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Abstract. This paper explores the applied use of the 

RUSCOSMICS software package [http://ruscosmics.ru] 

designed to simulate propagation of primary cosmic ray 

(CR) particles through Earth’s atmosphere and collect 

information about characteristics of their secondary 

component. We report the results obtained for proton 

fluxes with energy distributions corresponding to differ-

ential spectra of galactic CR (GCR) and solar CR (SCR) 

during ground level enhancement (GLE) events GLE65 

and GLE67. We examine features of the geometry of 

Earth’s atmosphere, parametrization methods, and de-

scribe a primary particle generator. The typical energy 

spectra of electrons obtained both for GCR and for 

GLE65 provide information allowing quantitative esti-

mation of the SCR contribution to the enhancement of 

secondary CR fluxes. We also present altitude depend-

ences of ionization rate for GCR and both the GLE 

events for several geomagnetic cutoff rigidities. The 

conclusion summarizes and discusses the prospects for 

future research. 
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INTRODUCTION 

One of the important tasks in CR physics is to study 

propagation of elementary particles in Earth’s atmos-

phere, their effect on the surrounding medium and dif-

ferent systems through successive interactions. Estima-

tion of the CR-induced ionization rate has therefore 

remained relevant for many years [Bazilevskaya et al., 

2008.; Usoskin et al, 2009; Velinov et al., 2017]. Since 

computational technologies are far advanced today, 

these studies are carried out using not only traditional 

experimental methods but also numerical simulation. 

For these purposes at the CR station Apatity, in addition 

to the existing monitoring system a software package 

RUSCOSMICS has been developed [Maurchev, 

Balabin, 2016; http://ruscosmics.ru] based on a toolkit 

GEANT4 [Agostinelli et al., 2003; Maurchev et al., 

2015]. The developed technique can assess the radiation 

dose at different altitudes in Earth’s atmosphere, using 

standard, inexpensive, and continuous measurements 

made at ground neutron monitor stations. This will en-

sure the radiation safety in airliners, especially during 

transatlantic flights. In this paper, by simulating propa-

gation of protons through Earth’s atmosphere we exam-

ine the interaction between the particles of both galactic 

(GCR) and solar (SCR) cosmic rays during ground level 

enhancement (GLE) events GLE65 and GLE67. We 

have obtained numerical characteristics of intensity of 

fluxes of various secondary CR components (muons, 

protons, neutrons, electrons, and gamma-quanta), and 

have calculated ionization rates for a range of geomag-

netic cutoff rigidities. Some results of the use of GCR 

spectra have been described in [Maurchev, Balabin, 

2016] and therefore we do not present them here. The 

model is verified by comparing vertical profiles of count 

rate obtained from balloons and airbus flights and calcu-

lated by simulating propagation of GCR protons 

through Earth’s atmosphere. 

 

METHOD 

At the initial stage, it is necessary to define the ge-

ometry of the model used for calculations. This is done 

through parameterization in such a way that the result-

ing geometry is not only as close to real physical pa-

rameters of matter in Earth’s atmosphere as possible, 

but also is optimized for the calculations. The method is 

based on the concept of plane geometry when an air 

column is divided into N layers for which mass, density, 

temperature, and percentage of chemical elements are 

determined by the NRLMSISE-00 model [Picone et al., 

2007] and then are averaged. In practice, it has been 

found that for a satisfactory final result inconsistent with 

verification data within 15 %, the optimum value N = 20 

(or 5 % of the total mass of the column). The algorithm 

of the program that makes the calculation from tabulat-

ed data is presented in Figure 1. This process repeats 

itself N–1 times, where N is the number of atmospher-
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ic layers, and for N the calculation is made by simply 

averaging the remaining tabulated values. Percentage of 

H, He, O, N, and Ar is calculated as in the case of densi-

ty — from known data. 
Thus, the described approach allows us to optimize 

calculations by varying the weight percentage depend-
ing on the desired accuracy. Parameters (T, ρ, O%, N%, 
He%, Ar%) obtained for  67°34′03″ N, 33°23′36″ E ( 
Apatity) are shown in Figures 2, 3. Note that for other 
geographic coordinates density values differ from the 
above ones; an example of this dependence is presented 
on the website of the project [http://ruscosmics.ru/ 
CR.htm]. For more information about the NRLMSISE 
model read [Picone et al., 2002]. At the second stage, 
we determine the model source of protons. Its major 
parameters are the position in space and the probability 
density of generated particles, which corresponds to the 
differential energy spectrum. Based on the results of 
previous calculations, it was decided to use a point real-
ization of the generator, i.e. at the upper boundary of the 
air column in the central part the source of primary par-
ticles is set without specifying its spatial distribution. 

This approach provides good statistical accuracy in 
collecting information about intensity of secondary CR 
particle fluxes. To specify energy characteristics of 
GCR protons (in s

–1
m

–2
 sr

–1
 MeV

–1
), we employ the 

formula [GOST 25645.150-90. Galactic cosmic rays. 
Particle flux model]: 
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Figure 1. Algorithm for calculating heights and densities 

for one atmospheric layer in the model of propagation of CR 

protons: mlayer is the calculated mass of air column from tabu-

lated NRLMSISE values; M = m / N  is the mass of the atmos-

pheric layer, M is the mass of the entire air column; hlayer, hnrlm 

is the height of layer and the height for tabulated value (100 m) 

respectively 

 

Figure 2. Model parameters of Earth’s atmosphere (densi-

ty and temperature) used to calculate propagation of CR pro-

tons through it and to study cascades of secondary particles 

 

where D, B, C, α are the parameters depending on the 

phase of the 11-year cycle (in this paper, D = 5.2; 

B = 6.2; α= 1.4; C=2, which corresponds to solar 

minimum). The SCR proton spectrum is described by 

a model developed at PGI, Apatity [Vashenyuk et al., 

2008, 2011; Perez-Peraza et al., 2006, 2008]. Accord-

ing to this model, the spectrum contains two compo-

nents — fast (PC) and slow (DC); their energy de-

pendences can be expressed (in s
–1

m
–2

sr
–1

 GeV
–1

) as  

JPC= J 0exp (–E/E0);  (2) 

JDC=J1E
–γ

, (3) 

where J0, E0, J1,γ are the coefficients that depend on the 
number of GLE event. For increases with numbers 65 
and 67, parameters listed in Table were employed. Cor-
responding differential spectra are shown in Figure 4. 
We can see (Figure 4) that values for GCR and SCR 
vary up to several orders of magnitude to 5 GeV, but 
starting with 10 GeV the fluxes decrease and total spec-
tra become exactly the same. 
 

Parameters of differential energy spectra of solar protons in 
GLE65 and GLE67 events 

GLE 
number 

Date 
Parameters of energy spectra 

J0 E0 J1 γ 

65 
October 
28, 2003 

1.2·10
4
 0.60 1.5·10

4
 4.4 

67 
November 

02, 2003 
4.6·10

4
 0.51 9.7·10

3
 6.3 

 

The particle interaction models implemented in 
GEANT4 are described in detail in the reference man-
ual [GEANT4 Physics Reference Manual]. Depending 
on information about secondary CR of interest, RUS-
COSMICS implemented algorithms able to store da-
tasets as energy spectra and vertical intensity profiles 
of CRs of different types and ionization rates. 

 

RESULTS 

The simulation of propagation of GCR and SCR protons 

through Earth’s atmosphere has yielded large arrays con-

taining energy spectra of secondary particles and total 
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Figure 3. Percentage of elements of Earth’s atmosphere derived by averaging. We can see that these parameters weakly de-

pend on altitude, remaining virtually unchanged up to 60 km above sea level 

 

 

Figure 4. Differential energy spectra of SCR protons from 
100 MeV to 100 GeV for GLE65 (a) and GLE67 (b) 

total intensities of their fluxes. Figure 5 shows typical 

distributions only for GCR and GLE65, when GCRs are 

added to the slow SCR component. We can clearly see 

(Figure 5) that the fluxes strongly differ to a level of 

400 g∙cm
–2

 (~7.5 km above sea level), whereupon, due 

to the nature of the spectrum of primary particles, they 

become nearly identical. 

Also of particular interest is data on the rate of ioniza-

tion of substance in Earth’s atmosphere by CR particles. 

 

 

Figure 5. Energy spectra of electrons of secondary GCR  

(a) and GCR+SCR for the DC component (b) at different at-

mospheric depths (in brackets is the equivalent altitude) 

 

Model detectors take into account ionization of all 

types, storing the final result in the format of vertical 

profiles. The profiles obtained for geomagnetic cutoff 

rigidities of 0.65 and 2 GV of GCR and SCR protons 

are shown in Figure 6. 
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Figure 6. Vertical ionization rate profiles obtained from simulation of propagation of primary CR protons through Earth’s 

atmosphere during GLE65 (a, c) and GLE67 (b, d). Geomagnetic cutoff rigidity of 0.65 GV (a, b) and 2 GV (c, d) 

 
In addition to the above functions, the RUSCOS-

MICS software package for simulation of propaga-
tion of CR particles through Earth’s atmosphere can 
calculate flux levels and ionization rates for all geo-
graphic coordinates. Figure 7 presents the results ob-
tained when the GCR proton spectrum and geomag-
netic cutoff rigidities, introduced by IGRF, were uti-
lized as input parameters [Thébault et al., 2015]; the 
grid spacing is 5°. Detailed datasets for altitudes from 
1 to 80 km are available both in the form of drawings 
and archives on the website of the project 
[http://ruscosmics.ru/CR.htm]. 

 

VERIFICATION  

OF CALCULATIONS 

To assess the correctness of our calculations, we 

use different sets of experimental data. Results of pre-

vious comparisons are described in [Maurchev et al., 

2018]. For the verification, we use data both from bal-

loons [Stozhkov et al., 2009] and from a portable ioniz-

ing-radiation detector developed to expand measure-

ments (Figure 8). This detector was used to record the 

count rate profile during the flight on the route Mur-

mansk–Apatity. Eight counters STS-6 had been re-

placed by more compact four counters STS-5, thereby 

reducing the size of the equipment. Self-contained 

supply was by a 5 A Li-Ion battery. The total particle 

flux registered by Geiger counters includes contribu-

tions of charged particles and ~1 % of gamma-quanta: 

p γtotal e e μ μ
0.01 ,J J J J J        (4) 

where Jp is the total proton flux; Je+e– is the total elec-

tron and positron flux; Jμ+μ– is the total muon flux; Jγ is 

the total gamma-quanta flux. Figure 9 compares exper-

imental data obtained from balloons ( Apatity) for sev-

eral periods corresponding to solar minimum and pro-

files from the mobile detector with the simulation re-

sults. Already at the current stage there is good agree-

ment; a certain difference may be explained by the fact 

that the model omits helion electrons and elements 

with Z >2. The profiles obtained from airplane meas-

urements were also affected by the difference in peri-

ods for which the data was acquired. At present, the 

work on removing these limitations in the RUSCOS-

MICS software package is in progress. 

a 
b 

c d 
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Figure 7. Ionization rates obtained from the simulation of propagation of primary GCR through Earth’s atmosphere and the 

formation of cascades of secondary CRs in it, using the global geometry (5° grid spacing). The data plotted corresponds to the 

altitudes of 1 km (a) and 10 km (b) 

 

Figure 8. Block diagram of a mobile detector of charged CR component, developed and commissioned at the CR station  

Apatity 

a 

b 
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Figure 9.  Comparison of vertical profiles of count rate obtained from balloons for different periods (a) and from airplane 

measurements (a, b) with the results of simulation of propagation of GCR protons for two points: Apatity (a), Moscow (b) 

 

CONCLUSION
 

We have calculated propagation of CR protons 

through Earth’s atmosphere, using the improved RUS-

COSMICS software package. Due to the optimization 

achieved by averaging physical parameters in describing 

geometry of the model and, consequently, by decreasing 

the number of logical volumes, we managed to obtain 

good agreement between count rate and correctness of 

the results, which was determined by comparing with 

experimental datasets. We are going to apply detectors 

of different types. Works on the simulation using paral-

lel calculations are currently in progress. The data ob-

tained can be of applied significance, for example, in 

assessment of the equivalent dose, and can be used in 

basic research, for example, for a detailed study of char-

acteristics of cascades. All changes in releases, their 

descriptions, and archives of the obtained data are freely 

available on the website of the project 

[http://ruscosmics.ru].  

The work was funded by the Russian Foundation for 

Basic Research under research project No.18-32-00626. 
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