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Abstract: In order to use GEANT4 toolkit in the energies relevant to the space radiation it has been tested few of 

electromagnetic and hadronic models of it by comparing simulated values with NIST data and other experimental data 

available. For the validation of electromagnetic models energy-loss and electronic stopping powers are considered whereas for 

the validation of hadronic models, isotope production cross-sections and total fragmentation cross-sections are considered. The 

stopping power values simulated for protons in Al are agreeing very well with NIST database values. The energy-loss and 

residual energy values simulated for alpha particles in Si and Al respectively are in good agreement with experimental values 

at high energies and low-thicknesses of target materials. The stopping power values of alpha particles and Fe ions in Al are also 

agreeing well with tabulated values at the small thickness of target materials. The proton - proton production cross-section 

values for liquid hydrogen and polyethylene are within the limits of experimental errors. Although total fragmentation cross-

sections for Fe ions in polyethylene and aluminum are not agreeing with the experimental values at low energies, they are 

agreeing at the peak of GCR spectrum which is around 1 GeV/nucleon. So the selected physics models used in the present 

simulation work can be used for the space radiation protection studies. 
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1. Introduction 

Geant4 – Geometry And Tracking (version 4) is a toolkit 

for the simulation of particle interactions and transport 

through the matter [1]. It is modular software written in 

object oriented frame work. It is capable of dealing with the 

interactions of leptons, photons, hadrons and ions. It provides 

a number of physics models to deal with the particle and 

matter interactions in the wide range of energies 

corresponding from thermal neutrons to cosmic rays [2, 3, 4, 

9, 12]. So it is used in diversified areas like medical physics 

and space radiation protection etc. apart from detector 

simulations. 

Space radiation is made of Galactic Cosmic Rays (GCR), 

Solar Particle Events (SPE) and Tapped radiation. The GCR 

radiation originating from outside the solar system consists of 

98% baryons and 2% electrons. The baryonic component in 

turn consists of 85% protons, 14% helium nuclei and 1% 

heavier nuclei with typical energies up to 	10��	 eV [7]. 

However, the number of such high energy particles near the 

earth orbit is very small but the typical energies of high 

intensity particles extend from 100 MeV to 10 GeV [11]. The 

peak of the GCR spectra is around the 1 GeV/nucleon for all 

ions [7]. The SPE radiation originating from Coronal Mass 

Ejections of the Sun consists of the majority of protons and a 

small fraction of heavier nuclei with energies up to several 

GeV. The trapped radiation originating from the interactions 

of GCR and SPE radiation with earth’s geomagnetic field 

appear in the form of van Allen Belts around the earth. Inner 

belt of van Allen Belts consists of protons and electrons, 

whereas the outer belt consists of only electrons. The typical 

energies of electrons are up to 7 MeV whereas the energies of 

protons are up to 600 MeV [7]. 

To do any meaningful analysis of space radiation 

protection it is necessary to validate the chosen Geant4 

physics models in the energy range of 100 MeV -10 GeV by 

using the available experimental and tabulated values in that 

energy range. There are some studies of validation of few 

electromagnetic physics models only up to 1.2 GeV [8]. So 

there is a need to choose and validate other Geant4 
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electromagnetic physics models suitable up to 10 GeV. So it 

has been tested both Geant4 electromagnetic and hadronic 

physics models suitable for space radiation interaction and 

transport in that whole energy range. For the simulation 

purpose a Dell laptop with configuration- 8 GB RAM, i5 

processor, 2.20 GHz clock speed and windows10 Operating 

System is used in the present work. The Geant4 toolkit 

Version 4.10.1. p02 software is installed on this laptop to do 

the simulation work. 

2. Physics Models 

The electromagnetic and hadronic interactions are 

simulated separately by using the Physics Models of Geant4 

Version 4.10.1. p02. G4DecayPhysics is also used as general 

physics model in both cases in addition to the respective 

physics models selected. 

G4EmStandardPhysics_option3 is used for the simulation 

of electromagnetic interactions. By choosing this physics the 

following electromagnetic processes are automatically 

applied for different particles in different energy ranges: 

(only few important particles and processes are shown) 

Table 1. Physical processes applicable for different particles as part of 

G4EmStandardPhysics_option3. 

Particle Physical Process Physics Model Energy Range 

proton multiple scattering 
Urban multiple 

scattering model 
100 eV-10 TeV 

 hadron ionization Bragg model 0 meV-2 MeV 

  Bethe-Bloch model 2 MeV-10 MeV 

 
hadron 

bremsstrahlung 
 0 meV-10 TeV 

alpha 

particle 
multiple scattering 

Urban multiple 

scattering model 
100 eV-10 TeV 

 ion ionization Bragg ion model 0 meV-7.9452 MeV 

  Bethe-Bloch model 7.9452 MeV-10TeV 

ions multiple scattering 
Urban multiple 

scattering model 
0 meV-10 TeV 

 ion ionization  Parametric ICRU73 0 meV-10 TeV 

Hadronic interactions are simulated by using a suitable 

choice of three physics models: G4HadronElasticPhysics for 

hadron elastic processes, G4HaronPhysics QGSP_BERT_HP 

for hadron inelastic processes and G4IonQMDPhysics for 

generic ions. 

By choosing this Physics the following hadronic processes 

are automatically applied for different particles in different 

energy ranges: (only few important particles and processes 

are shown) 

Table 2. Physical processes applicable for different particles as a part of 

G4HaronPhysicsQGSP_BERT_HP and G4IonQMDPhysics. 

Particle Physical Process Physical Model Energy Range 

proton proton inelastic QGSP model 12 GeV-100 TeV 

  FTFP model 9.5 GeV-25 GeV 

  
Bertini cascade 

model 
0 meV-9.9 GeV 

alpha 

particle / ion 
alpha inelastic 

Binary light ion 

cascade model 
0 meV-110 MeV 

  QMD model 100 MeV-10GeV 

  FTFP model 9.9 GeV - 1TeV 

3. Methods 

For the validation of Geant4 physics models it has been 

considered four parameters: energy loss, electronic stopping 

power, isotopic production cross-section and total 

fragmentation cross-section. 

Energy-loss of charged particle is given by: 

Energy- loss = - 
��

��
 (in MeV/cm)                     (1) 

where dE is the average energy imparted by the particle (in 

MeV)  

and dx is the distance travelled by the particle (in cm). 

In simulations dx is considered as the thickness of target 

material and is chosen to be small so that it is always smaller 

than the range of incident particle in a given target material. 

The stopping power is given by: 

Stopping power = energy loss/density of target material (2) 

(in MeV cm
2
/g) 

The total proton-proton production cross-sections are 

calculated by: 

Isotope production cross-section 

	(	
) = 	
���

��	�	���
 (in mb)                           (3) 

where N��� is the number of isotopic species produced 

�� is the number of target atoms per unit volume (in /cm
3
) 

t is the thickness of the target (in cm) 

and ��� is the number of incident particles 

The total fragmentation cross-sections for Fe 26 ions are 

calculated by: 

Total fragmentation cross-section  

(
���)=	
�� �(!"#/!%&')

(�!)*
 (in mb)                        (4) 

where +, is the mass number of the target material 

��� is the number of incident ions before the target 

��-� is the number of incident ions after the target 

ρ is the density of the target material (in g/cm
3
) 

t is the thickness of the target (in cm) 

and ��.  is the Avagadro Number 

In carrying out the simulations - the number of particles, 

intensity and focusing of beam are considered as factors 

which play no role in the evaluation of isotopic and total 

fragmentation cross sections. The number of particles used in 

the simulation only affects the amount of statistical error 

which is of order	
/

√!
, where N is the number of particles. So 

in the simulations the sufficient numbers of particles are 

considered to get the reliable results. In addition to this the 

moderate thickness of target materials are necessary to 

produce the sufficient number of fragments of an isotope. 

The target materials in the simulation are selected on the 

basis of their current use and future prospects for making of 

space vehicles. The particles used in the simulation are the 

important components of space radiation. The energies of 

those particles are considered in the energy range of nuclear 

component of cosmic radiation arriving at the earth’s orbit. 
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4. Results 

It has been simulated few experiments by using Geant4 

toolkit and simulated parameters are compared to the 

experimental and tabulated values in the present work. For 

electromagnetic interactions energy-loss and electronic 

stopping powers are calculated whereas for hadronic 

interactions isotope production cross-sections and total 

fragmentation cross-sections are calculated in the 

simulations. 

4.1. Electromagnetic Physics Simulation Results 

Aluminum slab of area 10 mx10 m and thickness 20 g/cm
2
 

is constructed and a beam of 10000 protons emerging from a 

plane of same area as slab made to incident normally on the 

slab. The energies of protons are chosen from 200 MeV to 

10000 MeV and the corresponding stopping powers are 

calculated. The values calculated in the simulation are 

compared with the NIST database values [5]. The values are 

in good agreement with the NIST data for proton energies 

near 10000 MeV as reported in Figure 1. 

 
Figure 1. Comparison of simulated and tabulated stopping power values of protons in Aluminum. 

It has been found the residual energy of 40 MeV alpha 

particles in the aluminum slab of area 10mx10m and 

thickness varying from 15.2 mg/cm
2
 to 155.2 mg/cm

2
. The 

simulated values are in good agreement with the 

experimental values [13] when the thickness of aluminum 

slab is small as reported in Figure 2. 

 
Figure 2. Comparison of the simulated and experimental values of residual energies of alpha particles in different thicknesses of Al material. 

It has also been found the energy-loss of alpha particles in 

detector material silicon of area 10 mx10 m and thickness 

0.48 g/cm
2
. Alpha particles emerging from plane of same 

area as Si slab allowed to incident normally on Si slab with 

energies ranging from 175 to 910 MeV. The energy-loss 

values are simulated and compared with experimental values 

[13]. The values are in good agreement at higher energies as 

reported in Figure 3. 
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Figure 3. Comparison of simulated and experimental energy-loss values at different energies of alpha particles in Silicon slab. 

Stopping power values of alpha particles in aluminum slab 

of area 10 mx10 m and thickness of 5 g/cm
2
 are simulated. 

For this purpose Al slab is made to incident normally by 

10000 alpha particles emerging from a plane of same area as 

aluminum slab and simulated values are compared with the 

NIST database vales. The values are in good agreement with 

the NIST database values as in the case of protons. The 

values are approaching the NIST data base values when 

energy increases from 600 MeV to 1000 MeV as reported in 

Figure 4. 

 
Figure 4. Comparison of simulated and tabulated stopping power values of alpha particles in aluminum slab. 

Stopping power values of Fe ions in aluminum slab of area 10 mx10 m and thickness of 10 mg/cm
2
 are also simulated and 

compared to the tabulated values [10]. For this purpose Al slab is made to incident normally by 10000 Fe ions emerging from a 

plane of same area as aluminum slab. The stopping-power values for Fe ions in Al are in good agreement with tabulated values 

from 300 to 500 MeV /nucleon as reported in Figure 5. 
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Figure 5. Comparison of simulated and tabulated stopping-power values of Fe in Al. 

4.2. Hadronic Physics Simulation Results 

In order to test hadronic physics an experiment [14] is 

constructed and total proton–proton cross-sections for 

materials hydrogen and polyethylene are calculated. First a 

liquid hydrogen cylinder of 16 cm diameter and 75 cm 

thickness is constructed and a beam of 10000 protons with 

different energies made to incident parallel to the length of 

the cylinder. The simulated proton cross-section values for 

liquid hydrogen are in good agreement with the experimental 

values from 179 MeV to 555 MeV as reported in Figure 6. 

 
Figure 6. Comparison of proton-proton production cross-sections at different energies of protons in liquid hydrogen material. 

The similar experiment [14] with a cylinder of polyethylene of 16 cm diameter and 5 cm of thickness is constructed and a 

beam of 10000 protons with different energies are allowed to incident parallel to the axis of the cylinder. The simulated proton 

cross-section values for polyethylene target are also in agreement with the experimental values from energies 463 MeV to 550 

MeV as reported in Figure 7. 
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Figure 7. Comparison of proton-proton cross-sections at different energies of protons in polyethylene material. 

It has also been simulated an experiment [6] and calculated 

total fragmentation cross-sections for Fe ions in Al and 

polyethylene targets in the energy range of 0.3 A GeV to 10 

A GeV. For this purpose a polyethylene slab of area 5 m x 5 

m and thickness 1 cm is used as target and a beam of 2000 Fe 

ions is made to incident normally on the target. The 

calculated total fragmentation cross-section values are in 

agreement with the experimental values within the 

experimental error of 10%, except at lower energies as 

reported in Figure 8. 

 
Figure 8. Comparison of total fragmentation cross-sections at different energies of Fe ions in polyethylene material. 

It has also been simulated the total cross-section values of Fe ions in Al material and compared the values with the 

experimental values [6]. For this purpose an aluminum slab of 5 m x 5 m area and 1 cm thickness is used as target and a beam 

2000 Fe ions is made to incident normally on the target. The calculated cross-section values are within the experimental error 

limit of about 10%, except at low energies as reported in Figure 9. 
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Figure 9. Comparison of total fragmentation cross-sections at different energies of Fe ions in aluminum material. 

5. Discussion 

The electromagnetic models used in the simulations are 

well describing the interactions for protons. The simulation 

results for electronic stopping powers are well agreeing with 

NIST database values particularly at high energies. In case 

alpha particles simulated values of energy-loss for Si material 

are in good agreement with experimental values near 910 

MeV. In case of alpha particles of 40 MeV on the aluminum 

material of various thicknesses the simulated values of 

residual energy are also in good agreement with experimental 

values at the lower thickness values of the material. 

Furthermore simulated values of stopping powers for alpha 

particles in Al material are also in good agreement with NIST 

database values as one goes from 600 MeV-1000 MeV. The 

physical model applied in simulations in this energy range is 

Bethe-Bloch model with Shell, Barkas, and Bloch and 

density effect corrections. NIST data tables are also 

developed based on the same theory in this energy range. So 

any small discrepancies in results are due to the simulation 

setup but not due to the physical models. This is true because 

it is observed in the simulations that by reducing the Al target 

thickness for alpha particles of given energy the 

discrepancies are largely reduced. 

Simulated values of stopping powers for heavy ion Fe in Al 

material are also agreeing with the tabulated values from 300 

MeV to 500 MeV [10]. In Geant4 simulations parameterized 

ICRU73 model is used whereas in the tabulated values a new 

parameterized model is used. But still the results are in good 

agreement with each other. So in selected energy range of 

simulation both models are giving equivalent description of 

electromagnetic interactions of heavy ions like Fe. But the 

experimental values and their agreement with these values 

only confirm the validity of each model. 

So at high energies and small thickness of materials 

electromagnetic models are fairly well describing the 

electromagnetic interactions. The reason for this is, for the 

small thickness at a given energy or for the given thickness at 

a relatively high energy matches the conditions of 

applicability of the energy loss or stopping power formula 

used in the simulations. So any small discrepancies at lower 

energies need not be taken as the flaw in the physical models 

of the interactions. Hence the models used for the simulation 

of electromagnetic interactions of space radiation can be used 

for space radiation protection studies. 

The hadronic physics models are very well describing the 

proton–proton collisions and subsequent proton production 

cross-sections from 179 MeV to 555 MeV. The proton - 

proton production cross-section values are within the limits 

of experimental errors. The physical model used here for 

protons is Bertini Cascade Model. Even though this model 

giving good results for protons, it does not work for ions. The 

simulated total fragmentation cross-section values for Fe ions 

in polyethylene and aluminum material from 0.30 GeV to 10 

GeV are agreeing with experimental values except at low 

energies. At low energies the values of cross-sections are 

beyond the experimental errors of about 10%. The physics 

model used in Geant4 simulations here is the Ion QMD 

model. Since this is the naïve QMD model which can be 

applied directly in Geant4, it is not fully describing the ion 

interactions. This model is giving discrepancies beyond the 

limits of experimental error at low energies in case of both 

polyethylene and aluminum. So an improved QMD model 

can be used to get the more precise results. However, this 

model can be used for the preliminary analysis of space 

radiation protection because the results are good at the peak 

of GCR spectrum which is around 1GeV/nucleon for all ions. 

So the hadronic interaction models used in present 

simulations can be used for an approximate analysis of space 

radiation protection. 

In the present simulation work it has been used the Geant4 

Reference Physics Lists. Instead of this one can use - for each 

particle and for each process a specific physics model of 

Geant4 or its interfaces to other models from other codes. So 

there is a scope for further optimization of the physics 

models used in the space radiation protection studies based 

on the validation results of the present models used in this 

simulation work. 

6. Conclusions 

The selected physics models for both electromagnetic as 
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well as hadronic processes of components of space radiation 

– protons, alpha particles as well as Fe ions are tested and 

validated. Validation tests indicate that electromagnetic 

physics models for space radiation protons, alpha particles 

and Fe ions are agreeing well with the tabulated values. 

Furthermore, the experimental values of energy loss and 

residual energy of alpha particles are also in good agreement 

with simulation results at the small thicknesses target 

materials or at high energies of alpha particles. Since small 

discrepancies at large thicknesses or low energies are only 

the simulation setup issue, the electromagnetic models are 

well describing the space radiation interactions. The proton – 

proton production cross-section values are also agreeing well 

with the experimental results within the given error limit of 

1-3% in the tested energy range. The total fragmentation 

cross-sections for Fe ions are also agreeing with the 

experimental values within the experimental error of about 

10%, except at low energies. Furthermore results at the peak 

of GCR spectrum which is around 1GeV/nucleon are 

agreeing well with the experimental values for both 

polyethylene and aluminum. So hadron physics models are 

approximately well describing the space radiation 

interactions. So the electromagnetic and hadronic physics 

models used in this simulation work can be used for the 

space radiation protection studies. Furthermore, based on the 

results of this work, there is the scope for further 

optimization of physics used in space radiation protection 

studies. 
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