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Abstract

In this study we are introducing an update of the Geant4-DNA physics constructor “option 6
including electron interactions with all constituents of the DNA molecule in addition to those
already publicly available for liquid water. The new implementation is based on the
interaction cross sections of electrons with the four DNA nucleobases, deoxyribose and
phosphoric acid for elastic scattering, electronic excitation and ionisation in the 11 eV — 1
MeV energy range. An additional sampling method to estimate the transferred secondary
electron energy produced by ionisation is also introduced and can be optionally activated
instead of the classical interpolation method based on the differential cross section tables,
thus eliminating the need to upload large data files. The implementation in Geant4-DNA was
verified by calculating range and electronic stopping power in the various materials. Good
agreement is observed with the data available in the literature, and calculations with the
interpolation method and the sampling method showed less than 4% difference. No
differences were observed in terms of computational cost.
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I.  Introduction:

In studies of radiotherapy and radiobiology, radio-induced damage to the DNA
molecule is of upmost interest since it directly affects the mortality of cells and the integrity
of their replication, function and genetic expression [1]. Therefore, DNA is considered the
most radio-sensitive target of the cell and radiation interaction with the backbone of the DNA
(with deoxyribose sugar and phosphate group as its main components) is essential to estimate
the DNA fragmentation, mostly identified by DNA strand breaks that are damages difficult to
repair. In addition, damages and alterations of the nucleobases result in mutations and
irregular gene expressions [2]. Upon impact, ionising radiation induces DNA damages by
physical effects, through the direct ionisation and excitation of the molecule itself or,
indirectly, through the creation of reactive oxygen species in the cellular medium that attack
the DNA molecule. In radiobiology applications, medical physics and radioprotection, Monte
Carlo simulations have been used to estimate such effects and considerable efforts have been
made in the development of track structure codes able to model the radiation interaction with
biological material, particularly the most abundant liquid water [3]. These codes include
PARTRAC, KURBUC, CPA100 and Geant4-DNA [4]. PARTRAC provides options for
simulating the different radiation interaction stages in water targets, such as DNA damage
and repair [5]. KURBUC [4] and CPA100 [6] simulate the physical and chemical stages of
electron interaction in water and CPA100 can additionally track electrons in DNA material
[7, 8]. The Geant4-DNA simulation toolkit [9-12], the low-energy physics extension of the
open source Geant4 toolkit [13-15], tracks electrons during the physical stage in liquid water
as well as in the chemical stage up to 1s after the first impact to model water radiolysis [16].

Track structure codes consider that the biological medium mainly consists of water
since water constitutes up to 70% of living beings. Therefore, simulation studies on DNA
damage available in the literature estimate the damages from particle-water interaction [5, 17,
18]. In addition, considering the medium homogeneously filled with liquid water simplifies
the calculations and gives a good assumption for an overall dose estimation. However, for
DNA damage calculation, this may not be very accurate since the DNA density is higher than
water [19] and the probability for particle-DNA interaction is also higher as shown by
particle-DNA interaction cross section values [20]. This limitation motivates the need for
more accurate particle-DNA interaction simulations.

A recent work by Zein et al. [20] introduced a new development of the Geant4-DNA
toolkit to extend the “option 6” physics constructor to electrons in DNA nucleobases. This
constructor, which is publicly available for liquid water in the 11 eV — 256 keV energy range
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[21], is based on the CPA100 Fortran-code written by Terrissol et al. [6] for electron
interactions. CPA100 not only tracks electrons in water but also in DNA constituents: the
nucleobases adenine, thymine, guanine and cytosine as well as deoxyribose sugar and the
phosphate group [22]. In the recent extension of the “option 6” physics models, interaction
cross-sections of electrons with the four nucleobases were calculated for elastic scattering,
electronic excitation, and ionisation over the 11 eV - 1 MeV energy range, where they
showed good agreement with experiments and calculations reported in the literature.
Electronic stopping power, continuous slowing down approximation (CSDA) range and
inelastic mean free path were calculated using the cross-sections’ implementation in Geant4-
DNA [20].

In this study, we are complementing this previously published work by calculating the
electron cross-sections over the 11 eV - 1 MeV energy range in the deoxyribose and
phosphoric acid (bound state of the phosphate group), which constitute the backbone of the
DNA molecule. This allowed us to provide a complete set of electron interaction cross-
sections for DNA in addition to those previously available for liquid water. While extending
the “option 6” constructor, we noticed that the excitation interaction for the four nucleobases
was not being adequately sampled and upon testing we noticed that the electron ranges were
affected for very low energies only. Therefore, after fixing the bug in the code, we have
recalculated the CSDA range of electrons in the four nucleobases and we are presenting the
corrected results in this work in addition to the newly introduced values in deoxyribose and
phosphoric acid. It is also worth noting that, with the increasing number of materials, the size
of the cross-section tables become large, especially regarding the differential cross sections
for ionisation. Furthermore, since the number of energy shells of the various organic
molecules is very high (for example, 36 energy shells for deoxyribose), for each incident
electron energy we would need to know the value of the cumulated ionisation probability of
each shell to determine the secondary electron energy of emission. In other words, we would
need to use large cross-section tables. Hence, in this work we are also introducing a novel
sampling method to calculate the transferred secondary electron energy by means of an
analytical sampling technique instead of applying the interpolation method from the
differential ionisation cross section tables currently used in Geant4-DNA.

II.  Materials and Methods:
a) Implementation of the physics model classes

Three new interaction model classes for elastic scattering, excitation and ionisation of
electrons were implemented as Geant4-DNA physics models inherited from the
G4VEmModel class [10]. Each model class tracks electrons in seven different materials
(adenine, thymine, cytosine, guanine, deoxyribose, phosphoric acid, and liquid water) based
on their total electron interaction cross sections. The energy range of incident electrons goes
from 11 eV to 1 MeV for all materials, except for liquid water, which remains in the 11 eV -
256 keV energy range as in the previous implementation [21]. The total and differential cross
section data tables for adenine, thymine, cytosine and guanine were calculated in a previous
work [20], while, for deoxyribose and phosphoric acid, the calculations will be described in
the following sections. Interpolation between consecutive energy points in the cross-section
data tables was applied and electrons were tracked down to 11 eV, where tracks are killed
and their energies were deposited locally. The scattering angle is randomly sampled
according to the elastic angular differential cross section tables. The transferred energy by
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ionisation is randomly sampled according to the ionisation energy differential cross section
tables. In addition, a new analytical sampling method introduced in the following section has
also been implemented, which allows the sampling of the transferred energy values as an
alternative to the interpolation method. CSDA range and electronic stopping power were
calculated using the Geant4-DNA examples “range” and “spower” [12] to verify the model
classes and were then compared to data reported in the literature. A comparison between the
interpolation and sampling methods was also carried out.

b) Physics models and cross-sections

For each mentioned process, the calculations of the cross sections for deoxyribose and
phosphoric acid were based on the same models that we used for the four nucleobases
adenine, thymine, cytosine and guanine and that are detailed in the previous paper by Zein et
al. [20] for the same energy range [11 eV — 1 MeV].

Elastic scattering

The angular differential cross section at a certain incident energy is calculated using
the independent atom model (IAM). This model required the internuclear distances between
the atoms of the examined molecule, the angular differential cross section of each atom and
the complex scattering amplitudes (see equation 1 in paper [20]).

For atoms, the scattering amplitudes and the differential cross sections were obtained
from the Elastic Scattering of Electrons and Positrons by neutral Atoms (ELSEPA) code
developed by Salvat et al. [23].

The structures of the considered molecules were obtained through geometry
optimizations at Hartree-Fock/cc-pVTZ level, which were performed using the quantum
chemistry package Gaussian09 [24].

ITonisation

This process required the energy differential cross section for each molecular orbital
and the corresponding integrated ionisation cross section over the ejected energy range in
order to know which shell was concerned by this process and what was the energy transferred
to the ejected electron. To this purpose, the Relativistic Binary Encounter Bethe Vriens
(RBEBV) model was used [25]. The analytical forms (equations 2 and 4 in Zein et al. [20])
only depend on three parameters, which are representative of each molecular orbital and are
determined from the molecular electronic structure. To accomplish this task, the molecular
orbitals of each molecule were obtained through ab initio quantum chemistry calculations at
restricted Hartree-Fock/cc-pVTZ level on the above-mentioned optimized molecular
geometries using the GAMESS-UK software [26], as already done for the four DNA
nucleobases in the previous paper by Zein et al. [20].

For deoxyribose, there are 36 molecular orbitals including 9 inner shells, while, for
phosphoric acid, we have 25 molecular orbitals with 9 inner shells. The energy threshold
varies from 11.24 eV to 559.77 eV for deoxyribose and from 13.00 eV to 2179.56 eV for
phosphoric acid.
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Table 1. Ionisation and excitation outer shell binding energy:

Binding | Water | Adenine | Cytosine | Guanine | Thymine | Deoxyribose | Phosphoric
energy (eV) acid
Ionisation | 10.79 8.51 9.32 8.23 9.64 11.24 13.00
Excitation | 8.17 8.51 9.32 8.23 9.64 11.24 13.00
Excitation

The total excitation cross section was linked to the total ionisation cross section and to
the ratio of the total excitation over ionisation cross section in water at a given incident
energy, as it was proposed in the initial version of the CPA100 code [6].

With the assumption that only electronic levels lower than 20 eV can be excited, we
considered 17 excitation levels for deoxyribose and 9 for phosphoric acid. We assumed that
each level had the same probability to be chosen.

¢) Sampling Method

Following the Relativistic Binary Encounter Bethe Vriens (RBEBV) model for each
molecular orbital from the threshold to 1 MeV, the relativistic energy differential cross
section written in the reduced form is (equation 2 in paper Zein et al. [20])

do 4mada*N

dw ~ (B2 + BZ + pD)2b’
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where @, m and c are the fine structure constant, the electron mass and the speed of light in
vacuum, respectively.

T is the incident electron kinetic energy and W is the ejected electron kinetic energy. B
(i.e., the bound electron binding energy), U (i.e., the bound electron kinetic energy), and N
(i.e., the occupation number of the subshell to be ionized) are the three parameters
representative of the molecular shell.

a2 2
The relativistic form of the Vriens function ¢ is writtenas ¢ = cos| |——3——5<Ln (ﬁ—’;)
(B +By)  \By

To sample the reduced kinetic energy of the secondary electron w, the composition
sampling method already used for the non-relativistic BEB version in liquid water (Bordage
et al. [21]) was expanded and adapted for the DNA constituents. The equation must be
written as the sum of positive functions of w, denoted k; (w):

do
The functions k; can be decomposed as the product of three terms (4;, h; and g;):
ki(w) = 4; - hy(w) - gi(w) (3)

which satisfy the following constraints

t—1
2

Gy = f giw)dw =1
0

0<h(w) <1 )
gi(w) 20
36,67t
4; =0

and Vw :

In order to respect these constraints, the k; functions (eq 3) are written as

B 4mada*N _ 1 ¢D ¢D
ki(w) = (B2 + 2 + p2)2b’ ((W +1)2 B t+DHWw+1) B 2+ DH)(t—w) * F>
iy B 4mada*N _ 1 ¢D
2(W) = (B2 + B2 + 22D’ <(t —w)? 2(t+ (- W)>
By B dmage*N 1 L (Mt 1)}
s(w) = (B¢ + i+ BD2b (w+1)3 < * (t - W) >
2
: <Ln (1 ftﬁf) — Bt - Ln(2b’))
where D = (1:,2;2’)2 and F = (1+I;:j2)2

Each term of equation 3, fulfilling the constraints expressed through equation 4, can
be decomposed as follows:
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For the first function (k;), we have:
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and for the third one (k3):
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The g;(w) functions were defined in order for the cumulative distribution function
G; to exist and to have an inverse function.

Furthermore, as it was developed in the appendix of the paper by Bordage et al. [21],
two steps are required for the sampling:

a- The generation of the first random number, R, to select which k; function should be

sampled, such as:
k-1 k
ZAi <R Y A4 < ZAi

3
i=1 i=1 =1
b- Once the k; function is chosen, the generation of a second random number R, to
Wy

generate the energy loss w, with respect to the probability density g;, so that g;,(w)dw =R,
0

and w, is rejected if R3 > hi(wy)
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II.  Results:
a) Total Cross Sections of deoxyribose and phosphoric acid:

Figure 1 (a) shows the calculated total cross sections as a function of the electron
incident energy for the three processes (elastic scattering, excitation and ionisation) and for
the two studied materials (deoxyribose and phosphoric acid). For comparison, the curves for
adenine [20] and liquid water-option6 [21] implemented in Geant4-DNA are also plotted.
The results for adenine and deoxyribose are very close and are higher than those for
phosphoric acid for all incident energies.

As an example, Figure 1 (b) shows the variation of the differential elastic cross
section as a function of the scattering angle at an incident energy of 100 eV for phosphoric
acid and deoxyribose. The results are compared with differential cross section in adenine and
water, as well as with the only published calculations at this energy by Mozejko and Sanche
[27].
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Figure 1. (a) Total cross sections for elastic scattering (El), excitation (Ex) and ionisation
(Ion) for deoxyribose and phosphoric acid compared to adenine [20] and water-option6
[21].

(b) Differential elastic cross section for incident energy of 100 eV for deoxyribose and
phosphoric acid, compared to adenine [20] and liquid water-option6 [21] and the published
calculated data by Mozejko and Sanche [27] for phosphoric acid.

Figure 2 (a) shows the total elastic cross sections of deoxyribose and phosphoric acid
as a function of the incident energy. The comparison with the work of Mozejko on
phosphoric acid [27] is also shown. In Figure 2 (b) the total ionisation cross sections of
deoxyribose and phosphoric acid are depicted and compared with published data reported in
the literature [27-29]. There are no other theoretical or experimental data for cross sections of
phosphoric acid and deoxyribose available for comparison.
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Figure 2. Comparison of the present cross sections (continuous lines) with calculations from
the literature (symbols) (a) for elastic scattering in phosphoric acid done by Mozejko and
Sanche [27], and (b) for the total ionisation cross section in deoxyribose done by Huo et al.
[28] and phosphoric acid done by Mozejko and Sanche [27] and by Vinodukmar et al. [29].

b) Range

Figure 3 shows the range in all materials as calculated using the updated version of
the “option 6” physics models over the 11 eV — 1 MeV energy range (11 eV — 256 keV for
liquid water). The comparison with calculations reported in the literature shows a good
agreement for energies higher than 1 keV, while for the comparison with liquid water we can
observe some differences at low energies (< 1keV). Figures 3 (e) and (f) show the range in
deoxyribose and phosphoric acid calculated with a low energy cut of 14 eV, below which the
energy was deposited locally. Since the excitation and ionisation energy levels of
deoxyribose and phosphoric acid are higher than the low energy limit 11 eV, the 14 eV cut
was tested as the first energy above the inelastic outer shell binding energies (see Table 1).
This indicates that the range is affected by elastic scattering at low sub-inelastic energies of
deoxyribose and phosphoric acid (Table 1).
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Figure 3. CSDA range calculated for (a) thymine, (b) cytosine, (c) guanine, (d) adenine, (e)
deoxyribose and (f) phosphoric acid in Geant4-DNA and compared to water “option 6” [21],
data from the literature (Akar et al. 2005 [30], Akar et al. 2007 [31], Akkerman 1999 [32])
and the ESTAR database [33]. Panels (a), (b), (c), and (d) show the ranges calculated with
11 eV cut (black curves) which is the lowest value in the implemented energy range. Panels
(e) and (f) show the effect of the energy cut-off on the range calculation with 11 eV cut (in
black) set at the low energy limit and 14 eV cut (in light blue) just above the first ionisation
level of phosphoric acid.

a) Stopping Power

Figure 4 shows the electronic stopping power calculation in deoxyribose and
phosphoric acid in comparison with the work of Akar 2007 et al. [31], which is currently the
only available calculation in the literature for phosphoric acid. We also compared with
calculations from the ESTAR database [33], which depend on the densities and the chemical
formula of the deoxyribose (CsH1004) and phosphoric acid (H3PO4). Densities and chemical
formulas for each material are given in Table 2.
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Figure 4. Electronic stopping power calculated for (a) deoxyribose and (b) phosphoric acid
in Geant4-DNA and compared to water-option 6 [21], data from the literature calculated by
Akar et al. [31] and the ESTAR database [33].

¢) Comparison of interpolation and sampling methods:

Figure 5 shows the range and electronic stopping power of electrons in phosphoric
acid calculated using the method based on the interpolation of tabulated cross section data
and the sampling method. The same test was performed for the other materials and the
difference between the sampling and interpolation methods was less than 1.5% difference in
stopping power and less than 4% difference in range for all the six examined materials.
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Figure 5. (a) CSDA range and (b) stopping power of phosphoric acid calculated with
sampling and interpolation (XS) methods of ionisation differential cross sections. Panels (c)
and (d) show the absolute percentage difference of range and stopping power by the
sampling method relative to the interpolation method.

d) Interaction type ratio

In Figure 6 (a) the CSDA range of electrons in all 7 materials with 11 eV cutoff is
shown. Phosphoric acid and deoxyribose have larger ranges at energies lower than 10 keV
compared to the other materials due to their high contribution of elastic scattering in the sub-
inelastic range. The CSDA range shows direct dependence on the density of the materials for
energies above 10 keV. Figure 6 (b) shows the electronic stopping power in all the materials
under study. Above 200 eV, the stopping power is directly proportional to the density of the
material while for the lower energies the interaction cross-sections influence the stopping
power. In Figure 6 (c) the ratio of the three interactions per electron event as a function of
energy is calculated. Only the first interaction was registered per incident electron event, and
the total number of interaction types was calculated and then normalized to the total number
of events. 10° events were tested per material. This calculation reflects the interaction type
probability to occur per electron energy. The cross-section type ratio to the total cross section
by all the three interactions in deoxyribose is shown in Figure 6 (d) in comparison to the ratio
between the number of interaction types and the total number of interactions per incident
electron. As expected, the calculated ratio of interactions from the simulations agrees well
with the ratio of cross sections for all three types of interactions. The same results were found
for all the materials under investigation (for the sake of simplicity, only deoxyribose is shown
here), which assures the correct implementation of the interaction models in the simulation.
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Figure 6. (a) CSDA range of the 7 different materials with 11 eV low energy cutoff. (b)
Electronic stopping power of the 7 different materials. (c) Ratio of the number of interactions
per incident electron in the 7 different materials. Legend symbols: W (Water), A (adenine), C
(cytosine), G (guanine), T (thymine), D (deoxyribose), P (phosphoric acid), El (elastic
scattering), Ex (excitation), lon (ionisation). (d) Ratio of the number of interactions per
incident electron in comparison with the cross-section ratios of deoxyribose. Legend
symbols: N (number of interactions/incident electron) and XS (cross section type ratio to the
total cross section of all 3 interactions).

Table 2. Chemical formulas and densities of the materials [19, 34, 35]

Water | Adenine | Cytosine | Guanine | Thymine | Deoxyribose | Phosphoric
acid
Formula | H,0 | CsHsNg | C4H5N50 | CsHsN5O | CsHgN, 0, CsH100, H3PO,
Density 1 1.35 1.3 1.58 1.48 1.5 1.87
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IV. Discussion:

Monte Carlo track structure codes provide good tools for estimating DNA damages;
however, the so far performed Monte Carlo studies on DNA damage considered liquid water
as a surrogate of the biological medium and this led to underestimate the damage rate of the
DNA molecule itself [5, 17, 18]. This limitation is what motivated our previous work, where
we introduced new calculations of electron interaction cross sections in the four DNA bases
for elastic scattering, excitation and ionization [20]. These cross sections were used in the
implementation of new physics models of electrons for the purpose of extending the Geant4-
DNA toolkit tracking capabilities in the DNA material. In this work, the electron interaction
cross sections in the deoxyribose sugar and the phosphoric acid are calculated to complete the
physics models in all DNA components.

The total cross sections of the three electron interactions, elastic scattering, excitation
and ionization, with all DNA material are higher than those of liquid water, as shown in our
previous work [20] and in Figure 1(a). Cross sections of deoxyribose are very close to those
of adenine; however, they are higher than those of phosphoric acid for all incident energies.
In addition, the densities of the DNA components are higher than liquid water as shown in
Table 2. Therefore, the rate of particle with DNA interaction is expected to be higher than the
one with water interaction, which emphasizes the inaccuracy of substituting water for DNA at
the sub-cellular scale in Monte Carlo simulation studies.

The limited data available in the literature for this type of calculations makes it
difficult to perform thorough comparisons, specifically for the deoxyribose and the
phosphate. The only available elastic scattering cross section data in the literature are limited
to theoretical values for phosphoric acid. Differential and integrated cross sections are
calculated at energies between 50 eV and 2 keV by Mozejko and Sanche [27]. The present
integrated elastic cross sections values are higher than those of reference [27] (Figure 2 (a)).
Comparison of elastic differential cross section for phosphoric acid at 100 eV shows an
overall good agreement with the calculations of Mozejko and Sanche for most scattering
angles, with lower values at very small scattering angles (< 20°) (Figure 1 (b)). The data
between 0 and 25 eV (Winstead et McKoy [36], Tonzani and Greene [37]) are not included.

For ionisation, we can compare only the total cross section (sum of the contribution of
each orbital) with the only available theoretical results of Huo ef al. [28] based on BEB
method for deoxyribose, and for phosphoric acid with two different calculations (Mozejko
and Sanche [27] and Vinodkumar et al. [29]). The results are in a relatively good agreement
except in the energy range lower than 100 eV for phosphoric acid. Moreover, the present data
are lower than those resulting from other calculations (Figure 2 (b)).

During the extension of these models previously implemented for the four DNA
nucleobases [20], a bug was identified on the sampling of excitation, which affects only the
range results at very low energy but neither the stopping power nor the inelastic mean free
path. Therefore, after fixing the bug in the code, in this manuscript we decided to include the
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updated range figures for the four DNA nucleobases adenine, thymine, guanine and cytosine
(see panels a, b, c and d in Figure 3).

At high energy, a good agreement in range is observed with the published data, with a
deviation at low energy (<1 keV) for all four nucleobases. The range is different than the one
obtained from the liquid water calculation through Geant4-DNA using the same lower cutoff
energy of 11 eV for all materials and the same physics models of the “option6” Geant4-DNA
constructor. The new update affects the range curve at energies lower than 1 keV, where the
CSDA range of the four nucleobases are closer to that of liquid water. Note that the range
curves are normalized to the density of the material. At very low energy (<100 eV), thymine
shows higher CSDA range values than adenine, cytosine and guanine, (see Figure 6 (a))
which is due to the lower inelastic cross sections of thymine compared to adenine, cytosine
and guanine for energies less than 30 eV. This results in an elevated number of elastic
scattering interactions at low energies. Because of the higher occurrence probability of elastic
scattering, elastic scattering becomes highly dominant compared to excitation and ionisation,
thus leading to longer electron tracks and, consequently, to a higher range (Figure 3 (a)). This
can also be seen in Figure 6 (c), where excitation and ionisation probabilities of thymine are
lower than adenine, cytosine and guanine for energies lower than 30 eV, consequently
leading to a greater dominance of elastic scattering.

Deoxyribose and phosphoric acid have the outermost binding energy values, in
particular higher than the tracking energy cutoff of 11 eV (11.24 eV for deoxyribose and 13
eV for phosphoric acid, Table 1). Therefore, when an electron reaches energies below the
binding energy threshold, only elastic scattering takes place and leads to long electron tracks
without significant energy loss. This significantly affects the CSDA range of phosphoric acid
and, to a lesser extent, the CSDA range of deoxyribose for low energies (< 1 keV), as shown
in Figures 3 (e) and (f) also Figure 6 (a). Similar to thymine, deoxyribose and phosphoric acid
have lower inelastic probabilities at energies lower than 30 eV (Figure 6 (c)), which also
contributes to the high CSDA range at low energies. When calculating the range with a 14 eV
energy cutoff for deoxyribose and phosphoric acid, which is higher than the lowest binding
energy of phosphoric acid, the range dramatically decreases and becomes closer to water at
very low energies due to the higher contribution of the inelastic processes and the limited
effect of elastic scattering. Because of the high binding energies of the DNA backbone
components, one should pay attention to the energy cutoff used for simulations, which might
affect the results.

Stopping power calculations of both deoxyribose and phosphoric acid show a good
agreement with the very scarce data from the literature, and an obvious difference from the
liquid water calculations of Geant4-DNA is observed over the entire energy range (Figure 4).
For low energies, the phosphoric acid has a lower collision stopping power than the one
resulting from the calculations performed by Akar et al. [31] . The peak in this work is
reached at 120 eV compared to 80 eV in the work by Akar and coworkers.

The sampling method introduced in this work allows efficient calculations of the
secondary transferred energy after ionisation interaction. The conventional way through
which Geant4-DNA calculates the secondary electron kinetic energy currently uses an
interpolation method that samples the energy from tabulated data and applies an interpolation
function that estimates the energy from two consecutive values corresponding to an ionisation
shell. This normally requires a differential cross sections table file providing the incident
energy intervals as well as the corresponding cumulative distribution of energy loss for each
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ionisation shell. Since the incident energy range is extended up to 1 MeV and the biological
molecules have a high number of ionisation shells (> 29) compared to liquid water (5
ionisation shells), the required data files become large to handle, build and distribute within
the Geant4 toolkit. Therefore, the sampling method provides a convenient solution without
affecting the outcome of the simulation results. In addition, calculating the transferred energy
directly within the code represents a more accurate method than interpolation between two
consecutive energy values, which may introduce some variation if the difference between the
two energies is not sufficiently small. The differences between the sampling and the
interpolation methods showed a maximum of 4% for CSDA range calculations and less than
2% for collision stopping power computations for all materials (Figures 5 (c) and (d)).
However, the sampling method does not have any advantage over the interpolation
concerning the computational cost. A similar method based on the binary encounter Bethe
model was already introduced and is currently available for liquid water [21]. The sampling
routine can also be applied with materials for which the relativistic binary encounter Bethe
relativistic energy differential cross sections are used (equation 1). For the moment, it could
be used directly not only for the four DNA nucleobases [20], deoxyribose and phosphoric
acid but also for gold [38]. Another advantage of this work is that the here-presented
approach could be exploited in future applications of Geant4-DNA damage models
calculation, where the physics constructor “option6” could be used in combination with the
detailed DNA geometry introduced by Lampe, especially because we are using the same
architecture and chemical composition of the DNA constituents [39, 40].

V. Conclusion:

In this study, an update of the Geant4-DNA physics constructor “option 6” was
described. This update includes a full set of electron interaction cross-sections for elastic
scattering, electronic excitation and ionisation for the different components of the DNA
molecule, in addition to those already available for liquid water. The model has been tested
considering CSDA range and stopping power of electrons for the various DNA components,
where we observed a good agreement with data available in the literature. In addition, a novel
sampling method for calculating the secondary ionisation electrons kinetic energy was
introduced, which will reduce the total memory allocated for the ionisation differential cross-
section tables.

This work represents a stepping stone for particle interaction simulations with organic
materials not limited to DNA only. The methods and architecture of the physics models can
be translated to other molecules, such as amino acids that make up proteins. In combination
with detailed geometry, more realistic simulations at the subcellular scale could be achieved,
which would lead to better understanding of radiation effects on biological material. The
physics models could also be adapted and expanded for the cross-section calculation of other
particles, such as protons. The sampling method introduced could be used as an efficient
alternative for interpolation methods in future releases of Geant4-DNA. All in all, the
complete package of electron interactions in the DNA constituents provides a novel tool for a
new generation of Monte Carlo simulations.
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