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Abstract The hadronic component of the secondary cosmia fact, in 2005 more than 31,000 air crew membegese
radiation is being measured continuously by theballo monitored in Germany, and a mean annual dose doesimic
network of neutron monitors at different geographic radiation of 2.0 mSv was obtained, which is similaat of
locations and altitudes. However, the neutron noosit workers in nuclear industry or radiograpﬁ}l_[
themselves do not provide any information on thergn  |n order to quantify the doses from secondary cosmi
distribution of detected particles (mainly neutrprisor some  radiation for any flight route, theuFopean Pogram Package
applications like the estlmat.lon qf QOses obtairfedm o, the Qalculation of Aviation Route Dbses (EPCARD) was
secondary ngutrons of cosmic radlat|o'n, knowle.dgethe developed 4-6]. The code is based on energy spectra for
Zﬁiftral gzi:ﬁlet_élﬁerg;e sr:éinlsa?ss?\rem?rlbn?eme ;himvarious particles of the secondary cosmic radiafield that

gy - distribut aary utr | 90SM, ere calculated at any location in the atmosphgrméans of
radiation continuously, the Institute of Radiatirotection of the FLUKA Monte Carlo code using energy spectrarotons

the Helmholtz Zentrum Minchen is operating two mmnf th . i radiati 106t ITh el
sphere spectrometers. These spectrometers areibéesen rom the primary cosmic radia |or1 as inpaf.[ esg particie
fluence spectra were converted into dose quantitikeded to

detail in the following paper and typical neutrgrestra during . X . :
normal solar activity are discussed. Furthermoegh iBonner Numan health risks such as effective dose usingopppte

spectrometer measurements are compared to neutnitom dose-conversion coefficients, and finally an ovenamerical
data, to show consistency of the different measeargsn procedure was included that provides doses tospdot cabin
crews on board of aircrafts for any flight routeo Give an

example, based on the online version of EPCARD that
1. INTRODUCTION available on the homepage of the Helmholtz Zentrum
Minchen [http://www.helmholtz-muenchen.de/epchrd the

PARTICLES from primary cosmic radiation (mainly protons€ffective doses for the flights Munich — Vienna esfice on 8
from the galactic and solar component) that hit the€Ptember 2008 and for Kosice — Prague — Municti Bh

atmosphere of the Earth give rise to a complexdfief ~September 2008 that were used by two of the autWirR.
secondary particles. These particles include — gnoghers — and C.P.) to attend the 2European Cosmic Ray Symposium
neutrons, protons, electrons, pions, muons, antopeoAs a Were 4uSv and 5uSv, respectively. These doses compare to
result, pilots, cabin crew members, and passengersoard an annual effective dose from cosmic radiatioreatlsvel and
aircrafts are exposed to ionizing radiation depegdon Mean latitudes of 0.3 mSv, and to a total annifatt¥e dose

altitude, latitude, longitude and time. At mearitiates (about for the population in Germany of about 4 mSv thafiides
50 °N), effective dose rates at typical flighttalties of 10 km natural contributions from cosmic, terrestrial, amiernal

are in the order of HSv/h, while it is more than a factor of "adiation, and exposure to radon, as well as aptgenic

100 lower at sea level. Based on recommendatiobisped ~contributions which are dominated by exposures doie
by the International Commission on RadiologicaltBeton in  Medical diagnostics.

1990 [1] that were confirmed recenty2]j pilots and cabin  Presently, considerable efforts are being madeatwate
crew members should be monitored if their annutdotiie these calculations through measurements of pastifiem
dose is likely to exceed 1 mSv. secondary cosmic radiation. Particular attentiobesg paid

on secondary neutrons, as these provide the majdrilcution
All authors are with the Helmholtz Zentrum Miinch@erman Research tO the effective dose, at flight altitudes. Forstheason, we
Center for Environmental Health, Institute of Raidia Protection, have installed two Bonner Spheres SpectrometerS) Bt
Ingolstédter Landstr. 1, 85764 Neuherberg, Gern{aoyresponding author: allow quantitative measurement of secondary nesatrioom

W. Rihm; phone: ++49-89-31873359; fax: ++49-89-3BB; e-mail: . . . .
Werner.ruehm@helmholtz-muenchen.de). secondary cosmic radiation, both in terms of atisgharticle




fluxes and in terms of their energy spectra. Th®stems are

described in detail below, and first results aregi

2. MATERIALS AND METHODS

A. Measurement location

The measurement locations were chosen in a waeither
the shielding by the atmosphere or by the geomayfield is
as low as possible. Therefore, one BSS systemnstaled at
mountain altitudes, while another one was instadlede to the
North Pole.

= |
Fig. 2: One-floor extension of the Koldewey statiointhe
AWI (left) in Ny-Alesund, Spitsbergen, and Bonngrhere
spectrometer inside the extension (right).

The first BSS system was installed in 2005 at theB: Specification of the BSS systems

environmental research station “SchneefernerhaduisSsj. It is
located close to the summit of the Zugspitze mdontée
highest mountain in Germany, at an altitude of Q,6% (see
Fig. 1, left). Its coordinates are E10°58.9' and7f&’, which
corresponds to 4.4 GV vertical geomagnetic cutrigftidy

[7]. The BSS system is located on a terrace of thost and
housed inside a small measurement shed (7.0 x 3t@ight:
3.15 m). The roof of this shed has a slope of 648 &
covered by aluminum plates, to minimize the amafrgnow
that might remain on the roof during periods ofwriall (see
Fig. 1, right).

Fig. 1: UFS Schneefernerhaus close to the summthf
Zugspitze mountain (left) and measurement shed tarrace
of the UFS (right)

The second BSS system was installed in 2007 &ftrinech-
German Arctic Research Base AWIPEYV (inside the Koley
station of the Alfred Wegener Institute (AWI)) inyMlesund,
Spitsbergen, at sea level. In this case the coateknare
N78°55'24" and E11°55’15” (town center), correspting to
a cut-off of about 0.3 GV (including atmospheric¢-off). The
spectrometer is operated inside a one-floor extensi the
station (3.40 m x 5.65 m; see Fig. 2, left). Thiaistructure
available at both stations allows remote controblbfmajor
parameters of the spectrometers, and continuoastdatsfer
to our home instituteg].

Both BSS systems consist of 15 polyethylene (PBesgs
with spherical®He proportional counters in their center (see
Fig. 2, right). Depending on the thickness of th& cident
neutrons from secondary cosmic radiation are mdéelérand
the resulting thermal neutrons are detected bytbportional
counters through théHe(n,pfH reaction. As a specific
feature, both spectrometers include two polyette/lepheres
(9 inch in diameter) with lead shells (thicknes& @nd 1 cm),
to increase the response to high-energy neutronseathO
MeV. Finally, a 18 proportional counter without any
moderating polyethylene is used which is mainlysgere to
thermal neutrons. The detailed response as a fumatf
neutron energy of each moderator/detector configuravas
calculated by means of the MCNP code. Details aveng
elsewhere 9, 10]. Note that both systems allow continuous
measurements using all 16 detectors at the sanee Tihus,
any variations in the energy spectrum of neutror@mf
secondary cosmic radiation can be quantified oima tcale
and within a statistical precision that is detemirprimarily
by the count rate of the detectors.

The detector signals are amplified by pre-ampkfi@nd
amplifiers in multiports which also digitize thegsals, and
finally analyzed by a multichannel analyzer (MCAj ihe
computer Canberra GmbH, Russelsheim, Germanyhe
pulse height spectrum provided by each detectstoi®d, and
the count rate is obtained by integrating over gior of
interest that was defined for each detector beiizstallation
using an Am/Be neutron source.

The count rates are stored every hour at the URGgeaery
5 minutes at the Koldewey station. To increasestiagstical
significance of the results, data from 6 hours aseally
combined during normal solar activity.

C. Unfolding of the neutron spectra

The count rates obtained by the 16 proportionahtas are
used, together with the calculated response fumstiof the
various moderator/detector configurations, to uwhfahe
energy spectrum of the neutrons by means of the N3
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 spactoube
measured, which is governed by the physics of dverdary



neutron field produced in the atmosphere: very hbygthe
differential energy spectrum includes a Maxwell42olann
peak of thermalized neutrons with energies of al2gumeV,
an epithermal part which decreases with increasi@gtron
energy similar to 1/E, an evaporation peak at 1&/Mand a
cascade peak at about 100 MeV. A detailed studgibymer
et al. showed that the choice of the start spectimmot
critical, as far as the unfolded neutron spectrsiraoncerned,
if the start spectrum includes these four regidigg [

D. Correction for air pressure

Meteorological data measured at the UFS are prdvine
the German Weather Service (DWD), while those mreakat
the Koldewey station are provided by the AWI.
importantly, the air pressure is measured at bathioss
continuously. This allows correction of the courdtes

measured by the BSS systems to the air mass odenur

according to (1)14].
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Fig. 3: Total relative hourly count rates obtailgdthe BSS
system on the UFS in July 2005 (thin lin€] fompared to
those measured by the NM at Lomicky Stit (thicle)ifiL6].

Figure 4 shows typical unfolded neutron spectrauded
from the BSS measurements (“neutron spectrometeethat
the UFS on Zugspitze mountain, one for a dry period
summer (18 August 2007), and another for a period with

whereN is the observed count rate at a particular pregsur heavy snow fall and about 1.5 m snow cover onehege (7

and N, is the corrected value at a reference pressurgor

September 2007). The figure presents the dataeiriethargy

the barometric coefficiens, a value of 0.712% per mbar wasrePresentation — equal areas below the curve qumesto

used [L5].

3. RESULTS AND DISCUSSION

A. UFS “Schneefernerhaus”, Zugspitze, Germany

Typically, the count rates obtained vary betweénhahd 9.6
cts/min at the UFS, and between 0.18 and 1.32 ictsitrthe
Koldewey station, respectively, depending on
moderator/detector configuration. In the “neutroronitor
mode”, the count rates of all 16 detectors are lyiragded to
provide a total count rate of the spectrometer, eomected
for the air mass overburden using equation (1)thls way,
information on the relative intensity of secondamgutrons
from cosmic radiation as a function of time candixained.
As an example, Fig. 3 shows the relative countsratgtained
by the BSS system on the UFS in July 2005 (norrdlip a
mean air pressure of 740 mbar), compared to th@ssuned
by the Neutron Monitor (NM) at Lomnicky Stit ).

Obviously, a Forbush decrease was observed by ®8 B

system at the UFS on July “6followed by a short
intermediate peak which started to rise on Juff}, & about 5
o'clock in the morning, with a maximum between I2lack

and 15 o’clock, and a final phase of recovery tlasted
several days. This pattern was observed by vanugron
monitors including that at Lomnicky Stit (Fig. 3)q].

equal numbers of neutrons per %nin the corresponding
energy intervals. The major components of the spect
already mentioned above are clearly visible: ajsa peak that
is due to thermal neutrons with energies betweerard 40
meV b) a plateau in the epithermal region thaterf the 1/E
behavior of the spectrum in this representatiora econd
peak at about 2 MeV originating from neutrons evapog
from highly excited residual nuclei, and d) a thiebk at 100-
200 MeV that is due to a broad minimum in the reudair

h reaction cross-sections at energies above 100 M&V [
e
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Fig. 4: Unfolded neutron spectra measured at th8 0n
16" August 2007 (dry and sunny weather), and threekss
later on 7' September 2007 with heavy snow fall and about
1.5 m snow cover on the terrace.

Obviously, the measurements with Bonner spherestdoc
1.75 m above the floor in the measurement shed stevagly
influenced by the surrounding snow cover on theatas,



which reached a height up to 1.5 m dh September 2007.

For comparison, the relative count rate obtainedhiey18-

Interestingly, the surrounding snow cover has nalgke NM64 Neutron Monitor operated at Barentsburd8][

reduced the fluence rate of neutrons below 10 Mehile the
cascade peak at 100 MeV stayed almost unchangésl.cdh
be explained as a consequence of the
moderation/absorption cross sections of hydrogeméatrons
with energies below 10 MeV, compared to the cresgiens
for higher-energetic neutrons. Furthermore, lowesrgetic
neutrons (E < 10 MeV) are moving isotropically, s
high-energy neutrons are mainly coming from abdience a
significant part of neutrons with energies belowM&V has to
pass material in the surrounding environment (idicig snow
cover) before reaching the BSS. Therefore, the runds
interactions between low-energetic neutrons andenirt the
surrounding materials is much higher compared ab @i high-
energy neutrons. This results in an additional cédn of the
neutron fluence rate at energies below 10 MeV dupieriods
with a lot of snow in the vicinity of the spectrotee

At present, detailed Monte Carlo simulations aréndpe

Spitsbergen, is also shown for the same periodiroé.t
Comparison between both count rates indicates aistent

highéme behavior. It can also be seen from the figinat the

statistical uncertainties involved in the NM mea&soents are
much smaller than those obtained by our BSS systies,.to
the much larger detectors used in the NM. Howetee,
advantage of the BSS system is — as already detamve —
the possibility to extract information on the energf the

neutrons, which cannot be obtained from
measurements.

As an example for a typical neutron energy spectiuriNy-

Alesund, the mean count rates obtained in Janustyiry
2008 at the Koldewey station for the 16 detectagsewised to
unfold a neutron spectrum (“neutron spectrometedetjo(see
Fig.6). Due to the higher atmospheric shieldingsead level
compared to that at the Zugspitze mountain, thegnat

fluence rate of secondary neutrons from cosmicataxdi is

performed, to model the energy spectrum of secgndaroughly a factor of 6.7 lower at the Koldewey siatihan at

neutrons at the UFS taking the local environmetat &ccount.
These efforts will also include parameter studieshsas
variations in snow cover and water content in tecainding
environment.

B. Koldewey station, Ny-Alesund, Spitsbergen

As an example for typical BSS measurements at ti

Koldewey station in Ny-Alesund, Spitsbergen, thealto
relative count rate of the BSS in the “neutron nmmmode” is

shown in figure 5 (black line, hourly correctedajafThe data
were obtained in February 2008, and normalizechéorhean
air pressure of 999.7 mb for this period of timengequation

(1). A mean total count rate of about 10 cts/mirs weeasured.
As can be seen from the figure, the relative coate of the

spectrometer was quite constant, which demonstrtties
stability of the system with time. The observediations are

mainly due to counting statistics.
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Fig. 5: Total relative hourly count rates of the B&t the
Koldewey station in February 2008 (thin line) arelative
count rate of the NM in Barentsburg (thick linég[, data are
normalized to the corresponding mean values ingéigod of
time.
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the UFS (see equation (1)). The fluence rate dii-bigergetic
neutrons (E > 20 MeV), which is not much influenceyg
surrounding materials or hydrogen content in thanity of
the spectrometer, is roughly a factor of 5.5 lowan
Spitsbergen than at the Zugspitze mountain.
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Fig. 6: Unfolded neutron spectrum for January/Fekru
2008 at the Koldewey station in Ny-Alesund, Spitsiee.

4.CONCLUSIONS

Two BSS systems have been installed recently, tasore
the spectra of secondary neutrons from cosmic tiadiat low
atmospheric and low geomagnetic shielding. Bothesys are
operating without major problems, and the neutrpecta
obtained after unfolding the detector count ratescansistent
and — from the physical point of view — reasonable.

Future efforts will concentrate on the modelingsefondary
neutrons from cosmic radiation in the vicinity aftb research
stations. These efforts will include Monte Carlmsiations of

the NM



the local environment of the BSS systems by mednthe

MCNPX and/or GEANT4 19] codes including the buildings,
ground composition and water concentration, in orte

understand the influence of these parameters omeh&on

spectra. Such calculations are required for a dasine

comparison of the neutron spectra obtained by RES

systems. They will also allow calculation of efiget doses
based on the measured neutron spectra, correction
environmental influences such as rain or snow fald

comparison with doses calculated by the EPCARD ¢tbatkis

used for air crew dosimetry.

To be able to compare the BSS measurements witinomeu
monitor data in a quantitative way, the responsetians for
neutrons and protons of the 18-NM64 in Barentshurg]
were calculated using the GEANT4 simulation toolKi].
With the response function for neutrons and thetroeu
fluence rate obtained from the Bonner spectrométercount
rate of neutron monitors can be calculated and emetpto the
actually measured ones. This comparison showed geoyl
agreement for the BSS data at the Koldewey statimh the
18-NM64 in Barentsburg20]. These efforts still require
further analyses of the various high energy modeisd in
GEANT4, and of the contribution of charged parscfeom
secondary cosmic radiation such as protons to dbetcrates
measured by the Bonner sphere spectrometers aNetyon
Monitors [21].

5.FUTURE

The Bonner spectrometer systems described in theept
paper are ready to measure neutron spectra duodngah
solar activity. Additionally, the systems are opeda
continuously to determine the spectral fluence rafte
secondary neutrons during ground level enhancenf&higs)
after solar particle events (SPEs). This will allaecurate
calculations of air crew doses during such everttsrefore, a
detailed statistical analysis of the expected uagdies in the
neutron spectra during potential GLEs of variousrgiths was
performed. Details are given if][
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