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Abstract

By extending our previously established model, here we present a new model called
“PHITS-based Analytical Radiation Model in the Atmosphere (PARMA) version 3.0,” which
can instantaneously estimate terrestrial cosmic ray fluxes of neutrons, protons, ions with
charge up to 28 (Ni), muons, electrons, positrons, and photons nearly anytime and any-
where in the Earth’s atmosphere. The model comprises numerous analytical functions with
parameters whose numerical values were fitted to reproduce the results of the extensive air
shower (EAS) simulation performed by Particle and Heavy lon Transport code System
(PHITS). The accuracy of the EAS simulation was well verified using various experimental
data, while that of PARMA3.0 was confirmed by the high R? values of the fit. The models to
be used for estimating radiation doses due to cosmic ray exposure, cosmic ray induced ioni-
zation rates, and count rates of neutron monitors were validated by investigating their capa-
bility to reproduce those quantities measured under various conditions. PARMAS3.0 is
available freely and is easy to use, as implemented in an open-access software program
EXcel-based Program for Calculating Atmospheric Cosmic ray Spectrum (EXPACS).
Because of these features, the new version of PARMA/EXPACS can be an important tool in
various research fields such as geosciences, cosmic ray physics, and radiation research.

Introduction

Galactic cosmic rays are continuously incident on the Earth, and they induce extensive air
shower (EAS) by successively causing nuclear and atomic interactions in the atmosphere. Sim-
ulation of EAS over a wide energy range is essential not only for particle physics and astrophys-
ics [1,2] but also for geosciences and radiation research. For example, evaluation of the
temporal and locational variations of cosmic ray fluxes generated through EAS is very impor-
tant for estimating cosmogenic nuclide yields, radiation doses for aircrews, and soft-error rates
of semi-conductor devices. Furthermore, the cosmic ray-induced ionization rate in the
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atmosphere is one of the key quantities for determining the global temperature in the theory of
cosmoclimatology [3], although its credibility has been questioned [4-6].

A number of studies were devoted for the evaluation of terrestrial cosmic ray fluxes on the
basis of analytical approaches and Monte Carlo methods [7-16]. In general, Monte Carlo
methods can give better estimates in comparison with analytical methods, but they require
considerable computational resources. This drawback prevents the direct incorporation of
Monte Carlo methods into a system for rapidly evaluating terrestrial cosmic ray fluxes at vari-
ous altitudes, geomagnetic locations, and solar activities (referred to here as global conditions).
The route-dose calculation code, which can automatically calculate the radiation doses suffered
from a flight between certain two airports, is an example of such a system [17-19]. Modeling
or database creation is required to use the results of the Monte Carlo simulations in those
systems.

Considering these situations, we developed an analytical model for estimating terrestrial
cosmic ray fluxes under any global condition, with the exception of altitudes higher than
20 km [20,21], by modeling the results of an EAS simulation performed using the Particle and
Heavy Ion Transport Code System (PHITS) [22]. The model comprises several theoretical or
empirical equations with free parameters whose numerical values were determined from the
least square (LSq) fitting of EAS data. The fluxes of neutrons, protons, He ions, muons, elec-
trons, positrons, and photons can be calculated using the model, and their applicable energy
are in the range of 1 MeV-100 GeV (per nucleon for He ions), with the exception of neutrons,
the fluxes of which can be calculated down to 0.01 eV. The model was designated PARMA:
PHITS-based Analytical Radiation Model in the Atmosphere, and its implementation called
EXcel-based Program for calculating Atmospheric Cosmic ray Spectrum (EXPACS) [23] was
released to the public. PARMA and EXPACS have been extensively used in various research
fields such as radiation protection [24-26], semiconductor design [27,28], and geosciences
[29-33]. However, the altitude and energy ranges covered by PARMA have, on occasion,
proved to be insufficient, particularly when in geosciences research. For example, estimation of
cosmic ray fluxes above 20 km is important for developing a scaling model of in situ cosmo-
genic nuclide production rates. Cosmic rays below 1 MeV largely contribute to the ionization
rate in the atmosphere owing to their high stopping power.

In this study, we improved PARMA by extending its applicable altitude and energy ranges
up to nearly the top of the atmosphere and down to 1 keV, respectively, and designated the
improved version as PARMA3.0. In the new model, the cosmic ray fluxes of heavy ions up to
Z =28 (Ni) were also modeled, whereas ions with Z > 2 were not considered in our previous
study because they rarely reach altitudes below 20 km. For that purpose, the EAS simulation
was conducted again using a recent version of PHITS. The procedures of the EAS simulation
together with its verification results are given in Section “EAS Simulation,” details on the devel-
opment of PARMA3.0 are described in the Section “Development of PARMA3.0,” and the
results of verification and validation of PARMA3.0 are presented in the Section “V&V of
PARMA3.0.” The final section presents our concluding remarks.

EAS Simulation
Simulation Procedure

The procedure for the EAS simulation in this study is basically the same as that described in
our previous studies [20,21], except for the source-term determination and nuclear reaction
models employed herein. The atmosphere is divided into 28 concentric spherical shells, and its
maximum altitude is assumed to be 86 km. The densities of each shell are determined by refer-
ring to US Standard Atmosphere 1976. The Earth is represented as a sphere with a radius of

PLOS ONE | DOI:10.1371/journal.pone.0144679 December 16,2015 2/33



@’PLOS ‘ ONE

Analytical Model for Estimating Terrestrial Cosmic Ray Fluxes

6378.14 km, and its composition is presumed to be the same as that of the air at sea level to
obtain terrestrial cosmic ray fluxes under the ideal condition, i.e., without disturbance from the
ground. The particles reaching 1000 g/cm” below the ground level are discarded in the simula-
tion to reduce the computation time. Note that the existence of soil significantly influences
neutron fluxes at the ground level [8,34] due to the Earth’s albedo effect, and we used a func-
tion to convert neutron fluxes under the ideal condition to those at ground level considering
water density in soil [20]. This conversion function can also be employed in this study without
any modification. Thus, we ran the EAS simulation only for the idealized atmosphere in this
study, otherwise the ground effect would be double counted.

In the EAS simulation, cosmic rays were incident from the top of the atmosphere assumed
in the virtual Earth system, i.e., from the altitude of 86 km. Note that the atmosphere exists
over 86 km, but such high altitude atmosphere has little influence on the EAS simulation. The
GCR protons and heavy ions with energies and charges up to 1 TeV/n and 28 (Ni), respectively,
were considered as the source particles. The GCR fluxes at 1 astronomical unit (1 AU, around
the Earth) can be estimated from their local interstellar (LIS) fluxes considering the modulation
due to the solar wind magnetic field, so-called solar modulation. In this study, the model
recently proposed by Matthi et al. [35] was employed for calculating the GCR fluxes at 1 AU
because of its simplicity and accuracy compared with our original model, which was used in
the previous study.

In the Matthid model, the energy-differential GCR fluxes at 1 AU for particle type i with
energy E for solar modulation index W, ¢; ;ou(E, W), can be calculated on the basis of force
field formalism [36] as follows:

al,iﬁuz"i
R(E)™ {R(E) + [0.37 + 0.0003W™#]

R(E) }”4””“5 A1 W

(br,lAU (E7 W) |Z;| B ’
where A; and Z; are the mass and charge numbers of the particle, respectively, R(E) is the rigid-
ity of the particle in GV, and f is the speed of the particle relative to that of light. W is generally
calculated from the sun spot number; however, in the Matthid model, it is determined from
cosmic ray measurements and neutron monitor count rates, as described later. The parameters
ay, to as; are free parameters depending on particle type i, while a, and as are constant for all
particles. The numerical values of these parameters are listed in Ref. [35]. The EAS simulations
were conducted for five solar activities W = 0, 50, 100, 150, and 200, and 21 geomagnetic fields
with the vertical cut-off rigidities, ., from 0 to 20 GV. The azimuth and zenith dependences of
the cut-off rigidity were considered by assuming that geomagnetism can be expressed simply
using a dipole magnet, as described in Ref. [8].

The atmospheric propagation of the incident cosmic rays and their associated EAS was sim-
ulated using PHITS version 2.73. The code can deal with the transport of nearly all particles up
to 1 TeV or 1 TeV/n, except for electrons and positrons, whose maximum energies were lim-
ited to 10 GeV. In the EAS simulation performed in our previous study, the Japanese Evaluated
Nuclear Data Library/High Energy file JENDL/HE) [37] was employed for simulating neu-
tron-induced nuclear reactions below 3 GeV. JENDL/HE includes differential cross sections of
neutrons and protons up to 3 GeV, which are generally more accurate than those obtained
from conventional nuclear reaction models. However, JENDL/HE cannot be used in combina-
tion with the event generator mode [38], which must be used in this study because the determi-
nation of charged particles emitted from neutron-induced reactions below 20 MeV is
indispensable for calculating their fluxes below 1 MeV. Instead, we employed the default model
and data library of PHITS 2.73, which are Intra-Nuclear Cascade of Liége (INCL) [39] and
JENDL-4.0 [40], respectively, for simulating the neutron reactions above and below 20 MeV,
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respectively. The total nucleon-nucleus interaction cross sections were calculated using a
model particularly adjusted for high-energy particle transport simulations [41].

The EAS simulation took approximately two months using a parallel computer with 64
CPUs. In the simulation, all particles were traced down to 10 keV, with the exception of neu-
trons, which were transported down to 0.01 eV. The variance-reduction technique was adopted
for transporting low-energy electrons, positrons, and photons to reduce the computational
time. The fluences of all simulated particles for each spherical shell of the atmosphere were
scored as a function of their energy using the track-length tally in PHITS. For verification, their
vertical fluxes were also estimated from the simulation using the surface-crossing tally.

Simulation Results

As examples of the EAS simulation results, the calculated cosmic ray fluxes of protons, He, C,
and Fe ions, neutrons, muons, photons, electrons, and positrons at altitudes of 0 and 20 km are
shown in Fig 1. The solar and geomagnetic conditions of those data are for W=0and r. = 12
GV, which correspond to the solar minimum condition around Tokyo, Japan. The statistical
uncertainties of those data are generally small—less than 5%—except for those of high-energy
ion data. Furthermore, the corresponding data calculated by the analytical model proposed in
the next section, PARMA3.0, are plotted in the figure.

As is well known, the calculated fluxes at 20 km are much higher than those at 0 km, with
the exception of those of muons. Ion spectra at 20 km comprise high- and low-energy compo-
nents, which are attributed to primary cosmic rays and their secondary particles, respectively.
In contrast, high-energy heavy ions do not exist at 0 km because primary cosmic rays cannot
penetrate to the sea level. The small peaks observed in the low-energy photon spectra can be
attributed to the 511 keV y-rays produced by electron-positron annihilation.

To examine the accuracy of the EAS simulation, the calculated neutron fluxes were com-
pared with the experimental data measured in aircraft and on ground [42,43]. The results of
the comparison are shown in Fig 2, together with the corresponding data calculated using
PARMA3.0. It should be mentioned that the neutron fluxes are generally depicted by their
energy-weighted values, E¢(E), with the unit cm™s™" in this study to cover the wide energy
range to be shown. It is evident from the graphs that the neutron fluxes obtained from the EAS
simulation agree fairly well with the experimental data, although slight overestimations were
observed in the lower-energy fluxes, particularly ground-level data. These overestimations are
attributed to the ignorance of the ground or aircraft effect in the EAS simulation, because
hydrogen-rich materials such as water in ground and fuel in aircraft effectively reduce the low-
energy neutron fluxes except for thermal energies around 0.025 eV, as discussed in [20]. In
contrast, the influences of ground or aircraft on the neutron fluxes can be considered in our
analytical model, and hence, PARMA3.0 can reproduce the experimental data more precisely.
Particularly, the thermal-energy peaks observed at the ground level are reproduced only by
PARMA3.0 because they are formed by albedo neutrons.

To verify the accuracy of calculated fluxes of other particles, it is ideal to benchmark the
EAS simulation results using angular integrated fluxes, as in the case of neutrons. However,
doing so is not feasible because of the scarcity of relevant experimental data. Therefore, we
compared the vertical fluxes obtained from the EAS simulation with the corresponding experi-
mental data of protons [44-48], muons [49-51], electrons, positrons [52], and photons [53], as
shown in Figs 3-5. It is evident from the graphs that the calculated vertical fluxes agree well
with the measured data, with the exception of photons, thus indicating the reliability of the
EAS simulation. The calculated photon fluxes are greater than the measured data at higher alti-
tudes, while the reverse is true at sea level. The reasons underlying these disagreements are
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Fig 1. Examples of calculated cosmic ray fluxes obtained from EAS simulation and PARMA3.0. The upper panels show the fluxes of neutrons,
photons, muons, and the sum of the fluxes of electrons and positrons, while the lower panels show those of protons, He, C, and Fe ions. The left and right
panels show the data at altitudes of 0 and 20 km, respectively. The solar and geomagnetic conditions are fixed at W =0 and r, = 12 GV, respectively, for all
panels.

doi:10.1371/journal.pone.0144679.g001

currently under investigation. Slight underestimation of the muon fluxes over 10 GeV is attrib-
uted to excluding incident cosmic rays over 1 TeV/n; however, this discrepancy does cause
underestimation of the muon fluxes when using PARMA3.0, as discussed in the next section.

Development of PARMAS.0
General Description of PARMA3.0

PARMA3.0 (PHITS-based Analytical Radiation Model in the Atmosphere, Version 3.0) facili-
tates instantaneous estimation of the terrestrial cosmic ray fluxes of neutrons, protons, ions
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Fig 2. Neutron fluxes measured in aircraft as well as on ground [42,43] in comparison with corresponding calculated data obtained from EAS
simulation and PARMAS3.0.
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with charge up to 28 (Ni), muons, electrons, positrons, and photons nearly anytime and any-
where in the Earth’s atmosphere. The unit of the output fluxes is cm™>s™'MeV ™", supplying the
atmospheric depth in g/cm?, cut-off rigidity in GV, the solar modulation index W, and kinetic
energy in MeV, with the exception of ions, where the kinetic energy is given in MeV/n to
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Fig 3. Vertical proton fluxes measured by various authors [44-48] in comparison with EAS data.
doi:10.1371/journal.pone.0144679.9003
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facilitate estimation of their fluxes in cm s~ (MeV/n) ' The particle energies covered by
PARMA3.0 are 10 keV-1 TeV (per nucleon for ions), except for neutrons, whose fluxes can be
calculated down to 0.01 eV. The model comprises numerous analytical functions with parame-
ters whose numerical values were determined by LSq fitting to the EAS data.

The global conditions of the EAS data considered in the LSq fitting are atmospheric depth
of 0.15-1024 g/cm?, cut-off rigidity of 0-20 GV, W index of 0-200. In practical use of
PARMA3.0, these ranges can be slightly extended by extrapolating the data. Thus, the applica-
ble ranges of PARMA3.0 cover from the sea level to the top of the atmosphere in terms of alti-
tude, from the polar region to the equatorial region in terms of geomagnetism, and from the
minimum to the maximum solar activities recorded in the last 400 years. It should be noted
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Fig 5. Vertical electron, positron, and photon fluxes measured by Golden et al. [52] and Cecchini et al. [53] in comparison with EAS data.
doi:10.1371/journal.pone.0144679.9g005
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that the EAS simulation results for W = 0 and 150 were considered as the data corresponding
to minimum and maximum solar activity conditions in the development of PARMA3.0. The
data of the other W index were used only for determining the solar-modulation dependence of
secondary particle fluxes, as discussed later in this section.

Development Strategy

The forms of analytical functions used in PARMA3.0 are similar to those proposed in our pre-
vious study, although the model development strategies are different. In our previous study, we
attempted to reproduce the cosmic ray fluxes obtained from the EAS simulation as simply as
possible, using mostly analytical functions having some physical meaning. In contrast, in this
study, we aimed to reproduce the EAS simulation results as precisely as possible over wider alti-
tude and energy ranges. Thus, we introduced several correction factors to estimate the cosmic
ray fluxes at higher altitudes or lower energies, which were omitted in our previous study. Little
physical meaning exists in the forms of the equations used to calculate those correction factors.

Furthermore, altitude dependences of some free parameters used in PARMA3.0 are so com-
plex that they cannot be expressed by a simple form over a wide altitude range—from sea level
to the top of the atmosphere. Thus, we evaluated the numerical values of those parameters only
for discrete altitude levels for which the EAS data were available and determined the values for
intermediate altitudes by simply interpolating the evaluated data. Consequently, the number of
parameters evaluated in this study became numerous in comparison to those in our previous
study. Note that the evaluated parameters are not tabulated in this paper, and they are provided
in the new version of EXPACS, which is available from its website [23].

Proton and lon Fluxes

Fig 6 shows the proton, He-, O-, and Fe-ion fluxes obtained in the EAS simulation in compari-
son with the corresponding data calculated using PARMA3.0. The left and right panels show
the atmospheric depth and the vertical cut-off rigidity dependences of the fluxes, respectively.
As can be seen in the figure, their spectra can be divided into higher- and lower-energy compo-
nents, although they are not clearly distinguished in the case of protons, and only high-energy
components exist in the case of Fe ions. The two components predominantly comprise primary
cosmic rays and their secondary particles produced in the atmosphere, respectively. The
switching energy between the two components depends on the cut-off rigidity, as discussed
later in this section. In the same manner as our previous study, we first proposed mathematical
functions to estimate the primary and secondary particle fluxes separately, and then developed
a model for calculating the total fluxes by combining them.

Primary cosmic ray fluxes in atmosphere. Considering the energy loss and nuclear inter-
actions in the atmosphere, we assumed that the primary cosmic ray fluxes of particle i with
energy E for solar modulation index W at atmospheric depth d, ¢; ,i(E,d, W), can be expressed
as follows:

¢i.pri(Ea d, W) = (bi‘,lAU(E + Si(E)d7 W) (47'5 - QE)

s {by (d)exp(—by,d) + [1 — by (d)]exp(—b, )}, @

where ¢; 1 v is the primary cosmic ray flux at 1 AU, as calculated using Eq (1), and its unit is
cm~%s ' (MeV/n) 'sr™'. S,(E) is the stopping power of particle i with energy E in the atmo-
sphere, and its unit is (MeV/n)(g/cm?®)~". Qg is the solid angle of the Earth from a point at the
top of the atmosphere in our EAS simulation, and b, ;-b; ; are free parameters depending on
particle type i as well as d in the case of b;. The value of E + Si(E)d indicates the back-calculated
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Fig 6. Proton, He-, O-, and Fe-ion fluxes obtained from EAS simulation and PARMA3.0. The left and right panels indicate the atmospheric depth and the
vertical cut-off rigidity dependences of the fluxes, respectively.

doi:10.1371/journal.pone.0144679.g006

primary cosmic ray energy at 1 AU under the assumptions that the stopping power is constant
at higher energies and the cosmic ray is vertically incident on the atmosphere. The second
assumption is inadequate particularly for higher altitudes, and the inaccuracy induced by this
supposition was compensated by introducing altitude dependence into parameter b, ;, which
was regarded as a constant in our previous study. The effect of the magnetosphere was not con-
sidered in this equation, and it will be considered in the equation for combining the primary
fluxes with the secondary ones, i.e., in Eq (8) proposed later in this section.

The numerical values of b, ;~b; ; were determined from the LSq fitting to the EAS data only
for high energies and low cut-off rigidities because Eq (2) was introduced to calculate the pri-
mary cosmic-ray fluxes without considering the magnetosphere; the low-energy and high cut-
off rigidity data were disturbed by the contributions of secondary particles and the effect of the
magnetosphere, respectively. The value of S;(E) calculated using PHITS were adopted in the
LSq fitting. Because of large statistical uncertainties of the EAS data for non-abundant ion spe-
cies such as Ni, particles were categorized into six groups according to their charge: Z=1, 2,
3-5,6-9, 10-19, and 20-28, and the values of the b parameters were assumed to be the same
within each category.

Secondary cosmic ray fluxes in atmosphere. In the PHITS simulation, there are 3 types
of reaction mechanisms for producing secondary particles, which are the intra-nuclear cascade,
evaporation, and recoil processes. The intra-nuclear cascade process can emit secondary parti-
cles with energy equivalent to that of the incident particle, while the other two processes emit
only low-energy particles with energies below approximately 20 MeV. Only protons and He
ions were generated through the cascade process in the PHITS simulation, although the maxi-
mum energy of secondary He ions was limited to approximately 300 MeV/n. Other ions were
produced only by the recoil and evaporation processes, but the production yields of ions
heavier than oxygen were negligibly small, as shown in panels (G) and (H) of Fig 6 because the
atmosphere predominantly comprises nitrogen and oxygen atoms. Therefore, we modeled the
secondary ion fluxes with charges of up to 8 in this study.

Our previous study suggested that the relative shapes of the secondary particle fluxes are
almost independent of the cut-off rigidity and solar activity for protons, and even of any global
conditions in the case of He ions. This was because the spectra of the particles produced by the
recoil and evaporation processes are nearly insensitive to reaction conditions such as incident
particle type and energy, and secondary He ions were assumed to be generated only through
those processes in our former EAS simulation. In the EAS simulation in this study, secondary
He ions were produced also by the intra-nuclear cascade process in the same manner as
that for protons. Thus, we propose the following functions to express the secondary ion fluxes

¢i,sec(E’ d> To M/):

¢i7sec(E7 d7 rc7 W) = @i(d7 rc’ W)(Pi,all(E7 d) fOI' Z S 27
= @,(d, 1, W)@, oo (E) for 3 <Z <8, (3)

=0 for9 <7,

where @,(d,r., W) is the normalization flux in cm™ s ™", and ¢; u;(E,d) and @; ¢ya.rec(E) are the
normalized energy spectra of the secondary particles i in (MeV/n)~", which are produced by all
three reaction mechanisms and only by the evaporation and recoil processes, respectively. The
flux of particle i at 1 MeV/n was selected as the numerical value of @; because the contributions
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of the primary particles are almost negligible for such a low energy level. Note that the symbols
¢, ¢, and @ are used for representing absolute fluxes, normalized energy spectra, and fluxes
used for normalization, respectively, throughout this paper.

Fig 7 shows proton, He-, and C-ion fluxes at 1 MeV/n, as obtained from the EAS simulation,
and these values should be reproduced by LSq fitting of @;. The left and right panels show the
same data drawn along different x-axes, in particular, the linear and logarithmic scales of atmo-
spheric depth, respectively. In the same manner as our previous study, the atmospheric-depth
dependence of the normalization fluxes for the solar minimum and maximum conditions,

@) is expressed as follows:

(d,1.) = e (r ) {exp[—l™ (r)d] — i expl—c"T ()]}, (4)
where cgfy?)—cg@) are free parameters depending on the cut-off rigidity .. Note that the super-
script (W) indicates that the variable is defined respectively for the solar minimum and maxi-
mum conditions. The derivation of this equation was described in detail in our previous paper
[20].

We determined the values of ¢\"{ 7'~c|" ¥ by LSq fitting to reproduce the fluxes at 1 MeV/n

obtained in the EAS simulation. As examples, the evaluated cl?,‘ ) of protons are shown in Fig
8. The dependence of the evaluated ¢ parameters on r. was expressed by the sum of sigmoid
and linear functions as follows:

(W) W) (W) 8.
C"i ( ) gll +g7t c+ (5)
' ' " L+ exp{[r. — g, /g }

where g(wI gjgf) are free parameters, whose numerical values were determined by LSq fitting

to the evaluated c}fm parameters. The results of the fitting are also plotted in Fig 8. The agree-

ment between the evaluated c;“,ﬁ) parameters and the corresponding data obtained from Eq (5)
indicates the adequacy of the form of the equation. Note that the same function form as Eq (5)
was employed to express the r. dependences of all parameters introduced in this study. It
should be also mentioned that the numerical values of the ¢ parameters for r. < 1 GV were
assumed to be same as those at r. = 1 GV because secondary particle fluxes are nearly insensi-
tive to the cut-off rigidity for such low values.

The normalization fluxes obtained from Eq (4) by substituting the ¢ parameters calculated
using Eq (5) are also drawn in Fig 7. It is evident from the figure that the calculated normaliza-
tion fluxes agree well with the flux at 1 MeV/n obtained from the EAS simulation, with the
exception of those at atmospheric depths lower than approximately 20 g/cm?, i.e., altitudes
higher than 27 km. For such high altitudes, Eq (4) slightly overestimates the simulation results.
Similar tendencies are also observed for other ions and for the solar maximum condition,
although they are not shown in the figure. For calculating the normalization fluxes under arbi-
trary solar conditions, we used the same functions that were employed in our previous study
(see Eqs (8)-(10) in Ref. [21]). Note that the solar activity was expressed by the force field
potential in GV in those equations, which can be deduced from the W index as 0.37 + 0.0003
w4, according to Eq (1).

To determine ¢; ,y(E,d) and ¢; oyg+re(E) in Eq (3), we evaluated the normalized particle
spectra, which are the ratios of the fluxes obtained from the EAS simulation to @; calculated
using Eq (4), as a function of the atmospheric depth for protons and He ions, and averaged
over all global conditions for heavier ions. Examples of the normalized spectra are shown in
Fig 9 for protons and He ions, and in Fig 10 for heavier ions. For estimating the normalized

PLOS ONE | DOI:10.1371/journal.pone.0144679 December 16,2015 11/33



el e
@ ' PLOS ‘ ONE Analytical Model for Estimating Terrestrial Cosmic Ray Fluxes

"_,.\ T T T T T T T T T T 10_3 M | L R R | —
§ (A)Proton § | ——— o=

3 NL‘% Linear scale {
S0 e 310"
c'\l(l) m \\ ____________

E y ~N

CAE = 1 107%

= EAS Eq.(4) r, N

> I~ —— 1@V >

= 40% T —— 5GV {1078

10 10

% - —— gav (B) Proton

¥ 17 GV Log scale

2 1 1 1 1 1 1 1 1 1 | 10—7 |

0 500 1000 “4g”" 10°

T T T T T T T T T T L N A r__ - 77T

< 10—4% (C)Heion | -

é L Linearscale § =~ | ———————————=

- N ~~ 11 !l -———_—————====

&2 107 = 1107

IS N

o SN

C -6 -6

<10 F 1 10 °F

>

(0]

= .

- _ ~ (D) He ion

w® 10 'F 7 10 'F Log scale

X

S 1 1 1 1 1 1 1 1 1 | | 1 1
L0 500 1000 1™ 10° 10’ 10 10°
\—A 10_6 T T T T T T T T T . T 10_ T T T
c “\1&1\* ] (E)C |o|n

> '7?4__%&& g inear scale |

s 10 F_,_,_._L\ N
T =

I —8_ = _

E/ 10 ~

C

>

[} —9_ _ _9_

= 10 107 (F) Cion

‘{E Log scale

P 10—10 1 1 1 1 1 1 1 1 1 | 10—10 — | 1 1
z O 500 ,. 1000 "~ 1o 10° 10 102, 10°

Atmospheric Depth (g/cm”®) Atmospheric Depth (g/cm”®)

Fig 7. Fluxes of protons, He, and C ions at 1 MeV/n as obtained from EAS simulation and the corresponding normalization fluxes calculated using
Eq (4). The left and right panels show the same data drawn along different x-axes, in particular, the linear and logarithmic scales of atmospheric depth,

respectively.
doi:10.1371/journal.pone.0144679.g007

spectra, @; .1(E,d) and @; evarec(E), we respectively introduced the following functions:

hy,(d)E"@

q)i@n(Ea d) = [+ hy,(d)E" @[ + b, ,(d)E%:9] {1+ exp[—h;,(d)(In(E) + hy;(d))]},  (6)
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Fig 8. Numerical values of ¢ of protons. Open circles denote the data obtained directly from the fitting of
LSq to the fluxes at 1 MeV/n, while the solid lines represent the corresponding data calculated using Eq (5).
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and

hy E"

. E)=—">——
q)z,evaJrrec( ) ].—‘rhngh“

{1 + exp[—h”(ln(E) + hs,i)”’_la (7)

where h; ;~hg ; are free parameters dependent and independent of d when calculating ¢; ,; and
@i evarrec(E), respectively. The forms of the equations have little physical meaning; the fraction
part represents the power function of E, whose power index changes gradually from h, ; to
hyi-hy; or hy i-hy -he ; with increasing E, and the exponential part represents the correction fac-
tor below 1 MeV/n, which was not considered in our previous study.

The numerical value of the h parameters were determined from LSq fitting to the evaluated
normalized spectra, whose examples are shown as staircases in Figs 9 and 10. The fitting results
are also shown in the figures as dashed lines. It is evident from the graphs that Eqs (6) and (7)
can reproduce the evaluated normalized spectra very well, even when the flux at 1 MeV/n is
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> [ [ |
= 10 100F T, .
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Fig 9. Normalized spectra of (A) protons and (B) He ions for each atmospheric depth.

doi:10.1371/journal.pone.0144679.9g009
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Fig 10. Normalized spectra of heavy ions averaged over all global conditions.
doi:10.1371/journal.pone.0144679.9g010

not fitted well by Eq (4), for example, in the case of the data of protons and He ions at 0.15 g/cm®.
This result indicates that the failure of Eq (4) to reproduce the EAS data at lower atmospheric
depths, as shown in the right panel of Fig 7, does not result in inaccurate calculation of secondary
ion fluxes using Eq (3). Note that the atmospheric-depth dependences of the h parameters of pro-
tons and He ions were determined by simply interpolating the corresponding evaluated data for
discrete altitude levels for which the EAS data were available. By substituting @, and ¢; obtained
from Egs. (4)-(7) into Eq (3), we can analytically estimate the secondary ion fluxes for any global
condition.

Combining Primary and Secondary Ion Fluxes. In the same manner as our previous
study, we employed the following function to calculate the total ion fluxes of particle i, ¢;:

¢i(Ea d,r, W) = (bi.pri(E’ d, W){tanh{ol,i[E/Esl,i(ru d) — 1]} + 1}/2

b GylBdr, Wftanh o1 — E/Eg (rd)} + 112, )
where ¢; ,; and ¢; .. are the primary and secondary fluxes calculated using Eqs (2) and (3),
respectively, E; ; and E, ; are the switching energies between the primary and secondary spec-
tra, and o ; and 0, are free parameters that influence the smoothness of spectrum switching.
In general, the switching energy of the primary spectra, Ey, is equal to that of the secondary
spectra, E,, and they can be determined from r. and d as follows:

Esj("c? d) = ofi,i[EcJ(rc) - 04‘id}’ (9)

where 05 ; and o0,4; are constant parameters, and E; corresponds to the cut-off energy of the
particle 7 at the top of the atmosphere. However, E; ; occasionally becomes too small, particu-
larly for lower r. and larger d values, and it is necessary to respectively introduce the minimum
values of the switching energy for primary and secondary particles, as follows:

E, (r.,d) = max[o;, E, (r., d)] (10)
' 10

E52Ai(rc7 d) = maX[OGAiJ Es,i(rc7 d)] 7
where 05 ; and og4; are free parameters that represent the minimum energy. The numerical val-
ues of parameters 0, ;—0¢; were determined by LSq fitting with the results of the EAS data,
using the primary and secondary fluxes calculated using Eqs (2) and (3), respectively. Note that
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the values of the o parameters were assumed to be the same within the category defined for
determining the b parameters, as described before.

The fluxes calculated using PARMA3.0, specifically, Eq (8), are also drawn in Figs 1 and 6.
It is evident from the graphs that PARMA3.0 can reproduce the corresponding EAS simulation
very well, with the exception of the gap regions observed between the primary and secondary
fluxes of heavy ions. This discrepancy is ascribed to the fact that Eq (8) was proposed on the
basis of the assumption that the energy spectrum of cosmic rays can be expressed by a contin-
uum function, although some EAS data exhibit a sharp cut-off at the switching energy.

Neutron Fluxes

Fig 11 shows the neutron fluxes obtained in the EAS simulation in comparison with the corre-
sponding data calculated using PARMA3.0. In our previous study, we found that the neutron
spectra above 20 km significantly vary with altitudes, whereas those below 20 km can be
expressed by a simple equation, where the altitude of 20 km corresponds to an atmospheric
depth of 56.4 g/cm®. Hence, the applicable altitude range of the former versions of PARMA
was limited to 20 km. In this study, we first developed a model for estimating neutron fluxes
below 20 km in a manner similar to our previous study. Next, we introduced correction factors
into the model to extend its applicable altitude range to the top of the atmosphere.

Neutron fluxes below 20 km. All neutrons in the atmosphere are secondary particles.
Thus, we express the neutron fluxes below 20 km, ¢,, <20 tm(E,d,7, W), using a function similar
to Eq (3) as follows:

¢n.<20km(E7 d, o W) = QDn(dv ) W)q)n(Ev d, rc)7 (11)

where @,(d,r., W) is the normalization flux in cm s ™', and ¢,,(E,d,r.) is the normalized energy
spectrum of neutrons in MeV ™', which depends not only on the atmospheric depth, d but also
on the cut-off rigidity, r..

The normalization flux of neutrons can also be calculated by the combination of Eqs (4)
and (5) defined in the previous section; however, in accordance with our previous study, the
numerical values of their parameters were fitted to the integrated neutron flux below 15 MeV
instead of the flux at 1 MeV obtained from the EAS simulation. The results of the LSq fitting
are shown in Fig 12. Panel (A) of the figure clearly indicates that Eq (4) can reproduce the EAS

T T T T T T '| T T T T T T T T T T | T T T
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Fig 11. Neutron fluxes obtained by EAS simulation and those calculated using PARMA3.0. The left and right panels show the atmospheric depth and
the vertical cut-off rigidity dependences of the fluxes, respectively.

doi:10.1371/journal.pone.0144679.g011
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simulation results very well for atmospheric depths greater than50 g/cm®. In contrast, the dis-
crepancies between the results of these equations and the EAS simulation for lower atmo-
spheric depths are shown in Panel (B), particularly for smaller cut-off rigidity values. One
reason for these discrepancies is that the EAS simulation results at altitudes below 20 km only
were employed in the LSq fitting to well reproduce low-altitude data. We compensated for
these discrepancies by adjusting the cut-off rigidity when estimating the normalization factors
for higher altitudes, as described later in this section.

Fig 13 shows the energy-weighted normalized neutron spectrum, which is the ratio of
energy-weighted neutron fluxes obtained from the EAS simulation divided by @,  calculated
using Eq (4), averaged over all global conditions except for altitudes higher than 20 km. In the
same manner as our previous study, the energy-weighted normalized spectrum of neutrons,
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Fig 13. Energy-weighted normalized neutron spectrum, E¢,,.

doi:10.1371/journal.pone.0144679.9013
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Eg,, can be expressed as follows:

p3 _
EgDn(E, d, rc) =p (;) exp (_E>
2 p2

+pu(d, rc>exp{_“°gm (E) —log,y(p;)]” }

2[log,,(py)] (12)

E E E
+ p;log,, <P_) {1 + tanh |:P910g10 <p >] }{1 — tanh [pnlogm (P d,r )>:| }7
s 10 1\a, 1,

where p;-p1, are free parameters. The parameters p, and p;, represent the height of the high-
energy peak and the edge of the high-energy tail, respectively. These two parameters are
regarded as being dependent on d and r., while the others are constant under all global condi-
tions. The numerical values of the constant p parameters were determined by LSq fitting with
the normalized neutron spectrum shown in Fig 13. The r. dependence of p, and p;, was also
expressed by Eq (5), and the numerical values of the g parameters were determined by LSq fit-
ting with the normalized neutron spectrum for each altitude. In contrast, the d dependence of
P4 and p;, was simply expressed by interpolating the evaluated data for discrete altitude levels
for which the EAS data were available.

Neutron fluxes above 20 km. As mentioned before, the combination of Eqgs (4) and (5)
fails to reproduce the integrated neutron fluxes below 15 MeV obtained from the EAS simula-
tion for atmospheric depths lower than 50 g/cm®. Furthermore, the normalized spectra vary
significantly with altitude over 20 km, as shown in Fig 11, and they cannot be expressed using
Eq (12). Therefore, we proposed a function to calculate the neutron fluxes at any altitude, ¢,,,
by introducing the concept of best-fit rigidity, ,, and the spectrum correction factor, C,, as fol-
lows:

¢, (E, d,r, W) =& (d,r(r.,d), W)e (E,d,r.)C,(Ed,r,W). (13)

The best-fit rigidity represents the . value that gives the closest estimate of the normaliza-
tion fluxes using Eq (4). This concept was introduced because agreement between the inte-
grated neutron fluxes below 15 MeV obtained from the EAS simulation and those obtained
using Eq (4) would be better when a larger cut-off rigidity is substituted in the equation instead
of the real value, as shown in Panel (B) of Fig 12. For example, the results calculated using Eq
(4) for r. =5 GV agree better with the EAS data for r. = 1 GV instead of 5 GV atd < 1 g/cmz.
We evaluated the best-fit rigidity for each global condition by changing the value of r. in Eq
(4).

Fig 14 shows the ratios between the best-fit and real cut-off rigidities, r/r., for atmospheric
depths below 109 g/cm” under the solar minimum condition. The ratios are very close to 1.0
for d = 109 g/cm?, indicating that correction of the cut-off rigidity is not necessary for such
high atmospheric depths. In contrast, the ratios increase with a decrease in atmospheric depth,
particularly for lower cut-off rigidity values. Therefore, we proposed a function to express the
relationship between r. and ry, for the solar minimum and maximum conditions as follows:

(WF) (WF) (W)
rt(;w;)(rcvd) =r. X 100 @tdy " (@retgy (d)/’c7 (14)

(W) __(WF)
1¥_‘13¥

where g are free parameters depending on the atmospheric depth d. Their numerical

values were also determined by LSq fitting with the evaluated 7" ¥, the results of which are
shown in Fig 14. The figure clearly indicates the adequacy of the fit. Note that all g parameters
were set to 0 for d > 109 g/cmz, i.e., 1, = r. at lower altitudes. The normalization fluxes
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calculated using Eq (4) by correcting r,, i.e., substituting the réwx) obtained using Eq (14) in 7,
are also plotted in Fig 13. It is evident from the figure that r. correction improves the accuracy
of Eq (4) in terms of reproducing the neutron fluxes below 15 MeV for lower d and r..

Fig 15 shows the ratios of neutron fluxes obtained from the EAS simulation to those calcu-
lated using Eq (13) under the assumption of C, = 1.0, which are required to be reproduced by
the correction factor C,,. The ratios are very close to 1.0 for d = 109 g/cm?, indicating that cor-
rection of the normalized spectrum is not necessary for such high atmospheric depths. In con-
trast, the ratios complexly depend on E, d, ., and W at lower atmospheric depths. To express
the ratios, we proposed a function to calculate C, under the solar minimum and maximum

conditions as follows:

log“,)[clsw;) (E,d,r.)] = 5(1W¥) (d,r.)

+[52"7(d, 1.)log, (E) + 557 (d, r.)]{1 — tanh[s,"™ (r,)log, (E/s;"7 (r.))]} (15)
+ [s3"7(d, 1.)log, (E) + 2" (d, r)J{1 + tanh[s"" (. )log o (B/s"™ (r)]}

7]
O
5
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Fig 15. Ratios of neutron fluxes obtained from EAS simulation to those calculated using Eq (13) under
assumption of C,, = 1.0, in comparison with C,, calculated using Eq (15).

doi:10.1371/journal.pone.0144679.9g015
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where " ¥ —s{" are free parameters depending on . and/or d, and their dependences are

expressed by Eq (5) and the interpolation method, respectively, in the same manner as for the other
free parameters used in PARMA3.0. The numerical values of the parameters used for calculating
s\ _s{"? were determined by LSq fitting with the flux ratios, the examples of which are shown in
Fig 15, and the results of the LSq fitting are also shown in the figure. The agreement between the
flux ratios and C, calculated using Eq (15) is quite satisfactory, although slight discrepancies are
observed for neutron energies above 1 GeV. To calculate @,y and C,, for arbitrary solar conditions,
we used Eqs (8)-(10) in [21] as well.

The neutron fluxes calculated using PARMA3.0, specifically, Eq (13), are also drawn in Figs
1 and 11. It is evident from the graphs that PARMA3.0 can reproduce the corresponding EAS
simulation very well, even at higher altitudes, where the former version of PARMA cannot be
applied. It should be mentioned that Eq (13) enables calculation of the neutron fluxes only
under the ideal condition, and the conversion function for considering the local geometry effect
proposed in our previous study must be used for estimating the neutron fluxes near ground or
in aircraft. The neutron fluxes shown by dashed lines in Fig 2 were calculated by PARMA3.0
considering the local geometry effect. It can be observed from the graphs that PARMA3.0 is
substantially superior to the EAS simulation in reproducing the experimental data because it
considers the local geometry effect.

Electron, Positron, and Photon Fluxes

Fig 16 shows the electron, positron, and photon fluxes obtained by the EAS simulation along
with the corresponding data calculated using PARMA3.0. The left and right panels show the
atmospheric depth and the vertical cut-off rigidity dependences of the fluxes, respectively. The
small peaks observed in the photon fluxes at approximately 0.5 MeV are attributed to the pro-
duction of annihilation y-rays.

Electrons, positrons, and photons exist in space, but they were not considered as the pri-
mary particles in our EAS simulation. Thus, their fluxes in the atmosphere, ¢,(E,d,r, W), can be
expressed by the same functions used to calculate the secondary ion fluxes as follows:

¢,(E,d,r W) =@,(d,r.,W)p,(E,d)fori=¢", e, and y (16)

where @,(d,r.,W) is the normalization flux in cm %s' and ¢i(E,d) is the normalized energy
spectrum in MeV . The numerical values of ®@; were also fitted to the flux of particle i at 1
MeV using the combination of Eqs (4) and (5), similar to for ions, but the concept of best-fit
rigidity was introduced in the calculation for high-altitude data in the same manner as the neu-
tron case.

Fig 17 shows the normalized energy spectra for electrons, positrons, and photons, which are
the ratios of the fluxes obtained from the EAS simulation to @; calculated using Eq (4). We
expressed the normalized energy spectra for electrons and positrons, ¢ as follows:

y fon) () M2t

) (17)
[1 + h3.(e3t) (d)EM.(ex)(d)] [1 + hS.(e:F) (d)Ehﬁ_(m(d)]

(P(eI)(E7 d) =

where hy (ex)—hs (o) are free parameters depending on d. The form of this equation is similar
to that of Eq (6), but the low-energy correction factor is not included. In contrast, the normal-
ized energy spectrum for photons, ¢,, is expressed as follows:

hy (d)E"/D[1 + hy_(d)E": @]
1+ h5-,:fv(d)E"tx;-(d)}

¢,(E,d) = {1+ exp[—h- ,(d)(In(E) + hy ()]} + hy,,(d)S(E,), (18)
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Fig 16. Electron, positron, and photon fluxes obtained from EAS simulation and PARMA3.0. The left and right panels indicate the atmospheric depth
and the vertical cut-off rigidity dependences of the fluxes, respectively.

doi:10.1371/journal.pone.0144679.9016

where ¢ is Dirac’s delta function and E, is the energy of the annihilation y-rays, which is equal to the
rest mass of the electron, i.e., 0.511 MeV. The numerical values of the & parameters were determined
by LSq fitting with the evaluated normalized spectra, the examples of which are shown as staircases
in Fig 17. The fitting results are also shown in the figures by dashed lines. It is evident from the graphs
that Eqs (17) and (18) can reproduce the evaluated normalized spectra very well, with the exception
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Fig 17. Normalized spectra of (A) electrons, (B) positrons, and (C) photons for each atmospheric

depth.
doi:10.1371/journal.pone.0144679.g017

of very high energies over 1 GeV. Note that the fitting results shown in the figure are the mean values
for certain energy bins; otherwise, the photon spectra at E = 0.511 MeV have infinite value.

The fluxes calculated using PARMA3.0, specifically, Eq (16), are also shown in Figs 1 and
16. The agreement between the results obtained from the EAS simulation and PARMA3.0 is
quite satisfactory, although slight disagreements are observed for energies over 1 GeV.
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Fig 18. Positive and negative muon fluxes obtained from EAS simulation and PARMA3.0. The left and right panels indicate the atmospheric depth and
the vertical cut-off rigidity dependences of the fluxes, respectively.

doi:10.1371/journal.pone.0144679.9018

However, fluxes of such high-energy electrons, positrons, and photons are generally very small,
and the effect of these discrepancies in the practical use of PARMA3.0 can be considered
negligible.

Muon Fluxes

Fig 18 shows the positive and negative muon fluxes obtained by the EAS simulation together
with the corresponding data calculated using PARMA3.0. Our previous study suggested that
the muon fluxes over 10 GeV are almost independent of . and W because such high-energy
muons are produced by higher-energy primary cosmic rays, whose fluxes are not influenced by
those global conditions.

Similar to other secondary particles, we proposed a function for estimating the muon fluxes,
G (Esdre, W) as follows:

QS(“:F) (Ev d7 o W) = ¢(u:}:) (d)q)(pq:) (Ev d7 e W)7 (19)

where @(,(d) is the normalization flux in cm™?s™" and ¢(,+)(E,d,r, W) is the normalized
energy spectrum in MeV . In the estimation of muon fluxes, the normalization flux is related
to their high-energy fluxes, which are almost independent of r. and W, as shown in Fig 18.
Thus, @, is regarded as a free parameter depending only on d in this study.
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Based on Lipari’s model [54], we expressed the normalized energy spectra, ¢, for the
solar minimum and maximum conditions as follows:

ty (u )(d)
W) (g 4 —|E tim?)(d, rc)“‘tz,(p;)(d)logm(E) e
go(p;) ( ’ ’rc) - + WF) (4
/}'3.(;@)( ) (20)

x {1+ exp[—tg(?;))(da r.)(In(E) + féﬁii))(d’ r))lb

(W)
6,(nF

on d as well as 1. in some cases. The detailed derivation of this equation from Lipari’s model
was given in our previous paper. The correction factor for low energies, represented by the sec-
ond line of the equation, was introduced in this study for extending the applicable energy
down to 10 keV. The dependences of the ¢ parameters on r. and d were expressed by Eq (5)
and the interpolation method in the same manner as the other free parameters used in

PARMA3.0. The numerical values of @, as well as the parameters used for calculating

(WF) _ (W)
tl-(w) _tﬁ«,(ﬂ)

lation. To calculate ¢, for arbitrary solar conditions, we also employed Egs (8)-(10) given in
Ref. [21].

The muon fluxes calculated by PARMA3.0, specifically, Eq (19), are also shown in Figs 1 and
18. It is evident from the graphs that PARMA3.0 can reproduce the corresponding EAS simula-
tion very well, with the exception of energies over 100 GeV. In general, PARMA3.0 slightly over-
estimates the EAS simulation results for such high energies except for d = 0.15 g/cm”. This is
because such high-energy muons are generally produced by nuclear reactions induced by pri-

where 3 is the speed of muons relative to light and timi))—t , are free parameters depending

were determined by LSq fitting with the muon fluxes obtained from the EAS simu-

mary cosmic rays of energies over 1 TeV/n, which were not considered in our EAS simulation.
According to theory, high-energy muon fluxes can be expressed simply using a power function
of muon energy, and hence, the PARMA3.0 results are more reliable than the corresponding
EAS data in such high-energy regions.

Verification and Validation of PARMA3.0
Verification of PARMA3.0

To quantitatively verify the accuracy of PARMA3.0 in reproducing the EAS data, we calculated
the coefficients of determination, R, for each particle and global condition using the following
equation:

Zk[Ek(bi,Ek,EAs - Ek¢i(Ek)]2

R=1- —, (21)
Zk[Ek¢i.EkAEAS - EkqsiAEk,EAS]

where ¢, 5, 5, is the EAS data of the flux of particle i for k-th energy bin, whose central energy

is Ei, @, pas 18 the mean value of ®; g, Eas> and ¢; (Ej) is the corresponding data calculated
using PARMA3.0. The reason for selecting E¢ instead of ¢ in the calculation of R* was that E¢
is roughly proportional to the integrated flux within the energy bin in the case of the logarith-
mic energy mesh, and the reproduction of the integrated flux is more important than that of
the differential flux in the practical use of the model.

Table 1 summarizes the calculated R* averaged over all global conditions for protons, He
ions, neutrons, electrons, positrons, photons, and positive and negative muons, as well as their
standard deviations. The calculated R* averaged over all heavy ions with Z > 3 is also given in
the table, but R” for altitudes below 20 km was excluded from the mean-value calculation
because of the large statistical uncertainties in the EAS data under such conditions.

PLOS ONE | DOI:10.1371/journal.pone.0144679 December 16,2015 23/33



el e
@ ' PLOS ‘ ONE Analytical Model for Estimating Terrestrial Cosmic Ray Fluxes

Table 1. Coefficients of determination, R calculated using Eq (21).

*Mean **S.D.
Proton 0.972 0.0317

He ion 0.891 0.296
Neutron 0.973 0.0055
Electron 0.993 0.0123
Positron 0.987 0.0223
Photon 0.969 0.0326
Positive Muon 0.990 0.0188
Negative Muon 0.988 0.0333
Heavy ions with Z > 3 0.846 0.262

*Calculated R? averaged over all global conditions except for heavy ions with Z > 3, where the data for
altitudes below 20 km were excluded from the mean-value calculation.
**Standard deviation of the mean value.

doi:10.1371/journal.pone.0144679.t001

The calculated R values are very close to 1.0, except for those of He and heavy ions. The
smaller R* for those ion data are predominantly due to failure in reproducing the ion fluxes in
the gap region between the primary and secondary particles, as shown in Fig 6. However, such
discrepancies are observed only in the data for some global conditions, and approximately80%
and 50% of the R* values are greater than 0.9 even for the He and heavy-ion data, respectively.
Based on these considerations, we concluded that PARMA3.0 allows for instantaneous estima-
tion of the cosmic ray fluxes under most global conditions with accuracy equivalent to that of
the EAS simulation.

Validation of PARMA3.0

Indexes for expressing global conditions. The indexes for expressing the global condi-
tions employed in PARMA3.0 are atmospheric depth d, vertical cut-off rigidity r., and solar
index W. To validate PARMA3.0 for various purposes such as route-dose calculation, it is nec-
essary to deduce these parameters using more popular indexes, for example, altitude, longitude,
latitude, and date of interest. Ignoring the temporal variation of air pressure, an altitude can be
easily converted to the corresponding atmospheric depth using US Standard Atmosphere
1976. The vertical cut-off rigidity at a certain latitude and longitude can be estimated with the
worldwide cut-off rigidity map, which was developed using MAGNETOCOSMICS [55]. This
map is also included in EXPACS.

As mentioned before, the value of W can be determined from cosmic ray measurements
and neutron monitor count rates in the Matthid model. In their study [35], the time variation
of W was determined from the measurements of Advanced Composition Explorer (ACE)
spacecraft [56]; the results were then fitted using a linear function of the count rates of the
Oulu neutron monitor [57], Couny as follows:

114

oulu

= ul,uulucuulu + u?,oulu’ (22)

where W, is the W index deduced from the count rates of the Oulu neutron monitor, and u;
and u, are free parameters whose numerical values were evaluated to be —0.093 and 638.7,
respectively; supplying C,1, in counts/min. In the same manner, we evaluated the u parame-
ters of the McMurdo, Newark, South Pole, Thule [58], and Climax [59] neutron monitors as
well as the Oulu station. Then, the daily variation of W since 1951 was estimated by calculating
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Table 2. Evaluated u parameters used in Eq (22) in the case of supplying the count rate of each neu-
tron monitor in count/min.

Station Name uq u,
McMurdo —-0.0540 571
Newark -0.177 659
South Pole -0.0410 486
Thule -0.133 629
Climax -0.121 549
Oulu -0.0931 639

doi:10.1371/journal.pone.0144679.t002

the mean value of W obtained from each station. The evaluated u parameters are listed in
Table 2. Note that our evaluated u parameters for the Oulu station are slightly different from
the corresponding data of Matthii et al. because we excluded the neutron monitor data during
ground-level enhancements (GLE) in LSq fitting. It should be mentioned that the W values
during GLE events cannot be precisely estimated using this method.

The W values before 1951 were determined from reconstructed cosmic ray intensity, as pro-
posed by Usoskin et al. [60]. In their study, the annual solar modulation potentials of the last 400
years were evaluated from the corresponding sunspot numbers, with the exception of the Maun-
der Minimum period. Fig 19 shows the relationship between their evaluated annual solar modu-
lation potentials after 1951, Vy, and the corresponding data used in the Matthid model, V),
which were calculated from our evaluated W values using the relationship Vy; = 0.37 + 0.0003
W', The figure clearly indicates that the relationship between these two potentials is linear.
Based on LSq fitting of the plotted data, we concluded that the relationship between the solar
modulation potentials used in the two models can be expressed as follows:

Vy, = 0.260 + 0.361V. (23)

The annual W values of the last 400 years except for the Maunder Minimum period can be
deduced from the V) values calculated using this equation.

o
oo

o
o

o
N
T
1

- — Eq. (23) -
1 I I 1 1 | 1 1 1 1
0.5 1

Usoskin's Potential, 7, (GV)

Fig 19. Relation between annual solar modulation potentials after 1951 evaluated by Usoskin et al.
[60], Vy, and the corresponding data used in Matthiad model. Matthi&’s potential, Vj;, was calculated from
our evaluated W values using the relationship: Vj = 0.37 + 0.0003 W%,

Matthia's Potential, 7y, (GV)
o
N

o(D

doi:10.1371/journal.pone.0144679.g019
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Fig 20. Atmospheric depth dependences of effective dose rates obtained from EAS simulation and calculated using PARMA2.0/3.0 atr. = 0 GV for
solar minimum condition. The left and right panels show the same data drawn along different x-axes, in particular, the linear and logarithmic scales of
atmospheric depth, respectively.

doi:10.1371/journal.pone.0144679.9020

Radiation Dose

Estimation of radiation doses to aircrews as well as public is one of the most important applica-
tions of PARMA. Figs 20-22 show the effective dose rates calculated using PARMA3.0 for vari-
ous global conditions in comparison with the corresponding data obtained from the EAS
simulation. The results obtained from the previous version of PARMA, PARMA2.0 [21], are

N
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Fig 21. Cut-off rigidity dependences of effective dose rates obtained from EAS simulation and calculated using PARMA2.0/3.0 for solar minimum
condition. The left and right panels show the data corresponding to altitudes of 0 and 12 km, respectively.

doi:10.1371/journal.pone.0144679.9g021
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doi:10.1371/journal.pone.0144679.9022

also shown in the figures. The fluence to effective dose conversion coefficients for the isotropic
irradiation geometry specified in the International Committee on Radiological Protection
(ICRP) Publications 116 and 123 [61,62] were employed for dose estimation. Note that the
radiation weighting factors defined in ICRP Publication 103 [63] were adopted for expressing
the radiation qualities of all particles including heavy ions, although these factors are known to
be inadequate to be applied in space dosimetry, as discussed in ICRP 123.

As expected from the discussion of the above R* analysis, excellent agreements were
observed between the dose rates obtained using PARMA3.0 and the EAS simulation data, with
the exception of He-ion data, where PARMA3.0 overestimated the EAS data under some con-
ditions, for example, lower r. at 12 km, as shown in Panel (B) of Fig 21. This exception is attrib-
utable to the failure to reproduce the ion fluxes in the gap region between the primary and
secondary particles. The figures also suggest that the two versions of PARMA give very similar
results, with the exception of He-ion, electron, positron, and photon data. The agreements
between the total doses obtained using the two models are less than 5% in most cases. The He-
ion doses generally decrease in the new version because the nuclear reaction model for high-
energy ions was improved in PHITS2.73. In contrast, the relationships are reversed for elec-
tron, positron, and photon doses because the contributions of particles below 1 MeV, which
are considered only in PARMA3.0, are non-negligible for those particles.

For more direct validation of PARMA3.0 from the viewpoint of dose estimation, we com-
pared the ambient dose equivalents, H*(10), measured on ground and in aircraft [42,43,64-66]
with the corresponding data calculated using PARMA3.0. The influence of ground or aircraft
was considered in the calculation. The results of the comparison are summarized in Table 3. It
is evident from the table that PARMA3.0 can reproduce the experimental data fairly well over
wide ranges of altitude, cut-off rigidity values, and solar modulation. More comprehensive vali-
dation will be feasible when the model is implemented in route-dose calculation systems such
as JISCARD.

Cosmic Ray-Induced Ionization. Estimating the cosmic ray-induced ionization rate is
very important in the theory of cosmolimatology. Therefore, we calculated cosmic ray-induced
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Table 3. H*(10) measured on ground and in aircraft [42,43,64—66] in comparison to corresponding data calculated using PARMA3.0.

Reference
Goldhagen et al. [39]

Nakamura et al. [40]

Kowatari et al. [61]

Latocha et al. [62]

Wissmann et al. [63]

Particle

Neutron

Neutron

Neutron

All

All

Instrument d (g/cm?) re (GV) w Exp.(uSv/h) Cal.(uSv/h)

Bonner Ball 53.5 11.4 30.9 1.1 1.3
56 0.8 30.9 8.5 8.4
101 0.7 30.9 7.8 7.9
201 45 30.9 2.7 2.9

1030 2.7 30.9 0.0093 0.010
Bonner Ball 221 12.0 63.9 0.808 0.82
559 12.0 63.9 0.158 0.14

1026 10.0 102.5 0.00647 0.0060

Bonner Ball 1025 8.6 106.2 0.0082 0.0060

965 71 106.2 0.0076 0.0073

923 7.7 106.2 0.010 0.0093

856 71 106.2 0.016 0.017

785 13.3 122.5 0.0054 0.0046

923 135 1225 0.0053 0.0045

856 134 1225 0.0077 0.0076

785 134 122.5 0.011 0.012
*TEPC (ARCS & IRSN) 192 1.8 101.8 74&6.5 6.4
280 1.8 101.8 4.6&3.8 3.9
192 6.4 105.1 428&4.2 4.2
280 6.4 105.1 29&28 2.7
**TEPC (mDOS & HAWK) 192 1.2 15.1 9.5&8.9 9.4
280 1.2 15.1 5.0&4.9 5.4
192 3.9 15.9 71 &6.3 6.4
280 3.9 15.9 428&4.3 4.0

*Two TEPCs operated by Austrian Research Center Seibersdorf (ARCS) and Institute for Radiological Protection and Nuclear Safety (IRSN) were

mounted on an aircraft.

**Two TEPCs called mTDOS and HAWK were mounted on an aircraft.

doi:10.1371/journal.pone.0144679.t003

ionization rates under various global conditions using PARMA3.0 and compared the results
with the measured data [67,68]. Except for electrons and positrons, unrestricted collision stop-
ping power in dry air was employed for converting particle flux to ionization rate because the
production of knock-out electron, so-called 3-ray, was not explicitly considered in our EAS
simulation. In the cases of electrons and positrons, restricted collision stopping power below
10 keV was adopted for the conversion to avoid double counting of the contributions of
higher-energy electrons. The mean energy of ion pair creation was assumed to be 35 eV, which
is the value employed by Usoskin et al. [69].

The results of the comparison are shown in Fig 23. It is clear that PARMA3.0 can reproduce
very well the cosmic ray-induced ionization rates measured under various global conditions.
Unlike other models for calculating cosmic ray-induced ionization, PARMA3.0 can determine
the charge and energy of the particle contributing to the ionization. This feature might be
advantageous if the nucleation rate depends not only on the total number of ion pairs created
but also on their spatial distribution because highly ionizing particles densely produce ion pairs
only around their trajectories.

Count Rate of Neutron Monitor. Numerous neutron monitors are continuously operated
to measure long-term variations in cosmic ray intensities and to detect ground-level enhance-
ments induced by large solar proton events, and it is worthwhile to reproduce the count rates
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Fig 23. Cosmic ray-induced ionization rates for various global conditions measured by Neher [67,68]
and calculated using PARMAS3.0.

doi:10.1371/journal.pone.0144679.9023

of each monitor by simulation. Therefore, we calculated the count rates of the neutron moni-
tors in Thule, Newark, and South Pole, and compared them with the observed values [58]. The
detection efficiencies of the neutron monitors calculated by PHITS [41] were employed for
converting particle fluxes to count rates. It should be mentioned that the count rates signifi-
cantly depend on the water density in ground, and they were assumed to be 20% for Thule and
Newark, and 100% for the South Pole because it is on ice.

The results of the comparison are shown in Fig 24. The agreement between the calculated
and measured count rates is remarkably good in terms of absolute values. In contrast, the
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Fig 24. Count rates of neutron monitors in Thule, Newark, and South Pole calculated by PARMA3.0
compared with observed data [58].

doi:10.1371/journal.pone.0144679.g024
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calculated results are more sensitive to solar modulation. In other words, PARMA3.0 slightly
overestimated and underestimated the observations under the solar minimum and maximum
conditions, respectively. The reason underlying this discrepancy is currently under
investigation.

Conclusions

Based on the results of the EAS simulation conducted using PHITS, we developed PARMA3.0,
which facilitates instantaneous estimation of terrestrial cosmic ray fluxes nearly anytime and
anywhere in the Earth’s atmosphere. The important features of PARMA3.0 in comparison to
its previous version are (1) the maximum charge of the applicable ions has been increased from
2 (He) to 28 (Ni), (2) applicable altitude range has been extended from 20 km to the top of the
atmosphere, and (3) minimum value of the applicable energy ranges, except for that of neu-
trons, was decreased from 1 MeV to 1 keV (per nucleon for ions). PARMA3.0 was verified and
validated carefully using not only the results of the EAS simulation but also multiple sets of
experimental data obtained under various global conditions. The new version of PARMA as
well as the associated software EXPACS will be useful in diverse research areas such as geosci-
ences, cosmic ray physics, and radiation research.

Acknowledgments

The author is grateful to Dr. Daniel Matthid of DLR for his support in using his model for cal-
culating the primary cosmic ray fluxes, and to Dr. Ilya Usoskin of University of Oulu for pro-
viding the data of their solar modulation potential. The author also thanks the Bartol Research
Institute of the University of Delaware and the Sodankyla Geophysical Observatory of the Uni-
versity of Oulu for furnishing neutron monitor data.

Author Contributions
Analyzed the data: TS. Contributed reagents/materials/analysis tools: TS. Wrote the paper: TS.

References

1. Forschungszentrum Karlsruhe Heck D, Knapp J (1998) Upgrade of the Monte Carlo code CORSIKA to
simulate extensive air showers with energies > 10**20-eV. FZKA-6097 Forschungszentrum Karlsruhe.

2. COSMOS: Monte Carlo simulation code for propagation of cosmic rays in the atmosphere and near
earth environment, http://cosmos.n.kanagawa-u.ac.jp/cosmosHome/ Jun. 1, 2015

3. Svensmark H (2007) Cosmoclimatology: a new theory emerges. Astron Geophys 48: 18-24.

Sloan T, Wolfendale AW (2008) Testing the proposed causal link between cosmic rays and cloud
cover. Environ Res Lett 3: 024001.

5. Pierce JR, Adams PJ (2009) Can cosmic rays affect cloud condensation nuclei by altering new particle
formation rates? Geophys Res Lett 36: L09820.

6. Kirkby J, Curtius J, Almeida J, Dunne E, Duplissy J, Ehrhart S, et al. (2011) Role of sulphuric acid,
ammonia and galactic cosmic rays in atmospheric aerosol nucleation. Nature 476: 429-433. doi: 10.
1038/nature10343 PMID: 21866156

7. O'BrienK, Friedberg W, Smart DF, Sauer HH (1998) The atmospheric cosmic- and solar energetic par-
ticle radiation environment at aircraft altitudes. Adv Space Res 21: 1739-1748. PMID: 11542893

8. Roesler S, Heinrich W, Schraube H (1998) Calculation of radiation fields in the atmosphere and com-
parison to experimental data. Radiat Res 149: 87-97. PMID: 9421158

9. Ziegler JF (1998) Terrestrial cosmic ray intensities. IBM J Res Dev 42: 117-139.

10. Clem JM, De Angelis G, Goldhagen P, Wilson JW (2004) New calculations of the atmospheric cosmic
radiation field—Results for neutron spectra. Radiat Prot Dosim 110: 423-428.

11. Masarik J, Beer J (2009) An updated simulation of particle fluxes and cosmogenic nuclide production in
the Earth's atmosphere. J Geophys Res-Atmos 114: D11103.

PLOS ONE | DOI:10.1371/journal.pone.0144679 December 16,2015 30/33


http://cosmos.n.kanagawa-u.ac.jp/cosmosHome/
http://dx.doi.org/10.1038/nature10343
http://dx.doi.org/10.1038/nature10343
http://www.ncbi.nlm.nih.gov/pubmed/21866156
http://www.ncbi.nlm.nih.gov/pubmed/11542893
http://www.ncbi.nlm.nih.gov/pubmed/9421158

@’PLOS ‘ ONE

Analytical Model for Estimating Terrestrial Cosmic Ray Fluxes

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.

Argento DC, Reedy RC, Stone JO (2013) Modeling the earth's cosmic radiation. Nucl Instrum Meth B
294: 464-469.

Cheminet A, Hubert G, Lacoste V, Maurin D, Derome L (2013) Cosmic ray solar modulation and For-
bush decrease analyses based on atmospheric neutron spectrometry at mountain altitude and
GEANT4 simulations of extensive air showers. J Geophys Res-Space 118: 7488-7496.

Nesterenok A (2013) Numerical calculations of cosmic ray cascade in the Earth's atmosphere—Results
for nucleon spectra. Nucl Instrum Meth B 295: 99-106.

Matthia D, Meier MM, Reitz G (2014) Numerical calculation of the radiation exposure from galactic cos-
mic rays at aviation altitudes with the PANDOCA core model. Space Weather 12: 161-171.

Mishev A, Usoskin | (2015) Numerical model for computation of effective and ambient dose equivalent
at flight altitudes. J Space Weather Space Clim 5: A10.

O'Brien K, Smart DF, Shea MA, Felsberger E, Schrewe U, Friedberg W, et al. (2003) World-wide radia-
tion dosage calculations for air crew members. Adv Space Res 31: 835-840. PMID: 14503487

Mares V, Yasuda H (2010) Aviation route doses calculated with EPCARD.Net and JISCARD EX.
Radiat Meas 45: 1553—-1556.

Mertens CJ, Kress BT, Wiltberger M, Blattnig SR, Slaba TS, Solomon SC, et al. (2010) Geomagnetic
influence on aircraft radiation exposure during a solar energetic particle event in October 2003. Space
Weather 8: S03006.

Sato T, Niita K (2006) Analytical functions to predict cosmic-ray neutron spectra in the atmosphere.
Radiat Res 166: 544-555. PMID: 16953673

Sato T, Yasuda H, Niita K, Endo A, Sihver L (2008) Development of PARMA: PHITS-based analytical
radiation model in the atmosphere. Radiat Res 170: 244-259. doi: 10.1667/RR1094.1 PMID:
18666812

Sato T, Niita K, Matsuda N, Hashimoto S, Iwamoto Y, Noda S, et al. (2013) Particle and Heavy lon
Transport code System, PHITS, version 2.52. J Nucl Sci Technol 50: 913-923.

EXPACS: EXcel-based Program for calculating Atmospheric Cosmic-ray Spectrum, http:/phits.jaea.
go.jp/expacs/ Jun. 1,2015

Chen J, Timmins R, Verdecchia K, Sato T (2009) An estimation of Canadian population exposure to
cosmic rays. Radiat Environ Bioph 48: 317-322.

Yasuda H, Sato T, Yonehara H, Kosako T, Fujitaka K, Sasaki Y (2011) Management of Cosmic Radia-
tion Exposure for Aircraft Crew in Japan. Radiat Prot Dosim 146: 123—125.

Burda O, Sato T, Wissmann F (2013) Quality factor of secondary cosmic radiation at flight altitudes. J
Radiol Prot 33: 339-348. doi: 10.1088/0952-4746/33/2/339 PMID: 23480894

Sierawski BD, Mendenhall MH, Reed RA, Clemens MA, Weller RA, Schrimpf RD, et al. (2010) Muon-
Induced Single Event Upsets in Deep-Submicron Technology. IEEE T Nucl Sci 57: 3273-3278.

Abe S, Watanabe Y, Hirayama S, Sano N, Tosaka Y, Tsutsui M, et al. (2011) Validation of nuclear reac-
tion models relevant to cosmic-ray neutron induced single-event effects in microelectronics. J Phys:
Conf Ser 312: 062004.

Kikuchi S, Sakurai H, Guniji S, Tokanai F (2009) Temporal variation of Be-7 concentrations in atmo-
sphere for 8 y from 2000 at Yamagata, Japan: solar influence on the Be-7 time series. J Environ Radio-
activ 100: 515-521.

Ebisuzaki T, Miyahara H, Kataoka R, Sato T, Ishimine Y (2011) Explosive volcanic eruptions triggered
by cosmic rays: Volcano as a bubble chamber. Gondwana Res 19: 1054—1061.

Kataoka R, Ebisuzaki T, Miyahara H, Nimura T, Tomida T, Sato T, et al. (2014) The Nebula Winter: The
united view of the snowball Earth, mass extinctions, and explosive evolution in the late Neoproterozoic
and Cambrian periods. Gondwana Res 25: 1153—-1163.

Karapetyan GG (2014) Variations of muon flux in the atmosphere during thunderstorms. Phys Rev D
89: 093005.

Lifton N, Sato T, Dunai TJ (2014) Scaling in situ cosmogenic nuclide production rates using analytical
approximations to atmospheric cosmic-ray fluxes. Earth Planet Sc Lett 386: 149—160.

Ruhm W, Ackermann U, Pioch C, Mares V (2012) Spectral neutron flux oscillations of cosmic radiation
on the Earth's surface. J Geophys Res-Space 117: A08309.

Matthia D, Berger T, Mrigakshi Al, Reitz G (2013) A ready-to-use galactic cosmic ray model. Adv Space
Res 51: 329-338.

Caballero-Lopez RA, Moraal H (2004) Limitations of the force field equation to describe cosmic ray
modulation. J Geophys Res-Space 109: A01101.

PLOS ONE | DOI:10.1371/journal.pone.0144679 December 16,2015 31/33


http://www.ncbi.nlm.nih.gov/pubmed/14503487
http://EPCARD.Net/
http://www.ncbi.nlm.nih.gov/pubmed/16953673
http://dx.doi.org/10.1667/RR1094.1
http://www.ncbi.nlm.nih.gov/pubmed/18666812
http://phits.jaea.go.jp/expacs/
http://phits.jaea.go.jp/expacs/
http://dx.doi.org/10.1088/0952-4746/33/2/339
http://www.ncbi.nlm.nih.gov/pubmed/23480894

@’PLOS ‘ ONE

Analytical Model for Estimating Terrestrial Cosmic Ray Fluxes

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

Watanabe Y, Kosako K, Kunieda S, Chiba S, Fujimoto R, Harada H, et al. (2011) Status of JENDL High
Energy File. J Korean Phys Soc 59: 1040—1045.

Ogawa T, Sato T, Hashimoto S, Niita K (2014) Development of a reaction ejectile sampling algorithm to
recover kinematic correlations from inclusive cross-section data in Monte-Carlo particle transport simu-
lations. Nucl Instrum Meth A 763: 575-590.

Boudard A, Cugnon J, David JC, Leray S, Mancusi D (2013) New potentialities of the Liege intranuclear
cascade model for reactions induced by nucleons and light charged particles. Phys Rev C 87: 014606.
Shibata K, Iwamoto O, Nakagawa T, Iwamoto N, Ichihara A, Kunieda S, et al. (2011) JENDL-4.0: A
New Library for Nuclear Science and Engineering. J Nucl Sci Technol 48: 1-30.

Sato T, Kataoka R, Yasuda H, Yashiro S, Kuwabara T, Shiota D, et al. (2014) Air Shower Simulation for
WASAVIES: Warning System for Aviation Exposure to Solar Energetic Particles. Radiat Prot Dosim
161:274-278.

Goldhagen P, Clem JM, Wilson JW (2004) The energy spectrum of cosmic-ray induced neutrons mea-
sured on an airplane over a wide range of altitude and latitude. Radiat Prot Dosim 110: 387-392.

Nakamura T, Nunomiya T, Abe S, Terunuma K, Suzuki H (2005) Sequential measurements of cosmic-
ray neutron spectrum and dose rate at sea level in Sendai, Japan. J Nucl Sci Technol 42: 843—-853.

Kocharian NM, Saakian GS, Kirakosian ZA (1959) Energy spectra and nuclear interactions of cosmic-
ray particles. Sov Phys JETP 35: 933-942.

Diggory IS, Hook JR, Jenkins IA, Turver KE (1974) The momentum spectra of nuclear active particles
in the cosmic radiation at sea level |. Experimental data. J Phys A: Math, Nucl Gen 7: 741-764.

Barber HB, Bowen T, Delise DA, Jenkins EW, Jones JJ, Kalbach RM, et al. (1980) Predictions and
Measurements of Mass-Spectra of the Charged Nucleonic Component of Cosmic-Rays at Mountain
Altitude. Phys Rev D 22: 2667—2687.

Sanuki T, Fujikawa M, Matsunaga H, Abe K, Anraku K, Fuke H, et al. (2003) Measurement of cosmic-
ray proton and antiproton spectra at mountain altitude. Phys Lett B 577: 10-17.

Mochiutti E (2003) Atmospheric and Interstellar Cosmic Rays Measured with the CAPRICE98 Experi-
ment. PhD Thesis, Stockholm, Royal Institute of Technology (KTH).

Kremer J, Boezio M, Ambriola ML, Barbiellini G, Bartalucci S, Bellotti R, et al. (1999) Measurements of
ground-level muons at two geomagnetic locations. Phys Rev Lett 83: 4241-4244.

Sanuki T, Fujikawa M, Abe K, Anraku K, Asaoka Y, Fuke H, et al. (2002) Measurements of atmospheric
muon spectra at mountain altitude. Phys Lett B 541: 234—242.

Haino S, Sanuki T, Abe K, Anraku K, Asaoka Y, Fuke H, et al. (2004) Measurements of primary and
atmospheric cosmic-ray spectra with the BESS-TeV spectrometer. Phys Lett B 594: 35—46.

Golden RL, Stephens SA, Stochaj SJ, Webber WR, Brunetti MT, Codino A, et al. (1995) Measurement
of the Energy-Spectra of Cosmic-Ray Electron Component and Protons at Ground-Level. J Geophys
Res 100: 23515-23522.

Cecchini S, Chiarusi T, Pagliarin A, Giovannini G. On the altitude dependence of y-rays spectra in the
Earth's atmosphere; 2005 Aug. 3—-10; Pune, India. 2 pp. 349-352.

Lipari P, Stanev T (1991) Propagation of Multi-Tev Muons. Phys Rev D 44: 3543-3554.

MAGNETOCOSMICS: Particle tracing code for the Earth's magnetosphere based on Geant4, http://
cosray.unibe.ch/~laurent/magnetocosmics/ Jun. 1, 2015

Stone EC, Frandsen AM, Mewaldt RA, Christian ER, Margolies D, Ormes JF, et al. (1998) The
Advanced Composition Explorer. Space Sci Rev 86: 1-22.

Oulu neutron monitor station, Sodankyla Geophysical Observatory, http://cosmicrays.oulu.fi/ Jun. 1,
2015

University of Delaware, Bartol Research Institute, Neutron Monitor Program, http://neutronm.bartol.
udel.edu/Jun. 1,2015

Space Physics Data System, University of New Hampshire Neutron Monitor Datasets, http://ulysses.sr.
unh.edu/Jun. 1,2015

Usoskin IG, Mursula K, Solanki SK, Schussler M, Kovaltsov GA (2002) A physical reconstruction of
cosmic ray intensity since 1610. J Geophys Res-Space 107: A11, 1374.

International Commission on Radiological Protection (2010) Conversion coefficients for radiological
protection quantities for external radiation exposures. ICRP Publication 116.

International Commission on Radiological Protection (2013) Assessment of Radiation Exposure of
Astronauts in Space. ICRP Publication 123.

International Commission on Radiological Protection (2007) The 2007 Recommendations of the Inter-
national Commission on Radiological Protection. ICRP Publication 103.

PLOS ONE | DOI:10.1371/journal.pone.0144679 December 16,2015 32/33


http://cosray.unibe.ch/~laurent/magnetocosmics/
http://cosray.unibe.ch/~laurent/magnetocosmics/
http://cosmicrays.oulu.fi/
http://neutronm.bartol.udel.edu/
http://neutronm.bartol.udel.edu/
http://ulysses.sr.unh.edu/
http://ulysses.sr.unh.edu/

@’PLOS ‘ ONE

Analytical Model for Estimating Terrestrial Cosmic Ray Fluxes

64.

65.

66.

67.

68.

69.

Kowatari M, Ohta Y, Satoh S, Nagaoka K, Abukawa J, Nakamura T (2007) Evaluation of geomagnetic
latitude dependence of the cosmic-ray induced environmental neutrons in Japan. J Nucl Sci Technol
44:114-120.

Latocha M, Autischer M, Beck P, Bottolier-Depois JF, Rollet S, Trompier F (2007) The results of cosmic
radiation in-flight TEPC measurements during the CAATER flight campaign and comparison with simu-
lation. Radiat Prot Dosim 125:412-415.

Wissmann F, Burmeister S, Donsdorf E, Heber B, Hubiak M, Klages T, et al. (2010) Field calibration of
dosemeters used for routine measurements at flight altitudes. Radiat Prot Dosim 140: 319-325.

Neher HV (1967) Cosmic-Ray Particles That Changed from 1954 to 1958 to 1965. J Geophys Res 72:
1527-1539.

Neher HV (1971) Cosmic Rays at High Latitudes and Altitudes Covering Four Solar Maxima. J Geo-
phys Res 76: 1637-1651.

Usoskin IG, Kovaltsov GA (2006) Cosmic ray induced ionization in the atmosphere: Full modeling and
practical applications. J Geophys Res-Atmos 111: D21206.

PLOS ONE | DOI:10.1371/journal.pone.0144679 December 16,2015 33/33



