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Abstract

The Geant4-DNA Monte Carlo toolkit is extended to include electron interactions with the four
DNA bases using cross sections implemented in Geant-DNA CPA100 models. Electron cross
sections for elastic scattering, ionisation, and excitation are calculated in the four DNA bases
(adenine, thymine, guanine and cytosine) with relativistic energy range. These are implemented
within the “option6” physics constructor to extend its capability of tracking electrons in DNA
material in addition to liquid water. Differential and integrated cross sections calculations are in
good agreement with the literature for all DNA bases. Stopping power, range and inelastic mean
free path calculations in the four bases agree well with other studies, especially for high energy
electrons with some deviations at low energies. Differences from water simulations emphasize
the need to include DNA bases cross sections in track structure codes for better estimation of
radiation effects on biological material.

Keywords: Geant4-DNA, DNA bases, Monte Carlo, Electron cross sections, Stopping power,
Range, Inelastic mean free path.

Highlights:

e Electron interactions in DNA bases

e Geant4-DNA electron transport in DNA
e Electron stopping power in DNA

e Electron range in DNA

o Inelastic mean free path in DNA

1. Introduction

Track structure Monte Carlo codes are computational tools used to simulate accurately ionizing
radiation interactions within biological material, mainly approximated as liquid water [1]. They
have many applications in radiobiology, medical physics and radioprotection [2]. Some of these
codes, such as CPA100 [3] and KURBUC [4], not only simulate the physical stage but also the
chemical stage of radiological electron-water interactions. An additional characteristic of
CPA100 is the possibility to track electrons in DNA material [5]. PARTRAC code provides further
options since it is able to simulate the different radiation interaction stages in water targets
including DNA damage and repair [6]. The general purpose Monte Carlo code PENELOPE [7, 8]
also provides detailed track structures for electrons down to 50 eV. Among them, the open
source toolkit Geant4-DNA [9-12] simulates particle interactions step by step as a low energy
physics extension of Geant4 [13-15] in liquid water. The physico-chemical and chemical
radiation stages can also be simulated to estimate the yields of molecular species created from
water radiolysis [16].

Since deoxyribonucleic acid (DNA) is considered the most radiation sensitive target within cells,
accurate damage assessment is important. Previous studies approximate DNA damage through
geometrical distribution of possible strand breaks within a homogeneous water medium [6, 17,
18]. DNA is a double stranded helical macromolecule forming the genetic code of living cells. It is
composed of a sugar phosphate backbone and a long ladder-like sequence formed by four
different nitrogenous bases: adenine, thymine, guanine and cytosine [19]. The integrity of this
sequence is essential to the cell’s health and replication and any damage or error in the sequence

2
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may result in carcinogenesis and cell death. A recent study by Francis et al. calculated the proton
interaction cross sections within the four DNA bases using the semi-empirical Rudd model [20].
Total electron ionisation cross sections were also calculated with the BEB model. These cross
sections were tested in Geant4-DNA where proton and electron stopping powers within the
nucleobases were calculated in addition to lineal and specific energies of protons. Moreover, the
current public version of Geant4-DNA provides interaction cross sections of electrons in DNA
precursors tetrahydrofuran and trimethylphosphate ranging between 10 eV - 1 keV [21].
However, the electron interaction cross sections within DNA nucleobases are not yet available.
Therefore, it is beneficial to perform direct determination of electron cross sections in DNA
nucleobases and not derive them from DNA precursors.

Since 2017 Geant4-DNA has provided an alternative set of discrete physics models for the
simulation of electron interactions in liquid water over the energies ranging between 11 eV and
256 keV under the “option6” physics constructor [12, 22]. These models implement the
ionisation, electronic excitation and elastic scattering interactions of electrons obtained from the
CPA100 track structure code developed by Terrissol et al. [3, 22]. In addition to physical
interactions in liquid water, the original CPA100, coded in Fortran, also provides the water
radiolysis simulation and radiation transport in different biological targets such as DNA bases
[5]. For a better determination of radiation damage, it is important to consider a more realistic
biological medium instead of using liquid water as the irradiated medium. The aim of this work
is thus a continuation of our recently published work [22] in order to extend the
“G4EmDNAPhysics_option6” constructor (which will be referred to as “option6” throughout the
text and which contains CPA100 models for liquid water only) to include electron interactions in
DNA material in addition to liquid water. Therefore, new sets of electron cross sections in the
four DNA nucleobases, adenine (CsNsHs, 1.35 g/cm3), thymine (CsN202He, 1.48 g/cm3), cytosine
(C4N30Hs, 1.3 g/cm3) and guanine (CsNsOHs, 1.58 g/cm3), were calculated specifically for this
purpose. The new cross sections are extended to 1 MeV taking into account relativistic
corrections of electron transport in the nucleobases, which are not DNA-bound as previously
presented in the works of Edel [23] and Peudon [24].

In the following sections, the physics models for elastic scattering, electronic excitation and
ionisation for electrons of energy range 11 eV - 1 MeV within the four nucleobases are
presented. The interaction cross sections are calculated and compared to values from the
literature. The physics models are implemented within Geant4-DNA according to the calculated
cross sections. The collision stopping power, continuous-slowing-down approximation (CSDA)
range and inelastic mean free path (IMFP) are calculated within the four nucleobases to verify
the implementation and comparison with experimental and theoretical data are presented.

2. Materials and Methods
2.1 Physics models of electron interactions

In Geant4-DNA the new models for the physics processes of electrons in the four DNA
bases (adenine, thymine, cytosine and guanine) are implemented on the basis of elastic
scattering, electronic excitation and ionisation cross sections. The incident electron energy
ranges from 11 eV to 1 MeV. The 11 eV lower limit is restricted by the elastic scattering, and
the upper 1 MeV limit is chosen in accordance with the highest electron energy provided by the
current Geant4-DNA version. The three different interactions cross sections governing the
electron transport in the four DNA bases are calculated as described in the following sections.

2.1.1 Elastic scattering

The elastic cross section in the four bases is calculated according to the well-known
independent atom model (IAM) [25] similar to elastic cross section in water in the CPA100
code [22, 23]. In this approximation, the electron-molecule interaction is reduced to a collision
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with individual atoms constituting the molecule. This approach gives good results for many
polyatomic molecules at high and intermediate incident energy corresponding to wavelengths

shorter than the internuclear distances [25]. Therefore, the calculation of the elastic scattering
differential cross section of a molecule requires the differential cross section of each atom im
the complex scattering amplitudes of the atoms i (f;(6,k))and j (fj"(6,k)), and the

internuclear distance between the atoms iandj (r;;).

N

do doy ; sin (srl])

oYl ) fenen T Ea 1
=1 i#j=1

: - 0y . .
where k is the incident electron wave number, s (s = 2ksm5) is the magnitude of the

momentum transfer during the collision, 8 is the scattering angle and N is the total number of
atoms in the target.

The geometry of the DNA bases was imported from the Chemical Structures Project, an
open source software that provides 3D molecular structures for various molecules [26].

The scattering amplitudes are given by the ELastic Scattering of Electrons and Positrons
by neutral Atoms (ELSEPA) code [27]. The elastic differential cross section per unit solid angle
dQ for atoms (H, C, N and O) are calculated using the corresponding scattering amplitudes
derived from the partial wave expansion.

ELSEPA is a Fortran code developed by Salvat et al. [27]. This code allows not only to
calculate electron elastic scattering differential and integrated cross sections but also to
perform phase shift calculations for atoms with energies ranging from a few eV up to 1 GeV.
Relativistic corrections are included in the Dirac partial wave approach within the static-
exchange approximation. The interaction potential is the sum of different potentials
(electrostatic, exchange, and correlation-polarization) and the Dirac partial wave analysis is
performed. This code provides more recent and precise data compared to those that are used
in CPA100, which is limited to low energy (<256 keV). Moreover, new elastic models in Geant4-
DNA for gold [28] and water [29] targets were previously computed with ELSEPA.

2.1.2 lonisation

The Binary Encounter Bethe (BEB) model for electron ionisation was initially developed
by Kim and Rudd [30]. Since it has further developments and has been successfully used to
calculate total cross sections and energy differential ones for a large number of atmospheric
molecules [31], it was later used for industrial applications [32]. The agreement with
experimental data is excellent for small size molecules at low energy. It has already been applied
for water in CPA100 code [23] and “option6” within Geant4-DNA code [22].

The relativistic Binary Encounter Bethe Vriens model (RBEBV), developed by Guerra et
al. [33], is used to calculate the ionisation cross section from the ionisation energy threshold to
1 MeV for each molecular orbital (MO) as a function of the incident kinetic energy T. This model
also allows to calculate the energy of the ejected electron W using the energy differential cross
section.

The analytical form of the cross section only depends on 3 parameters representative of
the molecular orbital. This form is also convenient because it allows obtaining the energy loss by
directly sampling this expression without using interpolation in large cross section tables [22].

The Monte Carlo track structure simulation codes require the precise knowledge of the

energy of primary and ejected electrons after ionisation, which is given by the energy differential

. : . : ., . doj
cross section (EDCS). The energy differential cross section for each molecular orbital ZCionMo

written in the reduced form is in the RBEBV model:
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where a, m, a, and c are the fine structure constant, the electron mass, the Bohr’s radius and the
speed of light in vacuum, respectively.

B is the electron binding energy, U the bound electron kinetic energy and N the occupation
number of the subshell to be ionized.

The relativistic form of the Vriens function ¢ is written as

Eq 3
l,’(ﬁt +ﬁb

In the BEB formalism of Kim et al. [34], the Vriens function is equal to its asymptotic
form (=1).

The total cross section per shell 0y, ;0 can be obtained from the single differential cross
section (Eq 2) integrated from w=0 to w=(¢t-1)/2. The theoretical expression of this cross section
per molecular orbital as a function of the incident energy is

B 4mala*N 1 N t—1 b2 Ln(t) 1+2t Eq4
TionMO = (pa g2 g2y t T2 a+e/22) Pre1a+ /22

1 pe : 1
+ E(Ln <1 — ﬁf) - ﬁtz - Ln(Zb )) (1 - t—z)]

The total ionisation cross section of the molecule is the sum of the cross sections (Eq 4)
for all molecular orbitals:

nMo Eq 5
Oion(T) = 2 Oion,M0 )
1
The required data (B, U, and N) to calculate the cross sections for each MO of Eq2 and Eq4

are obtained from molecular electronic structure calculations since experimental data are not
available. There are 35 MOs for adenine, 39 for guanine, 29 for cytosine and 33 for thymine. The
number of inner shells is 10, 11, 8 and 9 for adenine, guanine, cytosine and thymine,
respectively.

The molecular orbitals for the four DNA bases were obtained through calculations at
restricted Hartree-Fock (RHF) level with basis-set cc-pVTZ on geometries previously optimized
at the same level of theory. It is worth noting that basis-set cc-pVTZ is a correlation-consistent

5
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triple-zeta basis-set with polarization functions and, particularly, with Gausain-type functions up
to the f shell. The corresponding data (B, U and N) were calculated as follows: B corresponds to
the orbital energy of each MO resulting from the self-consistent resolution of the Hartree-Fock
equations, U is the one-electron kinetic energy expectation value associated with the considered
molecular orbital, and N is the molecular orbital occupation number, which, for an RHF
computation on a 2n-electron closed-shell system, it is always equal to two for the first
(occupied) n MOs and equal to zero for the remaining M-n (virtual) orbitals (with M as the
number of basis functions used in the calculation). All the above-mentioned RHF computations
were performed exploiting the quantum chemistry packages Gaussian09[35] and GAMESS-UK
[36].

2.1.3 Excitation

Due to the lack of data for this process in DNA bases, the hypothesis to derive the
electronic excitation cross section is based on the inelastic cross sections in water calculated by
Dingfelder et al. [37]. In brief, the total excitation cross section is extracted from the total
ionisation cross section of the base and the water models for excitation and ionisation (Eq 6), as
proposed in the original version of the CPA100 code [23]. The assumption is that the ratio of the
total ionisation cross section over total excitation cross section is the same in water and DNA
components for each incident energy. For energies higher than 400 eV, this ratio in water tends
to a constant.
%] Eq6

Oexc,base = Oion,base [
ion

water
Only the electronic levels with a threshold lower than 20 eV can be excited in analogy with

water [23]. With this assumption, there are 14, 12, 15 and 14 levels for adenine, cytosine,
guanine and thymine, respectively, that can be excited.

The final hypothesis concerns how to select the levels. Without information, the
probability is chosen to be the same for each level.

2.2 Implementation in Geant4-DNA

The electron interaction processes, elastic scattering, ionisation, and electronic excitation,
were implemented as classes of Geant4-DNA physics models inherited from the G4VEmModel
class [9] with Geant4.10.05.p01 version. Total and differential cross section data tables were
calculated for each process as described in the previous sections. Each electron is tracked step
by step and according to its energy prior to collision with the target material. A random process
and a random target energy level are sampled according to the total cross section tables. For
elastic process, the angle is randomly sampled according to the angular differential cross section
tables and, for ionisation, the transferred energy is randomly sampled according to the energy
differential cross section tables. Interpolation between consecutive energy points in the cross
sections data tables was applied. Electrons are tracked down to 11 eV below which the track is
killed and the energy is deposited locally. Therefore, the classes allow to simulate the stochastic
nature of the electronic interactions.

The implementation of the new Geant4-DNA models for the four DNA bases was validated
by performing three different calculations over the incident electron energies ranging from 11
eV to 1 MeV. Collision stopping power, CSDA range and inelastic mean free path of electrons
were calculated using Geant4-DNA examples (called “spower”, “range” and “mfp”, respectively)
developed for calculations in homogeneous targets of liquid water [12]. The targets in the three
examples were replaced by uniform targets of adenine (A), thymine (T), guanine (G) and

cytosine (C), respectively, and the physics models of water were replaced by new DNA bases

6
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models. Table 1 summarizes the model classes created for this study compared to liquid water
models.

Table 1 : Electron interaction processes, the physics models and the model classes used in the
G4EmDNAPhysics_option6 constructor. The liquid water models are already available in the
current public version of Geant4-DNA [22] and the four DNA bases models are presented in this
work. Incident electron energy ranges are presented for each model

G4EmDNAPhysics_option6

Process Geant4-DNA model class Liquid water models Four DNA  bases
[22] models
Elastic G4DNACPA100ElasticModel Independent Atom Independent Atom
Scattering Method model Method model
(11 eV - 256 keV) (11eV-1MeV)
Ionisation G4DNACPA100lonisationModel Binary Encounter Bethe Relativistic Binary
model Encounter Bethe
Vriens model
(11 eV - 256 keV) (11eV-1MeV)
Excitation G4DNACPA100ExcitationModel Dielectric model Derived from water
(11 eV -256keV) and ionisation cross

sections (Eq 6)
(11 eV- 1MeV)

3. Results

To the best of our knowledge, we tried to collect all existing published data whether calculated
or from experiments concerning DNA bases. In the following sections, the results of the
quantities calculated in this study are shown in comparison with those published in the
literature.

3.1 Electron interaction physics models: comparison with liquid water and available data
3.1.1 Elastic scattering

Figure 1 presents two electron incident energies (100 eV and 10 keV) variation of the
differential cross sections as a function of the scattering angle for the four DNA bases molecules.
The results are compared with differential elastic cross section in water (water-option6,
implemented in Geant4-DNA [22]), obtained from CPA100 code. For all incident energies and
scattering angles, the elastic cross section in water is always lower than in DNA bases by about
one order of magnitude as shown in Figure 1. The angular dependence of the cross sections
values for the four bases is very similar. The lowest values of the differential cross sections are
obtained for the smallest molecule (i.e. cytosine) and the highest for the largest (i.e. guanine)
since the mass of the molecule, and the number of electrons are in the following decreasing
order G> A > T> C. The observed minimum at 100 eV for all the molecules disappears at higher
energies, showing a monotonical decrease as a function of the increasing scattering angle. The
four bases exhibit the same minimum differential cross section value at 90° scattering angle.
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Figure 1 : Elastic differential cross section for 100 eV (a) and 10 keV (b) electron collisions with

in the DNA bases.

adenine, guanine, cytosine, thymine and water respectively

The integrated elastic cross sections of all four DNA bases and the liquid water option6 of
Geant4-DNA are shown in Figure 2. The integrated elastic cross sections monotonically decrease
with increasing incident energy (Figure 2). The integrated cross section curves of the DNA bases
follow the same trend as the differential cross section curves where the molecular size
dependence is observed (o¢ <ot <oa <0g, 0 stands for integrated cross section). As for differential
cross section, the integrated elastic cross section in water is one order of magnitude lower than
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Figure 2 : Integrated elastic cross section for adenine, guanine, cytosine and thymine and water

collisions with electrons.

Figure 3 shows as an example the elastic differential cross sections of 100 eV electrons
for all four DNA bases in comparison with published calculations [38-41] of differential cross
section curves.



285
286

287
288
289

290
291
292
293

294

10°+—1

Thymine 100 eV

do/dQ (107° cm?sr)

——Thiswork 3
—-=--Mozejko 2003
------ Mokrani 2020 -

150 180
Angle(°)
(c)
1x10° F L — T T T T T T T T
Guanine 100 eV
1x10‘—§ —— This work 3

—-—--Mozejko 2003

s 1 N e Mokrani 2020
5
E 1,
o 1x10" o
N E
)
s
(e
T
0..
—8 1>(10E
x10' +——1—"F—"®"-—"T"—"-"T"—"T1"T—"TT"T77
0 30 60 90 120 150

Angle(°)

(b)

do/dQ (107° ecm?/sr)

do/dQ (107° cm?/sr)

1x10° T T T T T T T T
Cytosine 100 eV
1x10° 4 E
S\ —— This work
\ —-=--Mozejko 2003
110" 4 \ ------ Mokrani 2020
1x10° 4
o' +—r—1—-"a--—"r—-"+7r—"—"7"—T"T"—T"7"
0 20 40 60 80 100 120 140 160 180
Angle(°)
1x10° L e B B
Adenine 100 eV
W —— This work
X100 ) E
X \ —-—--Mozejko 2003
v e Mokrani 2020
R 3lanco 200
1x10' 5
1x10° 5

1x10"

Angle(°)

Figure 3 : Elastic differential cross section for 100 eV incident electron energy from thymine (a),
cytosine (b), guanine (c) and adenine (d), compared with published data (symbols are
measurements [38] and lines are calculations [38-41]).

Figure 4 presents a comparison of the integral elastic cross sections with available
calculated data [39-44] obtained with approximation procedures for each base over a large
incident energy range. The ab initio calculations limited to the low energy regime (between 0

and 20 eV for cytosine and thymine [45]) are not included.
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Figure 4 : Elastic integrated cross section of electron collisions with thymine (a), cytosine (b),
guanine (c) and adenine (d), compared with published calculations [39-44]

3.1.2 Ionisation

The total ionisation cross section is obtained by summing the contribution of each orbital
of the molecule calculated with eq 4. For each DNA base, Figure 5 gives the cross section for the
sum of the valence shells (25 for adenine, 28 for guanine, 21 for cytosine and 24 for thymine)
and the sum of the inner shells as a function of the incident energy between the threshold and 1
MeV. As we have observed, BEB calculations are more sensitive to binding energy than to mean

kinetic energy.
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312 Figure 6 : Total ionisation cross sections for the DNA bases and water.
313 Figure 7 presents a comparison of experimental data [46-55], and theoretical

314  calculations of the total ionisation cross section [39, 56-60] for the four bases. The theoretical
315 method used is indicated in the legend of the figures.
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Figure 7 : Total ionisation cross sections by electrons for the DNA bases, thymine (a), cytosine (b),
guanine (c) and adenine (d), compared with available data (lines: calculations and the used
method [39, 56-60], symbols and symbols: measurements [46-55] ). For comparison, the cross
section in water is added.

The energy differential cross sections (EDCS) were calculated using Eq. 2. Figure 8.a
represents the variation of the EDCS for thymine at different incident energies as a function of
the electron ejected energy. The results are compared to CPA100 data for water previously
calculated in Geant4-DNA water-option6 [22]. The differential cross section in water is always
lower than in thymine for any incident energy. The same trend is observed for other DNA bases
(not plotted). If we compare the variation of the EDCS for one incident electron energy for the
four DNA bases and water, the trend is similar to what was obtained for the elastic and total
ionisation cross sections: the impact of the size of the molecule has the same effect on the
variations of the EDCS (Figure 8.b at 1 keV). Analogous results are obtained with other incident
energies (same curve shape, not shown here). There are no experimental data with which to
compare these calculations.
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3.1.3 Electronic excitation
Figure 9 presents the calculated total electronic excitation cross section for the four DNA

bases obtained using eq 6. Except at low energy (<x30 eV), the variations are directly related to
the molecular size, as observed for the total ionisation cross sections. Being an inelastic process,
the maximum appears for energy lower than 100 eV, at approximately the same value regardless
of the DNA base. Like other processes, the cross section for electronic excitation in water is
lower than in the DNA bases.

L
[=]
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Water-option6
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Figure 9 : Electronic excitation collision cross section in the DNA compounds.

3.2 Verification of physics models in Geant4-DNA
3.2.1 Collision stopping power

Collision stopping power was calculated for the four DNA bases and compared with

theoretical calculations [61-65], previous Geant4-DNA Monte Carlo [20] simulations and data
derived from the input material data file of PENELOPE code, as shown in figure 10 and were also
compared with calculations in water-option6. The values were compared with calculations of
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354  Akar et al [63, 64] and ESTAR [61] database. Calculations by Akkerman et al. [65] and Joy [62]
355  are only available for guanine.
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358 Figure 10: Stopping power of the four nucleobases for electrons ranging from 11 eV - 1 MeV as
359 calculated in this work in comparison with Geant4-DNA water-option6 simulation and other
360 results from the literature [20, 61-65]. Stopping power in the four nucleobases was derived from
361 the input material data file of PENELOPE code.
362
363
364 3.2.2 CSDA Range
365 The CSDA range is calculated for all four bases and compared with results from the

366 literature and water-option6 Geant4-DNA simulation as Figure 11 shows. Calculations by Akar et
367 al [63, 64], Akkerman et al. [65] (guanine only) and ESTAR [61] are shown. Values derived from
368 PENELOPE code are also plotted for comparison.
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374
375
376
377  3.2.3 Inelastic mean free path
378
379 In Figure 12, the IMFP of electrons in the four DNA bases and water are shown.

380 Comparison with calculations of Akar et al [66] and Tanuma et al. [67] (for adenine and
381  guanine) are also shown.

382

383
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Figure 12: Inelastic mean free path of electrons ranging from 11 eV - 1 MeV in the four nucleobases
as calculated in this work in comparison with Geant4-DNA water-option6 simulation and other
results from the literature [66, 67]. IMFPs from Tanuma et al. [67] were normalized to the
nucleobase densities as reported by Tan et al. [68]

4. Discussion

There is a direct target size dependence of the calculated electron cross sections.
Obviously larger molecules induce higher interaction probability that reflects into the elastic and
inelastic total and differential cross sections. This clear distinction between the different DNA
bases and the water targets emphasises the importance of tracking electrons in the actual
biomolecules. Since the cross sections of biomolecules are larger than those of water, the
simulation with water alone will underestimate the damage.

There are few studies that calculated elastic differential cross sections for DNA bases and
no experimental data is available apart from the single study by Colyer et al. [38] where only
thymine and cytosine differential cross sections were measured for six discrete incident electron
energies between 60 eV and 500 eV and scattering angles between 15° and 130°. Other studies
calculated theoretical differential cross sections for the four bases [38-41] using different
approximations. Colyer et al. [38] provided theoretical values for cytosine and thymine, and
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Blanco et al.[41] provided theoretical values for adenine only. Apart from the study of Mokrani
et al., which calculated cross sections in the 10 eV - 5 MeV[40], these studies are limited to low
energy ranges (50 - 4000 eV[39] and 5 - 10000 eV[41]). The differential cross sections
calculated in this work are in good agreement with data from the literature regarding shape and
magnitude, as shown in Figure 3. Oscillations (Figure 3 for 100 eV incident energy) are clearly
observed in the recent calculations of Mokrani et al. [40], although the values are lower than
around a factor of 2. The observed discrepancies can be attributed to the different potentials
used in the calculations.

All integral elastic cross section results of Figure 4 are in a relatively good agreement at
the intermediate energy range (200 eV-10 keV). At low energy (< 100 eV), our results are
systematically higher. All the available integral elastic cross sections data take into account
different potentials and partial wave expansions in their calculations. The values obtained by
Blanco and Garcia [42] are based on a simplified procedure of the method used in their previous
paper [41]. The differences observed at high energy with the results obtained by Mokrani et al.
[40] are due to the fact that they do not introduce correction terms linked with relativistic
effects. Aouina and Chaoui [43] used the same screen-corrected additivity rule as Blanco and
Garcia [41], but with a different decomposition based on the relativistic Dirac partial wave
expansion instead of the Schrodinger one. The method proposed by Vinodkumar et al. [44] is
based on the Schrodinger equation with spherical potential for molecules including exchange
and polarization.

For all molecules, a peak is observed around 80 eV in the total ionisation cross section
(Figure 6a). Since the ionisation potentials are approximately the same, the peaks are very close
to each other. Similarly to elastic scattering and except at very low energy (< 25 eV) where the
influence of the ionisation potential is important, the amplitude of total ionisation cross section
is linked to the size of the molecule: the highest cross section is for guanine, which is the largest
molecular system investigated in this work. The total ionisation cross section in water is around
one order of magnitude lower than in the DNA bases. If we compare the ionisation cross section
per valence electron (which is the sum of the cross section for all the levels divided by the
number of valence electron of the base), the differences between water and DNA bases vanish
because both molecules are built with low-Z atoms which are covalently bonded.

The total ionisation cross sections (Figure 7) exhibit the same typical shape with a
maximum - whose amplitude varies according to the model used - and a gradual decrease
towards high impact energies. The results are scarce and the height and the corresponding
energy of the peak differ. However, the same quantitative behaviour of curves is observed and
differences mainly appear in the magnitude mostly expressed at the peaks.

The limited number of experimental results [46-55] is mainly due to the preparation
requirements of these pure target-biomolecules in the gas phase. The experiments carried out
between 2006 and 2015, are limited to low energy (<500 eV). Experimental data [50, 52-55] are
generally far from the theoretical results.

The theoretical studies devoted to ionisation impact in DNA bases are mainly based on
semi-classical formalisms. An evident shift regarding the position of the maximum predicted by
different models may be noted. Some calculations are based on BEB formalism or derived from it
[39, 56, 58]. The oldest ones [39, 56] used low-order Hartree-Fock method and smaller basis set
in the geometry optimization and the differences in the results are due to the target description
and more particularly the vertical ionisation potential. In the work of Huo et al [58], the
correlation-consistent polarized valence double-zeta (cc-pVDZ) basis set of Gaussian functions
was used. The results are comparable to the cross sections of Mozejko and Sanche [39], but are
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larger than those of Bernhardt and Paretzke [56]. Even with the same formalism, there are
variations in the results linked to the parameters used. For example, the choice of the binding
energy of the first ionisation potential differs depending on whether it is obtained from
experiments or calculations and induces differences in the cross section especially at low energy.
That is why main discrepancies with BEB results appear at low binding energy.

Bernhardt and Paretzke [56] calculated the total ionisation cross sections using two
formalisms: BEB and Deutsch-Mark (DM). Both formalisms show quite a similar trend; however,
DM calculations reach higher peaks at slightly higher energy than BEB and the decrease in the
DM curve is steeper compared to the BEB one.

Other types of calculation [57, 59, 60] cover a larger energy range, although limited to 10
keV. Vinodkumar et al. [60] used the spherical complex optical potential formalism to calculate
the inelastic cross section, and the group additivity rule. For their results, the best agreement is
found with the DM results of Bernhardt and Paretzke [56] in adenine and cytosine. In guanine,
the best agreement is observed with the results obtained by Huo et al. [58] and with the DM
results beyond the peak. For thymine, the best agreement is obtained with Mozejko and Sanche
[39] and Huo et al [58]. Recently, in 2013, Champion [57] developed a theoretical quantum
mechanical model to calculate the differential and the total ionisation cross sections of the
different DNA components up to 10 keV. In this case, the curve rises more rapidly than the other
results. Tan et al. [59] used a simple semi-empirical method based on dielectric formalism for
proton interaction extended by adding the exchange interaction of electrons and by taking into
account a mean binding energy to correctly reproduce the low energy part of the cross section.

Our results are comparable to the other available results in amplitude and location of the
peak. More precisely, the position of the peak in our calculations is in better agreement with the
position of the calculations of dielectric response function (DRF) [59], DM [56], improved Binary
Encounter Dipole (iBED) [58], although the amplitude is lower. The difference from the
ionisation total cross section in water is important.

ESTAR [61] stopping powers, calculated from the theory of Bethe are only available for
high incident electron energies (>10 keV) and our results are in good agreement with less than
4% average difference at 10 keV, decreasing to 1% at 1 MeV for all four DNA bases (Figure 11). A
general agreement in the shape of the stopping power curves is observed for the different
calculations. The peak stopping power was at 80 eV in the calculations of Akar et al. [63, 64], and
at 100 eV in the Monte Carlo simulations of Francis et al. [20] similar to our results, whereas the
calculations performed by Akkerman et al. [65] reached the peak stopping power at 120 eV. At
low incident energies < 1keV, theoretical calculations of Akar et al. [63, 64] using Bethe theory
with Generalized Oscillator Strength method score higher stopping power somewhat similar to
the results of Joy [62]. The inelastic stopping power [63] and total stopping power including
Bremsstrahlung effects [64] calculated by the two studies of Akar et al are almost identical for
low energy electrons. For energies higher than 300 keV, Bremsstrahlung effects are observed
with 1% difference between both stopping powers increasing to about 6.4% for 1 MeV electrons.

The best agreement for our results is with those obtained by Francis et al. [20] for all four
DNA bases, which used the Rudd model cross sections implementation in Geant4-DNA. When
compared with water-option6 calculations, the stopping power of all four DNA bases is
consistently lower over the whole incident energy range.

Good agreement is observed with range results by ESTAR [61] for all four bases, with a
10% difference at 10 keV incident electron energy decreasing to 1% at 1MeV (Figure 12). Our
results are in good agreement with calculations of Akar et al. [63, 64] and Akkerman et al. [65]
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(guanine only) as well as PENELOPE data for energies higher than 1 keV. However, for lower
energies a deviation is observed between all types of calculations since each of them follows a
different physical model. Electrons have smaller range in water compared to DNA bases and this
reflects the higher stopping power of water, as shown in Figure 10. Similar to water, fluctuations
in range are observed at very low energies for all bases due to the rapid decrease of inelastic
cross sections [12, 69].

There are not plenty of results in the literature for IMFP. Therefore, in Figure 12 we
show a comparison with calculations done by Akar et al. [66] for the four DNA bases and with
those carried out by Tanuma et al. [67] for adenine and guanine only over a short incident
electron energy range (50-2000 eV). IMFPs from Tanuma et al. [67] were normalized to the
nucleobase densities as reported by Tan et al [68] The IMFP plots (Figure 12) show a
reasonably good agreement with the results of Akar et al. and of Tanuma et al. with small
deviations at low energies (< 100 eV). As expected, an inverse relation with stopping power is
shown and electrons in water score consistently lower values than in the DNA bases.

In this study, the various electron cross sections with the four DNA bases were calculated
using distinct physics models. To guarantee the correct implementation of these cross sections
in Geant4-DNA, it was important to verify our simulation results with published data for
available energy ranges, even though the physical models used in the literature may differ from
ours. The good agreement of our calculations with published data shows the reliability of the
physical models and the simulations. The stopping power, range and IMFP calculations show
obvious difference between the DNA bases and the water targets as well. The obvious distinction
between water results and biomolecules therefore requires transport codes capable of tracking
particles in various biomolecules, which is introduced in this work.

5. Conclusion

There is a growing need for the availability of track structure Monte Carlo simulations in
DNA material to model the detailed particle-biological matter interactions. This study
introduced a new set of electron interaction cross sections in the four DNA nucleobases over a
large incident electron energy range. The cross sections were successfully implemented in the
open source Geant4-DNA simulation toolkit. Good agreement with experiments and calculations
from the literature in terms of cross sections, stopping power, range and inelastic mean free
path was shown. The results of this study will enable the extension of Geant4-DNA classes to be
used in various biological molecules in addition to liquid water targets. The obvious differences
of interaction cross sections and physical parameters between DNA bases and water will induce
differences in energy deposition and their localization, which will affect the radiation damage
estimation and, therefore, the importance of accurate simulation of these data.
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