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Abstract

Various types of particles constitute the primary cosmic-ray beam at the top of the
Earth’s atmosphere, and these different particles might have separate roles depending on
the purpose of a specific atmospheric application. In this study, a recipe that performs the
simultaneous injection of diverse particles in the GEANT4 framework is demonstrated in
order to mimic this property. This scheme is based on the utilization of multiple probability
grids that are governed by the initial flux ratios, and the algorithms of this multi-particle
generation are exhibited by using the primary cosmic proton flux as well as the primary
cosmic alpha flux measured from the BESS-TeV spectrometer. It is revealed that this
multi-particle generation method can be advantageous for a range of atmospheric applica-
tions, particularly in the areas where precise particle interaction modeling is required.

Keywords:  GEANT4; Cosmic rays; BESS-TeV spectrometer; Multi-particle generation;
Discrete energy spectra; Probability grid.

1 Introduction

Cosmic rays that are composed of mainly protons and alphas strike the atmosphere by interact-
ing with the air molecules to create the extensive particle showers |1]. These interactions play
a critical role in various atmospheric and space-related applications including but not limited
to atmospheric dosimetry, neutron spectroscopy, and radiochemistry [2-4]. Understanding and
accurately simulating these particle interactions is essential for predicting radiation exposure
levels, studying particle propagation, and investigating the effects of cosmic radiation in both
terrestrial and extraterrestrial environments.

Traditionally, either experimental or theoretical/computational data resources provide the
necessary information about the energy spectrum as well as the particle population of the cosmic
rays. The BESS-TeV spectrometer and the PAMELA spectrometer are dedicated to measuring
the energy spectrum of the cosmic-ray particles |5,6], whereas the particle generators such
as CRY and CMSCGEN also produce the relatively appropriate parameters to be used in
the accurate simulation models [7,[8]. Among the existing techniques is the probability table
method where the discrete energy values along with their corresponding discrete probabilities
are implemented in order to generate the associated particles [9], and a similar but limited
approach has been already adopted in the MCNP6 code [10].



In this study, a multi-particle generation scheme within the GEANT4 simulation frame-
work [11] that is designed to address the problem of simultaneous multi-particle injection by
simulating the injection of various particles is introduced 12| as shown in Appendix A. This
technique utilizes the probability grids [13-15] that are governed by the initial flux ratios to
reflect the diverse particle composition observed in cosmic rays. By incorporating the measure-
ments from the BESS-TeV spectrometer for the proton and alpha fluxes, the proposed method
offers a more comprehensive and accurate simulation model. Additionally, this scheme allows
for the specification of the initial particle generation locations as well as the momentum direc-
tions, which enhances its utility for a wide range of atmospheric applications. This study is
organized as follows. While section [2| exhibits the current methodology to perform the simulta-
neous injection of the cosmic protons as well as the cosmic alphas in the GEANT4 framework,
the conclusions from the present study are drawn in section [3|

2 Methodology

In view of the fact that the present objective is to carry out a multi-particle approach, it has
been already demonstrated [13-15] that the current scheme might be used in order to implement
the empirical particle energy spectra as in the case of the BESS-TeV spectrometer [6] where
the discrete energies of cosmic-ray protons as well as cosmic-ray alphas are measured at the
distinct particle fluxes. The first 28 non-zero energy bins between 1 and 68 GeV and their
corresponding separate fluxes are taken into consideration, and the discrete probabilities of
cosmic-ray protons are determined by the quotient between the particular proton flux value at
a specific energy and the total proton flux as follows
28

OProton,i .
PProton,i = 281«& with prroton,i =1 (1)
Z ¢Prot0n,i =0
1=0

According to the BESS-TeV proton spectrum, the cosmic proton flux drastically declines when
the kinetic energy of the cosmic-ray protons augments as depicted in Fig. (a).
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Figure 1: BESS-TeV proton spectrum between 1 and 68 GeV (a) particle flux and (b) discrete
probabilities.



Since the contribution of the particle population after 68 GeV is negligible for the cosmic
protons, a threshold value of 68 GeV is utilized in the current study. The tabular proton
flux values from the BESS-TeV spectrometer in Table [I] of Appendix B permit to calculate
the discrete probabilities for each energy bin as written in Eq. (1)), and Fig. [I[b) illustrates
the variation of the discrete probabilities determined from the BESS-TeV spectrometer with
respect to the kinetic energies for the cosmic-ray protons.

In the similar fashion, the discrete probabilities of cosmic-ray alphas are calculated for an
energy distribution lying on an interval between 1 and 86 GeV by using the following formula:

28
PAlpha,j :
PAlphaj = 55— with ZpAlpha,j =1 (2)
Z ¢Alpha,j 3=0
7=0

As in the case of the cosmic-ray protons from the BESS-TeV spectrometer, the cosmic-ray alpha
flux sharply decreases when the kinetic energy of the cosmic alphas rises as displayed in Fig. (a).
In the same manner, the tabulated alpha flux values from the BESS-TeV spectrometer in Table[2]
of Appendix C grant the ability to calculate the discrete probabilities for each energy bin as
denoted in Eq. , and Fig. (b) shows the variation of the discrete probabilities calculated
from the BESS-TeV spectrometer in terms of the kinetic energies for the cosmic-ray alphas.
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Figure 2: BESS-TeV alpha spectrum between 1 and 86 GeV (a) particle flux and (b) discrete
probabilities.

In the wake of obtaining the discrete probabilities of the cosmic protons as well as the
cosmic alphas, the latter step is to select the particle type. In order to attain this objective, it
is necessary to find out the initial particle flux ratios, and the total cosmic particle flux denoted
by > @ consisting of protons as well as alphas is expressed as follows

28 28
Z o = Z ¢Pr0ton,i + Z ¢A1pha,j (3)
=0 j=0



Specifically, the probability of the cosmic-ray protons is

28
Z (bProton,i
=0

PProton = T =a (4)

whereas the probability of the cosmic-ray alphas is similarly

28
z ¢Alpha,j

PAlpha = ]_OT =b (5)

where Ppioton + Paipha = @ + b = 1. In accordance with the BESS-TeV spectrometer, a is
considered as 0.8965 for the cosmic protons, while b is 0.1035 for the cosmic alphas in the
present study. On the first basis, in order to start the particle injection, it is initially necessary
to pick up a random number from the uniform distribution by using the following equation:

&, = GAUniformRand() (6)

As described in the equation below, if the obtained random number is between 0 and a, then
a proton is generated. In the same fashion, if this random number is between a and 1, then an
alpha is injected.
{ If 0 < &, < a then proton )

Else if 1 — b < &, <1 then alpha

In the next step, another random number is picked up to set out the kinetic energy of the
selected particle as depicted in Fig. [3]

If proton then If alpha then

Eapha = G4UniformRand ()
s

Eproton = GAUniformRand()
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Figure 3: Double probability grid that govern the kinetic energies for the particles constituting

the present cosmic-ray beam.

To further detail, a strategy to inject the incoming protons as well as the incoming alphas
is subsequently integrated by means of G4ParticleGun as can be found in the previous studies.
By recalling the unity condition, a grid is built by summing up the discrete probabilities, the



interval of which starts with 0 and ends in 1. Thus, each cell in this grid, i.e. the difference
between two points on the probability grid, specifies a discrete probability. Then, a random
number denoted by & between 0 and 1 is generated by using the pre-defined uniform number
generator called G4UniformRand(). Finally, this random number is scanned on the probability
grid by checking the difference between the grid points, and the particular discrete energy is
assigned when the random number matches with the associated cell.

3 Conclusion

To conclude, in this study, a multi-particle generation scheme through energy discretization in
GEANT4 simulations, the basis of which is founded on the utilization of multiple probability
grids that are governed by the initial flux ratios, is demonstrated for the atmospheric appli-
cations such as atmospheric dosimetry, neutron spectroscopy, and radiochemistry. It is worth
noting that the present scheme also allows to define the separate initial locations as well as the
separate momentum directions for the generation of different particles. The proposed approach
is not only expected to improve the accuracy of cosmic ray simulations but also to expand their
applicability to more sophisticated models, particularly in fields that demand precise particle
interaction modeling such as atmospheric and space radiation studies.

Appendix A - Multi-particle generation scheme through energy dis-
cretization
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\file BlPrimaryGeneratorAction.cc
\brief Implementation of the BlPrimaryGeneratorAction class
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#include "BlPrimaryGeneratorAction.hh"
#include "G4LogicalVolumeStore.hh"
#include "G4LogicalVolume.hh"
#include "G4Box.hh"

#include "G4RunManager.hh"
#include "G4ParticleGun.hh"
#include "G4ParticleTable.hh"
#include "G4ParticleDefinition.hh"
#include "G4SystemOfUnits.hh"
#include "Randomize.hh"

#include <iostream>

//....00000000000........ 00000000000 . . ... ... 00000000000 . . .. .... 00000000000 . . . ...

BlPrimaryGeneratorAction:: BlPrimaryGeneratorAction ()
G4V UserPrimaryGeneratorAction (),
fParticleGun (0)

{

G4int n_particle = 1;

fParticleGun = new G4ParticleGun(n_particle);

}

//....00000000000........ 00000000000 . . ... ... 00000000000 . . ... ... 00000000000 . . . ...

BlPrimaryGeneratorAction::” Bl1PrimaryGeneratorAction ()

delete fParticleGun;



}

//....00000000000........ 00000000000 . . . ... .. 00000000000 . . . ... .. 00000000000 . . . ...
//29—bin BESS—TeV spectrum — by AIT
void BlPrimaryGeneratorAction:: GeneratePrimaries (G4Event* anEvent)

//Discrete probabilities for protons — by AIT

double A[]= {0, 0.139931881, 0.128737331, 0.119142002, 0.108347257, 0.096353095,
0.083159518, 0.069566135, 0.057971779, 0.04757684, 0.038061472, 0.029385695,
0.022509043, 0.017351553, 0.012593869, 0.008995621, 0.006356905, 0.00447782,
0.003082499, 0.002130963, 0.001451294, 0.000991517, 0.000647685, 0.000435788,
0.00028666, 0.000193506, 0.000125939, 8.27597E—05, 5.35739E—05};

//Discrete energies for protons

double B[]= {0.0, 1080, 1260, 1470, 1710, 2000, 2330, 2710, 3160,

3690, 4300, 5010, 5840, 6810, 7930, 9250, 10800, 12600, 14700,

17100, 19900, 23200, 27100, 31600, 36800, 42900, 50000, 58300,

68000} ;
///////////////////////////////////////////////////////////////////////////////////////
//Discrete probabilities for alpha —

double C[]= {0, 0.180861048, 0. 165616056 0 139283796, 0.11121915, 0.090777001,
0.075185532, 0.062712356, 0.047467363, 0.033850813, 0.0265747947 04019783843,
0.013789789, 0.009805302, 0.007172076, 0.005127861, 0.003534066, 0.002342185,
0.001631907, 0.00113298, 0.000737996, 0.000505857, 0.000335043, 0.000204075,
0.00014656, 9.8746E—05, 6.37518E—05, 3.25688E—05, 7.48391E—-06};

//Discrete energies for alpha

double D[]= {0.0, 1080, 1260, 1470, 1710, 2000, 2330, 2710, 3160, 3690, 4290,
4980, 5840, 6800, 7940, 9240, 10800, 12600, 14700, 17000, 19900, 23200,
27100, 31400, 36700, 42900, 49900, 62500, 86100};

double Gridl[29];

double Grid2[29];

G4double protonprob=0.8965;

G4double alphaprob=0.1035;

double suml=0;

for(int x=0; x < sizeof(Gridl)/sizeof (Gridl[0]); x++){

suml=suml+A[x];

Gridl [x]=suml;

std :: ofstream GridFilel;

GridFilel. open("Probablllty grid _proton.txt", std::ios::app);

GridFilel << Gridl[x] << Gdendl;

GridFilel.close ();

double sum2=0;

for (int x=0; x < sizeof (Grid2)/sizeof (Grid2[0]); x++){
sum2=sum2+C|[x|;

Grid2 [x]|=sum?2;

std :: ofstream GridFile2;
GridFile2.open (" Probability grid_alpha.txt", std::ios::app);
GridFile2 << Grid2[x] << Gd4endl;

GridFile2 . close ();

// default particle kinematic

G4ParticleTablex particleTable = G4ParticleTable:: GetParticleTable ();
G4String particleName;

for (int n particle = 1; n_ particle < 100000; n_particle++){
G4double pseudonumberI=G4UniformRand (); N

if (pseudonumberl <= protonprob){

G4ParticleDefinition* particle

= particleTable—>FindParticle(particleName="proton");
fParticleGun—>SetParticleDefinition(particle );

G4double y0 = 85xcm;

G4double z0 = 0.5%cm;

G4double x0 = 0.5%cm;

x0 = —x0+2%x0+*G4UniformRand ();

z0 = —z0+42%z0%xG4UniformRand ();
fParticleGun—>SetParticlePosition (G4ThreeVector(x0,y0,z0));
G4double Energy; //Just for initialization

G4double pseudonumberII=G4UniformRand () ;

for (int 1i=0; i < sizeof (Gridl)/sizeof (Gridl1[0]); i++){

if (pseudonumberIl > Gridl[i] && pseudonumberlIl <= Gridl[i+1]){
Energy=B|[i+1];

std :: ofstream EnergyFilel;

EnergyFilel.open("Energy proton.txt", std::ios::app);
EnergyFilel << Energy << Gd4endl;

EnergyFilel.close ();

fParticleGun—>SetParticleEnergy (Energy );
fParticleGun-—>SetParticleMomentumDirection (G4ThreeVector (0., —1,0));
b

b

if (pseudonumberl > l—alphaprob && pseudonumberl <= 1){
G4ParticleDefinition*x particle

= particleTable —>FindParticle (particleName="alpha");
fParticleGun—>SetParticleDefinition (particle);

G4double y0 = 85%cm;

G4double z0 = 0.5%cm;

G4double x0 = 0.5%cm;

x0 = —x0+42*x0*G4UniformRand ();

z0 = —z0+2%2z0xG4UniformRand ();
fParticleGun—>SetParticlePosition (G4ThreeVector(x0,y0,2z0));
G4double Energy; //Just for initialization

G4double pseudonumberIII=G4UniformRand ();

for (int i=0; i < sizeof(Grid2)/sizeof (Grid2[0]); i++){

if (pseudonumberIIl > Grid2[i] && pseudonumberlll <= Grid2[i+1]){
Energy=D|[i+1];

std :: ofstream EnergyFile2;
EnergyFile2.open (" Energy alpha.txt", std::ios::app);
EnergyFile2 << Energy << Gd4endl;

EnergyFile2.close ();
fParticleGun—>SetParticleEnergy (Energy );
fParticleGun—>SetParticleMomentumDirection (G4ThreeVector (0., —1,0));



}
}
}
f

ParticleGun—>GeneratePrimaryVertex (anEvent );

—

/....00000000000........ 00000000000 . . ... ... 00000000000 . . ... ... 00000000000 . .. ...

Appendix B - BESS-TeV discrete probabilities of cosmic protons

Table 1: BESS-TeV discrete probabilities of cosmic protons at the corresponding discrete ener-
gies between 1 and 68 GeV.

E; |GeV| Pprotoni (M 28 tst1GeV T E; |GeV] PProton,i

0.00 0.000 0.00 0

1.08 350.000 1.08 0.139931881
1.26 322.000 1.26 0.128737331
1.47 298.000 1.47 0.119142002
1.71 271.000 1.71 0.108347257
2.00 241.000 2.00 0.096353095
2.33 208.000 2.33 0.083159518
2.71 174.000 2.71 0.069566135
3.16 145.000 3.16 0.057971779
3.69 119.000 3.69 0.047576840
4.30 95.200 4.30 0.038061472
5.01 73.500 5.01 0.029385695
5.84 56.300 5.84 0.022509043
6.81 43.400 6.81 0.017351553
7.93 31.500 7.93 0.012593869
9.25 22.500 9.25 0.008995621
10.80 15.900 10.80 0.006356905
12.60 11.200 12.60 0.004477820
14.70 7.710 14.70 0.003082499
17.10 5.330 17.10 0.002130963
19.90 3.630 19.90 0.001451294
23.20 2.480 23.20 0.000991517
27.10 1.620 27.10 0.000647685
31.60 1.090 31.60 0.000435788
36.80 0.717 36.80 0.000286660
42.90 0.484 42.90 0.000193506
50.00 0.315 50.00 0.000125939
58.30 0.207 58.30 0.000082759
68.00 0.134 68.00 0.000053573




Appendix C - BESS-TeV discrete probabilities of cosmic alphas

Table 2: BESS-TeV discrete probabilities of cosmic alphas at the corresponding discrete energies
between 1 and 86 GeV.

E; |GeV]| PAphaj (M2 Isr!GeVT]  E; [GeV] PAlpha,j

0.00 0.00000 0.00 0

1.08 52.20000 1.08 0.180861048
1.26 47.80000 1.26 0.165616056
1.47 40.20000 1.47 0.139283796
1.71 32.10000 1.71 0.111219150
2.00 26.2000 2.00 0.090777001
2.33 21.70000 2.33 0.075185532
2.71 18.10000 2.71 0.062712356
3.16 13.70000 3.16 0.047467363
3.69 9.770000 3.69 0.033850813
4.29 7.670000 4.29 0.026574794
4.98 5.710000 4.98 0.019783843
5.84 3.980000 5.84 0.013789789
6.80 2.830000 6.80 0.009805302
7.94 2.070000 7.94 0.007172076
9.24 1.480000 9.24 0.005127861
10.80 1.02000 10.80 0.003534066
12.60 0.67600 12.60 0.002342185
14.70 0.47100 14.70 0.001631907
17.00 0.32700 17.00 0.001132980
19.90 0.21300 19.90 0.000737996
23.20 0.14600 23.20 0.000505857
27.10 0.09670 27.10 0.000335043
31.40 0.05890 31.40 0.000204075
36.70 0.04230 36.70 0.000146560
42.90 0.02850 42.90 0.000098746
49.90 0.01840 49.90 0.000063752
62.50 0.00940 62.50 0.000032569
86.10 0.00216 86.10 0.000074840
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