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Abstract4

Cosmic rays have the potential to significantly affect the atmospheric composition
by increasing the rate and changing the types of chemical reactions through ion pro-
duction. The amount and states of ionization, and the spatial distribution of ions
produced are still open questions for atmospheric models. To precisely estimate these
quantities, it is necessary to simulate particle–molecule interactions, down to very
low energies. Models enabling such simulations require interaction probabilities over
a broad energy range and for all energetically allowed scattering processes.
In this paper, we focus on electron interaction with the two most abundant molecules
in the atmosphere, i.e., N2 and O2, as an initial step. A set of elastic and inelastic
cross section models for electron transportation in oxygen and nitrogen molecules
valid in the energy range 10 eV - 1 MeV, is presented. Comparison is made with
available theoretical and experimental data and a reasonable good agreement is ob-
served. Stopping power is calculated and compared with published data to assess the
general consistency and reliability of our results. Good overall agreement is observed,
with relative differences lower than 6% with the ESTAR database.

Keywords: Electron cross sections, Atmosphere ionization, Particle track structure,5

Monte Carlo simulation, Geant4-DNA6

1. Introduction7

The emission of polluting molecules and greenhouse gases into the atmosphere8

represents a global challenge with open scientific questions, mainly related to the9

approximation grade of chemical-physical processes used in the prevision models of10

climate change. Although ions play a pivotal role in various atmospheric processes11

such as ion-induced nucleation, precipitation, and aerosol formation, the influence of12
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cosmic rays and ions on climate is at the dawn of a full understanding and deserves13

further in-depth investigations [1].14

Chemical reaction rates can vary by up to 10 orders of magnitude depending on15

the ionization state of the involved species [2, 3]. Thus, cosmic rays ionization could16

significantly impact chemical reactions in the atmosphere, considering also that the17

ions produced are clustered near the primary ray. The amount and state of ionization,18

as well as the spatial distribution of ions in the atmosphere, are open questions for the19

atmospheric models, that it is fundamental to investigate also in the very low-energy20

range [4, 5, 6].21

Oxygen and nitrogen molecules are the two most prevalent species in Earth’s tro-22

posphere and lower stratosphere. Therefore, studying the interaction of cosmic rays23

with these molecules is crucial for our understanding of various atmospheric phe-24

nomena. For instance, electron impact ionization plays a role in the inter-conversion25

between ozone and oxygen in the atmosphere, while nitrogen is involved in the pro-26

duction of one of the most dangerous greenhouse gasses: nitrous oxide [7, 8, 9]. The27

ejection of secondary electrons in collisions with individual molecules represents the28

elementary process involving the greatest energy transfer and is of central interest29

in any study concerning the interaction of charged particles with matter. For large30

energy ranges, it is also the most likely process.31

Event-by-event simulations are a powerful tool for studying the details of radiation-32

induced effect at the molecular level. Nowadays, several existing Monte Carlo track-33

structure (MC-TS) codes fulfill this purpose. One of these is Geant4-DNA [10, 11, 12,34

13], an extension of Geant4 (GEometry ANd Tracking) [14, 15, 16] which is the most35

widely used toolkit for performing MC simulations of radiation-matter interactions.36

Geant4-DNA makes it possible to explicitly simulate every single electromagnetic par-37

ticle interaction down to low energy (about 10 eV), as well as diffusion and chemical38

reactions, on some specific materials of interest in radiobiology [17, 18].39

The aim of this work is to provide a comprehensive and reliable set of electron40

impact electromagnetic interaction models for O2 and N2 molecules down to the 1041

eV scale, for use in such simulation code. This will allow to accurately simulate the42

interaction of low-energy secondary radiation with molecules, the exact concentration43

of ions produced, their spatial distribution, and the ionization state.44

We selected a model for each relevant electromagnetic electron impact interaction45

process in the energy range 10eV - 1MeV, including ionization, electronic excitation,46

and elastic scattering. Given the computational constraints of a simulation code,47

we focused on choosing calculation methods that are both sustainable and efficient.48

In this regard, models that provide an analytical expression for the cross section49

and a good compromise between accuracy and computational time were preferred.50

The physics models presented here can be easily adapted to be used for molecules51

in the gas phase and further work is planned to extend them to other species of52

climate interest. One of these is the trace gas SO2, studied at CERN in the CLOUD53

experiment [19, 20], which has proven to have large effects on ozone chemistry.54
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The selected models are briefly described in Sec. 2. In Section 3, we present55

the benchmark of our models implementation. Specifically, in section 3.1, we show56

the partial cross sections obtained for each process and compare them with exper-57

imental data or other calculations. In section 3.2, we provide a final validation by58

comparing the calculated stopping power, obtained using the selected models, with59

semi-empirical results and ab-initio calculations. The stopping power is also compared60

with the ICRU (International Commission on Radiation Units and Measurements)61

recommended values calculated by ESTAR available down to 1 keV, which are a good62

benchmark for MC calculations. The ESTAR values have uncertainties ranging from63

1% to 2% (in low-Z materials), for energies higher than 10 keV. These uncertainties64

grow up to 10% at 1keV, due to the omission of shell corrections [21].65

2. Description of physics models66

2.1. Ionization67

Electron impact ionization is based on the Relativistic Binary Encounter Bethe68

(RBEB) model [22], which combines the relativistic Mott cross section, known as69

the Møller cross section, with the relativistic version of the Bethe cross section. It70

represents the high-energy extension of the corresponding Binary Encounter Bethe71

model developed by Kim and Rudd [23].72

Within the framework of this model, the energy differential cross section (DCS)73

dσMO(t)
dw

with the energy of the ejected electron W at a given incident energy T for a74

molecular orbital (MO), can be written as75

dσMO

dw
=

4πa20α
4N
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The RBEB formula depends only on the three input parameters, i.e. the binding76

energy (B), the mean kinetic energy (U) and the occupancy number (N) of each77

molecular orbital. The simple analytical form in Eq. 1 is ideally suited for modeling78

applications and Monte Carlo simulation as it allows energy loss to be randomly79

sampled during an ionization event without the need for lengthy cross sections tables80

[24].81

This model is valid for electron energies that are significantly higher than the82

binding energy of the target electron, as it is based on the First Born Approximation.83

Nevertheless, for many stable molecules including N2 and O2, it yields ionization cross84

sections that are in good agreement in both magnitude (with deviations of 15% or85

less at the peak) and shape from each shell ionization threshold onwards [25, 26]. We86

have imposed the high-energy limit to 1 MeV, as for higher energies other relativistic87

effects, such as the density effect, must be considered.88

In the RBEB model the scattering angle of the primary electron and the ejected89

angle of the secondary electron are assumed to be isotropic. This approximation can90

be reduced by introducing a sampling of both angles determined by the kinematics91

of binary collisions [28].92

The ionization cross section for each molecular orbital is given by integration of93

Eq. 1 up to the maximum energy of the ejected electron Wmax = (T −B)/2, namely,94

σIoni
MO =

4πa20α
4N

(β2
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b )2b
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For single ionization of inner k-shells which are subject to stronger nuclear attrac-95

tion, we use the averaged RBEB formula [22, 27]:96

σIoni
k−shell =

1

2

(
1 +

β2
t + β2

u + β2
b

β2
t

)
× σIoni

MO (3)

For oxygen molecules there are five outer shells and the inner K-shell of the oxygen97

atom, while for nitrogen molecules there are four outer shells plus the inner K-shell98

of the nitrogen atom. For each outer shell, the binding energies and the mean kinetic99

energies are from Hwang et al. [29], while K-shells parameters for diatomic molecules100

are from Jolly et al [30] (Table 1).101

2.2. Elastic scattering102

Elastic scattering, although involving only minimal energy loss, strongly influences103

the accuracy of the spatial distribution of energy deposition.104

To calculate the differential and integral elastic cross sections we used the IAM-105

SCARmethod, which is based on the Independent AtomModel representation (IAM)[31]106
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Table 1: Required set of parameters for the calculation of ionization cross sections in molecular
nitrogen and oxygen with the RBEB model.

Ionization
Molecular Orbital Threshold B (eV) Mean kinetic energy U (eV) N

N2 2σg 41.72 71.13 2
2σu 21.00 63.18 2
1πu 17.07 44.30 4
3σg 15.58 54.91 2
k-shell 409.5 603.3 4

O2 2σg 46.19 79.73 2
2σu 29.82 90.92 2
1πu 19.64 59.89 4
3σg 19.79 71.84 2
1πg 12.07 84.88 2
k-shell 543.8 796.2 4

complemented with a Screening-Corrected Additivity Rule (SCAR) [32, 33]. This107

method has already been extensively employed to calculate electron-scattering cross108

sections for a wide variety of molecular targets, over a broad energy range [34, 35, 36,109

37, 38].110

Under the IAM approximation, the scattering from a molecule is described by the111

direct and spin-flip scattering amplitudes:112

F (θ) ≈
∑

fi(θ)e
iq·ri and G(θ) ≈

∑
gi(θ)e

iq·ri (4)

where q = kf −ki is the momentum transfer, ri are the atomic positions, and fi(θ)113

and gi(θ) are the atomic scattering amplitudes. By averaging the modulus squared114

of the scattering amplitudes |F (θ)|2 and |G(θ)|2 over all molecule orientations [2,6],115

we obtain the differential elastic cross section:116

dσelastic
molecule

dΩ
=
∑
i,j

[
fi(θ)f

∗
j (θ) + gi(θ)g

∗
j (θ)

] sin(qrij)
qrij

=
∑
i

[
|fi(θ)|2 + |gi(θ)|2

]
+

∑
i ̸=j

[
fi(θ)f

∗
j (θ) + gi(θ)g

∗
j (θ)

] sin(qrij)
qrij

=
∑
i

dσelastic
atom i

dΩ
+

dσinterference

dΩ

(5)

where q ≡ |q| = 2k sin(θ/2) and rij is the distance between the i and j atoms. By117

integrating Eq. (5), the total molecular cross section can be written as:118

σIAM
molecule =

∑
i

σi + σinterference = σAR + σinterference (6)

The first term σAR corresponds to the direct sum of atomic cross sections and it119
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is equivalent to the molecular cross sections according to the Additivity Rule (AR)120

[39]. The second term σinterference represents the interference contribution between121

two single scattering events. Its main effect is to increase the differential cross sections122

at small scattering angles (θ < 30°), leading to an overall increase in the integral cross123

section values. It must be noted that the second contribution would not be present in124

Eq. (6) if this expression were directly obtained from Eq. (4) by applying the optical125

theorem. Thus, differential cross sections should be renormalized to avoid inherent126

contradictions [35, 36].127

The above expressions are applicable for independent scattering from each atom128

and they are only valid for large interatomic distances compared to the wavelength129

associated with the incident electron (∼ < 200 eV for N2 and O2). To extend their130

applicability to lower energies, the SCAR method introduces screening coefficients131

(si) in Eq. 5-6. These coefficients have the effect to reduce the contribution of each132

atom to the overall molecular cross section (0 ≤ si ≤ 1) in the low energy range.133

Further details on these coefficients can be found elsewhere [32, 33, 40].134

Atomic scattering amplitudes and cross sections in Eq. (5) were calculated us-135

ing the ELSEPA (ELastic Scattering of Electrons and Positrons by neutral Atoms)136

code developed by Salvat et al. [41], which uses the Dirac partial-wave approach137

including relativistic corrections to calculate the electron elastic scattering by a local138

central interaction potential representing atoms. To perform the calculation in the139

optical potential formalism, we considered the Fermi nucleus distribution, the Dirac-140

Fock electron distribution, the Furness-McCarthy exchange potential, the correlation-141

polarization potential with the local density approximation, and the LDA absorption142

potential, described in detail in Ref. [41].143

In our study, we observed that including the interference terms gives good agree-144

ment with reference data at small scattering angles (< 30°), but results in a significant145

overestimation of integral cross sections (as shown later in Fig. 5). Consequently, we146

decided to employ the simple incoherent sum of atomic scattering amplitudes, follow-147

ing the AR approximation. This approach not only eliminates the need for renormal-148

ization to satisfy the optical theorem, but also significantly enhances the agreement149

between the total cross sections (TCSs) and the experimental data, as previously150

stated in [42].151

Nevertheless, to enhance the accuracy of our calculations, we introduced slight152

adjustments to the free parameters of the scattering potential, specifically target-153

ing an increase in the differential cross sections at small scattering angles. The two154

parameters involved are bpol and Aabs, included in the correlation polarization poten-155

tial and the absorption potential, respectively. The default values used in ELSEPA156

have been validated for noble gases and mercury, but they can be modified to better157

match experimental data. Notably, above the ionization threshold, a higher absorp-158

tion strength increases the DCSs at small scattering angles while decreasing them at159

intermediate and large angles. As for the bpol parameter, the DCSs at small angles160

are the highest when bpol is the lowest and decrease with increasing bpol.161
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By examining the impact of these two parameters on the DCS, we qualitative162

determined optimized values for bpol and Aabs. Specifically, for energies below 500 eV,163

the value of bpol is fixed at 0.01. As the energy approaches 1 keV, it linearly increases164

from 0.01 to 6.6. Beyond 1 keV, the expression
√

E(eV )−50eV
22eV

governs the behavior of165

bpol for both molecules. Regarding the Aabs parameters for N2, it decreased linearly166

from 2.5 at 12 eV to 2 at 400 eV. For O2, AAbs transitions from 2 at 12 eV to 3 at 70167

eV, and then decreases back to 2 at 300 eV. For higher energies, AAbs is set to 2 for168

both molecules, which corresponds to the default value proposed by ELSEPA.169

It should be made clear that the cross sections for each constituent atom are170

calculated using the known first optically allowed excitation threshold [88] and atomic171

polarizability [44] of that atom, prior to the application of the screening corrected172

additivity rule. The bond distances are taken from the pubchem database of 3D173

molecular structures [38]. For N2, the bond length is 1.12Å, while for O2, it is 1.23Å174

[43].175

2.3. Electronic excitation176

The third process which is of great importance during electron slowing down in177

the atmosphere is the excitation of molecules by electron impact. This process plays178

an important role in determining the internal energy and state distribution of the179

gaseous molecules in the atmosphere, and is mainly responsible for the increase of the180

mean energy loss in the low energy region.181

The treatment of excitation process in oxygen and nitrogen is based on the rela-182

tivistic formulae of Porter et al. [47]. For optically forbidden discrete excitations the183

cross section σexc
j to a state j of electrons at energy T is given by :184

σexc,forbidden
j =

q0Aϕ (2Wj/mβ2c2)

(mβ2c2/2Wj)W 2
j

(7)

where

ϕ
(
2Wj/mβ2c2

)
=

[
1− (2Wj/mβ2c2)

α]β
(mβ2c2/2Wj)

Ω−1

is a distortion factor and allows for variations from the asymptotic Bethe formula185

at low energies. q0 = 4πa20R
2 and has the numerical value of 6.513 ∗ 10−14eV 2cm2,186

a0 being the Bohr radius and R the Rydberg energy. Wj is the threshold excitation187

energy of the jth states, and A, α, β and Ω are four adjustable parameters.188

The second form used to represent the cross section of discrete allowed excitations189

and for the excitation of Rydberg states is more consistent with the asymptotic form190

of Born-Bethe theory, and is calculated according to:191

σexc,allowed
j =

q0Aϕ (2Wj/mβ2c2)

(mβ2c2/2Wj)W 2
j

{
ln

[
4

(
mβ2c2

2Wj

)
Cj

(1− β2)
+ e

]
− β2

}
(8)
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where ϕ (2Wj/mβ2c2) is given by

ϕ
(
2Wj/mβ2c2

)
=

[
1−

(
2Wj

mβ2c2

)α]β
Θ

(
mβ2c2

2Wj

− 1

)
with192

Θ

(
mβ2c2

2Wj

− 1

)
=

{
1, mβ2c2/2 ≥ Wj

0, mβ2c2/2 < Wj

(9)

We determined the free parameters in Eq. 7-8 (A, α, β and Ω) for most of the193

excitation states through a non-linear least squares analysis of various experimental194

data sets, following the procedure outlined in [48]. In cases where literature data195

were unavailable, the values for the excitation parameters were taken from the study196

by Porter et al [47]. The cross section parameters and formulas for the excitation of197

Rydberg states were also taken from the publication by Porter et al. Their formulas198

employ a method to calculate the A and Wj parameters for each Rydberg series, that199

takes into account the principal quantum number and the quantum defect associated200

with the specific state.201

Table 2: Excitation cross section parameters for use in formulas 7-8. Those marked with (∗) are
from Porter et al [47], while the remaining parameters are obtained through fitting data or other
models, as described in the text. Excitation threshold energies come from Itikawa, and Porter et al.
[45, 46, 47].

Excitation
State Wj(eV ) A Ω γ ν
vib ν 1-3 (∗) 1.85 0.273 7 1 1
vib ν 4-8 (∗) 2.15 0.241 9 1 1
A3Σ+

u 6.169 0.04 1.51 7.37 12.12
B3Πg 7.353 0.06 1.71 9.0 7.0
W 3∆u 7.362 0.08 1.77 5.63 11.5
B′3Σ−

u 8.165 0.04 1.69 16.7 714
a′1Σ−

u 8.399 0.01 1.56 15.0 13.1
N2 a1Πg 8.549 0.09 1.00 7.93 9.56

w1∆u 8.89 0.01 1.05 16.4 9.6
C3Πu 11.032 1.17 2.25 0.07 0.57
E3Σ+

g (∗) 11.875 0.048 3.00 3.00 1.
a′′1Σ+

g 12.255 0.15 1.59 0.32 0.9
b1Πu 12.5 0.12 0.85 1.29 2.34
b′1Σ+

u 13.3 0.25 0.06 1.03 2.63
c′14 Σ

+ 12.94 0.23 0.05 -1.1 4.05
a1∆g 0.98 0.11 2.23 0.7 9
b1Σ

+
g 1.63 0.008 2.01 1 6

A3Σ+
u (∗) 4.5 0.02 0.9 1 1

O2 2B 10.29 0.008 0.17 0.8 1.3
LB 9.96 0.009 0.93 1.5 0.4
B3Σ−

u 6.12 0.13 0.21 1.7 2

The excitation of three possible allowed states (B3Σ−
u , Longest Band-LB, Second202
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Band-2B), three forbidden states (b1Σ+
g , a

1∆g, A
3Σ+

u ), plus 21 Rydberg states (7 with203

principal quantum number equal to 3, 7 with principal quantum number equal to 4,204

and 7 cumulative for all higher lying members), was taken into account in the present205

study for oxygen.206

For molecular nitrogen three allowed levels (b1Πu , b′1Σ+
u , c

′1
4 Σ

+), twelve forbidden207

levels (vib ν 1-3, vib ν 4-8, A3Σ+
u , B

3πg, W
3∆u, B

′3Σ−
u ,a

′1Σ−
u ,w

1∆u, C
3Πu, E

3Σ+
g ,208

a1Πg, a
′′1Σ+

g ), plus 18 Rydberg states (6 with principal quantum number equal to 3,209

6 with principal quantum number equal to 4, and 6 cumulative for all higher lying210

members), have been included. The values of the forbidden and allowed excitation211

parameters used in the present study and partially based on Porter et al. are listed in212

table 2. For the parameters related to the excitation of Rydberg states, please refer213

to [47].214

For the use of such a model for simulation purposes, the excitation of Rydberg-215

like states that often leads to auto-ionization needs to be considered. Following216

the recommendations of Stolarski [49] and Watson [50], a 50% probability of auto-217

ionization should be assumed when the excitation energy of a Rydberg state is greater218

than the ionization threshold for the material.219

3. Results and discussion220

We implemented the described models in C++, with the aim of interfacing them221

with Geant4-DNA in the near future. The computation of ionization and excita-222

tion cross sections is performed using their analytical formulations. As for elastic223

cross sections, we have employed interpolated cross section data tables, following the224

approach commonly used in particle transport codes.225

3.1. Cross sections226

3.1.1. Differential Ionization Cross Section227

For a given incident energy, the sum of Eq. 2 over all molecular orbitals gives228

the energy differential ionization cross-section. This has been evaluated at impinging229

electron energies varying from 10 eV to 1 MeV employing the RBEB formulation. In230

Fig. 1, the results are compared with the experimental cross sections from Opal et al231

[51], Shyn [52, 53], DuBois and Rudd [54], and the theoretical data from Pal et al [55],232

computed by using the the Jain-Khare sempiempirical approach [56]. The differential233

cross sections reveal a good agreement with the experimental values and better than234

those determined from the Jain-Khare method. The main differences are observed235

for an incident electron energy of 50 eV, for which there is also strong disagreement236

between Shyn’s and Opal’s experimental data (about 50%).237

3.1.2. Differential Elastic Cross Sections238

The elastic DCSs for electron scattering by N2 and O2, obtained using the SCAR239

model with the proposed expression for bpol and Aabs, are presented in Figures 2-3.240

9



(a) N2 (b) O2

Figure 1: Differential cross sections for ionization by electrons in molecular nitrogen (a) and oxygen
(b) as a function of the ejected electron energy W, for several incident electron energies from the
RBEB model (solid black lines). To improve the readability of the plot, the DCS results are presented
only in the energy range of 50 eV to 10 keV (no experimental data are available in the literature for
energies higher than 2 keV). Experimental data from Opal et al. [51], Shyn and Sharp [52], Shyn
[53], and Du Bois and Rudd [54] are shown in symbols with their uncertainties; the semi-empirical
data from Pal et al. [55] are shown in dash-dot blue line.
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These results are compared with the ones obtained using the AR model, employing241

the default expression parameters from ELSEPA, as well as experimental data.242

It is observed that the SCAR corrections lead to a decrease in the DCSs across243

the entire scattering angle range and particularly for energies below 200 eV, for both244

molecules. This correction significantly improves the agreement between the calcu-245

lated DCSs and the experimental data, even at energies as low as 15 eV. The modified246

potential parameters increase the DCSs at zero angles by 4 % to 34% for energies247

higher than about 50 eV, while improving the overall shape of the DCSs at energies248

below 300eV. At high energies, our elastic model yields good results in reasonable249

agreement with the experimental data. In the case of oxygen, a slight underestimation250

of the DCSs at angles lower than 20° is observed when compared to the experimental251

data from Iga et al. [69], and Daimon et al. [71]. This discrepancy becomes more252

pronounced in the energy range of 100-500 eV. However, these results are reflected in253

higher TCS compared to other experimental findings, as will be discussed later.254

3.1.3. Excitation Cross Sections255

In Fig. 4 the excitation cross sections for each of the levels included in the present256

study are shown, along with experimental or semi-empirical data used for the fitting257

procedure. The cross sections trend at low energies and for the lower states is mainly258

based on the values recommended by Itikawa [45, 46]. In the absence of experimental259

data in the intermediate-high energy range, the asymptotic dependence was obtained260

through data transcribed from S.F. Biagi’s FORTRAN code (MagBoltz, versions 8.9261

and later) [72, 73] and the semi-empirical BEf-scaling results [77, 78, 80] for the262

dipole-allowed transitions.263

3.1.4. Total Cross Sections264

The total scattering cross section σtot of electrons at energy T in nitrogen and265

oxygen was calculated as σtot = σion + σel + σexc and can be compared in Fig. 5 with266

the recommended values by Itikawa and other cross section results. The individual267

contributions of ionization, excitation, and elastic processes are presented in solid268

lines, alongside experimental data and semi-empirical calculations (further details in269

the plot legend).270

As expected, the excitation σexc and ionization σion cross sections exhibit similar271

energy dependence for energies above approximately 200 eV, but σexc increases with272

decreasing energy due to the contribution of excitation to optically forbidden states.273

A glance at the figures shows that the high values of the elastic cross section, compared274

to those of other interaction effects, are remarkable at energies smaller than 100 eV.275

The elastic cross section results demonstrate good agreement with all experimental276

data sets for N2. For oxygen, small deviations are noticed for energies below 60277

eV [45, 86]. Nevertheless, these deviations are still within the range of Itakawa’s278

experimental uncertainties (± 20%, not displayed in the plot).279

The results obtained from the IAM-SCAR model are included for comparison in280

Fig. 5. As previously mentioned, the inclusion of the interference term in Eq. (6)281
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Figure 2: Differential cross sections for the elastic scattering of electrons from nitrogen at energies
15, 30, 50, 200 eV; 0.5, 1, 3, 10, 100 keV and 1 MeV, obtained by applying the AR and SCAR models
to the atomic results from the ELSEPA code. Experimental data are from: Gote and Ehrhardt [57],
Shyn and Carignan [58], Srivastava et al. [59], Nickel et al. [60], Jansen et al. [61], Herrmann [62]
and Bromberg [63].

.

leads to an overall increase in the integral elastic cross section across the entire energy282

range. Specifically, this enhancement is about 26% and 24% at 100 eV for N2 and283
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Figure 3: Differential cross sections for the elastic scattering of electrons from oxygen at energies
15, 30, 50, 200 eV; 0.5, 1, 10, 100 keV and 1 MeV, obtained by applying the AR and SCAR models
to the atomic results from the ELSEPA code. Experimental data are from: Linert et al. [64], Shyn
and Sharp [65], Trajmar et al. [66], Woste et al. [67], Sullivan et al. [68], Iga et al. [69], Bromberg
[70], and Daimon et. al.[71].

O2, respectively, and decreases to 15% and 10% at 10 keV. It is worth noting that the284

experimental values from Iga et al. [69], and Daimon et. al [71] for O2 demonstrate285

better agreement with the IAM-SCAR model compared to the AR-SCAR approxi-286
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(a) N2 (b) O2

Figure 4: Excitation cross sections for nitrogen (a) and oxygen (b) molecules obtained from Porter’s
formula with the parameters given in Table 2. To improve the readability of the plot, the DCS
results are presented only in the energy range of 10 eV to 10 keV. The excitation cross sections
for nitrogen are compared with experimental values from Itikawa (crosses) [46] and data from S.F.
Biagi (dots) [72, 73]. The excitation cross sections for oxygen are compared with experimental data
from Itikawa (crosses) [45], Wakiya (dots) [74], Trajmar et al. (squares) [75], Linder and Schmidt
(asterisks) [76] and semi-empirical BEf-scaling (dashed lines) results from [78]. The sums over all
the Rydberg states for both molecules are also shown.
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mation. This overestimation of the TCS when compared to more recent experimental287

data is also reflected in their small-angle DCSs in Figure 3, that show higher values288

in comparison to the predictions of the AR-SCAR model.289

In Fig. 5 the excitation cross sections obtained in the present study are com-290

pared with those obtained using Porter’s default parameters. For oxygen, the fitting291

procedure based on the most recent cross section measurements allows for a better292

description of the cross section at very low energies, while maintaining the same be-293

havior at intermediate and high energies. As for nitrogen, our results show lower294

values compared to Porter’s results, but they are in better agreement with the com-295

prehensive set of surveyed excitation cross sections by Majeed and Strickland [81].296

The total and partial cross sections for nitrogen obtained in the present study297

are compared with Grosswendt’s results (dash-dot lines in Fig. 5), whose models are298

extensively described in [82, 83, 84]. TCSs are in good agreement with each other299

for energies higher than 1 keV, although the individual contributions of different pro-300

cesses are different. Grosswendt employs the non-relativistic version of the RBEB,301

which leads to an underestimation of the ionization cross section at high energies,302

and an empirical screened Rutherford formula to describe the elastic process. The303

excitation cross section used by Grosswendt is based on the formulas and cross section304

parameters of Porter et al. They introduced modifications to Porter’s parameter to305

enhance excitation cross sections across the entire energy range, aiming to improve306

agreement with experimental TCS measurements. In line with this goal, they incor-307

porated an extra excitation contribution to the cross section shape, which results in308

the 20 eV peak [82]. It is worth noting that the Grosswendt’s cross-sections for N2,309

already used in the PTra code developed at PTB, have recently been implemented in310

the Geant4-DNA toolkit [85].311

The comparison of our results with other TCS experimental data and theoretical312

calculations demonstrates an overall good agreement. However, it is important to313

highlight some additional considerations. Firstly, the RBEB model employed in this314

study tends to overestimate the ionization cross section, particularly at lower energies315

and near the peak. This overestimation may arise from the approximation used, which316

does not account for differential oscillator strengths, as previously discussed by Bug317

et al. [84]. Secondly, the contribution of the excitation cross section also introduces318

a degree of uncertainty. For nitrogen, Itikawa does not provide recommended cross319

sections for the excitation of higher allowed states (i.e., those with thresholds above320

12.5 eV), which exhibit large cross sections even at high electron energies. Due to321

the limited availability of measured values, the Rydberg cross section is also a major322

source of uncertainty. Lastly, it is important to note that most of the recommended323

data for forbidden excitation processes have large uncertainties, typically ranging324

from 25% to 40%. This reflects significant differences in the differential cross sections325

measured by different research groups.326
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(a) N2

(b) O2

Figure 5: Cross section for electrons in nitrogen (a) and oxygen (b) plotted as a function of electron
incident energy for elastic scattering (green), electron excitation (blue), ionization (red), and total
(black). The results obtained in the present study for excitation, elastic, ionization and total cross
section are presented in solid lines. These are compared with values from Grosswendt and Pszona
[82], Porter et al. [47], Majeed and Strickland [81], Itikawa [45, 46], Williart et al. [86], Garc̀ıa and
Blanco [79], Iga et al. [69], Shyn et al. [65, 58], Bromberg [63], Daimon et al.[71], and Rapp and
Englander-Golden [87].
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3.2. Stopping power327

To test the consistency of the presented interaction cross sections, we evaluated328

the electron stopping power from the analytical cross sections’ models.329

Assuming that an electron of initial energy E loses its energy only through exciting330

and ionising collisions, the analytical mass stopping power can be written as331

−(dE/dx) = −(dE/dx)ion − (dE/dx)ex (10)

where the pathlength increment dx is expressed in mass units (i.e., in g/cm2 ).332

The first term is given by333

−(dE/ρdx)ion = n/ρ
∑
i

∫ (E+Bi)/2

Bi

W
dσion

i

dW
(E) dW (11)

where
dσion

i

dW
(E) is the energy-loss cross section for the i-th ionization shell (with334

Bi its binding energy) for an incident electron of energy E losing an energy equal to335

W per unit of length, ρ is the density of the traversed medium and n is the number336

of molecules per unit of volume. For the second term of the stopping power, which is337

due to electronic excitations of the target, we have338

−(dE/ρdx)ex = n/ρ
∑
i

σex
i (E)Wi (12)

where σex
i (E) and Wi are the excitation cross section and the excitation threshold339

energy for the i-th electronic excited state of the target, respectively. By substituting340

in Eq. 11-12 the forms of cross sections presented in the previous paragraph (Eq.341

1-7-8), the electron stopping power was calculated in the incident energy range from342

10 eV to 1 MeV.343

In Figure 6 (a), the calculated mass stopping power values for nitrogen are pre-344

sented. These values are compared with the semi-empirical formula of Peterson and345

Green [89], the Gümüş model [90], and the values from the NIST ESTAR database346

[88], based on ICRU report 37 [21]. For energies higher than 30 eV, the results show347

agreement within 10% with the data predicted by Peterson and Green, as well as348

those by Majeed and Strickland. It should be noted that our results slightly over-349

estimate the stopping power in comparison to the NIST values. This discrepancy is350

likely due to the RBEB model overestimating the impact ionization cross sections,351

in contrast to the recommended values by Itikawa (as discussed in Bug et al. [84]).352

Nevertheless, the agreement between our results and the NIST values remains good,353

with differences within 6% across the entire energy range. For energies lower than 30354

eV there seems to be a lack of contribution to energy loss. To improve the agreement,355

a few corrections and extensions to electronic excitation states could be applied, as356

discussed by Grosswendt et al. [82].357

In Figure 6 (b), the mass stopping power values for oxygen are compared with358
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Peterson and Green’s semi-empirical formula, Gümüş’s model [90], Gupta’s results359

[91], energy loss measurements from Majeed [81], and values from NIST’s ESTAR360

database. A very good agreement is observed with the recommended values by NIST,361

with relative differences of 3.5% across the entire energy range. As for the other stop-362

ping power data, better agreement is obtained with Gupta and Majeed’s predictions,363

showing relative differences of about 5% for energies ranging from 30eV to 1 keV,364

and less than 10% for higher energies. It could be noted that the calculated stop-365

ping power is significantly underestimated for energies below 20-30 eV, and the same366

consideration made in the case of nitrogen could be applied.367

The stopping power values obtained by Gumus are in good agreement with the368

intermediate and high energy data in the ESTAR database and seems to better re-369

produce energy loss in the very low energy range, given also the good agreement with370

Peterson’s results. Nevertheless, Gumus’ model is not derived from cross-section mod-371

els but is based on a modified version of Rohrlich and Carlson’s formula for collision372

stopping power [92, 93]. This makes it inapplicable for simulation purposes. In this373

context, the results obtained with the proposed models in the analysed energy range374

represent an excellent set of cross sections to be used for Monte Carlo applications.375

376

4. Conclusions and perspectives377

The ions produced by cosmic rays in different ionization states and spatial dis-378

tribution can significantly change chemical reaction rates by orders of magnitude.379

Physics models for electron impact on oxygen and nitrogen molecules to be used in380

event-by-event Monte Carlo simulations are a necessary starting point to calculate the381

ionization state, the concentration and the spatial distribution of the ions produced382

by cosmic rays interaction with molecules in the atmosphere. In this paper, we have383

presented models (elastic scattering, electronic excitation and ionization processes)384

for electron transport in molecular oxygen and nitrogen that are applicable over a385

wide energy range (10 eV - 1 MeV).386

We evaluated these cross section models by comparing them with experimental387

data, obtaining an overall good agreement. A second validation was performed by388

comparing the analytically calculated stopping power with values from the NIST389

database and from other calculation methodologies. The good agreement of the390

stopping power results demonstrates the applicability of the cross-section models391

across the entire energy range studied here.392

Further work is underway to exploit these new cross sections in Monte Carlo393

code using a Track-Structure approach for simulation applications. Specifically, we394

are working on integrating these models into Geant4-DNA to simulate the ioniza-395

tion effects in small volumes at different altitudes in the Earth’s troposphere and396

stratosphere.397
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(a) N2

(b) O2

Figure 6: Energy dependence of the electronic mass stopping power in nitrogen (a) and oxygen (b)
calculated using Eq. 10. Present calculations (solid black line) are compared with semi-empirical
formula of Peterson and Green (purple) [89], Gümüş model (green) [90], semi-empirical formula from
Gupta et al. (blue) [91], energy loss measurements from Majeed and Strickland [81], and data from
NIST ESTAR database (red) [88]. The relative differences between present analytical results and
the other data is shown in the bottom panel of the two figures.
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The extension of Geant4-DNA to simulate physics for any molecule of climato-398

logical interest opens up for the first time the possibility to accurately simulate the399

complicated physicochemical processes involved in the atmosphere. Besides atmo-400

spheric applications, having a complete set of low-energy electromagnetic interactions401

with gaseous molecules may also be of great interest for various applications such as402

modeling discharge phenomena, radiation chemistry, micro and nano dosimetry ex-403

periments, and exobiology studies.404

Acronyms

NIST National Institute of Standards and Technology
ICRU International Commission on Radiation Units and Measurements
ESTAR Stopping Powers and Ranges for Electrons
MC Monte Carlo
MC-TS Monte Carlo Track Structure
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RBEB Relativistic Binary Encounter Bethe
IAM Independent Atom Model
AR Additivity Rule
SCAR Screening Corrected Additivity Rule
ELSEPA Elastic Scattering of Electrons and Positrons by neutral Atoms
TCS Total Cross Section
DCS Differential Cross Section
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ner AC, Wagner R, Wexler AS, Williamson C, Winkler PM, Yan C, Amorim
A, Dommen J, Curtius J, Gallagher MW, Flagan RC, Hansel A, Kirkby J,
Kulmala M, Möhler O, Stratmann F, Worsnop DR, Baltensperger U. Aqueous
phase oxidation of sulphur dioxide by ozone in cloud droplets. Atm Chem Phys
2016;16:1693–1712. https://doi.org/10.5194/acp-16-1693-2016.

[20] Voigtländer J, Duplissy J, Rondo L, Kürten A, Stratmann F. Numerical simula-
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[79] Garćıa G, Blanco F. Energy dependence of the total cross section for elec-
tron scattering by N2 and CO molecules at energies above 1 keV. Phys Lett A
2001;279:1–2. https://doi.org/10.1016/S0375-9601(00)00822-7

27



[80] Brunger MJ, Thorn PA, Campbell L, Kato H, Kawahara H, Hoshino M, Tanaka
H, Kim YK. Application of the BEf-scaling approach to electron impact excita-
tion of dipole-allowed electronic states in molecules. J Phys: Conference Series
2008;115:012004. https://dx.doi.org/10.1088/1742-6596/115/1/012004.

[81] Majeed T, Strickland DJ. New survey of Electron Impact Cross Sections for
Photoelectron and Auroral Electron Energy Loss Calculations. J Phys Chem
Ref Data 1997;26:335-349. https://doi.org/10.1063/1.556008.

[82] Grosswendt B, Pszona S. The track structure of α-particles from the point
of view of ionization-cluster formation in ′nanometric′ volumes of nitrogen.
Radiat Environ Biophys 2002;41(2):91–102. http://dx.doi.org/10.1007/s00411-
002-0144-9.

[83] Grosswendt B, Waibel E. Transport of low energy electrons in nitrogen and air.
Nucl Instrum Methods 1978;155(1–2):145–56. http://dx.doi.org/10.1016/0029-
554X(78)90198-2.

[84] Bug M, Gargioni E, Nettelbeck H, Baek W, Hilgers G, Rosenfeld A et al. Ion-
ization cross section data of nitrogen, methane, and propane for light ions and
electrons and their suitability for use in track structure simulations. Phys Rev
E 2013;88(4). http://dx.doi.org/10.1103/PhysRevE.88.043308.

[85] Pietrzak M. et al. Intercomparison of nanodosimetric distributions in nitrogen
simulated with Geant4 and PTra track structure codes. Phys Med 2022;102:103-
109. https://doi.org/10.1016/j.ejmp.2022.09.003.

[86] Williart A, Kendall PA, Blanco F, Tegeder P, Garcia G, Mason NJ. In-
elastic scattering and stopping power for electrons in O2 and O3 at in-
termediate and high energies, 0.3–5 keV. Chem Phys Lett 2003;375:39–44.
https://doi.org/10.1016/S0009-2614(03)00801-7.

[87] Rapp D, Englander-Golden P. Total Cross Sections for Ionization and At-
tachment in Gases by Electron Impact. I. Positive Ionization. J Chem Phys
1965;43:1464. https://doi.org/10.1063/1.1696957.

[88] NIST. ESTAR database, URL https://physics.nist.gov/PhysRefData/Star/Text/
ESTAR.html.

[89] Peterson LR, Green AES. The relation between ionization yields, cross sec-
tions and loss functions. J Phys B 1968;1:1131–1140. DOI 10.1088/0022-
3700/1/6/317

[90] Gumus H. Simple stopping power formula for low and in-
termediate energy electrons. Rad Phys Chem 2005;72:7–12.
http://dx.doi.org/10.1016/j.radphyschem.2004.03.006.

28



[91] Gupta P, Jhanwar BL, Khare SP. Stopping power of atmospheric gases
for electrons. Physica B+C 1975;79B:311-321. https://doi.org/10.1016/0378-
4363(75)90098-4.

[92] Rohrlich F, Carlson BC. Positron–electron differences in en-
ergy loss and multiple scattering. Phys Rev 1954;93:38–44.
https://doi.org/10.1103/PhysRev.93.38.

[93] Sugiyama H. Stopping power formula for intermedi-
ate energy electrons. Phys Med Biol 1985;30:4331–4335.
https://doi.org/10.1016/j.radphyschem.2004.03.006

29


