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Computational approach to determine the relative biological effectiveness of fast neutrons using
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Azam Zabihi
Department of Physics, Faculty of Science, Bu-Ali Sina University, Hamedan 651744161, Iran

Sebastien Incerti
University of Bordeaux, CENBG, UMR No. 5797, 33170 Gradignan, France
CNRS, IN2P3, CENBG, UMR No. 5797, 33170 Gradignan, France

Ziad Francis
Department of Physics, Faculty of Sciences, Université Saint Joseph, 2020 1104 Beirut, Lebanon

Ghasem Forozani
Department of Physics, Payame Noor University, P.O. Box 19395-3697, Tehran, Iran

Farid Semsarha
Institute of Biochemistry and Biophysics, University of Tehran, P.O. Box 13145-1384, Tehran, Iran

Amir Moslehi and Peiman Rezaeian
Radiation Applications Research School, Nuclear Science and Technology Research Institute, P.O. Box 11365-3486, Tehran, Iran

Mario A. Bernal”
Instituto de Fisica Gleb Wataghin, Universidade Estadual de Campinas, Campinas, 13083-859 Sdo Paulo, Brazil

® (Received 12 March 2019; published 10 May 2019)

This study proposes an innovative approach to estimate relative biological effectiveness (RBE) of fast neutrons
using the Geant4 toolkit. The Geant4-DNA version cannot track heavy ions below 0.5 MeV /nucleon. In order to
explore the impact of this issue, secondary particles are simulated instead of the primary low-energy neutrons.
The Evaluated Nuclear Data File library is used to determine the cross sections for the elastic and inelastic
interactions of neutrons with water and to find the contribution of each secondary particle spectrum. Two
strategies are investigated in order to find the best possible approach and results. The first one takes into account
only light particles, protons produced from elastic scattering, and « particles from inelastic scattering. Geantino
particles are shot instead of heavy ions; hence all heavy ions are considered in the simulations, though their
physical effects on DNA not. The second strategy takes into account all the heavy and light ions, although
heavy ions cannot be tracked down to very low energies (E < 0.5 MeV /nucleon). Our model is based on the
combination of an atomic resolution DNA geometrical model and a Monte Carlo simulation toolkit for tracking
particles. The atomic coordinates of the DNA double helix are extracted from the Protein Data Bank. Since
secondary particle spectra are used instead of simulating the interaction of neutrons explicitly, this method
reduces the computation times dramatically. Double-strand break induction is used as the end point for the
estimation of the RBE of fast neutrons. ®°Co y rays are used as the reference radiation quality. Both strategies
succeed in reproducing the behavior of the RBE,;,« as a function of the incident neutron energy ranging from 0.1
to 14 MeV, including the position of its peak. A comparison of the behavior of the two strategies shows that for
neutrons with energies less than 0.7 MeV, the effect of heavy ions would not be very significant, but above 0.7
MeV, heavy ions have an important role in neutron RBE.

DOI: 10.1103/PhysRevE.99.052404

I. INTRODUCTION is the main target in the cell and it has nanometric dimen-
sions [5-7]. Simple and complex forms of damage have been
observed and they are related to the micro- and nanoscale
patterns of radiation action [8,9].

In recent decades, Monte Carlo track structure codes have
become an important tool for modeling the interaction of
ionizing particles with DNA and the subsequent damage.
*Corresponding author: mbernalrod @ gmail.com Monte Carlo track structure codes improve understanding of

Nowadays, understanding of the mechanisms behind the
effects induced by ionizing radiation in living beings remains
a major challenge [1-4]. In this context, the DNA molecule
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radiation track structure and its relation with DNA damage
[10,11]. Geant4 (geometry and tracking) is an open source
Monte Carlo (MC) toolkit, initially developed for high-energy
particle simulations at CERN [1,12-14]. It has been extended
to address the description of particle interactions with lig-
uid water down to the eV energy scale with Geant4-DNA
[1,13]. This extension has sparked the use of this code in
microdosimetry and nanodosimetry applications, including
computational radiobiology [10].

The structure of DNA has been known for over 60 years
[15]. Modeling the DNA structure is the first step in studying
how ionizing particles interact with this molecule. DNA geo-
metrical models could be classified into three main types: lin-
ear segments or cylinders, simple volume models, and atomic-
resolution models [16]. The DNA geometrical models can be
combined with MC simulation of radiation transport in order
to study the early DNA damage induced by ionizing particles.
A biophysical model for linking the energy deposition process
to the DNA damage also has been included in this approach.

Studies in this field have used different DNA geometrical
models. Linear DNA segments without any internal geometry
[17,18] and individual volumes representing sugar-phosphate
groups and nitrogenous bases [19-22] have been used. The
first atomistic DNA model was proposed by Pomplun [23],
who used the coordinates of individual atoms of a short
B-DNA segment for studying the damage yield due to the
decay of '>I. Each atom was represented by spheres with
radius equal to that of the corresponding van der Waals
radius. Moiseenko et al. [24] developed another atomistic
model of the B-DNA and reported single- and double-strand
breaks for 660-keV photon radiation. Coordinates of atoms
constituting DNA and van der Waals radii were used. The
atomic coordinates of the DNA double helix in the interphase
were used by Friedland et al. [25] for building a model of
the whole genome of a mammalian cell nucleus, including
six DNA organization levels. Two van der Waals radii were
used to represent each atom. Bernal et al. [26] developed an
atomistic B-DNA model that accounts for five organization
levels of the DNA. This study implements the Protein Data
Bank (PDB) as the geometry with an atomic level description
of the DNA molecule [27].

Reactor workers, airline crew members, and astronauts in
long-term space missions receive significant neutron doses
[28]. In comparison with x rays or y rays with similar energy,
neutrons deposit more energy along their path, thus causing
more damage to the cells. Neutrons have null net charge, so
they do not interact electromagnetically with an atom’s elec-
trons. Instead, they interact with atomic nuclei and produce
secondary heavy particles through both elastic and inelastic
collisions [29]. These secondary particles are responsible for
the high relative biological effectiveness (RBE) of neutrons.
For this reason, the use of fast neutron beams for cancer radi-
ation therapy has been explored [30]. Fast neutron radiation
therapy is a valuable method to treat radioresistant tumors
with a high linear energy transfer radiation [31-33].

The relative biological effectiveness of neutrons depends
on their energy. Ottolenghi et al. [34], Baiocco et al. [35],
and Stewart er al. [36] recently reported neutron biological
effectiveness for a wide range of initial energy states. The
Geant4 Monte Carlo code [1,12—-14], including its low-energy

FIG. 1. The 1BNA structure from PDB shades of red are base
atoms and shades of green and blue are the first- and second-strand
atoms, respectively.

extension known as Geant4-DNA [1], is used to simulate
the interaction of neutrons with liquid water. In Geant4-
DNA there is however a limitation to tracking heavy ions
below 0.5 MeV/nucleon. In order to explore the impact
of this limitation, two strategies are proposed in this work.
To save computation time, the interaction of neutrons with
water is not explicitly simulated. Instead, secondary particles
are sampled from the corresponding spectra. The Evaluated
Nuclear Data File (ENDF) library is used to determine the
angular differential cross section for elastic and inelastic
interactions of neutrons with water and to find the contribution
of each secondary particle spectrum. Performing neutron track
structure simulations in relatively large volumes can be time
consuming; therefore this approach also reduces computation
times dramatically. Corresponding cross sections were used
for sampling the emission of secondary heavy charged par-
ticles produced due to the impact of neutrons on water. The
corresponding spectra were used to irradiate a PDB DNA
atomic model and DSB yields were determined. These yields
were used for estimating the neutrons RBE with different
energies. %°Co radiation was used as the reference radiation
quality. The results of this work are compared with several
other experimental and simulation-based values found in the
literature.

II. METHODS

A. Biological target

An atomic resolution model of B-DNA was used in this
study. B-DNA is the most probable structure of DNA in
living cells [37]. The position of each atom in a double-
helix segment was extracted from the PDB [38], specifically
the 1BNA structure (Fig. 1) [39]. Atoms were modeled as
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TABLE . Relative contributions of different neutron interactions
with water used in this work. These data were extracted from the
ENDF database.

Energy H-elastic O-elastic O-inelastic
MeV) total (%) total (%) total (%)
0.1 87.49 12.51 0.00
0.2 83.66 16.34 0.00
0.3 82.07 17.93 0.00
0.36 78.36 21.64 0.00
0.5 72.99 27.01 0.00
0.7 78.35 21.65 0.00

1 51.04 48.96 0.00
2 78.63 21.37 0.00
5 76.02 21.02 2.96
7 72.76 22.08 5.16
10 58.72 23.23 18.05
12 49.07 32.03 18.90
14 46.32 32.26 21.42

spheres with dimensions according to the corresponding van
der Waals radius [27]. The PDB structure enables the use
of an atomic level description of the DNA molecule. The
cell nucleus contains 6 x 10° base pairs (bp), with 1BNA
fragments uniformly distributed into a sphere with radius of
2.93 pum [40]. This nucleus will be referred to as the region
of interest (ROI). The whole ROI was filled with 1.0 gcm’3
density water.

B. Irradiation setup

The current Geant4-DNA package has a limitation to
tracking heavy ions below 0.5 MeV/nucleon. In order to
overcome this restriction, a theoretical calculation and an MC
computational approach are presented to model the effect of
the tracking of heavy ions below 0.5 MeV /nucleon. Neu-
trons can interact with nuclei by several mechanisms. The
secondary charged particles produced by fast neutrons with
energy ranging from 0.1 to 14 MeV are studied in this work.
Instead of directly emitting monoenergetic neutrons onto the
ROL, the initial energy of secondary charged particles is sam-
pled from the corresponding spectra. The initial position is
uniformly distributed through the ROI and the corresponding
direction is sampled isotropically. The secondary charged
particles produced by fast neutrons transfer their energy to the
medium mainly by ionization and excitation. In this way, the
simulation time is reduced.

The ENDF/B-VI [41] is used to determine cross sections
and angular differential cross sections of secondary particles,
for elastic and inelastic interactions of neutrons with water,
which contains hydrogen and oxygen. Elastic scattering is the
only important process for the neutron-hydrogen interaction
in the energy range of this study, which produces secondary
protons. For neutron-oxygen collisions, elastic scattering is
dominant below 5 MeV. Above this energy, inelastic scattering
has a significant role, as shown in Table I. The hydrogen
inelastic scattering cross section is negligible along the whole
energy range of this work. Oxygen inelastic scattering cross
sections can be discarded only for energies below about 5
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FIG. 2. Cross sections for the interaction of neutrons with water
[41].

MeV. For higher energies, the contribution of the oxygen
inelastic scattering cross section is dominant in the total cross
section. The total cross section for neutron interaction with
water can be approximated as [42]

Owater = 2 x oy + 0o, (1)

where oy and og are the cross sections for the interaction
with isolated H and O atoms, respectively. Another important
point to mention is that the 'O neutron cross sections have
a resonance region in the energy range of the present work
(Fig. 2). If a monoenergetic neutron beam coincides with one
of the oxygen resonance peaks, the ratio of the cross section
of oxygen to hydrogen can be as high as 2. The first peak
is approximately at 0.47 MeV and after 1 MeV there are
several peaks. In the present work and also others, monoen-
ergetic neutrons are used. Because of the existence of the
oxygen cross-section resonance, selecting the energy of the
monoenergetic neutrons plays an important role. This means
that the choice of neutron energy plays a significant role in
the determination of the RBE and also in the comparison with
previous results.

Table I presents the contribution from elastic and inelas-
tic cross sections when neutrons impact on water atoms.
These data were extracted from the ENDF database. For
each neutron energy and scattering type, the initial energy
of secondary particles was sampled using their corresponding
spectra, which is explained below.

1. Elastic scattering

As mentioned above, the most important interaction mech-
anism for fast neutron energies below 5 MeV is elastic scat-
tering. In the elastic collision between a neutron with energy
T and a nucleus of mass number A, the maximum energy
transferred to the recoiling nucleus is

4A
—T.
(14+A)?
A neutron gives up all its energy to hydrogen with A = 1 and

gives up to 22.1% its energy to oxygen with A = 16. With
the corresponding differential cross section of the recoiled

ATy = (2)
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TABLE II. Contribution of oxygen inelastic cross sections to
water total inelastic cross section (in %) (n, neutron; a, alpha; p,
proton; and D, deuteron).

Energy (MeV)
Reaction 5 7 10 12 14

150(n, a) 13C 296 3.13 757 7.08 478
60(n, n+ a)12C 0.00 0.0 0.00 0.89 4.18
1%0(n, D) BN 0.00 0.0 0.00 0.07 057
150(n, p) 15N 0.00 0.0 0.00 130 142
$0(n, n + p) °N 0.00 0.0 0.00 0.00 0.15
1%0(n, 2n) 50 0.00 0.0 0.00 0.00 0.0

nucleus, the spectrum of scattered nuclei can be determined.
The ENDF contains differential elastic cross sections in terms
of the neutron scattering angle. Starting from the neutron
scattering angle and using conservation laws, the nucleus
emission angle can be determined, supposing that the latter is
initially free and at rest. Using the chain derivation rule, neu-
tron and recoiled nucleus differential scattering cross sections
are correlated as

do  do 4
dQ0) _ du@) « deuo)’

where ¢ and 6 are neutron and recoiled nucleus scattering
angles, respectively. This is a standard prescription for relating
angular distributions of two colliding particles. Accordingly,
energy spectra of recoiled nuclei are obtained using Table 5
of Ref. [43]. Below 5 MeV, energy spectra of recoiled nuclei,
protons, and oxygen are used as the initial energy of secondary
particles.

3)

2. Inelastic scattering

Above 5 MeV, the inelastic scattering of neutron with oxy-
gen represents a significant contribution to the total interaction
cross section. Inelastic interactions can lead to the fragmen-
tation of the nucleus into two or more recoiled fragments.
Generally, the lightest nuclei are used to represent the incident
projectile and the emitted particle. The heaviest element in the
exit channel is obtained by baryon number conservation. More
details about inelastic scattering are shown in Table II. Like
elastic scattering, by applying momentum and total energy
conservation and adding the differential cross section for the
inelastic interaction of neutrons with water, three equations
with three unknown variables are found, which have a unique
solution. Table IT shows that the '°O(n, o) '3C reaction has the
most contributions in inelastic scatterings. Accordingly, this
study only considers the '°O(n, o) 1*C reaction for inelastic
scattering.

3. Definition of two strategies

As discussed above, heavy ions cannot be tracked down be-
Iow 0.5 MeV /nucleon with the current Geant4-DNA version.
Thus, heavy ions play a key role in simulation and obtaining
results. In elastic scattering neutron energy is transferred to
the proton and oxygen and in inelastic scattering, neutron
energy is transferred to the light particle o and heavy ion *C.
Two strategies are assumed to find the best possible approach

and results. The first one is shooting out only light particles,
protons for elastic scattering and o particles for inelastic
scattering. Geant4-DNA deals well with light particles down
to very low energies in water, but this is not the case for heavy
particles in the same energy range. Geantino' particles are
shot instead of heavy ions in elastic and inelastic scattering.
Hence heavy ions are accounted for, but their physical effects
are not considered in the simulation. Thus, this procedure dis-
cards relatively-high-energy transfers caused by heavy ions.
The second strategy is shooting all light and heavy ions.
Geant4-DNA cannot follow heavy ions with energy less than
0.5 MeV/nucleon. This means that heavy ions with energy
less than 0.5 MeV /nucleon transfer all of their energy in a
single collision. Hence their physical effects are considered in
the simulation, yet in a limited way since there is not a suitable
method to describe their energy depositions accurately.

C. Monte Carlo simulation

The recently released Geant4.10.2 [44] and the Geant4-
DNA [1,12-14] extension were used for carrying out the
simulations, including the interaction of ions and electrons
with liquid water. Using Geant4-DNA with different physical
models has shown that low-energy electron physics alone
may strongly influence DNA damage yields [45]. This is a
very important question since electrons are responsible for
about 70% of the energy deposition events for primary heavy
charged particles like protons and o particles [46]. Physical
processes can generate detailed track structures of particles at
the cellular and DNA scales. The default physics constructor,
named G4EmDNAPhysics, was used. The energy cutoff for
electrons is 7.4 and 100 eV for protons and 1 keV for o
particles. As said before, this Geant4 version cannot follow
heavy ions (carbon and heavier ions) below 0.5 MeV /nucleon.

D. Direct effects: Single- and double-strand-break damage

This work only accounts for direct damage. In this biophys-
ical model, a single-strand break (SSB) occurs if any sugar-
phosphate atom is hit with an energy deposit value greater
than 10.79 eV, which is the first ionization level of liquid
water [22,25]. A double-strand break (DSB) is accounted for
if two SSBs are formed on opposite strands and separated by
no more than 10 bp [22].

E. Calculation of RBE

This work estimates the RBE as the ratio between the DSB
yield for the neutron beam in question and that determined for
the reference quality, which is %°Co [47]:

RBEDSB — YDSB neutron - (4)

DSB %°Co
It is also needed to calculate the DSB yield for *°Co pho-
tons. An approach similar to that followed for neutrons is
implemented for ®°Co. Secondary electrons produced by these
photons are sampled and used to irradiate the ROI. This

'A Geantino is an artificial particle from Geant4 which is used as a
geometrical probe and does not interact in the medium.
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TABLE III. ®°Co SSB and DSB yields. Uncertainties represent one standard deviation of the mean. Here vdW denotes the number of van

der Waals radii used for representing atoms.

SSB yield DSB yield SSB
Monte Carlo code Source Geometry  Size (vdW units) (10° Gy bp)~! (10° Gybp)~!  threshold energy (eV)
PARTRAC? %Co y rays atomic 2 92+5 49 +0.1 10.79
Geant4-DNAP secondary electrons atomic 1 73.506 + 0.006 3.80 + 0.08 10.79

from °Co y rays

2Reference [25].
®Present study.

method has been tested and validated by Semsarha ez al. [48]
and Tajik et al. [49], which is much more efficient than starting
from the corresponding photons.

III. RESULT AND DISCUSSION

A. Direct SSB and DSB yields of ® Co

The SSB and DSB yields are shown in Table III and
compared with those reported by Friedland et al. [25]. These
results only account for the direct damage. The SSB yield
values are 73.506 [(10° Gybp)~'] and 92 [(10° Gybp)~']
for this study and that of Friedland et al., respectively. This
yield depends on the energy threshold for an SSB induction
and the sizes of the atoms conforming the sugar-phosphate
group. This study uses the same threshold energy as Friedland
et al. [25]. They used two van der Waals radii to represent
the atoms, whereas one van der Waals radius is considered in
this work. This may be the reason for the underestimation of
SSB yield compared with those reported by Friedland et al.
In our work, the Geant4-DNA toolkit is used for particle
transport simulations, while Friedland et al. used their own
code. The DSB yield obtained here is lower than that reported
by Friedland et al. It should be remarked that we use the same
definition of a DSB as them, so their higher DSB yield should
be explained by their also higher SSB yield. In addition,
the particularities of the MC code used could influence this
yield, which depends on the clustering capacity of the energy

depositions. As stated before, the DSB yield for ’Co photons
will be used as reference for neutron RBE determination.

B. Fast neutron RBE

The fraction of the number of the produced secondary light
and heavy charged particles obtained by the present work is
shown in Table IV. The present data are also compared with
Geant4 results that were obtained by explicitly simulating the
direct shooting of neutrons into a sphere of 1.0 cm radius
that was filled with 1.0 gcm™ of water. The corresponding
mean free path is approximately 0.99 cm. It is obvious from
Table IV that both methods produce approximately similar
values. Thus, this demonstrates that the approach used to
obtain secondary particles has been validated.

According to Eq. (2), a neutron can transfer up to 22.1%
of its energy to an oxygen atom during an elastic collision.
Consequently, it is obvious that for neutron inelastic scattering
with oxygen, energy transferred to carbon atoms is less than
22.1%. This leads to an absorbed dose into the ROI of about
0.11 and 15.4 Gy, respectively, for the first energy, 0.1 MeV,
and the last neutron energy, 14 MeV. Hence a high-dose
single event occurs for heavy ions at the end of their lives.
Another point to consider is that the maximum transferred
energy from a neutron to a proton, in a hydrogen atom, is
nearly the whole energy of neutron. Also, as Table I shows for
fast neutrons with E < 10 MeV, secondary protons produced
by elastic interactions with hydrogen have a relatively high

TABLE IV. Fraction of the number of hydrogen and oxygen particles for elastic scattering and « particles for inelastic scattering produced
by the impact of neutrons with water, compared with another Geant4 simulation [50].

Energy (MeV) H-Geant4* (%) H-ENDF (%) O+a* (%) O+« ENDF (%)
0.1 89.212 87.49 10.788 12.51
0.2 87.373 83.66 12.627 16.34
0.3 85.554 82.07 14.446 17.93
0.37 82.667 78.36 17.333 21.64
0.5 77.236 72.99 22.764 27.01
0.7 80.609 78.35 19.391 21.65
1 63.228 51.04 36.772 48.96
2 78.651 78.63 21.349 21.37
5 74.241 76.02 25.759 23.98
7 72.743 72.76 27.257 27.24
10 57.746 58.72 42.254 41.28
12 48.556 49.07 51.444 50.93
14 45.759 46.32 54.241 53.68

2Reference [50].
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FIG. 3. Absolute RBE as a function of the incident neutron
energy following both strategies.

contribution that reaches almost more than twice that of heavy
ions. In other words, below 10 MeV, light particles have a
major role in neutron interactions with water. Here there is
an exception: At 1 MeV, the contributions of light and heavy
secondary particles are almost equal. Due to the high-dose
single events of heavy ions and their low contribution to all
secondary particles, two strategies were applied to specify the
role of heavy particles in obtaining RBE. The RBE values as
a function of incident neutron energy, for the first and second
strategies, are compared in Fig. 3. The first strategy tracked
down only protons and « particles and geantino particles
were shot, instead of heavy ions. In the second strategy all
secondary particles, light and heavy ions, were shot into the
ROL It can be observed in this figure that below 0.7 MeV,
the RBE related to the first strategy is greater than those
obtained through the second strategy, and after this point, this
behavior is practically inverted. In addition, it is observed that
secondary light particles have a dominant role in the RBE. As
Eq. (2) and Table V show, the maximum energy transferred to
heavy ions is less than that for light ions, 22.1% vs 100%. This
fact, in conjunction with the less probable generation of heavy
particles, means that heavy ions have a small contribution to
the deposited energy and so to the DNA damage induction.
Due to the Geant4-DNA limitation for tracking heavy ions,
in the second strategy only one step is assumed for heavy
ions with energy below 0.5 MeV /nucleon, during which they
produce a very large energy deposition. If it occurs in sugar-

TABLE V. Maximum energy transfer to oxygen for several neu-
tron energies.

Incident neutron Maximum energy

energy (MeV) transferred (MeV)
0.1 0.022
0.2 0.044
0.36 0.079
12 2.652
14 3.094

1000

Flrst strategy-DSB yleld Co ¥ rays I
Second strategy DSB yeld Co ~rays 41
Baiocco 16-DSB clusteryleld ——
Stewart 15-DSB cluster yield ——+—
Schmid 03-a,dicentrics-"-Co y-rays ——>—1
Tanaka 99-c.dicentrics per cell=0.5 —e—
Tanaka 99-a,dicentrics per cell=1 —=—
Pandita 96-&,D|centr|cs+centr|c rings —e—
Pandita 96-a,Interstitial deletions+acentric rings ——=—
Pandita 96-o, Terminal deletions —v—

100 |

Absolute RBE

Energy (MeV)

FIG. 4. Absolute RBE as a function of the incident neutron
energy determined in this work using the DSB yield as the end point
for first and second strategies. Corresponding values extracted from
the other studies are also shown.

phosphate groups, it will be counted as only one strand break
for a relatively high dose. Consequently, the second strategy
tends to account for less damage per unit dose. Accordingly,
the DSB yield for the second strategy tends to be lower than
that for the first one.

Relative biological effectiveness values as a function of
the incident neutron energy are compared with several exper-
imental and numerical data in Fig. 4. The reference radiation
quality used in this work is ®*Co y rays. The experimental
and numerical data mentioned used ®°Co y rays, ¥’Cs y
rays, or X rays as reference radiation qualities. The position of
the RBE peak as a function of the neutron energy (RBE,ax)
should not depend on the biological end point or the reference
radiation. The current results show an RBE,,.x of 0.2 MeV,
which agrees very well with the other results shown in Fig. 4.
It is observed that, for all energies, the results for the first and
second strategies show a trend similar to those of the other
experimental and numerical data. Also, above 2 MeV, the
RBE values from both strategies are closer to the data reported
by Stewart et al. [36].

IV. CONCLUSION

In this work data extracted from the Protein Data Bank
were used to model a DNA double-helix segment with atomic
resolution. This model was combined with Geant4-based MC
simulations to estimate the RBE of fast neutrons with energies
ranging from 0.1 to 14 MeV. Below 2 MeV, elastic scattering
is dominant for interactions of neutrons with hydrogen and
oxygen atoms. For higher energies, the inelastic scattering
contribution is important only for oxygen atoms. For energies
below 0.5 MeV /nucleon, this Geant4-DNA version cannot
follow ions heavier than « particles. To succeed in dealing
with this issue, instead of neutrons, the secondary particles
from the corresponding spectra were shot into nuclei. The sec-
ondary charged particle yields obtained by the present method
were similar to those obtained by the explicit simulation of
the neutron-water interaction, carried out with Geant4, which
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validates our approach. The advantage of this procedure is
to account for the contribution and the physical effects of
heavy ions while reducing the computation time significantly.
By applying two different strategies, this study presented an
approach for exploring the impact of the transport of heavy
ions with energies below 0.5 MeV /nucleon, which cannot be
done with Geant4 yet. However, we are aware that a final
conclusion may be found after the incorporation of this ca-
pacity into the Geant4 code. The inclusion of secondary heavy
particles into the simulation influences damage yields in two
ways: the possibility of induction of additional DNA breaks
and the important increase of the energy (dose) deposited into
the ROI. The interplay of these two factors may explain why
the first strategy led to higher DSB yields for neutron energies
below 0.7 MeV and the inverted behavior above this energy.

The existence of oxygen cross-section resonances made the
selection of neutron energy very important during the de-
termination of RBE. Therefore, comparing RBE obtained in
different works is a very difficult task, without mentioning
biological factors such as cell lines and assay methods. The
RBE.x values obtained by both strategies are consistent with
those reported in the literature, mainly with similar works
based on simulations. The position of the RBE peak as a
function of the neutron energy obtained in this work is similar
to those reported in simulated and experimental works.
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