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Abstract—. In this work we describe recent physical model for
evaluation of cosmic ray induced ionization in the@tmosphere and
ionosphere. Detailed simulations with CORSIKA 6.5Zode using
FLUKA 2006 and QGSJET Il hadronic interaction models are
carried out. The energy deposit of galactic cosmi@y induced air
showers is obtained. On the basis of computationaksults the
ionization yield function Y, respectively ion pair productionq in
the atmosphere are estimated. The impact of differé shower
components, namely electromagnetic, muon and hadran
components is estimated. The simulations are perfored
according realistic atmospheric model (US Standaré\tmosphere)
following steep energy spectrum of primary cosmic ays. The
main result is the estimation of profiles for ion poduction rates
q(h) by galactic cosmic rays in the ionosphere andtmosphere.
The obtained ionization profiles are applicable tothe entire
atmosphere, from ground level to upper atmosphere.

1.INTRODUCTION

THE cosmic rays are the dominant source of ionizatibn
the troposphere. The galactic cosmic rays create

ionization in the stratosphere and troposphereadsal in
the independent ionosphere layer at altitudes 5RR0n the
D region [1]. First Van Allen (1952) [2] measurdtetcosmic
ray produced ionization in the atmosphere on tresbaf V2
rocket sounding measurements. The study of cosmc
induced ionization is very important, because it@mnected
with cloud formation, atmospheric chemistry anddkated to
the global electric circuit.

change, observed in the region of extremely higkrgias is
known as “ankle”. The “ankle” is usually associateith the
onset of the dominant extra galactic cosmic raxspe. 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 dasca
processes. The high energy primary cosmic raydssliwith
an atmospheric nucleus and produces new, very etierg
particles. Those also collide with air nuclei, aath collision
adds a large number of particles to the developmsgcade.
Some of the produced particles are neutral pioash ene of
which immediately decays to a pair of gamma rays.

The gamma rays produce electron positron pairs when

passing near nuclei. The electrons and positrogenerate
gamma rays via Bremsstrahlung, building the electgnetic
cascade. This aggregate cascade process i.e. muclea
electromagnetic cascade is known as an extensighaiver.
The cascade consists of billions of secondary gasti The
majority of those particles are electrons and mudrtey
arrive at ground level over large areas of severplare
tRilometers.

The predominant interactions are electromagnétie. cross
sections for the production of hadron and muon spaire
several orders of magnitude smaller than that liecteon-pair
production. In the electromagnetic shower, protpnsduce
lelectron-positron pairs, and electrons and positrproduce
photons via Bremsstrahlung (stopping radiation).

Generally in such type of cascade process only allsm
fraction of the initial primary particle energy caeach the

The primary cosmic rays extend over twelve decamfes ground (observation level) as high energy secongarticles.

energy with the corresponding decline in the intgnsThe
flux goes down from 10m? s* at energies ~ eV to 1

In fact the most of the primary energy is releasedhe
atmosphere by ionization and excitation of thenaddecules.

km? yr* at energies ~f0 eV. The shape of the spectrum isFor a given energy, protons produce showers thaelole,

with small deviation from the power law functionress this
wide energy interval. The observed small changihénslope
0 E*" to O E®* around 1-3.18 eV is well known as the
“knee” of the spectrum. The “knee” is usually asated with
an energy limit of acceleration mechanisms of supes
remnants and may be related to a loss of abilitygidactic
magnetic field to retain the cosmic ray flux. Thecend

A. Mishev. is with the Institute for Nuclear Resgaand Nuclear Energy-
Bulgarian Academy of Sciences, 72 Tsarigradsko s$eul784 Sofia,
BULGARIA (corresponding author, phone: 359-97463fH; 359-9753619;
e-mail: mishev@ inrne.bas.bg).

P. Velinov., is with Solar-Terrestrial Influencesloratory- Bulgarian
Academy of Sciences, 3 str. Acad. G. Bonchev 11df&aBulgaria (e-mail:
pvelinov@bas.bg).

deeper in the atmosphere than showers from nuisleur case
we study only primary protons.

At the same time the stochastic nature of the iddal
particle production processes leads to large shtavehower
fluctuations. On the other hand, the size of thetlations
depends also on the mass number.

The ionization profiles are connected with enetgposit of
the EAS particles. To estimate the cosmic ray ieduc
ionization it is possible to use a model based marzlytical
approximation of the atmospheric cascade [3] oadvionte
Carlo simulation of the atmospheric cascade [4, 5].



2.FORMALISM

Obviously the ionization profiles are connectedhwitnergy
deposit of the EAS patrticles. In our work we use ithnization
yield functionY which is defined according to Oulu model [6]
1 1
Y(x E) = mAE(X, E)— F—[Q €h)
Ax Eg,

where AE is the deposited energy in layetx in the

with corresponding contributions of the differemmgponents

for 1 GeV, 10 GeV, 100 GeV and 1 TeV energy of the

primary proton. In Fig.1-4 with solid black squaiesshown
the total ionization, with open circles the contition of
electromagnetic component, with crosses the caritob of
muon component and with open triangles the cortidhuof
hadron component.

We observe the variation of the different compogsent

atmosphere an@ is a geometry factor, integration over thefontribution to total ionization as a function detenergy of

solid angle.

the primary proton. In low energy range around V@& 11]

In Y we use E,=35 eV [7], which is the energy needed forthe dominant contribution to total ionization isedio hadronic

production of one ion pair and) is geometrical factor
(integration over the solid angle with zenith of @égrees in
our case). Basically the ionization yield functi¥ngives an
average of produced ion pairs at given observd¢iosel and at
given energy of the primary particle. In additiconization

yield functionY gives the possibility to estimate the ion pair

production in the case when one deal with meantspac
Therefore the ion pair productioq by cosmic rays
following steep spectrum is calculated accordirgftrmula:

a(h.A,) = [ D(E.A,)Y (. E) [p(h)dE @
E

where D(E) is the differential primary cosmic rgestrum at
given geomagnetic Iatituddm, Y is the yield functionp(h) is
the atmospheric density (g.Sn

3. IONIZATION YIELD FUNCTION Y FOR PRIMARY PROTONS

Obviously the cosmic ray induced ionization is tedh to
energy deposit by secondary cosmic rays. A powkrtdol
based on Monte Carlo simulation of the cascadegs®m the
atmosphere, precisely the deposited energy, is TKRE&0de
[8], which is the most widely used in the last yesimulation
code for cascade processes in the atmosphere.

The code simulates the interactions and decaysuctein
hadrons, muons electrons and photons in the atrecspip to
energies of several {DeV. The output of the code gives
information about the type, energy, direction, tomss and
arrival time of the produced secondary particlethatselected
observation level. In addition, which is importémit our aims,
the possibility to obtain the energy deposit byfeddnt
components and particles at given observation $exebts.

For the simulations the recent version CORSIKA26cede
[8] with corresponding hadronic interaction modelsUKA
2006 [9] and Quark Gluon String wit JETs QGSJET10]
was used. For the simulations of hadronic inteoactielow 80
GeV/nucleon FLUKA 2006 was assumed and QGSJET

above 80 GeV/nucleon respectively. The hadronicnieve

generator FLUKA 2006 is used for the descriptionnefastic
interactions below energy of several 100 GeV. WithiLUKA
2006 these collisions are handled by different tumidr
interaction models above, around and below the eancl
resonance energy range.

The ionization yield function Y is obtained for fifent
energies of primary protons using expression (He Tsed
statistics varies between 10 000 and 3000 evemtemergy
point. In Fig. 1-4 are presented the ionizatiordyieinctions

component.

Increasing the energy as was expected the ionizatio

increases Fig.2 and Fig. 3. At the same time tinribation of
the different components changes as a functiomefenergy
of the incident particle and the atmospheric depth.
Increasing the energy the role of the electromagnet
component increases and in practice dominates @nhtgh
energy range above several tens of GeV. Moreovethén
middle and high atmosphere at observation levetsal$00
g/cnt, which are near to shower maximum, the contritouté
the electromagnetic component is more importantpasing
to other components. At lower atmosphere the idioiais
due essentially to muon component. In the rangeeof high
energies, around TeV practically
component determines the ionization.

Similar behavior of the contribution of the diffate
components is observed in the case of simulationerding
steep spectrum [12].
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Fig. 1 The ionization yield function Y with contribons of
the electromagnetic (EM), muon and hadron companientl
GeV primary proton
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Fig. 2 The ionization yield function Y with contribons of
the electromagnetic (EM), muon and hadron compaenfort
10 GeV primary proton
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Fig. 3 The ionization yield function Y with contribions of
the electromagnetic (EM), muon and hadron compantort
100 GeV primary proton
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Fig. 4 The ionization yield function Y with contribions of
the electromagnetic (EM), muon and hadron companientl
TeV primary proton

Similar behavior of ionization yield function Y @&bserved
in the case when we used CORSIKA [8] with GHEISHA][
as hadronic interaction model in low energy rant#].[ The
differences are observed around Pfotzer maximumveder
the application of FLUKA is recommended.

4.10NIZATION RATES IN THE ATMOSPHERE

On the basis of formalism described in section 2thef
paper using the obtained ionization yield functiol), which
gives the number of ion pairs, produced in 1 ghef ambient
air at a given atmospheric depth by 1 proton of ghienary
cosmic ray particles with the given energy per eonl and
convenient parameterization of cosmic ray spectugnobtain
the ionization rates according formula (2).

The parameterization of cosmic ray spectrum isrtdkem
[15]. In Fig. 5-8 are presented the ionization safler solar
minimum and solar maximum for different rigidityteoffs. As
was expected the ionization rates differ with iase during
solar minimum. The position of the Pfotzer maximisnin
practice the same. Below some 800 d/¢2000 m above sea
level) the rates in practice coincide.

The different cut-offs correspond to geomagnettitudes
An= 0°, 3C°, 42° and 53. As was expected the shape of the
ionization profiles for given rigidity are quitensilar with
observed difference only in the magnitudes for rsalmima
and solar maxima. For polar region the Pfotzer manri is
not so clearly described and as was expected thigation
profile magnitude is more important.
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5. APPLICATIONS

On the basis of CORSIKA code [8] simulations thergy
deposit by different secondary particles for propoimaries is
computed. To obtaiqg as ion pair produced per second irfcm
it is necessary to multiply the ionization yielch@idion Y per
atmospheric density. The cosmic ray differential spectrum
D(E) is approximated according the parameterizatioergivn
[15] for solar minimum and solar maximum. Therefdrés
possible using the mentioned above parameterizaiod
using the mean ionization yield functiohto calculate the
ionization profiles for given spectrum and givemadiions.
The integration of the spectra is carried out om basis of
numerical methods using Maple subroutines.

In addition normalization to one atmosphere isiedrr
out. This permits in more realistic manner to eatento
cosmic ray induced ionization and ionization ragspectively.
This permits to compare the ionization profiles satlar
minimum (Fig.9) and solar maximum (Fig.10) at diffiet
regions of the Earth [6, 16].

The same formalism can be applied for fast estonati
using ionization yield function Y parameterizatid7] instead
of a full Monte Carlo simulation of the cascadeqass.

In addition a comparison with experimental dataasried

out (Fig.11). We observe good agreement between

experimental data and simulated ionization ratés. dbserved
difference is due mainly on the fact that we coasidnly
primary protons.
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6. CONCLUSION rendus de I'Académie bulgare des Sciendels 60 Issue 5, 2007, pp.

493-500.
In this work a new model is presented for calcotaf the [13] H. Fesefeldt, Simulation of hadronic showers, physics and
ionization of primary cosmic rays in the Earth agploere on applications ‘Report PITHA-85/021985, RWTH, Aachen
the basis of Monte Carlo simulations using CORSIE#de [14] A. Mishev and P. LY. Velinov, “impact of Low Ergy Hadronic
version 6.52. The obtained results allow estimdt¢he ion Interaction Models on Cosmic Ray Induced lonizaffothe

. . . . . Atmosphere” Comptes rendus de I'’Académie bulgare des Scieviaes
pair production in different regions of the wholenasphere 60 Issue 5, 2007, pp. 511-516.

starting from ground level. Only primary protonsear[is] M. Buchvarova M. and P.LY. Velinov, “Modeling spiea of cosmic
considered in this study. The contribution of alplaaticles as rays influencing on the ionospheres of the earthaurter planets during
well as heavy nuclei is a topic of future studly. solar maximum and minimumAdvances in Space Researbfol. 36
. . . . . Issue 11, 2005, pp. 2127-2133.
The obtained results in this work give a good bsistudy

. . . [16] A. Mishev and P. LY. Velinov, “Cosmic ray indut®nization in the
of ozone production in the Pfotzer maximum and rsola atmosphere by primary protons at solar minimummasimum on the

terrestrial influences and space weather. The dutvork is basis of Corsika code simulation€pmptes rendus de I'’Académie

related with comparison of the proposed resulth atalytical bulgare des Sciencal. 60 Issue 11, 2007, pp. 1231-1236.

approaches and detailed study of the impact ofdifierent [17] L Alexandrov, A. Mishevand P. 1.Y. Velinov, “Neparameterization
. N . . of atmospheric ionization yield function of cosméy protons in wide

components. In add_ltlon application fqr dose rat@netion at energy range (0.5 — 1000 GeVpmptes rendus de I'Académie

different altitudes will be of an utmost interest. bulgare des Sciencal. 61 Issue 4, 2008, pp. 495-504.
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