even exceed, 50−100 ns.
One also sees in Fig. 6 that the time delays change along
the shower track in an individual event.
To investigate the effective impact of the corrections on
the final reconstruction parameters, events were generated
using CORSIKA [15] with the hadronic interaction model
QGSJET 01 [17]. The shower sample consists of proton
induced showers with energies of 1018 , 1019 and 1020 eV and
zenith angles of 0, 45 and 60 deg (100 events per combination
with random azimuth angles). The detector simulation and the
event reconstruction was performed using the Auger software
package described in [23], [24]. In terms of differences in
arrival directions (the relevant quantity for directional source
searches), differences are typically around 0.05◦ , but can
exceed 0.1◦ . A systematic shift can be noted to slightly
overestimate the shower zenith angles when neglecting the
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Fig. 6. Upper left plot: light arrival time ti vs. light arrival angle (or pixel
viewing direction) χi for different shower geometries (thick black (thin red)
lines: shower impact point at 40 km (15 km) distance from the telescope;
shower inclination χ0 = 130◦ (solid), 90◦ (dashed), 50◦ (dotted); in all cases
ϑSDP = 90◦ ; shower track shown up to 50 km distance from the telescope).
Upper right to lower left plot: differences in expected light arrival time for
the given shower geometries between old and new reconstruction including all
effects (upper right) and for individual effects as assigned. Lower right plot:
differences of viewing angles towards apparent and actual emission point due
to refraction.

discussed effects, see Fig. 7. Shifts in energy are usually small
(' 0.5−1% on average). Reconstructed values for the depth
of shower maximum are typically changed by 2−3 g cm−2 ,
with a trend of the corrected Xmax values being increased, and
with larger corrections (5 g cm−2 and more) towards smaller
values of the minimum viewing angle7 (MVA).
IV. C ONCLUSION
The assumptions used in the “classical” function of Eq. (1)
for reconstructing the shower geometry from fluorescence light
observations were investigated. The finite shower thickness
leads to an energy deposition in air by secondaries which
is delayed, compared to the shower front, by about 5−6 ns
(with some dependence on the specific light collection algorithm employed). The emission of fluorescence light is further
delayed due to the finite lifetime of the transitions which, due
7 The MVA is defined as the smallest angle under which the reconstructed
air shower is seen by the telescope.

tation). Some of the effects investigated in this work might
be relevant also for shower detection techniques other than
fluorescence telescope observations at ultra-high energy, e.g.
Cherenkov light observations of air showers.
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to quenching, is altitude dependent. Typical values are a few
nanoseconds up to 20 km height, and >15 ns for heights above
30 km. The propagation speed of light is reduced by the index
of refraction of air. The delay, compared to a propagation with
vacuum speed of light, depends on the locations of emission
point and telescope, and can exceed 20−25 ns. Finally, another
effect of refraction is the bending of light, which also depends
on the locations of emission point and telescope. Angular
differences between the apparent and actual emission point
of 0.02◦ can occur, which may correspond to time shifts of
several 10 ns. This effect can also lead to a slight tilt of the
SDP.
All these corrections can be considered as geometrical
ones, i.e. they are independent of specific properties of the
individual showers other than their geometry. The corrected
function for geometry reconstruction is given in Eq. (6).
Compared to the previous approach, which assumed maximum
propagation speed of both light and particles as well as no
other delays, the effects of delayed timing (including the effect
of bending of light) accumulate. In total, differences of up
to ∼100 ns in estimated light arrival time are possible. Air
shower experiments with comparable, or better, time resolution
should take these effects into account. This refers both to
data reconstruction and to implementing these effects in the
shower−detector simulation. In terms of overall shower reconstruction parameters, corrections are typically 0.03−0.05◦
in arrival direction (with a systematic trend of overestimating
the zenith angle when neglecting the effect), ' 0.5−1% in
energy and 2−3 g cm−2 in Xmax , but may in some cases
exceed 0.1◦ and 5 g cm−2 . This is to be compared to typical
reconstruction accuracies of ∼0.6◦ (directional resolution) [25]
and ∼11 g cm−2 (systematic Xmax uncertainty) [26] in case
of Auger hybrid events.
The increase in computing time for event reconstruction is
modest, particularly when applying the corresponding corrections only when approaching convergence in the minimization
process (increase of ∼20% or less, depending on implemen-
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Angular Resolution of the Surface Detector of
the Pierre Auger Observatory
A. Creusot, for the Pierre Auger Collaboration

Abstract—the Pierre Auger Observatory measures Extensive
Air Showers (EAS) induced by ultra high energy cosmic rays
using a hybrid detector (fluorescence and surface detector). The
angular resolution of the EAS reconstruction with the surface
array is an essential parameter for the search of anisotropies in
the sky. For this purpose, the angular resolution is estimated
using several independent methods: on an event-by-event basis,
with the hybrid events and with the events detected with special
closed-by detectors.

on the accuracy of the arrival time measurement of the
particles in the surface detector. To determine this accuracy, a
model of time variance has been developed [3]. This model
will be presented and the SD angular resolution studied in the
second section. The third section is dedicated to the simulation
of the hybrid angular resolution. In the fourth section, the SD
angular resolution is compared to the independent
reconstructions.
Note that for this study, events from year 2004 up to 2008
were considered and the usual quality cuts were applied [4].

1. INTRODUCTION

T

Pierre Auger Observatory [1] measures EAS using two
independent methods of detection [2]: the sampling of the
shower particles at the ground level with an array of 1600
Cherenkov tanks and the detection of fluorescence light
emitted by the air molecules (after excitation by the shower
particles) with 24 telescopes. Some of the events, i.e. the
hybrid events, can thus be detected by both components. Once
the shower has been detected, the arrival direction and energy
of the primary cosmic ray are estimated by reconstruction of
the shower based on the measured data. The accuracy of the
shower axis reconstruction is defined by the angular
resolution, the angular radius that contains 68% of the
reconstructed showers coming from a single point source.
Due to the higher duty cycle of the surface detector (SD), i.e.
about 100% with respect to 10% of the fluorescence detector
(FD), the bulk of EAS is detected by the SD only: for this
reason it is important to know the angular resolution of the
latter. The method used for this purpose is based on an eventby-event analysis. For some of the detected showers,
redundant reconstruction of the arrival direction can be
obtained either by a subsets of close-by detectors or by
simultaneous observation by the FD (so called hybrid events).
To check the validity of the event-by-event analysis, the space
angle between the SD reconstruction axis and one of the two
other reconstruction axes can be estimated. From the space
angle measurement, the angular resolution can be extracted.
The results obtained can then be compared with the
measurement of the angular resolution with the SD. The
angular resolution of the surface array reconstruction depends

2. SD ANGULAR RESOLUTION

HE

When a shower reaches the ground, the particles of the
shower front are sampled by the SD. Each station measures the
total signal and the arrival time of the particles in the detector.
The shower axis (i.e. the estimated arrival direction of the
cosmic ray) is determined by fitting the arrival time TS of the
first particle in each detector with a shower front model. The
TS measurement is the most important parameter in the
estimation of the shower axis and thus in the estimation of the
angular resolution. TS is determined with a GPS clock and a
detector internal clock. Consequently, the uncertainty on TS is
driven by the clock uncertainties and by the shower
fluctuations.
A. Time variance model
In order to estimate the uncertainty of the time measurement,
a model of time variance has been developed (for more details,
see [3]). The model depends on typical signal properties: the
equivalent muon number1 n and the time interval T50 to reach
half of the total signal. The time variance is written as

 2T  n + 1 2
V [TS ] = a 2  50 
+b ,
 n  n −1
2

1

n is the total signal expressed in unit of Vertical Equivalent Muon (VEM)
weighted by the inverse of the track length in the detector TL and by the
height h of the detector,

n=
A. Creusot, University of Nova Gorica, Vipavska 13, PB 301, Rozna
dolina, SI-5000 Nova Gorica, Slovenia (phone: +386-53315213; e-mail:
alexandre.creusot@p-ng.si).

S VEM
h.
TL

For this calculation, two assumptions are made: the shower particles involved
in the time estimate are mostly muons and the average zenith angle of the
shower particles is assumed to be close to the shower zenith angle.
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where a is a scale factor representing the uncertainty due to the
shower fluctuations, expected close to the unity, and where b
represents the uncertainty due to the timing, expected close to
12 ns since the GPS uncertainty is about 10 ns and the
digitalization resolution about 7 ns.
The parameters a and b are adjusted by maximizing a
likelihood function so that the model function fits the
experimental data obtained with the doublet stations (closedby stations 11 meters apart). The results of the likelihood
maximization on 26992 events are

a = 0.60 ± 0.01
b = 14.6 ± 0.2 ns .

The validity of the shower front fit is confirmed with the χ2
probability. The figure 2 shows the χ2 probability distribution
for all events, for events with a zenith angle smaller than 55°
and for events with a zenith angle larger than 55°. Except for
low probabilities, the χ2 probability distribution is constant for
all events. The same remark can be done for the two zenith
angle ranges, there is thus no compensation effect between the
different populations. This test is a proof that the time variance
model reproduces the time uncertainty well and that the
shower front model fits the experimental data.

This model of time variance is robust. a and b values are
independent of the shower front model, be it spherical,
parabolic or even planar. Furthermore, a and b values are close
to the expectation.
Two tests were performed to check for the validity of the
model. The first one concerns the stability of the model with
respect to different shower characteristics, e.g. the zenith angle
or the distance to the shower core. The second aims to show
how the model reproduces the uncertainties in the arrival time
of the particles in the station.
If the model is independent from shower variables, then the
variance of scaled time difference

X=

∆T
,
V [ ∆T ]

where ∆T is the time difference between the doublet stations
with respect to the fitted shower front, should be constant and
close to unity. This is shown in figure 1. In first
approximation, the model is stable and does not depend on the
shower characteristics.

Figure 2 – χ2 probability distribution for all events, for
events with a zenith angle smaller than 55° and for events
with a zenith angle larger than 55°. The dashed black line
is just a rescaled of the red (gray) entries.
B. SD angular resolution on an event-by-event basis
Since the presented model of time variance is a good
estimator of the time measurement uncertainty, the angular
resolution of the SD can be estimated [5, 6] from the errors
given by the Gaussian fit of the shower angle distributions.
The angular resolution AR is defined by

AR = 1.5

Figure 1 – Variance of the variable X as a function of the
zenith angle (on the top) and as a function of the distance
to the core (on the bottom).

(

)

1
V [θ] + V [ϕ] sin 2 θ ,
2

where V[θ] corresponds to the variance of the shower zenith
angle θ and V[ϕ] to the variance of the shower azimuth angle
ϕ, assuming that θ and ϕ/sinθ have a Gaussian distribution.
The figure 3 shows for different number of stations in the
event, i.e. multiplicity, the angular resolution as a function of
the shower zenith angle.
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Figure 3 – The SD angular resolution as a function of the
shower zenith angle θ. The SD angular resolution is
estimated for several multiplicities: 3, 4, 5 and more than 5
stations.
The SD angular resolution improves when the multiplicity
increases since the shower front is estimated with a better
accuracy with larger number of stations. The SD angular
reconstruction improves also with increasing zenith angle. On
the contrary, the core position estimation becomes less
accurate with increasing zenith angle. This is the main reason
of the small hump observed for 3 triggered stations around
35°. For more than 3 stations, the angular resolution is better
than 1.5°. For more than 5 stations, i.e. for showers with
energy larger than 1019 eV, the SD angular resolution becomes
better than 1°.

3. SIMULATION STUDY OF THE HYBRID ANGULAR RESOLUTION

Figure 4 – Example of an event detected by both detector
components of the Pierre Auger Observatory. The SD and
hybrid reconstructed axes are shown. The color (gray)
code is related to the arrival time.
The hybrid simulation is used to estimate the angular
resolution of the hybrid reconstruction by shower simulation.
If ηH is the space angle between the injected shower axis and
the reconstructed axis then the hybrid angular resolution is
equal to the value of ηH when the cumulative distribution
function of ηH reaches 68% of its maximum. The hybrid
angular resolution is shown as a function of the shower energy
in the figure 5. The simulation sample consists of about 6000
proton Corsika [7] showers with zenith angle distributed as
sinθcosθ (with θ < 60°) and energies ranging between 1017 and
1019 eV in steps of 0.25 in the logarithmic scale. The showers
have been generated using QGSJET [8] and FLUKA [9] for
high and low energy hadronic interactions.

In order to compare the SD reconstruction with the hybrid
reconstruction, the angular reconstruction of the hybrid events
has to be studied.
An hybrid event is an event detected by FD with an additional
station from SD. Figure 4 shows a special hybrid event (so
called “golden event”) detected independently from SD and
FD. The two axes can be seen, as well as the 14 triggered
stations.
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Figure 5 – Hybrid angular resolution estimated with the
simulation. The shower development simulation is
performed with “Corsika” software.
For energy larger than 1018 eV, the hybrid angular resolution
extracted from Monte-Carlo simulations is better than 0.6°.

4. COMPARISON WITH INDEPENDENT RECONSTRUCTIONS
Two independent reconstruction methods are used to validate
the SD reconstruction and the estimation of the angular
resolution. One method is based on the hybrid events, the other
on the “super-hexagon” grid.
A. Hybrid events
Since the Pierre Auger Observatory is a hybrid detector, the
angular resolution estimated with only the SD events can be
cross checked, for some subsets of events, with the hybrid
events. The principle is to reconstruct in parallel the SD and
the hybrid events, and to compare the two reconstructed axes.
Since the hybrid angular resolution extracted from MonteCarlo simulation is smaller than the SD angular resolution, the
hybrid reconstruction is considered as the reference.
If η is the space angle between the SD and the hybrid
reconstructed axes then the angular resolution ARSD-H can be
written

AR SD -H = AR 2η − AR 2H ,
where ARη is the value of η when the cumulative distribution
function of η reaches 68% of its maximum and where ARH is
the value of the hybrid angular resolution as obtained from
simulations, i.e. 0.6°.

Figure 6 – Shower zenith angle dependence of the angular
resolution of the SD reconstruction when hybrid
reconstruction is considered as a reference. The same
multiplicities are shown as in figure 3. Additionally, the
statistical errors are given.
The figure 6 shows the angular resolution of the SD
reconstruction when hybrid reconstruction is considered as a
reference as a function of the shower zenith angle and for
several multiplicities. As in the event-by-event estimation, the
shower axes are reconstructed with more accuracy when the
multiplicity is large. The accuracy also improves with
increasing shower zenith angle. For very high energies (above
1019 eV), the angular resolution becomes close to 1°. The
agreement between the two methods of estimation is quite
good for three tank events. The slight disagreement for higher
multiplicities is the subject of further studies and could be
eventually used to set a limit to systematic errors.
B. Nearby station events
Within the regular SD array, a “super-hexagon” grid (see
figure 7) has been added for comparison of the measurements.
It allows the reconstruction of particular showers with two
independent networks of stations. The method of estimating
the angular resolution is similar to the method used for the
hybrid events: the reconstruction of the same shower with two
independent detectors and the comparison of the angular
results. If ηD is the space angle between the axes reconstructed
with the regular grid and with the doublet station grid, the
angular resolution of the SD reconstruction by comparison
between embedded networks is equal to ηD when the
cumulative distribution function of ηD reaches 68% of its
maximum.
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multiplicity
4
4
≥5
≥5

θ
10-35°
35-60°
10-35°
35-60°

ARD
1.31 ± 0.01
0.87 ± 0.01
0.76 ± 0.03
0.63 ± 0.02

AR
1.29 ± 0.06
0.84 ± 0.05
0.96 ± 0.10
0.70 ± 0.07

Table 1 – Comparison of the angular resolution measured
with the “super-hexagon” grid (ARD) and on an event by
event basis (AR). Two ranges of multiplicity and two
ranges of shower zenith angle θ are given.

5. CONCLUSION
The angular resolution of the surface detector of the Pierre
Auger Observatory has been determined from experimental
data. On an event-by-event basis, it is lower than 1.5° for more
than 3 station events. For high energy events, the angular
resolution becomes better than 1°. This angular resolution has
been cross checked with two independent reconstruction
methods. The results obtained are consistent for both methods,
be it with the hybrid events or with the “super-hexagon” grid.
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UHECR propagation in the Galactic Magnetic Field
Serguei Vorobiov1,a , Mustafa Hussain1 , Darko Veberič1,2

Abstract— Extensive simulations of the ultra-high energy cosmic ray (UHECR) propagation in the Galactic magnetic field
(GMF) have been performed, and the results are presented.
The use of different available models of the large-scale GMF
and/or primary particle assumptions leads to distinctly different
deflection patterns of the highest energy cosmic rays (CR). The
lensing effects of the Galactic field modify the exposure of
an UHECR experiment to the extragalactic sky. To quantify
these effects for the Pierre Auger experiment, we performed a
correlation analysis of the simulated cosmic ray event samples,
backtracked from the Earth to the Galactic border, with the
active galactic nuclei (AGN) from the 12th edition of the VéronCetty and Véron catalogue. Further forward-tracking studies
under plausible UHECR sources scenarios are needed to allow
for direct comparison with the observed correlation between the
nearby AGN and the highest energy Auger events.

I. I NTRODUCTION
Magnetic fields in the Milky Way and other galaxies are
investigated by means of measurements of the Faraday rotation
of the polarized light from pulsars and extragalactic sources,
and through detection of synchrotron radiation emitted by relativistic electrons [1], [2]. The observations of spiral galaxies
like ours suggest that there is a large-scale field, that in the first
approximation follows the spiral arm structure, and is parallel
to the galactic disk. In the vicinity of the Sun such large-scale
field is pointing approximately in direction of galactic latitude
` = 80◦ . The spiral field extends above and below the galactic
disks on a kiloparsec scale and forms a kind of halo, which is
confirmed by observations of the galaxies that are seen edgeon. A random Galactic magnetic field, of the strength similar
to that of the regular component, has also been observed [1].
The coherence length of the turbulent field is at most of the
order of several tens of parsecs. The average strength of the
total magnetic field is about 6 µG near the Sun, and increases
towards the Galactic Center region. The observations of the
Galactic diffuse soft X-rays indicate on a possible CR and gas
pressure driven wind, which would transport magnetic fields
from the disk to the halo [3], [4].
The observed Faraday rotation measures (RM) allow to
probe the Galactic magnetic field in the Solar proximity [5],
[6], [7]. However, the limited data sample makes the
interpretation of these observations difficult. In addition, the
RM measurements provide the line-of-sight convolution of the
magnetic field with the thermal electron density, which in turn
is not well known. New radio polarization observations, with
better sensitivity and angular resolution are needed to obtain
more conclusive picture of the magnetic field distribution in
1 Laboratory

for astroparticle physics, University of Nova Gorica, Slovenia
Stefan Institute, Ljubljana, Slovenia
a sergey.vorobyev@p-ng.si
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the Milky Way. A significant improvement of the data will
be provided by new-generation radio telescopes. One of such
instruments, the Low Frequency Array (LOFAR), is already
under construction [8]. LOFAR will be in particular able to
trace the magnetic fields in halo regions of the Milky Way
and other galaxies, through detection of a few meters radio
synchrotron emission from low energy cosmic rays [9].
The Pierre Auger Observatory [10] provides a new and independent way of studying cosmic magnetic fields, by collecting
cosmic ray events at the extreme energies (above 10 EeV ≡
1019 eV) with unprecedented statistics and data quality. Recently, the Pierre Auger Collaboration observed [11], [12]
a significant anisotropy in the arrival directions of cosmic
rays above ' 60 EeV. These cosmic rays correlate over
angular scales less than 6◦ with the locations of nearby (D <
100 Mpc) AGN from the 12th edition of the Véron-Cetty and
Véron (VCV) catalogue [13]. The Pierre Auger experiment
has also detected [14] a strong steepening of the cosmic ray
flux above 4 × 1019 eV. Both observations are consistent with
the standard scenarios of the UHECR production in the extragalactic astrophysical acceleration sites and thus represent the
important step towards the “charged particle astronomy”.
The final way the CR astronomy will be done will strongly
depend on the primary mass composition of the highest
energy cosmic rays, since the magnetic deflections scale in
proportion to the CR atomic number Z. The elaboration
of relevant analysis methods requires detailed investigation
of the UHECR propagation in cosmic magnetic fields, and
first of all in the Galactic field. The different aspects of
the UHECR propagation in the GMF have been extensively
covered in the literature, the non-exhaustive list of previous
results can be found in [15], [16], [17], [18], [19], [20],
[21]. We present in this paper results of our own studies,
performed in the light of the observed AGN correlation. We
used the standard method of CR backtracking (see Sec. II).
Three distinctive large-scale field models have been chosen
(Sec. III). A large number of CR events has been simulated
using energy spectrum, arrival direction distribution, and mass
composition described in Sec. IV, and propagated under the
assumed GMF models. Resulting magnetic deflections are
presented in Sec. V. Modification of the extragalactic exposure
due to the large-scale GMF lensing effects is discussed in
Sec. VI, followed by conclusions.
II. CR BACKTRACKING IN THE G ALACTIC FIELD
Since the energy loss length in the local Universe largely
exceeds the size of the Galaxy (see, for example, [22], [23],
[24]), we can neglect the energy losses when considering the
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Fig. 1. The spiral disk field in the HMR models [16]. The volume of galactic
region with magnitude of magnetic field larger than 1 µG is shown in yellowgreen. The position of the Solar system is denoted by a red sphere.

propagation of the ultra-high energy cosmic rays through the
Milky Way. This makes it possible to inverse the problem
and, instead of following the trajectory of a particle from
the Galactic halo border till the arrival on Earth from a
certain direction, to propagate the corresponding anti-particle
from Earth in the same direction (backtracking method). The
trajectory of a UHE cosmic ray is then obtained by integration
of the equations of motion of an ultra-relativistic particle with
*
the energy E and charge q in a quasi-static magnetic field B:
*

*
dv̂
qc
dr
= v̂,
=
v̂ × B ,
(1)
dct
dct
E
* *
*
*
where v̂ = p/|p| , p = Edr/c2 dt, is the unit vector parallel to
the velocity of the cosmic ray. Since in the highly structured
Galactic magnetic field the field strength can vary significantly
along the cosmic ray trajectory, we have implemented for the
integration of the equations of motion (1) the Runge-Kutta 5th
order scheme (RK5) with the adaptive step size control [25].
To avoid the “numerical dissipation” of the cosmic ray energy
E (the effect studied in detail in [26]), we imposed the energy
conservation during the propagation steps, by preserving the
absolute value of the particle’s velocity vector.
The integration accuracy, represented by the accepted truncation error in the RK5 technique, has been optimized correlating the backtracked directions with the selected astrophysical
objects. An accuracy level of 10−6 has been adopted, for
which the changes in the backtracked directions become
negligible with respect to the chosen step in angular separation
dmax from the catalogue objects (see the section VI-A).
The cosmic ray trajectory has been followed till the galactocentric distance of 20 kpc (the Galaxy “border”), beyond
which the field strength is supposed to be negligibly small.

III. C ONSIDERED LARGE - SCALE GMF MODELS
A strong large-scale magnetic field with a stationary or
oscillating configuration can be generated from a weak seed
field as a result of the non-uniform (differential) rotation of
the galactic gas with strong turbulent motions [2]. The regular

field structure obtained by this so-called dynamo mechanism
can be described by modes of different azimuthal symmetry
in the disk, and vertical symmetry perpendicular to the disk
plane. The strongest mode is the spiral disk field with either
π (bisymmetric, or BSS) or 2π (axisymmetric, or ASS) symmetry. Other weaker field modes can also be excited. As for
the vertical symmetry, the large-scale galactic fields can either
keep the direction while traversing the disk plane (be of even
parity), either change it to the opposite (odd parity modes).
Both symmetry properties are reflected in the toponym of the
large-scale field models. Combined with the spiral structure
type, 4 possible spiral field patterns are denoted BSS-S, BSSA, ASS-S, ASS-A, where -S (symmetric) stands for the even
parity, and -A (antisymmetric) – for the odd parity.
We have chosen amongst many available large-scale GMF
models three typical ones with distinct qualitative differences.
Two models are the spiral disk field models of bisymmetric
even parity, and axisymmetric odd parity from the paper [16]
by Harari, Mollerach and Roulet (HMR). These models (see
Fig. 1) represent a version of the Stanev model [15], smoothed
out in order to avoid the field discontinuities.
The third model is a modification of the model [19] by
Prouza and Šmı́da (PS), that has been proposed by Kachelrieß et al. [20]. In addition to the bisymmetric even parity
spiral field, of the structure similar to the one in the HMR
BSS S model, it features two additional large-scale halo GMF
components: toroidal azimuthal field above and below the
Galactic disk, and poloidal (dipole) field.
IV. PARAMETERS ADOPTED FOR SIMULATED CR EVENTS
We simulated a large number (stated in Tab. I and II) of
cosmic ray events with the parameters below.
A. Energy spectrum
The energy values of the simulated events were bounded
between 40 EeV and 150 EeV, and distributed according to the
Auger measurement [14], as a power law E −4.2 .
B. Angular distribution
Two options for the angular distribution of the events have
been considered: 1) Uniform distribution over the whole sky,
and 2) Distribution according to the exposure of the Auger
Surface Detector (SD) for zenith angles θz ≤ 60◦ . For the
considered energies the Auger SD acceptance area is saturated,
which produces a simple analytic dependence of the exposure
upon declination [27].
C. Primary mass composition
4 pure compositions have been considered: protons (Z = 1),
carbon (Z = 6), silicon (Z = 14), and iron (Z = 26) nuclei.
V. M AGNETIC DEFLECTIONS OF COSMIC RAYS
The cosmic ray deflection patterns expected from the three
selected GMF models are very different, as it can be seen from
Figs. 2 and 3 on the example of primary protons. Except for
the directions towards the Galactic Center, where the character
of deflections is complex due to the multiple field reversals,
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(a) Bisymmetric even parity spiral field

(b) Axisymmetric odd parity spiral field

Fig. 2. Cosmic ray deflection patterns expected for protons under HMR models [16]. The deflections shown represent the arcs of the great circle joining the
simulated arrival direction on Earth, and the backtracked one at the Galaxy border (indicated by an arrow head). To visualize deflections, every 100th event
has been drawn from the large simulated event data sample described in the section IV. The dashed line denotes the supergalactic plane. The thin solid lines
show the equal integrated Auger SD exposure sky regions within the detector field of view for zenith angles θz ≤ 60◦ , delimited by the black solid line.

Fig. 3. Idem as Fig. 2 for the PS model [19] version by Kachelrieß et al. [20].

there are trends, typical for each model. In the bisymmetric
even parity spiral disk field, there is a flow in the direction of
the Galactic North Pole, i.e. cosmic rays in general arrive at
the Galactic halo border from higher Galactic latitudes than
observed on Earth. In the odd parity field, the backtracked
arrival directions in each Galactic hemisphere are shifted to
the poles. This field configuration would obscure the Earth
sky from the cosmic rays coming from the directions close to
the Galactic plane. The presence of dipole and toroidal fields
makes the deflection pattern even more complex (see Fig. 3).
The cumulative distributions (c.d.f.) of resulting deflections
for the HMR BSS S model are shown on Fig. 4. The deflection
values for the three considered GMF models are summarized
in the table I, by means of percentiles at 50% (median),
68.27%, and 95.45% of the c.d.f. Neglecting the distribution
tails, one can see that the deflection values scale rather well
with the atomic number Z of primary nuclei. Despite the
additional halo fields in the PS model version, the higher
overall normalization of the disk field strength in the HMR
models, and its more important halo extension [16], [19], [20]
are the reasons why in average the deflections for the HMR
models are larger.
It is instructive to compare the obtained UHECR deflections

Fig. 4. C.d.f. of the deflection angle values (in ◦ ), expected in the HMR
BSS S model [16] for the four assumed mass compositions.
Primary
Z

Nevents

Uniform 4π exposure:
ϑ50%
ϑ68.27%
ϑ95.45%

p
C
Si
Fe

HMR bisymmetric even parity model
1
100000
4.3
5.3
6
100000
27.1
36.5
14
100000
59.1
82.6
26
100000
75.9
102.7

8.0
60.7
129.1
157.7

p
C
Si
Fe

HMR axisymmetric odd parity model
1
100000
5.4
6.6
6
100000
31.5
40.2
14
100000
75.9
97.6
26
100000
84.0
100.4

10.9
77.9
139.2
138.0

p
C
Si
Fe

PS model version by Kachelrieß et al.
1
20000
3.0
4.3
20.8
6
20000
16.7
22.9
64.7
14
20000
37.6
47.2
85.7
26
20000
57.5
70.9
118.5

TABLE I
M AGNETIC DEFLECTIONS ( IN ◦ ) AT THE INDICATED PERCENTILES OF THE
C . D . F. ( SHOWN ON F IG 4 FOR ONE OF THE THREE GMF MODELS ).
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(see Fig. 4) with those expected for turbulent field with a
coherence length lcoh . In such a case, on a distance d  lcoh
a cosmic ray will propagate in the random walk regime, with
the resulting r.m.s. deflection angle given by [22], [23]
p
p
d [kpc] lcoh [100 pc] B [µG]
, (2)
ϑrandom [ ] ∼ 1.13 Z
E [10 EeV]
◦

◦

where the effect of dynamical friction [22] is taken into account. The path d can be roughly estimated using the simulated
events (see Sec. IV). For the HMR BSS S field configuration,
the median distance d50% traveled till the Galaxy border
is 21.0 kpc for protons, and 28.3 kpc for iron nuclei, while
the respective values for the two primaries corresponding to
95.45% of the c.d.f. are 28.1 kpc and 70.3 kpc. Under reasonable assumption of the equal field strength for the large-scale
and turbulent components, an r.m.s. turbulent field strength
is expected to decrease with a distance to the Galactic plane
at a kiloparsec scale, which is much smaller than the above
mentioned d values. Hence, for the energies of interest and for
most of the directions in the sky the UHECR deflections from
the random Galactic field component (2) will be considerably
smaller than the ones from the large-scale GMF (see also [28]).
Therefore, the former can be neglected at the first approach,
though a realistic simulation of the UHECR propagation in the
Galactic magnetic field has to take into account the turbulent
field.
VI. GMF EFFECTS ON THE EXTRAGALACTIC EXPOSURE
In addition to magnetic deflections, (de-)focusing effects of
the Galactic magnetic field will modify the exposure of an
experiment to the extragalactic sky [16], [17], [20]. Though
the Liouville theorem holds and the isotropic cosmic ray
flux outside the Galactic halo will remain isotropic on Earth,
the correspondence between the arrival directions on Earth,
and the sources contributing to the flux on the halo border
will be quite complex. To study how this correspondence is
realized, we have used the backtracked simulated events from
the section IV. We mapped the decimal logarithm of the ratio
of the number of events on the halo border (r = 20 kpc) to the
one on Earth, using the HEALPix equal area celestial sphere
pixelization [29]. These maps, shown on Figures 5, 6, and 7
allow to estimate the (de-)magnification effects of the largescale field on the experimental exposure.
Due to these effects, some regions of the sky have increased
probability to contribute to the cosmic rays observed on Earth,
and some other are disfavored. The non-uniform character of
the mapping strengthens in the case of the heavy primary composition. There exist directions, for which the Earth detectors
are blind, i.e. even if there is a strong UHECR source in such
a “discriminated” sky region, heavy nuclei from this source
will not reach the Earth. The highly non-uniform mapping in
the case of pure iron primary composition is demonstrated by
the lower plots on Figs. 5, 6, and 7. If the primary cosmic
rays above 40 EeV are iron nuclei, and the GMF structure is
adequately described by one of the assumed large-scale GMF

Fig. 5. The sky distribution of the log10 of the ratio of the number of events
at the Galaxy border to the one on Earth, for the HMR bisymmetric even parity
model [16]. The gray color represents the regions on the sky, to which the
Earth detectors are (almost) blind, like the one towards the Galactic Center
on the lower plot. The arrival direction distribution on Earth is isotropic. The
assumed cosmic ray primary type is indicated above each map. The thick
dashed line denotes the supergalactic plane.

models, the regions that would effectively contribute to the
cosmic ray flux on Earth represent only a small fraction of
the 4π solid angle.
A. Correlation scan using backtracked directions
To quantify these large-scale GMF effects on the mapping
between the arrival directions on Earth and those at the
Galaxy border in the case of the Pierre Auger Observatory,
we performed a correlation analysis using backtracked arrival
directions of simulated events described in Sec. IV, and the
694 AGN at redshift zmax ≤ 0.024 from the VCV catalogue.
The simulated events have been divided sequentially into
samples with the same number of events (81) above 40 EeV as
in the Auger data. The employed set and ranges of parameters
were also identical to the ones from [11], [12]. The lower
threshold energy giving maximal correlation was scanned
within a range Emin ≥ 40 EeV. The maximum redshift zmax
scan was performed within a range 0 ≤ zmax ≤ 0.024, in
steps of 0.001. The scan in maximum angular distance dmax
was made within a range 1◦ ≤ dmax ≤ 8◦ , in steps of 0.1◦ .
We will focus here on the minimum probability values,
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Fig. 6.

Idem as Fig. 5 for the HMR axisymmetric odd parity model [16].

obtained during the scan. The c.d.f. of decimal logarithm
of the corresponding cumulative binomial probability Pmin of
reaching this level of correlation under isotropy for the HMR
BSS S model are shown on Fig. 8. The level of the minimum
probability reached in the Auger data is also indicated. The
results of the correlation scan for the three assumed largescale GMF models and four primary mass compositions are
summarized in Table II.
Since for the different GMF model/primary mass assumptions the backtracked directions correlate with the catalogue
objects in particular privileged regions in the sky, our scan
results depend strongly on those assumptions. Under some
configurations, the backtracked directions lie near the supergalactic plane, where the catalog object density is higher than
in average, which increases the correlation probability. For the
PS model [19] version by Kachelrieß et al. [20], the scanned
probability minimum is significantly less deep than for the two
other spiral-field-only models for any assumed primary mass
composition, except for protons, where one obtains nearly
the same level of correlation for all models. The model with
additional halo field components is clearly less compatible
with the observed correlation with the nearby AGN [11], [12],
unless the UHECR flux contribution from these objects (or
objects with similar spatial distribution) is highly non-uniform
(for example, if there are only few powerful sources, one of

Fig. 7. Idem as Fig. 5 for the PS model [19] version by Kachelrieß et al. [20].

Fig. 8. Scan results for the simulated event samples, backtracked under the
HMR bisymmetric even type model [16]. The four cumulative distributions
of log10 Pmin correspond to primary assumptions of pure protons, carbon,
silicon, or iron nuclei. The vertical dashed line indicates the value obtained
from the scan of the Auger events [11], [12] on Earth.

which is located by chance in one of those regions in the sky,
where the large-scale field “enhances” the Auger exposure).
The presented approach has therefore a potential of providing constraints that can be used to discriminate between
the GMF models and/or the primary charge. It is now being
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Primary
Z

Auger SD exposure:
81 event
Nsamples
f5%
f50%

picture observed on Earth is sensitive to the Galactic field
distribution and the primary cosmic ray composition. Though
the reconstruction of the field is easier in the case of light
primary mass composition, in the case of heavy nuclei the
lensing effects of the Galactic field on the exposure bring
stronger constraints on the list of potential UHECR source
candidates. The presented analysis of the correspondence
between the arrival direction distributions on Earth and at
the Galactic border, and of matching of the latter with the
VCV catalogue objects will be complemented by the forwardtracking of cosmic rays for a number of plausible UHECR
sources scenarios. This will allow for direct comparison with
the observed AGN correlation.

f95%

p
C
Si
Fe

HMR bisymmetric even parity model
1
1148
-4.20
-2.58
6
1148
-6.26
-3.82
14
1147
-10.49
-7.03
26
1148
-8.10
-5.22

p
C
Si
Fe

HMR axisymmetric odd parity model
1
1148
-4.48
-2.70
-1.57
6
1148
-8.69
-5.78
-3.70
14
1148
-12.56
-8.50
-5.30
26
1148
-8.98
-5.89
-3.85

p
C
Si
Fe

PS model version by Kachelrieß et al.
1
308
-4.46
-2.66
-1.45
6
308
-4.55
-2.55
-1.43
14
308
-5.21
-2.92
-1.72
26
308
-4.46
-2.52
-1.31

-1.47
-2.34
-4.53
-3.13
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TABLE II
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AT THE INDICATED PERCENTILES OF THE C . D . F.,

GMF

MODELS AND PRIMARY COMPOSITIONS .
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The KASCADE-Grande experiment: an
overview
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I.M. Brancusd , M. Brüggemanne, P. Buchholze , E. Cantonic;f , F. Cossavellab , K. Daumillera, V. De
Souzab, F. Di Pierroc, P. Dolla, R. Engela, J. Englera, M. Fingera, D. Fuhrmanng, P.L. Ghiaf, H.J. Gilsa,
R. Glasstetterg, C. Grupene, A. Haungsa, D. Hecka, J.R. Hörandelb;3, T. Huegea, P.G. Isara, K.-H.
Kampertg, D. Kangb, D. Kickelbicke, H.O. Klagesa, Y. Kolotaeve, P. Łuczakh,H.J. Mathesa, H.J. Mayera,
J. Milkea, B. Mitricad, C. Morellof, G. Navarrac, S. Nehlsa, J. Oehlschlägera , S. Ostapchenkoa;4, S.
Overe, M. Petcud, T. Pieroga, H. Rebela, M. Rotha, H. Schielera, F. Schrödera, O. Simai, M. Stümpertb, G.
Tomad, G.C. Trincherof, H. Ulricha, J. Van Burena, W. Walkowiake, A. Weindla, J. Wochelea, M.
Wommera, J. Zabierowskih.
1. INTRODUCTION
Abstract – The KASCADE-Grande experiment, located at
Forschungszentrum Karlsruhe (Germany), is a multicomponent extensive air-shower experiment to study cosmic rays
and their interactions at primary energies 1014-1018 eV. After
detailed investigations of the knee in the spectrum with
KASCADE and EAS-TOP experiments, the main goal of
KASCADE-Grande is to provide conclusive results on the knee
region by detecting the expected iron knee in the spectrum at
around 1017 eV, and measuring the composition in the possible
transition region between galactic and extragalactic
components. Due to its multicomponent characteristics,
basically the former KASCADE experiment enriched by two
new arrays of scintillator detectors (Grande and Piccolo), with
the aim of providing a large acceptance area (0.5 km2) and
prompt trigger signal, KASCADE-Grande is a suitable array to
provide refined measurements in the 1016-1018 eV region. In the
following, we briefly report on the characteristics of the detector
and describe its performances.
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The scientific motivations of KASCADE-Grande reflect
the observations conducted independently by the EAS-TOP
and KASCADE experiments. Both experiments observed the
knee in the spectra of all secondary components that have
been investigated: electromagnetic [1][2], muonic [3][4] and
hadronic [5]. The knee appears in all angular bins and the Ne
(total number of electrons at observation level) and Nμ (total
number of muons at observation level) integral fluxes above
the knee are consistent within the experimental errors. These
results do not depend on the simulation of the EAS
development and give a clear indication that the knee is a
peculiarity of the primary spectrum, disfavoring a hypothesis
based on changes of the interaction characteristics of the
primaries with air nuclei. Moreover, these experiments
indicate that the knee is due to the bending of the lightest
elements, independently of the hadronic model used to
simulate the EAS cascade in the atmosphere [6] and of the
muon kinetic energy (GeV or TeV muons) [7].
The anisotropy study [8][9], a key parameter in interpreting
the knee feature as a result of leakage from the galaxy, has set
upper limits that exclude an energy dependence of the
amplitude stronger than A∝E00.3.
In summary, based on EAS-TOP and KASCADE results
obtained in the knee region, a definitive proof of the rigidity
dependence of the knee would come from the observation of
the iron knee expected around 1017eV. Moreover, the
KASCADE analysis showed also the limitation of the present
high-energy interaction models to describe consistently the
measured data [6].
Detailed anisotropy study together with mass composition
analysis, in the 1016-1018 eV energy range, are thus very useful
to discriminate astrophysical models in the explanation of the
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second knee and ankle dip (e.g. [10][11]).
All these open questions are the main physics motivations
of the KASCADE-Grande experiment. Finally, the possibility
of moving the EAS-TOP detector to the KASCADE site offers
the unique possibility of making cross-check calibrations of
the two detectors. This is very important from a technical
point of view because it allows a better understanding of the
systematic uncertainties of the EAS measurements technique.

2. EXPERIMENTAL SETUP
The KASCADE-Grande experiment [12] is a multidetector setup consisting of the KASCADE [13] experiment,
the trigger array Piccolo and the scintillator detector array
Grande. Additionally, KASCADE-Grande includes an array
of digital read-out dipole antennas (LOPES) to study the
radio emission in air showers at E>1016 eV [14]. Most
important for the analysis presented here are the two
scintillator arrays: KASCADE and Grande.
The KASCADE experiment is itself a multiple detector
setup and its major parts are an array of 252 scintillator
detector stations, a streamer tube muon detector (Eμ>800
MeV) [15], and a multiwire proportional chamber muon
detector (Eμ>2.4 GeV).

scintillators) spread on a 0.5 km2 surface, with an average
grid size of 137 m. All 16 scintillators are viewed by a high
gain photomultiplier (for timing and low particle density
measurements), the four central ones are additionally viewed
by a low gain one (for high particle densities). The signals are
amplified and shaped inside the Grande stations, and, after
transmission to a central DAQ station, they are digitized by
peak sensing ADCs. The dynamic range of the detectors is 0.3
- 8000 particles/10 m2.
Grande is arranged in 18 hexagonal clusters formed by six
external detectors and a central one. The minimum triggering
requirement is the coincidence of the central and three
neighboring stations in one hexagon (4/7, rate 5 Hz). A
stricter implemented mode, that is required for triggering the
KASCADE array, is the 7/7 trigger mode, requiring all
stations in a hexagon being fired ( 0.5 Hz).
Full detection efficiency, inside an internal fiducial area of
~0.3 km2, is reached at ~106 shower size, i.e. a primary
energy of ~1016 eV.

Detectors

Detected EAS
particles

Area

Energy
threshold

Liquid scintillators

Charged particles,
photons

490 m2

5 MeV

Plastic scintillators

Muons

622 m2

230 MeV

Plastic scintillators

Charged particles,
photons

37 × 10 m2

5 MeV

PICCOLO

Charged particles,
photons

80 m2

5 MeV

Hadrons

9×304 m2

50 GeV

KASCADE Array:

Grande Array:

Central Detector:
Ionization chambers

2

Plastic scintillators

Muons

208 m

Streamer tubes

Muons

247.5 m2

2.4 GeV

Muons

2

2×129 m

2.4 GeV

Electrons

23 m2

5 MeV

Muons

4×128 m2

800 MeV

Multiwire
proportional chambers
Plastic scintillators

490 MeV

Muon Tracking
Detector:
Limited Streamer tubes

Table 1: Components of the KASCADE-Grande Experiment

Figure 1. Layout of the KASCADE-Grande experiment.

2. RECONSTRUCTION ACCURACY

The KASCADE array is structured in 16 clusters. Each
detector station houses two separate detectors for the
electromagnetic (unshielded liquid scintillators) and muonic
components (shielded plastic scintillators, Eμ>230 MeV).
Muon detectors are housed only in 12 clusters (or 192
stations). This enables to reconstruct the lateral distributions
of muons and electrons separately on an event-by-event basis.
The Grande array is formed by 37 stations of plastic
scintillator detectors, 10 m2 each (divided into 16 individual

The main shower parameters that are measured for each
event are: the arrival direction, the total number of muons
and the total number of electrons in the shower.
The arrival direction of the events is determined fitting the
arrival time of the particles in the Grande detectors to a
curved shower front [16]. The core position, the shower age
and the shower size (total number of charged particles at
observation level) are obtained fitting the particles densities
measured by the Grande stations with a NKG like function
[16].
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The total number of muons is calculated using the core
position determined by the Grande array and the muon
densities measured by the KASCADE muon detectors[17].
The lateral distribution of a single event is shown in figure 2.
The particle densities measured by Grande detectors are those
sampled by each single station, while for the KASCADE
array the mean densities calculated in 20 m intervals of the
core distance are shown.
The precisions obtained in the reconstruction of the shower
parameters are evaluated exploiting the unique feature of the
KASCADE-Grande experiment of having two independent
samplings of the same event by the KASCADE and the
Grande arrays.

Figure 3. Grande array angular resolution measured
comparing the arrival direction with the one obtained by the
KASCADE array.

Figure 2. Example of the lateral distribution measured for
a single event by the KASCADE-Grande experiment.
Selecting showers with core located in a region that is
internal for both arrays (i.e. a ring around Grande station
number 7, see figure 1) we have a set of events that are
independently reconstructed by both arrays. We can thus
compare the Grande results to those obtained by the
KASCADE array that is used as reference (the distance
between two KASCADE detectors is just 13 m).
Dividing events in bins of shower size (again determined
by KASCADE) we construct the distributions of the
difference of the arrival directions  and of the core
positions r. Fitting these distributions with a Rayleigh
function we determine the Grande resolution as a function of
the shower size.
Figure 3 shows that the angular resolution is better than 1°
(the increase of the errors for shower size greater than 107 is
probably due to a lack of statistics). Figure 4 shows that the
error on the determination of the core position is clearly lower
than 10 m.
The same procedure is followed for the shower size,
plotting the distributions of N=(NKAS-NGra)/NKAS that are then
fitted with a gaussian distribution. The mean value (Figure 5)
is the systematic difference in the shower size obtained by
KASCADE (NKAS) and by Grande (NGra); while the RMS is
the precision of the Grande array (Figure 6). We can see that
the systematic difference between Grande and KASCADE is
lower than 5% and that the error in the determination of the
shower size is lower than 20%.

Figure 4. Grande array core position resolution obtained
by the comparison with the KASCADE array.
The errors on the shower parameters that have been
obtained, and shown in this work, are those foreseen in the
project of the KASCADE-Grande experiment.
The KASCADE-Grande experiment is in continuous data
taking since January 2004, a conclusive evaluation of
systematic effects and the whole data processing are currently
in progress.
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3.EXPERIMENTAL PERSPECTIVES

The experiment will measure the cosmic ray primary
spectrum using different approaches, thus having the
possibility of cross checking its results.
One technique is based on the well known constant
intensity cut method applied both to the muon and charged
particle size spectra. Preliminary studies show that the
resolution that can be reached is about 22% at E0~1017 eV.

Figure 5. Systematic difference on the Shower Size
obtained by the Grande and the KASCADE arrays. The latter
one is considered as reference.

Even if a final study of systematic effects is not yet
completed the experiment is nevertheless already able to give
preliminary, but relevant results. Using one third of the
currently available statistics limits about the cosmic ray
anisotropy in the knee region have been obtained.
The result is shown in figure 7, showing that the limits
obtained with KASCADE-Grande are already relevant at the
knee energies and can already give informations about the
increase of the amplitude of the anisotropy measured at
energies below the knee [18].

Figure 7. Limits on the amplitude of the cosmic ray
anisotropy obtained by the KASCADE-Grande experiment
[19] compared to the results of other experiments.

4.CONCLUSIONS
In this paper the actual status of the KASCADE-Grande
experiment has been discussed.
The resolutions obtained in the measurement of the
showers parameters have been shown using the KASCADE
array as a reference: <1° on the arrival direction, <10 m on
the core location and <20% on the shower size. The
experiment will thus study primary cosmic rays in the range
1016-1018 eV with a previously unreached precision.
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Detection of Ultra High Energy Cosmic Rays
with LOFAR
K. Singh, L. Bähren, S Buitink, H. Falcke, A. Horneffer, O. Scholten

Abstract— The low flux of Ultra High Energy (>1021 eV)
Cosmic Rays (UHECRs) makes their detection very difficult. We
explore the feasibility of using the Moon as a detector for these
high energy particles. Our strategy is to cover the whole visible
lunar surface with digital beams of an array of omni-directional
antennas of LOFAR (LOw Frequency ARay) and to look for
short pulses of Cherenkov radiation emitted by a shower induced
in the lunar crust when a cosmic rays strike it. The instantaneous
power of the pulses is so strong that they can be detected on earth
with a sensitive telescope. We investigate the sensitivity of
LOFAR to detect these incoming radio signals from the Moon. If
the cosmic ray spectrum continues beyond the GZK limit with
unchanged energy dependence, observation of super GZK
particles with LOFAR will indeed be possible.
Index Terms— Cosmic rays, GZK cutoff, Cherenkov radiation,
Radio interferometry.

I.

INTRODUCTION

A

FTER the discovery of Cosmic Microwave Background
(CMB) it was predicted by Greisen, Zatsepin and Kuzmin
[1, 2] that cosmic ray spectrum would end at an energy just
below 1020 eV because the high-energy nuclei would interact
with the CMB photons and, even if cosmic ray particles were
accelerated to high energies, they would not be able to survive
the propagation from their sources to us. This poses a
constraint that these sources cannot be far away. However,
energetic protons, by interacting with the CMB photons loose
energy and produce pions with energies the same order of
magnitude..Subsequential decays of pions gives rise Ultra
High-Energy Neutrinos (UHENs) which may traverse long
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distances in the universe almost un-deflected and unattenuated. Therefore, observation of UHENs makes it
possible to point back to their source of generation.
Although no satisfactory particle acceleration theory has
been developed yet, the assumption is that these Ultra High
Cosmic Rays (UHECRs) are of extragalactic origin. The
gyroradius of a 1020 eV proton exceeds the dimension of the
whole galaxy. Therefore, they have to be accelerated in much
bigger and more powerful astrophysical systems. Specifically,
there are four systems that might be able to accelerate protons
above 1020 eV, high magnetic field neutron stars, Active
Galactic Nuclei (AGNs), lobes of giant radio galaxies, and
gigaparsec shocks in the extragalactic medium [3, 4, 5].
The realization of the difficulties in extending the galactic
cosmic-ray acceleration to the observed high energies led to
the development of exotic particle-physics models of ‘topdown’ production of cosmic rays at the highest energies.
There are generally two classes of top-down models – one
related to topological defects (like magnetic monopoles,
cosmic strings) and another related to cold dark matter which
is related with decay of quasi-stable massive X particles
produced in the early universe [6, 7].
The Pierre Auger Observatory in Argentina recently
observed an anisotropy in the arrival direction of UHECRs and
confirmed their extra galactic origin. They observed a
correlation of UHECR sources with the spatial distribution of
AGNs [8].
The cosmic-ray flux spectrum follows a power law
dN
∝ E −γ where the spectral index γ is above 3.0 in the
dE
energy range above 1019 eV, therefore, the cosmic ray
spectrum is so steep that even with rather large air shower
arrays on Earth, it is difficult to observe events above 1020 eV
because of their very low flux (a few per km2 per millennium).
Therefore, detectors with large collecting area and high duty
cycles are needed.
In 1989, Dagkesamanskii and Zhelenznykh [9], proposed
to detect showers initiated by Ultra High Energy Cosmic Rays
(UHECRs) and neutrinos (UHENs) by measuring coherent
Cherenkov radiation emitted just below the surface of the
Moon when a high energy cosmic rays strike it. Based on the
concept of looking for pulses coming from the Moon,
experiments have been performed at Goldstone (GLUE) and
are running at the Australian Telescope Compact Array
(ACTA–LUNASKA) [10, 11]. An observarion program
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running at the Westerbork Synthesis Radio Telescope
(WSRT–NuMOON) is also looking for radio pulses from the
Moon at a lower frequency than used in the GLUE experiment.
This results in a lower intensity of the emitted radiation which
is compensated by an increase in the angular spread resulting
in an overall increase of the detection probability [12, 13].
LOFAR will also observe at similar low frequencies, but
because of a larger collecting area than the WSRT, it has a
better sensitivity [12, 14, 15]. LOFAR is a path finder of the
Square Kilometer Array (SKA), hence SKA will have an even
better sensitivity [13].

antenna fields (or stations) densely populated in an area with a
diameter of 2 km. In addition to the core stations, 18 remote
stations are planned further away from the central core within
100 km diameter [15, 17]. Each station will have 96 dual
polarized Low Band Antenna (LBAs), optimized for 30 to 80
MHz, and 48 High Band Antennas (HBAs) tiles for 120-240
MHz [15, 17]. LBAs are dual polarized inverted–V antennas
[Fig 1.a] and HBA tiles consist of 16 bowtie–shaped fat
dipoles [Fig. 1 b].

II. THEORY
The intensity of radio emission from hadronic shower in the
lunar regolith with energy ES, in units of Jansky’s (1 Jy = 10-26
W m-2 Hz-1), in a bandwidth ∆ν at central frequency
ν 0 ( = 2.5 GHz ) can be parameterized as [12]
2  sin θ
F (θ ,ν , E S ) = 3.86 × 10 6 e − Z 
 sin θ C


ν

 ν ( 1 + (ν / ν ) 1.44
0
 0



) 

2





2

 ES
 20
 10 eV


2

  d moon 
 ×


  d 

2

 ∆ν 

 Jy,
 100 MHz 

 n  180  . The Cherenkov


Z = (cos θ − 1 / n) 

2
 n − 1  π∆ C 
angle is related to the index of refraction of medium,
cos θ C =1 / n , where the bulk of the radiation is concentrated.

with

Figure 1.a: LOFAR – Low Band Antennas (LBAs)

θ is the emission angle relative to the shower direction. The
spreading of the Cherenkov cone of the radiation from the
cascade is given by
 1   L (10 20 eV )  .

 
∆ C = 4.32 ο 
 ν [GHz]   L ( E S ) 

The refractive index and the lunar regolith density are n = 1.8
and ρ = 1.7 g / cm 3 respectively. The lunar radius is ≈ 1760 km,
while d is the average distance between moon and observer at
earth. The thickness of the near surface regolith, from which
radio signals can emerge, is of the order of 500m. The radio
wave absorption length in lunar regolith is λr = (9 /ν [ GHz ]) m
[16]. At lower frequency the emission is much closer to
isotropic [12] than at higher frequencies. An additional
advantage of observing at lower frequency is that surface
irregularity will make less of a difference.

III. EXPERIMENTAL SETUP
LOFAR is an interferometric array of dipoles which can be
synthesized as a dish of a telescope. The plan is to have 18

Figure 1.b: LOFAR –High Band Antenna (HBA) tile.

The LBAs and HBAs tiles share the same receiver. HBAs at
each station are grouped into two sub-fields, each with 24 tiles.
Only 48 LBAs from a station can be used simultaneously
however, another observer can use the HBAs at the same time.
In addition to this, a number of international stations across
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Europe (E-LOFAR) are planned in Germany, UK, France,
Sweden and Ukraine. Each international station will have 96
LBAs and 96 HBA tiles. Interferometric baselines within
Netherlands are up to 100 km however, E-LOFAR baselines
are up to 1000 km.
The electric signals from the antennas will be transported to
a series of electronic boards where appropriate phase delays
will be applied so that station beams on the sky can be formed
in a predetermined direction. Each of the stations has 4 Gb/s
connection to the central processor which is an IBM Blue/
Gene. It has 25 Tflops capability combined with an input I/O
system, which can correlate 32000 frequency channels of 1
KHz each. At the central processor these station beams are tied
together to enhance the signal to noise ratio and weights,
necessary for the beam-former, are provided by the central
processor. In parallel with the filtering and beam-forming at
stations and tied array beam forming at the central processor,
the digitized raw data is written into a ring buffer at station
level. These ring buffer modules have their own triggering
capability and can hold raw data from 8 dual polarized
antennas for 1 sec each which can then be accessed later, for
offline processing. However, the buffering time of 1 sec has
posed a serious time constraint. We are currently planning to
increase the memory of these buffers so that we will have
buffer time of more than 1 sec. Another technical difficulty is
related to being able to do online calibration of the dispersion
of the ionosphere. Because we are looking for pulses coming
from outside of earth’s ionosphere, which is a dispersive
media, the pulse (or signal) will be dispersed. Therefore, we
need to de-disperse the data online before checking for a signal
to trigger the buffer boards at station level.

IV. EXPERIMENTAL METHOD
As proposed by Scholten et al. [12], 100 – 200 MHz is
optimal for detecting of Ultra High Energy Cosmic Rays
(UHECRs) hitting the surface of the Moon. Coherent addition
of electric signals from all stations (or antenna fields) will
reduce sky noise as well as system noise. The strategy is that
all antennas of LOFAR will be configured in tied array mode,
and beams will be formed into the direction of the Moon for
the frequency range of 100 -200 MHz using the HBAs. The
field of view should cover a sizable part of the whole lunar
surface. The Moon has a field of view of half a degree. A
number of tied array beams are required to cover the whole
lunar surface and will constantly track the Moon. The buffer
boards at the stations will trigger if in any tied array beam a
pulse is seen with power larger than a predefined threshold. A
real event can be discriminated from a false event by
performing an online anti-coincidence check on number of
units. However, offline processing would be done on buffered
data of individual antennas to find the nature and precise
direction of the pulse.
Triggering will be performed on tied array beams using 18

core stations only since the remote stations are further away
from the central processor which makes it difficult to transport
the data within the buffering time limit of 1 sec. After a trigger
is detected the raw time series data of the last few milliseconds
will be read from the buffer boards at core and remote stations,
as well as from E-LOFAR stations. Therefore, remote stations
and international stations will be included in the offline data
analysis to locate the cosmic-ray impact direction .

V. RESULTS AND DISCUSSION
We calculated the sensitivity of LOFAR for detection of
UHECRs. The total collecting area of a telescope fixes the
detectable lower energy threshold of a particle, while the
observing time determines the expected count rate. In Figure
2.a sensitivity limits are plotted for coherent beams formed
from core stations as well as beams combining core stations,
remote stations and international stations. To estimate the
efficiency to observe UHECRs the latest Pierre Auger data is
also plotted. The fitted spectral index is 4.4 for energies in
excess of above 4×1019 eV [18].
The sensitivity limit is calculated for 1 month, 3 months and
1 year of accumulated observing time. A linear fit with spectral
index is 4.4 is plotted, showing that we would not be able to
observe any event within 1 month. However it there is a
powerful local sources, such as for example Centaurus A [8],
the steepness of the at high energy may be reduced. For this
reason also another fit with spectral index 3.2 is plotted which
meets the expected sensitivity. It is clear from the fit for
spectral index 4.4, that 1 year observing time will be needed if
spectrum follows power law E -4.4.
For triggering only core stations will be used, This moves
the energy threshold above 1021 eV [See Figure 2.a]. However,
after triggering data from all stations will be available and
beams can be formed offline which enhances the available
collecting area and therefore lowers the detection threshold.
The flux limits of neutrinos are compared in Fig. 2b to the
predictions of several models and with those of other
experiments. Calculations are done for an observing time of 90
days. With LOFAR a neutrino flux limit will be reached, for
the first time, well below the Waxman - Bahcall bound for
neutrinos and, in addition, we would be able to rule out a
subset of theoretical Top–Down model.
In Figure 2.b the flux limits are compared with those of
other experiments, like ANITA (Balloon mission) [19],

528

Figure 2.a: Limits on cosmic ray flux with LOFAR. Flux limit for core stations are plotted in
red color, however it is plotted in blue color for beams, formed including all core stations,
remote stations and international stations of LOFAR.

Figure 2.b: Sensitivity limit expected for detection of Ultra High Energy Neutrinos.
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FORTE (satellite mission) [20], and GLUE (NASA space
network antenna) [21]. With 90 days of observation time we
will be able to improve the limit on the flux of UHENs by two
orders of magnitude over the present one determined from
WSRT [22, 23] or three orders of magnitude compared to the
FORTE limit [20].
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Spectrum of Ultra-High Energy Cosmic Rays
from Cluster Accretion Shocks
V.S. Ptuskin, S.I. Rogovaya, and V.N. Zirakashvili

Abstract— The acceleration of protons and nuclei by largescale accretion shocks surrounding clusters of galaxies is
considered. The contribution of these sources to the observed
cosmic ray intensity at 1017 – 1020 eV is calculated. Account is
taken for the generation of MHD turbulence by streaming
instability in a shock precursor, the mass distribution of galaxy
clusters, and the energy losses of particles interacting with the
CMB and the IR background radiation.

strong accretion shocks ~ 1041 erg/(s Mpc3) is higher by about
an order of magnitude than the supernova energy output and is
higher or comparable with the AGN energy output. It makes
the galaxy accretion shocks an appealing site for efficient
particle acceleration.
Features of the present work are the use of results [13] for
consideration of diffusive shock acceleration, the averaging of
cosmic ray source spectrum on cluster mass distribution, and
the further development of approach [14] for calculations of
transport of ultra-high energy protons and nuclei through the
background radiation in the expanding Universe.

1. INTRODUCTION
HE origin of cosmic rays with energies E > 1017 eV is still
a matter of debate. The observed severe suppression of
cosmic ray flux at energies above approximately 5×1019
eV [1,2] testifies that the highest energy cosmic rays
experience interactions with photons of background radiation
in the Universe for more than ~ 3×109 years that proves their
extragalactic origin. The protons lose their energy for the
electron-positron and pion creation in the process (the Greisen
– Zatsepin – Kuzmin effect) while nuclei undergo the
photodisintegration in addition. Cosmic rays with energies
below 1017 eV are of Galactic origin; they are accelerated in
supernova remnants. The debating point is the characteristic
energy Ec, 1017 eV < Ec < 1019 eV, where the Galactic
component gives way to extragalactic component in the
cosmic ray flux observed at the Earth, see [3]. The list of
potential extragalactic sources contains active galactic nuclei
(AGN), gamma ray bursts (GRB), interacting galaxies, largescale structures including galaxy accretion shocks, and some
other astronomical objects, see [4]. The recent analysis of data
collected by Pierre Auger Observatory showed that events with
energies E > 6×1019 eV are coming from the directions
towards relatively nearby AGN [5]. A conservative conclusion
reached in [5] is that AGN or other candidate sources with
similar spatial distribution are sources of ultra-high energy
cosmic rays. In the context of the present work, the clusterAGN spatial correlation, see e.g. [6], should be noted.
Particle acceleration by accreting shocks in galaxy
clusters was considered as a possible source of ultra-high
energy cosmic rays in a number of papers [7 – 12]. A shock
with typical velocity of the order of 103 km/s is driven by the
gravitational attraction and is formed at the interface between
the virialized gas and the diffuse gas. The energy processed by

T

2. ACCELERATION OF COSMIC RAYS BY ACCRETION SHOCK
According to self-similar solution [15], the quasi-stationary
flow with a shock located at the radial distance from the centre
of the cluster

Rsh = 2.12 M 151/ 3 h −2 / 3 Mpc is formed in the

process of accretion to the spherical galaxy cluster with a total
mass

M = M 15 ×1015 M e , where M e is the solar mass, h

= 0.71 is the Habble constant in units 100 km/(s Mpc). The
shock velocity is equal to

ush = 1.75 ×103 M 151/ 3h1/ 3 km/s.

The galaxy clusters mainly site at the intersections of largescale filaments where the gas density, temperature and
magnetic field just upstream of the shock are estimated as n =
3×10-5 cm-3, Т = 5×105 К and B = 10-8 G respectively.
Essential for our consideration is the cluster mass function
which according to [16] is of the form

ncl (> M ) = 7.2 ×10−6 h 2 M 15−1 exp(−5.6hM 15 )

(1)

in the mass range 10-3h < M15 < 5h.
The presence of shock in turbulent plasma leads to regular
Fermi type acceleration of particles diffusing and repeatedly
crossing the shock front [17, 18]. The maximum energy of
accelerated particles depends on the level of MHD turbulence
which determines the value of diffusion coefficient. In the case
of efficient acceleration, the level of turbulence is selfconsistently set by the streaming instability of the leaving the
region of acceleration accelerated particles. Using the work
[13] (where the study of acceleration process was maid in
application to young SNR but is valid in a more general case),
one can obtain the following estimate of the maximum energy
of accelerated ions of charge Ze:

All authors are with the Institute of Terrestrial Magnetism, Ionosphere and
Radio Wave Propagation of the Russian Academy of Sciences (IZMIRAN),
Troitsk, Moscow region 142190 Russia (corresponding author S.I. Rogovaya
phone: (496)-751-0925; fax: (496)-751-0124; e-mail: rogovaya@izmiran.ru).
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where the parameter

×
(2)

ηcr = 2 Fcr / ( ρ ush3 ) < 1 characterizes

the efficiency of acceleration; Fcr is the energy flux density of
accelerated particles that run away upstream from the shock; ρ
is the gas mass density. The development of streaming
instability amplifies the background magnetic field
G to the level

δB = 2 × 10 −7 η cr1 / 2

consideration of proton transport [14] to the case of nuclei.
The details will be given in a separate paper.
The expected spectrum of cosmic rays at the Earth
calculated by transport equation with the source term (3) at ηcr
= 0.3 and without cosmological evolution of commoving
source power is presented in Fig. 1 together with observations
[1, 2]. Eq. (3) taken literary leads to overproduction of
observed at the Earth cosmic ray flux by about order of
magnitude. The spectrum shown in Fig. 1 is normalized to the
observed flux of cosmic rays.

B0 ≈ 10−8

G. The characteristic set

up time for the turbulence and particle distributions is
estimated as

ts = Rsk / usk ≈ 1.2 × 109 h −1 yr.

With account taken for energy losses of protons and nuclei,
the particle energy reached in the course of acceleration can
not exceed ~ 1019Z eV. The bulk of accelerated particles are
carried by the gas flow downstream of spherical shock and do
not reach an observer outside. The exception is provided by
the particles with energies E ~ Emax that make up the
population of the runaway energetic particles, see [13, 19, 20]
for detail. After averaging over the cluster mass distribution
(1) one can derives the following equation for the density of
cosmic ray sources determined by the particle acceleration at
cluster accretion shocks:

qcl ( E , Z ) ≈ 2.6 × 1014

κ ( Z )ηcr1/ 3
Z 2 / 3 E184 / 3

Figure 1. Calculated spectrum of cosmic rays, accelerated by galaxy accretion
shocks (thick solid curve). The expected contribution of Galactic sources is
shown by dash curve. The HiRes (High Resolution Fly’s Eye) [1] and the
Pierre Auger Observatory [2] experimental data are shown by square and
circle symbols respectively.

×


E18 
3
exp  −
 particles (s Mpc sr eV).
η
2.8
Z
cr



(3)
6. CONCLUSION

Here κ(Z) describes the relative abundance of accelerated ions
of charge Z; Е18 = Е/(1018 eV).
The direct calculation of κ(Z) is difficult mainly
because of insufficient understanding of the mechanism of
thermal particles injection into the process of acceleration. The
base composition of accelerated ions in our calculations was
taken as identical to the galactic cosmic ray sources [21] but
with the abundance of elements heavier than He decreased by
a factor of 5 (it reflects the difference between the interstellar
medium and the filaments of intergalactic medium). The
different degree of ionization of the background plasma and
the different degree of nonlinear shock modification [22] in
the supernova remnants and in the galaxy clusters were also
taken into account that resulted in the values κZ-2/3 = 0.79,
0.17, 0.0051, 0.016, 0.0063, 0.0041, 0.011 for H, He, C, O,
Mg, Si, Fe ions respectively.
We model the propagation of cosmic ray protons and nuclei
in the expanding Universe in the approximation of continuous
+ −

energy losses by e e and pion production, and with account
taken for the photo-disintegration of primary nuclei and the
associated production of secondary nuclei. It generalizes our

The accretion of intergalactic gas to galaxy clusters is
accompanied by the formation of strong shocks that may serve
as a source of ultra-high energy particles observed at energies
2×1018 to 3×1019 eV. The model evidently can not explain the
observed spectrum at higher energies. The heavy (iron)
composition at energies above 1019 eV is the characteristic
feature of the model.
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Influence of Cherenkov light on the width of optical
images of extensive air showers
Maria Giller1a , Grzegorz Wieczorek1b

Abstract— We show that Cherenkov light has an important role
in determining the width of shower light images, as measured
in the EAS experiments using fluorescence technique. Its role is
dominant below shower maximum. This conclusion is based on
numerical calculations using universality of electron distributions
(energy, angle and lateral distance) in different showers.

I. I NTRODUCTION
Extensive Air Showers (EAS) produced by cosmic ray
particles cause excitation of the atoms of the atmosphere
and a subsequent isotropic emission of light by nitrogen
molecules, mostly in 300-400 nm wavelength range, called
fluorescence light (FL). This light can be detected by earthbased telescopes. The advantage of the fluorescence technique,
in comparison with ground particle detectors, is the possibility
to register light from various heights of the developing shower
and to calculate the number of particles vs. shower depth
dE
N (X) (longitudnal profile), or, in fact, the energy deposit dX
as a function of shower depth X along the whole shower
profile. This can be done because the FL light emitted by
a shower path element is proportional to the energy loss of
shower particles along this element [1], [2].
This technique was used with success by the Fly’s Eye
experiment [3], by its successor HiRes [4], [5] and recently
by the Pierre Auger Observatory [6].
The problem is that some fraction of shower particles
produce also Cherenkov light (ChL). Although its direction
is almost the same as that of the emitting particle’s velocity, it
can be scattered sideways in the atmosphere and registered by
the FL detector. Due to the lateral spread of particles (mostly
electrons and positrons) in the shower, the ChL has also some
lateral distribution. This may influence the width of the shower
image on detector’s camera.
The goal of this work is to determine the lateral distribution
of Cherenkov light at a given level of a shower development. This distribution depends on the angular and lateral
distributions of this light produced along the shower down to
the level observed. However, the contribution of a particular
depth element of the shower depends on the atmospheric
transmission from this element down to the level of interest.
This transmission has to be taken into account.
Thus, we calculate here the angular and lateral distributions
of Cherenkov photons produced at different levels in the
atmosphere per average electron (see later). We will show
1 Department

of Experimental Physics, University of Lodz, Pomorska
149/153, 90-236, Lodz, Poland
a maria.giller@kfd2.phys.uni.lodz.pl
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that these distributions depend only on the shower age at the
considered level and on its height in the atmosphere.
II. A NGULAR DISTRIBUTION
The angular distribution of Cherenkov (Ch) electrons,
Gθ (θ; s, h), at a given level h in the atmosphere, where s
is the shower age, equals:
Gθ (θ; s, h) =
µ
¶
Z
E
2π sin θ ∞
gθ (θ; E) · f (E; s) · YCh
· dE
=
F (s, h) Eth (h)
Eth
(1)
where gθ (θ; E) is the angular distribution of electrons with
energy E [7], f (E; s) is the electron energy spectrum (we
used the one parametrised by Nerling et al. [8]), YCh (E) is
the ratio the number of Ch photons produced by an electron
with energy E along unit path (in g cm−2 ) to their maximum
number (E À Eth )
µ
¶2
Eth
(2)
YCh (E) = 1 −
E
and
F (s, h) =

Z

∞

YCh (E) f (E, s) dE

(3)

Eth (h)

– the effective fraction of electrons emitting Ch light [9].
The normalisation of Gθ (θ; s, h) is such that:
Z π2
Gθ dθ = 1
(4)
0

The fact that photons are produced within the Cherenkov
cone and not along electron’s track has also been taken into
account, although it affects Gθ very little.
We have parametrised Gθ (θ; s, h) as follows [7]:

Gθ (θ; s, h) =


2
 a1 · e−(c1 ·θ+c2 ·θ )

1 dN
=

N dθ

for θ < θ0

a2 · θ−α

for θ > θ0
(5)
where the parameter’s dependence on age s and height h
(in km, above sea level):
ai (s, h) = p0 · ep1 ·s+p2 ·h + p3
for parameters θ0 , a1 , c1 and α,
and:

(6)

TABLE I
VALUES OF THE FIT ’ S PARAMETRES FOR ANGULAR DISTRIBUTION OF
C HERENKOV ELECTRONS Gθ .

pi
p0
p1
p2
p3
p4

θ0
6.058e+00
-1.103e-03
-2.886e-03
-5.447e+00

a1
2.905e+00
-3.851e-02
1.072e-01
1.066e+01

ai (s, h) = p0 · ep1 ·s

c1
7.320e+00
-3.778e-01
7.202e-02
7.143e+00

2

+p2 ·h

c2
-2.754e+00
-4.242e-01
1.084e-01
3.344e+00
-4.294e+00

α
2.620e+00
6.837e-02
-2.247e-02
1.110e+00

+ (p3 · s2 + p4 · s)

(7)

for parameter c2 .
a2 can be obtained from the condition of continuity of the
functions at θ0 .
The values of the parameters are presented in TABLE I.
Examples of the distributions with fits are presented on Fig. 1
where two upper graphs are for shower age s=1, lower graphs
for s=1.2; left graphs are for height h=5 km and right –
h=8 km; points are result of simulations, fits are presented
by solid line.
The lateral distribution of Cherenkov electrons, Gr (r; s, h),
at distance r, was calculated as:
1 dNe
= Gr (r; s, h) =
Ne d log r
Z
2πr2 ln 10 ∞
=
gr (r; E, s, h) · f (E; s) · YCh (E) · dE
F (s, h) Eth (h)
(8)
where gr (r; E, s) is the lateral distribution of electrons with
energy E. It has been shown in [10] that the lateral distribution
of electrons with a given energy depends on the shower age
only, if the distances are expressed in the Molière units rM .
rM
Even better unit is rE = β E
, as using it the distributions for
different E become more similar to each other.
This function satisfies the normalisation condition:
Z ∞
Gr d log r = 1
(9)
0

It is convenient to express this distribution in units of
the average root mean square of the distance r⊥ for the
Ch electrons rather than r, so we introduce the variable
r
(see formula 18).
x = r⊥ (s,h)
We shall parametrise the new distribution Gx (x; s, h) as
follows:
−β

(10)

where C guarantees the correct normalisation, and equals:
Γ(β)
C = ln(10) · k α
Γ(α)Γ(β − α)

pi
p0
p1
p2
p3
p4
p5
p6

α
-6.087e-04
5.619e-02
3.428e-03
-2.618e-03
-6.003e-02
8.200e+00
1.235e+00

(11)
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k
-9.864e-01
1.599e-01
1.947e+00
7.696e-05
-4.462e-03
6.259e-02
5.858e-01

β
1.206e-01
9.075e-03
-6.902e+00
5.509e-01
2.757e+00

The dependence on s and h (in km, above sea level) is as
follows:
α(s, h) = (p0 ·s3 +p1 ·s+p2 ·h+p3 ·s·h+p4 )·(h+p5 )+p6 (12)

k(s, h) = ep0 ·s

2

+p1 ·h+p2 ·s

β(s, h) = ep0 ·s

III. L ATERAL DISTRIBUTION

Gx (x; s, h) = C · xα · (1 + kx)

TABLE II
VALUES OF THE FIT ’ S PARAMETERS FOR LATERAL DISTRIBUTION OF
C HERENKOV ELECTRONS Gx .

2

·(p3 ·h2 +p4 ·s·h+p5 ·s)+p6 (13)

·h+p1 ·h2 +p2

+ p3 · s + p4

(14)

The values of the parameters are presented in TABLE II.
Examples of the distributions with fits are shown at Fig. 2
where two upper graphs are for shower age s=1, lower graphs
for s=1.2; left graphs are for height h=5 km and right –
h=8 km; points are result of simulations, fits are presented
by solid line; error bars represent 5% of the bin’s value.
IV. AVERAGE TANGENT
The square root of average square tangent of the angle θ
between the direction of Ch electron and the shower core, was
calculated as:
q
®
tanrms θ(s, h) ≡
tan2 θ(s, h) =
s
Z π2
=
tan2 θ · Gθ (θ; s, h) · dθ

(15)

0

and can be approximated by the following function:
2

tanrms θ = p0 · ep1 ·s+p2 ·h

+p3 ·h

(16)

with: p0 = 0.1141, p1 = 0.2501, p2 = −5.291 · 10−4 and
p3 = −2.029 · 10−2 .
We also define:
rθ ≡ y tanrms θ

(17)

where y is the distance between photon production level to
the observation level (Fig. 3). The usefulness of tanrms θ and
rθ , as well as r⊥ (s, h) (see § V) will become clear in § VI.
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Fig. 1. Angluar distributions of Ch electrons Gθ (θ; s, h). Two upper graphs – s=1, lower graphs – s=1.2; left graphs – h=5 km, right graphs – h=8 km.
Points – simulation results, line – fit.

V. AVERAGE DISTANCE FROM THE SHOWER CORE

VI. P ROCEDURE TO CALCULATE THE LATERAL
DISTRIBUTION OF C HERENKOV PHOTONS (LDC H )

The square root of average square distance of the Ch
electrons from the shower core equals:
p
r⊥ (s, h) ≡ hr2 (s, h)i =
v
³
´
uR ∞
E
2 (E; s, h)i · f (E; s) · Y
u
hr
Ch
Eth · dE
u Eth (h)
³
´
=t
R∞
f (E; s) · YCh EEth · dE
Eth (h)

(18)


®

® 2
where r2 (E; s, h) = χ2 (E; s) · rE
(h) and χ2 (E; s)
were calculated analytically from the fits to gx (x; E, s)
adopted in the Nishimura-Kamata form (as in 10).
We approximated r⊥ (s, h) as below:
r⊥ (s, h) = p0 · ep1 ·s+p2 ·h

(19)

with: p0 = 10.24, p1 = 1.123 and p2 = 0.1109.
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The parametrisations presented in the previous sections can
be used to calculate the lateral distribution of Cherenkov
photons at a given level.
LDCh at a given level of the shower development depends
on the angular and lateral distributions of Ch electrons above
this level. Here, we shall assume that the two distributions are
independent (i.e. the angular distribution does not depend on
the core distance) which is not quite true. However, we hope
that for our purposes it is adequate enough.
The next step is to check which of two distributions (taken
separately) at some level X would have produced a broader
LDCh at Xobs in terms of the corresponding root mean
square distances: rθ – corresponds to LDCh resulting from
the angular distribution of Ch electrons only, r⊥ – from the
lateral distribution only. Then, we assume that the resulting
contribution from level X has LDCh following from the
dominant effect (e.g. the angular distribution of electrons at
X only), the second effect (here, the lateral distribution of Ch
electrons at X) being taken into account by broadening the

h1

h1

Entries 500

Entries 500

0.8

0.8

0.7

0.7

0.6

0.6

0.5

0.5

0.4

0.4

0.3

0.3

0.2

0.2

0.1

0.1

0

-1.5

-1

-0.5

0

0.5

0

1
log x

-1.5

-1

-0.5

0

0.5

1
log x

h1

h1

Entries 500

Entries 500

Gx

Mean 0.3022
RMS 0.4222

Gx

Mean 0.3623
RMS 0.4464

0.8

0.8

0.7

0.7

0.6

0.6

0.5

0.5

0.4

0.4

0.3

0.3

0.2

0.2

0.1

0.1

0

0.33

Gx

Mean

RMS 0.4461

Gx

Mean 0.3847
RMS 0.4692

-1.5

-1

-0.5

0

0.5

0

1
log x

-1.5

-1

-0.5

0

0.5

1
log x

Fig. 2. Lateral distributions of Ch electrons Gx (x; s, h). Two upper graphs – s=1, lower graps – s=1.2; left graphs – h=5 km, right graphs – h=8 km. Points
– simulation results, line – fit. Error bars represent 5% of the value in the bin.

distribution in such a way as to get
2
r2 = rθ2 + r⊥

are transformed to
(20)

Thus, we have two cases:
1) rθ > r⊥ – this concerns the upper part of the shower;
the main effect is caused by the angular distribution of
electrons, the lateral distribution is taken into account as
a correction.
The number of Ch photons produced within angles
(θ; θ + ∆θ) equals:
d(∆C) = Ne k F (s, h) Gθ (θ; s, h) ∆θ · dX

(21)

where k is maximum number of Ch photons produced
by an electron per unit of path (172 gphotons
cm−2 ).
The radius
r = y tan θ
(22)
and the bin width
∆r = y [tan(θ + ∆θ) − tan(θ)]

(23)
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r→r

s

1+

µ

r⊥
rθ

¶2

≡ r0

(24)

¶2

(25)

and
0

∆r ≡ ∆r

s

1+

µ

r⊥
rθ

Next, the transmission
factor T (l) must be applied,
r
³ ´2
where: l = y 1 + yr .
Finally, the number of photons in the radial ring
(r0 , r0 + ∆r0 ) equals:
d∆C(r0 ) = T (l) · d∆C (θ[r(r0 )])

(26)

2) rθ < r⊥ – lower part of the shower (usually just
above the observation level); now LDCh is determined
by Gr , with Gθ treated as a correction by making the
transformation

Fig. 3. Illustration of the contribution of the shower element dX, at X
(production level) to LDCh at the observation level, Xobs . Here the angular
distribution of Ch electrons results in a broader LDCh at Xobs than the
lateral distribution of electrons (rθ > r⊥ ). Thus, the final LDCh is broadened
according to 24.

r→r

s

1+

µ

rθ
r⊥

¶2

≡ r0

(27)

and:
d∆C(r0 ) = T (l)·Ne k F (s, h) Gr (r[r0 ]) ∆r0 ·dX (28)
Finally, to obtain LDCh at the observation level Xobs , we
must sum up d∆C(r0 ) over all depth elements dX above this
level:
Z
∆LDCh(r0 ) =
d∆C(r0 )
(29)
X>Xobs

VII. R ESULTS OF CALCULATIONS OF LDC H
To calculate LDCh at a particular level in a shower it is
necessary to know the attenuation and scattering properties
of the atmosphere. As these depend on the season and may
change from one night to another, or even within one hour or
so, a constant atmosphere monitoring is needed. However, to
show what will be a typical width of a shower image in ChL
and compare it with that in fluorescence light it is enough to
adopt typical atmosphere properties.
Here we have assumed an atmosphere describing average conditions at the Pierre Auger Observatory in Argentina (∼1450 m.a.s.l., dry climat), with the mean free
path for Rayleigh scattering λR = 18.4 km and for aerosol
(Mie) scattering λM = 14 km at Auger level. The exponential scale heights are correspondingly HR = 7.5 km and
HM = 1.2 km.
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In the experiments using fluorescence technique the telescopes look at showers from the side (at rather large angles
to shower directions). Thus, to compare both widths (in ChL
and FL) of a shower image we have to calculate the ChL
scattered sideways from the shower direction. As the FL is
emitted isotropically by any shower element and the Rayleigh
scattering is roughly isotropic (∼ 1 + cos2 θ) we compare here
numbers of Ch photons Rayleigh scattered in all directions,
along 1 m of shower track, at lateral distances larger than
r/rM with numbers of FL photons emitted outside this radius
along the same path.
The results of calculations are presented in Fig. 4 for three
levels of shower development: s = 0.9, 1.1 and 1.3 for which
a comparison of the lateral spread of the scattered ChL (in
all directions) with that of FL is shown. The curves are for
typical proton and iron showers, inclined at three zenith angles:
0◦ , 45◦ and 60◦ . The curve representing FL does not depend
on zenith angle, neither on primary particle, as the lateral
distribution of shower electrons depends on shower age only,
if represented as a function of r/rM . To calculate FL curves
we have used the parametrisation of Góra et al, [11], where
shower’s image widths are calculated for FL only. Our results
show that this is proper only for widths above (in height)
shower maximum (s < 1). Fig. 4 shows that at s = 0.9 the
contribution of ChL to FL is small. However, when s increases
the ChL contribution increases also. For s = 1.1 it starts to
dominate FL above one Molière radius, or so. Even deeper
in the atmosphere (s = 1.3) it is the ChL which practically
determines the lateral spread of the image. This corresponds
to the Auger level for a 1019 eV proton shower with z =
45◦ . Thus, it can not be neglected when reconstructing the
energy losses of shower particles at these levels, which are
proportional to the fluorescence intensity only. The Ch photons
must be taken into account not only when substracted from the
total signal measured by a telescope, but at an earlier stage,
when the angular width on the camera for signal selection is
chosen.
VIII. C ONCLUSION
We have shown that lateral distribution of scattered
Cherenkov light may play important role in determining the
width of the optical image of the shower in the fluorescence
experiments, especially for lower parts of the shower, and
should be included in the profile reconstruction. We have
shown, that the angular and lateral distributions of Cherenkov
electrons at observation level depend on shower age and height
in the atmosphere of this level only. Finally, we have presented
a procedure of how to calculate the amount of ChL in the light
image of a shower.
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Net-Baryon Physics: Basic Mechanisms
J. Alvarez-Muñiz1 , R. Conceiçãoa,3 , J. Dias de Deus2,4 , M.C. Espı́rito Santo2,3 , J. G. Milhano2,4 , M. Pimenta2,3

Fragmentation of each string with formation of a fast
baryon (net-baryon) and other particles.
With this simple model we show that a significant part of the
physics of net-baryon production can be understood in terms
of valence strings and Q2 evolution, while sea strings play a
less relevant role.
•

II. R EVIEW OF CURRENT MODEL PREDICTIONS AND
EXPERIMENTAL DATA

dn
dy

Abstract— How does the fraction of energy carried by the netbaryon, B − B̄, evolve as a√function of the centre-of-mass collisional energy per nucleon, s? In order to answer this question
we explore the net-baryon mechanism and it is propose a simple
but consistent model for net-baryon production in high energy
hadron-hadron, hadron-nucleus and nucleus-nucleus collisions.
The model basic ingredients are: valence string formation based
on standard PDFs with QCD evolution; and string fragmentation
via the Schwinger mechanism. Our model shows that a good
description of the main features of net-baryon data is possible
in the framework of a simplistic model, with the advantage of
making the fundamental production mechanisms manifest. We
compare results both with data and existing models.

I. I NTRODUCTION

80

1 IGFAE

and Dep. Fisica Particulas, Univ. Santiago de Compostela, 15782
Santiago de Compostela, Spain
2 Departamento de Fı́sica, IST, Av. Rovisco Pais, 1049-001 Lisboa, Portugal
3 LIP, Av. Elias Garcia, 14-1, 1000-149 Lisboa, Portugal
4 CENTRA, Av. Rovisco Pais, 1049-001 Lisboa, Portugal
a Corresponding author: ruben@lip.pt

540

60

AGS (E802,E877,E917)
SPS NA49

50

SPS yp

RHIC (BRAHMS)

40
RHIC yp

30
20
10
0

dN
dy

An important question to be asked is: how does the fraction
of energy carried by the net-baryon, B − B̄, evolve as a
function
of the centre-of-mass collisional energy per nucleon,
√
s? Net-baryon keeps track of the energy-momentum carried
by the incoming particles thus there are two reasons why it
is important to answer this question: the first one is that a
decrease of the fraction of energy going the net-baryon implies
more energy available to create the deconfined quark-gluon
state of matter, and the second one is that such a decrease
may reduce the possibility of producing fast particles in very
high energy cosmic ray experiments.
For more than 30 years, since the ISR at CERN, particle
production studies have been limited to mid rapidity. Fortunately, with RHIC, large rapidity data became available,
and, hopefully, the same will happen for the LHC. In fact,
if one does not measure the physics at high rapidity the most
elementary physical constraint, namely energy conservation,
cannot be applied [1], [2]. In most of the existing Monte Carlo
models [3], [4], [5], [6], the physics of net-baryon production
is very much obscured by the complexity of extensive and
detailed codes. Often, the basic production mechanisms do
not appear in a transparent way.
Based in the Dual Parton Model (DPM) picture, we present
a simple model for the production of the net-baryon in hadronhadron (h-h), hadron-nucleus (h-A) and nucleus-nucleus (A-A)
collisions. The basic ingredients of the model are:
• Formation of extended color fields or strings, making use
of PDFs for valence quarks;
2
• Evolution with momentum transfer Q , as a consequence
of the QCD evolution of the PDF’s;
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Fig. 1. (a) The net-proton
GeV),
√ distribution at AGS [12] (Au+Au at s ' 5√
SPS [13] (Pb+Pb at s ' 17 GeV), and RHIC [10] (Au+Au at s =
200 GeV) is shown. The data correspond to the 5% (4% and 3% for E877 and
E802, respectively) most central collisions and the errors are both statistical
and systematic. The data have been symmetrised. For RHIC data, filled points
are measured and open points are symmetrised, while the opposite is true for
AGS and SPS data (for clarity). At AGS weak decay corrections are negligible
and at SPS they have been applied. They have been computed and included
for RHIC data following [10]. (b) The distribution of ∆ ≡ y − yp is shown
for SPS and AGS data.

The data presently available on net-proton or net-baryon
production is scarce. The most recent results are from
RHIC [10]. These results are presented both in terms of netbaryon rapidity y and in terms of rapidity loss, defined as
hδyi = yp − hyi ,

(1)

dn
dy

SPS and RHIC. The large uncertainty associated with the
BRAHMS data point is, as illustrated in the inset plot, related
to a relatively unconstrained extrapolation to the high rapidity
region, required for the rapidity loss calculation.

40
35
30
25
20
15

Fig. 2. Rapidity loss as a function of beam rapidity (in the CM). The
hatched area indicates the unphysical region, and the dashed line shows
the phenomenological scaling hδyi = 0.58yp . The inset plot shows the
BRAHMS net-baryon distribution (data points) with fits (lines) needed to
extrapolate up to the beam rapidity, explaining the large uncertainty associated
to the BRAHMS rapidity loss measurement. Taken from [10].

where yp is the beam rapidity and hyi is the mean net-baryon
rapidity after the collision, given by

hyi =

2
Npart

Z

0

yp

y

dNB−B̄ (y)
dy .
dy

(2)

Here, Npart is the number of participants in the collision and
NB−B̄ is the net-baryon number. It is worth noting that the netbaryon results depend directly on the number of participants in
the collision and thus on the collision centrality. The relation
between the number of participants and the impact parameter
of the collision can be established, for instance, in the context
of the Glauber model [11].
In figure 1(a), the net-proton distributions
at AGS (Au+Au
√
√
at s ' 5 GeV) [12],
SPS
(Pb+Pb
at
s
'
17
GeV) [13], and
√
RHIC (Au+Au at s = 200 GeV) [10] for central collisions
are shown. The 5% most central collisions have been selected,
except for E877 and E802 data, which are for the 4% and 3%
most central collisions, respectively. The distributions show
a strong energy dependence, with the mid rapidity region
corresponding to a peak at AGS, a dip at the SPS, and a broad
minimum at RHIC. Weak decay corrections (removing the
contribution from protons/antiprotons produced not at vertex
but from strange baryon decays) are negligible at AGS and
have been applied for SPS data. For RHIC data they have
been computed and included, following [10] and considering
that the RHIC data are concentrated in the mid-rapidity region.
From [10], the feed-down correction factor (including both the
Λ and the Σ contribution) in the mid-rapidity region can be
estimated as 0.65, with an uncertainty below 20%.
The distribution of ∆ = y − yp computed from the previous
plot is shown in figure 1(b) for SPS and AGS data. It is apparent that neither Feynman scaling nor limiting fragmentation
are satisfied in net-baryon production.
In figure 2, the rapidity loss data is shown as a function
of the beam rapidity (in the centre-of-mass frame) for AGS,
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Fig. 3. The net-proton rapidity distributions from EPOS
√ 1.61 (full lines)
and QGSJET-II.03 (dashed line) for Pb-Pb collisions at s ' 17 GeV are
shown and compared with data NA49 SPS data (points) with weak decay
corrections [13]. For EPOS, the results obtained including (thick line) and
excluding (thin line) the strangeness contribution are shown. For QGSJET,
the “no-decays” curve is shown. For details
on the data see figure 1
.

Let us now turn to net-baryon production as implemented in
the existing Monte Carlo models. QGSJET-II [4] and EPOS [5]
are amongst the presently most widely used hadronic models
in high energy and cosmic ray physics. To our knowledge,
there is no systematic study comparing the predictions of these
two models on net-baryon production between themselves or
with experimental data.
In figure 3, net-proton rapidity distributions obtained√with
QGSJET-II.03 and EPOS 1.61 for Pb-Pb collisions at s '
17 GeV are shown and compared with experimental data. It is
possible to see that neither QGSJET-II.03 or EPOS 1.61 can
reproduce satisfactorily the net-proton features at this energy.
QGSJET-II.03 aims at high energy physics (RHIC and above)
and is not expected to perform as well at such low energies.
III. T HE MODEL
In this section we will describe our simple model for the netbaryon production. The basic assumption is that the net-baryon
producion in proton-proton collisions is strongly correlated
with the formation and fragmentation of two color singlet
strings [7], [8], [9], [15]. These strings will have two valence
quarks from one proton at one end and one valence quark from
the other proton at the opposite end of the string, as shown in
figure 4.
Referring to the figure, let x1 , x2 and x3 be the fractions
of momentum carried by the valence quarks forming string A.
Quarks 1 and 2 are from the proton with positive momentum
in the proton-proton reference frame, and quark 3 is from the
other proton. No transverse momentum is considered within
this model. By choice, x1 > x2 > x3 , with x3 < 0. The energy
and momentum of each string are obtained adding directly the
energy and momentum carried by each of the valence quarks.
For string A

Fig. 4.
Schematic representation of a proton-proton collision, with the
formation of two valence strings.

Estring
Pstring
Mstring

√

s
,
√2
s
= (x1 + x2 − (−x3 ))
,
2
p
(x1 + x2 ) (−x3 ) s ,
=
=

(x1 + x2 + (−x3 ))

(3)
(4)
(5)

where the quark momentum fractions x1 , x2 and x3 are
determined from the valence quark PDFs (CTEQ6M [16]√in
this work) at an effective momentum transfer Q2 . For each s,
there is a corresponding effective Q2 which can be derived
from the data.

Fig. 5. The two main valence string fragmentation diagrams. In the simple
model assumed, the string is cut in two pieces and a q q̄ pair is formed, from
the vacuum, between the two quarks with the largest momentum difference.
Diagram 1 corresponds to the case x1 − x2 < x2 − (−x3 ), in which quarks
2 and 3 (belonging to different protons) are chosen. In Diagram 2, x1 −
x2 > x2 − (−x3 ) and string fragmentation occurs between quarks 1 and 2
(belonging to the same proton).

The hadronization is done by implementing the simplest
fragmentation model possible. Each string decays into a
baryon and a meson in the following way: the string is cut in
two pieces and a q q̄ pair is formed, from the vacuum, either
between quarks 2 and 3 (belonging to different protons) or
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between quarks 1 and 2 (belonging to the same proton, with
positive momentum in the case of string A). The string is cut
between the two quarks with the largest momentum difference.
The string piece that inherits two valence quarks originates
the baryon, whereas the string piece that inherits one valence
quark originates the meson. This mechanism corresponds to
the diagrams represented in figure 5. Diagram 1 corresponds
to the case x1 −x2 < x2 −(−x3 ), in which quarks 2 and 3 are
chosen to form a baryon. In Diagram 2, x1 −x2 > x2 −(−x3 )
and string fragmentation occurs between quarks 1 and 2. The
weights of the two diagrams are, in this simple model, given
only by kinematics. For string√A the first diagram will be more
probable (especially for low s). However, the weight of the
second diagram can be as large as 40% above LHC energies.
The q q̄ pair formed from the vacuum was taken to be either
¯ and the full quark combinatorics was then
a uū or a dd,
performed in order to determine the nature of the possible
outcoming baryon. Both fundamental and excited states were
considered, taking spin-dependent weights (2j+1). The decays
of the unstable baryons were then performed and the outcoming nucleons included in the net-baryon calculations. The
contribution from s quarks was not considered here. It should
be noted that the rapidity distribution obtained not including
ss̄ pairs in the model is well suited for comparing to data
with weak decay corrections included. The strangeness effect
is in this case simply a global factor. It was estimated from
the Schwinger model to be about 25% to 35%.
It is shown in figure 6 the rapidity distributions for different
values of Q2 , for proton-proton collisions at two different
centre-of-mass energies. It is worth noting√that the evolution of
the curves varies with Q2 but also with s, due to kinematic
effects in the string fragmentation.
The inclusion of diagram 2, in addition to diagram 1, with
weights determined simply by kinematics, reproduces some
of the effects predicted in models with string junctions [17],
[18] or popcorn [19] mechanisms for the transport of baryon
number from the beam rapidity into the central region y ∼ 0.
These effects can thus be achieved in a simple DPM model,
based on valence strings and a Q2 parameterisation, in the
spirit of [9], [18], [15].
It is thus apparent that in this simple model dn/dy(B − B̄)
is obtained from the rapidity of the two baryons produced
in the fragmentation of the valence strings. For the purpose
of estimating the net-baryon production in A-A collisions,
we shall use
√ the simple approximation that dn/dy(B − B̄)
at a given s is proportional to the number of participating
nucleons, Npart ,
¯
¯
dn
1
dn
¯
¯
(B − B̄)¯
' Npart ×
(B − B̄)¯
.
dy
2
dy
A−A
p−p

(6)

This relation is presumably reasonable as net-baryon production is originated from valence strings associated to
wounded (or participating) nucleons. An attempt to estimate
nuclear effects correction factors for the valence quark PDFs

√

dn
dy

was made using EKS98 [20] and nDS [21]. Values below 1015% were found.

s (GeV)
5
17

Collision
Au-Au
Pb-Pb

Q2 (GeV2 )
0.30+0.04
−0.01
0.77+0.18
−0.04

TABLE I
R ESULTS OF THE FIT TO THE EFFECTIVE Q2

0.7
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Fig. 6. Evolution of the net-baryon
rapidity with Q
√
√ (in (GeV/c) ) for
proton-proton collisions at (a) s = 17 GeV and (b) s = 200 GeV.

IV. R ESULTS
In order to fully define the model, we need to choose an
effective Q2 value as input for the quark PDFs. This is done by
adjusting the results of√the model to the experimental data, i.e.,
by choosing, for each s, the effective Q2 for which the model
better describes the data reviewed in section II (see figure 1).
Weak decay corrections have been taken into account. In the
fitting procedure, the global normalisation factor (the number
of participants, relying on the approach of eq. (6)) is left as a
second free parameter. In this way we reduce the dependence
on the Glauber model, and have also an important crosscheck.
In order to compare the results of this model on net-baryon
to the experimental data on net-proton, we consider that netproton√is roughly 1/2 of (B√− B̄) [10].
At s = 200 GeV and s ' 17 GeV √
all the data points
(see figure 7) were included in the fit. At s ' 5 GeV only
the points up to the nominal beam rapidity were considered,
since our simple model does not include Fermi momentum
effects in the incident nucleus, relevant at such low energies,
and therefore has no mechanism to reproduce these data.
Figure 7 shows the results of the present model for netproton rapidity distribution in comparison with experimental
data at different centre-of-mass energies. A good agreement is
found at the measured energies. Concerning the 200 GeV case,
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it should be noted that present RHIC data cover only the midrapidity range, leaving the fit largely unconstrained. Although
a good fit to the data is obtained, with Q2 ' 92 GeV2 ,
Npart ' 113, the errors are thus extremely large, and we
are not able to establish constrained bounds on the parameters
2
of the model. The values obtained for
√ the effective Q√ and
the number of participants Npart at s ' 5 GeV and s '
17 GeV are given in table I. At these energies, the values
obtained for the errors on the fit parameters are reasonably
small.
It is worth noting that the fitted Npart values are close to
what is expected from the literature if one takes into account
that strangeness contribution was not considered. In fact, the
average number of participants for Pb-Pb collisions at SPS
energies is given in [14] as 362. As pointed out in section III,
the strangeness contribution to the net-baryon amounts to
about 25% to 35%, accounting
√ for the value obtained for
the number of participants at s ' 17 GeV. Concerning AuAu collisions, the value is expected to be only slightly lower
(estimated as 344 to 357 at RHIC√energies [10], [22], [23])
and expected to depend weakly on s, in fair agreement with
the obtained results. Even though the strangeness contribution
should be much smaller, low energy effects are not taken
√ into
account in the model and can contribute to the result at s ' 5
GeV.
dn
dy
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Fig. 7. The results of the present model for net-proton rapidity are compared
to experimental data for nucleus-nucleus (A-A) collisions at different centreof-mass energies. See figure 1 for details on the data points.

We can√now try to find a relation between the effective
Q2 and s. The effective Q2 corresponds to the typical
transverse size (area) of the parton (here, the valence quark).
It is reasonable to assume, as in Regge phenomenology [24],
that the average number of partons in a nucleon increases as a

√
√
power of the centre of mass energy s. Thus, s/Q2 ∼ Rh2 ,
where Rh is the nucleon radius which we take as fixed. It then
follows that Q2 should grow according to

2

Q =

Q20

µ √ ¶λv
¤
£
s
GeV 2 .
√
s0

(7)

Q 2 [GeV 2]

The exponent λv was determined by fitting eq. (7) to the
available data points in table I.
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Fig. 8. The effective Q2 values at different centre-of-mass energies chosen
by tuning the model to the experimental data are shown.
√ The line shows the
fit to the two lowest energy points using eq. (7). The s = 200 GeV point
is shown in dashed only to stress that it does not put any effective constraint
on the value of Q2 (see text). The shaded areas correspond to 1σ variations
of the fit parameters.

The results are shown in figure 8, where the data points
are the Q2 values adjusted above, the line is the fit with
eq. (7) and the shaded areas correspond to√1σ variations of
the
√ fit parameters. Only the data points at s ' 5 GeV and
s ' 17 GeV (given √in table I) were included in the fit.
The point obtained at s = 200 GeV is shown in dashed
only to stress that, as stated above, the error bars are so large
that this result does not put any effective constraint on the
value of Q2 . The obtained results are λv = 0.77+0.18
−0.13 and
√
Q20 = 0.30+0.05
,
taking
s
=
5
GeV.
It
should
be
noted
that
0
−0.01
we have only two points in the fit and the 1σ band is very
wide, and thus our estimate of Q2 at very high energies is
very rough. This fact underlines the need for net-baryon data
at high energies.
√ However, and as it is apparent already in
figure 6(b) at s = 200 GeV, at high Q2 (and high energies)
there is a kind of saturation effect such that the dependence
on Q2 becomes weaker in high rapidity regions. The effects
of this large uncertainty are nevertheless taken into account
below.
The predictions of the present model for net-baryon rapidity
and rapidity loss at higher centre-of-mass energies were then
obtained and are shown in figure 9, covering both the LHC and
the high energy cosmic ray regions. The width of the curves
corresponds to varying the Q2 within the 1σ band shown in
figure 8. In addition, the fraction of the centre-of-mass
energy
√
carried by the net-baryon as a function of s was computed
and is shown in figure 10 (together with the 1σ bounds). The
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Fig. 9. Predictions of the present model for (a) net-baryon rapidity and (b)
rapidity loss in proton-proton collisions at higher energies.

predictions of EPOS 1.61 and QGSJET-II.03 are also shown.
Note that the 1σ band is narrow since the valence quark PDFs
are expected to saturate and have weak dependence for high
Q2 .
According to [22], RHIC data indicates that about 27% of
the initial energy remains in the net-baryon after the collision.
This result is also shown in the figure. It is apparent that
EPOS, QGSJET-II and the present model show rather different
trends. QGSJET-II is compatible with data but slightly above.
At the same energies, the present model and EPOS are both
somewhat below the measured value, but within 2σ. At higher
energies, while in EPOS 1.61 the net-baryon is essentially
zero, in the present model, and even more in QGSJET-II.03, a
sizable amount of energy is still associated to the net-baryon.
It should however be noted that high energy effects such as
string percolation may change these predictions [25].
V. C ONCLUSION
Making use of valence string formation mechanisms based
on the standard PDFs with QCD evolution and string fragmentation via the Schwinger mechanism we built a simple
but consistent model for net-baryon production in high energy
hadron-hadron, hadron-nucleus and nucleus-nucleus. The obtained results, when compared to data and simulations, show
that a good description of the main features of net-baryon
data is achieved. In this simple model all the fundamental
production mechanisms appear in a transparent way.
The two free parameters in our model, the effective Q2 and

Fig.
√ 10. Evolution of the fraction of energy carried by the net-baryon with
s. The prediction of the present model (with a shaded band corresponding
to the 1σ variation of the fit parameters) is shown, together with the results
obtained with EPOS and QGSJET-II. The data point corresponds to the RHIC
estimate given in [22].

the number of√participating nucleons, were√ fitted to the netproton data at s ' 5, 17 and 200 GeV. At s ' 5 and 17, the
values obtained for the number of participants are in agreement
with what we would expect from the literature. At 200 GeV,
present data cover only the mid-rapidity range, and the fit is too
unconstrained to provide useful bounds on the parameters of
the model. We want to stress the need for more net-baryon data
at higher energies and higher rapidities. A relation between
the effective Q2 and the centre-of-mass energy was obtained
using the (scarce) net-baryon data at different energies. This
expression was extrapolated to higher energies in order to
predict the fraction of initial energy carried away by the netbaryon. In this model a sizable amount of energy may be
associated to the net-baryon even at high energies.
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45; B. Andersson, G. Gustafson, T. Sjöstrand, Physica Scripta 32 (1985)
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New

Eh > 3 0 G e V

The calculation is performed for hadrons
with
Eh = 5 ÷ 5 0 0 G e V , a n d i t g i v e s t h e

respectively, for EAS sizes of

average size of the hadron cascades in MD

results

are

presented

hadrons and muons w ith energies
and

Eµ > 1 G e V

105<

Ne <1 0 6

for

r ∼0.01÷4m2 [2]. Another consequence of

and for core distances of 40 to

this work is very interesting from a
methodic point of view. A muon detector
with thin absorber can also be used as a
hadron detector. Moreover, in a case
similar to ours, when the muon detector
has a large continuous area that consists
of many individual detectors, it is able to
measure the energy deposit, and then it
can be used as a hadronic calorimeter.

56 m. The experimental data are compared
w ith results of CORSIKA code (model
QGSJET)
based
on
Monte-Carlo
simulations.

1. INTRODUCTION
Experimental data on the characteristics of
the muon component of Extensive Air
Showers (EAS) provide information both
on the chemical composition and on the
nuclear
interactions
of
the
particles
responsible for the origin and development
of showers in the atmosphere. It is
considered that a substantial increase in
the area of muon detectors would allow us
to understand the nature of the knee of the
primary spectrum in the region of 1015eV,
to determine the chemical composition of
primary cosmic rays, and to reliably
distinguish
showers
originating
from
primary nuclei and γ-quanta.
In previous studies [1]-[3] it has been
proved that events registered by the
“Carpet-2” array with cores inside the
“Carpet” with density ≥10 relativistic
particles(r.p.)/m2 in the muon detector
(MD) are EAS hadrons. The thickness of
the absorber is equal to ∼20 radiation
lengths and it is enough to absorb the
electromagnetic component, but it is not
thick enough for the hadronic cascade
(only ∼5 hadron interaction lengths).
Hadrons interact with the absorber of the
MD
and
produce
hadronic
cascades.
Hadronic cascades developing in the
absorber can produce high-energy signals
in the scintillator.

2. “CARPET-2” SHOWER ARRAY
The “Carpet-2” shower array (Fig.1) of the
Baksan Neutrino Observatory is located in
Southern Russia, in the North Caucasus
region, near mount Elbrus (at 1700 m
above see level, latitude 43.3oN, longitude
42.7oE). In this work we use two parts of
this array: the ground level detector called
“Carpet” (196m2) and the underground
muon detector. “Carpet” that consists of
400 individual liquid scintillator detectors
of 0.5 m2 each. The range of energy
deposit measurements for an individual
detector is 1-5000 r.p.. One r.p. is the
most probable energy deposit produced by
a single cosmic ray particle crossing the
detector, and equals 50 MeV. Six outside
points have 18 scintillator detectors, each
of the same type. Four of them are placed
in the form of a square at a distance of
30m from the center of “Carpet”, and two
are at a distance of 40m. The signals from
these detectors are used as stopping pulses
in
the
time
measurement
system to
measure delays and reconstruct arrival
directions. The “Carpet” can measure the
shower parameters with good accuracy:
∆ X =∆ Y= 0 .3 5 ; ∆ Ne / Ne = 0 .1 ; ∆ s / s= 0 .0 2 i n
the EAS size interval of

Ne =1 0 5÷ 1 0 6 . T he

muon detector of 5×35m2 is situated at
48m from the “Carpet”’s center and
consists
of
175
plastic
scintillator
detectors of 1m2 each, under a soil
absorber of 2.5m thickness (500g/cm2) in
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an underground tunnel, attached to its
ceiling. Each detector can measure the
energy deposit in the interval of 1÷100
r.p.. For this kind of detectors one

Fig.2. Barometric coefficient of MD events as
a function of the energy deposit threshold.

can
see
that
the
barometric
One
coefficient β of cosmic ray components
producing
events
at
energy
deposit
thresholds >10 r.p. (<3r.p.) (Fig.2) is very
close
to
hadrons
(muons).
Those
calculations
were
confirmed
also
in
[2],[3]. Hadronic cascade developing in
the absorber can produce high energy
deposit ε in the scintillator because it is
situated just near the hadronic cascade
maximum. The results of Monte-Carlo
simulation for single hadrons (protons and
π -mesons) interacting in the absorber of
500 g/cm2 thickness are presented in
Fig.3.

Fig.1 .A schematic view of the “Carpet-2”
EAS array. 1-6–outside points, 7–“Carpet”,
8 –
muon detector, 9-liquid scintillator
detector, 10 - plastic detector.

relativistic particle corresponds to 10
MeV. The large size of the MD and its
good enough granularity give a possibility
to observe the structure of penetrating
cosmic ray components, including muons
with 1 GeV threshold energy.

3.

SEPARATION
OF
MUON
HADRON COMPONENTS IN EAS

AND

The muon detector of the “Carpet-2”
shower array detected events with high
density ( ρ > 10 r.p. per m2 or energy
deposit ≥100MeV) [2]. It was shown that
these events were produced by hadrons
w i t h e n e r g y Eh > 3 0 Г э В . F o r t h i s p u r p o s e

Fig.3. The average size of “spots” of hadron
cascades in MD as function of hadron energy.

the
dependence
of
the
barometric
coefficient
for
different
energy
β
thresholds (Fig.2), measured for MD
events, was used.

Fig.3 displays that the average size of
hadron cascades in MD depends on hadron
energy and on zenith angle. The “spots”
with local density ≥ 10 particles per m2 in
MD and with no more than 5 detectors in
the “spot” can be considered as hadrons.
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4. RESULTS
A. HADRON COMPONENT
Nearly

vertical
5

with 10 <

showers

(sec( θ )<1.15)

6

Ne <1 0 a nd c o r e s l o ca t ed i n s id e

the “Carpet” were selected for analysis.
The experimental dependence of the mean
n u m b e r o f h a d r o n s w i t h Eh > 3 0 G e V i n M D
per EAS on the total number of particles is
presented in Fig.4. Experimental data can
be fitted by a power law:

N h ∼ N eα , w h e r e

Fig.5.Differential size spectrum of hadrons

law:

dN / dN h

∼

N hβ , β = - 2 . 8 .

At

the

KASCADE shower array the differential
s i z e s p e c t r u m o f h a d r o n s ( Eh > 5 0 G e V ) w a s
measured near cores of EAS, and is
described by power law with index of
spectrum γ =-2.81±0.05 [4]. The spectra in
both experiments agree fairly well.
The
experimental
decoherence
curve,
without
correction
for
efficiency
of
registration,
was
obtained
using
the
experimental data of MD for hadrons with
e n e r g y Eh > 3 0 G e V ( F i g . 6 ) .

Fig.4. Dependence of the average number n of
hadrons per EAS on the total number of
particles

Ne

in EAS, compared

with results

of simulation obtained by the
CORSIKA code(model QGSJET).

program

the index α =0.89±0.08. The dependence
of the total number of hadrons on the total
number of EAS particles at a mountain
level was measured in papers [5]-[7] for
t h e sa me r a n g e o f 1 0 5< Ne <1 0 6.
In Fig.4 also is shown a comparison of
experimental data with simulation results
obtained by the CORSIKA code for proton
and for nuclear iron Fe.
In this experiment an M3-trigger was also
used. M3 is an MD trigger produced by
coincidence of 3 from 5 MD modules
(every 35=5 ×7 detectors of MD are
grouped
in
5
modules).
Results
of
calculations with CORSIKA code (model
HDPM) show that trigger M3 is produced
b y E A S w i t h Eo > 1 0 T e V f o r p r i m a r y p r o t o n
and with

Fig.6. Experimental decoherence curve for
hadrons without correction for efficiency of
registration.

Eo > 1 0 0 T e V f o r i r o n n u c l e i , b y

cores in a circle with radius 10m, when
the center is near the center of MD. For
these
showers
the
differential
size
spectrum of hadrons was also obtained
(Fig.5), which can be described by a power

In Fig.7 the experimental decoherence
curve is presented for hadrons, taking into
account a correction for efficiency of
registration.
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α =0.73 for the present experimental
data, while α =0.74 was obtained for the
experimental data of the EAS-TOP shower
array [8].
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Fig.7. Experimental decoherence curve with
correction for efficiency of registration (1 –
experimental
decoherence
curve,
2
–
F(d)∼exp(-d/do) with do=13.1m).

As can be seen in Fig.7, the slope of the
decoherence curve corresponds to 13.1m.
B. MUON COMPONENT
The mean numbers of

muons

nµ

per

shower
are
plotted
in
Fig.8
for
experimental and simulated events for
primary protons and iron nuclei. The
measured and the simulated data are fitted
by the usual relationship:

n µ = k ⋅ N eα , w i t h

Fig.8 Dependence of the average number of
muons per EAS for experimental data on the
total number

of particles

Ne

in an

EAS.

Compare experimental data with results of
simulation by CORSIKA code (model
QGSJET) for proton and nuclear iron Fe.
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Measurement of the proton-air inelastic cross
section with ARGO-YBJ
A. Surdo1 for the ARGO-YBJ Collaboration

Abstract— ARGO-YBJ, located in the Cosmic Ray Observatory of Yangbajing (Tibet, P.R.China) at 4300 m a.s.l., is a
full-coverage Extensive Air Shower array consisting of a layer
of Resistive Plate Chambers (RPC) of about 6000 m2 . One of
the main aims of the experiment is the cosmic ray physics in
the 1012 − 1016 eV primary energy range, where the transition
from direct to indirect measurements occurs. In this work the
measurement of the interaction cross section between primary
protons and air nuclei is reported. The analysis is based on the
different flux attenuation for different atmospheric depths (i.e.
zenith angles), by exploiting the detector capabilities in selecting
the shower development stage by means of the size, hit density
and both time and lateral profile measurements. The systematic
errors introduced by fluctuations in shower development and
heavier primaries have been taken into account. The results
give useful insights on the p-air interactions at energies where
models start to give significantly different expectations and √
allow
to infer the p-p total cross section in an energy region ( s =
50 GeV − 1 T eV ) still scarcely explored.

I. INTRODUCTION
The cross sections involved in hadronic interactions are of
great interest in particle physics. In the last decades, highenergy proton-antiproton (pp) colliders have
extended the
√
measurements up to center-of-mass energy s = 1.8 T eV and
the CERN Large Hadron Collider
√ (LHC) will study protonproton (p-p) collisions
up
to
s = 14 T eV . Anyway, at
√
energies exceeding s ∼ 70 GeV , the knowledge on the
increase of the hadronic cross section as a function of energy
is limited by experimental errors and/or lack of data. For
instance, the values
of the total pp cross section as measured at
√
the Tevatron ( s = 1.8 T eV ) disagree by about 10% between
different experiments [1], [2], [3].
Cosmic ray data provide an unique opportunity to study
proton interactions in an energy range which covers not only
the energy of the LHC, but extends well beyond it, since
the natural beam of cosmic ray particles spans up to extreme
energies. The measurement of the distribution of X0 , the first
proton-air (p-air) interaction point, would give the absorption
of the primary proton flux while penetrating the atmosphere,
thus allowing, in principle, to measure in a straight-forward
way the mean free path λp−air . This method would in fact be
the most direct one to measure the p-air inelastic cross section.
Subsequently, the latter can be utilized to derive the p-p cross
section using the Glauber theory [4].
Neverthless, no existing cosmic ray experiment is capable
to directly detect the X0 distribution, but (in principle) at
1 INFN - Sezione di Lecce, via Arnesano, 73100 Lecce, Italy,
surdo@le.infn.it
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relatively low energy. As a consequence, ground based cosmic
ray experiments are forced to use indirect methods, such as
the measurement of extensive air showers.
Two basic techniques are generally employed:
- for a fixed primary energy and zenith angle, the distribution
of the average depth of the shower maximum has an exponential tail, whose slope is releted to the absorption length Λ;
- the absorption length Λ is derived from the distribution of
the shower intensity while the zenith angle, i.e. atmospheric
depth, increases, for fixed primary energy and shower age.
The last method has been adopted in the ARGO-YBJ
experiment. It was initially applied to a data set taken by a
limited portion of detector (∼ 1800 m2 of active area) [5],
just as a test of applicability of the technique. Successively,
it was used to analyze a reduced set of data collected by the
whole central detector (∼ 5600 m2 ) [6], with very promising
results. In this paper, the analysis of a much larger data set
through this method, in order to measure the p-air production
cross section and to derive the p-p total cross section in the
energy range 1 − 100 T eV , will be presented and discussed.
II. THE ARGO-YBJ EXPERIMENT
As a result of the collaboration between INFN (Italy) and
Chinese Academy of Science, the ARGO-YBJ (Astrophysical
Radiation with Ground-based Observatory at YangBaJing)
experiment [7] exploits the full-coverage technique and the
high altitude operation in order to deeply investigate cosmic
radiation physics. In more details, through the observation at
high altitude of Extensive Air Showers (EASs) produced in
the atmosphere by primary photons and nuclei, ARGO-YBJ
is able to inspect a wide range of fundamental issues in cosmic
ray and astroparticle physics:
• very high energy γ-ray astronomy, with an energy threshold of a few hundreds GeV ;
• search for emission of gamma ray bursts in the full
GeV − T eV energy range;
• study of cosmic rays (spectrum, composition, p/p ratio
measurement, shower space-time structure, ...) starting at
T eV energies;
• Sun and heliosphere physics above Ethresh ∼ 1 GeV .
The experiment is running in the Cosmic Ray Laboratory of
Yangbajing, 90 km North-West of Lhasa, in the Tibet region
(People’s Republic of China), at an altitude of 4300 m a.s.l.,
corresponding to a vertical atmospheric depth of 606 g/cm2 .
The apparatus, extensively described in [8], consists of a
single layer detector logically divided into 154 units called
clusters (7.64 × 5.72 m2 ), each made by 12 Resistive Plate
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Fig. 1. Two different views of a shower detected by ARGO-YBJ. The hit map
at ground is given on top, the color code representing the strip mutiplicity of
each fired pad. A space-time view of the shower front is given on the bottom.

Chambers (RPCs) operated in streamer mode. Each RPC
(1.26 × 2.85 m2 ) is read out by using 10 pads (62 × 56 cm2 ),
which are further divided into 8 strips (62 × 7 cm2 ) providing
a larger particle counting dynamic range. The signals coming
from the strips of a given pad are sent to the same channel
of a multi-hit TDC. The whole system provides a single hit
(pad) time resolution at the level of ∼ 1 ns, which allows a
detailed three-dimensional reconstruction of the shower front
with unprecedented space-time resolution (Fig. 1). Moreover,
the analog RPC charge readout is going to be implemented.
Nowadays, the 130 clusters of the whole full-coverage
central carpet (∼ 5600 m2 ) are in smooth data taking since
July 2006. In the meantime, the external guard ring has been
instrumented and included in the DAQ system since 2007.
III. T HE ANALYSIS METHOD
The analysis is based on the shower flux attenuation for
different zenith angles, i.e. atmospheric depths, and exploits
the detector accuracy in reconstructing the shower properties.
Given a primary energy interval, the frequency of showers
as a function of the zenith angle θ, for a fixed distance Xdm
between the detector and the shower maximum, is directly
related to the distribution of the depth of the shower maximum
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itself, P (Xmax ), with Xmax = h0 secθ − Xdm , where h0
is the observation vertical depth. The shape of P (Xmax ) is
given by the folding of the exponential dependence of the
depth of the first interaction point X0 (i.e. e−X0 /λp with
λp (g/cm2 ) ' 2.41 · 104 /σp−air (mb)), with the probability
distribution of Xrise = Xmax − X0 , which takes into account
the fluctuations of the shower development up to its maximum.
For sufficiently large Xmax values, P (Xmax ) tends to have a
simple exponential falling behaviour with an absorption length
Λ = k ·λp , where k depends on the shower development in the
atmoshpere, on its fluctuations and on the detector response.
The actual value of k must be evaluated by Monte Carlo (MC)
simulations, and it might in principle depend on the features of
the adopted hadronic interaction model, even if several studies
showed that the dependence is small. Finally, the contribution
of cosmic rays heavier than protons have to be estimated, or
at least minimized in the analyzed data sample, in order to get
an unbiased p-air cross section estimate.
For EAS detectors like ARGO-YBJ, which measures the
particles at ground, the P (Xmax ) distribution might be sampled through the flux dependence on the zenith angle, once
Xdm (or the shower age) has been fixed or constrained, within
the limits of detector capabilities. Really, it is simply to show
that the exponential tail of that distribution can be accessed
by selecting the showers with the maximum development not
far from the detection level (i.e. by mimizing Xdm ) and,
obviously, exploring a zenith angle region as wide as possible.
The ARGO-YBJ detector location (that is small atmospheric
depth) and features (full-coverage, angular resolution, fine
granularity, etc.), which ensure the capability of reconstructing
the detected showers in a very detailed way, have been used
to fix the energy ranges and to constrain the shower ages.
In particular, different hit (i.e. strip) multiplicity intervals
have been used to select showers corresponding to different
primary energies, while the information on particle density,
lateral profile and shower front extension have been used to
constrain Xdm in a range that makes possible the observation
of the exponential falling of shower intensities, through the
secθ distribution. In the real data set, the fit to this angular
distribution with an exponential law gives the slope value α,
connected to the (observed experimental) absorption length
Λexp through the relation Λexp = x0 /α, that is:
I(θ) = A(θ)I(θ = 0) · exp(−α · (secθ − 1))
(1)
where A(θ) accounts for the geometrical acceptance of each
angular bin and x0 = 606 g/cm2 (vertical atmospheric depth).
The same procedure is applied to the simulated sample (see
next section for the details about the Monte Carlo simulation).
For each strip multiplicity interval, the fit of the secθ distribution with the exponential function of Eq. 1 allows to obtain
the value of the (observed simulated) absorption length ΛM C .
The value of k, which refers to each strip mutiplicity bin,
C
can then be evaluated as k = ΛM C /λM
int . The interaction
MC
length λint is given by the average value of the MC proton
interaction length distribution, corresponding to the selected
events in the considered multiplicity bin.

IV. DATA S ELECTION AND M ONTE C ARLO SIMULATION
The above described analysis was applied to a data sample
of about 6.5 × 108 events collected by the 130 clusters of the
central detector with a 20 pad threshold inclusive trigger. In
order to have both a small contamination of external events
(i.e. those events with the true core position outside the carpet
but reconstructed inside) and an angular resolution better than
0.5◦ , only events with ≥ 400 fired strips were considered.
Moreover, the analysis was restricted to those events with
reconstructed zenith angle in the range 0◦ < θrec < 40◦ ,
in order to avoid the effects due to the possible zenith angle
dependence of the analysis cuts.
After a first selection based on the quality of the reconstruction procedure, a further rejection of external core showers
was performed by means of several additional cuts discussed
in the following. The reconstructed core position, Prc , was
required to be in a fiducial area given by the inner 8 × 11 RPC
clusters (corresponding to a total surface of about 64×64 m2 ).
This cut reduced the initial data set (with θrec < 40◦ and
Nstrip ≥ 400) to about 45%. The quantity R70 was then
defined as the radius of a circle (centered in Prc ) containing
70% of the fired strips and it was required that the distance of
Prc from the detector center plus R70 was less than 50 m. The
aim of this cut was to select that showers largely contained
inside the detector area, thus well reconstructed. As a result
of this condition, the data sample was reduced to ∼ 20%
with respect to the initial one. One further cut required the
minimum average fired strip density, within a distance R70
from the reconstructed core, to be ∼ 0.2/m2 (in the shower
plane). Such ”density cut” allowed to furtherly reject some
misreconstructed internal core events, as shown in Fig. 2. The
same purpose motivated the last selection cut (a ”compactness
cut”), requiring the R70 radius to be at most 30 m. The MC
simulation (see below) showed that this ”compactness cut” is
also related to the shower development stage, thus allowing to
constrain the value of Xdm (Fig. 2). Those last two cuts finally
selected ∼ 10% of the events reconstructed with θrec < 40◦
and Nstrip ≥ 400, which constitute the initial data set.
The surviving data sample was finally split into six different
bins of fired strips ∆Nstrip (see tables in the following),
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Mean y 174
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2.704
RMS y 99.01
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The experimental interaction length is obtained by correcting the observed absorption length, Λexp , by the factor k
previously determined on the basis of the MC simulation:
exp
λexp
/k. Such value will give the measured p-air
int = Λ
interaction length (λexp
p−air ), once the effects of heavier nuclei
contained in the primary cosmic ray flux have been accounted
for. In the present analysis, this has been made by evaluating
the contribution to the slope α (see Eq. 1) produced by the
addition of a proper Helium fraction to the proton primary
flux in the MC simulation, the contribution of nuclei heavier
than Helium being negligeable.
The p-air production cross section is obtained from the afor2
mentioned relation: σp−air (mb)= 2.41 · 104 /λexp
p−air (g/cm ),
while several theoretical models can be used to get the
corresponding p-p total cross section σp−p (see Sec. V).
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Fig. 2. Top. Strip density near the reconstructed core vs distance of the true
core from the detector center, for a sample of E = 30 TeV p initiated showers:
the ”density cut” described in the text (i.e. Log(Str−Dens∗m2 ) > −0.5) is
able to reject most misreconstructed core events (labeled as ’External events’).
Bottom. Correlation between R70 (see the text) and Xdm : the cut at R70 <
30 allows to select low Xdm (i.e. deeper maximum) events.

each one corresponding to a different primary energy interval,
starting from the threshold of at least 400 strips fired on the
whole central detector (out of the 124, 800 contained into 130
clusters), in the trigger time window of ∼ 400 ns.
A suitable simulation chain was used in order to tune
the values of the different analysis cuts, check their effects
and have an estimation of the possible systematics. About
108 proton initiated and 2 × 107 He initiated showers, with
the proper power law energy spectra between 300 GeV and
3000 T eV and zenith angle up to 45◦ , were produced with
the CORSIKA code [9], using QGSJET as hadronic interaction
model [10]. A full simulation of the detector response, based
on the GEANT3 package [11] and also including the effects
of time resolution, trigger logic, electronics noise, etc., was
performed. Monte Carlo data have been analyzed by using
the same reconstruction code as for real data.
The reliability of the simulation procedure was successfully
checked in several ways, concerning in particular the observables mostly involved in selection cuts and primary energy
determination. The comparison between various quantities
(used in the analysis) from the real and the simulated data
sample showed a more than satisfactory agreement both before

CORRESPONDING CORRECTION FACTORS

∆Nstrip
400 ÷ 1000
1000 ÷ 2000
3000 ÷ 4000
6000 ÷ 8000
8000 ÷ 12000
> 8000

hEp i(T eV )
4.0
8.3
19.8
38.7
53.5
76.7

C
2
λM
int (g/cm )

78.5 ± 2.1
76.2 ± 1.8
73.4 ± 1.5
71.4 ± 1.3
70.5 ± 1.2
69.5 ± 1.6

k ( SEE TEXT ).
k
2.01 ± 0.06 ± 0.05
1.53 ± 0.02 ± 0.04
1.59 ± 0.04 ± 0.03
1.68 ± 0.06 ± 0.03
1.71 ± 0.07 ± 0.03
2.05 ± 0.06 ± 0.05

Event rate (a. u.)

TABLE I
T HE STRIP MULTIPLICY INTERVALS , THE CORRESPONDING PRIMARY
ENERGIES , THE RELATED AVERAGE INTERACTION LENGTH AND THE

Entries

4.5

89837

Mean
0.9196
RMS
0.2457
Integral 54.72

4
3.5
3
2.5
2
1.5
1
0.5
0
0

V. A NALYSIS RESULTS AND DISCUSSION
The result of applying the whole selection procedure to
the real data is given in Fig. 5, where the experimental secθ
distributions for the six strip multiplicity (i.e. energy) intervals
are shown, after having corrected for the geometrical acceptance of each angular bin. They clearly show the expected
exponential behaviour, this being a further check that the
detector capabilities and the adopted analysis cuts allowed a
proper selection of events for the cross setion measurement.
A slight deviation is present, for the lowest energy sample
only, at small secθ values (therefore not included in the fit).
This is accounted for the larger contamination of external
events in this strip multiplicity bin (see Tab. I), even if there
might also be a contribution of shower fluctuations, the shower
maximum being more distant from the detector for these events
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1
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2.5
Log (E/TeV)

MC - Interaction Length - Nstrip=(1000-2000)

Event rate (a. u.)

and after the adopted event selection cuts.
Moreover, the fractions of events surviving the analysis
cuts were checked to be consistent with the corresponding
quantities for the real data sample. All numbers were in nice
agreement. For instance, ∼ 11% of the starting sample of MC
events actually came through all the analysis cuts, consistent
with the aforementioned value found for the real data (∼ 10%).
As already stated, each strip multiplicity interval corresponds to a different primary energy range, as shown in Tab.
I, where the value hEp i, obtained from the average of the
MC logarithmic energy distribution, is reported. Using the
simulation, it has been verified that the energy scale assigned
in this way (hEp i) is equivalent to that given by the median
energy of the corresponding events, E50 , or by the value, Eλ ,
C
corresponding to the average λM
p−air in the selected sample.
As an example, Fig. 3 shows the logarithmic primary energy
distribution and the related p-air interaction length distribution
for the strip multiplicity interval ∆Nstrip = (1000 ÷ 2000).
Simulations have also shown that, after all analysis cuts
were applied, the contamination of external events misreconstructed as internal ones is ² ' 10% in the first multiplicity
interval (Nstrip = 400 ÷ 1000), while it is less than 1% for
all the higher energy bins (Nstrip > 1000).
Finally, a check has been made that the event selection, both
in primary energy and shower age (or Xdm ), was independent
on the zenith angle up to about 40◦ (as shown in Fig. 4), thus
verifying that our experimental sensitivity is not compromised
by the shower fluctuations [13], [14].
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Fig. 3. Logarithmic primary energy distribution (top plot) and interaction
length distribution (bottom plot) for the MC proton initiated shower sample
with strip multiplicity interval 1000 < Nstrip < 2000.

(for the lowest energy sample hXmax i ' 390 g/cm2 , while
hXmax i ' 450 g/cm2 for the other ones).
The angular distributions obtained in the same way from
the MC simulation show very similar behaviours to that of
the real data and the same considerations can be applied.
From these plots, the values of ΛM C are extracted by fitting
them to an exponential function, with slope parameter given
C
C
by α = hM
/ΛM C , where hM
= 606.7 g/cm2 (the
0
0
nominal atmospheric depth corresponding to the altitude of
4300 m a.s.l.). Such values, once divided by the correspondC
ing average λM
int of Tab. I, give the values of the parameter k
for the different energies. The results are reported in the same
table, where both the statistical and the systematic errors are
also shown. The first one comes from the fit procedure, while
the second one has been calculated on the basis of the root
C
mean square (rms) values of the λM
int distributions.
As it can be seen, the k values are all in the range 1.5÷1.7,
apart those obtained for the lowest and the highest primary
energy intervals. The relatively high value of k for the lowest
energy bin has been ascribed to the larger contamination
of the external events. This hypothesis has been verified by
estimating k from the truly internal events only, thus obtaining
a value k ' 1.6, in agreement with that found at larger
energies. As far as the highest energy interval is concerned,
the reason for the relatively high value of k is not so obvious,
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Fig. 4. Top: logarithmic primary energy distribution after all selection cuts
for the three zenith angle intervals: 0 − 15◦ , 15 − 30◦ and 30 − 40◦ . Bottom:
distribution of Xdm (slant distance between shower maximum depth and
detection level) for the same angular bins.

a possible explanation being the beginning of saturation of the
strip digital information used in the analysis. This makes wider
the energy interval contributing to the related multiplicity bin
(as the larger ² does at the lowest energies), therefore implying
a larger effect of the shower to shower fluctuations, mainly in
terms of Xrise , with a consequent loss of sensitivity. Those
two effects practically define the energy region where the
current analysis can be applied. Important improvements could
be achieved by using more detailed information on the lateral
profile and the shower front (curvature, rise time, time width,
etc.), that ARGO-YBJ is able to record with high precision,
and especially with the use of the analog RPC readout.
One source of uncertainty in the p-air cross section measurement is given by the variations of h0 (see Eq.1) due
to the changing atmospheric pressure with time. From the
pressure data continuously taken at YangBaJing, we evaluated
C
hM
/h0 = (0.988 ± 0.007), resulting in an impact on the
0
cross section analysis at level of 1%. The cross section data
presented here have been already corrected for this effect.
As outlined in Sec. III, the measured absorption length
(Λexp ) values, together with the correction of the k factors
determined from the simulation, directly give the experimental
interaction length (λexp
int ) and consequently the production
cross section σint . This has still to be corrected for the

554

0.05

0.1

0.15

0.3
secθ-1

0

0.05

0.1

0.15

0.3
secθ-1

Fig. 5. Experimental secθ distributions for the six strip multiplicity samples,
after the selection cuts and the correction for the geometrical acceptance in
each angular bin.

contribution of heavier primaries.
The correction due to the presence of cosmic ray primaries
heavier than protons has been estimated by evaluating the
effect on the shape of the secθ distribution by the introduction
of Helium primaries in the simulated data. Both the different
absolute values and the energy dependences of proton and
Helium fluxes were considered, by taking as a reference the
fits to the experimental data given in [12]. As expected, the
simulations showed a slight steepening of the secθ distribution
at the highest strip multiplicity intervals (that is energies),
thus changing the values of the corresponding cross section
estimates. By adopting this procedure we got the correction
factors η to be applied to σint . These are reported in Tab. II, for
the six primary energy values. The effect of the uncertainty
of the primary cosmic ray composition has been evaluated
by applying the above procedure starting from two different
primary flux measurements given in the literature, namely
those from the JACEE and RUNJOB experiments. We found
small differences (at most within 4%), which were used as
an estimation of the systematic error on the correction η, as
reported in Tab. II.
The resulting p-air production cross sections, σp−air , for the
considered six primary energy values, are summarized in Table
II, where both statistical and systematic errors (propagated
separatly through all the analysis flow) are indicated. These

TABLE II
T HE STRIP MULTIPLICY INTERVALS , THE CORRESPONDING PRIMARY
ENERGIES , THE RELATED CORRECTION FACTORS FOR THE H ELIUM
η, AND THE P - AIR CROSS SECTIONS THUS OBTAINED .
B OTH STATISTICAL AND SYSTEMATIC ERRORS ARE REPORTED .

CONTRIBUTION ,

∆Nstrip
400 ÷ 1000
1000 ÷ 2000
3000 ÷ 4000
6000 ÷ 8000
8000 ÷ 12000
> 8000

hEp i(T eV )
4.0
8.3
19.8
38.7
53.5
76.7

η
1.00 ± 0.04 ± 0.01
1.00 ± 0.02 ± 0.01
1.00 ± 0.04 ± 0.01
0.96 ± 0.05 ± 0.03
1.00 ± 0.05 ± 0.03
0.95 ± 0.04 ± 0.04

σp−air (mb)
261 ± 13 ± 8
278 ± 7 ± 7
303 ± 15 ± 7
288 ± 19 ± 11
289 ± 19 ± 10
322 ± 17 ± 16

Fig. 7. Preliminary p-p total cross section obtained by ARGO-YBJ starting
prod
from σp−air
, together with that found by other cosmic ray experiments. The
accelerator data are also reported. Only the statistical errors are drawn.

VI. C ONCLUSION

Fig. 6. The proton-air production cross section as measured by ARGO-YBJ
and by different cosmic ray experiments. The prediction of several hadronic
interaction models are also shown. Only the statistical errors are drawn.

results are consistent with those of previous already mentioned
ARGO-YBJ works ([5], [6]) not using the strip information.
The measured p-air production cross section is shown in
Fig. 6 as a function of the primary proton energy. As it can be
seen, the results reported in this paper are in agreement with
other measurements. In particular, the relatively low energy
threshold of ARGO-YBJ makes possible a direct comparison
with the data of single hadron flux at ground. The predictions
of several hadronic interaction models are also shown. Our
results look to prefer models which predict smaller p-air
production cross section values in the considered energy range.
It was outlined in Sec. I that the p-p total cross section
σp−p can be inferred from the measured p-air production cross
section σp−air by using the Glauber theory [4], as discussed in
several papers. We applied the conversion reported in [15] and
took the differences among different models, that in our energy
range are approximately within 5%, as a separate further
contribution to the systematic error on σp−p . The preliminary
results, for the six energy bins, are summarized in Fig. 7. It
can be seen that the ARGO-YBJ data lie in an energy region
until now unexplored by accelerator experiments and permit of
better investigating the behaviour of the p-p total cross section
where it starts to significantly increase with energy.
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The analysis of the ARGO-YBJ data collected with the
∼ 5600 m2 of the central full-coverage detector allowed
us to measure the proton-air production cross section and,
consequently, to obtain a first estimate of the proton-proton
total cross section in an energy region until now unexplored
by accelerator experiments. The results are in agreement with
previous (preliminary) ARGO-YBJ results and allow to inspect
the behaviour of the p-p cross section where it starts to
increase, as drawn by the data of pp colliders and of extremely
high energy cosmic ray experiments. Thus, it appears again
important the extension of the analysis to ∼ P eV energies,
by using the information from the analog RPC readout.
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Abstract— An important experiment for cosmic ray physics is
going to be conducted with the colliding proton beams of the
CERN LHC. The equivalent energy of the 14 TeV center of mass
energy of the colliding proton beams in the LHC is 1017eV in the
laboratory frame. Two small electromagnetic calorimeters have
been installed at zero degree collision angle +/-140m from the
interaction point IP1. The calorimeters measure the energies and
the positions of the axes of showers produced by forward neutral
particles created in the proton-proton collisions. The shower
calorimeters are therefore able to measure the production
cross-section of neutral pions emitted in the very forward region.
The experimental results will be obtained during the early
operation phase of LHC when the luminosity is below 1030cm-2s-1.
The data obtained will be extremely important for benchmarking
the various Monte Carlo codes used for interpreting super high
energy cosmic ray phenomena.

1. A BRIEF HISTORY OF NUCLEAR INTERACTION
STUDIES BY COSMIC RAY EXPERIMENTS

A

ROUND 1980, there was a considerable debate in the field
of high energy cosmic ray research over whether or not
Feynman scaling was violated in the very forward region of
collisions above 100 TeV[1]. However another interpretation
of the same data was possible; namely that Feynman scaling
was not violated, but the composition of primary cosmic rays
changed from proton dominated to iron dominated when
primary energies exceeded about 100 TeV [2].
Let us show an example presented by the Chacaltaya
emulsion chamber group in 1983 [3] in which an apparent
violation of Feynman scaling is resolved by a shift of the
pseudo-rapidity axis by 20%. Figure 1a represents the
pseudo-rapidity distribution of the gamma-rays observed by the
Chacaltaya emulsion chamber (the round mark). They are
presented in Figure 1a together with CERN ISR experimental
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data. The expected pseudo-rapidity distribution of the
gamma-rays from neutral pions of the CERN ISR experiment is
shown on the same graph (the thick curve).
In the Chacaltaya emulsion chamber experiment, a thick
carbon target (23cm) was located 150cm above the chamber.
High energy protons that penetrated the atmosphere made
nuclear interactions in the carbon target producing a number of
high energy gamma-rays and other particles. The gamma-rays
with energy higher than 200 GeV were detectable by the
emulsion chamber. Compared to the ISR data, the Chacaltaya
result (open circles and dotted line in Fig. 1a) were shifted in
pseudo-rapidity. This was interpreted by the Chacaltaya group
as evidence of a violation of Feynman scaling in the very
forward region.
However we know that it is difficult to measure the energy
of the incident particle accurately with emulsion chambers,
since they measure only photons and some fraction of the
energy of hadrons. Therefore the pseudo-rapidity distribution
could be shifted either toward the right or the left. At least a
20% shift of the horizontal scale in Fig. 1a is possible. If we
shift the pseudo-rapidity distribution 20% towards the left side,
then the distribution is in accordance with the ISR data as
shown in Fig. 1b. In this case, even the Chacaltaya emulsion
chamber experiment demonstrates the Feynman scaling at very
forward region. It may hold in a wide range of energy from 2
TeV to 100 TeV. To confirm this point we needed to perform
an experiment at fixed primary particle energy. Therefore we
proposed an accelerator experiment to CERN in 1984 using
SPS pbar-p collider in.
2. THE CERN UA7 EXPERIMENT
The UA7 experiment was conducted during 1985-1986 with
the support of the UA4 collaboration. Two 4 inch silicon
calorimeters (ch. A and C) and a 3 inch calorimeter (ch. B) were
installed near the intersection point of UA2-UA4 as shown in
Figure 2. Chamber A was located about 20m from the
intersection point and installed in the position of a Roman pot,
while the chambers B and C were located 12m away from the
intersection point and outside the beam pipe. With this
configuration we measured the photon distribution with the
emission angle between 1.8 and 3.4 milli-radians and between
7 and 13 milli-radians from the beam axis respectively.
The results of the UA7 experiment are published in ref. [4].
Some of these results are shown in Figures 3 and 4. Figure 3
represents the invariant mass distribution of two photons
detected by the 4” calorimeter that was installed inside the
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Roman pot (the left panel) and by the 4” calorimeter located at
outside the beam pipe (the middle panel). The right side panel
of Figure 3 corresponds to the invariant mass distribution of
two photons where one photon was captured by the 4”
calorimeter located inside the Roman pot and the other photon
was detected by the 4” calorimeter located at the outside of the
beam pipe. The rapidity distribution of the neutral pions is
shown in Figure 4 together with the ISR data [4] for charged
pions. As shown in Figure 4, the UA7 experimental data is
consistent with the Feynman scaling in the very forward region.
In closing this section we make two remarks. The UA7
experiment used a silicon strip calorimeter. Inspired by our
experiment[5], A group at SLAC developed a large scale
silicon calorimeter for rocket launch into space. The satellite is
now named Fermi, and formerly known as GLAST. In an early
GLAST report, our experimental idea was acknowledged and
we are very proud of it.
The other remark is on the relationship of the density
distribution of the secondary particles, dσ/dη obtained by the
UA5 collaboration and UA7 collaboration. The pseudo
rapidity distribution dσ/dη of the UA5 experiment connected
smoothly with that of the UA7 experiment when the leading
particles were removed from the UA5 data. This was noticed
by Yoshiaki Yamamoto [6]. We present the result in Figure 5.
3. NEW SUBJECTS ON SUPER HIGH ENERGY
PHENOMENA
Again we need to perform the same type of experiment as
UA7 to measure the very forward production cross-section of
neutral pions emitted at the LHC. Many new problems have
arisen in the more than twenty years since UA7. One problem
is again related to the composition of primary cosmic rays in the
energy region of 1017-1019eV. The other is a famous problem
whether or not cosmic rays beyond the GZK cut-off exist.
Cosmic rays enter the atmosphere and produce nuclear
cascade showers. The shower maximum for electromagnetic
cascade showers can be written as Xmax ≈ln(E0/ ε) where E0 is
the primary cosmic ray energy and ε represents the critical
energy in the air (84.2 MeV). However in the case of nuclear
cascade showers, the shower maximum depends on the nuclear
interaction model. If the shower development can be well
described by the Monte Carlo simulation code SYBILL, then
the primary composition of cosmic rays does not change over a
wide range of cosmic ray energy from 2x1014 to 3x1019 eV.
However if the shower development can be described by the
simulation code DPMJET 2.5, the composition of cosmic rays
must change drastically above 1016eV from proton dominated
to heavy nucleus dominated. These results are presented in
Figure 6. The conclusion then is that the composition of
primary cosmic rays is completely model dependent and
therefore it is very important to establish the production
cross-section of neutral pions emitted in the very forward
region with the Feynman variable XF≥ 0.1.
Another important problem has occurred in the energy
region of the highest energy cosmic rays, E0 ≥ 1020 eV. It is
expected that cosmic rays with energy higher than 4x1019eV
are not present in our galactic halo if the halo is filled by a

magnetic field ≈3 micro gauss. If the magnetic field does not
exist in the galactic halo and only exists in the disk, it is even
more difficult to imagine that high energy cosmic rays with
energy above 4x1019 eV are present. In addition we cannot
expect to find extragalactic sources of ultra high energy cosmic
rays >1020eV owing to the Greisen-Zatsepin-Kuzmin cut off
due to interaction with the 3K microwave background.
However in spite of these expectations the AGASA air shower
experiment has reported air showers with energy exceeding
1020eV which are inconsistent with the GZK cutoff. More
recently the Hi Res and AUGER experiments show a declining
feature of the energy spectrum at the highest region, which is
consistent with the GZK cut-off. These results are presented in
Figure 7. The origin of super gigantic air shower is still a
matter of current physics debate.
The difference of the energy spectrum between AGASA,
Hi Res and AUGER may arise from a systematic error between
three different detection methods: AGASA measures the air
showers with a surface array detector while Hi Res measures it
by atmospheric fluorescence or the total photon detection
technique. On the other hand the AUGER collaboration
measures air showers with surface water tank Cherenkov
detectors and atmospheric fluorescence detectors. It is said that
the separation of muons from electrons is difficult with a water
tank detector.
The total photon detection method is
independent of the nuclear interaction model in principle, but it
includes other experimental biases such as the attenuation of
photons in the atmosphere due to the amount of the aerosol
and/or an ambiguity in determining the position of the shower
center. A surface detector like AGASA has an unavoidable
systematic error owing to the dependence of shower energy on
a nuclear interaction model. In fact if we could shift the
horizontal axis of the AGASA data toward 20% less energy,
and the AUGER data toward 20% higher energy, then the three
experimental results coincide with each other. To understand
and resolve this problem, we need again to make a “new UA7
experiment” at the LHC in order to calibrate the nuclear
interaction models at the highest energy presently possible.
4. THE LHCF EXPERIMENT
Two 44 radiation length compact tungsten calorimeters
have been installed at zero degree collision angle +/- 140m
from the interaction point of IP1. The shower calorimeters are
equipped with position sensitive layers for measuring the
shower axes; scintillation fiber detectors on the Arm 1 side and
silicon strip detectors on the Arm 2 side. To minimize the
possibility of events with multiple photons entering a
calorimeter the calorimeters have been divided into two towers.
The cross sectional area of the towers are 2x2 and 4x4cm2 for
the Arm 1 detector and 2.5x2.5 and 3.2x3.2cm2 for the Arm 2
detector
At +/-140m from IP1 there is a Y shaped vacuum chamber
where the beams transit from two beams in a single beam pipe
facing the IP and two beams in two beam pipes facing the arcs
of LHC. The LHCf calorimeters are located in the 96mm gap
behind the crotch in the Y. The proton beams and the secondary
charged particles are bent by the D1 beam separation dipoles

557

located +/-20 m away from the intersection point so that only
neutral particles photons, neutrons and neutral kaons reach the
LHCf calorimeters.

obtained this number integrating all beam-gas collisions along
a 100m straight line.
5. A POSSIBLE SCENARIO IN 2009

The LHCf experiment will be carried out during low
luminosity operation of the LHC ℒ =5x1028-1x1030/cm2sec in
order not to incur excessive radiation damage to the LHCf
detectors. According to our simulations, after an exposure of 2
minutes at ℒ =1029/cm2sec, we will have enough statistics to
obtain significant scientific results. To obtain a large enough
sample of events with a reconstructed neutral pion mass we
about 2 hour of exposure time during which we will have
accumulated 40,000 such events. This is enough events to
distinguish between the Monte Carlo models used for
simulation of super high energy collisions.
In the summer of 2004, we performed experiments on the
CERN H4 beam line. A prototype calorimeter was exposed to
beams of muons, electrons and protons. These experiments
measured the energy resolution of the calorimeter and the
position resolution of the scintillation fiber detector. The
measured energy resolution was ≈4% at 200 GeV and close to
the Monte Carlo simulation. The position resolution was 200
microns. We then used this data in a Monte Carlo calculation
of the neutral pion mass resolution of LHCf, obtaining Δm/m =
4%. It was clearly demonstrated that the energy and the
position resolutions of the prototype detector were sufficient
for obtaining the results we need discriminate between the ultra
high energy interaction models used in Monte Carlo codes.
Details of these experiments have been previously published
[9].
Next we discuss possible backgrounds for the LHCf
experiment. The first is forward production of neutral particles
by secondary particles interacting with the beam pipe. The
energy spectra of these particles have been calculated and most
of them found to have very low energy compared to primary
neural particles produced in collisions at the IP. The fraction of
gammas from secondary particle interactions with the beam
pipe having Eγ >200 GeV is 1%. The high energy neutron
background is expected to be very small. Figure 8 shows a
Monte Carlo prediction on the background induced by the
beam pipe (calculated by K. Kasahara).
The background from beam-gas collisions has been estimated
by H. Menjo in the following way. At the beginning of the
LHC operation, the residual gas density is expected to be
dominated by methane at a level ~ 1013molecules/m3 [10].
However after machine conditioning, the residual gas density
will be reduced to 1011molecules/m3 H2 equivalent. The results
are shown in Figure 9. (There is a report that 1011/m3 H2
equivalent had already been reached on Sep. 10, 2008.) These
gas densities have been estimated for highest luminosity
operation of the LHC, ℒ =1034/cm2sec, with 2808 bunches with
1011 protons per bunch. However in the early stages during
LHCf operation, the number of bunches will be reduced by ~
100 and the protons per bunch by ~10. Therefore the expected
ratio of the beam-gas collisions to the beam-beam collisions
during LHCf operation is estimated to be ~5 x10-4. We have

The detectors Arm 1 and Arm 2 have been already been
installed inside the TAN absorber and we are waiting to receive
the “go sign” from the LHC to begin taking data as shown in
Figure 10. The measurements will be made during the beam
commissioning phase that is planed in the early summer of
2009. The proton beams already successfully circulated around
the circumference of LHC on Sep. 10, 2008. However shortly
afterward an accident occurred in the superconducting magnets
between sectors 3 and 4 which prevented further
commissioning before the winter shutdown. These magnets are
being repaired during the shutdown and commissioning is
expected to resume in the spring of 2009.
After proton bunches have been injected into the LHC
orbits and before the beams have been ramped up in energy the
LHCf detectors will be lowered in position to observe
beam-gas collisions. Then we will attempt to locate the centers
of the beams and obtain the residual gas density in the straight
section of the beam pipe by selecting two photon events that
reconstruct the neutral pion mass. The double arm system will
be very useful also for the machine people to see “the first
evidence” of beam-beam collisions. Technical details can be
found elsewhere [11].
Beam conditions during the commissioning phase of LHC
has been specified as follows by the machine people. At first
single bunches with a few×109 protons will be injected into
the LHC. The expected luminosity is ℒ = a few×1026/cm2sec.
Then 43 bunches with a few×1010 protons each will be
injected. The expected luminosity will be about ℒ
=1030/cm2sec. We will take the data during this time. It is
expected that the LHCf detectors will incur excessive radiation
damage when the luminosity increases over ℒ >1031/cm2sec.
The LHCf detectors would be withdrawn before reaching
luminosity that would damage them. We hope that we will be
able to obtain scientific results by the end of 2009 using the
LHC.
6. SUMMARY
With the LHCf experiment important data will be obtained
that will be useful for cosmic ray and high energy physics for
the calibration of Monte Carlo simulation codes. In addition to
data on neutral pion production we will also obtain data on
neutrons and K0s and the inelasticity. This paper has been
presented by Y. Muraki on behalf of the LHCf collaboration.
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Figure 1b. The same plot of Fig. 1a, however the data points
obtained by the Chacaltaya emulsion chamber
slightly sifted to the left direction (o).

Figure 1a. The pseudo-rapidity distribution of high energy
Gamma-rays observed by the Chacaltaya emulsion
Chamber (o). The thick curve represents the ISR
Data. Details are in the reference [3].

Figure 5. The UA7 data are plotted on the same plot obtained
by the UA5 group. After reducing the leading particles (top
panel), the pseudo-rapidity distribution can be connected
smoothly. The solid squares correspond to UA7 pi zero data,
while the solid triangles and white circles represent UA5 data.
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Figure 2

The configuration of the UA7 silicon calorimeter.

Figure 6. The shower maximum is shown as a function of the
incident energy.

Figure 4. The UA7 results(the right side graph).
The mean Pt distribution of the neutral pions of UA7 (top
panel) and the rapidity distribution dσ /dy (bottom) are shown
together with the CERN ISR charged pion data. The scaling at
very forward region is apparent.

Figure 7. The energy spectrum of cosmic rays. The red circles
are the data obtained by the Akeno experiment, while blue
circles are from Hi-Res. Recent AUGER data are plotted by the
black circles.
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Figure 3.
The invariant mass distribution of two photons.
A clear neutral pion peak can be seen at 140 MeV.

Figure 9. The estimated background by the beam-gas
collisions under 4×1012/m3 H2 equivalent (red line). The
background is estimated to be 100 times less than the signals
(the Monte Carlo calculation made by H. Menjo).
Figure 8. The energy fluency at 140 m point from the
beam-beam interactions (the right side bump) and the beam
pipe collisions (the left side enhancement). Vertical axis is
presented as the parameter E(GeV)/interactions/cm2. The
vertical axis should be read as E*dN/dE*dE=EdN=ΔE.

Figure 10. The LHCf detector located at the TAN, 140m away
from the intersection point IP1.
.
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Abstract— A neutrino telescope detects the Cherenkov radiation generated in water or ice by passage of relativistic charged
particles produced by neutrino collisions with nucleons in the
detector volume. Because of weakness of neutrino interaction
the very large detector volume is required. Some alternative
approaches have been proposed. One of them is using a earth
matter or mountain as a target volume for conversion neutrinos
to leptons which then initiate extensive air shower (EAS) in
the atmosphere, then showers can be detected by Cherenkov
telescope. Observations of neutrino initiated EAS at the mountain
shadow seems attractive because of mountain valley screened
from background showers of cosmic rays and the only particles
that can survive are neutrinos with energies > 1013 eV came
under the horizon. The observation has been carried out since
1992 at high mountainous Tien -Shan station with SHALON
Cherenkov mirror telescope with ∼ 11.2 m2 mirror area and
image matrix of 144 PMT with full angle > 8o . The telescope
characteristics permitted to start the search of local neutrino
sources with energy 1013 − 1016 eV on EAS generating in
mountain-range located at some 7.5 and more kilometers from
gamma-telescope (in Russian the abbreviation SHALON means
- the Extensive Air Showers from Neutrino). The analysis of
results of observation of extensive air showers at height of 3338 m
above the sea level by means of gamma-telescope SHALON at the
zenith angles 72o , 76o , 84o , 97o are presented and compared with
the data of detection of showers according to the direction into
the zenith. The analysis of 324 hours of SHALON observation
of Cherenkov bursts at angle of 97o results in 5 events from
possible source that may be interpreted as EASs from neutrino
interaction products.

I. INTRODUCTION
The detection of Extraterrestrial Very High Energy Neutrinos by Atmospheric Cherenkov Telescopic System SHALON
is discussed. The analysis of results of observation of extensive
air showers at height of 3338 m above the sea level by
means of gamma-telescope SHALON at the zenith angles
72◦ , 76◦ , 84◦ , 97◦ are presented. The observation results are
compared with the data of detection of showers according to
the direction into the zenith. The observation has been carried
out at Tien -Shan station with SHALON gamma-telescope
(fig. 1). The SHALON telescopic system has mirror with

Fig. 1.

Atmospheric Cherenkov Telescopic System SHALON

area of 11.2 m2 and 144 PMT matrix with < 0.1◦ angular
resolution, that has the most in the world angular size - > 8◦ .
It allows to control the background of cosmic ray particle
emission and the atmospheric transparency continuously with
observation that means the increasing of observation efficiency.
So it is the telescope characteristics that permit to start the
search of local neutrino sources with energy 1013 − 1016 eV
on EAS generating in mountain-range located at some 6
and more kilometers from gamma-telescope (in Russian the
SHALON abbreviation means - the Extensive Air Showers
from Neutrino) [1], [2], [3], [4], [5]).
A neutrino telescope detects the Cherenkov radiation generated in water or ice by passage of relativistic charged
particles produced by neutrino collisions with nucleons in the
detector volume. Because of weakness of neutrino interaction
the very large detector volume is required. Some alternative
approaches have been proposed. One of them is using a
earth matter or mountain as a target volume for conversion
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Fig. 2.

The geometry of down horizontal observation sessions.
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Fig. 3. The spectrum of extensive air showers Cherenkov radiation by telescope SHALON observation within 8◦ full angle. PMT amplitude arbitrary units
are laid off along the abscissa.
TABLE I

at the mountain shadow seems attractive because of mountain
valley screened from background showers of cosmic rays and
the only particles that can survive are neutrinos with energies
> 1013 eV came under the horizon.

T HE ATMOSPHERE DEPTH AT DIFFERENT ZENITH ANGLES

Zenith
angle, Θ◦

Atmosphere
depth, g/cm2

Number of
Cherenkov
burst per hour

72◦

2250

7 ± 1.14

76◦

3000

1.8 ± 0.5

84◦

5950

0.5 ± 0.01

II. E XTENSIVE A IR S HOWERS UNDER A L ARGE Z ENITH
A NGLE

neutrinos to leptons which then initiate extensive air shower
(EAS) in the atmosphere, then showers can be detected by
Cherenkov telescope. Observations of neutrino initiated EAS

The SHALON mirror telescope due to the trigger control
of the detection of bursts of a short-range (8 nsec) signal in
4 PMTs of the light-receiver matrix allows one to know the
number of observed bursts without observation of conditions
of an angular picture of a Cherenkov burst. The telescope is
calibrated according to the observations of EAS of cosmic ray
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Fig. 4. The examples of showers recorded in PMT matrix at different zenith angles. The amplitude of gray - scale shower images is proportional to the
ADC count. The number, named CODE shows the range of detected signals in the ADC counts, which are proportional to shower energy.

at 0◦ - zenith angle. The cosmic ray shower image detected in
the SHALON telescope, generally is elliptic spot in the light
receiver matrix, written in the ADC counts (CODE). Observations at large zenith angles have been aimed on study of spectra
of the air showers induced by cosmic rays crossing through
different atmosphere thickness and events accompanying the
passing of EAS and cosmic ray particles near horizon. The
observation at large zenith angles 72o , 76o , 84o showed that
the efficiency of Cherenkov light detection drops essentially
as a zenith angle increases, perhaps because of dissipation
and absorption in the atmosphere. So, the comparison of
observation results shown that at the zenith angle 84◦ the
number of observed showers is ∼ 25 times less than expected
by estimation with neglecting by absorption and dissipation of
Cherenkov photons in the atmosphere (table I, fig. 3, 4).

The analysis of the observations allows one to make the
following conclusion. At first, a night star sky doesn’t produce any background events, preventing the observations of
electron-photon cascades coming from under the earth surface.
Secondary, the observation of Cherenkov bursts from extensive
air showers under the large zenith angles, for example using of
horizontal extensive air showers for investigation of an energy
spectrum of ultra-high energy cosmic rays is complicated
by absorption of Cherenkov photons by a large atmosphere
thickness.

III. T HE OBSERVATIONS OF C HERENKOV BURSTS UNDER
THE 97o ZENITH ANGLE
SHALON Cherenkov mirror telescope is located at 3338 m
a.s.l. The mountain range lies in the east direction and is more
than 4300 m a.s.l. The mountain range is about 20 km long.
The thickens of matter in the telescopic field of view is from
2000 to 800 kms; viewed mountain slope area is > 7×105 m2 .
For telescope located about 7kms away from the mountain
slope horizontally, the shadow of mountain is about 7◦ in
elevation. In actual conditions the mirror telescope placement
the distance till the opposite slope of the gorge is ∼ 7 km or
∼ 16.5 radiation units of length, that is quite enough for the
development of an electromagnetic cascade till the structure
characteristic for the rarefied atmosphere. The purpose of
observations was revealing of background conditions when
anthropogenic sources of light are absent. During 324 hours of
observations 5 events were detected (figs. 5 left) which have
expected angular characteristics of a light burst of an electronphoton cascade developing within a telescope observation
angle. These showers have energy in the range of about
6 − 17.5 TeV. All other 318 events of detection of shortrange light bursts in the atmosphere have not a narrow angle
light direction and are chaotically distributed along the whole
matrix or its part of a light-receiver (see figs. 4 for 97o ). These
events may be interpreted as a reflection of a Cherenkov burst
from a snow mountain slope or as an ionization luminescence
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Fig. 5. left - Cherenkov Radiation of Extensive Air Showers Observed at 97◦ Zenith Angles by SHALON; right - Cherenkov Radiation of Extensive Air
Showers Observed at 0◦ Zenith Angles by SHALON.
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of the atmosphere while an extensive air showers transition
within a telescope observation angle.
IV. M ETAGALACTIC AND GALACTIC SOURCES OF VERY
HIGH - ENERGY GAMMA - QUANTA AND NEUTRINOS WITH
THE MIRROR C HERENKOV TELESCOPE SHALON

were detected which have expected angular characteristics of
a light burst of an electron-photon cascade developing within
a telescope observation angle.
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V. C ONCLUSION
It is supposed to overcome the main difficulty of observation of EAS, generated by neutrino in conditions of high
mountainous observations, connected with the small cross
section of neutrino-nuclei inelastic collisions. Two facts allow
to carry out the search experiments. The hadron cascades
with energy > 1013 eV are generated by neutrino in the
ground of mountain on the thickness < 300 g/cm2 . The
Cherenkov radiation of the hadron cascades will be observed
along the direction of neutrino by gamma-telescope placed
on the distance about 7 kms from a mountain slope in area
of more than > 7 × 105 m2 . These cascades look like the
usual extensive air showers generated in atmosphere with
narrow light shape. Presently, the fluxes of galactic gammaquantum sources Cygnus X-3, Tycho’s SNR, Geminga of
< 10−14 cm−2 s−1 are observed by SHALON. The appearing
of one shower per > 100 observation hours is expected if the
flux of neutrino from local sources is 10−15 cm−2 s−1 [6 –
13] During 324 hours of observations 5 events (figs. 5 left)
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Abstract— Exploration of the galactic and metagalactic objects
in which the acceleration of protons and nuclei is accompanying
with generation of gamma-quanta and neutrinos is of great current interest for astroparticle physics. These gamma-astronomical
researches are carrying out with SHALON mirror telescope at the
Tien-Shan high-mountain observatory. The observation results
of three type of metagalactic sources: BLLacs Mkn 421 (z =
0.031), Mkn 501 (z = 0.034), Seyfert galaxy NGC 1275 (z=0.0179)
and extragalactic Supernova remnant SN2006 gy (z=0.019) are
presented. NGC 1275 has been regularly observed by SHALON
since 1996. NGC 1275 is being intensively studied and gammaray flux are found to be (0.78 ± 0.13) × 10−12 cm−2 s−1 . The
flux increase was detected from the region NGC 1275 in autumn
2006. The detailed analysis of gamma-shower direction turned out
the detection of metagalactic object. This object was identified
with the supernova SN 2006gy that is about 10 minutes away
from NGC 1275. The integral -ray flux for SN 2006gy is found
to be (3.71 ± 0.65) × 10−12 cm−2 s−1 at energies of > 0.8
TeV. The integral average gamma-ray fluxes of Mkn 421 and
Mkn 501 were estimated as (0.63 ± 0.14) × 10−12 cm−2 s−1
and (0.86 ± 0.13) ± 10−12 cm−2 s−1 respectively. The increase
of the flux over the average value was detected in 1997 and
2004 observations of Mkn 421 by SHALON and estimated
to be (1.01 ± 0.25) × 10−12 cm−2 s−1 and (0.96 ± 0.2) ×
10−12 cm−2 s−1 , respectively. The significant increase of Mkn
501 flux was detected in 1997 and 2006 with the VHE ground
telescopes all over the world. The integral - ray flux by SHALON
telescope was estimated as (1.21 ± 0.13) × 10−12 cm−2 s−1 and
(2.05 ± 0.23) × 10−12 cm−2 s−1 , respectively that is comparable
with flux of powerful galactic source Crab Nebula. The research
of extragalactic and galactic sources of very-high energy gammaquanta by methods, including ones using mirror Cherenkov
telescopes concerns, rather than delicate problem of the cosmic
ray nature and the role of our Galaxy and Extragalaxy in their
generation.

I. INTRODUCTION
A greater understanding of modern physics and astrophysics will be realized by investigating galactic and metagalactic objects, where the proton and nucleus acceleration
processes, accompanied with the generation of gamma-quanta
and neutrinos are not dissipated by the magnetic fields of
the Universe. These gamma-astronomical researches are carrying out with SHALON mirror telescope at the Tien-Shan
high-mountain observatory. During the period 1992 - 2007,

Fig. 1. The Mkn 421 gamma - quantum (E > 0.8 TeV) integral spectrum
by SHALON in comparison with other experiments [1 - 25].

SHALON has been used for observations of the metagalactic
sources Mkn421, Mkn501, NGC1275, 3c454.3, 1739+522 and
galactic sources Crab Nebula, Cygnus X-3, Tycho’s SNR,
Geminga, 2129+47XR. The observation results of two type of
metagalactic sources: BLLacs Mkn 421 (z = 0.031), Mkn 501
(z = 0.034) and Seyfert galaxy NGC 1275 (z=0.0179) are presented. The integral average gamma-ray fluxes of Mkn 421 and
Mkn 501 were estimated as (0.63 ± 0.14) × 10−12 cm−2 s−1
and (0.86 ± 0.13) × 10−12 cm−2 s−1 respectively. NGC 1275
is being intensively studied by SHALON and gamma-ray flux
are found to be (0.78 ± 0.13) × 10−12 cm−2 s−1 . The integral
spectra of events from source - kon and background events,
observing simultaneously with source’s events - kof f , and
source image are presented.
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Fig. 2. Top. left – The Mkn 421 γ-quantum integral spectrum with power index of kγ = −1.87 ± 0.11; right – The event spectrum from Mkn 421 with
background with index of kON = −1.85±0.10 and spectrum of background events observed simultaneously with Mkn 421 with index kOF F = −1.76±0.09;
Bottom. left – The Mkn 421 image at energy range of > 0.8 TeV; right – The energy image (in TeV units) of Mkn 421 by SHALON.

M ARKARIAN 421
The Bl Lac Mkn 421 was detected as the first and the
nearest (z = 0.031) metagalactic source of blazar type of TeV
energy gamma-quanta in 1992 year using Whipple telescope.
Presently this source is systematic studied by different experiments: VERITAS, SHALON, TACTIC, HESS, MAGIC
(fig. 1). Mkn 421 is being intensively studied since 1994
by SHALON. As is seen from fig. 1 the SHALON results
for this known gamma-source are consistent with the data
by best world telescopes. An image of gamma-ray emission
from Mkn 421 is shown in Fig. 2. The integral averaged
for the period 1994 to 2007 gamma-ray flux above 0.8 TeV
was estimated as (0.63 ± 0.14) × 10−12 cm−2 s−1 . Within
the range 1 - 10 TeV, the integral energy spectrum is well
described by the power law F (> EO ) ∝ E kγ , with
kγ = −1.87 ± 0.11 (fig. 2). Extreme variability in different
wavelengths including VHE gamma rays on the time-scales
from minutes to years is the most distinctive feature of BL
Lac objects. The increase of the flux over the average value
was detected in 1997 and 2004 observations of Mkn 421 by
SHALON and estimated to be (1.01±0.25)×10−12 cm−2 s−1
and (0.96 ± 0.2) × 10−12 cm−2 s−1 , respectively. The similar

Fig. 3. The Mkn 501 gamma - quantum (E > 0.8 TeV) integral spectrum
by SHALON in comparison with other experiments [1, 21 - 31];
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Fig. 4. Top. left – The Mkn 501 γ-quantum integral spectrum with power index of kγ = −1.85 ± 0.11; right – the event spectrum from Mkn 501 with
background with index of kON = −1.83±0.06 and spectrum of background events observed simultaneously with Mkn 501 with index kOF F = −1.72±0.06;
Bottom. left – The Mkn 501 image at energy range of > 0.8 TeV; right – The energy image (in TeV units) of Mkn 501 by SHALON.

variations of the flux over the average value was also observed
with the telescopes of Whipple, HEGRA, TACTIC, HESS
(60o − 67o ), MAGIC (45o ).
M ARKARIAN 501
The detection of Mkn 421 as metagalactic VHE gammaray source initiated a search for VHE emission from several
other active galactic nuclear of blazar type. This led to the
detection of BL Lac object Mkn 501 (z = 0.034) by Whipple
in 1995. In contrast to Mkn 421, EGRET had not detected this
source, as significant source of gamma rays. So Mkn 501 was
the first object to be discovered by as gamma-ray source from
the ground. As is seen from fig. 3 the SHALON results for
this gamma-source are consistent with the data telescopes of
Whipple, TACTIC, HESS, MAGIC. An image of gamma-ray
emission from Mkn 501 by SHALON telescope is shown in
Fig. 4. The integral average gamma-ray flux above 0.8 TeV
was estimated as (0.86 ± 0.13) × 10−12 cm−2 s−1 and the
power index of the integral spectrum is kγ = −1.85 ± 0.11.
The significant increase of Mkn 501 flux was detected in 1997
and 2006 with the VHE ground telescopes all over the world.
The integral gamma-ray flux in 1997 and 2006 by SHALON
telescope was estimated as (1.21 ± 0.13) × 10−12 cm−2 s−1

Fig. 5. The NGC 1275 gamma - quantum (E > 0.8 TeV) integral spectrum
by SHALON in comparison with Tibet Array data [12];

and (2.05 ± 0.23) × 10−12 cm−2 s−1 , respectively that is
comparable with flux of powerful galactic source Crab Nebula.
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Fig. 6. Top. left – The NGC 1275 γ-quantum integral spectrum with power index of kγ = −2.25 ± 0.10; right – The event spectrum from NGC
1275 with background with index of kON = −2.13 ± 0.09 and spectrum of background events observed simultaneously with NGC 1275 with index
kOF F = −1.72 ± 0.09; Bottom. left – The NGC 1275 image at energy range of > 0.8 TeV; right – The energy image (in TeV units) of NGC 1275 by
SHALON.

NGC 1275
Galaxy clusters have been consider as sources of TeV
gamma rays emitted by high-energy protons and electrons
accelerated by large scale structure formation shocks, galactic
winds, or active galactic nuclei. The Perseus cluster of galaxies
is one of the best studied clusters due to its proximity
(116Mpc or z= 0.0018 1’ corresponds to 30 kpc for H0 =
50kms−1 M pc−1 ) and its brightness. Galaxy NGC 1275 is the
central dominant galaxy of the Perseus Cluster of Galaxies and
is of Seyfert galaxy class. NGC 1275 is known as powerful
X-ray and radio source. Many studies explored correlations of
X-ray radio optical and ultraviolet emission (see e.g. [33]).
In 1996 year a new metagalactic source are detected by
SHALON at TeV energies (fig. 5). This object was identified
with Seyfert galaxy NGC 1275 (with redshift z=0.0179); its
image is shown in figs. 7, 6. The maxima of the TeV gammaray, X-ray [32] and radio emission coincide with the active
nucleus of NGC 1275. In contrast, the X-ray and TeV emission
disappears almost completely in the vicinity of the radio lobes.
The correlation TeV with X-ray emitting regions was found
whereas The integral gamma-ray flux for this source is found
to be (0.78 ± 0.13) × 10−12 cm−2 s−1 at energies of > 0.8

Fig. 7. A Chandra X-ray image of NGC 1275 at the centre of the Perseus
galaxy cluster. The contour lines show the TeV - structure by SHALON
observations.
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Fig. 8. Top. left – The SN 2006gy γ-quantum integral spectrum with power index of kγ = −3.13 ± 0.27; right – the event spectrum from SN
2006gy with background with index of kON = −2.54 ± 0.16 and spectrum of background events observed simultaneously with SN 2006gy with index
kOF F = −1.73 ± 0.11; Bottom. left – The SN 2006gy image at energy range of > 0.8 TeV; right – The energy image (in TeV units) of SN 2006gy by
SHALON.

TeV. The energy spectrum of NGC 1275 at 0.8 to 30 TeV
can be approximated by the power law F (> EO ) ∝ E kγ ,
with kγ = −2.25 ± 0.10. The spectra of events satisfying the
selection criteria (spectral index kON = −2.13 ± 0.09) and
of the background events observed simultaneously with the
source (spectral index kOF F = −1.72 ± 0.09) are both shown
in Fig. 6 for comparison. The Seyfert galaxy NGC 1275 has
been also observed with the Tibet Array (fig. 5).
SN 2006 GY
The flux increase was detected from the region NGC 1275
in autumn 2006. The detailed analysis of gamma-shower
direction turned out the detection of metagalactic object. This
object was identified with the supernova SN 2006gy [34] that
is about 10 minutes away from NGC 1275.
Observations had been done in cloudless nights of moonless
periods of 2006 Sep., Oct., Nov. Dec. and then during the
winter of 2007. No flux increase was found in September
observations. In the flare, observed on Oct. 22, the flux
increased 6 times from the NGC 1275 and stayed on this
level all Oct. moonless period. The integral gamma-ray flux
for SN 2006gy is found to be (3.71 ± 0.65) × 10−12 cm−2 s−1
at energies of > 0.8 TeV. The energy spectrum of SN2006

gy at 0.8 to 7 TeV can be approximated by the power law
F (> EO ) ∝ E kγ , with kγ = −3.13 ± 0.27. An image of
gamma-ray emission from SN2006 gy by SHALON telescope
is shown in Fig. 8. Follow-up observations on end of Nov.
showed that the flux of SN2006 gy had dropped to a flux
level of about (0.69 ± 0.17) × 10−12 and was constant during
the Nov. Dec. period. The results of observation analysis of
2007 have no revealed TeV gamma-ray emission from region
of SN 2006gy. So, the explosion of extragalactic supernova
was observed at TeV energies for the first time with SHALON
Cherenkov telescope.
C ONCLUSION
The explosion of extragalactic hipernova was detected at
TeV energies for the first time with SHALON Cherenkov
telescope. The flux increase was detected from the region
NGC 1275 in autumn 2006. The detailed analysis of gammashower direction turned out the detection of metagalactic
object. This object was identified with the supernova SN
2006gy that is about 10 minutes away from NGC 1275.
The integral gamma-ray flux for SN 2006gy is found to be
(3.71 ± 0.65) × 10−12 cm−2 s−1 at energies of > 0.8 TeV.
The integral average gamma-ray fluxes of Mkn 421 and Mkn
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501 were estimated as (0.63 ± 0.14) × 10−12 cm−2 s−1 and
(0.86 ± 0.13) ± 10−12 cm−2 s−1 respectively. The increase of
the flux over the average value was detected in 1997 and
2004 observations of Mkn 421 by SHALON and estimated
to be (1.01 ± 0.25) × 10−12 cm−2 s−1 and (0.96 ± 0.2) ×
10−12 cm−2 s−1 , respectively. The significant increase of Mkn
501 flux was detected in 1997 and 2006 with the VHE
ground telescopes all over the world. The integral - ray flux
by SHALON telescope was estimated as (1.21 ± 0.13) ×
10−12 cm−2 s−1 . For the increase of 2006 the flux value is
(2.05 ± 0.23) × 10−12 cm−2 s−1 that is comparable with flux
of powerful galactic source Crab Nebula. The research of
extragalactic and galactic sources of very-high energy gammaquanta by methods, including ones using mirror Cherenkov
telescopes concerns, rather than delicate problem of the cosmic
ray nature and the role of our Galaxy and Extragalaxy in their
generation.
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Abstract— Cygnus X-3 is peculiar X-ray binary system discovered about 40 years ago. The system has been observed
throughout wide range of the electromagnetic spectrum. It is
one of the brightest Galactic X-ray sources, displaying high
and low states and rapid variability in X-rays. It is also the
strongest radio source among X-ray binaries and shows both
huge radio outbursts and relativistic jets. The radio activity is
closely linked with the X-ray emission and the different X-ray
states. Based on the detections of ultra high energy gamma-rays,
Cygnus X-3 has been proposed to be one of the most powerful
sources of charged cosmic ray particles in the Galaxy. The binary
Cyg X-3 came to new period of flaring activity at radio- and
X-ray energies in 2006. In May and July 2006 the significant
increase of Cyg X-3 flux have detected with SHALON at TeV
energy. The gamma-ray flux detected by SHALON in 2006 was
estimated as (1.47 ± 0.24) × 10−12 cm−2 s−1 with the indices of
integral spectra are kγ = −1.21 ± 0.06, kON = −1.65 ± 0.11
and kOF F = −1.73 ± 0.11. The gamma-ray flux detected by
SHALON in 2003 was estimated as (1.79±0.33)×10−12 cm−2 s−1
with the indices of integral spectra are k = −1.28 ± 0.06,
kON = −1.65 ± 0.11 and kOF F = −1.74 ± 0.11. Earlier, in 1997,
a comparable increase of the flux over the average value was
also observed and estimated to be (1.2 ± 0.5) × 10−12 cm−2 s−1 .
These results provide an evidence for a variability of the flux.
Confirmation of the variability (and, perhaps, periodicity) of
very high-energy gamma radiation from Cygnus X-3 by the
future observations would be important for understanding the
nature of this astrophysical object. The new galactic gammasource neutron star 2129+47XR is detected at energy > 0.8 TeV
with flux (0.19 ± 0.9) × 10−12 cm−2 s−1 and indices of the
integral spectra are kγ = −1.05 ± 0.10, kON = −1.54 ± 0.10
and kOF F = −1.74 ± 0.10.

I. INTRODUCTION
In 1983 the Kiel group announced that they had observed
a large flux of γ - rays with energy in excess of 1015 eV
from the X-ray binary Cyg X-3. But earlier, Cocconi proposed
in 1959 ICRC, Moscow an air shower array at extreme
mountain altitude to detect 1012 eV γ - rays from astrophysical
sources [1].
The Cherenkov gamma-telescope SHALON [2], [4], [3]
located at 3338 m a.s.l., at the Tien Shan high-mountain
observatory of Lebedev Physical Institute, has been destined
for gamma - astronomical observation in the energy range 1
– 65 TeV [2 – 34]. The SHALON mirror telescopic system
consists of composed mirror with area of 11.2 m2 . It is
equipped with 144 photomultipliers receiver with the pixel of
0.6◦ and the angular resolution of the experimental method of

Fig. 1. Top: The Cygnus X-3 gamma-quantum (E > 0.8 TeV) integral
spectrum by SHALON in comparison with other experiments: TIBET, [8]
2 - CYGNUS [9], [10], 3 - HEGRA [11], 4 - EAS-TOP [12], [13], 5 Whipple [14], [15], 6 - SHALON [20], [30], diamonds - CASA-MIA [16],
Kiel [18], Havera Park [19], the solid line is the theoretical calculation
(Hillas) [5], [6]. The Cygnus X-3 gamma-quantum spectrum with power index
of kγ = −1.21 ± 0.05; Bottom: The image of gamma-ray emission from
Cygnus X-3

< 0.1◦ . It is essential that our telescope has a large matrix
with full angle > 8◦ that allows us to perform observations of
the supposed astronomical source (ON data) and background
from extensive air showers (EAS) induced by cosmic ray
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Fig. 2.

The distributions of 5 image parameters (α, length/width, Int0, Int1, distance) for gamma- and proton-initiated air showers

(OFF data) simultaneously. Thus, the OFF data are collecting
for exactly the same atmospheric thickness, transparency and
other experimental conditions as the ON data.
An additional selection of electron-photon showers among
the net cosmic rays EAS becomes possible through an analysis
of a light image which, in general, emerging as an elliptic
spot in light receiver matrix. The selection of gamma-initiated
showers from the background of proton showers is performed
by applying the following criteria:
1) α < 20◦ ;
2) length/width > 1.6;
3) the ratio IN T 0 of Cherenkov light intensity in pixel with
maximum pulse amplitude to the light intensity in the eight
surrounding pixels exceeds > 0.6;
4) the ratio IN T 1 of Cherenkov light intensity in pixel with
maximum pulse amplitude to the light intensity in the in all
the pixels except for the nine in the center of the matrix is
exceeds > 0.8;
5) distance is less than 3.5 pixels.

Figure 2a shows the Monte Carlo distributions of the
image parameters for gamma- and proton-induced showers.
Tn Fig. 2b the distributions of the image parameters of the
gamma-showers extracted from the SHALON observations of
the point sources are presented, while Fig. 2c showes the
distributions of parameters of cosmic-ray protons extracted
from the zenithal SHALON observations. Our analysis of these
distributions suggests that the background was rejected with
99.8% efficiency (see Refs. [2], [4], [20], [30]).
II. C YGNUS X-3
Cygnus X-3 is peculiar X-ray binary system discovered
about 40 years ago. The system has been observed throughout
wide range of the electromagnetic spectrum. It is one of the
brightest Galactic X-ray sources, displaying high and low
states and rapid variability in X-rays. It is also the strongest
radio source among X-ray binaries and shows both huge radio
outbursts and relativistic jets. The radio activity are closely
linked with the X-ray emission and the different X-ray states.
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Fig. 3. Top. left: The Cygnus X-3 gamma-quantum spectrum in 1997 with
power index of kγ = −1.19 ± 0.09; right: The event spectrum from Cygnus
X-3 with background kON = −1.51 ± 0.09 and spectrum of background
events observed simultaneously with Cygnus X-3 - kOF F = −1.72 ± 0.09;
Bottom. left: The image of gamma-ray emission from Cygnus X-3 in 1997;
right: The energy image of Cygnus X-3 in 2003 (in TeV units) by SHALON.

Fig. 5. Top. left: The Cygnus X-3 gamma-quantum spectrum in 2003 with
power index of kγ = −1.28 ± 0.06; right: The event spectrum from Cygnus
X-3 with background kON = −1.65 ± 0.11 and spectrum of background
events observed simultaneously with Cygnus X-3 - kOF F = −1.74 ± 0.11;
Bottom. left: The image of gamma-ray emission from Cygnus X-3 in 2003;
right: The energy image of Cygnus X-3 in 2003 (in TeV units) by SHALON.

Fig. 4. Top. left: The Cygnus X-3 gamma-quantum spectrum in 2005 with
power index of kγ = −1.32 ± 0.11; right: The event spectrum from Cygnus
X-3 with background kON = −1.56 ± 0.10 and spectrum of background
events observed simultaneously with Cygnus X-3 - kOF F = −1.73 ± 0.09;
Bottom. left: The image of gamma-ray emission from Cygnus X-3 in 2005;
right: The energy image of Cygnus X-3 in 2005 (in TeV units) by SHALON.

Fig. 6. Top. left: The Cygnus X-3 gamma-quantum spectrum in 2006 with
power index of kγ = −1.24 ± 0.06; right: The event spectrum from Cygnus
X-3 with background kON = −1.65 ± 0.11 and spectrum of background
events observed simultaneously with Cygnus X-3 - kOF F = −1.73 ± 0.11;
Bottom. left: The image of gamma-ray emission from Cygnus X-3 in 2006;
right: The energy image of Cygnus X-3 (in TeV units) in 2006 by SHALON.
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Based on the detections of ultra high energy gamma-rays,
Cygnus X-3 has been proposed to be one of the most powerful
sources of charged cosmic ray particles in the Galaxy.
The attempts of detection of TeV emission from Cygnus X3 were first made in the mid of 1970s and continued through
the mid 1980s. Two observations were particulary important:
the Kiel results and contemporaneous observation at Haverah
Park. These results indicated a very large UHE flux from
Cygnus X-3. So, these results stimulated the construction of
many of new detectors. The upper limits of the Cygnus X-3
flux are over an order of magnitude lower than the detected in
the 1980s levels. Figure 1 shows upper limits on the steady flux
from Cygnus X-3 reported between 1990 and 1995 compared
with earlier observations. The Cygnus X-3 flux obtained by
SHALON is one order of magnitude lower than upper limits
published before.
Figures 1, 3, 4, 5 and 6 collect observational data obtained
with SHALON mirror Cherenkov telescope for the Cygnus X3 point source. This galactic binary system regularly observed
since a 1995 is known as a source with variable intensity
(from 5 × 10−12 to 10−11 cm−2 s−1 ); the average gammaquantum flux from Cygnus X-3 for E > 0.8 TeV is estimated
as F (EO > 0.8T eV ) = (6.8 ± 0.7) × 10−13 cm−2 s−1 . The
standard output of the SHALON data processing consists of
the integral spectrum of events coming from a source under
investigation; spectrum of the background events coming simultaneously, during the observation of the source; temporal
analysis of the source and background events; and the source
image. The energy spectrum of Cygnus X-3 at 0.8 − 65 TeV
can be approximated by the power law F (> EO ) ∝ E kγ ,
with kγ = −1.21 ± 0.05. This flux, measured for the first
time, is several times less than the upper limits established in
the earlier observations. The spectra of events satisfying the
selection criteria (spectral index kON = −1.33 ± 0.05) and
of the background events observed simultaneously with the
source (spectral index kOF F = −1.74 ± 0.05) are both shown
in Figures of [30] for comparison. The binary Cyg X-3 came
to new period of flaring activity at radio- and X-ray energies
in 2006. In May and July 2006 the significant increase of Cyg
X-3 flux have detected with SHALON at TeV energy. The
gamma-ray flux detected by SHALON in 2006 was estimated
as (1.47±0.24)×10−12 cm−2 s−1 with the indices of integral
spectra are kγ = −1.21 ± 0.06 (fig. 6), kON = −1.65 ± 0.11
and kOF F = −1.73 ± 0.11 (fig. 6).
In the 2005 Cyg X-3 was in the quiet period in TeV energies.
The average gamma-quantum flux from Cygnus X-3 for E >
0.8 TeV is estimated as F (EO > 0.8T eV ) = (5.4 ± 0.73) ×
10−13 cm−2 s−1 with the indices of integral spectra are kγ =
−1.32 ± 0.11 (fig. 4), kON = −1.56 ± 0.10 and kOF F =
−1.74 ± 0.09 (fig. 4). The images and spectra of Cyg X-3 in
silent period at 2005 are shown at Fig. 4. The are no features
found at flaring periods.
The gamma-ray flux detected by SHALON in 2003 was
estimated as (1.79 ± 0.33) × 10−12 cm−2 s−1 with the indices
of integral spectra are kγ = −1.28 ± 0.06 (fig. 5), kON =
−1.65 ± 0.11 and kOF F = −1.74 ± 0.11 (fig. 5).

Earlier, in 1997, a comparable increase of the flux over
the average value was also observed and estimated to be
(1.2 ± 0.5) ± 10−12 cm−2 s−1 (Fig. 3). These results provide
an evidence for a variability of the flux. Confirmation of
the variability (and, perhaps, periodicity) of very high-energy
gamma-radiation from Cygnus X-3 by the future observations
would be important for understanding the nature of this
astrophysical object.
III. 4U 2129+47
Another source type for the studding at very high energies is
low-mass X-ray binary. These binary systems usually consist
of the neutron stars which are usually paired with a low
mass (in contrast to Cyg X-3) companion and radiation is
a result of accretion. The accretion mechanism is different in
the cases of low mass companions. 4U 2129+47 is a lowmass X-ray binary that undergo high-low transitions in its Xray flux. It shows evidence of an extended X-ray emission
region often called an accretion disk corona (ADC). The ADC
source 4U 2129+47 is strongly believed to be a neutron star
since it has exhibited a Type I X-ray burst [35]. Since 1983,
4U 2129+47 has been in a quiescent state. The 4U 2129+47
binary is currently the only accretion disk corona source in a
low state [36].
The 4U 2129+47 as a new galactic gamma-source is
detected at energy > 0.8 TeV with flux (0.19 ± 0.05) ×
10−12 cm−2 s−1 and indices of the integral spectra are kγ =
−1.10±0.08, kON = −1.23±0.10 and kOF F = −1.73±0.09
(fig. 7). This source has a hard spectrum and it is characterized
with the weak flux in TeV energy range.
IV. C ONCLUSION
Cygnus X-3 galactic binary system has been regularly
observed since a 1995 by SHALON Atmospheric Cherenkov
telescope. The energy spectrum of Cygnus X-3 at 0.8 - 65 TeV
F (> EO ) ∼ E −1.21±0.05 is obtained for the first time with
flux on the order the less than upper limits published before.
The results of observation analysis provide an evidence for a
variability of the flux. Confirmation of the variability (and, perhaps, periodicity) of very high-energy gamma-radiation from
Cygnus X-3 by the future observations would be important for
understanding the nature of this astrophysical object.
The new galactic gamma-source neutron star 4U
2129+47XR of LMSB type is detected with extremely
low gamma-quantum flux at very high energies
(0.19 ± 0.05) × 10−12 cm−2 s−1 and hard spectrum.
Unlike a spectrum of cosmic protons and nuclei, the energy
spectrum of gamma-quanta is hard, Fγ (Eγ )dEγ ∝ Eγ−2.2 dEγ .
This lead to a rather small contribution of gamma-quanta to
the total flux of cosmic ray with energies ≥ 6 × 105 GeV.
But in the energy range of GZK cutoff, the contribution of
gamma-quanta grows up to 20% of the total cosmic-ray flux.
It is possible that the gamma-spectrum is not changed up to
super-high energies and thus it carries a unique information
on super-high-energy processes in the Metagalaxy. All the
above-mentioned put a further development in experimental
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Fig. 7. Top. left: The 2129+47XR gamma-quantum spectrum with power index of kγ = −1.10 ± 0.08; right: The event spectrum from 2129+47XR with
background kON = −1.23 ± 0.10 and spectrum of background events observed simultaneously with 2129+47XR - kOF F = −1.73 ± 0.09; Bottom. left:
The image of gamma-ray emission from 2129+47XR; right: The energy image of 2129+47XR by SHALON.

gamma-astronomical researches and in observational methods
for gamma-quanta of energies 103 − 109 GeV to the list of
the most important physical problems.
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TABLE I
T HE FLUX FROM C RAB N EBULA

Abstract— As in many other bands of electromagnetic spectrum, the Crab Nebula has become the standard candle for
TeV gamma-ray astronomy. It is available as steady source to
test and calibrate the telescope and can be seen from both
hemispheres. Crab Nebula has an extraordinary broad spectrum,
attributed to synchrotron radiation of electrons with energies
from GeV to PeV. This continuous spectrum appears to terminate
near 108 eV and photons, produced by relativistic electrons
and positrons (∼ 1015 eV) via Inverse Compton, form a new
component of spectrum in GeV - TeV energy range. Since
the first detection with ground based telescope the Crab has
been observed by the number of independent groups using
different methods of registration of gamma-initiated showers. The
SHALON observation results of well-known gamma-source Crab
Nebula are consistent with observation data of the best world
telescopes. The spectrum of gamma rays from the Crab Nebula
has been measured in the energy range 0.8 TeV to 11 TeV at
the SHALON Alatoo Observatory by the atmospheric Cerenkov
technique. The integral energy spectrum is well described by
the single power law I(> Eγ ) ∝ Eγ−1.44±0.07 . An image of
gamma-ray emission from Crab Nebula by SHALON telescope
is presented. The VHE spectral energy distribution of the Crab
Nebula is compared with the predictions of a synchrotron selfCompton emission model in energy range 0.8 TeV to 11 TeV
(Hillas et al. 1998).
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I. INTRODUCTION
The observations on Tien-Shan high-mountain station with
SHALON Atmospheric Cherenkov Telescopic System had
been carried out since 1992 year [1], [2], [3], [4]. The
mirror telescopic system of SHALON consists of a composed
mirror with the area of 11.2m2 . It is equipped with a 144photomultipher light-receiver that has the field of view > 8◦
(the largest in the world. It enables one to continuously
control the background of cosmic-ray particle emission and
the atmosphere transparency, thus increasing the observation
efficiency. During the period since 1992 12 metagalactic
and galactic sources have been observed. Among them are
galactic sources Crab Nebula (supernova remnant), Cygnus
X-3 (binary), Tycho’s SNR (supernova remnant), Geminga
(radioweak pulsar) and 2129+47 (binary) [1], [2], [3], [4],
[5], [6], [7]. The results of observation data analysis for the
each source are integral spectra of events coming from source

VHE Spectrum
(10−11
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0.3
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Tibet HD
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×10−1 × (E/3, T eV )−2.62±0.17

3.0

- kON , and background events, coming simultaneously with
source observation - kOF F , temporal analysis of these two
kind events and the source images. At Figs. 1, 2, and table II,
the observation results of Galaxy gamma-sources are showed.
II. C RAB N EBULA
Pulsar Wind Nebulae (PWN) is the class of objects considered as a particle accelerator in the Galaxy. One of the

579

Fig. 1. The Crab Nebula gamma-quantum integral spectrum by SHALON in comparison with other experiments: EGRET, COS-B, CELESTE, CAT, Asgat,
Whipple, Themistocle, HEGRA CT2, CANGAROO, Tibet, CASA-MIA [1], [2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12], [13]

Fig. 2. Top. left – The Crab Nebula gamma-quantum integral spectrum with power index of kγ = −1.44 ± 0.07; right – The event spectrum from Crab
Nebula with background with index of kON = −1.60 ± 0.06 and spectrum of background events observed simultaneously with Crab Nebula with index
kOF F = −1.74 ± 0.06. Bottom. left – The image of gamma-ray emission from Crab; right – The energy image (TeV units) of Crab by SHALON.
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TABLE II
T HE SHALON CATALOGUE OF G ALACTIC GAMMA - QUANTUM SOURCES WITH ENERGY > 0.8 T E V

Sources

Crab Nebula (SNR)

Source type

Pulsar Wind Nebula

Observable flux

Distance

(cm−2 s−1 )

(kpc)

(1.70 ± 0.13) × 10−12

2

(0.68 ± 0.07) ×

10−12

Cygnus X-3

Binary

Geminga

Radioweak pulsar

(0.48 ± 0.17) × 10−12

0.25

10

Tycho’ SNR

Shell type SNR

(0.52 ± 0.09) × 10−12

2.3

2129+47XR

Low-mass X-ray binary

(0.19 ± 0.09) × 10−12

6

Fig. 3. A Chandra X-ray image of Crab Nebula. The central part 200” × 200” of Crab Pulsar Wind Nebula (PWN) in the energy range 0.2-20 keV. The
white contour lines show the TeV - structure by SHALON observations.

PWN is Crab Nebula (very probably of Type II), observed
through all bands of electromagnetic spectrum. As in many
other bands of electromagnetic spectrum, the Crab Nebula has
become the standard candle for TeV gamma-ray astronomy. It
has been regularly observed by the number of independent
groups using different methods of registration of gammainitiated showers. It is available as steady source to test and
calibrate the telescope and can be seen from both hemispheres.
Since the first detection with ground based telescope the Crab
has been observed by the number of independent groups
using different methods of registration of gamma-initiated
showers. Some of these detections are presented below and
shown on fig. 1. The SHALON observation results of wellknown gamma-source Crab Nebula are presented at Figure 1

in comparison with other experiments EGRET, COS-B, CELESTE, CAT, Asgat, Whipple, Themistocle, HEGRA CT2,
CANGAROO, Tibet, CASA-MIA. The spectrum of gamma
rays from the Crab Nebula has been measured in the energy
range 0.8 TeV to 11 TeV at the SHALON Alatoo Observatory
by the atmospheric Cerenkov technique. The integral energy
spectrum is well described by the single power law I(> Eγ ) ∝
Eγ−1.44±0.07 (Fig. 2, table I). The spectrum indices for Crab
Nebula obtained by Whipple, SHALON, CANGAROO, CAT,
HEGRA atmospheric Cherenkov telescopes, Magic, HESS and
Tibet are presented in table I and [4 – 16] Also, the results of
observation data analysis are the images of Crab. A detailed
image of gamma-ray emission from Crab Nebula by SHALON
telescope is shown in Fig. 2.
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Fig. 4. The Crab Nebula gamma-quantum spectrum by SHALON together with other experiments: Whipple, EGRET, CANGAROO and with the predicted
inverse Compton spectrum for the different field strengths [11] and for the 67 nT.

Crab Nebula has an extraordinary broad spectrum, attributed
to synchrotron radiation of electrons with energies from GeV
to PeV. This continuous spectrum appears to terminate near
108 eV and photons, produced by relativistic electrons and
positrons (∼ 1015 eV) via Inverse Compton, form a new
component of spectrum in GeV TeV energy range.
For the purpose of calculating the Inverse Compton scattered radiation, the compleat spectrum of Crab Nebula need
to be taken into account to deduce the spectrum of relativistic
electrons (see ref. [11]). First, assuming magnetic field strength

in the region of emission, shown in fig. 2, 3 and a distance of
2 kpc to the nebula, the number spectrum of electrons in the
nebula can be deduced. Then the spectrum of emitted Inverse
Compton scattered photons can be deduced from the electron
spectrum [11].
In order to find relation between TeV and X-ray emission
and characteristics which are necessary to calculate a VHE
gamma-ray spectrum, the combination of SHALON and Chandra images were analyzed.
Figure 3 presents a Chandra X-ray image of the central part
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TABLE III
M AGNETIC F IELDS AND L IFETIMES [17]

Region

Field

Lifetime

Extent of region

(years)

(light years)

5.8

6.7

1.9 (60” radius)

bright Torus

7.7

4.3

1.7 (radius)

NW Loops

9.1

2.9

0.6

Jet center,

9.1

2.9

1.8 (length of jet)

bright inner ring

10.8

2.6

0.08

knot in bright

15.3

1.5

0.07 (size of knot)

6.2

5.9

(104
PWN

Gauss)

average

region 7

(thickness of ring)

inner ring
S Finger,

SW Finger,

1.3
(length of finger)

region 5
6.2

5.9

1.6
(length of finger)

region 7

200” × 200” of Crab Nebula in the energy range 0.2-20 keV.
In this energy band most of the PWN X-rays come from a
torus surrounding the pulsar. The white contour lines show
the TeV - structure by SHALON observations. The most part
of TeV energy gamma-quanta come from the region of bright
torus (see fig. 3, table III) whereas the contribution of energy
gives the region of the southern jet (see fig. 2).
Magnetic fields and lifetimes of representative regions in
Chandra image of Crab have been derived [17] and are listed
in Table 3.
TeV gamma-quantum spectrum (see fig. 4) is generated
by photons, produced by relativistic electrons and positrons
via Inverse Compton if the average magnetic field in the
region of VHE gamma-ray emission ∼ 67 nT (that is taken
from the comparison of TeV and X-ray emission regions, see
fig. 3 and table III). The observed by SHALON spectrum (see
fig. 4) is close to the predicted flux of gamma rays due to
Inverse Compton scattering of low energy photons by multiTeV electrons in the Nebula, if the magnetic field of 67 nT in
the region responsible for X-ray emission is taken into account.
III. C ONCLUSION
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The Inverse Compton emission that relativistic electrons
would generate in the parts of Crab Nebula (see. Figures 2)
is in good agreement with the TeV gamma-ray spectrum
observed by SHALON, if the average magnetic field in the
region of VHE gamma-ray emission is 67 nT which is taken
from the comparison of TeV (SHALON data) and X-ray
(Chandra data) emission regions.

583

Geminga and Tycho’ SNR
viewed in TeV gamma rays.
V.G. Sinitsyna, F.I. Musin, S.I. Nikolsky, V.Y. Sinitsyna, G.F. Platonov
P.N. Lebedev Physical Institute,
Moscow, Russia
Email: sinits@sci.lebedev.ru
Abstract— The gamma-quantum spectra produced by the electronic and hadronic components of cosmic rays have similar
shapes at the energies from 1 GeV to 1 TeV due to the synchrotron
losses of the electrons. So, the only observational possibility to
discriminate between leptonic and hadronic contributions is to
measure the gamma-quantum spectrum at energies higher than
1 TeV, where these two spectra are expected to be essentially
different. According to the theoretical prediction the gammaquantum emitting objects in our Galaxy are the supernova
remnants and binary. It is expected that about 20 Supernova
Remnants should be visible in the TeV gamma-rays whereas
only two were detected up to now by SHALON in northern
hemisphere, namely Tycho’s SNR and Geminga. The expected
π o -decay gamma-ray flux from Tycho Brage Fγ ∼ Eγ−1 extends
up to > 30 TeV, whereas the inverse Compton gamma-ray flux
has a cutoff above a few TeV. Hence, the detection of gammarays at energies 10 - 40 TeV by SHALON provides an evidence
of their hadronic origin. Geminga is one of the brightest sources
of MeV - GeV gamma-ray, but the only known pulsar that
is radio-quiet. Geminga has been the object for study at TeV
energies with upper limits being reported by three experiments
Whipple’93, Tata’93 and Durham’93.The images of gamma-ray
emission from Geminga by SHALON telescope are presented.
The value Geminga flux obtained by SHALON is lower than
the upper limits published before. Its integral gamma-ray flux is
found to be (4.8±0.7)×10−12 cm−2 s−1 at energies of > 0.8 TeV.
Within the range 0.8 - 5 TeV, the integral energy spectrum is
well described by the single power law I(> Eγ ) ∝ Eγ−0.58±0.11 .
The energy spectrum of supernova remnant Geminga F (EO >
0.8T eV ) ∝ E k is harder than Crab spectrum.

I. INTRODUCTION
TeV energies gamma-rays, measurable by the imaging
Cherenkov technique, are the most interesting for searching
TABLE I
T HE SHALON CATALOGUE OF G ALACTIC GAMMA - QUANTUM SOURCES
WITH ENERGY

Sources

> 0.8 T E V
Observable flux

Distance

(×10−12 cm−2 s−1 )

(kpc)

Crab Nebula (SNR)

(1.70 ± 0.13)

2

Cygnus X-3 (binary)

(0.68 ± 0.07)

10

Geminga (radioweak pulsar)

(0.48 ± 0.17)

0.25

Tycho’ SNR

(0.52 ± 0.09)

2.3

2129+47XR (binary)

(0.19 ± 0.09)

6

Fig. 1. The Geminga gamma - quantum (E > 0.8 TeV) integral spectrum by
SHALON in comparison with other experiments: Whipple’93 [7], Tata’93 [8]
and Durham’93 [9]

hadronic CRs in SNRs because they provide the information
about CRs of highest possible energies 1013 − 1014 eV. Direct
information about high-energy CR population in SNRs can be
obtained from gamma-ray observation. The gamma-quantum
spectra produced by the electronic and hadronic components
of cosmic rays have similar shapes at the energies from 1GeV
to 1 TeV due to the synchrotron losses of the electrons. So, the
only observational possibility to discriminate between leptonic
and hadronic contributions is to measure the gamma-quantum
spectrum at energies higher than 1 TeV, where these two
spectra are expected to be essentially different. High-energy
gamma-rays are produced by electronic and hadronic CR
components in the inverse Compton (IC) scattering and in the
hadronic collisions leading to pion production and subsequent
decay respectively. The gamma-quantum emitting objects in
our Galaxy are the supernova remnants and binary. SNe of
type Ib and II are more numerous in our Galaxy. According
to the theoretical prediction about 20 SNRs should be visible

584

Fig. 2. The broadband energy spectrum of Geminga. Upper limits correspond to that of pulsed flux whereas the data points represent the total flux [18].
Open circles are SHALON data.

Fig. 3. Top. left: The Geminga gamma-quantum integral spectrum with power index of kγ = −0.58 ± 0.11; right: The event spectrum from Geminga with
background with index of kON = −0.85±0.09 and spectrum of background events observed simultaneously with Geminga with index kOF F = −1.72±0.09;
Bottom. left: The image of gamma-ray emission from Geminga; right: The energy image (TeV units) of Geminga by SHALON

in the TeV gamma-rays whereas only two were detected up
to now by SHALON, namely Tycho’s SNR and Geminga.
The observations on Tien-Shan high-mountain station with
SHALON had been carried out since 1992 year [1], [2], [3],

[4]. During this period 12 metagalactic and galactic sources
have been observed. Among them are galactic sources Crab
Nebula (supernova remnant), Cygnus X-3 (binary), Tycho’s
SNR (supernova remnant), Geminga (radioweak pulsar) and
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Fig. 4. Top. left: The Tycho’s SNR gamma-quantum integral spectrum with power index of kγ = −1.00 ± 0.06; right: The event spectrum from Tycho’
SNR with background with index of kON = −1.14 ± 0.06 and spectrum of background events observed simultaneously with Tycho’s SNR with index
kOF F = −1.72 ± 0.06. Bottom. left: The SHALON image of gamma-ray emission from Tycho’s SNR and; right: The energy image (TeV units) of Tycho’s
SNR by SHALON;

2129+47 (binary) [1 – 18] and table I. The results of observation data analysis for the each source are integral spectra
of events coming from source - kON , and background events,
coming simultaneously with source observation - kOF F , temporal analysis of these two kind events and the source images.
At Figs. 1, 2, 3, 5, 6, the observation results of Galaxy gammasources are showed.
II. G EMINGA
A neutron star in the constellation Gemini is the second
brightest source of high-energy gamma-rays in the sky, discovered in 1972, by the SAS-2 satellite. For nearly 20 years, the
nature of Geminga was unknown, since it didn’t seem to show
up at any other wavelengths. In 1991, an regular periodicity
of 0.237 second was detected by the ROSAT satellite in soft
X-ray emission, indicating that Geminga is almost certainly a
pulsar. Geminga is the closest known pulsar to Earth. Figure 2

presents broadband energy spectrum of Geminga. Upper limits
correspond to that of pulsed flux whereas the data points
represent the total flux [18]. Black points are SHALON data
for steady flux.
Geminga is one of the brightest source of MeV - GeV
gamma-ray, but the only known pulsar that is radio-quiet.
Geminga has been the object for study at TeV energies
with upper limits being reported by three experiments Whipple’93 [7], Tata’93 [8] and Durham’93 [9]. Figures 1 and
3 show the SHALON results for this gamma-source. An
image of gamma-ray emission from Geminga by SHALON
telescope is shown in Fig. 3. As is seen from fig.1 the
value Geminga flux obtained by SHALON is lower than
the upper limits published before. Its integral gamma-ray
flux is found to be (0.48 ± 0.17) × 10−12 at energies of
> 0.8 TeV. Within the range 0.8 - 5 TeV, the integral
energy spectrum is well described by the single power law
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Fig. 5. top: The Tycho’s SNR gamma-quantum integral spectrum by SHALON in comparison with other experiments: the observed upper limits Whipple,
HEGRA IACT system, HEGRA AIROBICC and calculations: IC emission (thin lines), π ◦ - decay (thick lines) [6]. bottom: L. T. Ksenofontov, H.J. Vöek,
E.G. Berezhko in The Multi-Messenger Approach to High Energy Gamma-ray Sources, Barcelona, July 4-7, 2006 and [16]

I(> Eγ ) ∝ Eγ−0.58±0.11 (Fig. 3). The energy spectrum of
supernova remnant Geminga F (EO > 0.8T eV ) ∝ E k is
harder than Crab spectrum.
III. T YCHO ’ S SNR
Tycho Brage supernova remnant has been observed by
SHALON atmospheric Cherenkov telescope of Tien-Shan
high-mountain observatory. This object has long been considered as a candidate to cosmic ray hadrons source in Northern
Hemisphere, although it seemed that the sensitivity of the

present generation of Imaging Atmospheric Cherenkov System’s too small for Tycho’s detection. Tycho’s SNR has been
detected by SHALON at TeV energies. The integral gammaray flux above 0.8 TeV was estimated as (0.52±0.09)×10−12
(Fig. 5).
Figures 5, 6 show the observational results for the Tycho’s
SNR. An image of gamma-ray emission from Tycho’s SNR by
SHALON telescope is shown in Fig. 6. It coincides with spot
of the maximum intensity in north-east part of rim viewed
in X-ray by ROSAT [17]. The energy spectrum of Tycho’s
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3.1 - 3.3 kpc and an ambient density NH 0.5 − 0.4 cm3 and
the expected π O -decay gamma-ray energy spectrum extends
up to about 100 TeV.
IV. C ONCLUSION
Since the expected flux of gamma-quanta from π O -decay,
Fγ ∝ Eγ−1 , extends up to ∼ 30 TeV, while the flux of gammarays originated from the Inverse Compton scattering has a
sharp cutoff above the few TeV we may conclude that the
detection of gamma-rays with energies of ∼ 10 to 40 TeV by
SHALON is an indication of their hadronic origin [6], [16].
R EFERENCES

Fig. 6. contour - The SHALON image of gamma-ray emission from Tycho’s
SNR and grey scale image - ROSAT HRI [17] image of Tycho’s SNR
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Abstract— The cosmological processes, connecting the physics
of matter in active galactic nuclei will be observed in the energy
spectrum of electro- magnetic radiation. The understanding
of mechanisms in active galactic nuclei requires the detection
of a large sample of very high energy gamma-ray objects at
varying redshifts. The redshifts of very high energy gammaray sources observed by SHALON range from z=0.0179 to
z=1.375. During the period 1992 - 2008, SHALON has been
used for observations of the metagalactic sources NGC1275
(z=0.0183), SN2006gy (z=0.019), Mkn421 (z=0.031), Mkn501
(z=0.034), Mkn180 (z=0.046), OJ 287 (z=0.306), 3c454.3 (z=0.895),
1739+522 (z=1.375). The most distant object 1739+522 (with
redshift z=1.375), seen in TeV energy, is also the most powerful:
its integral gamma-ray flux is found to be (0.53 ± 0.10) ×
10−12 cm−2 s−1 at energies of > 0.8 TeV. The integral gammaray flux of 3c454 (z=0.859) was estimated as (0.43 ± 0.13) ×
10−12 cm−2 s−1 . It is consistent with the upper limit 0.84 ×
10−11 cm−2 s−1 obtained by Whipple telescope at energy more
than 0.5 TeV. The gamma-ray spectra and fluxes of known
blazars Mkn421, Mkn501 as the spectrum of NGC1275 and
distant flat-spectrum radio quasars 1739+522 and 3c454.3 are
presented: for NGC 1275 kγ = −2.26 ± 0.10; for Mkn 421
k± = −1.87 ± 0.11; for Mkn 501 kγ = −1.89 ± 0.11; for 3c454.3
kγ = −0.95 ± 0.10; for 1739+522 kγ = −1.09 ± 0.06. So, the
energy spectrum of metagalactic sources Mkn421, Mkn501, NGC
1275 at range 1012 − 1013 eV differs from spectra of distant
quasars 1739+522 and 3c454.3 that don’t contradict to united
energy spectrum F (> Eγ ) Eγ−1.2±0.1 . The most distant currently
known source 1739+522 is about 1011 times more powerful than
the full emission from all known sources of the Galaxy. Thus,
the modern gamma-astronomical observations put forward the
question: what mechanisms might be responsible for the currently observed gamma-ray fluxes from the remote metagalactic
sources? Observations of distant metagalactic sources have shown
that the Universe is more transparent to very high energy gammarays than previously believed.

I. INTRODUCTION
The cosmological processes, connecting the physics of
matter in active galactic nuclei will be observed in the energy
spectrum of electromagnetic radiation. The understanding of
mechanisms in active galactic nuclei requires the detection

Fig. 1. The 3c454.3 and 1739+522 gamma - quantum (E > 0.8 TeV)
integral spectra by SHALON in comparison with EGRET and Whipple data.

of a large sample of very high energy gamma-ray objects at
varying redshifts. The redshifts of very high energy gammaray sources observed by SHALON range from z=0.0179 to
z=1.375.
The gamma - astronomical researches are carrying out
with SHALON [1] mirror telescope at the Tien-Shan high
mountainous station since 1992. During the period 1992 2007 SHALON has been used for observations of metagalactic sources: Mkn 421, Mkn 501, Mkn 180, NGC 1275,
SN2006 gy, 3c454.3, 1739+522 and galactic sources: Crab
Nebula, Cyg X-3, Tycho’s SNR, Geminga, 2129+47XR [2 –
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TABLE I
T HE METAGALACTIC GAMMA - QUANTUM SOURCES CATALOGUE , OBSERVED BY SHALON; AT THE COLUMN R ELATIVE INTENSITY OF SOURCE THE
C RAB N EBULA INTENSITY IS TAKEN AS A UNIT – R
Sources

Type of source

Observable flux
(×10−12 cm−2 s−1 )

Distance
(Mpc)

R

Mkn 421

Blazar

(0.63 ± 0.14)

124

3.8 × 109

Mkn 501

Blazar

(0.86 ± 0.13)

135

4.46 × 109

Mkn 180

Blazar

(0.65 ± 0.23)

182

6.2 × 109

NGC 1275

Seyfert Galaxy

(0.78 ± 0.13)

71

1.2 × 109

SN2006 gy

Extragalactic Supernova

(3.71 ± 0.65)

83

4.2 × 109

3c4543

FSRQ

(0.43 ± 0.13)

4685

5.3 × 1012

1739+522

FSRQ

(0.53 ± 0.10)

7500

1.4 × 1013

Fig. 2. Top. left: The 3c454.3 gamma-quantum integral spectrum with power index kγ = −0.99 ± 0.10; right: The event spectrum from 3c454.3 with
background with index of kON = −1.13±0.08 and spectrum of background events observed simultaneously with 3c454.3 with index kOF F = −1.71±0.08;
Bottom. left: The 3c454.3 image at energy range of more then 0.8 TeV; right: The energy image (in TeV units) of 3c454.3 by SHALON.

9] Our method of the data processing is described in [1], [2],
[4], [5]. Some representative results are shown in [2 – 9] and
figures in these proceedings. Our data for Crab, Mkn 421 and
Mkn 501 are compared with those from other experiments in
space, within a wide energy range 108 − 1014 eV. As is seen
from [2 – 9] and fig. 2 (these proc.) the SHALON results
for these known gamma-sources are consistent with the data
by telescope EGRET telescope of the Compton Observatory
(CGRO), obtained in the energy region 102 − 103 MeV.

3 C 454.3
In 1998 year a new metagalactic source 3c454.3 (z=0.859)
has been detected by SHALON at TeV energies. The integral
gamma-ray flux above 0.8 TeV was estimated as (0.43 ±
0.13) × 10−12 cm−2 s−1 (Table I, Fig. 1). It is consistent with
the upper limit 0.84 × 10−11 cm−2 s−1 obtained by Whipple
telescope at energy more than 0.5 TeV [10], [11]. Taking
into account that the spectrum from 3c454.3 measured by
EGRET in the energy range ∼ 30 MeV to 50 GeV can be
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Fig. 3. Top. left: The 1739+522 gamma-quantum integral spectrum with power index of kγ = −0.93 ± 0.09; right: The event spectrum from 1739+522
with background with index of kON = −1.10 ± 0.08 and spectrum of background events observed simultaneously with 1739+522 with index kOF F =
−1.71 ± 0.08; and Bottom. left: The image of gamma-ray emission from 1739+522; right: The energy image of 1739+522 by SHALON.

approximated as E −1.2 [12], the net data are well described by
the uniform power law F (> E) ∝ E γ at whole energy range
108 − 1013 eV, (Fig. 1) [2 - 14] Figure 4 presents Spectral
energy distributions of 3c454.3. Black circles is SHALON
data. The data marked with open circles; solid and dashed
lines refer to the synchrotron self-Compton (SSC) and external
Compton (EC) model described in [15]
II. 1739+522
One more remote metagalactic gamma - source was detected
by SHALON in 1999 and is being intensively studied since
then. This object was identified with the active galactic nucleus
1739+522; its image is shown in fig. 3. This the most distant
object (with redshift z=1.375) is also the most powerful:
its integral gamma-ray flux is found to be (0.53 ± 0.10) ×
10−12 at energies of > 0.8 TeV. Within the range 0.8 - 7
TeV, the integral energy spectrum is well described by the
single power law I(> Eγ ) ∝ Eγ−0.93±0.09 (fig. 3). The
integral spectrum of the events from source has the power

index kON = −1.10 ± 0.08 while the spectral index of the
background events observed simultaneously with the source
is kOF F = −1.71 ± 0.08. The average gamma-flux measured
by EGRET telescope of Compton Observatory (CGRO)in the
range ∼ 30 MeV to 50 GeV is about 2 × 10−8 cm−2 s−1
with integral spectrum index about −1.2 [12]. Spectral energy
distributions of 1739+522 is presented on Figure 4. Black
circles is SHALON data. The data marked with open circles;
solid and dashed lines refer to the synchrotron (SSC) and
(EC) model described in [15] According to our analysis,
the energy spectra of distant quasars 3c454.3 and 1739+522
differ from those of the known blazars Mkn 421 (z=0.031)
and Mkn 501 (z=0.034): FM kn 421 (> Eγ ) ∝ Eγ−1.87±0.11
and FM kn 501 (> Eγ ) ∝ Eγ−1.85±0.11 . The indices of integral
spectra of events from Mkn 421 and Mkn 501 are respectively,
kON = −1.85±0.10 and kON = −1.83±0.06 and the spectral
indices of background events are kOF F = −1.76 ± 0.09 and
kOF F = −1.72 ± 0.06. Hence, the average energy spectrum
of these two metagalactic sources differs from spectra of
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Fig. 4. left – Spectral energy distributions of 3c454.3. Black circles (at TeV energies) are SHALON data. The data marked with open circles; solid and dashed
lines refer to the synchrotron self-Compton (SSC) and external Compton (EC) model described in [15]; right – Spectral energy distributions of 1739+522
with curves and data same as top
TABLE II
T HE INTEGRAL SPECTRUM INDICES OF SHALON SPECTRA IN ACTIVE
G ALACTIC N UCLEI

Sources

z

kγ

kON

kOF F

NGC 1275

0.0179

−2.25 ± 0.10

−2.13 ± 0.09

−1.72 ± 0.09

SN2006 gy

0.019

−3.13 ± 0.27

−2.54 ± 0.16

−1.73 ± 0.11

Mkn 421

0.031

−1.87 ± 0.11

−1.85 ± 0.10

−1.76 ± 0.09

Mkn 501

0.034

−1.85 ± 0.11

−1.83 ± 0.06

−1.72 ± 0.06

3c4543

0.859

−0.99 ± 0.10

−1.13 ± 0.08

−1.71 ± 0.08

1739+522

1.375

−0.93 ± 0.09

−1.10 ± 0.08

−1.71 ± 0.08

remote objects 1739+522 and 3c454.3 within the energy range
1012 −1013 eV. This observation does not contradict to unified
energy spectrum F (> Eγ ) ∝ Eγ−1.2±0.1 .
C ONCLUSION
The average energy spectrum of these two metagalactic
sources differs from spectra of remote objects 1739+522
and 3c454.3 within the energy range 1012 − 1013 eV. This
observation does not contradict to unified energy spectrum
F (> Eγ ) ∝ Eγ−1.2±0.1 .
The observed energy gamma-quantum spectra for four
sources in our Galaxy and for five Metagalactic sources do
not contradict to a averaged energy gamma-quantum spectrum of all sources in the energy range of 0.8-50 TeV,
f (Eγ )dEγ ∼ Eγ−2.25±0.10 dEγ . Meanwhile, the differential spectrum of protons and nuclei of cosmic radiation is
f (E)dE ∼ E −2.72±0.01 dE in the energy interval of 1 − 3 ×
107 T eV .

Thus, the energy spectrum in the interval 1012 − 1014 eV
for most of detected gamma-sources is harder than the hadron
cosmic ray spectrum. This makes the following known problem even sharper: what are processes in the Universe that
result in the uniform cosmic-ray spectrum over many orders
of magnitude in the energy?
A new problem arises after comparing the power of sources
of gamma-quanta generated in our Galaxy (supernova remnants) and the power of metagalactic gamma-sources (active
galactic nuclei, quasars). The power of the metagalactic gsources exceeds the power of gamma-sources in our Galaxy by
the factor of ∼ 106 . Moreover, the most distant of the currently
known sources, 1739+522 (see Table I), has the power 1011
times more than the total power of all known gamma-sources
in our Galaxy.
As was metioned above, the average energy-spectrum of
gamma-quanta from local sources, F (> Eo ) ∼ Eo−1.25 , does
not coincide with the energy spectrum of cosmic radiation,
F (> E) ∼ E −1.72 , which has a different spectral index. So,
the development of gamma-astronomy raises two questions: (i)
are there any grounds to divide cosmic radiation into two parts:
of galactic and of metagalactic origin, and (ii) what processes
make the cosmic-ray spectrum ∝ Ek −2.72±0.01 as a uniform
spectrum in the wide energy range 1011 − 1019 eV with the
index so different from that of a harder energy spectrum of
metagalactic sources, ∝ Eγ −2.25±0.10 . The total volume of
intergalactic space is nearly thousand times more than the
total volume of all galaxies in the Metagalaxy. The unlimited
number of small energy losses by protons and nuclei of cosmic
rays in elastic collisions with relict photons eventually results
in the Napiers constant 2.718..., i.e. the number more than
close to the index of the observational energy-spectrum of
primary protons in the energy ranges 1012 − 1016 eV and
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3 × 1017 − 1020 eV and reconstructed from the EAS spectrum.
A weak manifestation of the relict cutoff of protons and hard
fission of primary nuclei can be considered as a confirmation
of the suggestion made.
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Abstract— Since 1990, the Tibet air shower array has been
successfully operated at Yangbajing in Tibet, China. We have
continuously observed very high energy cosmic rays and gamma
rays by the Tibet air shower array having 2 steradian field-ofview. In this paper, we introduce our brief history of gamma-ray
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observations, future plan and its status. We are now proposing
to build the 10,000 m2 water-Cherenkov-type muon detector
array under the Tibet air shower array. In late fall of 2007, a
first prototype water Cherenkov muon detector of approximately
100 m2 was successfully constructed.

I. INTRODUCTION

In 1989-1990, a small-scall air shower array was constructed
at Yangbajing in Tibet, China (90.522◦ E, 30.102◦ N) at altitude
of 4,300 m above sea level, which corresponds to an atmospheric depth of 606 g/cm2 [1]. It is called the Tibet I array.
This array consists of only 49 scintillation detectors of 0.5 m2
each, which were placed at a lattice with 15 m spacing. The
Tibet I array was originally designed to investigate mainly two
scientific objects. One is measurement of the primary cosmicray energy spectrum and its chemical composition at energies
from 1014 to 1017 eV to study a broken power-law structure
in the cosmic-ray spectrum at about 4 × 1015 eV, generally
called as the “knee” [2] [3]. This prominent feature is thought
to be very important and deeply related with galactic cosmicray origin, acceleration and propagation. Another is to search
for very high energy gamma-ray sources above 10 TeV. This
might be stimulated by a detection of PeV gamma rays from
Cygnus X-3 by the Kiel group in 1983 [4], although there is no
clear confirmation yet. Since gamma rays from the cosmic-ray
accelerator are traveling straight towards the Earth unaffected
by the magnetic field, They can to be an useful tool to identify
the origin of cosmic rays. We searched for 10 TeV and 30 TeV
gamma rays from the Crab Nebula, Cygnus X-3 and Hercules
X-1 with the Tibet I array, and then we obtained stringent flux
upper limits from these three sources [1]. As for extragalactic
sources, we also searched for 10 TeV and 30 TeV gamma rays
from 15 active galactic nuclei (AGN) [5] and 10 TeV burstlike events coincident with the BATSE bursts [6], respectively,
by the Tibet I array.
In the TeV energy region, the first clear evidence for signals
from the Crab Nebula was reported by the Whipple collaboration with an imaging air Cherenkov telescope (IACT), which
detects the Cherenkov lights produced in the atmosphere by
relativistic charged particles in air showers, in 1989 [7]. After
the Whipple observation, a lot of IACTs have successfully
detected about 70 gamma-ray sources with their excellent
angular resolution and efficiency so far. On the other hand,
a complementary approach, such as the extensive air shower
(EAS) arrays which directly detect particles in the air shower
at the ground, has surveyed for gamma rays from various
gamma-ray emitters. The advantage of this technique is that it
enables us to operate 24 hours every day, regardless of weather,
and to observe almost half of the celestial sphere with a higher
energy threshold, compared with IACTs. In such a situation,
the Tibet I array was gradually updated to the Tibet II and
Tibet high density (HD) array by increasing the number of
detectors in 1994-1996 as shown in Figure 1. The Tibet HD
array of 5,175 m2 with dense scintillation detector spacing
(7.5 m grid) has successfully detected multi-TeV gamma rays
from the Crab Nebula for the first time by the EAS array
technique [8]. The Tibet HD array also have detected multiTeV gamma-ray flare from Mrk 501 in 1997. This was the
only observation using a conventional air shower array. [9].
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Fig. 1. Scintillation detector deployment of the Tibet I, II and HD air shower
arrays.

15 m
Scintillation Counters

Fig. 2.

Scintillation detector deployment of the Tibet III air shower array.

II. RECENT GAMMA RAY OBSERVATION
After success of gamma-ray detections by the Tibet HD
array, the array was further upgraded to the Tibet III array
(22,050 m2 ) by expanding the high density area in 1999 [10].
In the late fall of 2003, the area of the Tibet III array was
further enlarged up to 36,900 m2 by adding 256 detectors as
shown in Figure 2 and Figure 3. This new array has been
successfully operating since then, triggering air shower events
at a rate of 1,700 Hz.
The air shower array having wide field-of-view enables us
to search for diffuse gamma rays from the Galactic plane with

Picture of the Tibet III air shower array.

better sensitivity than IACTs. Data from the Tibet III array
(with energies around 3 TeV) and from the Tibet II array
(with energies around 10 TeV) have been analyzed for diffuse
gamma rays from the Galactic plane [10]. The upper limits
more were stringent in the multi-TeV region than those from
IACTs in the lower energy region and other air shower arrays
in the higher energy region. The latest flux upper limits on
diffuse gamma rays from the Galactic plane observed by the
Tibet II/III array is found in [11].
Mrk 421 was in an active phase during the period between
the year 2000 and 2001, showing strong and frequent flares.
During this flaring period, the Tibet III array successfully
continued to monitor the sky region with ∼2-steradian solid
angle [12]. This constant observation is beyond reach of IACTs
which can observe the sky only at clear moonless nights.
The stability of the array operation can be well checked by
continuously observing the Moon’s shadow and the event rate
of air shower events. Using this array, we detected multi-TeV
flaring gamma rays from Mrk 421 at a significance level of
5.1 σ as shown in Figure 4 and found a positive flux correlation
between the keV and TeV energy regions.
Using dataset from 1997 to 2003, the MAKET-ANI experiment claimed a positive detection (6 σ statistical significance)
of PeV cosmic radiation from the Monogem ring supernova
remnant [13]. Subsequently, in order to confirm this observation, we searched for steady PeV gamma-ray emission around
the Monogem ring with the Tibet II and Tibet III array from
1997 February to 2004 October [14]. However, no significant
signal was found in the whole Monogem ring region, although
we have 10 times better sensitivity than the MAKET-ANI.
Among the EAS array experiments, only the Tibet air
shower array and Milagro experiments [15] have resulted
in successful detection of gamma-ray emissions from the
standard candle Crab Nebula and from transient sources such
as Mrk 501 and Mrk 421 so far. Their abilities of high duty
cycles and large fields of view allow them to simultaneously
monitor a larger area in space over continuous time. This
fact is a great advantage to search for unknown/flare-type
sources and diffuse/extended sources. Using the Tibet III array,
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Fig. 4.

Significance map around Mrk 421 observed by the Tibet III array.
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Fig. 5. Differential energy spectrum of gamma rays from the Crab Nebula
observed by the Tibet III array, together with results from the IACTs, i.e., the
HEGRA [20], H.E.S.S. [21], MAGIC [22], Whipple [23] and CANGAROO III
[24]. The Tibet III upper limit is given at the 90% confidence level.

we have surveyed gamma-ray sources [16] and precise largescale cosmic-ray anisotropy in the northern sky [17]. In these
results, we first pointed out new small-scall excesses (∼2◦ )
in Cygnus region at multi-TeV energies [17]. These excesses
favor the interpretation that the extended gamma-ray emission.
One of them is coincident with MGRO J2019+37 which the
Milagro experiment recently established to gamma-ray source
[18]. The further detailed analysis in Cygnus region have been
continuing.
More recently, we have updated our results of the Crab Nebula using the Tibet III array [19]. The differential energy
spectrum of the Crab Nebula is shown by filled circles in
Figure 5. In the same energy range, this energy spectrum

2.5m

Soil
Concrete
20inch PMT

1.5m

7.2m
Fig. 7.

Schematic sideview of each MD detector.

Fig. 6. 3D significance map of the Moon’s shadow observed by the Tibet III
array using the events in an area of 8◦ ×8◦ centered on the Moon.

is statistically consistent with other observations made by
IACTs. The Tibet III array was calibrated especially well
by observation of the Moon’s shadow as demonstrated in
Figure 6. The systematic error in the absolute energy scale
is estimated to be less than ±12% by the energy dependence
of the Moon’s shadow east-west displacement due to the
geomagnetic field. The systematic pointing error is estimated
to be smaller than 0.011◦ using the north-south displacement
of the Moon’s shadow uneffected by the geomagnetic field.
These calibration methods are unique among the ground-based
TeV gamma-ray observations, and the results will provide
convincing proof for the MC simulation of our future plan.
For more details, see [19].

FT Detector (636)
15 m

UG Cherenkov Detector (184)
total 9,540 m2

FT Detector w/ D−PMT(445)
1081 detectors

III. FUTURE PROSPECTS

Fig. 8. Schematic view of the Tibet AS+MD array in the future. Open squares
show future Tibet air shower array which consists of ∼1,000 scintillation
detectors (83,000 m2 ). Grey area shows water-Cherenkov-type MD array
which consists of 192 water cells (10,000 m2 ).

A problem in very high energy gamma-ray astronomy
with the ground-based experiment is dominant cosmic-ray
background events against gamma-ray signals. In order to significantly discriminate between gamma rays and background
cosmic rays, we are now planning to build a water-Cherenkovtype muon detector array (Tibet MD array) under the Tibet
air shower (AS) array [25] [26] [27] [28]. Because gammaray induced air shower have much less muons than cosmic-ray
induced one. Each muon detector is a waterproof concrete cell,
7.2 m wide × 7.2 m long × 1.5 m deep in size, equipped with
two 20 inch-in-diameter PMT (HAMAMATSU R3600) as
shown in Figure 7. The Tibet MD array consists of 192 muon
detectors set up 2.5 m underground as shown by gray areas
in Figure 8. Its total effective area amounts approximately to
10,000 m2 for muon detection with an energy threshold of
1 GeV.

The Monte Carlo simulation including the air shower generation and responses of the Tibet AS+MD array was done to
estimate the discrimination power between gamma rays and
cosmic-ray background events based on counting the number
of muons accompanying an air shower [26]. As a result,
cosmic-ray induced air showers are suppressed by 99.99%
around 100 TeV, while gamma-ray-induced air showers remain
by more than 95%. Finally, we calculate the integral flux
sensitivity of the Tibet AS+MD array to point-like gamma rays
as shown by the thick solid curve in Figure 9. Note that our
sensitivity above 200 TeV is defined as a flux corresponding
to 10 gamma-ray events, since the background events are fully
suppressed to less than one event.
The Tibet AS+MD array will have the sensitivity to gamma
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Fig. 9. Integral flux sensitivities to point-like gamma-ray sources. Dashed
curves show sensitivities of Cherenkov telescopes at 5 σ for 50 hours
(MAGIC, VERITAS and HESS from the upper curve). The thick solid
curve demonstrates the sensitivity of the Tibet AS+MD array at 5 σ for 1
calendar year. Closed circles show the integral fluxes converted from observed
differential fluxes of “HESS J” sources point by point assuming their spectral
indices [29]. Thin lines show fittings and extrapolations to HESS data points
assuming gamma-ray production model at proton-proton interaction by Kelner
et al. [30]. The maxmum energy of protons is set to 1000 TeV.

rays in the 100 TeV region by an order of magnitude better
than any other previous existing detectors in the world. The
sensitivity of the full-scall Tibet AS+MD array is shown
in Figure 9, together with gamma-ray fluxes of unidentified
“HESS J” sources [29]. If the “HESS J”-like sources also
exist in the northern hemisphere, we will discover gamma-ray
signals and cutoff energy from 10 TeV to 1000 TeV at high
significance level. In the whole of northen sky, we can expect
to detect a dozen known/unknown point-like/extended sources
and diffuse gamma rays from Galactic plane with extremely
low background level (∼1 event / degree2 ). In the near future,
the MAGIC and VERITAS experiments, together with the
Tibet AS+MD array will contribute to a deeper understanding
of the origin and acceleration mechanism of cosmic rays.
In the late fall of 2007, a prototype muon detector of
approximately 100 m2 in total was constructed at ∼90 m away
from the center of the existing Tibet air shower array. The
prototype detector’s goals are to check construction feasibility,
development of calibration method, confirmation of our Monte
Carlo (MC) simulation and searching for sub-PeV gamma rays
in the northern sky. Outside and inside view of a prototype
muon detector are shown in Figure 10 and Figure 11, respectively. The preliminary data analysis is in good agreement with
our MC simulation results [31].
IV. SUMMARY
With the Tibet HD and Tibet III arrays, we have successfully
detected gamma rays from the Crab Nebula, Mrk 501 and
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Fig. 11. Inside of a water cell of the prototype muon detector equipped with
three 20 inch PMTs in an area of 52 m2 .

Mrk 421. In Cygnus region observed by the Tibet III array,
the large-scale excess consists of a few spatially separated
enhancements of smaller scale superposed onto a large-scale
anisotropy. This small-scale (∼2◦ ) excess favors the interpretation that the extended gamma-ray emission from the
Cygnus region. The Tibet III array was especially tuned by
observation of the Moon’s shadow, thanks to its very high
statistics. Therefore, the Tibet III array will provide reliable
results in the future. However, we will surely need drastic
improvement of gamma-ray sensitivity. We are now proposing
to construct a 10,000 m2 water-Cherenkov-type muon detector
(MD) array under the Tibet air shower array. The Tibet MD
array will enable us to improve gamma-ray sensitivity in 100
TeV energy region by an order of magnitude better than
any other previous existing experiments in the world. In late
fall of 2007, a prototype water Cherenkov muon detector of
approximately 100 m2 was successfully constructed under the
Tibet air shower array. The preliminary data analysis is in good
agreement with our MC simulation. This prototype detector
will be the first step to pioneer the 100 TeV gamma-ray
astronomy.
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Search for emission from Gamma Ray Bursts with
the ARGO-YBJ detector
Tristano Di Girolamo1 for the ARGO-YBJ Collaboration

Abstract— ARGO-YBJ is a full coverage air shower detector
consisting of a 6700 m2 carpet of Resistive Plate Counters, located
at Yangbajing (Tibet, P.R.China, 4300 m a.s.l.). Its large field
of view (∼ 2 sr) makes ARGO-YBJ particularly suitable to
detect unpredictable and short duration events such as Gamma
Ray Bursts. ARGO-YBJ works using two techniques: the Scaler
Mode, which reaches the lower energy limit (∼ 1 GeV ) of the
detector, and the Shower Mode, with an energy threshold of a few
hundreds of GeV. Here we present the results of the search for
emission from Gamma Ray Bursts in coincidence with satellite
detections.

I. INTRODUCTION
Many theoretical models for Gamma Ray Bursts (GRBs)
predict a significant emission above 1 GeV. The high energy
gamma rays can result from several processes, both leptonic
and hadronic, such as inverse Compton scattering by electrons,
electron and proton synchrotron emission, and photopion
production, each of them included in a wide variety of models
with different hypotheses on the production region, giving
different features of the emitted signal (see [1] for a review).
Once produced, this high energy radiation is absorbed by the
Extragalactic Background Light (EBL) before reaching the
Earth, nevertheless the measurements in the GeV-TeV energy
range may reveal the spectral cutoff of GRBs, constraining
the emission models. No cutoff energy has been detected till
now by satellites up to 1 GeV, forcing the search to more
energetic regions. Since the gamma ray extinction increases
with distance, and most of the observed GRBs occur at large
redshifts, it is important to keep the detectable energy under
100 GeV, where the absorption increases rapidly. However the
amount of the EBL is not yet well known, and the detection
from ground of the blazar 3C279 at z=0.536 with the MAGIC
imaging atmospheric Cherenkov telescope at E > 80 GeV [2]
re-emphasized the problem of the opacity of the Universe to
gamma rays in the sub-TeV energy range [3].
Above 1 GeV, the detection made by EGRET of only 3
GRBs during 7 years of observations [4], with photons up to
18 GeV (emitted from GRB940217 about 90 minutes after
the burst start [5]), indicates that their spectra are usually soft.
Recently, the LAT instrument on board the Fermi Gammaray Space Telescope announced the detection of more than 10
photons above 1 GeV from GRB080916c [6] (unfortunately
this event was below the horizon of our detector). At higher
energies, hints (∼ 3σ) of emission detected at ground have
1 Università di Napoli “Federico II” and INFN, Dipartimento di Scienze
Fisiche, Complesso Universitario Monte S. Angelo, Via Cintia, 80126 Napoli,
Italy, tristano@na.infn.it
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been reported by Milagrito for GRB970417a (E > 650 GeV)
[7], by the GRAND array for GRB971110 (E > 10 GeV) [8],
and by HEGRA AIROBICC for GRB920925c (E > 20 TeV)
[9]. Moreover, the Tibet Air Shower array found an indication
of 10 TeV emission in a stacked analysis of 57 bursts [10].
40 years after their discovery, and more than 10 years after
the detection of the first afterglow by BeppoSAX [11], the
physical origin of the enigmatic GRBs is still under debate.
The scarcity of information generates a confused situation,
allowing a great variety of very different models. This puzzling
condition is hampered by the few contradictory experimental
results. In this situation, and mainly in the > 1 GeV energy
region, any result could be of great importance to approach
the solution of the GRB mistery. In this paper, the search
for emission in the 1 GeV-1 TeV range in coincidence with
satellite detections is presented for several GRBs.
II. THE DETECTOR
The Astrophysical Radiation with Ground-based Observatory at YangBaJing (ARGO-YBJ), located at the Yangbajing
Cosmic Ray Laboratory (30.11◦ N, 90.53◦ E, atmospheric depth
606 g/cm2 ), was completely installed in spring 2007. It is
made by a single layer of Resistive Plate Counters (RPCs),
with a full coverage (92% of active surface) of an area of
5600 m2 , surrounded by a sampling guard ring for a total
of 6700 m2 . The apparatus has a modular structure, the
basic module being a “cluster” (5.7×7.6 m2 ), divided into 12
RPCs (2.8×1.25 m2 each). The RPCs are working at a high
voltage 7200 V with a gas mixture made by 15% Argon, 10%
Isobutane and 75% Tetrafluoroethane and a resulting efficiency
of 95%. In future a 0.5 cm thick lead converter will cover
the apparatus. Since the clusters are working independently,
physical studies started since the beginning of the installation,
with surface and sensitivity increasing with time.
The detector is connected to two independent data acquisition systems, corresponding to operations in “shower mode”
and “scaler mode”. In shower mode the arrival time and the
location of each particle are recorded using the highest spacetime granularity of the detector, the “pad”, with dimension
55.6×61.8 cm2 (10 pads on each RPC). The current threshold
is set to 20 fired pads, corresponding to an energy threshold
for photons of a few hundreds of GeV and a trigger rate of ∼
3.8 kHz. In scaler mode the counts of each cluster are obtained
adding up the signal coming from its 120 pads. This signal
is put in coincidence in a narrow time window (150 ns) and
read by four independent scaler channels, measuring the total
counting rate of ≥ 1, ≥ 2, ≥ 3 and ≥ 4 pads fired. The

corresponding trigger rates are ∼ 40 kHz, ∼ 2kHz, ∼ 300 Hz
and ∼ 120 Hz. This technique does not allow the measurement
of the energy and direction of the primary gamma rays, and the
field of view is only limited by the atmospheric absorption,
but the energy threshold can be pushed down to ∼ 1 GeV,
overlapping the highest energies investigated by satellite experiments. Moreover, with four measurement channels sensitive
to different energies, in case of positive detection valuable
information on the high energy spectrum slope and possible
cutoff may be obtained. A detailed description of the detector
and its performance can be found in [12], [13] and references
therein; the single particle technique applied to the ARGOYBJ experiment, with the determination of effective area,
upper limits calculation and expected sensitivity, can be found
in [14].
III. SEARCH FOR EMISSION FROM GRBS
A. SEARCH IN SCALER MODE
Data have been collected from November 2004 (corresponding to the Swift satellite launch) to June 2008, with a detector
active area increasing from 693 to 6628 m2 . During this
period, a total of 58 GRBs was inside the ARGO-YBJ field
of view (i.e. with zenith angle θ ≤ 45◦ ); for 19 of them the
detector and/or data acquisition were not active or not working
properly. The remaining 39 events were investigated searching for a significant excess in coincidence with the satellite
detection. In order to extract the maximum information from
the data, two GRB analyses have been implemented:
•

σ=

b + b/20

b0 + b0

(3)

Mean = 0.001± 0.005
σ = 1.00± 0.01
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σ =

As an example, figure 1 shows the f (C1 ) distribution for a
single cluster and for the sum of all the clusters active during
GRB060121; even if the single clusters show a Poissonian
behaviour, with width σ ∼ 1, the P
correlation effect on the
sum of all clusters broadens the f 0 ( C1,i ) distribution (σ >
1).
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for a period of ±12 h around the GRB trigger time. In this
formula, representing the significance of an excess compared
to background fluctuations, s is the number of counts in a time
interval of 10 s and b the number of counts averaged on a time
interval of 100 s before and after the signal, with about 400
independent samples per distribution. The time interval of 10
s has been chosen as the longest surely not affected by the
systematic effects given by environment and instrument (such
as atmospheric pressure and detector temperature variations).
The expected distribution of f is the standard normal function;
all the clusters giving a distribution with measured σ > 1.2 or
with anomalous excesses in the tail σ > 3 (i.e. > 2%), in at
least one multiplicity channel, are discarded. This guarantees
that our data fulfill the requirements on stability and reliability
of the detector. The counting rates of the clusters surviving our
quality cuts (∼92%) are then added up and the normalized
fluctuation function

0

Mean = 0.000± 0.006

4000

σ = 1.31± 0.01

N

f = (s − b)/σ,

0

0

0
-10

p

0

Ci = C≥i − C≥i+1 (i = 1, 2, 3)

search for a signal from every single GRB;
search for a signal from the stack of all GRBs.

For both analyses, the first step is the data cleaning and
check. For each event, the Poissonian behaviour of the 4
multiplicity channels (≥1, ≥2, ≥3, ≥4) for all the clusters
is checked using the normalized fluctuation function:

0

f = (s − b )/σ ,

N

•

r

∆t90
(2)
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is used to give the significance of the coincident on-source
counts. In this case s0 is the total number of counts in the ∆t90
time window given by the satellite detector (corresponding to
the detection of 90% of the photons) and b0 is the number of
counts in a fixed time interval of 300 s before and after the
signal, normalized to the ∆t90 time. Due to the correlation
between different clusters (given by the air shower lateral
distribution), the true statistical significance of the on-source
counts over the background is obtained again in an interval
of ±12 h around the GRB time. This calculation is made
using equation (17) of Li & Ma [15]; a detailed analysis of
the correlation effect and detector stability on counting rates
can be found in [14]. The analysis can be done for all the
multiplicity channels ≥1, ≥2, ≥3, ≥4 and 1, 2, 3, where the
counting rates Ci are obtained from the measured counting
rates C≥i using the relation:
0
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Fig. 1. Experimental distribution of the normalized excesses of signal over
background for GRB060121. Top: channel C1 for a typical cluster compared
with a Gaussian fit; bottom: sum of the 100 active clusters.

In the following, all the results are obtained using the
counting rate C1 , since it corresponds to the minimum primary
energy in the ARGO-YBJ scaler mode. Figure 2 shows the

distribution of the significances for the whole set of 39 GRBs
compared with a standard normal distribution. No significant
excess is shown; the mean value is 0.26σ and the maximum significance is obtained for GRB051114 (3.10σ), with
a chance probability of 3.8% taking into account the total
number of GRBs analyzed.

If the two curves cross in the 2-100 GeV energy range, the
intersection gives the upper limit to the cutoff energy. For these
GRBs we obtain that, if their spectra should have extended
up to Ecut , it would have produced an increase in counts
detectable with a 99% c.l.. Figure 4 shows the resulting cutoff
energies.
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Fig. 2. Distribution of the statistical significances of the 39 GRBs with respect
to background fluctuations, compared with a standard normal distribution.

The fluence upper limits are then obtained in the 1-100
GeV energy range adopting a power law spectrum and by
considering the maximum number of counts at 99% confidence
level (c.l.), following [16]. For this calculation, two different
assumptions are used for the power law spectrum: a) extrapolation from the keV-MeV energy region using the spectral index
measured by the satellite experiments; b) using a differential
spectral index α = -2.5. Since the mean value of spectral
indexes measured by EGRET in the GeV energy region is
α = -2.0 [17], we expect that the true upper limits lie between
these two values. For those GRBs for which the redshift is
known, an exponential cutoff is considered to take into account
the effects of the extragalactic absorption and the extinction
coefficient is calculated using the values given in [18]. When
the redshift is not known, a value of z = 1 is adopted. Figure 3
shows the upper limits obtained extrapolating the keV power
law spectra measured by satellites (left) and those obtained
assuming a differential index 2.5 (right). Triangles represent
GRBs with known redshift.
When using as the GRB spectrum the extrapolation from
the keV-MeV region with the spectral index measured by
satellite experiments, the upper limit to the cutoff energy can
be determined at least for some GRBs. The procedure is the
following: the extrapolated fluence is plotted together with our
fluence upper limit as a function of the cutoff energy Ecut .
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Fig. 4. Upper limits to the cutoff energy. The triangle represents GRB050802,
whith redshift z=1.71.

For GRBs with known redshift, a reasonable evaluation
of the gamma ray extinction and thus of the upper limits
is allowed. Depending on the zenith angle, time duration
and spectral index, we obtain fluence upper limits in the
1-100 GeV energy range down to 4×10−6 erg/cm2 . It is
worthwhile to notice that these values greatly depend on the
energy range used for the calculation, making meaningless the
comparison of upper limits between experiments working in
different energy regions. Such a comparison should be done
considering the expected number of positive detections under
similar hypotheses. For example, the number of GRBs that
the MAGIC Telescope can detect is estimated to lie in the
range 0.2-0.7 per year [19]. Our estimate, based on similar
assumptions (i.e. data from the satellite CGRO) lies between
0.1 and 0.5 per year [14]. The sensitivity of these detectors
is thus comparable, even if the fluence upper limits differ for
more than 2 decades.
A different analysis is done supposing a common timing
feature in all the GRBs. First, the total number of counts in
the ∆t seconds (with ∆t=0.5, 1, 2, 5, 10, 20, 50, 100, 200)
after T0 (the low energy trigger time given by the satellite) for
all the GRBs has been added up. This is done in order to search
for a possible cumulative high energy emission with a fixed
duration after T0 . The resulting significances for the 9 time
bins (figure 5) show that there is no evidence of emission for a

1.8

2
Fluence upper limit
) (erg/cm

-3

2

Fluence upper limit
) (erg/cm

10

10

10

10

-4

-5

-6

0

5

10

15

20

25

30

35

40

45

50

Zenith angle (deg)

10

10

10

10

-3

-4

-5

-6

0

5

10

15

20

25

30

35

40

45

50

Zenith angle (deg)

Fig. 3. Fluence upper limits as a function of the zenith angle in the 1-100 GeV range obtained extrapolating the measured keV-MeV spectra (left) or assuming
a differential photon index 2.5 (right). For those GRBs with known redshift the upper limits are calculated taking into account the extragalactic absorption
(triangles), otherwise z = 1 is assumed (circles).

certain ∆t. Since the bins are not independent, the distribution
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A second search is done to test the hypothesis that the high
energy emission occurs at a certain phase of the low energy
burst, independently of the GRB duration. For this study, all
the 33 GRBs with ∆T90 ≥ 5 s (i.e. belonging to the “long
GRB” population) have been added up in phase scaling their
duration. This choice has been done for both physical and
technical reasons, adding up the counts for GRBs of the same
class and long enough to allow a phase plot with 10 bins
given our time resolution of 0.5 s. Figure 6 shows the resulting
significances for the 10 phase bins; no evidence of emission
at a certain phase is obtained, and the overall significance of
the GRBs stacked in phase (obtained adding up all the bins)
with respect to background fluctuations is 0.36 σ.
This search, for both GRBs stacked in time and in phase,
could give a significant signal even if the emission of each
GRB is lower than the sensitivity of our detector. In this case,
less information could be given with respect to the single
GRB coincident detection, but we must consider that with the
stacked analysis we increase our sensitivity by increasing the
number of GRBs, while for the single GRB search we decrease
our sensitivity because of the increasing number of trials.
B. SEARCH IN SHOWER MODE

Fig. 5. Significances of GRBs stacked in time for durations between 0.5 and
200 s after the low energy trigger time T0 .

of the significances of the 9 time bins is compared with random
distributions obtained for starting times different from T0 in
a time window of ±12 h around the true GRB trigger time.
The resulting overall significance of the GRBs stacked in time
with respect to random fluctuations is 0.27 σ.
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Data collected from July 2006 to July 2008 have been
analyzed around the trigger time of 20 GRBs detected by
satellites inside the ARGO-YBJ field of view. No significant
excess was found for any of them. 99% c.l. upper limits to
the fluence were determined assuming a power law spectrum
with differential index α=-2.0, considering absorption by the
EBL when the redshift was available. The lowest values are
≈ 10−5 erg/cm2 in the 10 GeV−1 TeV range. More details
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Fig. 6. Significances of GRBs with duration ∆T90 ≥ 5 s stacked in 10
phase bins.

about this analysis, together with a discussion of its results,
are in [20].
IV. CONCLUSIONS
Combining operations in scaler and shower modes, the
ARGO-YBJ experiment allows the study of GRBs in the
whole 1 GeV−1 TeV range. In the search for high energy
emission in coincidence with GRBs detected by satellites, no
significant excess was found for any event. The search for
a cumulative signal in scaler mode, stacking GRBs both in
time and phase, has shown no deviation from the statistical
expectations. The derived fluence upper limits reach values as
low as ≈ 10−5 erg/cm2 both in the 1-100 GeV range, using
data collected in scaler mode, and in the 10 GeV-1 TeV region,
with shower mode data. Since upper limits to the cutoff energy
can be set for several GRBs between 2 and 100 GeV, we can
conclude that the simple extrapolation of the power law spectra
measured at low energies is not always possible [21].
R EFERENCES
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Abstract— POLAR [1] is a spaceborne hard X-ray polarimeter
whose design has been optimized to measure the level of linear
polarization of gamma-ray bursts (GRB) in the energy range
50-500 keV. In POLAR, the GRB photons undergo Compton
scattering in a target made out of 1600 plastic scintillator
bars (6x6x200 mm3 each). The azimuthal distribution of the
scattered photons inside the target provides the information on
the GRB polarization. The target is divided into 5x5 units, each
one consisting of 8x8 scintillator bars optically coupled with a
64 channel multi-anode photomultiplier (MAPM, Hamamatsu
H8500). POLAR, thanks to its large modulation factor (µ100 =
40%), its large effective area (Aeff = 400 cm2 ), and its large field
of view (around 1/3 of the sky) will be able to determine the
degree and angle of polarization of a strong GRB of energy
10−5 erg cm−2 s−1 with a minimum detectable polarization
of less than 10% (3σ). To be able to measure polarization of
photons with energy as low as 50 keV, an energy threshold
for each single channel of maximum 5 keV is required. This
introduces strong constraints in the photon collection efficiency.
To improve it, detailed studies of the scintillator bar surfaces
and the available wrapping materials have been performed
using both Monte Carlo simulations (GEANT4) and laboratory
measurements. At present, a POLAR demonstration model (2
of the 25 units of the final design) is being tested in the
laboratory. The engineering-qualification model will be ready in
2010. Investigations conducted by the POLAR instrument will
provide very valuable information on how the X and γ-rays
are emitted in GRBs. This way, an important contribution to
the explanation of the particle acceleration will be achieved. We
will present the design and status of POLAR with the newest
results acquired from Monte Carlo simulations and from the
demonstration model laboratory measurements.

I. INTRODUCTION
Gamma Ray Bursts (GRB) are one of the remaining
mysteries of modern astronomy. These short bursts of non
thermal radiation are the most energetic events in the universe
(Etot ≈ 1051 erg). Accidently discovered in the seventies by
spy satellites looking for secret nuclear tests, the GRBs are still
hard to observe these days. GRBs last only a few seconds and
appear at random position in the sky. Four main quantities can
be extracted form the observed photons: the detection time and
direction, the energy and the polarization. Currently, existing
instruments are nearly blind to the polarization information.
A polarization measurement could greatly help to distinguish

between theoretical models for the creation of GRBs. Three
main models are considered today: the fireball, the cannonball,
and electromagnetic models. All of them relate the emission
of the GRB to the formation of a black hole, but differ in the
physical processes involved in the γ-ray generation.
The fireball model [2] relies on internal shocks within the
outgoing flow to accelerate particles and produce high energy
photons for the prompt emission. The resulting photon polarization is typically low ( ≈10%) reflecting the hydrodynamic
nature of the model. In the electromagnetic model [3] the
energy to power the GRB comes from rotational kinetic energy
of the central source. It is converted to magnetic energy,
transported to large distances by a strongly magnetized wind
and used to accelerate particles in the emission region. Photons
emitted from this process are expected to present polarization
as high as 50%. In the cannonball model [4] a fraction of
photons undergo inverse Compton scattering on relativistic
electrons from the ejected plasma. Their predicted polarization
depends on the opening angle and Lorentz factor of the jet.
Therefore GRBs can present according to this model all levels
between 0 and 100% polarization.
The spectrum of GRBs is frequently described by the socalled Band function [5] , which is similar to a broken powerlaw. The parameters of the Band function are the νFν peak
energy (Epeak ≈few hundred keV), and the slopes of the
function before (α) and after the break (β ). Regarding the
time evolution, GRBs present very varied types of lightcurves,
where one can often differentiate three parts: the pre-burst,
the prompt emission, and the afterglow. The main part of the
GRBs at X and γ-rays corresponds to the prompt emission
and lasts a few seconds. The level of linear polarization in
the prompt emission of GRBs remains one of the crucial and
not-yet-determined parameters of GRBs. Its value depends
strongly on the emission mechanism, the geometry of the
source, and the surrounding magnetic field structure. Its determination would therefore provide very valuable information
on how the X and γ-rays are emitted in GRBs.
The cross-section of a hard X-ray photon to interact with a
free electron is given by the Compton scattering cross section
as described by the Klein-Nishina equation:
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design achieves an effective area Aeff of around 400 cm2 ,
a modulation factor µ100 ≈ 35% and a field-of-view of about
one third of the sky. The detector will be protected by passive
shielding (1 mm aluminium equivalent) to protect against low
energy cosmic rays. Its total weight, dimensions and power
consumption are on the order of 30 kg, 30x30x30 cm3 and 30
Watt.

2. Instrument overview

III. TESTBENCH RESULTS
A. The POLAR Demonstrator Model
The POLAR Demonstrator Model (DM) is shown in Figure 4. It consists of a custom made electronics readout board
and slots for up to two Hamamatsu MAPM, including the
scintillator targets. The electronics board contains:
• ASICs from IDEAS on piggy-back modules, designed for
MAPM and fast scintillator readout
• A Xilinx Virtex4 FPGA for sequencing and data transfer
to a readout PC
• RS232 and USB to link to a PC
• Onboard memory for data storage and flash memory for
the booting and programming of the FPGA
In addition, the DM electronics provides monitoring circuits
for voltages and power consumption via dedicated ADCs. A
block diagram of the electronics board is shown in Figure 5.
The DM is used for detailed measurements of the detector
response and will be used in test beam campaigns at synchrotron sources like the SLS at PSI, Villigen in Switzerland
and the ESRF in Grenoble, France, end of 2008 and during
2009. These results will serve as an important input for
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thickness of 50 µm. The size, material (organic scintillator),
and the spatial distribution of the bars were precisely taken
into account. To simulate the response of the polarimeter to
different kind of particles a realistic particle gun has been
defined. The incoming direction, the spectrum, and the type
of particles can be generated following the user instructions.
All important physical processes that particles can undergo
in their travel through POLAR and its surrounding materials
have been taken into account, including low energy polarized
Compton scattering, low energy gamma conversion, and low
energy photoelectric effect, among others. The 100% modulation factor (µ100 ) can be extracted from the modulation
curves obtained from simulations. This factor is a purely
instrumental quantity and its value varies in function of the
energy and incoming angle of the photon flux (see Figure 8).
The maximum µ100 is reached for a flux of around 200 keV
perpendicularly illuminating the top of POLAR detector. In
such a case µ100 reached values slightly below 0.4.
For a strong GRB with an energy flux of E =
10−5 erg cm−2 s−1 and a typical Band-spectrum (Epeak = 200
keV, α= -1, β= -2.5) the modulation factor for a fully polarized
signal was found to be µ100 = 0.37 ± 0.02. Any nonuniformity of the instrument would diminish this value. Some
of the possible sources of non-uniformity that could affect
POLAR have been studied with simulations. An example
of this kind of study is the comparison made between the
modulation factor obtained with an ideal POLAR detector,
and the same data after taking into account the poor energy
resolution of plastic scintillator and the non- uniformity of the
MAPM channels, as described in the Hamamatsu data-sheet.
It is clearly seen (Figure 9) that while the energy smearing
does not diminish the POLAR performance, it is crucial to
precisely calibrate each of the instrument channels to correct
for sensitivity differences.
IV. TOWARDS AN ENGINEERING AND
QUALIFICATION MODEL
An engineering and qualification model (EQM) of the
POLAR detector is currently under design. The POLAR EQM
is based on a modular design: Each Hamamatsu MAPM 8500
forms a unit with the target scintillator bars and the front-end
electronics. The whole is housed in a carbon fiber structure,
and a first prototype has been built (see Figure 10).
The EQM will be used for a full test campaign to evaluate
the physics performance of a full size detector, but also to
qualify the design for space applications. The Hamamatsu
MAPM 8500, a key component of the experiment, has already
passed preliminary space qualification tests: It has been tested
by LAPP Annecy in a thermo-vacuum (temperature range from
-25o to 55o ) as well as on a vibration table (up to around 13 G
in random vibration mode). Currently, the front-end electronics
is being designed and will soon be produced and tested.
The modular approach allows for individual qualification
and calibration of each module, and also for an easy exchange
of modules in case of failure. A fully assembled EQM will be
ready by end of 2009.

Fig. 10.

Prototype of a single POLAR EQM module.

V. CONCLUSIONS AND OUTLOOK
The level of linear polarization in the prompt emission of
GRBs is one of the ultimate observables required to fully
understand the GRB nature. POLAR is a polarimeter designed
to perform such measurements with enough accuracy to make
a clear distinction between different theoretical models for the
underlying creation mechanism of these bursts.
Asymmetry measurements and light yield studies have been
performed as a proof-of-principle. A full size detector and
its theoretical performance have been evaluated in extensive
Monte Carlo studies, using GEANT4. The POLAR demonstrator model will be tested soon at synchrotrons to further
understand systematic effects and estimate the performance of
the full POLAR detector. In parallel, an engineering and qualification model of a full-size POLAR detector is under design.
Compact, low power and performant front-end electronics are
currently under development and mechanical design studies
for the POLAR detector are ongoing.
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Thermal Neutron Background Measurements in the
Gran Sasso National Laboratory
Zdzisław Dȩbicki, Karol Jȩdrzejczak1 , Jacek Karczmarczyk, Marcin Kasztelan,
Ryszard Lewandowski, Jerzy Orzechowski, Jacek Szabelski, Maria Szeptycka,
Przemysław Tokarski

I. MOTIVATION
The Gran Sasso National Laboratory in central Italy is one
of the biggest underground laboratories all over the world.
Very sensitive experiments for neutrino physics, dark matter
and double beta decay search have been located here in the
tunnel under 1400 m of rock. This is the reason why all
kinds of background radiations in the Laboratory must be
exactly known. In April 2008 we have performed measurements of thermal neutron flux “in order to demonstrate the
potential sensitivity of the neutron measurement and the alpha
background” (ILIAS Panel recommendation from the letter of
November 13, 2007).

with reduced exposure due to shielding of each detector by
the others. We called the two detectors layouts as ‘line’ and
‘circles’ – 8 counters form ‘outer circle’ and 8 counters form
better shielded ‘inner circle’ (Fig. 1). The idea of observing
low level neutron flux is to see neutron peak at 764 keV above
the background level due to α particles emitted inside the
detector. In the helium counter thermal neutrons are registered
due to the reaction
n +3 He −→ p +3 H + 764keV.
Amplitudes of signals from 3 He counter have characteristic
3
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counts/second

Abstract— In April 2008 we measured thermal neutron background flux in the underground Gran Sasso National Laboratory.
The flux is equal to (5.4±1.3)×10−7 neutrons/(cm2 s). We have
used a set of proportional counters filled with 3 He. During
one week exposure we registered 658 neutron signals above 155
background signals, so using this method it would be possible to
measure 10 times smaller neutron flux.
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Fig. 1. Photos of detectors. Left photo shows ‘line’ setup. Center and right
photos show the compact ‘circles’ layout.

II. METHOD OF MEASUREMENT
We used 16 proportional gas counters with He with nominal pressure of 4 atm. Detectors were connected in pairs to
8 channels of 16 MHz FADC. We arranged these counters
in two ways: one with large exposure and second compact
author: kj@zpk.u.lodz.pl

The Andrzej Sołtan Institute for Nuclear Studies (IPJ), Cosmic Ray
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Fig. 2. Distribution of amplitudes of signals from 3 He counter in linear and
logarithmic scale (test run with AmBe neutron source).

distribution with peak corresponding to reaction energy (764
keV), and tail of the smallest signals, corresponding to events
in which one of the reaction product escapes from sensitive
volume of the counter (wall effect) [1], [2].

counts

Entries

registrations in 3 He counters. To find expected number of
neutrons registered in LNGS measurements we simulated registration in ‘line’ layout and separately ‘circles’ for neutrons
with Maxwellian energy distribution for temperature of 10◦ C
emitted isotropically from the sphere of radius R = 3m.
Comparison of measured and simulated counting rate for all
pairs of counters is presented in the Fig. 4.
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Fig. 3. Registered distribution of amplitudes of signals. Sum of 16 3 He
counters, 7 days of underground exposure with ‘line’ setup.

rate/hour

The distribution received during laboratory test run, with
americum–berillium (AmBe) neutron source is presented in
the Fig. 2 Distribution of amplitudes of signals registered
during 7 days exposure in the Gran Sasso Underground
Laboratory is presented in the Fig. 3. The peak at 764 keV is
clearly visible, but wall effect tail is cut by the trigger. On the
plot one can see flat distribution of signals bigger than 764
keV. It is probably from α radiation from counter tube walls.
α particles are the main limitation of the method of very low
neutron flux measurements.
0.8
0.7

adjusted 3He pressure
peak/all measured

In order to verify accuracy of our simulations we calculated
efficiency of a single 3 He neutron counter. We received 98%
agreement between results of simulations and measurements
in a specially built experimental setup in our Łódź Laboratory
(Fig. 5). It was a graphite chamber with 20 cm thick walls.
Inside we placed the tested counter, AmBe neutron source and
20 l of water moderator (in plastic containers). The chamber
walls reflect neutrons, so setup inside was isolated and easy
to simulate, because influence of environment was negligible.

3

He in line

0.6
0.5
0.4
0.3
0.2
3

0.1
0

Fig. 5. Experimental setup for verifying the accuracy of simulations. Tested
counter was placed inside a graphite chamber (20 cm thick wall) together
with the AmBe neutron source and water moderator (20 l). Measurement was
reconstructed by Monte Carlo simulation with 98% agreement.

He in ’’circles’’

1
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7
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IV. RESULTS

6
3
0
5
ADC channel number

Fig. 4. Measured (dotted line) and simulated (solid line) rate of neutrons
for all pairs of counters. Circles mark ‘line’ layout, triangles – ‘inner
circle’, squares – ‘outer circle’. Only neutrons from 764 keV peak are
counted. Simulation were normalized to the thermal neutron flux equal to
5.42·10−7 n/(cm2 s).

III. SIMULATIONS
In order to estimate neutron flux (in neutrons/(cm2 ·s)) it was
necessary to compare the measured number of neutrons with
the number of neutrons predicted by computer simulations for
assumed neutron flux.
We used GEANT4 toolkit [3] to simulate efficiency of neutron
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We exposed our detectors to thermal neutron flux in two
layouts: for a week with high neutron registration efficiency
(‘line’ setup – 16 counters) and for 10 days in ‘circles’ setup
in order to check our method.
Overall result of the neutron flux was obtained as the mean
value of results for each counter pair in both runs in the
Gran Sasso tunnel: 8 points from ‘line’ measurements and
8 points from ‘circles’ measurements. Results are presented
in the Fig. 6.

We obtained the thermal neutron flux equal to

(5.4±1.3) × 10−7 neutrons/(cm2 s).
Fig. 7 shows neutron flux density measurements in many
energy ranges made in the Gran Sasso Laboratory.

Gran Sasso neutron background
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Fig. 6. Average neutron flux (horizontal dotted line) and flux values obtained
from simulations and measurements for separate counter pairs for layout ‘line’
(dots), inner circle (triangles), and for outer circle (squares) in ‘circles’ layout.
Indicated errors are statistical, only.

V. FUTURE PLANS
We plan further measurements at higher neutron energies at
Gran Sasso and Boulby. We are going to determine neutron
energies by using multi-thickness moderator.
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Fig. 7. Compilation of neutron flux density measurements in the underground
Gran Sasso Laboratory [10]. The data used is derived from [4], [5], [6],
[7], [8], [9]. Horizontal bars mark energy ranges. The MeV energy range
measurements were made using different scintillation technics.
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MEDIPIX cosmic ray tracking device for
ESA BEXUS stratospheric balloon flight
J. Urbar1, J. Scheirich2 and J. Jakubek3

Abstract - The first experiment using a MEDIPIX detector for
cosmic ray tracking in stratospheric environment is presented.
The detector was used in its tracking mode allowing it to operate
as an „active nuclear emulsion“. The actual flight time was over
4 hours, with 2 hours at stable floating altitude of 26km.
Experiment was under full remote control and monitoring by
custom control hardware built for this purpose. Thousands of
cosmic ray tracks were acquired in the stratospheric radiation
environment, analyses ongoing. Experiment operated flawlessly,
overall performance is evaluated for further design implications

1. INTRODUCTION

T

HIS paper describes the performance and reliability of
MEDIPIX detector during stratospheric balloon flight.
The detecting device is based on hybrid pixel detector of
Medipix2-type [1] developed at CERN with USB interface [2]
developed at Institute of Experimental and Applied Physics of
Czech Technical University in Prague (IEAP CTU in Prague)

2. EXPERIMENT DESIGN
A. Conceptual overview
The Medipix2.1 #48 particle detector with USB interface
ver.1.1 (MEDIPIX) is controlled by a single-board embedded
PC/104 ETM-LX800 (industrial PC) (Fig. 1). Embedded PC
has a solid state CompactFlash type2 main hard drive (CF2)
and additional USB flash disk as on-board backup storage.
The computer has an Ethernet connection via radiolink of the
BEXUS balloon platform (E-link) to the ground station (PC).
This (>2Mbps) wireless connection allows full on-line data
monitoring and control. The experiment is powered from
primary battery cells. Complete experiment requires only
single 5V source that is provided by custom built switching
power supply. Experiment included also additional attitude
determining hardware (camera with polarizer) as will be
discussed later in data analysis section. Total experiment
power consumption is very low, approximately 10W.

The actual flight campaign took place on 8th Oct 2008 from
Swedish Space Corporation (SSC) commercial spaceport
ESRANGE nearby Kiruna in Sweden. The flight opportunity
on BEXUS7 (Balloon EXperiment for University Students)
stratospheric balloon project was provided by Education dept.
of European Space Agency (ESA) and Eurolaunch
(Collaboration of SSC and DLR, German Space Agency).
Whole concept served as original testbed for feasibility
study of extended stratospheric flight demonstration of
Medipix detectors in near-space environment. Control
hardware was custom designed, based on PC/104 platform.
The robustness of the design allowed it to operate flawlessly
as was expected from the previous extensive vacuum testing.
The scientific motivation was to check height-dependent
profiles of ionizing radiation. BEXUS is quite ideal platform
for such in-situ measurements. Not only because of the high
altitudes reached, but also due to its slow ascent velocity for
statistically relevant sampling of the ambient environment.
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Fig. 1 – Experiment block layout
Detector control and acquisitions (suitable for further
cluster analyses using particle track pattern recognition [3])
were handled by used Pixelman software control package [4].
Being designed for Windows platform that directed (and
restricted) the platform to be used by experiment as well
(XPSP2) to ensure compatibility. Everything was therefore
available to control and monitor remotely using remote
desktop service. Experiment transmission demands were well
below the available bandwith during the flight.
The high level of development of MEDIPIX USB readout
interface, supported by advanced Pixelman control software,
made it possible to realize this task just as student project,
being financed solely by own resources below 1000EUR.
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B. Testing of Electronics
The experiment is not pressurized. That design was possible
after testing all the electronic subcomponents for the
environmental conditions applicable, checking and proving its
ability to work in harsh stratospheric environment. Therefore
all critical electronics (industrial PC) (Fig. 3) was thermally
balanced by connecting it to big aluminum passive heat
capacitors by thermopaste for proper heat transport and
distribution. All subsystems were tested in applicable vacuum
conditions (5Pa) for over 3 hours and at -35°C for over 6h
running from batteries. All these tests were successful and the
experimental design was proven stable.

Front panel provides access to important interfaces for
operating experiment directly as a PC station (Fig. 3), without
need to do that remotely through E-link, as was the case of the
actual flight campaign. Located there are 2 USB2.0 ports,
Video-out, Ethernet and also arm plug with status LED.
Experiment can run from the external power source
(15~30VDC) using alternative (provided) arm plug, or from
internal battery pack. Battery pack was mounted on the main
box nearby computer heat sink, to maintain proper thermal
operating conditions during the flight campaign.

Fig. 3 – Rack with electronics (left), MEDIPIX box (right)
Fig. 2 – Custom thermal modification of PC/104

C. Mechanical Structure
The experiment is composed of two main boxes (Fig.3),
which were mounted together for the flight campaign (Fig.4).
To provide the experiment with outer thermally insulating and
protective structure, Styrofoam insulation blocks with 3M tape
are used, fixing it with metal brackets to gondola (Fig.4).

Inside the second small plastic box (Fig. 3: right) is
MEDIPIX detector. The MEDIPIX detector is placed there
vertically relative to ground and is looking outside the balloon
gondola with unobstructed field of view approx. 1π sr.
MEDIPIX detector unit was placed into non-metallic box to
stress also the actual low energetic environmental effects not
hidden by conductive case. That also because of the main
design goal was to keep as low as possible attenuation and
scattering caused by any material surrounding the detector.

The first, aluminum box (Fig. 3: left), contains industrial
PC, all electronics and batteries, mounted on an inner
swappable rack structure. It enables versatile placement and
easy modifications with quick access to all system
components. One side served as the attachment point for
thermally modified industrial PC and also high-power diode
and transistors, all mounted on additional heat sinks to
maintain thermal balance. The other side carries boards with
CF2 main system drive unit, custom built power supply PCB
and also extension interface USB board with 2 additional
USB2.0 ports. These internal USBs are the primary robust
interfaces, serving for the essential connection of MEDIPIX
detector and redundant SD memory.
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Fig. 4 – Insulated final outer structure on balloon gondola
(looking downwards, experiment sitting on horizontal plane)

D. Experiment structure attenuation simulations
To check proper design of the experimental box, enclosing
MEDIPIX detector, CERN package Geant4 was used for the
simulation of the particle passage through dead and active
material of the experiment. Considering the preliminary
attenuating configuration of material nearby the detector,
simulations with test material properties (3mm PE, 3cm PS)
have been undertaken. That determined:
– levels of loss of the particle energy in dead material
– shape of the particle traces in the detector
– fraction of misidentified particles (background)
a. Simulations for photons
Photons are absorbed or reflected by box wall (Fig. 5 - 9).
At 20 keV, 80% photons will pass through. Threshold on
collected charge is applied on every pixel for correction of
specific deposited charge effect of e-h pair creation (3.65 eV).

Fig.8 – Mean dep.charge in Si wafer by photons of 10÷20keV

Fig.9 – Overall deposited charge in Si wafer by photons
Fig. 5 – Overall energy losses due to Compton scattering

b. Simulations for electrons
Most important difference is that electrons loose much
more energy than photons since they have a charge. From this
reason about 50% electrons of 2 MeV will be absorbed in the
wall as the simulations demonstrate (Fig. 10 - 12). On the
other hand, PE box enclosing the main detector enables
registration of electrons in the MeV range, while converting
them to lower energies. Only then they can leave charge
passing the detector efficiently enough. Overall charge
deposited by electrons in the sensor is more than 10 times
larger compared to photons.

Fig. 6 – Fractions of photons passing test box layers

Fig. 10 – Overall deposited charge in Si wafer by electrons

Fig. 7 – Compton scattering of photons passing box wall
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E. Particle identification
Different particles create distinctive patterns in the detector
which can be used for their proper identification. For
resolving their energy, backplane pulse amplitude provides
information about charge deposited in the whole detector
which can be used for determination of deposited energy.
Monte Carlo software package such as CERN Geant4
simulation can be used to model particles passage through
active and dead material. Comparison of measured data and
the simulation helps to better identify particles. Therefore
improvement in comparison with standard approaches (using
scintillator instruments) is that the specific tracks recorded can
be associated to distinctive particle types using advanced
software techniques. The detailed principle of particle
recognition and also fully automated method to evaluate these
data is readily available and described in [3]. For getting the
basic idea its concept is sketchy illustrated here (Fig. 13 - 15).

Fig.11 – Resp. fraction of electrons passing the box wall

Fig.12 – Energy loss of electrons passing the box wall

Fig. 14 – Projection of deposited charge, identified as specific
particle types (courtesy of C. Granja, IEAP CTU)

Fig.13 – Simulated tracks of low energy electrons in 700µm
Si (GEANT4 iteration step introduces artificial sharp moves)
These studies made for Medipix2 detector (provided in
configuration with 700µm Si chip) inside custom-built case
confirmed that it can be used well as a tracking detector for
detecting particles above specified energy ranges.

Fig. 15 – Particle pattern identification-by-track concept,
aHeavy charged particles, b- Slow light charged particles, cFast light charged particles, d- X-rays, low energy gamma
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2. DESIGN PERFORMANCE IN AMBIENT ENVIRONMENT

4. DATA ANALYSIS

Thermal design was successful. Temperature of industrial
computer electronics was kept by 15 ÷ 37°C, while outside
ambient temperature dropped from 5°C at ground level to
lowest -60°C during the flight (Fig.16). In stratosphere, mean
ambient temperature was -30°C (stand. atmospheric physics).

Primary goal of the experiment was recording height
dependent profiles of ionizing radiation environment travelled.
That with additional possible distinction of various particle
types which impinged MEDIPIX detector used.

Fig. 16 – Ind. PCs’ and ambient temp. along the flight profile

Fig. 18 – Detector pixel hit (5s) counts along flight profile

Flown Medipix2 detector (in config. with 700µm Si wafer)
provided 4436 of 5-second acquisitions. Recording started
50min before take-off and continued 2 hours after landing,
making our ground level calibration data sufficient. Therefore
the final dataset constitutes of over 7 hours of track images
acquired with fixed threshold. While this threshold was set
quite low, 11 (noisy) pixels were masked during whole flight
to ensure acquisitions at the highest sensitivity (lowest
threshold), while maintaining noise-free data. Energetic
calibrations have been done extensively previously and are
underway for the actual flight setup. But the main
configuration mistake introduced very low bias voltage,
meaning that the detector was not set optimally after all, with
too low sensitivity, mostly for slow light charged particles.
Therefore high increase of sensitivity and very consistent
representation of tracks of ionizing radiation can be expected,
if used with high bias voltage as can be easily implemented.
The setup used (Medipix USB interface 1.1. on industrial PC)
introduced mean 350ms read-out delay in acquisitions,
corresponding to overall detector 90% live time. Medipix
USB interface 2.0 is readily available, can be used if required.

The statistical comparisons and various sanity-checks of
effects expected will be done by comparing with classical
theory of cosmic ray atmospheric profiles (analytical transport
equations) and primarily with numerical CORSIKA [5] Monte
Carlo propagation simulations. Developed analysis scripts are
already done and useful for making calculations for
conditions, where the actual experiment took place. As one
sanity-check, confirming data consistency (Fig. 18, 19), any
rise of detected particles can be seen during first 5 km of
ascent, but followed by huge amplification traversing 5-15km,
reaching maximum values already at about 15km of altitude.
Along with altitude, we have to consider that the experiment
took place in arctic stratosphere, associated with highgeomagnetic latitude, corresponding to geomagnetic cutoff
rigidity of 280 MV. That, along with ongoing solar minima,
provided measurements of relatively high GCR flux.

Fig. 17 – Ionizing radiation tracks acquired in stratosphere

Fig. 19 – Detector pixel hit (5s) counts at respective altitudes
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Further analyses need to assume time-independent fluxes of
cosmic rays, otherwise requires to correlate with other data.
All stable geomagnetic indexes, spaceweather data (Fig.20)
and geografically close Oulu NM readings (Fig.21) (with
similar geomag. cut-off rigidity) prove this assumption right.

6. CONCLUSION
Medipix2 detector with USB readout interface developed at
IEAP CTU in Prague was tested during the BEXUS 7
stratospheric balloon flight, using control computer custom
built for this purpose based on PC/104 platform. The
robustness of whole design allowed it to operate flawlessly
and with low power consumption. This compact control
hardware can be used for alternative applications. The high
level of development of USB interface for Medipix, supported
by Pixelman control software, allowed to realize this
seemingly extensive task just as student project, also financed
solely by student own resources being still below 1000EUR.
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Cosmic Rays during IHY/CIP 57 Campaigns
Marisa Storini, Fabrizio Signoretti, Francesco Re, Mario Parisi

Abstract—Some results obtained from cosmic ray
measurements during the IHY/CIP 57 campaigns (June 7 [+/- 7
days] and December 7 [+/- 7 days], 2007) are described here.
Particular attention is paid to the behaviour of the first
harmonic of the cosmic ray diurnal variation recorded by the
SVIRCO Observatory and Terrestrial Physics Laboratory of
Rome (INAF/IFSI-Roma, Italy).

1. INTRODUCTION

I

th

N the 50 anniversary of the International Geophysical
Year (IGY), the 2007 IHY (acronym for International
Heliophysical Year) activities were built up on four
programme elements: Science, Observatory Development,
History and Outreach (see, for instance, [1]). Work for the
four elements is performed in Italy by the institutions
reported in the upper panel of Fig. 1. An Italian Web site
was built up (http://ihy.oato.inaf.it) and the Sun-Earth
Observing Network (see lower panel of Fig. 1; e.g. [2]-[3])
gave its contribution. Indeed, the IHY officially runs from
March 2007 to 2009 but in 2007 many scientific efforts
were performed to accomplish IHY requirements. Among
them, a National Coordinated Investigation Programme
(CIP 57, proposed by M. Storini) was lunched: Solar
Minimum Watching with Italian SINERGIES and more. The
scientific goal was the investigation of solar minimum
features in Solar-Terrestrial Relations just during the time
intervals characterized by a null sub-Earth point on the Sun
(i.e. around June 7 [first observational campaign] and
December 7 [second observational campaign], as can be
derived from the ecliptic inclination of the Sun’s rotation
axis). Preliminary results suggest that:
- during the first campaign (May 31 – June 14, 2007)
only three active regions (NOAA/USAF Group 10958
[CMP day: ~ 3.9], 10959 [CMP day: ~ 5.6] and 10960
[CMP day: ~ 7.7]) crossed the solar visible disk. H-alpha
and X-ray solar flares were associated only to the 10960
region. The two largest soft X-ray flares were: M7.0 @
02:12:00 of June 3 and M8.9 @ 05:13:00 of June 4. The
solar corona was almost radio-quiet on May 31, radio-active
on June 1-6 and 9, then it was progressively tending to a
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Roma, INAF, Via del Fosso del Cavaliere, 100 – 00133 Roma, Italy
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M. Parisi is with the Dipartimento di Fisica, Università di Roma Tre, Via
della Vasca Navale 84, 00146 Roma, Italy (e-mail: parisi@fis.uniroma3.it).

Fig. 1 – Italian Synergies for IHY activities (2007-2009).

radio-quiet level at the end of the investigated period. On
June 3 spectral observations underlined type IV and type II
radio emissions, while SOHO/LASCO showed poor CME
events during the first campaign.
- during the second campaign (November 30 – December
14, 2007) only four active regions (NOAA/USAF Group
10976 [CMP day: ~ 3.9], 10979 [CMP day: ~ 4.0], 10977
[CMP day: ~ 6.9], and 10978 [CMP day: ~ 12.0] crossed the
solar visible disk. The two largest soft X-ray flares were:
B9.4 @ 16:06:00 of December 9 and C4.5 @ 10:03:00 of
December 13. The available data indicated an almost radioquiet corona during the investigated period, with a tendency
to a slight increase around the end. No type II and/or type
IV radio emissions were observed and again poor CME
events were registered too.
More details on solar activity features during the selected
campaigns can be found at http://sgd.ngdc.noaa.gov/sgdpdf.
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2. A MINI-NETWORK FOR COSMIC RAYS
During 2005 several Institutes from the National
Research Council (Consiglio Nazionale delle Ricerche –
acronym: CNR) of Italy were taken over by the National
Institute for Astrophysics (Istituto Nazionale di Astrofisica
– acronym: INAF). Also the Istituto di Fisica dello Spazio
Interplanetario (acronym: IFSI) passed to INAF with its
measurements sites. In Figure 2 the cosmic ray
observatories supported by the INAF/IFSI-Roma
partnership are shown.

Fig. 2 – INAF/IFSI-Roma for a mini-network of neutron monitors.

During the two IHY/CIP 57 Campaigns all the cosmic ray
detectors were running. Figures 3 and 4 illustrate the
response of the LARC (first and second panels from top),
SVIRCO (third panel) and OLC (fourth panel) neutron
monitors to the incoming of galactic cosmic rays. In each
panel the upper trends show the anti-correlation between the
measured pressure level and the counting rate, while the
lower plot reports the pressure corrected data.
Figure 3 shows that the near-Earth environment was
reached mainly by three interplanetary perturbations during
the first campaign. A moderate modulation of the cosmic
ray intensity (I) is easily identifiable for each event (start:
June 1, June 7 and June 13). The ratio ΔI/I, estimated on
daily basis, follows the rule for co-rotating solar wind
macrostructures (ΔI/I ~ 0.5 % for a speed variability ΔV/V ~
100 km/s; see [4] and references therein). Hence, no
relevant transient interplanetary perturbations were traveling
from the Sun to the Earth, as supported by the absence of
Forbush decreases [5-6].
Figure 4 reveals a similar scenario during the second
campaign: moderate modulation phenomena inside a period
characterized by an increasing cosmic-ray intensity level.
More precisely, three events can be identified (start: Nov.
29 [not shown in the figure], Dec. 4 and Dec. 8).
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Fig. 3 – Pressure and cosmic ray intensity as derived from LARC
(6-NM-64_10BF3 and 3-NM-64_3He detectors), SVIRCO (20-NM64 detector) and OLC (6-NM-64 detector) during the first IHY/CIP
57 campaign performed during 2007 by INAF/IFSI-Roma.

Next Section describes the observed behaviour of the
diurnal wave registered at the SVIRCO Observatory and
Terrestrial Physics Laboratory (TPL) of Rome during the
campaigns.

3. DIURNAL WAVE FROM SVIRCO DATA
The data of the nucleonic component of cosmic rays
obtained in Rome by the 20-NM-64 detector are corrected
for pressure variations at a reference level of 1009.25 hPa
(see [7] for 2007 data) and normalized to the average of
the counting rate of the past maximum in cosmic ray data
(Jan.-Feb. 1997 - 100 % rate: 554946 cts/h – 17-NM-64).
The corrected hourly rates are routinely processed to
obtain the 24h- and 5h-running averages. Finally, for each
day, the difference between the two time series is treated
with the Fourier Technique, in order to determine the
amplitude (in percent) and the time of the maximum (in
UT) of the three harmonics of the diurnal variation.
The daily amplitudes [Ak(k=1,2,3)] and Phases
[Φk(k=1,2,3)] of the diurnal harmonics, together with the
Ao term of the Fourier reference level are published as
INAF/IFSI-Roma Reports (see [8] for 2006-2007).
Figure 5 shows the daily average nucleonic intensity
(upper panel), the amplitude (middle panel) and phase
(bottom panel) of the first harmonic of the diurnal wave
for an extended period around the first campaign (May 15
– June 30, 2007). To notice the low level of the first
harmonic amplitude ( < 0.2 % ) and the oscillating
character of the corresponding trend for the first harmonic
phase (range: 21 UT – 07 UT) during the campaign period.

Fig. 4 – Pressure and cosmic ray intensity as derived from LARC
(6-NM-64_10BF3 and 3-NM-64_3He detectors), SVIRCO (20-NM64 detector) and OLC (6-NM-64 detector) during the second
IHY/CIP 57 campaign performed during 2007 by INAF/IFSIRoma.
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Fig. 5 – Cosmic ray intensity, amplitude and phase of the first
harmonic of the diurnal wave at Rome from May 15 to June 30,
2007. A, B and C refer to the start of the moderated cosmic ray
modulations. The dotted segment in the upper panel underline the
increasing intensity trend and in the middle panel the relative low
amplitude of the first harmonic of the diurnal wave.

Figure 6 reports the same parameters of Figure 5 for an
extended period around the second campaign (November 15
– December 31, 2007). In this case the oscillating feature is
observed in the amplitude of the first harmonic of the
diurnal wave, while its phase is shifted towards the morning
hours. More precisely, the phase is roughly constant from
November 30 to December 3 (~ 14 UT) and decreases till ~
8 UT (December 10) to recovers after then.
In the next Section we will show the reconstruction of the
amplitude of the first harmonic of the diurnal wave.

4. DISCUSSION

The preliminary analysis of the cosmic ray data registered
by the mini-network of neutron monitors during the
IHY/CIP 57 campaigns has just demonstrated that the SolarTerrestrial System was near the minimum level of solar
activity during 2007 (see Figure 7 for monthly values
between July 1957 and October 2008). In fact, the monthly
average of the SVIRCO intensity during October 2008 was
102 % but this value was already reached on daily basis
during 2007 (see Figures 5 and 6). Hence, the performed
campaigns can help to characterize the minimum phase of
solar activity in the inner heliosphere. Nevertheless, we
have also underlined for the campaigns that each event
recovery is to an intensity level greater than the one of the
pre-event (dotted segments).
In summary, the interplanetary perturbations traveling in
the inner heliosphere during the experimental campaigns
were able to produce small and short-term modulation
effects on the galactic cosmic ray population. They are:
- ΔI/I ~ 0.6 % : A event,
- ΔI/I ~ 0.3 % : B event,
- ΔI/I ~ 0.7 % : C event,
- ΔI/I ~ 0.4 % : D event,
- ΔI/I ~ 0.2 % : E event,
- ΔI/I ~ 0.8 % : F event,
as derived from SVIRCO (Rome; ~ 6.3 GV) daily data.
However, no transient high-speed solar wind streams were
present in both periods and no Forbush decreases were
registered, as expected from a nearly quiet Sun.
We have reconstructed the amplitude of the first
harmonic of the diurnal wave and it is reported in Figures 8
and 9 for 15 May – 30 June and 15 November – 31
Fig. 6 – As in Fig. 5 for November 15 to December 31, 2007. D, E December, respectively. It is possible to observe that the
and F refer to the start of the moderated cosmic-ray modulation wave is generally contained in the interval ± 0.4 % (except
phenomena.
for 20 November).

Fig. 7 – Time history of the monthly pressure-corrected data from SVIRCO neutron monitor (Rome – Italy), covering July 1957 to
October 2008.
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Fig. 8 – Hourly pressure-corrected data from SVIRCO neutron monitor with the 24h-running means (upper graph) and time history
of the reconstructed first harmonic of the diurnal wave (lower graph) for the first IHY/CIP 57 Campaign.

Fig. 9 – Hourly pressure-corrected data from SVIRCO neutron monitor with the 24h-running means (upper graph) and time history
of the reconstructed first harmonic of the diurnal wave (lower graph) for the second IHY/CIP 57 Campaign.

From Figures 8 and 9 we notice that the low amplitude of
the first harmonic of the diurnal wave, identified during the
first campaign, is also present in the period 16-18 May and
even lower during 16-17 June and 15-18 November. On the
other hand, during the second campaign the wave variability
is more regular but with an enhanced shift of its phase
(towards the morning hours; see Sect. 3). Certainly, these
features are interesting and deserve a special study, which
will be presented in a forthcoming paper. Francia et al. [9]

investigated the solar-wind magnetospheric coupling for the
first campaign. They found that during the whole period, the
geomagnetic field did not show any development of storms
whereas a low geomagnetic pulsation activity (in the Pc5
and Pc3 frequency range) was present. The power of the
Pc3 pulsations showed a diurnal modulation with minimum
values around midnight; this feature is explained with the
magnetospheric penetration of upstream waves.
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6. CONCLUSION
The IHY/CIP 57 campaigns allowed to identify, in the
solar modulation of galactic cosmic rays, interesting
features mainly related to corotating solar-wind streams. In
particular, the behaviour of the first harmonic of the diurnal
wave (registered by the Rome neutron monitor) points out
the existence of a peculiar status of the interplanetary
medium at solar cycle (n° 23) minimum.
The characteristics of the near-Earth environment during
both campaigns are yet under study and a complete account
will be provided in a forthcoming paper.
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Cosmic Rays and
Space Situational Awareness in Europe
F. Jansen and J. Behrens

Abstract. In this paper European space weather activities are
sketched and the contribution of cosmic ray research and
technology to the European space situational awareness
programme is described. Especially the cosmic ray muon
detection technique is studied – on ground and in future space
based -, because it is considered to be very useful for coronal
mass ejection forecast in the next solar maximum between 2011
and 2012.

A

1. INTRODUCTION

PPLICATIONS of cosmic ray research will play a dominant
role in the Space Situational Awareness (SSA)
programme in Europe. The ESA Ministerial Council
decided in November 2008 to fund M€ 55 for SSA activities
between 2009 and 2011. These activities include projects
related to space weather and space debris, radar applications
as well as space weather pilot data centres [1].

SSA is the current highlight of ten years space weather
activities in Europe. Starting in 1998, ESA organized annually
a space weather workshop and conference or a space weather
week with increasing contributions from cosmic ray
community [2]. Already in 2000, Kudela et al. reviewed the
importance of cosmic ray records for space weather research
[3]. It was shown that some cosmic rays indices are reliable
tools for space weather forecasts. A main step forward to a
European space weather programme was the ESA space
weather feasibility studies carried out by the ALCATEL
Space and RAL consortia between 1999 – 2001 [4]. For
example Jansen (2001) proposed within the ALCATEL space
consortium a European space weather telescope based on
cosmic ray muon measurements [5]. This, first European
space weather telescope - so-called MuSTAnG telescope was constructed between 2004 – 2006 at Greifswald
University in Germany [6]. The MuSTAnG telescope and the
associated service of a global muon detector network (GMDN
with NST – Nagoya Scintillator Telescope / Japan, HST –
Hobart Scintillator Telescope / Australia, SMST - Sao
F.Jansen., is with the Institute for Space Systems, German Aerospace
Center (DLR), Robert-Hooke-Str. 7, 28359 Bremen, GERMANY
(corresponding author, phone: 49-42124420-156; fax: 49-42124420-120; email: frank.jansen@dlr.de).
J.Behrens., is with the Institute for Space Systems, German Aerospace
Center (DLR), Robert-Hooke-Str. 7, 28359 Bremen, GERMANY (e-mail:
joerg.behrens@dlr.de).

Martinho Scintillator Telescope / Brazil, KPC – Kuwait
Proportional Counter / Kuwait), are described below in the
chapters 2 and 3. It could be shown that the observational
results from several cosmic ray muon telescopes are a very
sensitive space weather prediction tool with the capability to
generate warnings of CME (Coronal Mass Ejection) arrivals at
Earth up to 24 hours in advance. This is considered to be very
useful for SSA related supports in aviation, radio
communication [7], security [8] and ground based effects on
power lines and pipelines [9]. For more space weather effects
see in [10].
On the political side, the European Commission (EC)
developed a Green Paper of the European Space Policy (ESP).
However the Green Paper not yet contained hints to space
weather. During the Berlin workshop in April 2003 the
scientific community was asked by EC and ESA about the
space science in ESP. Therefore space weather science was
proposed by the author (F.J.) of this actual paper. According
to further panel discussions the White Paper of the European
Space Policy included for the first time the important and
specific statement „….to ensure that Europe has the capacity
to supply to the different users critical information on solar
flares, near Earth objects, space debris („space weather
prediction“)…“ [11]. The implementation of ESP by SSA is
based on two statements: 1) the peaceful use of outer space
and 2) that the space has a security dimension and
correspondingly that security has a space dimension.
Consequently global monitoring, early warning and space
surveillance, as an example, is needed. The actual ESA
proposed SSA programme underlines the definition and scope
of a European SSA system. It supports the safeguarding of
space infrastructures and the protection of critical terrestrial
infrastructures in Europe because the infrastructures are a key
element for economic development and protection of
population. Worst case scenarios were discussed under the US
National Research Council auspices [12]. Insurances like
Swiss Reinsurance [13] studied already space weather
business cases and Allianz [14] the disaster management in
Germany. Consequently SSA covers space weather, but also
space debris, asteroids and near Earth objects (NEO) impacts.
To support SSA activities on a national German level, the
DLR Institute for Space Systems in Bremen is currently
studying a space-based AsteroidFinder mission. The main
objective of this satellite is to find asteroids between Earth
orbit and the Sun (IEOs - Interior to Earth’s Orbit). Especially
important are those asteroids, which may cross Earth`s orbit.

So far, only 11 IEOs have been detected by ground based
observatories out of an assumed overall population of about
1000 down to a size of 100 m. Therefore AsteroidFinder will
provide a considerable contribution to SSA / NEO research.

Fig. 1 Sketch of the DLR AsteroidFinder satellite [15].
The next chapters will contain descriptions and data of
GMDN (chapters 2 and 3), the conclusions and future
perspectives for SSA purposes (chapter 4).
2. THE GLOBAL MUON DETECTOR NETWORK (GMDN)
Why is GMDN important for space weather storm forecast?
Space based coronagraphs on SOHO and STEREO observe
CMEs by means of UV photons and the images and movies
are available in data centres at Earth in near real time (about
30 minutes after the onset of the event at Sun). LASCO
coronagraph on SOHO observes CMEs up to 30 solar radii –
or about only to 1/3 of Mercury orbit [16]. If so-called halo
CMEs were observed, SOHO data are useful to predict CME
arrival time at Earth. STEREO spacecrafts are able clearly to
identify earthward oriented CME [17]. In 2007, May 21
STEREO coronagraphs measured the propagation of a CME
from Sun towards Venus.
However direct observations of interplanetary CME
propagation between Venus and Earth orbits are an accessible
interplanetary space for the ground based cosmic ray muon
telescope network in real time without any delays due to
technical reasons of data transfers from orbiting spacecraft to
ground based receivers. Another benefit of ground based
cosmic ray muon telescopes are that they are not affected in
operation by space environment conditions like space based
UV coronagraphs during space weather storms.
In 2007 Kudela already reviewed the advantages of cosmic
ray muon and neutron measurements for space weather storm
predictions [18]. In general: cosmic ray particles have due to
their relatively large gyroradius and their long mean free path
λp in interplanetary space (~ 1 … 2 AU) as well as due to their
high velocity (~ c = 300 000 km/s) in comparison with CME
propagation speed ( v ~ 1000 … 2000 km/s) a high relevance
in forecasting SSA related disturbances nearby or on Earth.

Cosmic ray muon space weather telescopes open a complete
new window for space weather observations compared to UV
telescopes – or detection by charged particle versus
electromagnetic radiation by UV photons.
Ground level cosmic ray muon telescopes scan various
directions on the sky (including to the Sun) as Earth rotates
with them. The daily variations in counting rates of secondary
produced muons on ground reflect the anisotropic flux
distribution of primary, galactic cosmic ray in space. In
addition the telescopes observe a reduced flux of primary
cosmic ray particles moving away from the interplanetary
shock in the front of the CME. The cosmic rays leaving the
depleted region behind the shock with small pitch angles. A
cosmic ray flux deficit or increase in the order of 1% to 5% so-called precursor anisotropy decreases (PAD) or precursor
anisotropy increase (PAI) were already measured in the early
1990s [19]. For the October 29, 2003 CME the PAD increased
up to 11 % [20]. A first detection of the CME shock is in
principle possible at a distance of
r ~ 0.1 λp cos β

(1)

( λp scattering mean free path of cosmic rays, β angle between
Sun – Earth line and the mean interplanetary magnetic field at
Earth). For example λp is about 1 AU for 10 GeV cosmic ray
neutrons. Insofar CME arrivals are detectable by neutron
monitors on ground about 5 hours before arrival at Earth. The
muon telescopes of GMDN measure at about 50 GeV, with a
much longer λp. Depending on the situation during CME
propagation λp is in the interplanetary space between Sun and
Earth in the order of 2 AU [21]. Therefore by means of a
single muon telescopes or an entire network it is calculated to
observe the cosmic ray anisotropy between 10 – 24 hours
before shock / CME arrival at Earth – up to the Venus orbit
(about 50 Million km distance). The actual cosmic ray muon
anisotropy depends on CME geometry, magnetic field, speed,
direction of propagation and IMF inhomogenities and
discontinuities in interplanetary space.
Cosmic ray muon telescopes have two different detection
principles: measurements by proportional counter (PC) and
plastic scintillator (PS). PC telescopes are installed for
instance at Australian Mawson station in Antartica (detection
area: underground 2 x (2.5 x 1.8 sqm), ground 3 x (2.4 x 2.5
sqm)), Mt. Norikura in Japan (5 x 5 sqm) and the Kuweit PC
with a detection area of 3 x 3 sqm. The Armenian muon
telescope is a combination of PC and PS telescopes with a
detection area of 3 x 2 sqm. Different details about these space
weather telescopes are published in 2005 by Chilingarian [22]
and about GMDN by Jansen [23] and Okazaki et al. in 2008
[24]. Cosmic ray muon telescope URAGAN at MEPhi
Moscow is also in operation in integral and hodoscopic modes
[25].

Fig. 2 Secondary cosmic ray muons (red line) passing trough
two layers of MuSTAnG telescope (metal boxes). A lead layer
is placed between the two layers. MuSTAnG plastic
scintillator (PS) detectors (within the metal boxes) couple
wavelength shifter (WLS) fibre optics to the PMTs
(Photomultipier Tubes). White painted PS
with green
emission of WLS fibres are on the top of the PS. The grey
PMT socket is also seen.
MuSTAnG has 4 PMTs per sqm to obtain a high angular
resolution. The optical coupling between PS and PMTs is
done by the WLS, according to L3+C detector technology at
CERN [26]. This enables MuSTAnG telescope to receive a
maximum efficiency. The UV light produced the cosmic ray
muon in the PS will be shifted into green light, in which the
selected PMTs of MuSTAnG have the maximum response.
MuSTAnG has 49 viewing directions. The electronic
component consists of the following parts:
1) local units for each of 32 PMTs, which contains
preamplifer, high voltage supply and a signal
conditioner with pulse shaper and
2) a recording system [27] as a coincidence unit based
on advanced logical circuit using Field
Programmable Gate Array (FPGA) and VHDIS
Hardware Description Language (VHDL).
The local units are new developed electronic components.
The recording system is also used in the GMDN telescopes
NST, HST, SMST and KPC for successful inter-calibration of
data sets into the network.

Fig. 3 MuSTAnG operator display: the status of the telescope
operation shows in three windows the count rates as a
function of incoming directions - combined into V – Vertical,
N – North, NE – North-East, S – South, E – East, W – west
etc. and all 49 directions (for instance N0 to N3 – lowest
northward direction etc.) and for all 32 PMTs the count rates
(U1 – upper layer PMT1 to L16 lower layer PMT16).

Fig. 4 The figure shows the overlapping of asymptotic
viewing angle of four telescopes. MuSTAnG detects
northwards up to Svalbard, eastwards behind Ural mountain,
westwards up to the middle of the Northern Atlantic ocean
and southwards just above the equator.
NST, HST and SMST telescopes have the self-evident
pyramid like box structure. On the top of each pyramid is one
PMT, which measure the UV light from the cosmic ray
muons.

In the GMDN the function Ii,jcal(t) is fit to the measured
pressure-corrected hourly count rates Ii,jobs(t) of secondary
cosmic ray muons at universal time t in the j-th directional
channel in the i-th muon detector (ti – local time at the i-th
telescope). Therefore we receive the best fit density of
primary cosmic rays (I0(t) – the omni-directional component
of intensity), the three components of first order anisotropy in
the geographic coordinate system ζxGEO, ζyGEO, ζzGEO and the
so-called “coupling coefficients” connect the observed muon
count rates to the primary cosmic ray intensity in the
interplanetary space.

Fig. 3 Left: HST in Tasmania. Right: SMST in Brazil. In both
images the lead layer between the pyramid like box with a
quadratic box on top for the PMT are visible.

Fig. 4 Mt. Norikura muon telescope in Japan. In background:
the proportional counter tubes. In foreground on the left side
is the electronic box. Identical items are also used in
MuSTAnG, NST, HST, SMST and KPC.

Fig. 5 Approximately two years of HST data: atmospheric
pressure corrected count rates from vertical and all N, S, E
and W directions.

The GMDN member MuSTAnG has currently two layers of 2
x 2 sqm PS, NST two PS layers of 6 x 6 sqm, HST currently
two PS layers of 3 x 3 sqm, SMST two PS layers of 7 x 4
sqm and KPC a detection area of 3 x 3 sqm.
3. GMDN DATA
The cosmic ray muon counts of the GMDN ground based
telescopes must be converted into cosmic ray anisotropy in
interplanetary space in real time. According to Fujimoto et al.
[28] the numerical calculation is based on equation (2)
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Fig. 6 Nearly two years of SMST data: atmospheric pressure
corrected count rates from vertical and all N, S, E and W
directions.

I 0 (t ), ξ xGEO (t ), ξ yGEO (t ), ξ zGEO (t )

ω = 2π / 24
(2)

Fig. 8 Data of all five GMDN telescopes: the interplanetary
CME was measured more than 24 hours on the way towards
Earth (red anisotropy circles within the black line) and during
the arrival time at Earth respectively the sojourn of Earth in
the CME (red line). The anisotropy scale is given on the right
(red dots 1% … 5% and greater, yellow dot 0.75 %, green
dots 0.1 …0.3 %). Details see text.

Fig. 7 Nearly two years of KPC data: atmospheric pressure
corrected count rates from vertical and all N, S, E and W
directions.
All five GMDN telescopes have been in the position to detect
the last huge CME-event in December 2006. The CME launch
time at Sun was 13 December 2006 2:30 UT and the arrival
time at ACE was 14 December 2006 14:38 UT [29]. The
transition time was 36 hours and the GMDN telescopes have
detected a cosmic ray anisotropy in the same time period: the
next figure displays a three days plot of the event. Top: the
ACE spacecraft magnetic field data are shown in a space
weather user friendly – green for positive and red for negative
Bz. The ACE magnetic field data are needed to receive the
actual cosmic ray anisotropy. Middle: cosmic ray muon
density on ground in % deviation from the yearly mean
density. Lower image: cosmic ray anisotropy (circle size in %)
in interplanetary space as a function of pitch angle (angle 0°
towards Sun, angle 45° - interplanetary magnetic field line
direction at Earth orbit, 90° angle - Earth motion direction).
First, small anisotropies were measured on 13 December 2006
between 33° to 120°. Strong anisotropies were detected in the
second half of 14 December 2006 in a very broad region (10°
to 180°).

Fig. 9 Nearly two years of data of cosmic ray density and
anisotropy (scale like in figure 8) of GMDN (all five
telescopes, 1 December 2006 – 4 November 2007). Due to the
very low number of solar activity there is just a very low
number of anisotropies.

B

Fig 10 More than one year data of cosmic ray density and
anisotropy (scale like in figure 8) of GMDN (all five
telescopes, 4 November 2007 to 4 December 2008). There is
no cosmic ray anisotropy measured because of the lack of
CMEs due to the minimum of solar activity.

4. CONCLUSIONS AND FUTURE PERSPECTIVES
The ground based GMDN allows an effective monitoring of
interplanetary CME for a SSA service. For the purpose of a
24 hours real time SSA service in Europe it is proposed to
established the GMDN data centre at the DLR Institute in
Bremen. The number of telescopes in the ground based
GMDN may be increased by Armenian and Russian cosmic
ray muon telescopes. In addition there are still two
observation gaps in the network - the northern American and
southern African continents are not yet covered.
A space based cosmic ray telescope for SSA purposes will be
studied soon. The so-called EU / NESTEC proposal (NEw
Space TEChnology with German, Dutch, Czech, Slovak and
Greek partners) have foreseen to develop a space weather
dedicated spacecraft with CME and solar telescopes based on
several new concepts: an Innovative Core spacecraft (ICE)
bus demonstrator, a new space based cosmic ray Particle
Detector Technology (PDT) for a novel space weather storm
imaging monitor and a completely new EUV Solar imager for
solar Eruption (EUVSUN) detection. Parts of NESTEC are
already tested on balloon and satellite flights. Russian
NUCLEON space experiment may be also a good method to
study above 100 GeV CMEs by means of cosmic rays [30].
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Cosmic Rays : Perspectives for the Future
Arnold Wolfendale

1.

INTRODUCTION

This paper is a brief summary of my views about the future of
our subject, and my pleas for certain improvements.
The first plea – and perspective – relates to the need for
‘lateral thinking’, i.e. the need to examine related areas of
science. Rarely, does a result in Cosmic Ray Physics
represent the end-product; usually, information is needed from
Astronomy, Geophysics or Particle Physics before a result can
be fully appreciated.
The second plea is for rather more effort to be directed
towards solar-terrestrial relations. It is evident that, with the
onset of Climate Change, such studies – of which low energy
cosmic rays forms a part – have an important part to play.
The various energy bands of cosmic rays (CR) will be
considered in turn.

2. LOW ENERGIES
‘Cosmic Rays and Global Warming’ is an obvious growth
area here. ‘Lateral thinking’ is certainly needed in this field.
A typical topic concerns ‘clouds’, following the well-known
demonstration of a strong correlation between the neutronmonitor count rate and low cloud cover. It is naïve to
consider ‘clouds’ as a single entity; there are different types of
clouds, each with its own sensitivity to CR - , or CR-related,
effects. The manner in which CR-induced changes affect
clouds (e.g. height – and width – dependence) and in turn
influence the measured quantity (the ‘cloud cover’), will also
need to be addressed. This area is of crucial importance.
Turning to the passage of space – probes through the
termination shock, the determination of the holy grail of low
energy CR is in sight; this is the inter-stellar spectrum, i.e. the
ambient CR spectrum away from the perturbing effects of the
solar system. Lateral thinking here requires attention to
measurements of very local interstellar winds, ionized gas,
magnetic fields, etc.

knees are very sharp. A quantitative estimate of the
magnitude of the sharpness (the second derivative of log
intensity with respect to log energy) is still not being given by
workers in the field. Its value, and interpretation, will be of
considerable value in the on-going quest for the mechanism
by which CR are accelerated.

4. THE ANKLE REGION AND ABOVE
Another important feature in the energy spectrum of
primary CR is the well-known ‘ankle’ at about 10 EeV. The
crucial question of the evidence for a transition from Galacticto Extragalactic – origin is presumably tied up with this
feature. Again, there is need for a quantitative determination
of the sharpness. In turn, more detailed studies are necessary
of the spectral shape expected for EG sources distributed in a
realistic way both in terms of location, type and strength,
together with information about the topography of the EG
(and G) magnetic field. A major effort is necessary in this
lateral-thinking-area if the considerable efforts involved in
measuring the ultra-high energy CR properties are to be
adequately rewarded.
Similarly, but perhaps at a more difficult level, the
interaction models need more attention. AUGER results
appear to show a conflict between the masses of primary CR
beyond 1 EeV inferred from EAs depth of maximum results
and those inferred from apparently coincident – in – position
EG sources (AGN). Specifically, ‘heavy’ nuclei and protons
respectively. Thus, we have a re-run of the situation at much
lower energies of some decades ago. At that time, a change of
interaction characteristics was postulated (scaling-breakdown)
and that seemed to be partly true, at least. Caution is needed
with the present ‘highest energy known to mankind’,
however. Although the Scaling-breakdown model may well
be still acceptable at the highest energy (T Wibig, this
Symposium) the image of the subject for particle physics has
been fragile in the past and we need to be sure to ‘get it right’.

5. CONCLUSIONS

3. THE PEV REGION
The information content of the ‘knee’ in the energy
spectrum at ~3PeV has still not been adequately tapped.
Measurements are still showing a sharp knee, indeed some
A.W. Wolfendale is with the Physics Department, Durham University,
Durham , UK).

The prognosis for our subject is very good, not least in the
area of European efforts. It is also pleasing to note that the
European Cosmic Ray Symposia continue to play a useful
role.
After this superbly organized meeting in Kosice we look
forward to the next meeting in Finland in 2010 and, very
significantly, to honouring Viktor Hess, on the Centenary of
his great discovery, in 2012.
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