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Abstract This chapter gives an overview of recent developments in the Monte
Carlo-based modeling of the interaction of ionizing radiation with biologically
relevant systems. Several track structure codes, such as Geant4 (GEometry ANd
Tracking 4), Geant4-DNA, and LEPTS (Low-Energy Particle Track Simulation), are
described. Main features, areas of application and current limitations of each tool
are discussed. A special attention is focused on the energy range covered by primary
and secondary charged particles and on the type of interactions included in the simu-
lation. A recent development of LEPTS is presented, aimed at the simulation of full
slowing-down of protons in water together with all molecular processes involving
secondary particles. The utilized approach allows one to study radiation effects on
the nanoscale in terms of the number and the type of induced molecular processes.
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Development of new tools for the simulation of biologically relevant materials opens
the way for a more realistic, physically meaningful description of radiation damage
in living tissue.

1 Introduction

Understanding radiation effects produced by charged projectiles traversing biological
media is of great interest in radiation biology, radiation therapy, and environmental
radiation protection. An important feature of the interaction of ionizing radiation with
biological systems is the complexity of produced damage [1]. It is well-established
nowadays that the great portion of biodamage resulting from ionizing radiation is
related to secondary electrons, free radicals and other reactive species, which are
produced by ionizing and exciting molecules of the medium [1-3]. All these sec-
ondary species have been found to be more efficient in producing damage than the
primary radiation, because they can effectively trigger physicochemical processes
leading to molecular structure alterations, for instance, to covalent bond breaking,
ionization, or negative ion formation [4]. In this context, “event-by-event” Monte
Carlo simulation codes [5—11] as well as the phenomenological multiscale approach
to the assessment of radiation damage [3] have been developed in order to model
the effects of radiation on the nanoscale and to explore their correlation with the
observed damage.

The discovery of radiation damage in biomolecular systems by low-energy elec-
trons [2, 12, 13] has led to the development of the concept of nanodosimetry. It
aims at a detailed description of the interaction processes occurring in nanometer-
size volumes of the medium and of implications of these processes in terms of
radiation damage, such as the number of ionization or dissociative events, type of
generated secondary species, etc. A thorough understanding of the mechanisms of
biodamage done by ionizing radiation requires evaluation of molecular-level effects
related to dose deposition on the nanoscale [5, 14]. For that purpose, deep knowl-
edge of numerous interactions induced by charged particles traversing living matter is
strongly essential. A comprehensive description of the mechanisms underlying these
interactions may ultimately lead to the development of new strategies and protocols
in modern treatment techniques with ionizing radiation [15].

One of the widely used methods to study these effects in detail is based on Monte
Carlo simulations performed by the track structure codes [5—11]. By sampling a
sufficiently large number of tracks and averaging over the ensemble obtained, Monte
Carlo simulations can provide valuable information about the mechanisms of the
interaction of radiation with matter [1].

A Monte Carlo approach aims at the detailed simulation of trajectories of sin-
gle particles in a medium, i.e. the complete track structure of the projectile and all
secondary particles generated in the medium [16]. Thus, a good quantification of
interaction parameters in a broad energy range is required. A common way to pre-
cisely determine the physical and chemical events occurring on the nanoscale is to
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utilize models that can describe energy-loss processes in the medium in terms of
interaction cross sections. Improving the accuracy of these models requires a con-
siderable amount of interaction data that must be obtained from experiments and
theoretical approaches. For modeling radiation damage in biological media, estab-
lishing an accurate and complete set of cross sections is thus of crucial importance.
Being the primary input for track structure codes, such data should include appropri-
ate integral and differential cross sections, energy loss spectra, and scattering cross
sections for all kinds of inelastic events, in particular for those leading to molecular
dissociations, chemical alterations and radical formation.

Inrecent years, substantial experimental and theoretical progress has been made to
provide the essential data that describe how low-energy electrons, which are responsi-
ble for a significant non-repairable damage in biological systems, interact with the key
molecular building blocks of living tissue, such as water and structural components
of DNA and RNA molecules [17]. By means of the Low-Energy Particle Track Simu-
lation (LEPTS) code (see the review paper [5] and references therein), it has become
possible to model dynamics of secondary species down to the (sub-)electronvolt
scale. This Monte Carlo-based tool has been developed to address the molecular
level mechanisms of biodamage and to describe radiation effects in nanovolumes
in terms of induced molecular dissociations [6]. LEPTS is based on reliable and
self-consistent databases of interaction cross sections and energy-loss distributions
compiled from experimental data and complemented with theoretical calculations.
Up to now, these databases have been available for electrons and positrons [5].

The LEPTS methodology has been recently integrated [16] into the Geant4
(GEometry ANd Tracking 4) Monte Carlo toolkit [18, 19] as a new physics model for
the simulation of low-energy electrons and positrons in relevant biological systems.
As a result, it has become possible to select different sets of models for different
energy intervals of the traced particles, for instance, using standard electromagnetic
models, such as Livermore or Penelope, for high energies and LEPTS for low ener-
gies [16].

This chapter reports on the recent developments in the Monte Carlo-based mod-
eling of the interaction of ionizing radiation with biologically relevant systems. We
describe several widely utilized Monte Carlo track structure codes, such as Geant4
and Geant4-DNA [10]—an extension of Geant4 allowing for microdosimetric stud-
ies of biological damage induced by ionizing radiation. We also present an extension
of the LEPTS methodology aiming at the explicit simulation of the slowing-down
of heavy charged particles propagating through a biological medium, accounting for
the production of secondary particles, including low-energy electrons, and a vari-
ety of induced molecular processes. Main features, areas of application and current
limitations of each simulation tool are discussed. A special attention is paid to the
energy range covered by primary and secondary charged particles and on the type of
interactions included in the simulation.

As a case study, we present the results of the simulation of intermediate- and
low-energy protons (starting from 1 MeV until their final thermalization down to
the few-eV scale) traversing liquid water that is the main constituent of living tissue.
Charged heavy particles of such energies contribute greatly to the maximum of energy
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deposition in the Bragg peak region [20]. The utilized approach allows one to study
radiation effects on the nanoscale in terms of the number and the type of induced
molecular processes. The analysis performed thus provides valuable information
which may be used further to improve modern treatment techniques based on proton-
or heavy ion therapy.

In the following sections, we briefly describe the main capabilities of the Geant4,
Geant4-DNA and LEPTS packages. Then, we present the recent development of
LEPTS aimed at the simulation of full slowing-down of protons in water. In order
to include protons into the simulations, a comprehensive dataset of integral and
differential cross sections of elastic and inelastic scattering of intermediate- and
low-energy protons from water molecules has been compiled; this dataset is also
described.

2 The Geant4 Monte Carlo Simulation Tooklit

The Geant4 toolkit [18, 19] provides a versatile and comprehensive software package
for simulating the passage of particles through matter. It includes a complete range of
functionality including geometry, tracking of particles through materials and external
electromagnetic fields, physics models, and the visualization of geometry and particle
trajectories. To manage particle interactions, a set of complementary or alternative
physics models are offered, covering a comprehensive range of physics processes
which include electromagnetic, hadronic and optical ones, over a wide energy range
starting, in some cases, from eV energies and being extended up to the TeV energy
range in other cases. To build these physics models, data and expertise have been
drawn from many sources around the world and in this respect, Geant4 acts as a
repository that incorporates a large part of all that is known about particle interactions.
Moreover, it continues to be refined, expanded and developed.

The toolkit is the result of a worldwide collaboration of physicists and software
engineers. It has been created exploiting software engineering and object-oriented
technology and implemented in the C++ programming language. While its first
release in 1998 was designed for High Energy Physics, thanks to its big flexibil-
ity, the utilities needed for other fields, like Nuclear Physics, Space Physics, and
Medical Physics, were also added soon after. Concerning Medical Physics, sev-
eral projects were also developed in the fields of radiation therapy (external beams
and brachytherapy), hadron therapy, positron emission tomography, and later on, in
microdosimetry and radiobiology.

In the field of proton therapy, it is still common to use for treatment planning com-
mercial software based on analytical methods that employ different physics approx-
imations. Nevertheless, Monte Carlo-based treatment planning systems are slowly
entering the market being recognized as a precise tool for this type of calculations
[21-29].
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2.1 Geantd Physics for Proton Therapy Simulation

The detailed simulation of a proton therapy treatment requires the selection of the
appropriate physics models, including the electromagnetic interactions of protons
and other particles [30]. Geant4 offers several models to handle the electromagnetic
interactions of leptons, photons, hadrons, and ions. In most of these models, the
interactions of charged particles are treated in a condensed approach to avoid exces-
sive CPU time. This means that many ionization and bremsstrahlung interactions are
not simulated but these interactions may result in the emission of secondary parti-
cles with the energy above a threshold, which is set by the user. The energy of the
non-simulated interactions is then summed up and treated as a local energy deposit.
In a similar way the elastic scattering of charged particles is treated in a “multiple
scattering” approach, condensing all the interactions of a particle in the calculation
of the global deviation in position and direction. Among the three main categories
of models available to treat electromagnetic interactions of charged particles and
energetic photons, i.e. standard, Livermore and Penelope, the standard model is the
preferred one for proton therapy simulation [22-24] as it offers enough precision
while keeping an optimized CPU time consumption. In the case of multiple scat-
tering, the preferred model is the Urban model, which uses functions to determine
the angular and spatial distributions after a step chosen in such a way as to give the
same moments of the (angular and spatial) distributions as are given by the Lewis
theory [31].

Concerning hadronic physics, Geant4 provides a vast number of possible models,
so that the user is able to choose those best matching the particle types, energy
ranges, and other characteristics particular to a given simulation. In the case of
proton therapy, there is a vast literature discussing the most appropriate models, but
it seems that the binary cascade model is the preferred choice [32-34]. The Geant4
binary cascade model is an intra-nuclear cascade model in which an incident hadron
collides with a nucleon, forming two final-state particles, one or both of which may
be resonances. The resonances then decay hadronically and the decay products are
propagated through the nuclear potential along curved trajectories until they re-
interact or leave the nucleus. The remaining fragment is treated by precompound
and de-excitation models.

2.2 The Geant4 DNA Physics Package

As mentioned above, the electromagnetic physics in Geant4 treats the charged-
particle interaction in a condensed way and does not allow one to simulate the
interactions of low-energy electrons. Subsequently, it is not possible to assess with
these models the biological damage induced by ionizing radiation at the cellular
(micrometer and below) scale. To fill this gap, a preliminary set of physics processes
adapted to microdosimetry in liquid water down to the electronvolt scale was deliv-
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ered into the Geant4 toolkit in 2007 [35] and has been improved since then [10,
36-41]. The package named Geant4-DNA has been developed to introduce specific
functionalities in Geant4, allowing for:

(i) The modeling of elementary physical interactions between ionizing particles of
energies down to the electronvolt scale in biological media (liquid water and
DNA), during the so-called “physical” stage.

(i) The modeling of the “physico-chemical and chemical” stages corresponding
to the production and diffusion of oxidative radical species, and the chemical
reactions occurring between them. During the “physico-chemical” stage, the
water molecules that were excited and ionized during the physics stage may
de-excite and dissociate into molecular radical species. In the “chemical” stage,
these radicals diffuse in the medium surrounding the DNA. They may eventually
react among themselves or with the DNA molecule. Studies using radical scav-
engers have demonstrated that at low values of linear energy transfer (LET),
these radical species are responsible for most of the damages caused to the
DNA molecule, showing a selective behavior in the type and localization of the
damage, and also play a significant contribution at high values of LET.

(i) The modeling of a “geometrical” stage where the two above stages are combined
with a geometrical description of biological targets, such as chromatin segments
or the cell nucleus. In particular, it is possible to implement the geometry of
biological targets with a high resolution at the sub-micron scale and to track
particles within these geometries using the Geant4-DNA physics processes.

At present, the Geant4-DNA extension set covers the dominant interactions of
light particles and ions, including electrons, protons, hydrogen atoms, neutral and
charged helium atoms, down to the eV scale in liquid water which is the main compo-
nent of biological matter. The physics models and their experimental validation are
described and discussed in detail in Refs. [26-34]. Some of these models are purely
analytical, others make use of interpolated cross section data tables for a faster com-
putation. The list of available processes and models that are available in the public
version 10.2 is the following (the kinetic energy range for each type of interaction is
given in parentheses):

Electrons:

e Elastic scattering (7.4 eV-1 MeV)

— screened Rutherford and Brenner-Zaider formula below 200 eV [42]
— updated alternative version by Uehara et al. [43]
— partial wave framework model by Champion et al. [37]

e Ionization (10 eV-1 MeV)

— dielectric formalism and first Born approximation using the Heller optical
data [44] up to 1 MeV and low-energy corrections, derived from the work of
Emfietzoglou [45]

— improved alternative version by Emfietzoglou and Kyriakou [40]
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e Electronic excitation (8 eV-1 MeV)

— dielectric formalism and first Born approximation using the Heller optical
data [44] and semi-empirical low-energy corrections derived from the work
of Emfietzoglou [45]

— improved alternative version by Emfietzoglou and Kyriakou [40]

e Vibrational excitation (2—100 eV)

— cross section measurements in amorphous ice by Michaud et al. [46]
— a factor of 2 is included to account for phase effects

e Dissociative attachment (4-13 eV)

— cross section measurements by Melton [47]
Protons and hydrogen atoms:

e Electronic excitation (10 eV-100 MeV)

— Miller and Green [48] speed scaling of e~ excitation at low energies, and Born
and Bethe theories above 500 keV, from Dingfelder et al. [49]

e Jonization (100 eV-100 MeV)

— Rudd semi-empirical approach [50] by Dingfelder et al. [49], and Born and
Bethe theories and dielectric formalism above 500 keV (relativistic + Fermi
density)

e Charge transfer (100 eV-100 MeV)
— analytical parameterizations by Dingfelder et al. [49]
He’, He't, He?":
e Electronic excitation and ionization (1 keV—400 MeV)
— speed and effective charge scaling from protons by Dingfelder et al. [51]
e Charge transfer (1 keV—400 MeV)
— semi-empirical models from Dingfelder et al. [49, 52]
Li, Be, B, C, N, O, Si, and Fe ions:
e Jonization (0.5 MeV/u-1 TeV/u)
— speed scaling and global effective charge by Booth and Grant [53]

As follows from this list, Geant4-DNA is capable of simulating protons with the
kinetic energy of up to 100 MeV. Although this energy covers almost the full range of
proton therapy accelerators, it does not cover the highest accelerator energies, which
need to be as high as 230 MeV in order to treat deeply-seated tumors in the human
body.
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Fig. 1 Energy deposited in water medium along the path of 10, 20, 50, and 100 MeV protons.
Dashed curves show the simulations performed by means Geant4-DNA physics, while solid curves
shown the results obtained with binary cascade and standard electromagnetic physics

Figure 1 presents the distribution of dose calculated with the Geant4-DNA package
(dashed curve) compared to that obtained with the standard physics plus binary
cascade list (solid curve) for energies ranging from 10 to 100 MeV. In the case of a
10 MeV proton, the energy depositions obtained within the two approaches almost
coincide with one another but the relative discrepancy in the position of the Bragg
peak increases with increasing the projectile’s energy. Although Geant4-DNA in
some cases does not allow for an accurate quantitative description of the Bragg peak,
this package is capable of determining the number of ionizations induced by protons
as well as the electronic processes that may cause DNA damage. To illustrate this,
we have simulated 1000 tracks of 10 MeV protons in liquid water. Table 1 shows
the number of interactions of each kind which are produced by a single projectile.
The distribution of these interactions along the proton’s track for the three types
of particles, namely, protons, hydrogen atoms, and electrons, is presented in Fig.2.
The Geant4-DNA simulations of the proton slow-down account for the ionization,
excitation, and charge transfer interactions involving the projectile. However, they
do not account for elastic scattering of the projectile from molecules of the medium.
Thus, a projectile traversing the medium follows a straight line and the analysis of the
total track does not give any additional information. As it will be discussed further



Monte Carlo-Based Modeling of Secondary Particle Tracks Generated ... 107

Table 1 Number of interactions of each type resulting from the propagation of a 10 MeV proton
in water

Process name No. of interactions
proton_G4DNAExcitation 68297.2
protons_G4DNAChargeDecrease 5315.6
hydrogen_G4DNAlonisation 6997.4
hydrogen_G4DNAExcitation 1117
hydrogen_G4DNAChargelncrease 5312.25
e-_G4DNAElastic 1.18 x 108
e-_G4DNAlonisation 1.75 x 108
e-_G4DNAEXxcitation 296555
e-_G4DNAVibExcitation 1.33 x 107
e-_G4DNA Attachment 425299

in this chapter, elastic interactions play a significant role during the propagation of
heavy particles in the medium, especially at the low kinetic energy, and this effect
should be taken into consideration for a more accurate and complete picture. We
note that the contribution of elastic scattering was included into the Geant4-DNA
package very recently [41].

3 Extension of the Low-Energy Particle Simulation
(LEPTS) Code

A general limitation of the most existing Monte Carlo track structure codes is that
they do not describe very accurately the interaction of low-energy particles with
molecular constituents of amedium [17]. Some codes actually stop modeling primary
and secondary particles if their energies drop below 50-100 eV [54]. By means of
the LEPTS code (see the review paper [5] and references therein), it has become
possible to model dynamics of secondary species down to the (sub-)electronvolt
scale. This Monte Carlo-based tool has been developed to address the molecular level
mechanisms of biological damage and to describe radiation effects in nanovolumes
in terms of induced molecular dissociations [6].

Recently, the LEPTS methodology has been extended to simulate explicitly the
slowing-down of heavy charged particles propagating through a biological medium,
accounting for the production of secondary particles, including low-energy electrons,
and different molecular processes induced. As the first step, the attention has been
focused on the simulation of intermediate- and low-energy protons traversing liquid
water. In order to include protons into the simulation scheme, a comprehensive
data set of integral and differential cross sections of elastic and inelastic scattering
of protons from water molecules has been compiled. For that, experimental and
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Fig. 2 Number of
interactions of each type as a
function of depth (in «m) for
proton—(upper panel),
neutral hydrogen—(middle
panel) and electron—(lower
panel) induced processes in
water after the traverse of
1000 protons of 10 MeV
energy
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theoretical cross sections available in the literature have been carefully examined and
verified. Development of a new database that includes adequate data for biologically
relevant materials provides an opportunity for a more realistic, physically meaningful
description of radiation damage in living tissue. Hence, the utilized approach allows
one to study radiation effects on the nanoscale in terms of the number and the type of
induced molecular processes. The next section provides an overview of the compiled
data set used for the simulations performed with LEPTS.
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3.1 Interaction Processes and Input Data

Generally, a track structure simulation of the charged particle propagation in a bio-
logical medium comprises a series of sampling steps that determine the distance
between two successive interactions, as well as the type of interaction occurring at
the selected point in space. These steps are routinely repeated for all primary and sec-
ondary particles until their kinetic energy becomes smaller than a pre-defined cutoff
value. The interaction type is randomly selected according to the relative magnitude
of the total cross section of all the processes. For the projectile-medium interaction,
they are (i) ionization, capture, and excitation induced by a proton, and (ii) ionization,
capture, excitation and electron loss induced by a hydrogen atom. The kinematics of
the interaction is derived from single- and double-differential cross sections of the
corresponding process. Secondary electrons are generated as a result of the ionization
event; their energy is defined as the energy lost by the projectile minus the ionization
potential of a target molecule. The formation and further evolution of all secondary
species is simulated in full according to an explicit database of electron-induced
molecular-level interactions. Up to now, the following processes involving electrons
have been included in LEPTS: elastic scattering, ionization, electronic, vibrational
and rotational excitations, dissociative electron attachment, and neutral dissociation
(see Refs. [5, 17] and references therein).

One should note that several computer codes for proton transport in water have
been reported in the literature so far (e.g., Refs. [7-9]). One of the most recently
developed tools is the code called TILDA-V [11], which is based on quantum-
mechanically calculated multiple differential and total cross sections for describing
inelastic processes occurring during the slowing-down of protons in water and DNA.
The advantage of the procedure implemented in LEPTS comes from much lower cut-
off values for heavy charged projectiles and secondary electrons. In other words, all
the particles are explicitly tracked in the simulation until they reach smaller energies.
This allows one to get a more consistent picture of the radiation-induced processes
occurring on the nanoscale. As noted above, this issue is crucial because low-energy
secondary electrons, having the kinetic energy smaller than ionization or even exci-
tation threshold of a water molecule, can produce significant biodamage as a result
of dissociative electron attachment. In the TILDA-V code [11], the cutoff energy for
protons and neutral hydrogen atoms is fixed to 10 keV, while the cutoff for secondary
electrons corresponds to the electronic excitation threshold of a water molecule, that
is 7.4 eV. In the simulation performed with LEPTS, the heavy projectiles are tracked
down to approximately 1 eV as follows from the data set described below, and the
electrons can be tracked until their final thermalization at the sub-eV scale [5, 16].

3.1.1 Integral Cross Sections

Integral cross sections for elastic and inelastic interactions of 1 eV-1 MeV protons
with water molecules are summarized in Fig. 3. Ionization, excitation, and charge
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Fig. 3 Integral cross sections for collision of protons and neutral hydrogen atoms with water
molecules that have been used as an input for the simulations. Details on data sources are provided
in the text

transfer (electron capture) were considered as inelastic processes for HT projectiles
(left panel). As a result of the charge transfer process, an electron from a water
molecule is transferred to the moving slow proton to form a neutral hydrogen atom;
the corresponding inelastic cross sections for the neutral projectile are shown in the
right panel. We have included the processes of ionization and excitation of a water
molecule by H? and also accounted for a probability of electron loss (stripping) by
the neutral atom.

The ionization cross section by protons has been produced as a result of a thorough
analysis of experimental and theoretical data, including recent measurements of the
production of different charged fragments [55, 56], and the corresponding classical,
semi-classical and ab initio calculations [57-59]. The excitation and charge transfer
(both electron capture and loss) cross sections for both charged and neutral projectiles
were taken from Refs. [11, 49] which are based on a semi-empirical model by Green
et al. [48, 60]. As indicated in Ref. [49], parameters of the model were chosen to
fit the calculated excitation cross sections to those obtained within the first Born
approximation at higher projectile energies. We also accounted for elastic scattering
of protons from water molecules (nuclear scattering) which becomes important at
lower incident energies of about and below 10 keV. Integral elastic cross section data
were taken from Refs. [41, 61].

3.1.2 Total Ionization Cross Section

Data on the total ionization cross section, which have been used in the simulations,
are presented in Fig.4. The data set includes the cross section taken from ICRU
Report 49, as well as results of experimental measurements. Older experiments done
by Rudd and co-workers [62, 63] were focused mainly on determining the total elec-
tron production cross section by the integration of their doubly differential electron
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Fig. 4 Total ionization cross sections for collision of protons with water molecules that have
been used as an input for the simulations. All symbols except for filled stars indicate experimental
data from Ref. [62] and interpolated experimental data from Refs. [55, 56, 64] on the production
of charged fragments. Filled stars correspond to the integrated values of single-differential cross
sections described in Sect.3.1.3

emission cross sections. More recent experiments [55, 56, 64] allowed one to get the
information on production of different charged fragments, namely H,O", H*, OH™,
and O™. In the compiled data set, we have used these data accompanying with the
results of recent theoretical studies [57-59]. In order to get smooth cross sections
(shown in Fig.4 by symbols), we did spline interpolation of the experimental data
from different measurements [55, 56, 64]. The figure illustrates that the results from
the ICRU Report (solid curve) almost coincide with the recent experimental data
(filled circles) at the energies about 10-20 keV and above 1 MeV. In the Bragg peak
region, at about 50—100 keV, the new data exceed the already established ones by
about 10 %. In the compiled data set, we used the new experimental data as a more
preferred source. Thus, the resulting curve (shown by a thick solid line in Fig.3)
comprises the experimental data [55, 56, 64] in the range 10 keV-1 MeV and the
data from the ICRU 49 Report at lower energies. Note that thus compiled data set
is consistent, within the 10 % accuracy, with the integrated single-differential cross
sections (filled stars in Fig.4), described below.

3.1.3 Differential Ionization Cross Sections

Double-differential cross sections (in terms of the kinetic energy and angular distribu-
tion of secondary electrons) for 1.5-, 1.0-,0.5-,0.3-,0.1-MeV, and for 15-keV protons
were taken from the experimental data of Toburen and Wilson [65], Bolorizadeh and
Rudd [63], and the calculations of Senger and Rechenmann [66]. The cited papers
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Fig. 5 Single-differential
cross section do'/d$2
describing angular
distribution of secondary
electrons ejected from a
water molecule after the
collision with protons. See
the text for the details on
data sources
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presented the data for secondary electrons with kinetic energy ¢ from about 10 eV
up to 2.2 keV. These data were interpolated, and the compiled dependencies were
integrated over the kinetic energy of emitted electrons to get their angular distribu-
tion. Thus calculated single-differential (in terms of electron emission angle) cross
sections, do'/d$2, are shown in Fig.5.

Single-differential (in terms of kinetic energy of secondary electrons) cross sec-
tions, do/de, were compiled based on the experimental data from Refs. [63, 67] and
supplemented with the calculations from Refs. [9, 49, 68]. A thorough compilation
of the data from different sources has allowed us to produce an explicit set of cross
sections for 10-, 4.2-, 3.0-, 1.5-, 1.0-, 0.5-, 0.3-, 0.1-MeV and 70-, 50-, 30-, 20-, 15-,
and 10-keV protons (see Figs. 6 and 7).

3.1.4 Self-consistency of the Data Set

An important issue of a database created from different experimental and theoretical
sources is reliability of the input data. To elaborate on this issue, we have per-
formed several self-consistency checks, namely we compared the integrated double-
differential cross sections, f %d&?, with the single-differential cross section,
do/de, taken from separate sources (see Fig.7) and then also compared the inte-
grated energy spectra | i—‘;ds with the total ionization cross section oj,, (see Fig. 4).
The agreement between the differential cross sections is very good, while the relative
discrepancy between the integrated do'/de and oj,, does not exceed 10 % confirming
the reasonable level of accuracy of the input data for simulations.
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4 Results of the Simulations

As a case study, we present the results of the simulation of the slowing-down of
1 MeV protons in liquid water (1 g/cm® density) until their final thermalization at
the few-eV scale. Charged heavy particles of such energies contribute greatly to
the maximum of energy deposition in the Bragg peak region [20]. Hence, it is of
significant interest to analyze the type and the number of molecular dissociations in
the medium. In this study, we have simulated one million tracks to get good statistics.
As noted above, data for single water molecules in the gas phase were used as input
parameters but the tracks of all primary and secondary particles were modeled in
the liquid phase by considering the liquid density and correcting the cross section
values in order to introduce screening effects from the surrounding molecules [5].
Figure 8 illustrates the number of interactions as a function of the depth (in pwm)
for different scattering processes, including elastic collisions and different types
of inelastic events. The maximum penetration of 1 MeV protons in water is about
25 pm, and the position of the Bragg peak corresponds to the kinetic energy of about
100 keV. The simulations performed by means of LEPTS provide a more detailed
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Fig.7 Same as Fig. 6 but for T T T T
different projectile energies
(solid and dashed curves).
Symbols correspond to the
integrated values of
double-differential cross
sections compiled from Refs.
[63, 65, 66]

do /de (A%/eV)

do /de (AE/EV)

10° 10’ 10° 10°
e (eV)

description of different processes occurring on the nanoscale, as compared to the
simulations performed with Geant4-DNA (see Fig.2). As noted above, the LEPTS
model explicitly accounts for elastic scattering of neutral and charged projectiles,
which provides a substantial contribution to the total number of interaction events.
Figure 8 demonstrates that all the interactions associated with protons and electrons
stop at the depth of about 23 pm, while elastic collisions between neutral hydrogen
atoms and the water molecules also contribute at further penetration distances up to
25 pm. Therefore, a detailed description of molecular dissociations induced by low-
energy hydrogen atoms colliding with biologically relevant molecules is of significant
importance. This information can be obtained, for instance, from advanced ab initio
calculations.

The analysis of the interactions presented in Fig. 8 allows for a detailed evaluation
of the energy deposition as a function of the penetration depth in the medium. This
dependence is shown in Fig. 9. The figure illustrates that the dominating contribution
to the energy deposition is related to the elastic and inelastic processes induced
by secondary electrons which is a typical feature of irradiation with protons and
heavier ions. The energy deposited by electrons has an interesting feature that results
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Fig. 8 Number of
interactions of each type as a
function of depth (in pum) for
proton—(upper panel),
neutral hydrogen—(middle
panel) and electron—(lower
panel) induced processes in
water after the traverse of
10° protons of 1 MeV initial
energy, as simulated by
means of LEPTS
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in a bump in the range between approximately 14 and 18 wm. This feature may
be associated with an increased number of secondary electrons produced at these
distances by the projectiles. As demonstrated in Fig.8, this range of penetration
corresponds to a gradual increase in the number of elastic and inelastic processes
involving neutral hydrogen atoms. The electrons produced as a result of ionization
of H atoms deposit their energy within several microns until they slow down to the
energies below the ionization potential of a water molecule. This results in a small
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Fig. 9 Energy deposition of 1.0 ————————————————r—r———
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dip at about 18 wm observed in the number of electron-induced ionizations (see the
lower panel of Fig.8). One should note also that the maximal energy deposition by
electrons and protons corresponds to the position of the Bragg peak, while the energy
deposited by neutral hydrogen atoms, although representing a minor contribution,
is localized at further penetration depth beyond the maximum of the Bragg peak.
This feature additionally underlines the importance of the accurate description of
interactions induced by the neutral projectiles with very low kinetic energy.
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