
Nanoscale insights on hypoxia
radiosensitization with ion
beams
Einblicke in die Hypoxie-Radiosensibilisierung auf Nanometerebene nach Ionenstrahlung
Vom Fachbereich Physik der Technischen Universität Darmstadt
zur Erlangung des akademischen Grades eines Doktors der Naturwissenschaften (Dr. rer. nat.)
genehmigte Dissertation von Dipl.-Phys. Daria Boscolo aus Cecina, Italien
Tag der Einreichung: 09.04.2018, Tag der Prüfung: 30.05.2018
Darmstadt — D 17

1. Gutachten: Prof. Dr. Marco Durante
2. Gutachten: Prof. Dr. Regine von Klitzing



Nanoscale insights on hypoxia radiosensitization with ion beams
Einblicke in die Hypoxie-Radiosensibilisierung auf Nanometerebene nach Ionenstrahlung

Genehmigte Dissertation von Dipl.-Phys. Daria Boscolo aus Cecina, Italien

1. Gutachten: Prof. Dr. Marco Durante
2. Gutachten: Prof. Dr. Regine von Klitzing

Tag der Einreichung: 09.04.2018
Tag der Prüfung: 30.05.2018

Darmstadt — D 17

Bitte zitieren Sie dieses Dokument als:
URN: urn:nbn:de:tuda-tuprints-81591
URL: http://tuprints.ulb.tu-darmstadt.de/8159

Dieses Dokument wird bereitgestellt von tuprints,
E-Publishing-Service der TU Darmstadt
http://tuprints.ulb.tu-darmstadt.de
tuprints@ulb.tu-darmstadt.de

Die Veröffentlichung steht unter folgender Creative Commons Lizenz:
Namensnennung – Keine kommerzielle Nutzung – Keine Bearbeitung 4.0 International
http://creativecommons.org/licenses/by-nc-nd/4.0



Abstract
Tumors with a nonuniform oxygen distribution show also an inhomogeneous radiosensitivity. In par-
ticular, the hypoxic regions results to be more radioresistant, limiting the efficacy of radiotherapy. It
has been observed that high linear energy transfer, LET, radiation can counteract this effect to a certain
extent, suggesting ion beam therapy as one of the most promising strategies to treat hypoxic tumors.

On the nanoscale, the oxygen effect is assumed to be related to the indirect action of radiation. Several
theories exist that aim to provide an explanation of the nature of this effect and its LET dependence, on
the radiation chemistry. However, a mechanistic description is still missing and little is known about
the indirect action and the chemical processes taking place along an ion track. In this work, the Monte
Carlo particle track structure code TRAX has been extended to the pre-chemical and chemical stage of
the radiation effect and is now able to simulate the chemical evolution of the most important products
of water radiolysis under different irradiation conditions and target oxygenation levels. The validity of
the model has been verified by comparing the calculated time and LET-dependent yields of the different
radiolytic species to experimental data and other simulation approaches.

As an example of the application of the newly implemented TRAX-CHEM code, a study on the dose
enhancement effect and radical enhancement effect of gold nanoparticles has been performed under
varying irradiation conditions and oxygenation levels. This will contribute to the basic understanding of
still unsolved mechanisms for nanoparticle sensitization.
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Zusammenfassung
Tumore mit ungleichmäßiger Oxygenierung zeigen auch eine inhomogene Strahlenempfindlichkeit. Ins-
besondere sind die hypoxischen Regionen strahlenresistenter, was die Wirksamkeit der Strahlentherapie
einschränkt. Es wurde beobachtet, dass eine hohe LET-Strahlung diesem Effekt bis zu einem gewis-
sen Grad entgegenwirken kann, was Ionenstrahltherapie eine der vielversprechendsten Strategien zur
Behandlung hypoxischer Tumore macht.

Es wird angenommen, dass der Sauerstoffeffekt auf der Nanometerskala mit der indirekten Strahlen-
wirkung zusammenhängt. Es gibt mehrere Theorien, die eine Erklärung für den Ursprung dieses Effekts
und seine LET-Abhängigkeit auf der nanoskopischen und chemischen Ebene liefern. Eine mechanistis-
che Beschreibung fehlt jedoch bislang, und über die indirekte Wirkung und die chemischen Prozesse ent-
lang einer Ionenspur ist wenig bekannt. In dieser Arbeit wurde der Monte-Carlo Code TRAX zur Simula-
tion der Teilchenbahnstruktur um die vorchemische und chemische Stufe des Strahlungseffekts erweitert
und ist nun in der Lage, die chemische Entwicklung der wichtigsten Produkte der Wasserradiolyse unter
verschiedenen Bestrahlungsbedingungen und Oxygenierungsniveaus des Mediums zu simulieren. Die
Gültigkeit des Modells wurde verifiziert, indem die berechneten Zeit- und LET-abhängigen Ergebnisse
der verschiedenen radiolytischen Produkte mit experimentellen Daten und anderen Simulationsansätzen
verglichen wurden.

Als ein Anwendungsbeispiel der neu implementierten Version des TRAX-CHEM-Codes wurde eine
Studie über den Dosisverstärkungseffekt und den Effekt der Radikalverstärkung von Goldnanopartikeln
unter verschiedenen Bedingungen durchgeführt. Dies wird das Grundwissen erweitern, das für die biol-
ogische Behandlungsplanung für Goldnanopartikel verstärkte Strahlentherapie notwendig ist.
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Introduction
Heterogeneity in tumor oxygenation is considered to be one of the main limiting factors for tumor control
in radiotherapy. Based on evidence from in vitro experiments (Tinganelli et al., 2015), tissues in hypoxic
conditions, or with hypoxic regions, may be up to three times more radioresistant compared to well
oxygenated ones (Tinganelli et al., 2015). On the nanoscopic level, the oxygen effect is considered to be
strongly related to the indirect damage of radiation (Sonntag, 1987) and, in particular, to the OH‚ radical
(Hirayama et al., 2013). Among the chemical species produced by water radiolysis, OH‚ radicals are
believed to be the most harming; they have, indeed, a very short half-life and can react with almost every
molecule, including DNA (Reiter et al., 1995). Generally, the damage induced by radicals on biological
systems can be repaired by the action of antioxidants. However, in oxygenated conditions, the molecular
oxygen may react with the damaged molecule stabilizing the damage and making it permanent. In
addition, in oxygenated media, the radiolytic species produced during the irradiation can interact with the
molecular oxygen dissolved in the target, leading to the production of two highly toxic species O‚´2 and
HO‚2 , which might be responsible for a part of the oxygen sensitization effect (Colliaux et al., 2011).
It has been observed that densely ionizing radiation can mitigate the hypoxia induced radioresistence
(Alper, 1956), motivating a growing interest in ion radiation therapy for treating hypoxic tumors. On the
clinical level, new optimization techniques accounting for the oxygenation level and ion linear energy
transfer have been recently developed for particle therapy.

Additionally to ion irradiation techniques, the possible use of advanced treatment strategies based
on nanosensitizers has been recently considered for treating hypoxic tumors (Lacombe et al., 2017).
High-Z nanoparticles (NPs) are discussed as possible radiation effect enhancers in order to improve the
selectivity and efficacy of radiation therapy. The addition of NPs could, indeed, increase the radiation
effects within the tumor, ultimately allowing the reduction of the dose deposited in healthy tissues.
This effect has been observed in vivo and in vitro, and clinical trials with X-ray radiation have been
already initiated (Kuncic and Lacombe, 2018). On the nanoscopic scale, the NPs radiosensitization effect
is generally explained as a local dose enhancement induced by an increased production of secondary
electrons in the vicinity of the NP (McMahon et al., 2011). A significant increase of radical production
has also been measured with X-ray radiation and observed by indirect measurements after ion irradiation
(Sicard-Roselli et al., 2014; Porcel et al., 2010) and other effects might be involved as well (Lacombe
et al., 2017). However, while in the case of photon radiation the radio-enhancement effect induced by
metallic nanoparticles is fairly understood, in the case of ion radiation a complete picture of the physical
and chemical mechanisms involved in the NP sensitization is not yet clear.

In this context an FP7 European multi-ITN (Marie Curie Action Initial Training Network) project,
named "Advanced Radiotherapy, Generated by Exploiting Nanoprocesses and Technologies"(ARGENT)
was founded with the aim of understanding and exploiting the nanoscale processes induced by ionizing
radiation in the presence of radiosensitizing nanoparticles (Ferruz et al., 2017). The work presented in
this thesis formed part of the research carried out in this consortium and focuses on the quantification
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and definition of some of the most important nanoscopic mechanisms underlying the indirect effect of
radiation under different oxygenation conditions and in presence of nanosensitizers. An explicit and
appropriate description of the radiation chemistry initiated by the passage of ion radiation is, indeed,
needed to develop a nanoscopic understanding of the oxygen effect and to model the nanoparticle sen-
sitivity enhancement ratio, SER. Having an exhaustive definition of the SER for different irradiation
conditions, oxygenation level and nanoparticles concentration will, indeed, help in the development of
biologically optimized treatment planning for nanoparticle enhanced radiation therapy.

The thesis is structured in five chapters. In Chapter 1 some of the most important nanoscopic mech-
anisms underlying the ion induced radiation effect and the indirect damage are presented. A particular
focus is given to oxygen sensitization and on the possible use of metallic nanoparticle as radiation sen-
sitizers. In Chapter 2 the Monte Carlo particle track structure code, TRAX, together with the physical
models adopted to describe the passage of ion radiation through water and gold material, is introduced.
In Chapter 3 the new implementation of the pre-chemical and chemical extension of the TRAX code is
described and used to simulate the yield of radiolytic species in water target under different irradiation
conditions. Simulation results are crosschecked with experimental data and predictions from other simu-
lation tools. In Chapter 4 the impact of the target oxygenation level on the chemical evolution of the track
has been, then, studied for different particle radiation and oxygen concentrations. In the last chapter, an
extended analysis of the nanoscopic mechanisms involved in the NP sensitization effect has been carried
out with the classical version of the TRAX code and with the chemical extension here implemented,
under different oxygenation conditions.

12 Introduction



1 The role of nanoscale analysis in the
understanding of ion beam therapy

1.1 Ion beam therapy

Nowadays ion beam therapy is a well-established method to treat cancer: at the moment there are 70
facilities in operation and 42 are under construction worldwide (PTCOG, 2016a,b). Currently, only
0.8% of patients receiving radiation therapy are treated with high-energy charged particle beams but this
number is rapidly increasing over the years (Durante and Paganetti, 2016). Patients are mostly treated
with proton radiation, however eleven carbon ion beam therapy centers are already in operation and the
possibility of using other ions, such as helium and oxygen has been also considered (Krämer et al., 2016;
Sokol et al., 2017).

The large success of charged particle therapy comes from an improved conformity and tumor targeting
respect to standard X-ray radiation treatment. This is clearly shown in Figure 1.1(a) where treatment
plans for a base of skull meningioma, obtained with intensity modulated radiation therapy, IMRT and
carbon ions scanned beam therapy are compared.

(a)

2 The European Physical Journal D

Fig. 1. (Color online) Depth dose distributions (left hand side) and lateral spread (right hand side) of various beam modalities.

2 Physical beam model

The complexity of interactions of ion beams with living
matter makes it difficult to provide purely experimental
base data sets for treatment planning. Hence one has to
rely on sufficiently accurate – and fast – calculations to
obtain base data like depth dose distributions and parti-
cle spectra. The requirements of a physical model can be
summarized as follows:

– handle all ions of therapeutical interest, i.e. Z <= 8;
– work on a three-dimensional grid, i.e. the millions of

voxels of a computed tomography (CT);
– the accuracy of the dose distribution should be ≈5%

(average), ≈7% (max);
– the position of single Bragg peaks should be repro-

duced within 0.5 mm (1/2 CT voxel);
– the calculation of complete treatment plans based on

a physical model should be reasonably fast, a few sec-
onds or minutes per patient plan for a single CPU.

2.1 Microscopic calculations

Given the stochastic nature of the basic interactions of
the charged projectiles with the atoms and molecules of
the traversed matter, one might be tempted to apply ab
initio methods such as Monte Carlo simulations. Various
such attempts exist, for example the code PARTRAC [3]
which is dedicated to describe the damage to DNA or
the GSI grown TRAX [4,5], used to calculate ion track
structure and related quantities. Such codes use a set of
cross sections for elementary interactions, typically elas-
tic scattering, ionization, excitation, rather than relying
on condensed random walk. Their design is usually aimed
towards “track segment conditions”, i.e. short slabs (mi-
cro/nanometer) of matter with almost negligible energy
loss, and negligible probability of nuclear reactions. These
are difficult to include anyway, because electromagnetic
cross sections are of the order of σem ≈ 10−16 cm2,
whereas nuclear interaction cross sections are of the order
σnucl ≈ 10−24 cm2, i.e. eight orders of magnitudes lower.
Figure 2 shows TRAX simulations of δ-electrons from ions

Fig. 2. (Color online) Simulated paths of δ-electrons created
by ions of various energies in water.

of various energies. The dense emission pattern of ions at
low energies can be seen. Most electrons have very low
energies, below 100 eV. The inserted DNA schematics
emphasizes the scale of the simulation, i.e. nanometers.
Although such visual simulations do not readily provide
quantitative measures, they nevertheless have been veri-
fied experimentally, by means of the so called OPAC (op-
tical avalanche chambers) which is able to visualize ion
tracks in gas at low pressure [6,7].

(b)

Figure 1.1.: Subfigure (a):Treatment planning comparison for a base of skull meningioma: on the left panel

IMRT and on the right panel scanned carbon ions, adapted from (Combs et al., 2012). Right

panel: depth dose distribution profiles for different radiation types: photons 21 MeV, proton

radiation of 148 MeV and carbon ion radiation of 270 MeV, figure from (Krämer and Durante,

2010).
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From the physical point of view, the main advantage of ion beam therapy comes from a favorable depth
dose distribution1, as shown in Figure 1.1(b). Different from photon radiation, the energy deposition of
charged particles in medium increases with the depth and is characterized by a distinct narrow peak at the
end of the particle range, the so called Bragg peak. The position of this peak can precisely be adjusted to
the desired depth in tissue by changing the ion beam kinetic energy. Thanks to this inverted depth dose
profile it is, thus, possible to deposit most of the ion energy in a certain depth (and thus in the tumor
volume), sensibly reducing the unwanted dose deposition in healthy tissues, for example in the beam
entrance channel. Additionally, the well defined penetration range and the sharp decrease of the dose
after the Bragg peak allow reducing the dose delivered to eventual organs at risk located in the vicinity
of the tumor. Ions heavier than protons present also an enhanced relative biological effectiveness (RBE)
in the Bragg peak region, with respect to the photon radiation. This latter effect can be explained by an
increased complexity of the radiation damage and, thus, to a lower cell repair probability (Schardt et al.,
2010).

The physical and radiobiological processes involved in ion radiation therapy have been largely studied
in the last 50 years and generally speaking, most of these processes are now fairly understood, even if
sometimes not with the desired precision. The most crucial problem addressed by these studies is the
prediction of the biological response of the body after receiving the irradiation. The complexity of the
problem arises from the many processes involved and the very large temporal and spatial scale covered
by radiation effect: from the nanoscopic interaction of radiation with biological material (characterized
by time scale in the order of 10´17 s and spatial scale of the femtometer) to tumor treatment and sec-
ondary effects of radiation damage (taking place from minutes to years after the radiation exposure and
characterized by spatial scale from 1 millimeter to 10 centimeters). Figure 1.2 shows a schematic rep-
resentation of the spatiotemporal scale involved in the different stages of ion radiations effect while in
Table 1.1 the spatiotemporal scale of the main process and the different disciplines involved is shown.

Table 1.1.: Spatiotemporal scales of the different processes and disciplines involved in the radiation effect.

Adapted from Surdutovich and Solov’yov (2014).

Phenomenon Discipline Sace scale Time scale

Primary ionization, transport of secondaries Atomic/Molecular Physics 0.1-10 nm 10´17-10´14s
Dissociative electron attachment and other reactions Quantum Chemistry Å 10´15s
Molecular dissociation, relaxation, thermalization Molecular Physics 0.1-10 nm 10´15-10´12s
Diffusion and recombination of radicals Chemistry 1-10 nm 10´12-10´5s
Local heating, heat transfer, stress Thermo/hydro-dynamics 1-10 nm 10´14-10´9s
Initial resulting damage effect Biochemistry 0.1-10 nm 10´5s
Repairing mechanisms Molecular Biology 1-100nm s-min
Cellular network and interaction Cell Biology µm min
(Tumour) Cell death Medicine mm-cm min-years

1 The dose is the most important physical quantity in radiotherapy. It is defined as the average energy dE deposited by the
radiation in a mass element dm: D “

dE
dm . It is measured in Gray (Gy) and is defined by the International Commission

on Radiation Units (ICRU) (International Commission on Radiation Units and measurements, ICRU, 1998) by the term
absorbed dose.

14 1. The role of nanoscale analysis in the understanding of ion beam therapy
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Figure 1.2.: Space-time diagram showing the processes and disciplines involved at the different stages of

radiation effect from ionization and excitation to the biological effect. Adapted from Surdutovich

and Solov’yov (2014).

When modeling the effect of radiation on biological targets, because of the numerous physical, chemi-
cal, biological and medical aspects involved on such a wide scale, it is impossible to follow a completely
bottom up approach within a reasonable computing time and satisfactory precision. For these reasons
more pragmatic semi-empirical approaches have been adopted (Scholz and Kraft, 2004; Wälzlein et al.,
2014a). A deep knowledge of the nanoscopic processes involved in the radiation effect is, however,
still very important not only for providing a better understanding of the basic principle underlying ion
radiation damage, but also to benchmark and improve the precision of input data for the radiobiological
models (Scifoni, 2015).

In this chapter some of the most important microscopic characteristics of ion radiation, such as the
ion track structure and the microscopic basis of radiation damage, will be introduced as well as their im-
pact on macroscopic quantities like the relative biological effectiveness, RBE, and oxygen enhancement
ratio, OER, i.e. the increased radioresistance of tumors in restricted oxygenation conditions. Finally,
the possibility to use nanoscopic dose modifiers, like gold nanoparticles, as radiosensitizers in order to
enhance the effect of ion beam radiation therapy will be presented.
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1.2 Ion beam track structure

1.2.1 Ion track

The major difference between photon and ion radiation is due to the different nanoscopic interactions
they have with matter, resulting in a completely different microscopic spatial dose/energy distribution.

In photon radiation, the energy is transferred to the biological (low atomic number) medium mainly
through Compton and photoelectric effects. During these processes, the primary photons get completely
absorbed or scattered at a large angle and secondary electrons are produced and might give rise to tertiary
and higher order species. On the macroscopic level, this effect will result in an exponential attenuation
of the beam intensity as a function of the depth, where the absorption coefficient is directly related to
the total cross section for all the possible interaction processes. Since the interaction probabilities for
incident photons are rather low, only few ionization events can be registered in a volume comparable
with the cellular one (Schardt et al., 2010). Only a few electrons are, thus, generated from the target
molecules and, in order to achieve a significant radiation effect, the target volume has to be irradiated
with many photons. Since these photons are randomly distributed, the resulting ionization distribution
(and more in general the dose distribution) can be assumed to be uniform over the volume.

Figure 1.3.: Left panel: Secondary electron energy spectra along a carbon ion track (insert) at different

depth positions (indicated with letters in the larger plot), in water. Adapted from Scifoni (2015).

Each position corresponds to a specific residual energy T (in MeV/u) of the primary ion. Right

panel: schematic representation of an ion track including secondary electrons.

The energy deposition process of heavy charged particles is completely different. In this case, thanks
to its positive charge, the ion loses most of the kinetic energy through the many Coulomb interactions
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with the electrons of the target material, resulting in an almost continuous slowing down. During these
many scattering processes, the charged particle can ionize or excite the target material leading to the
formation of secondary and eventually higher order electrons. Under normal conditions (as for the case
of photon radiation) the major contribution to the energy loss and radiation damage induced by ion
radiation comes from the secondary species (Nikjoo et al., 2006). However, in contrast to photons,
the primary ion loses a relatively small part of its energy in every collision with the target molecules.
The secondary electrons are, thus, generated all along the ion path, resulting in a very localized energy
distribution centered along the ion trajectory, reaching doses up to kilo- or even Mega-Grays in the
center of the ion track (Wälzlein et al., 2014b). The high ionization and excitation density along a
charged particle track can be well justified looking at the energy spectra of the secondary electrons
generated at different depth along a carbon ion trajectory in water, left panel of Figure 1.3. Most of
the electrons are, indeed, produced with energies lower than 100 eV and, especially in the Bragg peak
region, the number of secondary electrons produced at very low the energies (<10 eV) appears to be
very peaked, leading to the production of a very narrow track, with an extremely high energy deposition
density (Scifoni, 2015).

The lateral size of the ion track is determined by the range of the most energetic secondary electrons,
and thus, by the maximum energy which can be transferred by the primary ion: it is larger for more
energetic ions. Monte Carlo simulations allowed a parametrization of this maximum range of secondary
electrons, Rel , depending of the kinetic energy of the primary ion, E, and on the target medium density
ρ (Scholz, 2003):

Rel9
1
ρ
¨ E1.7. (1.1)

On the right panel of Figure 1.3 a schematic representation of an ion track is shown.

1.2.2 Track structure codes

In the last 20 years, several codes have been developed in order to simulate the ion radiation transport
through different media. Monte Carlo codes, in particular, result to be especially suitable thanks to their
capability to handle the stochastic nature of radiation interactions with a target material.

Two main approaches have been adopted by these simulation tools, the macroscopic or condensed
history transport method and the event by event or track structure approach (Scifoni, 2015). In the first
ones particle deflections are sampled according to multiple scattering models and the stopping process
is based on the continuous slowing down approximation (CSDA): the computation of the energy losses
is based on stopping power tables. These codes received a large success since they are computationally
fast and perfectly reliable for high energy and large scales: when the number of collisions required to
stop the primary ion is high (Berger et al., 1963). Among the best known macroscopic particle radiation
transport model we can find Geant4 and FLUKA.

Track structure codes, instead, describe the three-dimensional radiation passage following ions and
electrons event by event, using the interaction cross sections as input parameters. These codes result to
be computationally expensive and thus inefficient to simulate the whole ion trajectory. However, they
allow describing ion track segments with a nanometric precision following secondary electrons down to
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Fig. 1. (Color online) Depth dose distributions (left hand side) and lateral spread (right hand side) of various beam modalities.

2 Physical beam model

The complexity of interactions of ion beams with living
matter makes it difficult to provide purely experimental
base data sets for treatment planning. Hence one has to
rely on sufficiently accurate – and fast – calculations to
obtain base data like depth dose distributions and parti-
cle spectra. The requirements of a physical model can be
summarized as follows:

– handle all ions of therapeutical interest, i.e. Z <= 8;
– work on a three-dimensional grid, i.e. the millions of

voxels of a computed tomography (CT);
– the accuracy of the dose distribution should be ≈5%

(average), ≈7% (max);
– the position of single Bragg peaks should be repro-

duced within 0.5 mm (1/2 CT voxel);
– the calculation of complete treatment plans based on

a physical model should be reasonably fast, a few sec-
onds or minutes per patient plan for a single CPU.

2.1 Microscopic calculations

Given the stochastic nature of the basic interactions of
the charged projectiles with the atoms and molecules of
the traversed matter, one might be tempted to apply ab
initio methods such as Monte Carlo simulations. Various
such attempts exist, for example the code PARTRAC [3]
which is dedicated to describe the damage to DNA or
the GSI grown TRAX [4,5], used to calculate ion track
structure and related quantities. Such codes use a set of
cross sections for elementary interactions, typically elas-
tic scattering, ionization, excitation, rather than relying
on condensed random walk. Their design is usually aimed
towards “track segment conditions”, i.e. short slabs (mi-
cro/nanometer) of matter with almost negligible energy
loss, and negligible probability of nuclear reactions. These
are difficult to include anyway, because electromagnetic
cross sections are of the order of σem ≈ 10−16 cm2,
whereas nuclear interaction cross sections are of the order
σnucl ≈ 10−24 cm2, i.e. eight orders of magnitudes lower.
Figure 2 shows TRAX simulations of δ-electrons from ions

Fig. 2. (Color online) Simulated paths of δ-electrons created
by ions of various energies in water.

of various energies. The dense emission pattern of ions at
low energies can be seen. Most electrons have very low
energies, below 100 eV. The inserted DNA schematics
emphasizes the scale of the simulation, i.e. nanometers.
Although such visual simulations do not readily provide
quantitative measures, they nevertheless have been veri-
fied experimentally, by means of the so called OPAC (op-
tical avalanche chambers) which is able to visualize ion
tracks in gas at low pressure [6,7].

Figure 1.4.: Trajectories of secondary and higher order electrons generated along a proton and carbon ion

track at different energy. The simulation has been performed by the particle track structure

code TRAX. Image from (Krämer and Durante, 2010).
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very low energies (1-10 eV). This feature becomes particularly important when it comes to describing the
radiation effect on a biological system, as it has been demonstrated that very low energy electron (<10
eV) can still induce severe damages on biomolecules, (Boudaïffa et al., 2000; Scifoni, 2015). Figure 1.4
shows a simulation of the trajectories of secondary and higher order electrons generated along the track
of protons and carbon ions of different energy, the calculation has been obtained with the particle track
structure code TRAX (Krämer and Kraft, 1994; Wälzlein et al., 2014a).

In the track structure Monte Carlo codes, the particle transport is described as a succession of single
interactions. The distance between two consecutive interactions can be derived from the mean free path,
λ, of the particle in a specific target material and depends on the total interaction cross section σtot :

λ “ Mmol

NA ¨ρ ¨σtot
(1.2)

with Mmol the molar mass (in g) , ρ the target density (in g/cm3) and NA the Avogadro number. The
total cross section can be obtained summing up the contribution of all the possible elastic and inelastic
interactions:

σtot “ σelast ic `σionization`σexci tat ion. (1.3)

Once the mean free path is known, the actual distance between two consecutive interactions, d, can be
sampled using a random number, R, between 0 and 1 as follow:

d “ ´λ ¨ lnpRq. (1.4)

The reliability of track structure codes, as well as their spatial resolution, depends on the interac-
tion cross sections sets implemented. In particular, for an accurate description of the radiation effect
on biological material, a large interest exists in the establishment of accurate and precise cross sections
of electrons in liquid water. Studies have been carried out in order to investigate the propagation of
radiation in the liquid phase of water and some sets of inelastic cross sections based on dielectric the-
ory (Dingfelder et al., 1999; Emfietzoglou et al., 2005; Scifoni et al., 2010a,b) or quantum mechanical
ab-initio calculations for elastic scattering (Champion et al., 2009) have already been developed and
implemented in some Monte Carlo codes like PARTRAC, NOREC (Dingfelder et al., 2008) and Geant4-
DNA (Francis et al., 2011). However, these cross sections have not been experimentally validated, and,
for this reason, most of the track structure codes still use cross sections for water vapor or for ice and
adding, then, some corrections to account for the solid phase effects (Wälzlein et al., 2014; Scifoni,
2015).

In addition, because of the limited information on the low energy electrons interactions, many codes
cannot perform reliable simulations for energies below a certain cut-off energy: electrons with an energy
below the cut-off will be removed from the simulation. This energy value represents, thus, the spatial and
energetic resolution of the simulation and might become very important in order to describe processes
characterized by a nanometric scale or depending on shell specific excitation, like molecular dissociation
and the formation of radiolytic species.

With the increase of the computational capability and with the necessity of a more accurate description
of the nanoscopic processes involved in radiation damage the interest in track structure codes increased
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sensibly. Among the most known and advanced track structure codes we can find PARTRAC (Ballarini
et al., 2000; Kreipl et al., 2008), KURBUC (Nikjoo et al., 2006; Uehara and Nikjoo, 2006), TRAX
(Krämer and Kraft, 1994; Wälzlein et al., 2014a; Boscolo et al., 2018), RITRACKS (Plante, 2011a,b;
Plante and Devroye, 2017) and Geant4-DNA (Karamitros et al., 2011). Some of these codes are now able
to follow the track evolution up to advanced stages of the radiation effect, including the production and
interaction of chemical species generated as a consequence of water radiolysis and simulating complex
target material including portions of DNA, up to several hundreds of convolutions (Scifoni, 2015). Some
algorithms for accounting also the DNA damage and repair have been developed; however, at the moment
only a few DNA damage pathways have been investigated and none of these account for the chemistry
involved (Nikjoo et al., 2016). A more detailed description of the track structure code TRAX will be
provided in Chapter 2 and in Chapter 3 the implementation of the radical diffusion and interaction in the
TRAX code is presented.

1.3 Direct and indirect damage of radiation

1.3.1 Direct damage

The large difference in the spatial energy deposition between ions and photon radiation is at the basis
of the different radiation damage generated by these two different radiation types on biological media.
The center of an ion track has a typical extension of few nanometers and the dose deposited in this area
can reach kilo or even the Mega Grey. This means that, in this region, ionization and excitations events
are taking place in the vicinity of each other, resulting in complex biological damage. Additionally,
depending on the ion type and on its velocity the dose deposition along the track changes significantly:
it is broader for lighter and faster ions while it becomes extremely narrow for heavy and slow ions.

In contrast, in the case of photon radiation, the energy deposition can be assumed homogeneously
distributed over a cellular target leading to a larger separation between neighbouring damage sites. An
example of the different microscopic dose distributions obtained with photon and carbon ions radiation
of different energy, on a target of 5 µm side for an average macroscopic dose 2 Gy is shown in Figure
1.5

Since the cellular repair capability decreases with the damage complexity, ion radiation damage results
to be biologically more effective than the one induced by photon radiation. Moreover, the ions capability
of inducing lethal damage changes depending on the ion type and on the ion energy and, as it will be
discussed in Section 1.4, for successfully treating a tumor it is necessary to take this effect into account.

1.3.2 Indirect damage

The biological damage induced by radiations through direct ionizations represents only one part of the
biological effect of radiation. To have a comprehensive description of the radiation damage, it is, indeed,
necessary to consider also the damage induced indirectly by highly reactive chemical species produced
by the molecular dissociation of ionized and excited target molecules.
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Figure 1.5.: Microscopic dose distributions for photon and carbon ion radiation of different energy, on a

target of 5 µm size, resembling cell nucleus dimensions, for an average macroscopic dose of

2 Gy. While in the case of photon radiation the dose results to be uniformly distributed over the

target, for carbon ion radiation sharp spikes of dose can be observed especially for the lower

ion energies. Figure from Scholz (2003).

Among these species, the so called reactive oxygen species (ROS) are assumed to be the main respon-
sible for the biological damage. The collective term ROS refers to the chemical species derived from
oxygen molecules including free oxygen radicals2 and non-radical molecules which can be either oxi-
dizing agents or easily converted into radicals. Among them, we can find hydrogen peroxide (H2O2), the
hydroxyl radical (OH‚), the superoxide anion (O‚´2 ) and its protonated form, the perhydroxyle radical
(HO‚2). These species are commonly produced in living organisms as a result of the oxygen metabolism
and have an important role in cell signaling and homeostasis. However, they can also react rapidly with
lipids, proteins, carbohydrates, and nucleic acids leading to significant damage to cell structures (Reczek
and Chandel, 2017). In case of environmental stress, as in the case of exposition to radiation, their levels
can increase dramatically and the biological system might not be able to detoxify and repair the result-
ing damage. This condition is known as oxidative stress and is thought to be implicated in a very large
number of pathologies and major disorders including aging, inflammatory and cardiovascular pathology,
cancer and degenerative diseases (Winterbourn, 2008).

In order to quantify and characterize the impact of the indirect damage, it is convenient to analyze
the yield of production and diffusion of the different radiolytic species generated in a target solution at
different time points after the irradiation. In radiation chemistry, the quantity generally used to evaluate
the yield of free radical production is the G value, defined as the number of a specific chemical species
generated per 100 eV of energy deposited by radiation in the target medium.

This quantity can be measured, with a high temporal resolution (few picoseconds) by means of pulse
radiolysis experiments. This technique allows performing direct spectroscopic measurements of the
time evolution by a chemical species by coupling a pulsed radiation source (with pulse length ranging
from the nanosecond to the femtosecond) to a laser probe. Alternatively, indirect methods, such as
the Laplace transformation technique (Monchick, 1956), allow to estimate the temporal evolution of
chemical species based on a series of not temporally resolved measurements in presence of a scavengers
(chemical substances added to a mixture in order to remove or de-activate impurities and unwanted

2 free radicals are atoms, ions or molecules with an unpaired valence electron. This characteristic makes these species
highly chemically reactive.
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reaction products), compounds able to react with the molecule of interest. The use of scavenger molecule
can be applied also to directly evaluate the impact of the indirect damage in biological systems. As an
example, a significant decrease of the indirect effect (and in particular of the OH‚radical action) for
high linear energy transfer, LET 3, radiation has been observed in vitro, by the use of Dimethylsulfoxide
(DMSO), a powerful scavenger of OH‚radical (Hirayama et al., 2013).

In the following some of the main reactive oxygen species involved in the indirect effect of radiation
damage will be briefly discussed.

Reactive oxygen species and their biochemical role under irradiation and in normal conditions

Superoxide anion O‚´2

The Superoxide ion is one of the most common ROS in aerobic organisms. In normal conditions, it
is produced mainly by the reaction of molecular oxygen with electrons leaking from the mitochondrial
respiratory chain and rapidly dismutates into H2O2 through the enzymatic action of the superoxide
dismutases SOD (Winterbourn, 2008; Balagopalakrishna et al., 1996).

Despite its low reactivity, it is considered to be an important mediator for a large number of cellular
effects and to be involved in cellular signaling processes (Keyer et al., 1995; Fridovich, 1997; Buetler
et al., 2004; Chen et al., 2009). It can interact with Fe/S clusters releasing iron, inactivate proteins
containing iron-sulfur clusters and subtract hydrogen atoms from many biological molecules including
DNA, RNA and fatty acids (Winterbourn, 2008; Buetler et al., 2004). Additionally, it is involved in the
production of highly damaging species such as hydroxyl radicals OH‚ and peroxinitrite ions ONOO´,
a species particularly deleterious for DNA, protein, and lipids.

Hydroxyl radicals can be generated, starting from the O‚´2 , trough the Haber-Weiss reaction (Haber
and Weiss, 1932), catalyzed by the presence of transition metals such as Fe2` (or Cu1` ):

O‚´2 + Fe3` O2+ Fe2`

Fe2`+ H2O2 Fe3` + OH‚+ OH´ (Fenton reaction )

O‚´2 + H2O2 O2+ OH‚+ OH´ (Haber-Weiss reaction )
Fe3`/Fe2`

Peroxinitrite ions (ONOO´) can be produced by the interaction of superoxide ions with nitrogen
monoxide (NO‚), which is regularly present in living organisms (Hall and Garthwaite, 2009):

O‚´2 + NO‚ ONOO´.

Under irradiation conditions, the superoxide anion production yield increases significantly thanks to
the rapid reaction of the many electrons generated by the interaction of radiation with the biological
matter and the molecular oxygen dissolved in the cell. Being created by the interaction of molecular
oxygen instead of being a product of water radiolysis, the superoxide ion is not produced in hypoxic
conditions (see also Chapter 4).
3 In this work, with the term Linear Energy Transfer (LET), we refer to the unrestricted linear energy transfer which

corresponds to the amount of energy transferred, dE, by a particle traversing a medium per unit path length d x . The SI
unit for the LET is Jm´1, but it is generally expressed in keV/µm.
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Perhydroxyle radical HO‚2
The perhydroxyle radical or hydroperoxyl radical HO‚2 is the protonated form of the superoxide anion.

This radical can be formed by the transfer of a proton to the superoxide anion or by the transfer of an
hydrogen atom (or ion) to the molecular oxygen:

H` + O‚´2 HO‚2

H‚+ O2 HO‚2

Even though very little is known on this oxygen species, it plays an important role in the lipid peroxi-
dation reactions chain (Aikens, 1991) (see Section 1.5.2) and, in analogy with the superoxide anion, it
can react with a nitrogen monoxide leading to the formation of peroxynitrous acid, which is also toxic
(Goldstein and Czapski, 1995):

HO‚2+ NO‚ ONOOH.

Additionally, thanks to its high reactivity with biomolecules and its membrane permeance, it is thought
to be a mediator of toxic side effect in the aerobic respiration (de Grey., 2004). As for the superoxide
anion, this ROS can be found only in oxygenated conditions and its yield of production increases signif-
icantly in case of exposition to low LET radiation.

Hydrogen peroxide H2O2

The hydrogen peroxide is a neutral molecule and is not a radical species. Under normal conditions
of temperature and pH, and in absence of metal ions, H2O2 is stable and it can easily diffuse through
membranes (Reczek and Chandel, 2017). However, despite its low reactivity with most biological com-
pounds, it is accounted among the ROS because of its important role in cell signaling and its implication
in the chain of production of hydroxyl radicals through the Fenton reaction (Winterbourn, 2008).

The main production channel for H2O2 is the dismutation of O‚´2 through the enzymatic activity of
the superoxide dismutases (SOD). However, to keep the H2O2 concentration within the optimal range
for cellular signaling and to limit its cellular toxicity, a series of antioxidative enzymes exist, including
peroxiredoxins, glutathione peroxidases, and catalase. Their function is to metabolize the hydrogen
peroxide and convert it into water molecules (H2O).

Under irradiation conditions the yield of H2O2 increases (especially for high LET radiation) because
of the recombination reactions between two newly produced hydroxyl radicals.

OH‚`OH‚ ÝÑ H2O2.

This reaction, highly improbable under normal conditions, becomes more probable in case of ion irra-
diation, when the yield of OH‚ radicals increases significantly in a very localized area (along the ion
track).

Hydroxyl radical OH‚

The hydroxyl radical is considered to be the most dangerous and reactive radical species. Thanks
to its large size and the large electroreactivity it can react with any molecule it encounters, including
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Table 1.2.: Estimated half lives of some of the major reactive oxygen species and radical species in absence

of radiation. Table adapted from (SIES, 1993).

Species Half life (s))

OH‚ Hydroxyl radical 10´9

RO‚ Alkoxyl radical 10´6

ROO‚ Peroxyl radical 7
H2O2 Hydrogen peroxide - enzymic
O‚´2 Superoxyde - enzymic
NO‚ Nitric oxyde radical 1´ 10
NOO´ Peroxinitrite 0.05´ 1

macromolecules such as nucleic acids, proteins, carbohydrates and lipids (Reiter et al., 1995). Due to
its high reactivity, the hydroxyl radical is characterized by a very short in vivo half-life, „ 10´9s (SIES,
1993). It will, then, react in the very close vicinity of its formation site and this makes it a very dangerous
compound extremely difficult to scavenge by the organism. In Table 1.2 the estimated half life of some
of the major radical species and reactive oxygen species are reported.

In normal conditions, hydroxyl radicals can be formed, in presence of transition metals Fe2` or Cu1`,
by the breakage of the hydrogen peroxide via the Fenton reaction (Reiter et al., 1995). A schematic
representation showing the most common production channels for the hydroxyl radical and the other
ROS, in normal condition (Not after irradiation) is shown in 1.6.

In case of exposition to ionizing radiation a significant increase in the yield of formation of OH‚

radical can be observed. As it will be largely discussed in Chapter 3, this radical species is, indeed, one
of the main products of water radiolysis and is generated by the dissociation of both ionized and excited
water molecules. A significative yield of production, up to 5-6 molecules per 100 eV of energy deposited
have been observed and predicted in the case of low LET radiation and several studies pointed to this
radical species as the main responsible of the indirect effect of radiations (Hirayama et al., 2013).
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Figure 1.6.: Schematic representation of the ROS generating process in absence of irradiation. The super-

oxide anion O‚´2 can be formed by the interaction of dissolved molecular oxygen with electrons

leaking from the mitochondrial respiratory chain. The O‚´2 can be reduced to hydrogen per-

oxide (H2O2 ) via the catalytic action of the enzymes superoxide dismutases (SODs). The

hydrogen peroxide H2O2 can be detoxified by the action of various antioxidative enzymes,

including peroxiredoxins, glutathione peroxidases, and catalase or it can be reduced to highly

damaging hydroxyl radicals, OH‚( by reacting with a transition metal Fe2` via the Fenton re-

action). When not scavenged by the SODs, the superoxide anion can interact with iron Fe3`

generating Fe2` which can further form OH‚ through the Fenton reaction interacting with a

H2O2. The network of these two reactions is known as the Haber-Weiss reaction.

1.4 Relative Biological Effectiveness

The biological response of a system exposed to radiation can vary sensibly depending on a complex
combination of biological and physical effects including the cell type and their repair capability as well
as the absorbed dose and the radiation quality. As a consequence, at a fixed dose, different radiation
types will lead to different biological endpoints (Schardt et al., 2010).

Densely ionizing radiation (such as ion radiations) can, indeed, induce complex localized damages
to biomolecules, which are difficult to repair and in many cases lethal for the cells. In contrast, for the
same amount of delivered dose, biological damages induced by sparsely ionizing radiation, as photon
radiation, are less localized and, thus, easier to repair.

According to the linear quadratic model varying the absorbed dose D, the fraction of cell surviving S
can be expressed as

SpDq “ e´αD´β D2
, (1.5)
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where α and β are specific parameters accounting the different cell types, radiation qualities etc. These
survival curves show a typical shoulder shape determined by the ratio between α and β .This ratio is a
very important quantity in radiobiology and radiotherapy applications because it is linked to the cell re-
pair capability. A smaller value of α{β corresponds to a more pronounced shoulder of the dose response
curve that means a larger repair capability (Schardt et al., 2010).

The left panel of Figure 1.7 shows two typical survival curves obtained with photon and ion radiations.
It is clearly visible from the figure that for ion radiation not only the α{β is larger (indicating a lower
repair probability) but also that, in order to get a fixed survival level, it is always needed a lower dose by
ions compared to the case of photon radiation.
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Figure 1.7.: Left panel: Graphical representation of the RBE definition for cell inactivation at two different

survival levels 1% and 10% (Schardt et al., 2010). Right panel: a collection of in vitro data for

the RBE, at 10% survival, as a function of the LET (Friedrich et al., 2012)

In order to characterize the different biological effectiveness of different radiation types, a powerful
and versatile quantity is the relative biological effectiveness, RBE. The latter is defined, for a specific
survival fraction, as the ratio between the values of two different radiation types leading to a same effect:

RBESpZ , LET q “ Dref

DionpZ , LET q

�

�

�

�

same effect
, (1.6)

where Dref is the dose for a reference radiation (generally X-ray) and DionpZ , LET q is the dose for ion
radiation with a charge Z at a given LET. In the left panel of Figure 1.7, RBE values for cell inactivation
are indicated for two significative effect levels 1% and 10%.

A collection of RBE values for different radiation quality, different biological target, and different
delivery techniques can be found on the PIDE (particle irradiation data ensembles) database (Friedrich
et al., 2012). In the right panel of Figure 1.7, RBE in-vitro data as a function of the LET are shown for
10% survival fraction.

In the case of ion radiation the RBE values can be very significant (RBE " 1) and, for this reason, in
ion therapy treatment planning applications it is one of the most important quantities. The RBE allows,
indeed, to calculate the so called biological RBE-weighted dose and optimize the treatment plans in

26 1. The role of nanoscale analysis in the understanding of ion beam therapy



order to guarantee a uniform biological effect over the tumor minimizing the damage to the surrounding
healthy tissues.

However, because of the large variability of the RBE and the large number of effects contributing to it,
finding a model able to predict the RBE with a good accuracy for all tissue types is a difficult task. Several
approaches have been developed over the years to calculate the RBE but at the moment only the LEM
(Scholz and Kraft, 1996), based on an amorphous track structure approach, and the MKM (Hawkins,
2003), based on a microdosimetric approach, have been adopted for clinical application (Scifoni, 2015).

1.5 Oxygen effect

The oxygenation level significantly affects the radiosensitivity of a tissue. Tissues characterized by a
restricted oxygenation condition result to be more radioresistant in comparison with well oxygenated
ones. This effect has been observed for the first time by Holthusen (1921) but a complete description
and quantification of the oxygen effect under low LET radiation arrived only 30 years later with the work
of Gray et al. (1953).

Unfortunately, it is not unfrequent to find tumors presenting regions with reduced oxygenation: due
to the rapid proliferation of cancer cells and their high metabolic consumption tumors are often not
sufficiently vascularized, limiting the oxygen supply to the cells. As an example, Figure 1.8 shows a
PET image of a NSCLC (non-small cell lung cancer) where a strong oxygenation heterogeneity can be
observed.

Clinically, the difficulties in treating tumors in hypoxic conditions, or with hypoxic regions, are con-
sidered to be one of the main limiting factors for the tumor control in radiotherapy (Fyles et al., 2002;
Tinganelli et al., 2015). On the left panel of Figure 1.9 the progression free survival from a prospective
program evaluating the impact of hypoxia in patients with cervix cancer is presented (Fyles et al., 2002).
Patients with large hypoxic tumors show a significantly reduced disease-free survival curve compared to
these with better oxygenated tumors. In analogy, on the cellular level, the pronounced radioresistance of
CHO cells in hypoxic conditions is clearly visible on the right panel of Figure 1.9.

In radiation biology the increased radioresistance in reduced oxygenation conditions is quantified by
the oxygen enhanced ratio, OER, defined, for a given biological effect, as the ratio between the dose
values in hypoxic and in fully oxygenated conditions

OERppO2q “
DpO2

Dnormoxic

�

�

�

�

same effect
, (1.7)

where pO2 is the partial oxygen pressure, Dnormoxic is the dose in fully oxygenated condition (in air
pO2air

“ 21%) and DppO2q is the dose needed to get the same effect under hypoxia ( pO2 ă pO2air
q.
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Figure 1.8.: Example of a clinical PET image of an NSCLC (non-small cell lung cancer) showing a strong

oxygenation heterogeneity with a hypoxia [18F]HX4-PET/CT scan (van Elmpt et al., 2013).
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Figure 1.9.: Left panel: results from a prospective program for evaluating the impact of hypoxia in patients

with cervix cancer (Fyles et al., 2002). Right panel: in vitro survival rate measurements on

CHO cells irradiated with carbon ion radiation in oxic and hypoxic conditions (Tinganelli et al.,

2015).

1.5.1 Dependences of the OER on the oxygen concentration and LET

In case of low LET radiation, the OER shows its maximum value of „ 3 in anoxia (pO2 “ 0%) and de-
crease when increasing the oxygen concentration until reaching unity in fully oxygenated conditions. At
a fixed LET value, the dependence of the OER on the oxygen concentration can be expressed empirically
according to Carlson et al. (2006) as:

OERppO2q “
MK ` pO2

K ` pO2
(1.8)
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with M the maximum value of the OER and K the oxygen concentration corresponding to the half
maximum sensitization, i.e. (pM ´ 1q{2). Figure 1.10 shows the evolution of the OER as a function
of the O2 concentration for V79 Chinese hamster cells irradiated with low LET radiation at different
oxygenation conditions (Carlson et al., 2006).

Figure 1.10.: Left panel: OER dependence on the oxygen concentration: experimental data are obtained

from survival data of V79 cells irradiated with low-LET radiation while the curve is calculated

with Equation 1.8 with M “ 2.7 and K “ 0.25 (Carlson et al., 2006). Right panel: OER

dependence on the LET for different oxygen concentration. Experimental data are obtained

from survival data of CHO cells irradiated with different radiation types (Tinganelli et al., 2015)

The oxygenation level, however, is not the only parameter affecting the OER: the oxygen effect results,
indeed, to be less pronounced for high LET radiation and approaches unity for radiation with LET larger
than „ 200keV{µm, as shown in the right panel of Figure 1.10. This latter behavior strongly motivated
the growing interest in ion radiation therapy for treating hypoxic tumors and, for this purpose, new
optimization techniques accounting for both LET and pO2 have been recently developed (Scifoni et al.,
2013; Tinganelli et al., 2015; Sokol et al., 2017).

On the nanoscopic level, a complete description of the basic mechanisms underlying the oxygen effect
is still missing. In the following, a brief description of the main processes which are supposed to be
involved in the oxygen effect and its dependency on the LET is presented.

1.5.2 Nanoscopic processes underlying the Oxygen effect

On the nanoscopic level the oxygen effect is considered to be strongly related to the indirect effect of
radiation (Sonntag, 1987) and in particular to the effect of the OH‚ radical (Hirayama et al., 2013).
Generally it is described as a combination of two main phenomena: the first one related to the capability
of the molecular oxygen to fix the cellular damage (known as the oxygen fixation hypothesis) while the
second one relates to the toxic effect of the superoxide radical O‚´2 and its protonated form HO‚2 , both
produced as a result of water radiolysis (Colliaux et al., 2011).
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Oxygen fixation hypothesis

The oxygen fixation hypothesis identifies the capability of molecular oxygen to chemically stabilize the
radiation damage as one of the of the main processes involved in the oxygenation effect (Johansen and
Howard-Flanders, 1965; Liu et al., 2015a).

Figure 1.11 shows a schematic representation of this process assuming the DNA as the target molecule.
After the passage of radiation, the DNA can be damaged via the indirect action of radiation and become
DNA-derived free radical, DNA‚. This damage can generally be repaired by the action of antioxidants,
such as glutathione antioxidant (GSH), and the biological molecule may revert to its original state (Beuve
et al., 2015). However, in presence of molecular oxygen, the DNA‚ can also react with the O2 producing
a peroxide radical DNAOO‚. In this case, the action of an antioxidant fixes the damage by the formation
of a hydroperoxide, DNA-OOH, which is a stable molecule (Beuve et al., 2015).

GSH

Direct action

Damage repair
R• + GSH ⟶RH + GS•

Damage fixation
R• + O2 ⟶RO2•  
RO2•  + GSH ⟶ RO2 H + GS•

Indirect action
Target attack

RH + OH•  ⟶R•

e-eq  
H2O2

H•
H3O+

OH-

OH•

Figure 1.11.: Schematic representation of the action of the indirect damage on the target molecule R (in the

figure represented by the DNA) and on how it can be fixed by the action of molecular oxygen

is presented.

In hypoxic condition, due to the lack of molecular oxygen, the process of damage fixation will be less
important and the radiation induced damage will be more efficiently repaired.

DNA, however, is not the only target of radiation effect, other biological molecules can be severely
damaged as well. Another important scenario triggered by the presence of dissolved molecular oxygen
is the peroxidation process of fatty acid, LH. Lipids are the main constituent of the cellular membrane
and, in presence of a damage induced by a radical species R‚, a complex chain of peroxidation reactions
can take place leading to the destruction of the cellular membrane, (Repetto et al., 2012):
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Initialization: LH + R‚ L‚ + RH

Propagation: L‚ + O2 LO2
‚

LO2
‚ + LH L‚ + LOOH

Secondary initialization: LOOH LO‚ + OH‚

LOOH L‚+ HO‚2

Termination: LO2
‚ + LO2

‚ LOOL + O2

LO2
‚ + R‚ LOOR.

Toxicity of O‚´2 and HO‚2

During the process of radiolysis of aqueous solutions, solvated electrons, e´aq, and hydrogen atoms,
H‚, are generated in a large amount. In presence of molecular oxygen dissolved in the water solution,
these species can interact with the O2 leading to the production of the superoxide anion, O‚´2 , and its
protonated form HO‚2 :

e´aq+ O2 O‚´2

H‚+ O2 HO‚2 .

As described in Section 1.3.2 both these species belong to the so called reactive oxygen species and
their toxicity is mainly due to their involvement in the lipid peroxidation chain and to their role in the
production of highly toxic species, such as hydroxyl radicals OH‚ and peroxynitrite ions ONOO´.

Since the yield of the production of e´aq and H‚, and consequently the yield of O‚´2 and HO‚2 , is larger
for lower LET while it decreases with increasing the LET (see Section 1.5.3) these two ROS are sus-
pected to mediate the oxygen effect by increasing the toxicity of radiation in living organisms (Colliaux
et al., 2011). This hypothesis is supported by theoretical and experimental studies (Tomita et al., 1997;
Watanabe and Saito, 2001; Goldstein and Czapski, 1995; Mikkelsen and Wardman, 2003; de Grey., 2004;
Aikens, 1991). In particular, the work of Kuninaka et al. (2000) showed that an increased concentration in
the mitochondria of O‚´2 (induced by suppression of the mitochondrial manganese SOD, Mn-SOD) cor-
relates with an increased cell apoptosis after irradiation, confirming the theory that superoxide radicals
might act as mediators of apoptosis.

A detailed study on the yield of production of these species in water radiolysis under different oxygen
concentration and irradiation condition will be presented in Chapter 4.

1.5.3 Nanoscopic processes underlying the LET dependence of the Oxygen effect

Currently, a complete mechanistic description of the nanoscopic processes underlying the OER depen-
dence on the LET is still missing. However, the problem has been widely investigated and several
possible scenarios, not necessarily mutually exclusive, have been proposed.
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The first one, presented for the first time by Alper (1956), is based on the ratio between the di-
rect/indirect contribution of the radiation damage and is generally addressed as the "interacting radical
hypothesis ". For high LET radiation, when the particle track is denser, there is a high probability of re-
combination between the radiolytic species which will lead to a reduced impact of the indirect radiation
damage. Additionally, the radical-radical recombination competes also with the interaction between the
radiolytic species and the molecular oxygen dissolved in the target, limiting also the yield of production
of O‚´2 and HO‚2 (Colliaux et al., 2011). This interacting radical hypothesis is supported by both theo-
retical and experimental studies showing, for high LET irradiation, a decreased yield of some of the most
dangerous radiolytic species, such as OH‚ and e´aq and, in oxygenated media, O‚´2 and HO‚2 (Hill and
Smith, 1994; Naleway et al., 1979; Burns and Sims, 1981; Michael, 1996; Tomita et al., 1997; Ballarini
et al., 2000; Ito et al., 2006; Colliaux et al., 2011). This scenario, where the decrease of the oxygen effect
when increasing the LET is interpreted as a result of a reduced impact of the radical damage, seems to
be confirmed by in vitro studies aimed at the evaluation of the contribution of the indirect/direct damage
for different LET radiation (Hirayama et al., 2009; Ito et al., 2006).

This latter findings can be justified, also, by an increased impact of the direct damage of radiation.
In case of densely ionizing radiation, the complexity and localization of the damage can become so
important and so difficult to repair that the biological endpoint is not affected by the target oxygenation
level. This theory has been generally identified as the lesion multiplicity model and has been supported
by numerous groups (Ward, 1994; Michael, 1996).

An alternative scenario is the so called "oxygen in the track". This hypothesis was developed for the
first time by Neary (1965) and is based on the hypothesis that O2 can be generated in the center of high
LET ion tracks, locally restoring a normoxic condition.

This theory has been supported by the experimental observation of molecular oxygen formation in
the inner part of ion tracks (Sauer Jr et al., 1978; Baverstock and Burns, 1981) and recently advanced
Monte Carlo track structure codes (Meesungnoen and Jay-Gerin, 2005, 2009; Meesungnoen et al., 2003;
Gervais et al., 2006, 2005) estimated the production yields of O‚´2 /HO‚2 for different LET radiations.
In their work, Meesungnoen and Jay-Gerin (2005, 2009) and Gervais et al. (2006, 2005), suggested that
multiple ionization processes of water molecules could explain, at least in part, the oxygen effect. The
basic principle is that multiple ionization of water molecule can generate oxygen atoms O, which, in
a second step, can produce HO‚2 by reacting with the OH‚ radicals formed along the track by water
radiolysis and O2 interacting between themselves (Meesungnoen and Jay-Gerin, 2005):

Double ionization: H2O2` + 2H2O 2H3O`+ O(3P) 2H3O`+ HO‚2
Triple ionization: H2O3` + 4H2O 3H3O`+ O(3P)

Quadruple ionization: H2O4` + 5H2O 4H3O`+ O2

OH‚

However, even if this theory got a lot of success and has been largely investigated during the last ten
years, the exact mechanisms and the cross sections for multiple ionization and the dissociation channels
for multiply ionized water molecules, are still not completely established. Additionally, the oxygen
concentration in the track produced by multiple ionization seems to be solely insufficient to explain the
oxygen effect (Colliaux, 2009).
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1.6 Nanoparticles as radiation sensitizers

Given the broad success of charged particle therapy, the possibility to develop new advanced techniques
to further improve the efficacy and range of applicability is raising a great interest in the scientific com-
munity. One of the most studied aspects is the possibility to improve the tumor targeting, maximizing
the so called peak-to-base ratio, i.e. the ratio between the dose delivered to the tumor (which has to
be maximized) and the dose delivered the healthy tissue seated in the entrance channel of the ion beam
(which has to be minimized). In this direction, in the last ten years, a large number of studies were
oriented towards a combined treatment including radiosensitizers.

Among these compounds, a large interest has been raised by high atomic number (Z) nanoparticles
(NPs). Additionally to their capability to enhance the radiation effect, NPs result to be particularly
advantageous because, thanks to their small size (diameter < 200nm), they tend to accumulate in tumor
tissue while being secreted from normal tissues: this phenomenon, facilitated by the porous blood vessels
near the tumor, is called enhanced permeability and retention effect (EPR) and is at the basis of many
passive tumor targeting techniques (Peer et al., 2007; Conde et al., 2014; Haume et al., 2016; Lacombe
et al., 2017). The high absorption coefficient for X-rays and the possible application of some of these
nanoparticles as a contrast agent in clinical exams, e.g. gadolinium NPs for MRI, make these NPs
particularly suitable for theranostic applications: the simultaneous use of NPs for therapy and diagnosis.

The first study demonstrating the radiosensitization efficacy of nanoparticles was carried out using
1.9 nm gold nanoparticles (AuNPs) delivered to mice exhibiting mammary carcinoma prior to X-ray
irradiation (Hainfeld et al., 2004). In their work, the authors showed a 1 year survival of 86% in mice
treated with NPs versus 20% in mice irradiated without the NP injections, Figure 1.12. After this first
success, a long series of in vitro and in vivo experiments confirmed the large efficacy of AuNPs with
X-ray radiation. Other nanoparticle types have been investigated as well. Among these only two NPs
have been already transferred to the clinic: AGuIX, based on ultrasmall gadolinium NPs (produced by
NH TherAguix, Lyon, France) and hafnium NPs NBTXR3 (produced by Nanobiotix, Paris, France)
(Lacombe et al., 2017). An extensive overview of the major progress to date from the experimental,
modeling and simulation studies on the radio enhancement effect of NPs with both photon and ion
radiation can be found in (Kuncic and Lacombe, 2018)

1.6.1 Physical processes underlying NPs sensitization effect

On the nanoscale, the observed radiosensitization effect of NPs is generally explained as a localized
dose enhancement effect due to an increased production of secondary electrons in the vicinity of the NP
(McMahon et al., 2011). Low to medium energy photon radiations as well as charged particle radiations
have, indeed, a larger interaction cross section for high Z material with respect to biological tissues;
resulting in a larger density of ionization and excitation processes within the NP (Haume et al., 2016).
Additionally, ionized and excited NP molecules undergo a series of process of recombination resulting in
the production of fluorescent photons and Auger electrons. All these secondary species can be produced
in a very broad energy range (between few eV and few MeV in case of delta electrons) and they can
either deposit their energy in the surrounding medium, increasing the dose deposition around the NP,
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No treatment and gold only

Irradiation only

Irradiation +  1.35 g Au/kg

Irradiation +  2.7 g Au/kg 

Figure 1.12.: Survival fraction of mice exhibiting mammary carcinoma after different treatment strategies.

Circles: no treatment or gold only treatment without irradiation. Triangles: Irradiation only

with 26 Gy 250 kVp X-ray. Square: X-ray irradiation after i.v. injection of 1.35 g Au/kg gold

nanoparticles. Diamonds: X-ray irradiation after i.v. injection of 2.7 g Au/kg gold nanopar-

ticles. A significant sensitization effect of gold nanoparticles is observed. Adapted from

(Hainfeld et al., 2004).

or interact with neighboring NPs (Kuncic and Lacombe, 2018). In particular, while delta electrons and
fluorescent photons are generally produced with high energies and their penetration depth can be in the
order of cm in tissue, Auger electrons are generally stopped within the first 100 nm and are considered the
main responsible of a localized dose enhancement in the close vicinity of the NP (Kuncic and Lacombe,
2018).

In the case of photon radiation the microscopic processes underlying nanoparticle sensitization are
fairly understood, a large number of experimental studies have been carried out and simulation studies
demonstrated that a significant sensitization effect can be achieved simply including the enhanced local
dose deposition due to the increased Auger electrons production (McMahon et al., 2011).

A different scenario emerges, instead, for ion radiation. In this case, the local dose enhancement
induced by secondary electrons can not justify the radiosensitization evidence found both in molecular
scale processes (Usami et al., 2005, 2007; Porcel et al., 2010, 2012, 2014; Schlathölter et al., 2016), in
vitro (Usami et al., 2008; Polf et al., 2011; Kim et al., 2010; Li et al., 2016; Liu et al., 2015b, 2016) and
in vivo (Kim et al., 2010, 2012). A complete overview of all the experimental results of NP sensitization
under ion radiation has been proposed by Lacombe et al. (2017).

NP sensitization effect with ion radiation

For ion radiation, the dose deposition is very localized along the track and the interaction probability
between the ion, or the secondary electrons, with the NPs, is small. For therapeutic proton fluences
Lacombe et al. (2017) estimated the direct hit probability to be between 10´3 ´ 10´4. In addition,
because of the very dense dose deposition along the ion track, an extremely high dose has to be induced
by the NP in order to give a significant biological effect (Lacombe et al., 2017; Cho et al., 2016).
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Figure 1.13.: TRAX simulations of gold nanoparticle sensitization for a 22 nm NP irradiated with 80 MeV

proton radiation, adapted from Wälzlein et al. (2014). Left panel: simulation of a proton track

structure within the NP. Right upper panel: simulated spectra of secondary electron escaping

from the nanoparticle in case of a gold nanoparticle, water nanoparticle and a dense water

nanoparticle (composed by water but with the density of gold). A significant contribution of

low energy Auger electrons can be observed. Right-lower panel: dose deposition in the water

sphere surrounding the NP in case of AuNP, water NP, and dense water NP.

Wälzlein et al. (2014) were the firsts to approach the problem of NP sensitization in ion radiation.
In their work, the authors estimated the local dose enhancement effect for proton radiation traversing
NPs of different materials with the Monte Carlo code TRAX. As shown in Figure 1.13, a significant
contribution of Auger electron to the local dose deposited in the vicinity of the NP has been observed.
However, the calculated dose enhancement is not sufficient to justify the large biological effect experi-
mentally observed (Wälzlein et al., 2014). These findings have been later on confirmed by the study of
Ahmad et al. (2016) and an additional support came from Lin et al. (2015), who showed that, in case of
proton irradiation, the NPs uptake and their localization inside the cell is much more crucial than with
photon radiation. With photons, the large production of long range photoelectron and the abundance
of radical species generated, allow the nanoparticles located in the cytoplasm to contribute to the DNA
damage (Haume et al., 2016; Gao and Zheng, 2014). In the ion case, instead, the range of secondary
electrons is shorter and the resulting indirect damage contribution is smaller. Thus, in order to observe an
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enhancement effect comparable to the one obtained with photons, it is necessary to increase significantly
the NPs uptake (Lin et al., 2015).

Alternative sensitization channels have, then, to be considered. Verkhovtsev et al. (2015a,b) suggested
that, in case of ion radiation, an additional significant increase of secondary electrons can be emitted via
collective excitation channels such as surface plasmon excitations. In their work, the authors demon-
strated that, including this effect, the number of low energy electrons generated by the NP can be up
to an order of magnitude larger compared to the one produced by direct ionization (Verkhovtsev et al.,
2015a,b).

Mechanisms on the biological and chemical pathway might also be important: Kobayashi et al. (2010)
and Porcel et al. (2010) envisaged that charged NPs (after the emission of photoelectrons and Auger elec-
trons) can generate an instability in the surrounding medium, facilitating the water molecule dissociation
and increasing the radical yield. This hypothesis is in accord with the observations of Sicard-Roselli et al.
(2014) and Paudel et al. (2015), in low LET radiation field. In both these works an OH‚ radical produc-
tion, not compatible with the radical production induced only by secondary electrons, has been measured.
In addition, Paudel et al. (2015) pointed out that this effect is more important for larger surface-to-volume
ratio nanoparticles, confirming the hypothesis that surface effects might play an important role in the NP
sensitization effect.

Even though a thorough theoretical description of the enhanced radical production in presence of
high Z material is not available and this effect has still to be deeply investigated, these observations
are very promising, especially in the context of using the NPs in conditions where, as in the case of
hypoxia, the reduction of the indirect damage by radicals is supposed to be the main responsible of tumor
radioresistance. In this thesis, the radical production in the vicinity of NP under different oxygenation
condition will be studied in Chapter 5.

Figure 1.14 shows a schematic representation of the main physical and chemical processes assumed
to be at the basis of nanoparticle sensitization from ion beam radiation.
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Figure 1.14.: Schematic representation of the main physical and chemical processes argued to be in-

volved in the nanoparticle radiosensitization for ion beam radiation (Lacombe et al., 2017).

A) Enhanced production of secondary electrons, Auger electrons, and Auger cascades. B)

Plasmon surface excitations followed by an increased production of secondary electrons. C)

electrons produced in the primary track interacting with the nanoparticle. D) Enhancement of

the radiolytic species production via processes catalyzed by the nanoparticle presence and

surface effects.
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2 The TRAX code
TRAX is a Monte Carlo particle track structure code constantly developed during the last twenty years
at GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt (Krämer and Kraft, 1994; Wäl-
zlein et al., 2014a). This program is designed to describe the passage of electrons and ions (in all the
possible charge states) through different materials. The trajectories are followed interaction by interac-
tion and all the positions and energy depositions are evaluated event by event.

The code allows the evaluation of the most important physical endpoint like electron backscattering
and transmission coefficients, electron spectra (energy and angular resolved) and ionization distributions.
In addition, many relevant radiation quantities like radial and depth dose distributions, W-values, micro-
dosimetric quantities such as the lineal and specific energy transfer can be calculated as well.

The energy range covered by TRAX goes from a maximum energy of few hundred MeV/u for ions and
few MeV for electrons to a lower threshold of between 10 to 1 eV. These characteristics make the code
particularly suitable for describing the passage of radiation through dosimetric devices and radiation
damage in a biological system.

Thanks to its modular structure, it is particularly suitable to be extended in different directions such as
the implementation of new interaction processes or, as it will be shown in the next chapter, the extension
at more advanced stages of radiation effect. Additionally, all the input parameter such as projectile,
source and target characterization and the interaction models are loaded from external files collected in
specific databases. Thus, they might be revised, updated and extended without modifying the code.

Simulated geometry has to be defined and loaded from an external file. The simulated volumes can
be cylinders, spheres or boxes or a combination of them and can consist of all the possible material
supported by TRAX. The target material can be atomic or molecular or a mixture of atomic and molecu-
lar. For simulations in living systems, water is considered as a tissue equivalent material. The different
targets are described by the physical properties of the medium, like the density and shell structure infor-
mation (including binding energies, number of electrons in a specific shell and their kinetic energy). As
far as possible, parameters are taken from experimental values.

As in all the track structure codes, the reliability and the accuracy of the simulations crucially depend
on the available cross sections. These cross sections can be either calculated from semi-empirical and
analytical formula, either read from external cross section tables. Recently the whole set of available
cross sections has been updated and, in the next sections, a brief summary of the interaction models
implemented in TRAX will be presented.

2.1 Cross sections

In a track structure code, the availability of robust and trustable cross section tables is of primary impor-
tance. The reliability and the accuracy of the whole simulation depend on the capability of reproducing,
as precisly as possible, all the possible interaction events, thus on the selection of the cross sections set.
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In particular, cross sections for electron interaction play a very important role: while the cross sections
for ions are needed only to describe the interaction of the primary projectile, the electron cross sections
are used also to simulate all the interaction of the secondary and higher order electrons generated along
the primary radiation trajectory, which make up most of the energy loss process.

In TRAX the interactions considered, for electron radiation, are electronic excitation, ionization, elas-
tic scattering, Auger electrons production and plasmon excitation. For many target materials, the used
cross sections allow the differentiation between ionization of certain sub-shells and handle excitation
as a separate interaction rather than using a complete description for inelastic scattering. This feature
is, however, fundamental to follow radicals production; in this case, the shell specific excitation cross
sections are, indeed, necessary.

For ion projectiles, the ionization cross sections are computed internally to the code, while excitation
cross sections are calculated by scaling the cross sections for electrons traveling at the same velocity. This
latter approach is, however, valid only for high-energy ions: in the case of protons for energies larger than
500 keV (Nikjoo et al., 2012; Dingfelder et al., 2000). In the low energy regions different approaches,
such as the semiempirical model developed by Miller and Green (1973) based on the electron impact
excitation, might yield more accurate results. However, at the current state, the TRAX code still does
not account this possible extension.

Energy losses due to bremsstrahlung and nuclear fragmentation are also neglected. However, con-
cerning the nuclear fragmentation, the neglection can be justified considering that the cross sections for
this process are several orders of magnitude smaller than excitation, ionization, and elastic scattering.

Recently a large part of the implemented cross section in TRAX have been revised and extended
(Wälzlein, 2013; Wälzlein et al., 2014; Wälzlein et al., 2014a,b).

In this section, a brief overview of all the cross section sets used in this work will be presented with a
particular focus on the cross section for water and gold target materials. A more extended description of
all the cross section implemented in TRAX can be found in Wälzlein (2013).

2.1.1 Ionization

Ion ionization

The standard cross sections implemented on TRAX for ion induced ionization rely on the Binary En-
counter Approximation (BEA).

This approach treats the interaction of an incident, light and structureless, ion and the electron as a
binary encounter between two free classical particles of velocity respectively vp and ve (Krämer and
Kraft, 1994). This condition is well met for small impact parameters between the incident and the target
electron.

The electron is assumed to be free but the potential of the target nucleus is implicitly included in the
momentum distribution of the electron and in the ionization potential. The calculation yields a triple
differential cross sections: differential in the energy transfer and on the electron ejection angle. The
energy and angular distribution of the ejected electron can be determined integrating over the initial
velocity distribution of the target electron.
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The mean kinetic energy of secondary electrons predicted by the BEA method is in the order of 100 eV
with a maximum energy transferred in the case of forward scattering (Krämer and Kraft, 1994). In this
case, because of classical kinematics, the secondary electron obtains twice the velocity of the projectile
ion: for an ion projectile with an energy of 10 MeV/u, the maximum energy transferred to a secondary
electron is 20 keV (Krämer and Kraft, 1994). The approach allows the calculation of the ionization cross
section for all the possible combination of target and projectile but its range of application is restricted
to light and structureless ions and is known to underestimate the backward emission at high energy,
(Krämer and Kraft, 1994).

In addition to the BEA, for several materials, the Rudd model for the calculation of the
ion induced ionization cross section is implemented as well. This approach allows the calcu-
lation of improved ionization cross sections applying shell dependent empirical corrections and
it relies on parameters fitted to experimental data. However, being dependent on measure-
ments, this model can be used only for specific target materials where these data are available
(He, Ne, Ar, Kr, H2, N2, O2, H2O, CO2, CH4, C3H8, C2H4 and C).

For heavy projectiles with nuclear charge Z0 interacting with a medium at a given energy, an effective
charge Ze f f is assumed according to Barkas (1963) , in order to account for the effect of electron capture
at low energy:

Ze f f “ Z0

“

1´ ex p
`´ 125βZ´2{3

0

˘‰

; (2.1)

with β “ v {c where v is the ion velocity and c is the speed of light.
In all the simulations presented in the present work the ion induced ionization in water have been

always calculated with the empirical Rudd model while in gold target the cross sections have been
computed with the BEA approach.

Electron ionization

The total electron induced ionization cross sections, in TRAX, are computed for all the atomic and
molecular target material using the binary encounter Bethe (BEB) model (Kim and Rudd, 1994).

This approach is based on a combination between the Mott theory, for hard collision processes, with
the dipole interaction between the incident particle and the target electrons, for soft collisions (Kim and
Rudd, 1994). This method provides shell specific electronic cross section without the need of empirical
or fitting parameter (Kim and Rudd, 1994). The information needed to calculate the cross sections
are easily available for a large range of atomic materials, and, besides the electron shell occupation
N , necessary parameters are: accurate experimental or theoretical data on shell specific values for the
binding energy B and kinetic energy of each bound electron U . The formula to obtain the contribution
of a specific shell to the total cross section is (Kim and Rudd, 1994):

σpT q “ S
t ` pu` 1q{n

„

lnptq
2

ˆ

1´ 1
t2

˙

`
ˆ

1´ 1
t
´ lnptq

t ` 1

˙

(2.2)

where T is the energy of the incident electron, t “ T{B, u “ U{B and, considering the Bohr constant
a0=0.52918 Å and the Rydberg constant R=13.6057 eV, S “ 4πa2

0NpR{Bq2. TRAX also considers a
relativistic version of the BEB model, derived by (Kim et al., 2000).
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Figure 2.1.: Individual electron ionization cross sections for water target implemented in TRAX. Left panel:

electron ionization cross section. Right panel: proton ionization cross sections.

Figure 2.2.: Individual electron ionization cross sections for gold target implemented in TRAX. Left panel:

electron ionization cross section. Right panel: proton ionization cross sections.
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In TRAX the required input parameters have been recently revised and, as far as possible, parameters
taken from experimental data have been selected (Wälzlein, 2013). For binding energies, experimental
values proposed by Winter (2012); Williams (2000); Thomas (1997) have been adopted. Total cross
sections strongly depend on the value adopted for the binding energy of the outermost shell: the larger
contribution to the cross sections comes from the more external orbital since the cross section increases
for loosely bounded electrons (lower binding energy values). Experimental data adopted for the outer-
most orbital binding energy have been taken from Kramida et al. (2013), when experimental values were
not available, calculated binding energies have been taken from Perkins et al. (1991). In particular, con-
cerning the two main target material considered within this thesis: the water binding energy values have
been taken from Kramida et al. (2013) while for gold the values proposed by Perkins et al. (1991) have
been adopted (Wälzlein, 2013). In Figure 2.1 and 2.2 electron induced and proton induced ionization
cross sections have been reported for water and gold target material, which are the two material used in
the framework of this thesis. The secondary electron emission angle is sampled according to Grosswendt
and Waibel (1978).

2.1.2 Auger electrons

Auger electrons are electrons which can be emitted during the relaxation process taking place after
an ionization event. After an ionization of an inner shell, a secondary electron is emitted leading to
the formation of a vacancy. This vacancy is filled by an outer shell electron and, in this process, the
excess energy can be transferred to a fluorescence photon or to another electron. This electron, called
Auger electron, has a discrete energy corresponding to the difference between the binding energies of the
involved shells and is isotropically emitted. The fluorescence photon emission is a competing process to
the formation of Auger electron. The fluorescence probability depends on the atomic number and for a
K-shell ionization is approximately proportional to Z4. For low Z material, the photon production can be
almost neglected while for gold atom the probability fluorescence emission after an ionization process
in the K-shell reaches the 97%.

For high Z material there is also the possibility of emission of Auger electron cascades: if an inner
shell of these materials gets ionized Auger electrons are emitted until the vacancy has moved to the
outermost shell.

In TRAX the production of Auger electron, as well as cascades of Auger electron have been imple-
mented by Wälzlein et al. (2014). The probability for different Auger transitions and fluorescent photons
for atomic targets are taken from the Livermore Evaluated Atomic Data Library (Perkins et al., 1991), for
water target, instead, Auger emission probabilities have been included according to experimental data
from Siegbahn et al. (1975).

2.1.3 Electronic excitation

Electron induced excitations play a major role in energy losses for electrons at energies lower than 100
eV and, thus, in the transport of secondary electrons. Recently the set of TRAX electronic excitation
cross sections have been updated by the implementation of new cross sections for a broader range of
target materials and low energy electron excitations cross sections able to handle individually different
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electronic transitions (Wälzlein, 2013). This is important when one is interested in sampling events de-
pendent on the excitation channel, like different molecular dissociation processes and radical production,
which is one of the crucial points of this work.

In a system with n possible electronic excitation transitions, the sum of the contribution of each exci-
tation channel,σipT q, gives the total electronic excitation cross section,σtotpT q; the different excitation
channel differ only in the amount of energy needed in order to make the excitation. The mean energy
loss can be calculated from the specific energy loss of each channel,∆EipT q, according to Equation 2.3,
as a function of the kinetic energy T of the projectile:

σtotpT q “
n
ÿ

i“1

σipT q ∆Eav eragepT q “
n
ÿ

i“1

∆EipT q ¨σipT q
σtotpT q

(2.3)

In TRAX the electron angular deflection after an electronic excitation process is considered to be
negligible. The excitation is thus considered to be an interaction where only an energy loss occurs, and
the projectile electrons stay on their propagation direction. The justification for this assumption comes
from experimental results for electronic excitation in N2, where a strongly forward peaked distribution of
the electrons exciting molecular levels has been shown (Trajmar et al., 1983; Krämer and Kraft, 1994).
Ion excitation cross section are obtained by scaling the cross sections for electrons traveling at the same
velocity.

Water

Excitation cross sections for electrons incident on water have been recently updated by Wälzlein (2013)
according to Paretzke (1988); Green and Stolarski (1972); Nikjoo et al. (2006). This new set of cross
sections distinguish between single excited states. In particular the 8 major excitation modes of H2O are
considered: five molecular excitations (A1B1, B1A1, Rydberg A+B, Rydberg C+D and diffuse bands)
and three dissociative excitations (H˚ Lyman α, H˚ Balmer α and OH˚). The energy losses required to
reach these excited states range from 7.4 eV to 21.0 eV. In Table 2.1, the eight excitation states with the
corresponding transition energies are reported.

The total excitation cross section can be obtained, according to Equation 2.3, summing up the contri-
bution of all the individual cross sections of the single excitation levels. The capability of distinguishing
between shell specific excitation is fundamental to follow radical production; in this case, indeed, the
shell specific electronic excitation cross sections are necessary.

In order to describe the transport of sub-excitation electrons, i.e. electrons having kinetic energies
below the first excitation level of water, a set of cross sections down to the very low energies have been
included in the TRAX cross section database, according to measurements in amorphous ice (Michaud
et al., 2003). The cross section data for amorphous ice are considered to have an uncertainty of 30-40%
(Nikjoo et al., 2006; Michaud et al., 2003). These cross sections include 9 possible channels of excitation
leading to a certain vibrational, librational, translational, bending or stretching modes of the molecule
and allow to reduce the cut off for electrons to 1.7 eV. In the new extension of the TRAX code, this cross
sections can be added to the electron excitation cross sections as an additional excitation channel.

In Figure 2.4 a complete set of electronic excitation cross sections for water and the mean energy loss
are shown as a function of the incident electron energy. The contribution of the sub-excitation electrons
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Table 2.1.: Excitation states for water implemented on TRAX with the corresponding transition energy,

adapted fromNikjoo et al. (2006)

Excitation state Energy(eV)

A1B1 7.4
B1A1 9.7
Rydberg (A+B) 10.0
Rydberg (C+D) 11.0
diffuse bands 13.3
H* Lymann α 21.0
H* Balmer α 21.0
OH* 9.5

Figure 2.3.: In the left panel the total cross sections and individual excitation cross sections, for all the

8 excitation channel considered in TRAX, are shown as a function of the incident electron

energy in water. On the right panel the mean energy loss, calculated as the average of all

the contributions from the different transitions weighted by the cross sections of the individual

channel, is represented including or not the contribution of sub-excitation channels.
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to the total cross section is significant up to 100 eV. However, while the total cross section increase with
the contribution of sub-excitation electrons, the mean energy loss, calculated as the average of all the
contributions from the different transitions weighted by the cross sections, decrease correspondingly.
This is because these excitation modes lead to very low energy losses, between 0.01 eV and 0.835 eV
(Michaud et al., 2003).

Even though the contribution of the sub-excitation cross sections to the total stopping power is very
small, the introduction of this additional channel results to be important for the implementation of
the chemical extension of the code. It provides, indeed, information on the displacement of the sub-
excitation electrons, when they are very close to the thermalization.

Gold

The electronic excitation cross sections for gold targets implemented in TRAX are obtained by ex-
perimentally measured collision strengths for the three most important electron transitions: from the
ground state to the (5d106pq2P1{2 state with an energy transfer of 4.6 eV, from the ground state to the
(5d106pq2P3{2 state ( E= 5.1 eV) and from the ground state to the (5d96s2q2D3{2 state with an energy
loss of 2.7 eV (Maslov et al., 2008; Zatsarinny et al., 2008).

Since experimental data are available only up to certain energies, for higher energies the cross sections
are extrapolated according to the Bethe-Born approximation (Wälzlein et al., 2014).

Theoretical approaches exist to calculate the contribution of further transitions, however, it has been
shown that these methods are able to reproduce the measured energy dependency but not the absolute
cross section value: theoretical cross sections are larger than the measured values by approximately a
factor two (Maslov et al., 2008). Thus, considering also that the higher lying electron shells are not
expected to contribute significantly to the total excitation cross section, further transitions are neglected
(Wälzlein et al., 2014).

Validation for the used cross section has been performed indirectly by reproducing experimental data
e.g. the stopping power of electron in gold (Wälzlein et al., 2014), and backscattered electron emission
after proton impact on gold films, Figure 2.5 (Hespeels et al., 2017). A further validation of the gold cross
sections implemented in TRAX will be presented in Chapter 5 where simulations and measurements of
secondary electron transmission spectra after layers of gold of different thickness will be compared.

2.1.4 Elastic scattering

During elastic scattering processes, ions and electrons do not lose their energy. However, even though
these processes do not contribute to the dose deposition and to the radiation damage, they define the
spatial distribution of the secondary species around the ion trajectory and in the low energy region,
elastic scattering in the dominant interaction (Krämer and Kraft, 1994). A reliable sampling of the
elastic processes is, thus, extremely important when it comes to introduce or analyze processes strongly
dependent on the positions of all the secondary and higher order particles, i.e. compute the transmission
and backscattering coefficient or to follow the radical production and recombination, as it will be shown
in Chapter 3.
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Figure 2.4.: On the left panel the total cross section and individual electron excitation cross sections, for the

three excitation channel considered in TRAX, are shown as a function of the incident electron

energy in gold. The cross section represented by a solid line corresponds to the measured

value of Maslov et al. (2008), while the cross sections represented with a dotted line are extra-

polated. On the right panel the mean energy loss due to electronic excitations, calculated as

the average of all the contributions from the different transitions weighted by the cross sections

of the individual channel, is represented.

lower than 600 eV, Geant4 is not suited to correctly reproduce gold
experimental data.

On the contrary, for energies lower than 300 eV, we observed a
much higher yield of low energy electrons in the TRAX simulation
than in the experiment. There are two main reasons which may
explained this difference. Firstly, this observation might be due
to pollution of the gold surface. Using ARXPS measurement, we
could estimate the carbon pollution film thickness before sputter-
ing to 1.8 nm. We would like to emphasize to the reader that the
thickness is roughly estimated due to the depth resolution, the
roughness of the gold substrate and the probable inhomogeneity
of the carbon pollution. As observed in XPS analysis (table 1), even
after Argon sputtering a 23% carbon proportion is measured in the
5 first nanometers of the sample. Regarding atomic percentage
ratio we could estimate the carbon thickness after sputtering to
0.8 nm. These carbon contamination layers before and after sput-
tering were incorporated in a second set of TRAX simulations by
adding a thin film of carbon pollution (1.8 nm and 0.8 nm thick)
placed above the gold thin film. Both estimated thicknesses
enabled us to get a feeling for the size of the effect of the carbon
film. Fig. 16 shows that by considering those thin layers, the calcu-

lated yield of electrons decreased in both simulations to the level
observed experimentally before and after plasma cleaning proce-
dure. Results obtained with TRAX are coherent with the hypothesis
of increased secondary electron emission after partial sputtering of
the carbon pollution layer. These results suggest a possible rele-
vant role played by the surface pollution in the secondary electron
emission. Its verification will be the basis of further research in dif-
ferent conditions.

Secondly, the ionization cross section used for proton is based
on the Binary Encounter Approximation which is known to overes-
timate the emission of very low energy electron. This is due to the
lack of condensed state effects [18,27,28]. This overestimation may
explain the difference at low energy with experimental results.

4. Discussion

In this section we will discuss differences observed between
TRAX and Geant4 spectra by studying how physical processes are
implemented in both MC simulations. As we are talking about elec-
tron emission, we focused our analysis on how atom ionization and
deexcitation cascade are reproduced in both codes.

4.1. Proton ionization

On one hand, TRAX calculates cross sections for proton induced
ionization using the Binary Encounter Approximation (BEA) [29].
On the other hand Geant4 uses cross sections calculated from
two different models. For proton energies above 2 MeV, where
the first Born approximation is considered to be valid, total ioniza-
tion cross section is calculated using Bethe Bloch model, whereas
Bragg model is used for proton energies under 2 MeV. Fig. 17 pre-
sents total proton ionization cross sections of TRAX and Geant4 for
carbon and gold material.

In both cases, the Geant4 cross sections appear lower than the
TRAX cross sections. This difference is due to limitations in Geant4
ionization models (Bragg and BetheBloch). Indeed, these models
don’t take into account the generation of delta electron below
the mean ionization potential of the medium (81 eV for carbon
and 790 eV for gold) [30]. By contrast, TRAX can generate electrons
down to 1 eV. This explains why the TRAX ionization cross section
is bigger than the Geant4 one. As the cross section is higher for
TRAX, the number of proton-induced ionization interactions is up

Fig. 15. Comparison of experimental electron energy spectrum and simulation
(TRAX, Geant4) for 200 nm thick gold film. Irradiation with 2 MeV proton beam.

Fig. 16. Comparison of experimental electron energy spectrum and TRAX simula-
tion for polluted gold. Irradiation with 2 MeV proton beam.

Fig. 17. Comparison of total ionization cross sections used in TRAX and Geant4 for
carbon and gold targets.
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Figure 2.5.: Left panel: backscattering spectra of secondary electrons (from 0˝ to 80˝ with respect to the

surface normal) generated by a 200 nm thick gold film irradiated with 2 MeV proton beam. Ex-

perimental data are compared with TRAX and Geant4 simulations. For energies lower than 300

eV TRAX simulation overestimate the experimental spectrum.Two reasons have been pointed

out by the author of this work to justify this observation: pollution of the gold surface and

underestimation of the very low energy electron ionization cross sections (Hespeels et al.,

2017). Right panel: TRAX simulations repeated adding a thin film of carbon contamination

(estimated by the authors to be respectively 1.8 nm and 0.8 nm thick before and after remov-

ing the pollutant material with a sputtering method) placed above the gold thin film (Hespeels

et al., 2017).
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In TRAX, for high and medium projectile energies, the elastic cross sections are calculated with the
screened Rutherford approximation. In the low energy range and for high Z materials, cross sections
from the ELAST database, relying on partial wave analysis (PWA), are adopted.

Screened Rutherford cross sections are easy and fast to calculate, the differential cross section can be
computed, for a nucleus of charge Z ¨ e ,with the well known formula (Berger et al., 1963):

dσ
dΩ
pE,θ q “ Z2 ¨ e4

4E2p1´ cosθ ` 2ηq2 . (2.4)

The screening parameter, η, accounts for the screening of the nuclear charge by the orbital electrons
and can be calculated as suggested by Berger et al. (1963) : η “ Z2{3 ¨ 1.7ˆ 10´5ηcp1{β2´ 1q, where
ηc

1 is a semi-empiric screening parameter (Uehara et al., 1993; Wälzlein, 2013).
However, the range of validity of the screened Rutherford cross sections is restricted by the Born

approximation (v {c ąą Z{137, with v the particle velocity and Z the atomic number of the target),
thus, for high projectile energy and low Z target material.

In water, these cross sections reproduce accurately the elastic scattering for electrons with energies
larger than 500 eV. For lower energy electrons this approach underestimates significantly the large-angle
scattering (Krämer and Kraft, 1994). For water target experimental elastic cross sections are used, when
experimental data for water when experimental data were not available data for H2 and O2 have been
used (σH2O “ σH2

` 1{2σO2
).

For high Z material, e.g. gold, and low energy region, cross sections calculated with more elaborate
approaches like PWA provide much more correct results. PWA cross sections, often denoted as Mott
cross sections, should provide the correct description of the elastic scattering but are difficult to calculate
because of the need of a correct description of the scattering potential and the summation of terms up
to infinity. For these reasons, in the latest version of TRAX single differential cross sections from the
ELAST database, relying on PWA are implemented only for the low energy region (in gold targets for
energies lower than 20 keV) (Wälzlein et al., 2014).

1 the formulation of the semi empirical screening parameter, ηc , in the original version of the code was incorrect, with little
impact on the simulation results. However, recently the correct formulation of the ηc parameter has been implemented
and, in the present work, all the calculation have been performed with the revised elastic cross sections.
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3 Chemical extension of the TRAX code
According to the standard paradigm of radiation damage, the evolution of a particle track is assumed
to be complete only when the track reaches the chemical equilibrium and can be described as a three
stage process, where the different stages are characterized by a typical time scale: the physical, the
pre-chemical and the chemical stage; schematically represented in figure: 3.1.

The physical stage is supposed to be complete 10´15s after the particles passage through medium and
corresponds to the direct effect of radiation.

The pre-chemical stage (from 10´15s to 10´12s after the irradiation) consists in the production of
chemical species by the relaxation, auto-ionization or dissociation of the ionized and excited water
molecules. This stage is assumed to be concluded when all the chemical species and the sub-excitation
electrons thermalize.

The chemical stage includes the Brownian diffusion and the reactions between all the chemical species
generated during the pre-chemical stage. This stage is the longest and lasts up to 10´6 s; after that time
the chemical development of the track is supposed to be over and the radical yields are assumed to be
constant.

Most of the particle track structure codes are limited to the description of the so called physical stage
of radiation effect, i.e. the first 10´15s after the irradiation. These standard codes are able to calculate
the physical dose deposition in a medium through a complete description of all the excitation and ion-
ization processes induced by both the primary and secondary particles on the target material. However,
when describing the effect of radiation on biological media it has to be considered that up to 70% of
the radiation effect on biological systems is induced indirectly by the action of water-derived free rad-
icals. Water radiolysis, indeed, produces highly reactive free radicals able to inflict severe damages on
biological medium. These are mostly: OH‚, H‚, H2, H2O2, OH´, H3O`and e´aq.

Although the importance of the indirect effect of radiation on biological systems is well known and
several dosimetric techniques are based on the detection of chemical reactions with radiation-induced
free radicals, there are some gaps of knowledge on ion beam induced water radiolysis and on radical
diffusion along a particle track. Very few experimental data are available for ion irradiation and many
theories are not completely proven. In addition, a mechanistic description of the indirect effect of radia-
tion in different irradiation condition is still missing. In this direction, many groups attempt to develop
models of diffusion and interaction of chemical species. The first codes have been developed in the 1980s
(Turner et al., 1983; Clifford et al., 1985, 1986; Turner et al., 1988; Terrissol and Beaudré, 1990; Pim-
blott et al., 1991; Hill and Smith, 1994) and progressively refined over the years. Among the more recent
one can mention PARTRAC (Ballarini et al., 2000; Kreipl et al., 2008), CHEMKURBUK (Nikjoo et al.,
2006; Uehara and Nikjoo, 2006), IONLYS-IRT (Meesungnoen and Jay-Gerin, 2005, 2009) Geant4-DNA
(Karamitros et al., 2011), and RITRACKS (Plante, 2011a,b; Plante and Devroye, 2017).

Two main approaches have been adopted in order to follow chemical species: the so called indepen-
dent reaction time (IRT) technique and the step by step approach.
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Figure 3.1.: Schematic representation of the time scale of events in water radiolysis leading to the primary

products: OH‚, H‚, H2, H2O2, OH´, H3O`and e´aq.

The first one is based on an approximate Monte Carlo method used to simulate reaction times. The
main assumption is that the whole distribution of species can be modeled as a list of independent re-
actant pairs: the interaction time between two chemical species is independent of the presence of other
molecules. Depending on the initial separation, for each pair, a reaction time is computed according to
a time-dependent survival probability (Frongillo et al., 1998). Once all the reaction times are sampled,
the reactions are realized in an ascending temporal order: every time a reaction takes place the reactants
are removed from the list of possible reactions and new interaction time are computed for the reaction
products. This method is computationally fast but it does not provide directly the position of the reactive
species as a function of the time.

In the step by step approach, instead, the position of all the species is known at each time step of
the simulation and it is possible to monitor every reaction. The diffusion of each molecule is followed
with a resolution defined by the simulation time step, generally chosen in the order of picoseconds.
For every time step, the reactive species diffuse randomly with a step size dependent on their diffusion
coefficient. The reactions between reactants are defined via a proximity parameter generally indicated
as the reaction radius. This method is more accurate than the IRT approach, however, it is up to few
hundred times computationally slower (Frongillo et al., 1998).
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TRAX Chemical
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+
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Table 1.3.: List of all the time steps,�t , used for all the calculations in this work.

Time interval (s) �t (s)

10´12s † t † 10´12 10´13

10´10s † t † 5 ˆ 10´9 10´12

5 ˆ 10´9s † t † 10´8 2 ˆ 10´12

10´8s † t † 5 ˆ 10´7 5 ˆ 10´12

t ° 5 ˆ 10´7 10´11

Table 1.4.: List of all the reaction and reaction rate constants, k, used in this work.

Reaction Products kp1010dm3mol´1s´1q
OH‚+ OH‚ ›Ñ H2O2 0.6
OH‚+ e´

aq ›Ñ OH´ 2.2
OH‚+ H‚ ›Ñ H2O 2.0
OH‚+ H2 ›Ñ H‚ 0.0045
OH‚+ H2O2 ›Ñ HO‚

2 0.0023
e´

aq+ e´
aq ›Ñ H2+ OH´+ OH´ 0.55

e´
aq+ H‚ ›Ñ H2+ OH´ 2.5

e´
aq+ H3O` ›Ñ H‚ 1.7

e´
aq+ H2O2 ›Ñ OH‚+ OH´ 1.0

H‚ + H‚ ›Ñ H2 1.0
H‚ + H2O2 ›Ñ OH‚ 0.01
H‚ + OH´ ›Ñ e´

aq 0.002
H3O`+ OH´ ›Ñ H2O 10.0

root mean square displacement given by the Einstein Smoluchowski equation, as introduced for the
above mentioned process, for the three-dimensional system (see Appendix A):

� “
?

6D�t. (1.6)

A list of the diffusion coefficients adopted in this work is shown in Table: 1.2.
After the diffusion step is concluded the radicals can start to react between themselves. The reaction

process is described through a proximity parameter called the reaction radius, a. For diffusion controlled
reactions between two species, A and B, with diffusion coefficient and reaction radius respectively DA,
DB and aAB, the reaction radius is defined as

aAB “ kAB

4⇡pDA ` DBq . (1.7)

If the distance between two radicals is smaller than the reaction radius than the reaction is supposed
to take place. The two reacting species are removed from the simulation and replaced by the reaction
products.
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reactions between two species, A and B, with diffusion coefficient and reaction radius respectively DA,
DB and aAB, the reaction radius is defined as

aAB “ kAB

4⇡pDA ` DBq . (1.7)

If the distance between two radicals is smaller than the reaction radius than the reaction is supposed
to take place. The two reacting species are removed from the simulation and replaced by the reaction
products.

16 1. Chemical extension of the TRAX code

Figure 3.2.: Schematic view of the approach followed for the implementation of the pre-chemical and chem-

ical stage of radiation damage in the track structure code TRAX.

In this chapter the development of the pre-chemical and chemical module of TRAX, following a
step by step approach, will be presented. The TRAX code is particularly suitable for an extension to
the chemical stage of radiation, thanks to the capability of following secondary electrons down to the
nanometer scale and the possibility to distinguish between shell specific excitation channels. As it will
be discussed in the following sections, these characteristic are indeed, extremely important in order to
define the proper dissociation model and the original position of the chemical species at the beginning
of the chemical stage. A schematic view of the approach followed in the implementation is shown in
Figure 3.2. A complete description of the pre-chemical and chemical stage implemented in TRAX as
well as of the resulting radiolytical yields presented in this chapter can be found in Boscolo et al. (2018)

3.1 Pre-chemical Stage

After the initial ionization or excitation of the water molecule, types and positions of the the products
generated during the physical stage of radiation (H2O`, H2O˚, e´sub) are passed to the subsequent pre-
chemical stage. During this stage these species can dissociate, leading to the formation of new molecular
products, or relax to ground state. In case of dissociation, the new species will need to thermalize and get
in equilibrium with the medium before starting to behave as chemical species and enter in the chemical
stage of radiation. This process will be completed approximately 10´12s after the irradiation. This is the
time of the longitudinal relaxation of water and approximately corresponds to the time required for the
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hydration of an electron in the lower sub excitation energy range (Turner et al., 1983). The new species
generated during this phase are H3O`, e´aq, H‚, H2, OH‚.

Very little is known about the processes involved in the formation of this species in liquid water and
on their position on the picosecond scale. For this reason, a series of parameters not completely known
have to be assumed.

The effect of these uncertainties significantly affects the time-resolved evolution of the chemical
species. In particular, while the uncertainties in branching ratio and dissociation processes affect the
initial yield of radicals the lack of knowledge in the thermalization length and direction heavily affects
the evolution of the radical species over the time (Kreipl et al., 2008).

3.1.1 Molecular dissociation

Ionization products

The probability to undergo a specific dissociation process is different depending on whether the water
molecule is ionized or excited and, if it is excited, on the specific excitation level.

Two possible models exist in order to describe the dissociation process of ionized water and, since
they lead to the formation of the same products and are both very fast processes, „ 50 fs, it is not
easy to experimentally determine which is the actual process involved in the dissociation of ionized
water,(Barnett and Landman, 1995). One possibility is that the ionized water molecule dissociates to
OH‚ and H`, and, immediately after this dissociation process, the hot H` atom interact with a water
molecule of the medium leading to the formation of the H3O`. Alternatively, the other possible process
involves a proton transfer from ionized water molecule to the solvent yielding H3O` (Thomsen et al.,
1999).

H2O` `H2OÝÝÝÑ H3O``OH‚ (a)

Multiple ionization processes are still not accounted in TRAX and this can represent a possible outlook
for a future extension of the code. Some simulation codes, indeed, showed that they might have a
significant role in the chemical evolution of high LET radiation (Gervais et al., 2006; Meesungnoen and
Jay-Gerin, 2009), however both the cross sections as well as the dissociation channels for these processes
in liquid water are still not completely known.

Dissociation of excited water molecules

In case of an excited liquid water molecule, instead, little is known about the quantitative and qualitative
production of chemical species starting from each possible excited state in liquid water. As shown in
Table 3.1 different groups use very different sets of decay probabilities, with differences ranging from
0% to 100% (Ballarini et al., 2000). This is motivated by the necessity of matching the picosecond yield
of the different chemical species to experimental evidences. As the inelastic cross sections adopted in
the different codes are not the same, the authors were forced to adapt the individual excitation branching
ratio in order to reproduce the expected radical yield. The total yield of production of a particular species
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is, indeed, strongly dependent on the cross section used to model the physical stage: partial cross sections
essentially determine the probability of the respective ionization or excitation types.

In the present work, four possible dissociation patterns have been considered: auto-ionization (b), two
dissociative decays (c)(d) and relaxation to the ground state (e).

H2O˚ `H2OÝÝÝÑ H3O``OH‚` e´aq (b)
`H2OÝÝÝÑ OH‚`H‚ (c)
`H2OÝÝÝÑ H2`H2O2 (d)
`H2OÝÝÝÑ H2O`∆E (e)

The auto-ionization, process (b), is an indirect ionization which can be produced when an electronic
excitation of the water molecule produces excited states above the first ionization threshold. In this
case, the water molecule can decay by auto-ionization ejecting an electron. In liquid water, photolysis
measurements showed the production of solvated electrons already at excitation energies of c.a. 6.5eV
(Boyle et al., 1969). Since this energy is not sufficient for a vertical ionization, this observation is
considered to be the proof that, thanks to the liquid structure of the water, indirect ionization processes
can appear even at low excitation energies (Thomsen et al., 1999; Han and Bartels, 1990).

In our model, we assumed the auto-ionization as a unique dissociation channel for the diffuse bands
excitation and the two dissociative excitations H˚Lymanα and H˚Balmerα. A probability of respec-
tively 57% and 30% are assumed for the two Rydberg series and for the B1A1 molecular excitation
state.

Also the relaxation to the ground state, process (e) has a lower probability to occur in the gas phase,
when water molecules are farther to each other, compared to the liquid phase. This process can be
originated when an excited molecule transfers the excess energy to the surrounding medium or by an
immediate recombination between the dissociation products.

A complete description of the dissociation scheme with the relative branching ratios adopted in this
work is shown in Table 3.1. However, since the dissociation model is imported from an external file, it is
possible to change it at any time, this follows the general idea of TRAX of having a modular structure.
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Table 3.1.: Collection of different dissociation schemes adopted by different research groups. Adapted and extended from Ballarini et al. (2000).

Dissociation channel Probability(%)

Turner et al.
(1983)

Meesungnoen
and Jay-Gerin
(2005)

Tomita
et al. (1997)

Ballarini
et al. (2000)

Kreipl et al. (2008);
Karamitros et al.
(2011)

Nikjoo
et al. (2006)

Gervais
et al. (2006)

This
work

Ionization H3O`+OH‚+e´aq 100 100 100 100 100 100 100 100

Excitation
A1B1

H2O - 45 - 35 35 - 30 25
OH‚+ H‚ 100 55 75 65 65 75 70 75
H2+ O‚‚ - - 25 - - 25 - -

B1A1

H2O - 22.5 - 23 30 45 22.5 15
H3O`+OH‚+e´aq - 50 - 50 55 - 25 55
OH‚+ H‚ - 21.7 - 20 - - 40.95 -
H‚+ H‚+ O‚‚ - 2.2 - 3.9 - - 6.30 -
H2+O‚‚ 100 3.6 100 - 15 - 5.25 -
H2+ H2O2 - - - 3.2 - 55 - 30

Ryd(A+B),
Ryd(C+D)

H2O - - - 50 50 23 - 23
OH‚+ H‚ - - - - 50 20 - 20
H3O`+OH‚+e´aq 100 - 100 50 - 57 - 57

Diffuse bands
H2O - - - 50 50 23 - -
OH‚+ H‚ - - - - 50 20 - -
H3O`+OH‚+e´aq 100 - 100 50 - 57 - 100

Collective
excitations

H2O - - 70 - - - - -
OH‚+ H‚ - - 30 - - - - -

H˚ Lyman α
H˚ Balmer α

H2O - - - - 50 23 - -
OH‚+ H‚ - - - - 50 20 - -
H3O`+OH‚+e´aq 100 - - - - 57 - 100

OH˚
H2O - - - - - 23 - -
OH‚+ H‚ - - - - - 20 - -
H3O`+OH‚+e´aq - - - - - 57 - 100

e´sub e´aq 100 100 100 100 100 100 100 100
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3.1.2 Thermalization and displacement of hot fragments

During the dissociation process a small amount of energy is released. The dissociation fragments will,
then, have a certain kinetic energy at the moment of their production. Only after releasing this energy and
getting thermalized with the surrounding medium these fragments start to behave as chemical species
and interact with each other. This step determines the end of the pre-chemical stage and is supposed to
be concluded 10´12 s after the irradiation.

In the simulation, the multi-step thermalization process is described as a single step relocation of the
dissociation fragment at a certain thermalization distance in a random direction, with respect to the origi-
nal position of the ionized or excited water. Unfortunately, at the moment, there are no theoretical models
or experimental observations able to provide quantitative information on the spatial distribution of the
chemical products at the end of the pre-chemical stage. As a consequence, thermalization distances often
have to be estimated and are usually validated by comparison to the experimental yield of species at later
moments (Turner et al., 1983). A large part of the authors (Hill and Smith, 1994; Tomita et al., 1997;
Nikjoo et al., 2006) adopted the values for thermalization distances proposed by Turner et al. (1983)
and adjusted them depending on the dissociation scheme implemented in their model. An additional set
of thermalization distances have been proposed by Kreipl et al. (2008) and adopted by Karamitros et al.
(2011), but, also in this case, the values are assumed and adjusted based on the resulting yields of species
(Kreipl et al., 2008).

In this work, an attempt to give an estimation of the thermalization distances has been made. Thermal-
ization distances have been calculated based on experimental measurements of the translational energy
transferred to the hot fragments in the dissociation process (Kawazumi and Ogawa, 1987; Kurawaki
et al., 1983). To our knowledge, however, this quantity is known only for few dissociation processes. So,
in order to estimate an approximative value for the kinetic energy transferred in the channels which are
not documented, assumptions have to be made.

The average distance made by the different species during the first 10´12 s is computed treating the
excess energy of the fragment as a thermal equivalent energy, represented as a local increase of the system
temperature. A local variation in the temperature will affect the diffusion coefficient and, consequently,
the mean free path of a certain species in a specific time interval. According to the Stokes-Einstein
relationship

D
T
“ µkB (3.1)

where µ is the particle mobility in water, kB is the Boltzmann constant and T is the absolute temperature.
The diffusion coefficient, D1, for a different system temperature, T1, can be calculated from the relation

D1

T 1
“ D

T
(3.2)

where D and T are respectively the diffusion coefficient and the absolute temperature.
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Table 3.2.: List of all the chemical species used in this work and their respective diffusion coefficients, D.

Species D (m2s´1)

OH‚ 2.8ˆ 10´9

H3O` 9.0ˆ 10´9

H‚ 7.0ˆ 10´9

e´aq 4.5ˆ 10´9

H2 4.8ˆ 10´9

OH´ 5.0ˆ 10´9

H2O2 2.3ˆ 10´9

Under the assumption of a local heating, the equivalent temperature τ can be calculated from the mean
kinetic energy, Ek, of the hot dissociation fragment through the relation Ek “ 3{2kBτ. The diffusion
coefficient, Dτ, in a system at a temperature τ according to Equation 3.2 will than result in:

Dτ “
DEk
3
2kBT

. (3.3)

At the room temperature kBT “ 25ˆ 10´3eV, then, expressing Ek in eV, it will be

Dτ “
1

0.038
DEk. (3.4)

Given the diffusion coefficient, Dτ for the hot fragment the root mean square displacement, λτ of a
species after a time interval, ∆t, can be calculated with the Einstein-Smoluchowski equation for three-
dimensional system (see Appendix A)(Berg, 1993):

λτ “
a

6Dτ∆t. (3.5)

In the following, a brief description of the thermalization model applied for all the dissociation pro-
cesses will be presented. In Table 3.2 the diffusion coefficient adopted for the different species are
shown.

(a) Ionization

After an ionization process, the ionized water molecule, H2O` is assumed to undergo a series of
fast charge transfers which will result in a shift of the dissociation position respect to the original
H2O` production position. The displacement of H2O`, at the time of the dissociation process, is
sampled from a three-dimensional Gaussian distribution with a mean displacement of 1.5 nm (Turner
et al., 1983). In the new position, the H2O` interacts with another water molecule of the medium lead-
ing to the formation of H3O` and OH‚ (Eigen and de Maeyer, 1958). The two fragments are assumed to
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be ejected in opposite directions. The mean free paths are computed, depending on their kinetic energy,
according to Equation 3.4 and the direction is randomly selected from a uniform distribution.

For one of the majors dissociation processes of H2O`, a total translational energy of Etot “ 4.23´
7.41 eV has been measured with laser-fluorescence techniques (Kawazumi and Ogawa, 1987). In the
original work this energy is associated to a slightly different process: H2O` ÝÑ H`` OH‚, where
the two fragment gain a kinetic energy respectively EH` “ 4 ´ 7 eV and EOH‚ “ 0.23 ´ 0.41 eV.
Assuming that the proton is immediately transferred to a solvent water molecule leading to the formation
of H3O` and imposing the momentum conservation, we distribute the kinetic energy between the two
fragment as follow

EH3O` “ 17
36Etot “ 2´ 3.5 eV EOH‚ “ 19

36Etot “ 2.23´ 3.91 eV.

Since the measurements provide an interval of translational energies the mean free path for the two
fragments is computed according to Equation 3.4 taking, as kinetic energy the average between the two
values proposed.

λ̄H3O` “ 1.96 nm λ̄OH‚ “ 1.16 nm

(b) Auto-ionization

The auto-ionization process is described following the same scheme of the ionization. The emerging
electron is assumed to be produced with an energy of„ 1.7 eV (Han and Bartels, 1990) and thermalized
following the scheme of the the sub-excitation electrons (as described below).

(c) Dissociation H2O˚ ÝÑ OH‚+ H‚

The translational kinetic energy transferred to the fragment produced in this dissociation channel has
been measured by (Kawazumi and Ogawa, 1987). The H‚ and OH‚ are assumed to receive translational
energy of respectively:

EH‚ “ 1.25´ 2.91 eV EOH‚ “ 0.073´ 0.171 eV.

The position of the two fragment at the end of the pre-chemical stage is sampled as a jump of the two
fragments in opposite directions. The mean free path of the OH‚ and H‚ is calculated with the same
method as for the ionization.

λ̄H‚ “ 1.51 nm λOH‚ “ 0.23 nm

(d) Dissociation H2O˚ +H2OÝÑ H2+ H2O2

In this case the dissociation is assumed to be a two step process: at first the water molecules dissociate
leading to the production of H2 and O‚‚. The O‚‚ is then supposed to react immediately with a target
water molecule forming the H2O2.

H2O˚ ÝÑ H2`O‚‚ `H2OÝÝÝÑ H2`H2O2

This dissociation channel is much less probable compared to all the processes described up to now. For
this reason, very little is known and, to our knowledge, the kinetic energy transferred to the fragments
is not known for this process. In order to give an estimation, we assumed that the total kinetic energy
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transferred is the same as the one released in the process (c). The kinetic energy to the H2 fragment
is computed imposing the momentum conservation while the O‚‚ fragment is assumed to react rapidly
with a water molecule leading to the formation of H2O2, (Cobut et al., 1998). In this case, the H2O2 is
supposed to stay in the interaction position. The kinetic energy transferred to the H2 and the computed
mean free path are respectively.

EH2
“ 1.95 eV λ̄H2

“ 1.23 nm

3.1.3 Sub excitation electrons

Sub-excitation electrons, referring to electrons with a kinetic energy lower than the first electronic ex-
citation potential of water (7.4 eV), deposit their excess energy through a series of vibrational (bending
or stretching), librational and translational modes until they reach the thermal equilibrium with the sur-
rounding medium („ 25 meV at room temperature).

Because of its negative charge, the thermalized electron in aqueous solutions forms a cluster by at-
taching to the surrounding molecules. At this stage, the electron starts to behave as a chemical species
and is named hydrated electron, aqueous electron or solvated electron. The thermalization process of the
sub-excitation electron can last up to 1ps and determines the end of the pre-chemical stage of radiation.
The distance travelled by a sub-excitation electron before thermalizing depends on the electron energy
and is known as a thermalization distance.

This quantity plays a fundamental role in the simulation of the dynamic of chemical species along
an ion track and extensive studies have been carried on using theoretical, stochastic and experimental
approaches (Meesungnoen et al., 2002; Zaider et al., 1994; Terrissol and Beaudré, 1990). However,
because of the complexity of the problem, there is no agreement between the different methods (Ballarini
et al., 2000).

Many track structure codes describe this process as a single step in a random direction sampling the
mean free path of the sub-excitation electron depending on its energy according to tables of thermaliza-
tion distance (Kreipl et al., 2008; Nikjoo et al., 2006; Ballarini et al., 2000; Tomita et al., 1997). In the
chemical version of TRAX the thermalization scheme for condensed water, proposed by Zaider et al.
(1994), has been implemented, Figure 3.3. According to the electron energy the thermalization distance
is sampled from a gaussian distribution with mean value and FWHM respectively equal to the peak and
to the width of the range distribution proposed by Zaider et al. (1994).

In the more recent version of TRAX, it is also possible to use cross sections for sub-excitation elec-
trons able to follow secondary electrons down to 1.7 eV (see Section 2.1.3). This approach is more
accurate, however it is also more sensitive to uncertainties on the cross section tables and results to be
computationally more expensive. In Section 3.3.6 the impact of the choice of different thermalization
approaches on the calculation of the radical yield along the particle track will be shown.

3.2 Chemical stage

The chemical stage is the last and longest stage of the track structure development. In this stage, the
chemical species generated during the pre-chemical phase, diffuse and interact between themselves and
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Figure 3.3.: Range distribution for sub-excitation electron for indicated energies at 1 ps after the irradiation,

(Zaider et al., 1994).

with the water molecules of the medium. This phase is considered to be completed within 1µs, at this
time the track evolution is assumed to be over and the radical yield is supposed to be constant.

The reaction kinetics during the whole chemical evolution of the track can be very complex. The
time-dependent concentration of the chemical species is, also, strongly affected by the initial position of
the radiolysis products. In the case of high-LET radiation the track is dense, the radiolytic species are
produced close to each other and the probability that a chemical reaction will take place between them
is high. For sparsely ionizing radiation, on the other hand, the distance between the radiation-induced
water free radical is larger, decreasing the interaction probability.

Because of the kinetic complexity, it can be difficult to study a particular process accounting for all
the secondary and concurrent reactions. For this reason, the possibility to perform simulations, in this
context, represents a powerful support to experimental measurement. In TRAX the track evolution is
followed by a step by step algorithm and allows to determine the position of each chemical species at
every step of the simulation. Since the time lapse of the entire simulation is very large (it spans 6 orders
of magnitude) the time step changes gradually during the simulation, as shown in Table 3.3, to speed
up the calculation. In such a way the track evolution is sampled accurately during the first moments,
when the species are close to each other and many reactions occur, while a larger time step is used for
the last part of the track evolution, when the species are already diffused and the reaction rate is much
lower. A similar approach has been implemented in the PARTRAC code (Kreipl et al., 2008). However,
the suggested time interval resulted to be too gross for the chemical evaluation of high LET track and
discontinuities in the time evolution where observed. For this reason in TRAX a more fine time step in
the evolution interval between 0.1 ns and 1µs has been adopted.

During each time step, ∆t, all the water free radicals and their reaction products undergo two main
processes: the radical diffusion and the chemical reactions. The diffusion process is modeled as a jump
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Table 3.3.: List of all the time steps,∆t , used for all the calculations in this work.

Time interval (s) ∆t (s)

10´12 ă t ă 10´10 10´13

10´10 ă t ă 5ˆ 10´9 10´12

5ˆ 10´9 ă t ă 10´8 2ˆ 10´12

10´8 ă t ă 5ˆ 10´7 5ˆ 10´12

t ą 5ˆ 10´7 10´11

Table 3.4.: List of all the reactions and reaction rate constants, k, used in this work.

Reaction Products kp1010dm3mol´1s´1q
OH‚+ OH‚ ÝÑ H2O2 0.6
OH‚+ e´aq ÝÑ OH´ 2.2
OH‚+ H‚ ÝÑ H2O 2.0
OH‚+ H2 ÝÑ H‚+ H2O 0.0045
OH‚+ H2O2 ÝÑ HO‚2+ H2O 0.0023
e´aq+ e´aq+ H2O+ H2O ÝÑ H2+ OH´+ OH´ 0.55
e´aq+ H‚+ H2O ÝÑ H2+ OH´ 2.5
e´aq+ H3O` ÝÑ H‚+ H2O 1.7
e´aq+ H2O2 ÝÑ OH‚+ OH´ 1.0
H‚+ H‚ ÝÑ H2 1.0
H‚+ H2O2 ÝÑ OH‚+ H2O 0.01
H‚+ OH´ ÝÑ e´aq+ H2O 0.002
H3O`+ OH´ ÝÑ H2O+ H2O 10.0

of the chemical species in a random direction. The step is sampled from a 3D Gaussian distribution
with root mean square displacement given by the Einstein Smoluchowski equation, as introduced for the
above mentioned process, for the three-dimensional system (see Appendix A) (Berg, 1993):

λ “
?

6D∆t. (3.6)

A list of the diffusion coefficients adopted in this work is shown in Table 3.2.
After the diffusion step is concluded the radicals can start to react between themselves. The reaction

process is described through a proximity parameter called the reaction radius, a. For diffusion controlled
reactions between two species, A and B, with diffusion coefficient and reaction radius respectively DA,
DB and aAB, the reaction radius is defined as

aAB “
kAB

4πpDA`DBq
. (3.7)

If the distance between two radicals is smaller than the reaction radius then the reaction is supposed
to take place. The two reacting species are removed from the simulation and replaced by the reaction
products.
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The reaction considered and their respective reaction rate constants are loaded from an exter-
nal chemical file and can easily be modified at any time. In this work we included 13 reactions
within 8 chemical species. For almost all the reactions we adopted the reaction rate constants sug-
gested by Nikjoo et al. (2006) except for the reaction OH‚` e´aq Ñ OH´, where we chose a reac-
tion rate constant of 2.2ˆ 1010dm3mol´1s´1 instead of 2.5ˆ 1010dm3mol´1s´1, and the reaction
e´aq`H2O2 Ñ OH‚`OH´, where we adopted a reaction rate constant of 1.0ˆ 1010dm3mol´1s´1

instead of 1.3ˆ 1010dm3mol´1s´1.
A list of all the reactions included and the reaction rate constants adopted is shown in Table 3.4; all

the reactions and the reaction rate constants are reported for pure water under normal conditions (neutral
pH and 250C).

3.3 Results

3.3.1 Calculation

At the current stage, the chemical extension of TRAX is able to perform simulations of the chemical
dynamics induced by electron and ion radiation in water. In Figure 3.4 and 3.5 the simulated chemical
evolution in the beam eye view and lateral profile of a track of one 8 MeV/u carbon ion is shown in the
time interval 10´12 to10´6 s.

Differently from the physical stage, where all the information of the track evolution is stored in a
binary, external LISTMODE file, in the chemical stage the evaluation is done on the fly.

The dissociation tables, diffusion coefficient, and reaction tables are loaded from an external file and
can be easily modified without code changes.

The simulations are performed in a cube of water with size 5ˆ5ˆ5µm3 for low-LET radiation. For
high-LET radiations a geometry of 5ˆ 5ˆ 0.5µm3 (thinner in the beam direction) is preferred in order
to guarantee the track segment condition, i.e. that the linear energy transfer of the primary radiation can
be assumed constant in the target geometry.

For each simulation, a series of parallel calculation, completely independent of each other, has been
performed. Thus, no inter-track interaction have been included. The number of primary particles si-
mulated for each condition was chosen high enough to reduce statistical fluctuation: the total energy
deposited by all the primary ion tracks in the target was at least 2.5 MeV.

The yield of the different chemical products are described in terms of the G-values, this is one of the
most common quantities used in radiation chemistry and is defined as the number of molecules produced
per 100 eV of energy deposited.

3.3.2 Calculated Yield at one picosecond

After the completion of the water dissociation process, the species generated are H3O`, OH‚, e´aq, H‚,
H2, and H2O2. The type of chemicals produced during the pre-chemical stage is exclusively determined
by the dissociation tables while the yield of production of the different species strongly depends also
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Figure 3.4.: Chemical evolution of a 8 MeV/u carbon ion track in water in the time interval 10´12 ´ 10´6

s, as computed with the present work, shown in beam eye view.
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Figure 3.5.: Chemical evolution of a 8 MeV/u carbon ion track in water in the time interval 10´12 ´ 10´6

s, as computed with the present work, shown in top view.
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on the cross sections used during the physical stage: the partial cross sections, indeed, determine the
probability for the different ionization or excitation types.

In TRAX shell specific ionization and excitation cross sections are implemented. In particular the
cross sections include five ionization shells (1s, 2a1, 1b2, 3a1 and 1b1) and eight excitation states: five
molecular excitations (A1B1, B1A1, Rydberg A+B, Rydberg C+D and diffuse bands) and three dissocia-
tive excitations (H˚ Lyman α, H˚ Balmer α and OH˚).

The yield of the products after the completion of the physical stage for ionization sub-excitation elec-
trons and all the different excitation states obtained with TRAX are reported in Table 3.5 for electron and
proton radiation of different energies. The yield of the different physical processes do not significantly
depend on the radiation quality: electron and proton radiation show differences smaller than 3%, while
no significant differences have been obtained between the same radiation type at different energy. Even
if the cross sections for the different ionization and excitation processes strongly depend on the radiation
energy, for electron and ion radiation most of the energy is, indeed, deposited through secondary and
higher order electrons, which are emitted with broad energy spectra.

In Table 3.6 the results of our calculations at the completion of the physical stage in liquid water irra-
diated with 1 MeV electron radiation are compared with the ones of PARTRAC (Ballarini et al., 2000)
and CHEMKURBUC (Uehara and Nikjoo, 2006). The difference between our calculation and the yield
proposed by the other codes is small for H2O` and e´sub: only 1.8% of difference with CHEMKURBUC
and 1.4% with PARTRAC. In the contribution to the different shell specific excitations, no significant
difference (<2.5%) between TRAX and CHEMKURBUC calculations appears; the two codes use in-
deed very similar cross sections. In contrast, the PARTRAC code shows a difference up to 7.4% in the
partitioning between the different excitation processes.

Depending on the ionization or excitation state the water molecule dissociates during the pre-chemical
phase according to the dissociation scheme shown in Table 3.1. The recombination process between hot
dissociation fragments is in competition with the thermalization, many of these fragments will, then,
recombine immediately after their production. The number of radicals undergoing an immediate recom-
bination process depends on the proximity between the fragments along the track. For low-LET radiation
around 4% of the fragment recombine at the very beginning of the chemical stage while for high-LET
radiation this number increases up to 13%.

The resulting yield represents the production rate of the chemical species at the end of the pre-chemical
stage (1 ps after the irradiation). In Table 3.7 the computed yield of TRAX are compared with literature
data compiled in Kreipl et al. (2008).

The values reported are obtained averaging over the G-value of all the radiation type. At the end of
the pre-chemical stage, the G-values are only weakly dependent on the primary radiation quality since,
as shown in Table 3.5, the branching ratio for the different physical process are nearly independent of
the LET and radiation type. As underlined by Kreipl et al. (2008), it is important to notice that at the
moment there are no experimental data available for these quantities and all the values reported are model
parameters or result from theoretical considerations.
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Table 3.5.: Products’ yield after the completion of the physical stage for ionization, sub-excitation electrons

and all the different excitation states obtained with TRAX, for electron and proton radiation of

different energies.

H2O`p%q e´subp%q H2O˚p%q
A1B1 B1A1 Ryd

A+B
Ryd
C+D

db H˚Lyα H˚Balα OH˚

Electron
1MeV 35.77 35.83 8.67 4.37 1.57 2.19 7.19 2.18 0.43 1.80
750 keV 35.12 35.17 8.62 4.59 1.63 2.35 7.77 2.49 0.48 1.79
100 keV 34.26 34.29 8.72 4.74 1.74 2.53 8.65 2.77 0.54 1.76

Proton

200 MeV 37.08 37.14 8.93 4.47 1.70 2.39 7.77 2.43 0.48 1.91
90 MeV 37.25 37.31 8.89 4.59 1.66 2.37 7.63 2.40 0.48 1.92
50 MeV 37.31 37.36 8.82 4.62 1.67 2.35 7.61 2.4 0 0.46 1.88
3 MeV 37.10 37.11 8.98 4.67 1.70 2.42 7.78 2.44 0.47 1.92

Table 3.6.: Comparison between the yield of products after completion of the physical stage (sub-excitation

electrons; ionized water molecules; excitations: A1B1, B1A1, Rydberg states, diffuse bands,

dissociative excitations) with 1MeV electron tracks as obtained with theTRAX-CHEM code,

PARTRAC (Ballarini et al., 2000) code and the CHEMKURBUC code (Uehara and Nikjoo, 2006).

H2O`p%q e´subp%q H2O˚p%q
A1B1 B1A1 Ryd(A+B), Ryd(C+D),

db and de

TRAX 35.77 35.83 8.67 4.37 15.36
CHEMKURBUC 33.9 33.9 11.1 3.6 17.5
PARTRAC 37.1 37.1 8.7 9.7 7.5
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Table 3.7.: G-value calculated at 1 ps after the irradiation.Adapted from Kreipl et al. (2008).

e´aq OH‚ H‚ H3O` H2 Ref

4.88 5.89 0.96 - - Tomita et al. (1997)
5.30 6.05 0.72 5.38 0.13 Cobut et al. (1998)
4.78 5.70 0.62 4.78 0.15 Bisby et al. (1977)
4.7 6.0 0.8 4.7 0.25 Trumbore et al. (1978)

4.78 5.40 0.62 4.78 - Naleway et al. (1979)
6.3 8.4 2.1 6.3 0.3 Turner et al. (1983)
- 6.82 0.84 4.8 0.62 Kaplan et al. (1990)

4.78 5.50 0.42 4.78 0.15 Pimblott and LaVerne (1994)
4.93 5.37 0.45 4.93 0.16 Pimblott and LaVerne (1997)

- 5.6 - - - LaVerne (2000)
4.83 5.78 0.63 4.83 0.16 Kreipl et al. (2008)
4.84 5.71 0.91 4.84 0.13 This work

3.3.3 Time dependence of the calculated yield

The temporal evolution of the chemical species generated by the irradiation of a water target has been
studied in the time interval 10´12´10´6 s for different primary radiation and compared, where possible,
with experimental data.

In Figure 3.6, time-dependent radiolytic yields for all the radiolytic species generated by incident 20
MeV/u carbon ion radiation in a water cube of 5ˆ 5ˆ 0.5µm3 are presented. The average radiolytic
yields have been obtained averaging over 400 independent parallel calculations. For each species, the
standard deviation on its yield is shown. The statistical error on the G-values computation span between
1.3% and 20% depending on the time and on the species. However, to keep clean and easy to read the
figures in the rest of the manuscript the error bars are not shown.

Figure 3.7 shows the calculated time-dependent yield for all the chemical species generated by 1 MeV
electron radiation in a water cube of 5ˆ5ˆ5µm3. The curves represented are obtained averaging over
5000 electron tracks, the average energy lost in the water target is 0.64 keV and the average number of
radiolytic species per track segment at 10´12 s is „105.

The yields of OH‚, H3O` and e´aq, the three main species generated by water radiolysis, decrease
with time. These species are, indeed, involved in many reaction processes and get consumed during the
chemical stage. On the other hand the yields of species generated mainly as reaction products (H2O2,
H2 and OH´) increase while the track evolution proceeds. It is important to notice that, at the end of the
calculation (10´6 s after the irradiation), the species reach a plateau indicating a chemical equilibrium
within the track and the conclusion of the chemical stage of radiation effect.

The calculated curves for some of the more significative species have been compared with experimen-
tal data and literature values in Figure 3.8. On the left panel, the time-dependent yield for OH‚ (blue
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Figure 3.6.: Calculated time-dependent yield for all the species produced by a 20 MeV/u carbon ion in a

water cube of 5ˆ5ˆ0.5µm3. The transparent bars represent a full uncertainties calculation

indicating the statistical error for each specie during the whole chemical track evolution.

curve) and H2O2 (red curve) is reported, while in the right panel the yield of hydrated electrons (black
curve) and H2 molecules (light blue curve) are shown.

The OH‚ yield shows a good agreement with data from the literature. The obtained G-value for
the OH‚ at the conclusion of the chemical phase GOH‚p1µsq “ 2.75 matches the standard value of
GOH‚p1µsq “ 2.8 (Ferradini and Jay-Gerin, 1999). In addition, our calculations are in good agreement
with the recent experimental data measured by El Omar et al. (2011) and with the computed values
proposed by Jay-Gerin and Ferradini (2000) and by LaVerne and Pimblott (1991). On the other hand,
the simulations from Tomita et al. (1997) yield to slightly higher values and the steep slope predicted
in the interval from 0.1 to 10 ns through the inverse Laplace transformation from LaVerne (2000) can
not be reproduced with our model, a similar disagreement has been reported also by Kreipl et al. (2008).
The measurements obtained with direct optical experiments from Jonah and Miller (1977) have been
excluded from this data collection. These data have been, indeed, recently revised by Bartels et al.
(2000) and resulted to be overestimated: they rely on an estimation of the initial yield of hydrated
electrons which appeared to be too high and had to be rescaled. According to this observation, Bar-
tels suggests that the measured value for OH‚ radical at 200 ps GOH‚ “ 5.9 proposed by Jonah and
Miller (1977) should be reduced to GOH‚p200psq “ 5.1 (Bartels et al., 2000). This value, however, re-
sults to be still overestimated respect to the more recent experimental measures GOH‚p10psq “ 4.8 and
GOH‚p200psq “ 4.3 from El Omar et al. (2011).

The computed time-dependent yield for the solvated electron, e´aq , appears to be in general slightly
underestimated compared to the literature data. The electron yield at the asymptotic limit of 1µs results
indeed to be Ge´aq

p1µsq “ 2.56 while the standard value is Ge´aq
p1µsq “ 2.65 (Ferradini and Jay-Gerin,

1999). No clear consensus exists instead on the initial yield of the solvated electrons. Accepted values
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Figure 3.7.: Time-dependent radiolytic yields for 1 MeV electron in a water cube of 0.5 µm sides.

Figure 3.8.: Time-dependent radiolytic yields for 1 MeV electrons in a water volume of 5ˆ 5ˆ 5µm3 for

the species OH‚ and H2O2 (top panel) and e´aq and H2 (bottom panel). Simulations: solid

lines TRAX-CHEM, dashed lines Plante (2011a), dotted lines Kreipl et al. (2008). Experiment:

İ LaVerne and Pimblott (1991), � Tomita et al. (1997), § Bartels et al. (2000), Ž Elliot et al.

(1993), � Jay-Gerin and Ferradini (2000), ‚ El Omar et al. (2011), ˝ LaVerne (2000) for OH‚.
İ LaVerne and Pimblott (1991), ˆ Pimblott and LaVerne (1997), Ž Elliot et al. (1993), �
Tomita et al. (1997), ˝ LaVerne (2000) ˛ Shiraishi et al. (1988), Ĳ Buxton (1972), İ LaVerne

and Pimblott (1991), ˛ Muroya et al. (2005), � Tomita et al. (1997), ˆ Pimblott and LaVerne

(1997), ˝ Takashi and Meiseki (1982), Ÿ Wolff et al. (1973), Ź, Thomas and Bensasson (1967),

` Belloni et al. (1983), Ž Elliot et al. (1993) for e´aq. İ LaVerne and Pimblott (1991), Ż Draganić

and Draganić (1975), Ž Elliot et al. (1993),
À

Schwarz (1969) for H2.
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Figure 3.9.: Time-dependent radiolytic yields for 3 MeV proton in a water cube of 5 µm side.

Figure 3.10.: Time-dependent radiolytic yields for 3 MeV protons in a water cube of 5 ˆ 5 ˆ 5µm3 for

the species OH‚ and H2O2 (upper panel) and e´aq and H2 (lower panel). Solid lines TRAX-

CHEM simulations, dashed and dotted lines simulations under respectively track average

and track segment conditions (LaVerne et al., 2005). Experiments: ˛ LaVerne et al. (2005), ˝

Burns et al. (1981), ‚ Rice et al. (1982)
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range between Ge´aq
“ 4.8 as suggested by Pimblott et al. (1996) and Ge´aq

“ 4.0 as proposed by Bartels
et al. (2000). This latter value seems to be slightly underestimated but it appear to be consistent with
yield measured by Wolff et al. (1973), Ge´aq

p30psq “ 4.0, and with the recent measurement from Muroya
et al. (2005), Ge´aq

p20psq “ 4.1.
The calculation for H2O2 and H2 are in good agreement with the experimental data. The yield of

the hydrogen peroxide, H2O2, however, stabilizes for times larger than 10´8 s. The final yield at the
end of the chemical phase results to be, then, a bit underestimated with respect to the standard values:
GH2O2

p1µsq “ 0.5 instead of GH2O2
p1µsq “ 0.68 (Ferradini and Jay-Gerin, 1999). This behavior has

been observed also in the CHEMKURBUC code (Uehara and Nikjoo, 2006). Since the reaction table
implemented in TRAX are very similar to the ones proposed in CHEMKURBUC and both the codes
are based on diffusion-controlled reaction, this behavior appears to be determined by the reaction model
adopted.

For high-LET proton radiation, the reaction kinetics is much faster: the ion track is denser resulting
in an increased reaction rate between the species generated during the water radiolysis. Calculated time-
dependent yields for 3 MeV proton radiation are shown in Figure 3.9, corresponding to an LET of „
11.5 keV/µm. The simulation was performed on a water cube of 5 µm size and the curves presented
have been obtained averaging over 80 proton track. The average energy lost in the geometry is „57 keV
and the average number of radiolytic species generated is „9600.

The time-dependent yield for solvated electron, e´aq, has been compared with experimental data col-
lected by LaVerne et al. (2005) and is shown in Figure 3.10. The calculated yield slightly overestimate
the experimental data, however, it is important to notice that the experimental data of Burns et al. (1981)
have been taken averaging over the full ion track, thus, the track segment condition is not satisfied.

3.3.4 Time and energy dependence of yields

The reaction kinetics, and thus the time-dependent radical yield during the chemical stage of the track
evolution, are strongly dependent on the quality of the primary ion. This pronounced dependence has
been shown by experimental data and predicted by theoretical models. As already mentioned, indeed,
for high-LET radiation the track density is higher and the chemical species are produced close to each
other. This, then, results in an accelerated reaction kinetic.

In Figure 3.11 the time-dependent yield of the molecules is shown for different quality of the primary
radiation. In Table 3.8 the characteristics of the radiation used for every curve are reported.

Not all the radiolytic species follow the same trend when the LET of the incident radiation is var-
ied. In general, at the microsecond, the G-values of all the more abundant species generated during the
water radiolysis (e´aq, OH‚, H3O`and H‚) tend to decrease with increasing LET. The behavior of the
other species, instead, change from species to species: while the H2 and H2O2 increase their yield with
the LET, the OH´ production at the end of the chemical stage decrease with increasing LET. Addition-
ally, it can be observed that chemicals involved in many reactions, both as reactant and products, show
non-monotone time-dependent yield, among these species we can distinguish H‚, OH´ and H2O2. In
particular, the yield of the H2O2 largely increases at the early stage of the track chemical evolution until
reaching a constant value (for high LET a maximum) around 1 ns after the irradiation, long before the
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Table 3.8.: LET particle type and energy of the radiation used in Figure 3.11

LET (keV/µm ) Particle Energy

0.64 1H 90 MeV
1.06 1H 50 MeV
2.31 1H 20 MeV
4.4 1H 10 MeV
8.4 4He 20 MeV
11.4 1H 3 MeV
15.83 1H 2 MeV

real conclusion of the chemical evolution, at „ 1µs. This can be explained as a result of two competing
processes playing a role at two different time scales:

OH‚`OH‚ ÝÑ H2O2

e´aq`H2O2 ÝÑ OH‚`OH´.

The steep growth at the beginning of the chemical phase of the H2O2 is mainly due to the reaction
between two OH‚ radicals, which are very abundant at the first steps of the chemical evolution. At larger
times, the number of OH‚ radicals decrease and, with it decreases the rate of production of H2O2. At this
stage the second process becomes more important and the yield of H2O2 stops growing (for high LET,
starts decreasing).

A similar trend of the chemical yield for different radiation energies has been shown for Geant4-DNA
by Karamitros et al. (2011). However, while the G-value curves of the more abundant and investigated
species (e´aq, OH‚, H2O2 and H3O`) are consistent with our calculations, the yields of H‚ sensibly differ
at intermediate times. The two codes indeed have different reaction and dissociation models: the yield at
the picosecond of H‚ radical is GH‚p1psq “ 0.05 for Geant4-DNA and GH‚p1psq “ 0.77 in TRAX. At
the moment because of the lack of experimental data, it is very difficult to establish the correct kinetic
for all the radical species, and the yield at the end of the chemical stage is generally used to validate the
different models.
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Figure 3.11.: calculated time-dependent radiolytic yield for different LET radiation in pure water.
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3.3.5 LET and radiation type dependence of yields

The LET dependence of the G-values has been evaluated for different radiation energies and different ion
types, based on the (time-dependent) yield of the different species. Figure 3.12 shows the G-value depen-
dence on the mean LET for proton, helium and carbon ion radiation, with LET values ranging between
0.14 - 232 keV/µm. Calculations are presented with experimental values from literature where the dif-
ferent radical yields at the end of the chemical stage of radiation have been measured with: 60Co γ-rays
(Appleby and Schwarz, 1969; Burns and Sims, 1981), 137Cs γ-rays (Wasselin-Trupin et al., 2002), elec-
trons (Elliot et al., 1993), protons (Burns and Sims, 1981; Pastina and LaVerne, 1999; Wasselin-Trupin
et al., 2002), deuterons (Appleby and Schwarz, 1969; Naleway et al., 1979), helium ions (Naleway et al.,
1979; Appleby and Schwarz, 1969; Pastina and LaVerne, 1999), carbon ions (Pastina and LaVerne, 1999;
Wasselin-Trupin et al., 2002), and nitrogen and neon ions (Burns and Sims, 1981).

The overall agreement with the experimental data is good. Radical yields for OH‚ and H‚ are well
reproduced along the whole LET range, while the H2 and H2O2 results slightly underestimated respect
to the measurements but the general trend is well reproduced. The e´aq yield, instead, for LET values
larger than 100 keV/µm overestimate the helium data of Naleway et al. (1979) but matches perfectly the
measurements reported by Appleby and Schwarz (1969). At low LET values, instead, our calculations
are unable to reproduce the measured value from Appleby and Schwarz (1969) for solvated electrons
yield. However, this underestimation is consistent with what is observed in the time-dependent yield for
1MeV electron radiation.

The discontinuities in the LET-dependent curves showed in Figure 3.12 are due to the different velocity
of different ions at the same LET.

LET, indeed, is not a unique parameter affecting the radiation chemical effects. Analysis on the
dependences of the yield of radiation-induced free radicals showed that G-values are also influenced by
the radiation type, especially for heavy ion radiation, (Sauer Jr et al., 1977; Christman and Appleby,
1981; Pimblott and LaVerne, 2002; LaVerne et al., 2005). Different ion radiations with the same LET
will lead, then, to different chemical yields. This effect is a result of changes in the track structure
due to the velocity and the charge of the primary radiation (Christman and Appleby, 1981). Because
of kinematic reasons, at a fixed LET, faster ions (and thus the more highly charged) can transfer larger
maximum energy to the secondary electron. This will result in an increased penetration depth for the
secondary electrons and in a broader radial dose distribution along the ion path. For two ions with the
same LET, the track of the faster ion will result to be less dense, the radicals will be produced at a larger
distance and the recombination probability between two radicals will decrease.
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Figure 3.12.: LET dependent G-value at 1µs after the irradiation of a water target with different radiation

type. TRAX-CHEM calculations: blue solid symbols (bullet) protons, (triangle up) helium

ions, (square) carbon ions). Simulations by other codes: red dotted lines Kreipl et al. (2008),

red solid lines Plante (2011a), red dashed lines Kreipl et al. (2008). Ex:perimental values

˛ deuterum and helium ions Naleway et al. (1979), � electrons Elliot et al. (1993), � 60Co

γ-rays, proton, helium, nitrogen and neon ions Burns and Sims (1981), ‚ 60Co γ-rays, pro-

ton and helium ions Appleby and Schwarz (1969), Ĳ 137Cs γ-rays, proton and carbon ions

Wasselin-Trupin et al. (2002), İ proton, helium and carbon ions Pastina and LaVerne (1999).
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3.3.6 Radical yield dependence on the sub-excitation electron thermalization tables

The model adopted to describe the thermalization process of sub excitation electrons impacts extensively
the simulation of the whole chemical evolution.

In the TRAX-CHEM code, electrons are followed with a step by step approach down to 7.4 eV while
the final thermalization stage is described as a single step in a random direction with a step size sampled
from a 3D Gaussian distribution. The mean value and the FWHM of this gaussian distribution is de-
termined, depending on the initial energy of the sub-excitation electron, according to the thermalization
scheme proposed by Zaider et al. (1994) (see Section 3.1.3).

In Figure 3.13 the time dependent yield OH‚ and H2O2 (left panel) and e´aq and H2 (right panel) have
been calculated with different electron thermalization models for a 90 MeV proton radiation in the time
interval 10´12 to 10´6 s.

In particular the simulations have been performed substituting the thermalization tables from Zaider
(in black) with the ones proposed by Terrissol and Beaudré (1990) (in light blue). This latter method is
the one adopted in the CHEMKURBUC code (Nikjoo et al., 2006).

Additionally, in the original version of the TRAX code, it is also possible to load sub-excitation
electrons cross sections able to follow electrons with a step by step approach, down to 1.7 eV, based on
the measurements of Michaud et al. (2003). The time dependent G-values curves have been calculated
also following this method and, in Figure 3.13, are shown in red. In this case, however, since the cutoff
energy for the Michaud cross section is still larger than the thermal energy of the system („ 25 meV), an
additional step in a random direction is, then, included in the simulation in order to account the slowing
down of the electron to the thermal equilibrium. The step size is sampled from a Gaussian distribution
with a mean value of 3 nm and FWHM of 1nm according to the thermalization table proposed by Zaider
et al. (1994).

This method is more accurate with respect to the adoption of tabled energy dependent thermalization
distances, however, it is also computationally more expensive and more sensible on uncertainties in the
cross section tables. Calculating the mean free path and sampling the direction of each the sub-excitation
electron at each events, small error on the cross sections will, indeed, propagate during every interaction.
The time dependent G-values computed adopting this latter approach, are also shown in Figure 3.13. In
this case the radical recombination on the picosecond scale results to be larger compared to the other
two models adopted, and it leads to lower chemical yield during the whole track evolution. This obser-
vation seems to be supported by the finding of Meesungnoen and Jay-Gerin (2009). In his work, the
author, used the cross section table proposed by Michaud et al. (2003) to calculate the energy dependent
thermalization length for sub-excitation electron and compared the results with different thermalization
models, including the ones used in this work. Form this study it results, that the thermalization distance
predicted according to the cross section proposed by Michaud et al. (2003) are shorter compared to the
one proposed by Zaider et al. (1994) and by Terrissol and Beaudré (1990) resulting in a denser track, and
thus in a higher recombination probability, Figure 3.14.

The impact of the choice of the different thermalization methods on the LET dependent calculated
yield at 1 µs after the irradiation has been also studied and is presented in Figure 3.15. The yield
of the more abundant species is significantly different for the low LET range (LET < 10 keV/µm)
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while it is less important in the high LET region. In the low LET region the track is less dense and
the chemical evolution is more sensitive to the initial radical position. The yield of the recombination
products (H2, H2O2, OH´H‚) is only slightly affected over the whole LET range by the sub excitation
model adopted.

Figure 3.13.: Time-dependent radiolytic yields for 90 MeV proton in a water cube of 5 µm side for the

species OH‚ and H2O2 (left panel) and e´aq and H2 (right panel). For each species the yield

have been calculated by using values for the electron thermalization distance as proposed in

Zaider et al. (1994) (black curve), Terrissol and Beaudré (1990) (light blue curve) and following

the sub-excitation electrons with a step by step approach, down to 1.7 eV, implementing the

cross section tables proposed by Michaud et al. (2003) (red curve).

Figure 3.14.: Sub-excitation thermalization distances as a function of the initial energy of the sub-excitation

electron (0.2-7 eV) in liquid water at room temperature: red curve Meesungnoen and Jay-

Gerin (2009), black curve Zaider et al. (1994), light blue curve Terrissol and Beaudré (1990).
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Figure 3.15.: LET-dependent radiolytic yields in the LET range 0.14-232 keVµm for all the chemical species

generated by water radiolysis. For each species the yield have been calculated by using val-

ues for the electron thermalization distance as proposed in Zaider et al. (1994) (black curve),

Terrissol and Beaudré (1990) (light blue curve) and following the sub-excitation electrons with

a step by step approach, down to 1.7 eV, implementing the cross section tables proposed by

Michaud et al. (2003) (red curve).
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4 Impact of the water oxygenation level on
radical diffusion and on the radiation
chemistry of ion tracks

In most of the track structure codes including the chemical stage of radiation effect, the chemical evolu-
tion of a particle track is described in pure water, thus, in completely anoxic conditions. However, when
it comes to study the impact of radiation in a living organism, this assumption is not realistic and dis-
solved molecular oxygen has to be considered as well. The implementation of target oxygenation results
to be especially important when considering that the dissolved molecular oxygen, O2, strongly increases
the radiosensitivity of biological material. The effect of radiation on well oxygenated biological system
results to be larger up to a factor three compared to the respective hypoxic condition (Tinganelli et al.,
2015).

On the macroscopic scale the oxygen radiosensitization effect is quantified by the oxygen enhance-
ment factor, OER: defined as the ratio of the dose required at a certain oxygenation conditions, DpO2

to
the dose required at a normal pressure of oxygen, Dnormoxic , in order to induce the same biological ef-
fect. This quantity is extremely important for radiation therapy applications since in many clinical cases
the tumor oxygenation level is not uniform and, especially in the centre of large tumors, hypoxic regions
might be present.

The increased radioresistance of hypoxic tumors seems to be strongly related to the indirect effect of
radiation (Sonntag, 1987), and is generally explained as a combination of two main phenomena. On one
hand, molecular oxygen can fix the radical induced DNA damage, making it permanent. On the other
hand, the dissolved oxygen can interact with the radiation induced free radicals and increase the yield of
production of superoxide anion, O‚´2 and of his protonated form HO‚2 (Beuve et al., 2015). Oxygen is,
indeed, a strong scavenger for e´aq and H‚, and O‚´2 and H‚ are mainly produced during the reactions:

e´aq`O2 Ñ O‚´2 (4.1)

H‚`O2 Ñ HO‚2 . (4.2)

This latter theory is supported by both theoretical approaches (Turner et al., 1983; Klassen and Ross,
1997; Tomita et al., 1997; Watanabe and Saito, 2001; Colliaux et al., 2011) and chemical and biologi-
cal experimental observations (Goldstein and Czapski, 1995; Mikkelsen and Wardman, 2003; de Grey.,
2004; Aikens, 1991) mainly based on studies on the Fenton reaction and on the relation with superoxide
dismutase enzymes.

It is known that the impact of the medium oxygenation on the radiosensitivity strongly depends on
the LET. For low LET radiation, the value of OER can reach a maximum value of 3 and decreases

79



when increasing the LET down to a minimum asymptotic value of 1, when LET becomes greater than
„ 100´ 200keV{µm. This implies that, when irradiating with ion radiation, in the Bragg peak region
there is, basically, no more impact of the tissue oxygenation on the radiation effect. On the microscopic
scale, this effect can be explained as a track density effect. As shown in Figure 3.12, the recombination
probability of water induced free radicals increases for high LET values, resulting in a lower contribution
of the indirect effect of radiation damage and, thus, decreasing the impact of the target oxygenation
condition (Colliaux et al., 2011).

However, this is not a unique explanation, many other processes might be involved as well and several
additional theories have been developed. One of the most believed, the so-called "oxygen in the track
hypothesis", suggests that the production of O2 molecule via multiple ionization processes in the track
of densely ionizing radiation can cause locally a partial oxyc response (Meesungnoen and Jay-Gerin,
2009; Gervais et al., 2006; Baverstock and Burns, 1981). Other possible hypotheses are the interacting
radical theory (Alper, 1956), the oxygen depletion in the heavy ions tracks (Stuglik, 1995), the lesion
complexity hypothesis (Ward, 1994), and the radical multiplicity (Michael, 1996).

In this chapter, the implementation of dissolved oxygen in the chemical module of TRAX will be
presented, and its impact on the production and diffusion of chemical species will be studied for different
irradiation conditions: different LET, different oxygenation level, and different particles type.

4.1 Implementation of dissolved oxygen in TRAX

4.1.1 Interaction of the dissolved molecular oxygen with radiation induced water free radicals

The addition of a certain concentration of the molecular oxygen to the target material affects the reaction
network. In this case, new species, generated by the interaction of O2 with the radiation induced water
free radical, have to be implemented and accounted during all the track chemical evolution. This new
species and their diffusion coefficients are presented in Table 4.1. A list describing the new reactions
implemented involving this new species is showed in Table 4.2.

4.1.2 Dissolved oxygen implementation in TRAX

The presence of dissolved oxygen has been implemented following a similar approach to the one pro-
posed in Pimblott et al. (1991); Green et al. (1990). The molecular oxygen is assumed to be homoge-
neously distributed and is treated as a continuum. This approximation has been adopted also by other
authors (Cobut et al., 1998; Watanabe and Saito, 2001; Colliaux et al., 2011; Tomita et al., 1997).

The explicit introduction of the oxygen in the simulation would, indeed, dramatically increase the
computing time even for very dilute solutions. In a system with nc particles for each time step it is
necessary to consider up to ncpnc ´1q{2 possible combinations of reactants. When a solute is explicitly
accounted it is also necessary to include ns solute molecules. The number of possible reactant combi-
nation will then be ncppnc ´ 1q{2 ` ns and can become excessive for very low oxygen concentration
(Pimblott et al., 1991). Just as an example: the chemical species generated by a 10 MeV proton on a wa-
ter cubic volume with 5 µm side is nc „ 103, thus the number of possible reactant combinations would
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Table 4.1.: List of all the chemical species, and their diffusion coefficients D, added to the chemical species

list of TRAX in order to describe the impact of dissolved molecular oxygen in the water target .

Species D (m2s´1)

O2 2.1ˆ 10´9

HO‚2 2.0ˆ 10´9

HO´2 2.0ˆ 10´9

O‚´2 2.1ˆ 10´9

Table 4.2.: List of all the reactions and reaction rate constants, k, added to the standard reaction list of

TRAX Table 3.4, in order to describe the chemical reaction taking place in presence of dissolved

molecular oxygen in the water target.

Reaction Products kp1010dm3mol´1s´1q
e´aq+ O2 ÝÑ O‚´2 1.9
H‚+ O2 ÝÑ HO‚2 2.0
OH‚+ HO‚2 ÝÑ O2 1.0
OH‚+ O‚´2 ÝÑ O2+ OH´ 0.9
OH‚+ HO´2 ÝÑ HO‚2+ OH´ 0.5
e´aq+ HO‚2 ÝÑ HO´2 2.0
e´aq+ O‚´2 ÝÑ OH´+ HO´2 1.3
H‚+ HO‚2 ÝÑ H2O2 2.0
H‚+ O‚´2 ÝÑ HO´2 2.0
H3O`+ O‚´2 ÝÑ HO‚2 3
H3O`+ HO´2 ÝÑ H2O2 2.0
HO‚2+ HO‚2 ÝÑ H2O2+ O2 0.000076
HO‚2+ O‚´2 ÝÑ O2+ HO´2 0.0085
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be „ 5ˆ105. Assuming an oxygen concentration of 10´5 mol{l, the number of dissolved molecules to
be added in the target geometry will be ns „ 7ˆ 105 and the possible number of reactant combination
would, then, become „ 7ˆ 107.

Under the approximation of a continuum distribution of oxygen the probability for a radiolytic species
to interact with an oxygen molecule of the target is determined by the rate equation

dΩ
dt
“ kptqcsΩptq (4.3)

where Ωptq is the time dependent survival probability of the molecule of interest and cs is the oxygen
concentration. k(t) is the time dependent rate coefficient for the reaction of interest and it is defined
according to the Noyes theory, (Noyes, 1961), as:

kptq “ 4πD1Rreac

ˆ

1` Rreac?
πD1 t

˙

(4.4)

where Rreac is the reaction radius calculated according to Equation 3.7 and D1 is the relative diffusion
coefficient (considering the two species A and B, D1 “ DA` DB). The probability, W ptq, for a species
to react with a molecule of dissolved oxygen during a period of time t is then given by:

W ptq “ 1´Ωptq “ 1´ e´4πD1Rreac cs

`

t`2Rreac

b

t
πD1

˘

(4.5)

In the code, the probability that a species will interact with an oxygen species is computed every time
step t , and is sampled according to the probability distribution P(x) defined as following

Ppxq “
$

&

%

1 if x ďW ptq
0 otherwise

(4.6)

where x P r0 : 1s is a random variable selected by a uniform distribution. When a reaction occurs the
reacting product is removed from the list of radicals and the reaction products are added according to the
model followed during the chemical stage in TRAX-CHEM.

4.1.3 Calculation of oxygen concentration

In order to define a range of oxygen concentrations consistent with the condition of a biological system,
it is convenient to relate the concentration of oxygen dissolved in water to the partial pressure of oxygen
in the air within standard conditions of pressure.

Given the partial pressure of a gas, pgas (generally in atmospheres), the solubility of the gas at a fixed
temperature in a particular solvent, cs (generally in mol per liter), can be computed through Henry’s law:

cs “ KH ˆ Pgas (4.7)

where KH is Henry’s constant and corresponds to the gas solubility in water. For O2 at a temperature
of 20˝C, Henry’s constant is KH “ 1.3 ˆ 10´3mol{pl atmq. Hence, for a partial oxygen pressure
PO2

“ 21% the oxygen concentration is 0.27 mmol{l
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Table 4.3.: List of values for atmospheric partial oxygen pressure at the water surface used in the following

calculations and respective oxygen concentration in water. Calculated according to Equation

4.7.

pO2 Oxygen concentration
(mmol/l)

21% 0.273
10% 0.13
5% 0.065
2.5% 0.0325
1% 0.013
0.5% 0.0065
0.15% 0.00195

4.2 Results

4.2.1 Radiolysis of oxygenated water

Chemical yields for the different species have been evaluated for different oxygen concentration and
different radiation quality.

Figure 4.1 shows the impact of the target oxygenation level on the time dependent evolution of the
radiolytic yields for 40 MeV/u helium radiation. On the upper left panel, G-values as a function of the
time are reported in the case of hypoxic water target, while in the upper right and bottom panel the chem-
ical yield has been reported for an oxygenated water target, with an atmospheric partial oxygen pressure
at the water surface of respectively 1.5% and 21%. In the early stages of the chemical evolution of the
track, the yield of radicals is not significantly affected by the presence of dissolved oxygen molecule
in the target. At more advanced times, „0.1 ns after the passage of radiation, the chemicals are more
diffused and all the e´aq and H‚ radicals start to interact with the oxygen leading to the production of
O‚´2 and HO‚2 . In the case of oxygen concentration at the water surface of 1.5%, a sensible reduction in
the yield of e´aq and H‚ can be observed, while in the case of pO2= 21%, a complete consumption of all
the e´aq and H‚ can be observed at 0.2 µs. The yield of formation of HO´2 is negligible for the whole
time scanned by our calculations for all the oxygen concentrations analyzed.

The presence of O‚´2 and HO‚2 is the major effect of dissolved oxygen in the target during the process of
water radiolysis. At 1 microsecond after the irradiation the yield of the O‚´2 nearly matches the one of the
solvated electrons in hypoxic conditions: GO´2

p1µs, pO2 “ 21%q “ 1.88 and Ge´aq
p1µs, pO2 “ 0%q “

1.93. The yield of the HO‚2 , GHO‚2
p1µs, pO2 “ 21%q “ 0.70, is, instead, higher compared to the one

of H‚, GH‚p1µs, pO2 “ 21%q “ 0.51. Additionally to the reaction channel showed in Equation 4.2, the
HO‚2 radical can be, indeed, also produced by the interaction between one O‚´2 and one H3O`, with a
reaction rate of 3ˆ 1010dm3mol´1s´1(see Table 4.2)

H3O``O´2 ÝÑ HO‚2 . (4.8)
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Figure 4.1.: Time dependent yield of the chemical species generated by a 40 MeV/u helium track in a

hypoxic target (upper left panel) and in an oxygenated water target, with an atmospheric partial

oxygen pressure at the surface of the water of the 1.5% (upper right panel) and 21% (bottom

panel).

4.2.2 Time dependent radiolytic yield for different oxygen concentrations

Figure 4.2 shows the time dependent yield for e´aq, H‚, HO‚2 and O‚´2 , in an oxygenated water target, with
oxygen concentration on the water surface between pO2 “ 0% and pO2 “ 21%, for 500 keV electron
irradiation. A strong increase of the yield of O‚´2 and HO‚2 (and a decrease of the yield of e´aq and
H‚q can be observed for oxygen pressure at the water surface up to pO2 “ 5% while at larger oxygen
concentration a saturation level is reached.

This saturation limit is reached when all the e´aq and H‚ are completely consumed and the yield of
O‚´2 and H2O stops growing. At intermediate oxygen pressure many e´aq and H‚were not completely
scavenged by the dissolved oxygen within 1 microsecond. As expected, the higher the oxygen pressure
is the faster the e´aq and H‚ consumption is. For intermediate time, indeed, the simulation time stops
before the radicals yield reaches an equilibrium. The choice of the simulation time, 1 µs, is in fact
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Figure 4.2.: Time dependent yield for e´aq (top left panel), H‚ (bottom left panel) , O‚´2 (top right), HO‚2 (bot-

tom right panel) and in an oxygenated water target, with oxygen concentration on the water

surface between pO2 “ 0% and pO2 “ 21%, for 500 keV electron irradiation.

somehow arbitrary. In the hypoxic case, it corresponds to a time at which a constant yield of the different
species is being reached and the chemical interaction rates between the radiation induced water free
radicals are supposed to be very low. However, when considering also the interactions with the target
material, especially in the case of biological system, there is no reason to define a specific conclusive
time and the chemical kinetic can proceed in a complex way for very long time (Colliaux et al., 2011).
It has been, thus, decided to keep the timeframe adopted for the hypoxic condition, limiting the study
to the track evolution and terminating it when the the track structure is completely lost, i.e., the reaction
process is determined only by the reactant concentration and not by their spatial distribution. In the
case of oxygenated water, according to our model (Table 4.2), the only species able to interact with the
dissolved oxygen are the e´aq and H‚. We can, thus, expect that the reaction kinetics of the whole track
will be limited to the lifetime of these two species in the target material.

The dependence of the G-values at 1µs on the oxygen concentration of the target material is shown in
Figure 4.3 for all the chemical species generated by the water radiolysis, the water target was irradiated
by 500 keV electrons. As expected, the impact of the dissolved oxygen is mainly affecting the yield of
O‚´2 , H2O, e´aq and H‚. The yield of production and the whole chemical evolution of the other chemical
species is not significantly affected by the oxygenation level of the water. In general, a small increase of
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500 keV e- 40 MeV/u 4He

Figure 4.3.: Radiolytic yields, at 1 µs, for all the different chemical species generated by the water radiolysis

at different oxygenation conditions by 500 keV electron irradiation (left panel) and 40 MeV/u

helium radiation (right panel).

the OH‚, H2O2 radical yield and a small decrease of the H3O`, H2 and OH´ yield can be observed, but
in these cases, changes in the yield of production at the microsecond are lower than 10%.

4.2.3 Radiolytic yield for different energy and type of radiation in oxygenated water

In vitro experiments have shown that the oxygen effect in biological systems has a pronounced depen-
dence on the radiation LET (Hirayama et al., 2009; Tinganelli et al., 2015). When irradiating with high
LET the impact of the target oxygenation becomes less important. Radiolytic yields in oxygenated water
with an oxygen pressure of 21% in air have been, then, evaluated for different radiation energies and
particle types. In Figure 4.4 the LET dependent yields at one microsecond are presented for pure and
oxygenated water.

As expected from what has been discussed in the previous section and observed in Figure 4.3 and
Figure 4.2, the solvated electrons and the atomic hydrogen (e´aq and H‚ ) are completely consumed at the
microsecond in oxygenated water. For all the range of LET analyzed, their G-value at one microsecond
was always zero.

The yield of O‚´2 and HO‚2 , which are the two main indicators of the presence of molecular oxygen, is
maximum for low LET radiation and decrease for higher LET values in the oxygenated case. This strong
dependence on the LET can be justified as a track structure effect: for high LET the ion track is denser
and radicals are produced in close proximity. The radiation induced water radicals will then recombine
reacting with each other before any significant oxygen scavenging effect.
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Minor effects of the target oxygenation are, instead, observed for the other chemical species generated
by water radiolysis. The scavenging effect of the solvated electrons and atomic hydrogen radicals lead
to a general decrease of the H2 molecule which is mainly generated as a product of the recombination
processes

e´aq` e´aq ÝÑ H2`OH´OH´

H‚`H‚ ÝÑ H2.

Similarly the yield of the OH´ decrease for all the LET range. According to the reaction model in
Table 3.4, this chemical is principally produced by the recombination of e´aq with many of the water
induced radicals (OH‚, e´aq, H‚ and H2O2) and competes with the electron scavenging effect.

The yield of the OH‚ radical results to be slightly higher in an oxygenated target for low LET, while
at high LET no difference between oxygenated and hypoxic target is being observed. One of the main
processes consuming the OH‚ radical is by its interaction with a solvated electron. In case of an oxy-
genated target, this reaction is directly competing with the interaction of the e´aq with the O‚´2 and result
in a lower amount of scavenged OH‚. For high LET, however the track kinetic is faster and the OH‚ react
with the e´aq before the interactions with the dissolved oxygen become dominant.

An increase of almost the 20% is observed for H2O2 at high LET, while no significative oxygen effect
is observed at low LET. As discussed in Section 3.3.4, the time dependent yield of the H2O2 is the result
of two main processes:

OH‚`OH‚ ÝÑ H2O2

e´aq`H2O2 ÝÑ OH‚`OH´.

The first one is dominating at the early steps of the chemical track evolution and is the main channel of
production of the H2O2 while the second one becomes significative after 1 ns and removes H2O2 from the
target. The contribution of this second process is more pronounced in the case of high LET radiation. In
case of oxygenated water, this reaction channel competes with the molecular oxygen scavenging effect,
resulting in a larger yield of H2O2 at 1 µs after the irradiation.

Three different radiation types have been used to calculate the chemical yields showed in Figure 4.4 for
pure and oxygenated water: proton (circles), helium ions (triangles) and carbon ions (squares). However,
the dependence on the radiation type seems to be not significantly dependent on the oxygenation level
of the target.

Similar results have been obtained by Colliaux et al. (2011), where the yield HO‚2 and O‚´2 have been
calculated for different LET and radiation type in a water target with an oxygen pressure at the water
surface of pO2 “ 21% and a glutathione (one of the most important antioxidant present in the cell)
concentration of 1mmol/l. As in our calculations, a pronounced decrease in the yield of (O‚´2 + HO‚2)
with LET has been found. Considering the correlation between the production yield of O‚´2 and HO‚2 at
different LET, particle type, and dissolved oxygen concentration, the author suggested that the interaction
of e´aq and H‚ with the molecular oxygen might lead directly or indirectly to the production of toxic
species able to damage the cell structure or altering the cell signaling. However, because of the presence
of the dissolved antioxidant, it is impossible to directly compare the results of the two calculations.
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Figure 4.4.: Radiolytic yields for all the different chemical species generated by the water radiolysis in

hypoxic condition (blue curves) and an oxygen pressure of 21% in air (red curves) for different

radiation energy and particle type: proton (bullets), helium ions (triangles) and carbon ions

(squares), one microsecond after the irradiation.
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5 Simulation of metallic nanoparticle
Metallic nanoparticles, NPs, are a promising tool for improving the selectivity and efficacy of radiation
therapy. Thanks to their property as radiation dose enhancers, they raised a big interest and inspired
several research lines. The efficacy of NPs as radiosensitizers with X-ray and ion radiation has been
proven in both in vivo and in vitro and predicted by theoretical models (Hainfeld et al., 2008; Polf et al.,
2011; Butterworth et al., 2012; Porcel et al., 2012; Kwatra et al., 2013; Wälzlein et al., 2014; Lin et al.,
2015). In addition some types of NPs can be used as a contrast agent in clinical exams, e.g. gadolinium
NPs for MRI, resulting than particularly suitable for theranostic applications: the simultaneous use of
NPs for therapy and diagnosis.

Gold NPs (AuNPs) in particular, are especially promising: in addition to their large interaction cross
section for X-ray radiation as well as for ion radiation, AuNPs have a good biocompatibility, are rela-
tively simple to synthesize in a wide range of sizes and their surface can easily be functionalized (Haume
et al., 2016).

One of the main processes involved in the nanoparticle radiosensitization is the increased dose de-
position localized in the vicinity of the NP, induced by an enhanced production of secondary electrons
emitted by the NP, see Section 1.6.1. An increased number of ionization events is, indeed, expected
to take place in gold when compared to an equivalent volume of water: this is because the number of
interaction per energy deposited is larger in gold with respect to water and the gold density (19.3 g/cm3)
is also larger than the density of water (1 g/cm3). In addition, it has been demonstrated that an important
contribution to the local dose deposited around the NP comes from the emission of Auger electrons and
Auger electron cascades (Wälzlein et al., 2014). Generally the increased dose deposition in presence
of NPs is quantified by the dose enhancement factor, DEF, defined as the ratio between the average ab-
sorbed dose in the tumor region in the presence of AuNPs and dose absorbed, in an equivalent volume,
in absence of AuNPs (after performing the same irradiation protocol) (Muddineti et al., 2015).

A significant increase in radical production has been observed in the presence of gold and platinum
NPs (Porcel et al., 2010; Sicard-Roselli et al., 2014; Paudel et al., 2015). This phenomenon could be
related to surface effects such as a high concentration of low-energy electrons due to the surface plasmon
effect (Zhang et al., 2009), catalytic interactions between the metal surface and the water dipole (Paudel
et al., 2015), or geometrical factors like the surface volume ratio for high-Z materials (Porcel et al., 2010;
Paudel et al., 2015). Recent Monte Carlo simulations calculated the number of radicals generated by the
secondary electron coming out from a gold nanoparticle of 50 nm size irradiated with proton radiation
(Tran et al., 2016). The radical yield was found to be up to 10 times larger compared to the case of
irradiation without NPs.

Thanks to the the possibility of using relatively complex geometries and to the possibility to follow the
secondary electrons in gold with a nanometric resolution, Wälzlein et al. (2014) were able, for the first
time, to study the radiosensitizing effect of AuNPs in water solutions. In their work, the authors focused
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on the study of the secondary electron emission, Auger electron spectra and the radial dose distribution
in the vicinity of 2 and 22 nm NPs of different high-Z metal irradiated with 80 MeV protons.

In the present chapter, in order to characterize the physical dose enhancement factor for different irra-
diation conditions, this study will be extended to different ion and different LET radiations and different
NP sizes. Thanks to the new TRAX-CHEM extension, the enhanced production of radiolytic species
will be for the first time studied for different ion radiations and different oxygenation conditions. Ad-
ditionally, the gold cross sections implemented in TRAX have been further validated by comparing the
calculated transmission spectra, obtained with different gold absorbers for electron radiation emitted by
thallium-204 (Tl-204), with experimental results as well as with different track structure codes.

5.1 Energy deposition model for thallium-204 (Tl-204) electron and photon radiation in gold

The physical model for gold targets adopted in TRAX allows preforming simulations on the nanoscopic
scale with an almost unique precision. The gold cross section implemented in TRAX allow describ-
ing the secondary electron transport interaction by interaction down to 2.7 eV accounting also for the
production of Auger electrons and the consequent Auger cascade (for a more extended description see
Chapter 2). The reliability of these cross sections has been indirectly validated by comparing simulation
results with experimental data, e.g. the stopping power of electrons in gold (Wälzlein et al., 2014), and
backscattered electrons emission after proton impact on gold films (Hespeels et al., 2017).

Here we present a further validation test where TRAX simulations of electrons transmission after gold
layers of different thickness are compared with experimental results as well as with other simulation
tools. This work has been carried out at CSIC in Madrid in collaboration with the group of Prof. Gustavo
Garcia (CSIC, Madrid, Spain) and a paper presenting the results shown in this section has been submitted
(Williart et al., 2018).

5.1.1 Experimental setup and thallium emission spectra

Electron transmission spectra after gold absorbers of different thickness have been measured by Prof.
Amalia Williart (UNED, Madrid, Spain). A schematic representation of the experimental geometry is
shown in the left panel of Figure 5.1.1. Gold absorbers of 20 µm, 40 µm, and 60 µm have been irradiated
with a thallium-204 (Tl-204) disc source.

Tl-204 is a β-emitter with a half life of T1{2 “ 3.83 years. It decays into Pb-204 with an endpoint
energy of 763.76 keV. Additionally, to the β-decay, the Tl-204 has a probability of 2.92% to decay into
Hg-204 through an electron capture process followed by the emission of X-rays at energies defined by the
spectral Hg emission lines (Deslattes et al., 2005). The right panel of Figure 5.1 shows the experimental
spectrum of the Tl-204 source obtained without any absorber.

Transmission spectra have been measured with a Silicon Lithium, Si(Li), detector for X-ray spec-
troscopy and beta decay exploration. The detector adopted had a sensitive diameter of 10 mm and 5.27
mm thickness and was placed at 9 mm distance from the gold layer. In the energy range of interest (from
20 keV to 2 MeV) the detector intrinsic efficiency for electrons is 100%.
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Figure 5.1.: Right panel: schematic representation of the experimental setup geometry. Left panel: emis-

sion spectrum of Tl-204 source employed in this study. Beta radiation produced during Tl-

204/Pb-204 decay as well as the most intense Hg X-ray emissions.

5.1.2 Simulated spectra

TRAX simulations for all the different absorbers investigated have been compared with the measured
spectra as well as with different simulation tools. In particular, the other codes investigated are Geant4
(Agostinelli et al., 2003), in the framework of GAMOS(v 5.0.0) and PENELOPE (only for the 60 µm
absorber) (Baro et al., 1995; Salvat et al., 2006). The GAMOS and PENELOPE simulations have been
performed by Antonio Muñoz (CIEMAT, Madrid, Spain).

For all the simulations, the experimental spectrum obtained without gold absorbers (right panel of Fig-
ure 5.1.1) has been used as the incident radiation spectrum. The presence of X-rays and β-emissions, is
generally considered an advantage for these kind of applications since it allows studying photon and elec-
tron interactions simultaneously. However, since photon radiation is not yet implemented in the TRAX
code, the photon contribution was excluded from the source spectrum used for the TRAX simulations.
In this case, the electron spectra were obtained suppressing the photon contribution and extrapolating the
electron spectra for energies lower than 100 keV.

Geant4 simulations have instead been performed accounting for two possible cases (with and with-
out photons contribution in the source spectra), in order to better compare the simulation with both
experimental and TRAX results.

Simulated and measured spectra for 20 µm, 40 µm and 60 µm gold absorbers are shown in figures
5.2 and 5.3. For the high energy range (E > 400 keV), both codes, TRAX and Geant4, can reproduce the
experimental data with a good agreement. The two codes are very consistent in this energy range and
can reproduce the measured endpoint energy for all the selected absorbers.

A different scenario is instead appearing in the low energy region: below 200 keV. In this case, dis-
crepancies, between the two codes and between the codes and the experimental data, are clearly visible.
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The main difference between TRAX and measured spectra is clearly related to the missing contribu-
tion of the photon radiation in TRAX, which is not limited to the missing contribution of photons in the
source spectra but also in the bremsstrahlung and secondary photo-electrons.

However, evident differences at low energies are shown also between the TRAX calculations and
the ones obtained with Geant4 not including photons. A possible explanation for this discrepancy is
the different electron transport model; while TRAX is an event by event code Geant4 simulates the
electron transport through condensed history methods. This method consists in the approximation of
the cumulative effects of multiple electron collisions in a single step with a specified step length. Often
this step is chosen to be several mean free paths and represents the distance traveled by each electron
between two collisions (Larsen and Tolar, 2001). This approach speeds up the simulation but results to
be less accurate compared to an event by event simulation method, especially for low energies. On the
other hand, event by event approaches are very sensitive to the cross sections uncertainties.

In order to clarify this aspect an additional comparison with the Monte Carlo track structure code
PENELOPE has been performed for the 60 µm absorber, the result is presented in Figure 5.3. PENE-
LOPE is a radiation transport Monte Carlo code using a mixed stepping procedure: events with deflec-
tion angle and energy loss larger than pre-selected cutoffs are simulated in detail, while interactions with
smaller angles and/or energy loss are calculated from multiple scattering approaches. In this context,
both the parameter for controlling the energy and the angle have been set so that the calculation is per-
formed in an almost event by event way. As it can be noticed in Figure 5.3 the simulated spectra obtained
with both TRAX and PENELOPE are very similar, confirming the hypothesis of a possible contribution
of the different electron transport model adopted by TRAX and Geant4.
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Figure 5.2.: Comparison between experimental and simulated spectra obtained with 20 µm and 40 µm of

gold absorber.

Figure 5.3.: Comparison between measured and simulated spectra obtained with 60 µm of gold absorber.
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5.2 Gold nanoparticles dose enhancement effect calculations

The enhanced emission of secondary electrons in the vicinity of a gold nanoparticle has been studied
for monoenergetic ion irradiation with protons of 80, 20,15 and 10 MeV, carbon ion radiation of 60, 40,
25 and 17 MeV/u and oxygen ion radiation at 100, 51, 26 and 10 MeV/u. Ions and energies have been
chosen in a range that allows to scan different possible therapeutical irradiation conditions. Although
oxygen ions are still not used for clinical applications, this particle radiation represents one of the most
promising candidates for future prospectives of ion beam therapy (Sokol et al., 2017). The nanoparticles
used in the simulation have a radius of 2, 7 and 22 nm and are described as a sphere surrounded by a
large spherical water halo of 5 µm radius. NP of 2 nm and 22 nm radius are the more used in literature
for both theoretical (Wälzlein et al., 2014; Tran et al., 2016; Lin et al., 2015) and experimental studies
(Polf et al., 2011), while the choice of 7nm NP has been taken in order to have an intermediate size for
better comparing and understanding the impact of the NP volume on the radiosensitization effect.

Since the TRAX code does not yet handle overlapping volumes: the inner NP sphere and the outer
water sphere are separated by a vacuum layer of 0.1 nm thickness. To evaluate the pure effect of ion
irradiation in the nanoparticles, a point ion source has been placed in this vacuum layer and the ion is
directed in a straightforward direction centrally through the NP volume. To avoid the influence of energy
deposition by ions in the scoring water spherical volume the ions are removed as soon as they exit the
nanoparticle. In Figure 5.4 a sketch of the geometry used in this thesis work is shown.

NP

H2O

Figure 5.4.: Schematic representation of the geometry adopted for analyzing the physical and chemical

sensitization effect of AuNP.

5.2.1 Dose distributions

To study the dose enhancement effect of gold nanoparticles, the dose distribution for secondary electrons
escaping the NPs has been calculated in the external water sphere and compared with the one obtained
when replacing the gold nanoparticles with a water nanoparticle of the same dimensions, WNP. As
an example, Figure 5.5 shows the 2D dose map and the 2D DEF map around 7 nm AuNP and WNP
irradiated with carbon ions of 44 MeV/u . The DEF is calculated as the ratio between the dose deposited
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in the water sphere surrounding the NP by secondary electrons escaping from an AuNP over the dose
deposited, in the same volume, by secondary electrons escaping from a WNP.

Dose (Gy) Dose (Gy)

7nm AuNP 7nm WNP DEF

Figure 5.5.: Left and central panel: 2D maps of the dose distribution in the water sphere surrounding a

7nm AuNP and a 7 nm WNP traversed by a carbon ion of 44 MeV/u. Right panel: 2D map of

the DEF around the NP, calculated as the ratio between the dose deposited by the AuNP and

the one deposited by the WNP in each point of the sensitive volume. Courtesy of Dr. M.Fuss

(GSI).

Only for the simulations presented in Figure 5.5 a different simulation geometry has been adopted:
the nanoparticle was surrounded by a water cylinder with a small central cavity, with 0.1 nm diameter, in
the correspondence of the ion track. In these scenarios, the ion is not depositing any energy in the water
cylinder and only the contribution of secondary electrons escaping from the NP is recorded. However,
the simulation results should not differ from the one we would obtain with the standard geometry, except
for the introduction of a small noise contribution in the proximity of the ion cavity.

As it is clearly shown in Figure 5.5, both the dose and DEF distribution around the NP present a com-
plex symmetry, resulting from the mix of a spherical symmetry of the NP and the cylindrical symmetry
of the ion track. Therefore it is difficult to define quantities and parametrization able to describe and
quantify the dose enhancement effect of NPs. This problem represents one of the main limitations in
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describing the NP effect and in the interpretation of the simulation results. In this thesis, for consistency
and for having a direct comparison with previous works (Wälzlein et al., 2014; Tran et al., 2016), the
NPs dose enhancement effect is studied by analyzing the radial dose distribution for secondary electrons
escaping the nanoparticle in a spherical geometry: scoring the deposited dose in spherical shell centered
in the center of the NP.

To follow the secondary electrons down to very low energy (1.7 eV) and, thus, with a nanometric spa-
tial resolution, the calculations presented in this section are performed implementing the sub-excitation
cross sections for electrons in water target from Michaud et al. (2003) (see Section 2.1.3).

The impact of statistical fluctuations on each calculation is reduced by averaging the result over many
independent simulations. The number of primary events simulated vary between 5ˆ 106 and 109 de-
pending on the NP size and material. Since in the case of smaller NPs a smaller number of events is
scored during each single simulation (the path of the ion within the nanoparticle is shorter), a larger
number of primary events is needed to limit the statistical fluctuations. In analogy, since the number
of events in gold is much larger than the one scored in the same volume of water, a larger number of
primary events is needed in the case of WNP compared to AuNP.

5.2.2 Radial dose calculations

Figure 5.6.: Comparison of radial absorbed dose distribution for AuNP (full black lines) and WNP (red lines)

of different sizes (2, 7 nm and 22 nm) for 17 MeV/u incident carbon ions.

Figure 5.6 shows the radially absorbed dose in the water around gold and water nanoparticles with
22, 7 and 2 nm radius traversed by 17 MeV/u carbon ions. In all these cases, a steep decrease of the
dose can be observed as a function of the distance from the NP and, for a fixed ion energy, the dose
deposited around a AuNP results to be always larger compared to the one around the WNP. Additionally,
the maximum dose deposited is larger in the vicinity of smaller NPs: up to „ 105 Gy at the NP surface
in the case of a 2 nm radius AuNP compared to „ 103 Gy around a 22 nm radius AuNP. In the case
of large NPs, indeed, a significant amount of dose is deposited inside the NP bulk, while, for smaller
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volumes, the secondary electrons produced inside the NPs can easily escape the NP and deposit a large
part of their energy in the surrounding water volume.

Figure 5.7 shows the radial dose deposition in the water surrounding a 2 nm AuNP, traversed by
oxygen ions at different energies (100, 51, 26 and 10 MeV/u ). The dose deposited decreases with
increasing distance from the NP, with the same slope for all the oxygen energies and is slightly larger for
ions with a lower kinetic energy. For decreasing ion energy, the LET increases and, with that, the number
of secondary electrons produced in the nanoparticle. The lateral extension of the radial dose distribution
is, instead, larger for ions with a larger kinetic energy, i.e. the range of secondary electrons increases
with increasing kinetic energy of the primary ion. This behavior is justified for kinematic reasons:
more energetic ions can transfer a larger amount of energy to the secondary electrons, increasing their
penetration depth and, consequently, the size of the radial dose distribution.

Figure 5.7.: Comparison of radial absorbed dose distribution for AuNP of 2nm radius for incident oxygen

ions of respectively 100 MeV/u, 51 MeV/u, 26 MeV/u and 10 MeV/u.

5.2.3 Dose enhancement factors

The dose enhancement factor DEF(r), as a function of the distance from the NP surface, r , has been
calculated according to the DEF definition, i.e., the ratio, at fixed irradiation conditions, between the
dose deposited at a certain distance,r , from the surface of a gold NP, DprqAuNP, over the dose deposited,
at the same distance, from a water NP of the same size, DprqWNP :

DEFprq “ DprqAuNP

DprqWNP

ˇ

ˇ

ˇ

ˇ

Same irradiation conditions
. (5.1)

The computed DEF(r) for a 22 nm AuNP traversed by an 80 MeV proton is shown in Figure 5.8 and
has been compared with the value obtained by Tran et al. (2016) using the Geant4-DNA platform. It has
to be noticed that the two simulation conditions are not exactly the same, the Geant4-DNA simulation
reported is, indeed, performed for a 25 nm radius NP irradiated by a 75 MeV proton. However, since the
LET and the NP size differences between the two simulations are small, we do not expect a significant
impact on the calculations of the dose enhancement factor. Both models show a similar trend and the
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Figure 5.8.: TRAX calculation for the DEF of 22 nm traversed by a 80 MeV proton is plotted as a function

of the distance from the center of the NP and compared with the simulation results obtained by

Tran et al. (2016) with the Geant4-DNA platform.

agreement between the two calculations is reasonably good. However, the Geant4-DNA predicted values
result to be slightly larger than the ones obtained with the TRAX code. Several possible factors might
justify this small mismatch. At first, the two approaches have a significantly different method to treat
the production of secondary particles in the nanoparticle, which might affect significantly the resulting
dose deposition, especially in the first 100 nm from the NP surface. The Geant4-DNA platform is,
indeed, implemented only for liquid water. Thus, the simulations presented by Tran et al. (2016) have
been performed using the standard Geant4 extension to simulate the NPs while the secondary electron
transport in the water sphere surrounding the NP has been simulated with the more accurate Geant4-DNA
software. The standard Geant4 extension used has, however, a secondary particle production threshold at
13.6 eV (Tran et al., 2016) while TRAX can follow interaction by interaction secondary electrons down
to few eV, even in the NP bulk. On the other side, the simulations presented by Tran et al. (2016) include
the photon contribution, which is not accounted for in the TRAX code. Another important difference,
which might have an important role is the slightly different geometry adopted: in the TRAX simulation,
the ion source is a point-like source with ion traversing the NP passing through the NP center, while
Geant4-DNA simulation adopted a disc source of 25 nm radius placed in front of the NP.

In Figure 5.9, TRAX calculations of DEF values for all the primary radiation and all the particle sizes
investigated are presented. In particular, results obtained for proton radiation are shown in Figure 5.9(a),
the ones for carbon ions in Figure 5.9(b) and the ones for oxygen ions in Figure 5.9(c).

In all the cases, the DEF(r) results always to be larger than one, indicating an enhanced dose deposition
of AuNPs for all the irradiation conditions at all the radial distances from the NP. In particular, the dose
in the vicinity of a AuNP results to be between a factor 2.5 and 20 larger with respect to the case of a
WNP of the same size. Additionally, for all the analyzed irradiation conditions a strong dependence of
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the DEF on the NP size can be observed while it shows a less strong dependence on the primary radiation
quality. In the following, we will analyze both these two aspects separately.

DEF dependence on the NPs size

The impact of the NP size on the radio-sensitization effect has been studied for 2, 7 and 22 nm radius
NPs. The spectra of secondary electrons escaping gold and water NPs and the DEF curve for all the
analyzed NP sizes are shown in Figure 5.10 for 60 MeV/u carbon ions traversing the NPs.

Smaller NPs show larger DEF, especially in the first 300 nm from the NP center. This corresponds
to the region with the highest absolute dose deposition and an enhanced dose effect in this region might
lead to a significative enhancement of the biological response. As the AuNP become larger, the DEF de-
creases. In this case, indeed, more secondary energy depositions take place within the NP bulk reducing
the dose deposited in the water sphere surrounding the NP. Since the gold density is larger than the one
of water, this absorption effect results to be more pronounced in the AuNP and leads to a decrease in the
DEF. Absorption effects are clearly visible from the secondary electron spectra shown in the panel of
Figure 5.10: in case of larger NPs, a significant reduction of the number of secondary electrons escaping
the NP can be observed, especially in the low electron energy range (between 5 eV and 1 keV).

This dependence on the NP size is in agreement with the findings of Carter et al. (2007) who observed
a larger emission of secondary electrons for 3 nm NPs with respect to 6 nm NPs and of Lin et al. (2015)
who predicted a larger cell killing for 2 nm AuNPs respect to 50 nm AuNPs.

For all the analyzed sizes, a local maximum in the DEF can be observed at the NP surface, this peak
corresponds to dose deposition events induced by the large number of electrons escaping from the NP
in the ion direction. Low energy secondary electrons emitted in the entrance and exit position of the ion
have less probability to be absorbed by the NP since they need to cross a smaller thickness of absorber
material (see the right panel of Figure 5.5). This first local maximum is successively followed by a
minimum and rise again, approaching a constant value of approximately 12 at ě300 nm of distance
from the NP center. However, the total dose deposited in the water surrounding the NP rapidly decreases
with the distance from the NPs surface, and a dose enhancement effect at distances larger than few
hundreds nanometer does not necessarily lead to a significant enhancement of the biological effect.

In contrast to the 22 nm nanoparticle, both the 2 and 7 nm NPs show an absolute maximum in the DEF
at„ 100 nm of distance from the NPs center. This maximum results to be more pronounced for the 2 nm
and is less important for the 7 nm NP. The nature of this peak is not entirely understood since a series
of different effects contribute to it. In this work, we investigated the role of Auger electrons generated
both in the NP and in the water sphere surrounding it. For this purpose simulations for 20 MeV proton
radiation, excluding the contribution of Auger electrons, have been performed for all the different NP
sizes analyzed. The results are presented in Figure 5.11. When the production of the Auger electrons is
excluded from the simulation, a sensible decrease in the peak height can be observed for the 2 nm NP
and it almost disappears for the 7 nm NP. This allows us to conclude that Auger electrons are responsible
for a large part of the increased dose enhancement effect observed for the smaller NP at r „100 nm. As
also suggested by Tran et al. (2016), an additional contribution might come from electrons produced by
gold ionizations: electrons with a kinetic energy similar to the mean ionization potential of gold („790
eV) have, indeed, a mean free path in water of approximately 100 nm which corresponds to the peak
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Figure 5.9.: DEF as a function of the radial distance from the NP center for different monoenergetic ion

radiation and different NP sizes. The vertical dashed line represents the position of the NP

surface. Subfigure (a): dose enhancement factor for NP of 2 nm (left panel), 7 nm (central

panel) and 22 nm (right panel) irradiated with proton radiation of 80 MeV, 20 MeV, 15 MeV and

10 MeV. Subfigure (b): dose enhancement factor for NP of 2 nm (left panel), 7 nm (central

panel) and 22 nm (right panel) irradiated with carbon ion radiation of 60 MeV/u, 40 MeV/u,

25 MeV/u and 17 MeV/u. Subfigure (c): dose enhancement factor for NP of 2 nm (left panel),

7 nm (central panel) and 22 nm (right panel) irradiated with oxygen ion radiation of 100 MeV/u,

51 MeV/u, 26 MeV/u and 10 MeV/u.
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Figure 5.10.: Left panel: secondary electron spectra for gold (solid line) and water (dashed lines) NPs of 2,

7 and 22 nm radius traversed by 60 MeV/u carbon ion, normalized for the absorber thickness.

Right panel: radial distribution of the DEF produced by 60 MeV/u carbon ions traversing 2, 7

and 22 nm NPs.

positions (Tran et al., 2016). This is consistent also with the different secondary electron production
yield in different energy regions shown in the spectra for water and gold NPs, Figure 5.10. In both cases,
this effect is more pronounced for smaller nanoparticles because there the impact of the absorption in
the bulk of the NP is smaller.

DEF dependence on radiation quality

The dependence of the DEF on the radiation quality has been studied analyzing the DEF value at 100
nm and at 1 µm from the NP center, for all the different ions and all the different energies used in this
work. These two radial distances have been chosen to represent two representative radial positions in
the DEF(r) curve: the 100 nm distance corresponds to the peak position, where there is the largest DEF
difference for the different NP sizes. The 1 µm radial distance corresponds, instead, to a radial distance
where the DEF has reached the plateau and the impact of the NP size is minimum. In Figure 5.12 the
DEF dependence, as a function of some of the most common quantities used to describe track effects
is reported for the two selected radial distances. In particular Figure 5.12(a) shows the dependence
of calculated DEF as a function of the ion kinetic energy per unit mass (expressed in MeV/u), Figure
5.12(b) as a function of the LET and Figure 5.12(c) as a function of Z2β´2, where Z is the effective
charge of the ion and β is the ion velocity relative to the one of the light . The latter parameter is used
to describe the stopping power when the sensitive volume is smaller than the maximum radius of δ-
electrons (Katz, 1970), and sometimes is more suitable than the LET for describing track effects. As
mentioned in Section 3.3.5, LET is, indeed, not a unique parameter to describe ion tracks: different ion
species with the same LET have a different kinetic energy, and thus, a different track structure.

In all the analyzed cases, the DEF shows only a moderate dependence on the radiation quality. From
the simulation results, the DEF tends to decrease when increasing the LET and the Z2β´2, and, conse-
quently, when decreasing the ion kinetic energy. This observation seems to be supported by the work
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Figure 5.11.: Impact of Auger electrons on the radial dose distribution (on the left) and radial DEF distribu-

tion (on the right) for 2, 7 and 22 nm NP irradiated with 20 MeV proton radiation. Calculation

performed including the contribution of Auger electrons are represented with solid lines, while

dashed lines show the result of the same simulation excluding the Auger electron production

from both, water and gold, target materials.
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of Tran et al. (2016), who noticed a small energy dependence on the DEF for 22.5 nm NP traversed by
proton radiation at different energies. However, even though this behavior is not completely understood
and a series of other not obvious effects might be involved, a possible explanation is an increased ab-
sorption effect for slower ions. The maximum energy transfer to the secondary electrons depends on the
ion kinetic energy: it is smaller for slower ions. In this case, the track results to be narrower and a larger
number of secondary electrons might be stopped or slowed down by the interaction occurring within the
NP.

2 nm NP

22nm NP

(a)

22nm NP

7nm NP

2 nm NP

(b)

22nm NP

7nm NP

2 nm NP

(c)

Figure 5.12.: DEF dependence on the ion kinetic energy (Subfigure (a)), LET (Subfigure (b)) and Z2β´2

(Subfigure(c)) at a radial distance of 100 nm and 1 µm from the NP center. Calculated values

are reported for all the radiation qualities and NP sizes analyzed in this work.
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Figure 5.13.: Radial density distribution of the chemical species generated per ion by water radiolysis

for WNPs (dashed lines) and AuNPs (solid lines) at different points in time after the irra-

diation. Results presented for different ions traversing the NP: 80 MeV proton (upper left

panel), 10 MeV proton (upper right panel), 60 MeV/u carbon ion (bottom left panel) and 17

MeV/u carbon ion (bottom right panel).

5.3 Radical enhancement effect

Thanks to the new TRAX-CHEM extension, it is now possible to evaluate the enhanced production of
radiolytic species in the proximity of AuNP. The increased number of ionization and excitation events
in the vicinity of the NP leads, indeed, to a larger production of chemical species generated by the water
radiolysis in the water surrounding the NP.

In analogy to the dose enhancement effect of AuNP, the radical yield as a function of the distance from
the center of the NP has been analyzed in a geometry consisting of spherical shells of 1 nm thickness
around the center of the NP. The size of the NP was sett to 2 nm since the physical calculation showed a
larger effect for smaller NPs.

For each simulation, a series of parallel calculations, completely independent of each other, has been
performed. In order to obtain a significant statistic with a reasonable computational time, the number
of primary particles simulated varied between 105 and 107, depending on the primary ion energy and
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on the NP material: in case of WNP, when the number of interaction is lower, the number of primaries
chosen is ten times larger than for AuNP.

For consistency with the calculations performed to evaluate the dose enhancement effect and to be able
to follow secondary electron interactions in water, down to the minimum energy of 1.7 eV, sub-excitation
cross sections from Michaud et al. (2003) have been adopted.

Figure 5.13 shows the radial density distribution of the number of radiolytic species produced in the
surrounding of a AuNP (solid lines) and of a WNP (dashed lines) traversed by protons of 10 and 80
MeV/u and by carbon ions of 17 and 60 MeV/u. Simulation results are shown at six different time
points after the irradiation spanning a range between 1 ps and 0.1 µs. In all these cases an enhanced
production of chemical species can be observed for AuNP compared to WNP. The total number of
radiolytic products is larger for the 17 MeV/u carbon ion and smaller for the 80 MeV proton and, in
general, tends to increase with the LET. The number of radiolytic species is, indeed, proportional to the
number of ionization and excitation events taking place in the water target, and, thus, is larger for higher
LET radiations.

The radial density distribution at different time points for all the different chemical species is shown
for 17 MeV/u carbon ion and 80 MeV protons in Figure 5.14 and Figure 5.15. During the early stages
of the chemical evolution (for the first 10´10 s) the radial radical density distribution does not change
significantly, while at larger time scale (from 10 ns to 0.1 µs) diffusion and recombination effects con-
tribute to a significant modification in the radiolytic radial distribution especially in the close vicinity of
the NP: where the dose deposited is higher and the number of produced radicals is larger. A similar trend
over the time has been also noticed with 22 nm NPs traversed by proton radiation by Tran et al. (2016).

The total effect of the radiolytic recombination has been analyzed plotting the total number of chem-
icals as a function of the time. Figure 5.16 shows the yield of e´aq, OH‚, H‚and H2O2 for 80 MeV
proton and 17MeV/u carbon ion, in case of WNP (dashed lines) and AuNP (solid lines). In both cases,
the radiolytic production around the AuNP results to be larger respect to the WNP over the whole chem-
ical evolution. Recombination effects can be observed for both the ions with a decrease of the e´aq and
OH‚ while the yield of production of H2O2 and H‚tend to increase over the time. However, the average
number of chemical species produced per ion traversing the NP in the case of the 80 MeV proton radi-
ation is relatively low: at 1 ps after the irradiation, the average number of OH‚ produced is „ 1 in the
case of a AuNP and „ 0.1 for the WNP. This is because the interaction probability of an 80 MeV proton
in a 2 nm Au target is low and the probability that the proton can traverse the NP without making any
interaction with it is not negligible.

5.3.1 Radiolysis enhancement factor

In order to quantify the increased production of radiolytic species, Tran et al. (2016) defined the radio-
lysis enhancement factor, REF. In analogy to the dose enhancement factor, this quantity is defined, for a
given shell, as the ratio between the number of radiolytic species produced around a AuNP and the one
around a WNP:

REFprq “ Radiolytical SpeciesprqAuNP

Radiolytical SpeciesprqWNP

ˇ

ˇ

ˇ

ˇ

Same irradiation conditions
. (5.2)
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Since radiolytic species are produced as a consequence of molecular dissociation processes induced
by ionization and excitation events, in the early stages of the chemical evolution the REF follows the
same trend as the DEF. Figure 5.17 shows a comparison between the DEF and the REF curve at 1 ps
after the irradiation the case of a 17 MeV carbon ion traversing the NP. As expected, the two curves are
very similar. However, since during the pre-chemical stage the thermalization process leads to a small
dislocation of the molecular dissociation fragments, the REF distribution results to be more smooth
compared to the DEF radial distribution.

Figure 5.18 shows the REF value as a function of the radial distance from the NP center in case of
protons of 10 and 80 MeV/u and by carbon ions of 17 and 60 MeV/u traversing the NP. Simulations
are presented at the same time points as in Figure 5.13. The REF value varies between a factor 5 and a
factor 20 for all the ion investigated. As already noticed in the radial radical distribution, at larger time
scale recombination processes take place especially in the region where there is a larger concentration
of reactive chemical species leading to a significant decrease of the REF for radial distances between 10
and 200 nm from the NP center.

The REF for each specific species produced during water radiolysis is presented for 80 MeV proton
and 17 MeV carbon ions respectively in Figure 5.19 and 5.20. Note that the large noise shown in the
plots, especially for the less abundant species is an artifact introduced by statistical fluctuation on the
radial radical distribution and is amplified by the division (operation) needed to calculate the REF.

Figure 5.21 shows the time evolution of the radiolytic enhancement factor for the total number of
some significative species under different irradiation conditions. The species analyzed are e´aq, H‚, H2,
OH‚ and H2O2. In all the cases the REF values span between 8.5 and 11.5, showing a small, and non
trivial, dependence on the radiation quality and on the radiolytic species. However, recombination effects
can be observed in the temporal evolution of H‚, H2, and H2O2. These species, mainly generated as
reaction products show, indeed, a monotonic increase of the REF over the time while the time dependence
of e´aq and OH‚ (which are more reactive species) is less pronounced.
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Figure 5.14.: Radial density distribution for all the chemical species generated by water radiolysis for WNPs

(dashed lines) and AuNPs (solid line) traversed by a proton of 80 MeV. Simulation results are

presented for different time points after the irradiation.

5.3. Radical enhancement effect 107



Figure 5.15.: Radial density distribution for all the chemical species generated by water radiolysis for WNPs

(dashed lines) and AuNPs (solid line) traversed by a carbon ion of 17 MeV/u. Simulation

results are presented for different time points after the irradiation.
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Figure 5.16.: Total yield as a function of the time of e´aq, OH‚, H‚ and H2O2 around a AuNP (solid lines)

and a WNP (dashed line). Left panel: calculation results for an 80 MeV proton traversing the

NP. Right panel: calculation results for a 17 MeV/u carbon ion traversing the NP.

Figure 5.17.: Dose enhancement factor (in black) and radiolysis enhancement factor at 1 ps after the irra-

diation (in blue) for AuNP traversed by a 17 MeV/u carbon ion.
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Figure 5.18.: Radiolysis enhancement factor as a function of the distance from the NP centre at different

time points after the irradiation. Results presented for different ions traversing the NP: 80 MeV

proton (upper left panel), 10 MeV proton (upper right panel), 60 MeV/u carbon ion (bottom left

panel) and 17 MeV/u carbon ion (bottom right panel). The vertical grey dashed line indicates

the position of the NP surface (i.e., the radius).
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Figure 5.19.: Radiolysis enhancement factor as a function of the distance from the NP centre for an 80

MeV proton traversing the NP. Simulation results are presented for different time points after

the irradiation.
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Figure 5.20.: Radiolysis enhancement factor as a function of the distance from the NP center for a 17

MeV/u carbon ion traversing the NP. Simulation results are presented for different time points

after the irradiation.
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Figure 5.21.: Time evolution of the REF for the total number of some significative species under different

irradiation conditions. H‚ (upper left panel), e´aq (upper central panel), OH‚ (upper right

panel), H2 (bottom left panel) and H2O2 (bottom right panel). Simulations have been per-

formed for 10 MeV and 80 MeV protons and 17 MeV/u and 60 MeV/u carbon ions traversing

the NP.
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5.3.2 Nanoparticle enhancement effect in oxygenated solutions

The impact of the oxygenation level on the radical enhancement effect in presence of gold NP has been
studied for the first time ever introducing molecular oxygen in the water target surrounding the NP, as
described in Chapter 4. Simulations have been performed for an oxygen concentration at the water
surface of 21% for a 2 nm NP traversed by 80 MeV proton and 17 MeV/u carbon ion.

Figure 5.22 shows the radial distribution of the total number of radiolytic species for different time
points, in case of oxygenated water solutions (solid lines) and hypoxic water (dotted lines). The impact
of the oxygenation level on the total number of radiolytic species produced in the water surrounding
the NP is not significant and only a little effect can be observed for advanced stages of the chemical
evolution (t ą 10´8 s).

Figure 5.22.: Radial density distribution, from the center of a 2 nm AuNP, of the chemical species generated

by water radiolysis in hypoxic condition (dashed line) and for a water target in equilibrium

with a gas with an oxygen partial pressure of the 21% (solid line). Results presented 80

MeV proton (left panel) and 17 MeV/u carbon ion (right panel). The simulation results are

presented at different time points ranging between 10´12 s and 10´7s after the irradiation.

The presence of O2 dissolved in the target affects, however, the chemical network and the yield of the
different species. Figure 5.23 and Figure 5.24 show the radial concentration of the different radiolytic
products in the water sphere surrounding AuNP in oxic (solid lines) and hypoxic conditions (dashed
lines). Being the molecular oxygen a strong scavenger for e´aq and H‚ (see Chapter 4), a decrease in the
yield of these two species can be observed especially for times larger than 10 ns. The initial stages of
the chemical evolution are, indeed, dominated by the interaction among the chemical products generated
by water radiolysis along secondary electron tracks. Consistent with a reduction of the e´aq and H‚, a
growing production of O‚´2 and HO‚2 can be observed over the time until reaching a level comparable
with the one of the more abundant species.

As for the case of hypoxic targets, the total number of some of the most important species (e´aq, H‚,
OH‚, H2O2, H2, HO‚2 and O‚´2 ) has been plotted as a function of time for AuNP (solid lines) and WNP
(dashed lines), Figure 5.25. The calculations are presented for an 80 MeV proton (left panel) and for
a 17 MeV carbon ion (right panel). For both ions a significant increase in the number of O‚´2 can be
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Figure 5.23.: Radial density distribution for all the chemical species generated by water radiolysis in the

water surrounding a 2 nm AuNP traversed by a carbon ion of 17 MeV/u. Simulation results are

presented in the case of hypoxic conditions (dashed line) and for a water sphere in equilibrium

with a gas with an oxygen partial pressure of 21% (solid line).

observed at times larger than a nanosecond and it constantly grows during the whole track evolution. In
analogy, but less pronounced, an increase of the HO‚2 is also observed.

Figure 5.26 shows a comparison between the species specific radiolysis enhancement factor in hypoxic
and oxic conditions. The overall trend of the REF for the majority of the species does not show a
significant dependence on the oxygenation level in the water surrounding the nanoparticle. Since the
O‚´2 and the HO‚2 are not present in the initial stage of the chemical evolution, their REF is calculated
from 10´11 s after the irradiation. Both of these species show a trend in the REF similar to the one of the
e´aq and H‚, respective, which is justified by the direct relation between the number of e´aq and H‚ and
the formation of O‚´2 and HO‚2 .
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Figure 5.24.: Radial density distribution for all the chemical species generated by water radiolysis in the

water surrounding a 2 nm AuNP traversed by a proton of 80 MeV/u. Simulation results are

presented in the case of hypoxic conditions (dashed line) and for a water sphere in equilibrium

with a gas with an oxygen partial pressure of 21% (solid line).

5.4 Summary

In this chapter, an extended analysis of the nanoscopic mechanisms involved in the NP sensitization ef-
fect has been carried out with the classical version of the TRAX code and with the recently implemented
chemical extension, under the assumption of ions traversing the NP in the center.

The radiation dose enhancement effect of AuNPs has been evaluated by comparing the dose deposition
of secondary electrons escaping an AuNP and a water nanoparticle (WNP) of the same volume and
in the same position. Spherical nanoparticles, of three different sizes, surrounded by a water volume
were analyzed for different particle radiations at different energies. The radial dose deposited in the
water sphere surrounding the NP was calculated in a spherical geometry: scoring the deposited dose in
spherical shells centered in the center of the NP. In all the analyzed cases the dose deposited around the
gold nanoparticle results to be between 5 and 20 times larger than in the corresponding water case. The
largest effect is observed for the smaller NPs (2 nm radius) at around 100 nm from the NPs’ surface where
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a maximum in the dose enhancement factor can be observed. For the smaller nanoparticles, indeed, the
absorption effects of gold are minimized while in the case of larger NPs, part of the secondary electrons
lose a large part of their energy in NP bulk. The nature of the maximum enhancement at 100 nm from
the NP is still not entirely justified, however it has been demonstrated that a large contribution can be
addressed to Auger electrons. A small and not obvious dependence of the dose enhancement factor
has been instead observed for the different radiation quality. However the complex symmetry of dose
deposition around the NP, figure 5.5, poses some difficulties for the interpretation of the results.

The enhanced production of water free radical induced by the enhanced production of secondary
electrons escaping the NP has been studied as well. Time-dependent radical concentrations in the water
volume surrounding a 2 nm NP have been calculated, for the very first time, with the TRAX-CHEM
code for different ion traversing the nanoparticle and in different water oxygenation conditions. The
enhanced production of radiolytic species in the case of AuNPs results to be up to 20 times larger respect
to the case of WNP. In agreement with what was observed for the dose enhancement effect, in the early
stages of the chemical evolution (for the first 10´10 s), it reaches a maximum around 100 nm from the
NP surface. However, at larger time scale (from 10 ns to 0.1 µs) recombination and diffusion effects can
be observed and this maximum tends to disappear. Even though the total number of radiolytic products
is not significantly affected by the oxygenation level of the scoring volume, a significant decrease in the
e´aq and H‚ yield is predicted especially in the last stage of the chemical evolution while a significant
increase in the production of O‚´2 and HO‚2 can be observed.

Whenever it was possible, the simulation results have been compared with calculations of other sim-
ulation tools and a good agreement can be observed. A further validation comes, indirectly, from the
validation of the implemented cross section for gold targets. However, presently unavailable experimen-
tal data on the basic physical and chemical mechanisms involved in the NP radiosensitization are needed
in order to validate the predictive capability of these simulation tools.
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Figure 5.25.: Total yield as a function of the time of e´aq, OH‚, H‚ and H2O2 around a AuNP (solid lines)

and a WNP (dashed line) in the water hallow surrounding the NP. The scoring volume is

supposed to be in equilibrium with a gas with an oxygen partial pressure of the 21%. Left

panel: calculation results for a 80 MeV proton traversing the NP. Right panel: calculation

results for a 17 MeV/u carbon ion traversing the NP.

Figure 5.26.: Time evolution of the REF for the total number e´aq, OH‚, H‚,H2O2,HO‚2 and O‚´2 , in an

oxygenated volume (dashed lines) and in a hypoxic volume (solid line).
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Conclusion and Outlook
The radiation effect on biological media is only partially induced by the direct effect of radiation (ioniza-
tion and excitation). For low LET radiation, up to 70% of the radiation damage is, indeed, induced by the
indirect effect of radiation mediated by the action of reactive chemical species generated by radiolysis
processes. For ion radiation, the contribution of the indirect damage is less important but, neverthe-
less, essential to describe and understand the nanoscopic mechanisms of radiation damage on biological
media (Ito et al., 2006).

To better investigate the chemical processes taking place along an ion track, and to be able to tackle
problems where the chemical pathway seems unavoidable, the Monte Carlo particle track structure code
TRAX has been extended to the pre-chemical and chemical stage of the radiation effect in water targets.
Thanks to this new implementation, the production, diffusion, and reaction of radiolytic species can
be evaluated with a step by step approach in the time interval between 10´12 and 10´6 s after the
irradiation. According to the standard paradigm of radiation effect, track evolution is treated as a three
stage process: the physical, the pre-chemical and the chemical stage. The physical stage, covered by
the classical version of the code, consists in the description of the direct effect of radiation and it is
supposed to be concluded within 10´15 s after the irradiation. The pre-chemical stage (from 10´15 s to
10´12 s after the irradiation) consists of the formation of the radiolytic species by dissociation processes
of ionized and excited water molecules and in their thermalization. During the chemical stage, the newly
produced chemical species diffuse and react among themselves and with the solvent until reaching the
equilibrium at „ 10´6 s after the irradiation.

The validity of the chemical model implemented has been verified by comparing the calculated pro-
duction yields for the most abundant radiolytic species (e´aq, OH‚, H‚, H3O`, H2, OH´and H2O2 )
for different particle radiation and different energies, with both experimental data and other simulation
approaches. A good agreement in the time-dependent radical yield has been found for 1 MeV electron ir-
radiation and 3 MeV proton irradiation. Molecular yields at the end of the chemical stage have been also
calculated as a function of the LET, showing a good agreement with experimental data and theoretically
predicted values in the low and medium LET region. In the high LET region, instead, some refinements
in the model are still required. However, considering the large uncertainties, especially in modeling the
pre-chemical stage of radiation effect, this represents also a motivation for the basic research in molecular
physics, for further studies on the molecular dissociation and thermalization processes in liquid water.
Since the chemical implementation of the TRAX code relies on external tabulated data, the chemical
models can be easily adopted and updated when more accurate information on the basic processes of
water radiolysis will be available.

Additionally, to stress the importance of the choice of the pre-chemical models on the time evolu-
tion of the radical species a thorough sensitivity analysis on the impact of the sub-excitation electron
thermalization model on the time-dependent and LET-dependent yields of all the radiolytic species is
shown.
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The chemical composition and the presence of dissolved material in the target medium can have an
impact on the track chemical evolution and on the yield of the different chemical species. The TRAX-
CHEM code has been, then, further extended in order to be able to handle the presence of molecules in
solution in the water target. In this case, to limit the computational costs of the simulation, the dissolved
molecules are assumed to be uniformly distributed in the target material and are treated as a continuum.
In particular, the effect of dissolved molecular oxygen (O2) on the track chemical evolution has been
studied. This choice was motivated by the intention of better understanding the nanoscopic mechanisms
involved in the oxygenation effect. Time-dependent and LET-dependent yield of all the considered ra-
diolytic species at different oxygenation levels have, then, been studied for different ion radiation and
different energies. The range of O2 concentration investigated was selected in order to simulate water
targets in realistic conditions: from completely anoxic condition (pO2=0%) to water target in equilibrium
with air (pO2=21%). In oxygenated condition, a large production of two highly toxic species (O‚´2 and
HO‚2 ), which are not produced in hypoxic conditions, has been predicted, especially for low LET ra-
diation. These species are generated as reaction products, from the interaction of respectively e´aq and
H‚ with the dissolved molecular oxygen. As a consequence, a decrease in the final yield of the e´aq and
H‚ can be observed for poorly oxygenated targets and a complete consumption is observed for oxygen
concentrations at the water surface larger than 10%. Little impact of the dissolved molecular oxygen
has been, instead, predicted on the yield of production of the other radiolytic species. Consistently with
the LET dependence of the oxygen effect on the macroscopic level, a strong decrease in the yield of
production of O‚´2 and HO‚2 is observed with the increase of the LET. This suggests a possible di-
rect or indirect involvement of O‚´2 and HO‚2 on the oxygen sensitization effect. This hypothesis is
supported by both theoretical and experimental studies, (Colliaux, 2009). An additional confirmation
comes from preliminary measurements of nucleic DNA repair assay (Ferruz et al., 2016). As shown in
Figure 5.27, in this experiment, indeed, a larger number DSBs produced by radiation in oxic conditions
respect to anoxic conditions, for short time after the irradiation, has been measured. Considering the low
reactivity of O‚´2 with DNA, a possible explanation for this observation is an increased production of
OH‚ and reactive nitrogen species (RNS), induced by the large production of O‚´2 . These two species
are particularly deleterious for DNA, and both can be produced by O‚´2 in living organisms through the
Haber-Weiss reaction (catalyzed by the presence of transitions metals) and the interaction with nitrogen
monoxide (NO‚) respectively. In order to further investigate this aspect, an additional extension of the
code including the interaction with biologically relevant compounds might be considered. Thanks to
their capability to enhance the radiation effect, high atomic number (Z) nanoparticles (NPs) are consid-
ered to be one of the most promising tools for improving tumor targeting and radiation therapy efficacy.
The increased effectiveness of a combined treatment of X-ray radiation and nanoparticle has been already
extensively investigated and clinical trials have been already initiated (Lacombe et al., 2017; Kuncic and
Lacombe, 2018). For particle therapy, instead, several studies demonstrating the feasibility of a joint
use of NP exist, however, a consistent picture of the physical and chemical processes underlying this
effect is still missing. In this work nanoscale processes initiated by the interaction of radiation with gold
nanoparticles (AuNPs) have been investigated with the aim to evaluate an optimal combination between
the irradiation conditions and the NPs sensitization effect. The studies presented here, have been carried
out in parallel to a series of in-vitro experiment, performed at HIT (Heidelberg, Germany) in collabora-
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Oxic 
Hypoxic 

Figure 5.27.: Preliminary results of nucleic DNA repair assay for HeLa cells, in oxic and hypoxic conditions,

at 1.5 and 24 hours after being irradiated by 1 Gy carbon ion radiation with a dose average

LET of 100 keV/µm. A larger number of double strand break at 1.5 is shown in oxic condition.

Courtesy of Dr. B. Jakob (Ferruz et al., 2016).

tion with the group of Prof. Lacombe (Université Paris-Saclay, France) and are presented in the Ph.D.
thesis of Dr. Bolsa-Ferruz (Bolsa Ferruz, 2017).

In the context of this thesis work, an extended analysis of the nanoscopic mechanisms involved in
the NP sensitization effect has been carried out with the classical version of the TRAX code for diffe-
rent ion radiation and nanoparticle of different sizes, under the assumption of ion traversing the NP. In
addition, for the very first time, the radiolysis enhancement effect of 2 nm NPs traversed by different
ion radiations and in different oxygenation conditions has been simulated, with the newly implemented
chemical extension of the TRAX code. A significant increase in the dose deposition and in the pro-
duction of radiolytic species has been observed in both oxic and hypoxic conditions, which can lead
to an enhancement of the radiation effect. Additionally, in presence of molecular oxygen, a significant
increase of O‚´2 and HO‚2 (the two highly toxic species considered to be responsible for a part of the
oxygen effect) has been observed. However, the assumption of ion traversing the NP, which results to
necessary for characterizing the effect of the NP, is highly unprobable (in a standard proton treatment
it has been estimated to be between 10´3 and 10´4), significantly reducing the overall enhancement
effect. Additionally, surface effects, such as surface plasmon excitation, are still not accounted in TRAX
and additional catalytic processes responsible for an increased radical production might be considered
as well. Unfortunately, very little experimental data able to validate these theoretical models exists, es-
pecially on the basic physical and chemical mechanisms involved in the NP radiosensitization. In this
direction, a proposal for measuring the radical enhancement effect of AuNP in water solutions under ion
irradiation has been submitted and approved for the GSI beam-time of 2018 and 2019 in collaboration
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with the group of Prof. Currell (Queen University, Belfast), who already performed a similar experiment
with X-ray (Sicard-Roselli et al., 2014), revealing new interesting pathways for the radioenhancement
effect.
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A Appendix

A.1 Brownian motion and diffusion

The brownian motion is the motion resulting from the collision of molecules or particles suspended in a
fluid medium.

It is convenient to describe this motion trough the probability density of finding a suspended molecule
as a function of the time, Guadagnini (2014). In order to define this probability it is convenient to start
from some general considerations on the random walk.

Random walk

For simplicity we assume a unidimensional system where the objects can move along the x axis with
a random step of length l. The probability make a step forward is the same of the one make a step
backward.

In the case of independent processes, after N steps the probability of having a specific sequence of n1

step forward and n2 step in the other direction will be p1{2qn1 ˆ p1{2qn2 “ p1{2qN .
The probability of having n1 step forward over a total of f N steps, PN pn1q, can be obtained by

multiplying this probability for the number of possible sequences (Chandrasekhar, 1943):

PN pn1q “
ˆ

1
2

˙N N !
n1!pN ´ n1q!

. (A.1)

For N Ñ 8 and adopting the approximation n! » nne´n, the probability distribution Equation A.1
can be approximated as

PN pn1q “
1?

2πN
ex p

`´ 2pN{2´ n´ 1q2{N˘

. (A.2)

The effective distance made in the forward direction, in units of steps is given by p “ n1´ n2 “ 2n1´ N .
Substituting, than, n1 “ pp` Nq{2 in Equation A.2 and renormalizing we obtain the probability distri-
bution of making a total distance p in a forwarded direction

PN ppq “
1?

2πN
ex p

`´ p2{2N
˘

. (A.3)

Since each step length is I , the total distance made by the considered object will be x “ pl. The
probability of making a distance x in N steps ( with N Ñ8), will then be given by

PN pxq “
1?

2πNl2
ex p

`´ x2{2Nl2
˘

. (A.4)
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Diffusion distribution

If a particle suspended in a solution makes n̄ steps in a unit of time, after a time t the number of
steps will be N “ n̄t . If the particle makes a random walk in the suspension the density probability
distribution for a distance x in a time t can be derived from Equation A.4

Ppx , tq “ 1

2
?
πDt

ex p
`´ x2{4Dt

˘

, (A.5)

where D “ 1
2 n̄l2.

In a three dimensional system, Pp~x , tq can be derived from Equation A.6

Pp~x , tq “ 1

8pπDtq´3
2

ex p
`´ |x |2{4Dt

˘

. (A.6)

It is possible to demonstrate that Pp~x , tq satisfy the diffusion equation for a system with diffusion
coefficient D. Considering, indeed the two relations

BPp~x , tq
Bt

“
ˆ

´ 3
2t
` |x |2

4Dt2

˙

Pp~x , tq

∇2Pp~x , tq “
ˆ

´ 3
2Dt

` |x |2
4D2 t2

˙

Pp~x , tq

the Fick diffusion equation can be obtained

BPp~x , tq
Bt

“ D∇2Pp~x , tq.

The root mean square of the distance travelled by the particle in a time t , can then be finally derived
from applying

ă |~x |2 ą“ 6Dt. (A.7)
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