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RÉSUMÉ 
  

Étude par simulations Monte Carlo des effets de l’ionisation multiple, la température 

et le débit de dose sur les rendements radiolytiques de la radiolyse de l’eau liquide par 

des ions lourds énergétiques 

 
Par 

Abdullah Muhammad ZAKARIA 
Département de médecine nucléaire et radiobiologie 

 
Mémoire présenté à la Faculté de médecine et des sciences de la santé en vue de l’obtention du 

diplôme de maître ès sciences (M.Sc.) en sciences des radiations et imagerie biomédicale, Faculté 
de médecine et des sciences de la santé, Université de Sherbrooke, Sherbrooke, Québec, Canada, 

J1H 5N4 
 

Dans le cadre de la radiothérapie par ions carbone et de l’utilisation de la réaction 
nucléaire 10B(n,)7Li en recherche clinique et dans l’industrie nucléaire, il y a un besoin de 
mieux comprendre la chimie sous rayonnement de l’eau par les ions lourds.  Dans ce travail, 
notre objectif est d’étudier les effets de l’ionisation multiple de l’eau, de la température et du 
débit de dose sur les rendements des espèces radicalaires et moléculaires (représentés par une 
valeur G, ou nombre d’espèces formées par unité d’énergie absorbée) produites le long des 
trajectoires du rayonnement. Dans une première étude, nous avons utilisé des simulations 
Monte Carlo de la chimie des trajectoires pour montrer l’habilité des ions carbone de grands 
transferts d’énergie linéaire (TEL) à générer un microenvironnement oxygéné autour des 
trajectoires par suite de l’intervention de l’ionisation multiple (IM) de l’eau. Cette formation 
d’oxygène naissant associée aux ions lourds délivrés à très haut débits de dose est 
particulièrement importante pour mieux évaluer le potentiel clinique de la « radiothérapie 
FLASH » (RT-FLASH) – une nouvelle méthode prometteuse de radiothérapie 
anticancéreuse qui épargne les tissus normaux tout en ayant la même efficacité sur la tumeur 
qu’une irradiation conventionnelle à petits débits de dose – utilisant les ions carbone. Ici, 
nous avons constaté que les ions carbone à très hauts débits de dose génèrent de l'oxygène 
moléculaire vers la fin de leur trajectoire au pic de Bragg, qui est situé au cœur de la tumeur 
en radiothérapie clinique avec des ions lourds. Cette découverte indique un potentiel de 
destruction cellulaire accru grâce à l'utilisation des ions carbone. Dans une deuxième étude, 
des simulations Monte Carlo de chimie des trajectoires ont été utilisées pour examiner les 
effets de l'ionisation multiple de l'eau sur les rendements de la radiolyse du dosimètre de 
Fricke (radio-oxydation d’une solution acide de sulfate ferreux) à des températures comprises 
entre 25 et 350 °C. Un accord complet entre nos résultats de simulation et les données 
expérimentales existantes de G(Fe3+) en solutions aérées et désaérées à 25 °C n'a été trouvé 
que lorsque l'ionisation multiple de l'eau était incorporée dans les simulations. Nous avons 
également simulé les effets de l'IM de l'eau sur les valeurs G des espèces primaires de la 
radiolyse de solutions aqueuses H2SO4 0,4 M désaérées par les particules α et les ions lithium 
de recul de la réaction 10B(n,α)7Li. Comme avec le dosimètre de Fricke, le meilleur accord 
avec l'expérience a été trouvé à température ambiante lorsque l'IM de l'eau était incluse dans 
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les simulations. De tels résultats supportent fortement la validité du modèle utilisé dans cette 
étude et l'importance du rôle de l'ionisation multiple des molécules d'eau dans la radiolyse à 
TLE élevé de l'eau. Nous avons aussi montré que G(Fe3+) diminuait légèrement en fonction 
de la température sur l’intervalle 25–350 °C. Cependant, n’ayant pas, à notre connaissance, 
de données expérimentales disponibles à hautes températures, nous n’avons pas pu comparer 
nos résultats avec l’expérience. Enfin, dans une troisième étude, nous avons également 
étendu notre étude précédente sur les ions carbone pour étudier l'hypothèse 
d'appauvrissement temporaire en oxygène induite par irradiation FLASH à très hauts débits 
de dose. Sur la base d’un modèle purement de chimie sous rayonnement de l’eau à grands 
débits de dose, nous avons trouvé une augmentation substantielle de la concentration 
d'oxygène consommé (ou appauvri) en fonction du débit de dose. Ce résultat est en accord 
avec les différents rapports qui suggèrent que l'effet d'épargne des tissus normaux de RT-
FLASH provient d'une hypoxie temporaire due à un appauvrissement en oxygène induit 
précisément par l’irradiation à hauts débits de dose. Pris ensemble, nos résultats suggèrent 
que l'utilisation de RT-FLASH avec des ions carbone peut fournir un rapport thérapeutique 
accru au niveau de la tumeur, en augmentant l'efficacité de destruction des cellules tout en 
protégeant simultanément les tissus normaux. Dans le cadre de la radiothérapie par ions 
carbone, il est désormais nécessaire de tester expérimentalement in vitro et in vivo ces 
hypothèses pour déterminer les événements physico-chimiques initiaux aux débits de dose 
ultra-élevés et pour valider les mécanismes sous-jacents aux effets biologiques de RT-
FLASH. 
 
Mots clés : Radiolyse de l'eau, transfert d'énergie linéaire (TEL), température, d'ionisation 
multiple (MI), simulations Monte Carlo, radiothérapie flash (RT-FLASH), débits de dose 
ultra-élevés (UHDR), des ions lourds énergétiques. 
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SUMMARY 
 Monte Carlo track chemistry simulations of the effects of multiple ionization, 

temperature, and dose rate on the radiolytic yields produced in the heavy-ion 

radiolysis of liquid water 

 
By 

 
Abdullah Muhammad ZAKARIA 

Département de médecine nucléaire et radiobiologie 
 

Thesis presented at the Faculty of Medicine and Health Sciences in order to obtain the Master of 
Sciences (M.Sc.) degree in Radiation Sciences and Biomedical Imaging, Faculty of Medicine and 

Health Sciences, Université de Sherbrooke, Sherbrooke, Québec, Canada, J1H 5N4 
 

In the context of carbon-ion therapy and because of the use of the 10B(n,)7Li nuclear 
reaction in both clinical research and nuclear technologies, there is a need to obtain a better 
understanding of the radiation chemistry of water with heavy ions. In this work, we aimed to 
investigate the effects of multiple ionization of water, temperature, and dose rate on the yields 
of the radical and molecular species (given as a G-value, or number of species formed per 
unit of radiation energy) produced along the radiation’s tracks. In a first study, we used Monte 
Carlo track chemistry simulations to show the ability of high linear energy transfer (LET) 
carbon ions to generate an oxygenated microenvironment around their track due to the 
occurrence of multiple ionization (MI) of water. This nascent oxygen formation associated 
with heavy ions at ultra-high dose rates is of particular importance in order to better assess 
the clinical potential of “FLASH radiotherapy” (FLASH-RT) – a promising new method that 
damages the tumor while protecting normal tissue – using carbon ions. Here we found that 
ultra-high-dose-rate carbon ions generate molecular oxygen near the end of their trajectory 
at the Bragg peak, which is located within the tumor in clinical radiotherapy with heavy ions. 
This finding indicates increased cell killing potential with carbon ions. In a second study, 
Monte Carlo track chemistry simulations were used to investigate the effects of multiple 
ionization of water on the yields of the 10B(n,α)7Li radiolysis of the aqueous ferrous sulfate 
(Fricke) dosimeter at temperatures between 25 and 350 °C. Most interestingly, complete 
agreement between our simulation results and existing experimental data of G(Fe3+) in 
aerated and deaerated solutions at 25 °C was only found when the multiple ionization of 
water was included in simulations. We also simulated the effects of MI of water on G-values 
for the primary species of the radiolysis of deaerated 0.4 M H2SO4 aqueous solutions by the 
α-particle and lithium ion of the 10B(n,α)7Li nuclear reaction. As with the Fricke dosimeter, 
the best agreement between experiment and simulation was found at room temperature when 
the MI of water was included in the simulations. This strongly supports the validity of the 
model used in this study and the importance of the role of multiple ionization of water 
molecules in high-LET radiolysis of water. It was also shown that G(Fe3+) decreases slightly 
as a function of temperature over the range of 25–350 °C. However, to the best of our 
knowledge, there was no experimental data available at elevated temperatures with which to 
compare our results. Finally, in a third study, we extended our previous carbon-ion study to 
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investigate the hypothesis that the normal tissue-sparing effect of FLASH-RT stems from 
temporary hypoxia due to oxygen depletion induced by high dose-rate irradiation. Based on 
a purely water radiation chemistry model at high dose rates, we found a substantial increase 
in the concentration of consumed (depleted) oxygen with increasing dose rate. This result 
agrees very well with the various reports that suggest that FLASH’s normal tissue-sparing 
effect stems from temporary hypoxia due to O2 depletion induced by high dose-rate 
irradiation. Taken together, our results indicate that FLASH-RT using energetic carbon ions 
can achieve an even better therapeutic ratio in the tumor, increasing cell-killing efficacy 
while simultaneously protecting normal tissue. In the context of carbon-ion therapy, there is 
now a need for in vitro and in vivo experiments performed at relevant oxygen tensions to help 
understand the initial physicochemical events at ultra-high dose rates and to validate the 
mechanisms underlying the biological effects of FLASH-RT. 
 
Keywords: Water radiolysis, linear energy transfer (LET), multiple ionization (MI) 
temperature, Monte Carlo simulations, Flash radiotherapy (FLASH-RT), ultra-high dose 
rates (UHDR), heavy-ions. 
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1. INTRODUCTION 
 
1.1 Background of the radiation chemistry development 

 
Within two months of the discovery of X-rays by Wilhelm Conrad Röntgen in 1895, 

X-rays were used to take pictures for diagnostic purposes and treat various diseases, 

including malignant tumors. It led to the origin of a new branch of chemistry named radiation 

chemistry. In the following year (1896), Henri Becquerel discovered another form of 

penetrating rays named natural phosphorescence or uranium radioactivity. Pierre Curie and 

Marie Curie conducted their research on different mineral salts to investigate the materials' 

'radioactivity'. However, they were the first people who used the term 'radioactivity.' They 

discovered polonium (Curie and Curie, 1898) and radium (Curie et al., 1898), which are also 

highly radioactive materials (Ferradini and Bensasson, 1989; Spinks and Woods, 1990; 

Zimbrick, 2002). Since then, the primary principle of radiotherapy (RT) has been extensively 

pursued, which lies in precise dose localization in the target lesion and minimal damage to 

the surrounding normal tissues. It had been of so much importance to know the associated 

chemistry of radiation in different systems and the probable impact on those media, just from 

the beginning, when radiation was started to be used for different purposes, including 

medicinal applications. In 1901, Curie and Debierne observed the evolution of hydrogen and 

oxygen from water and the solution of radium salts (Curie and Debierne, 1901). Then, 

Debierne hypothesized that water was broken down into H• and •OH radicals (Debierne, 

1914). This study was the first trigger on the radiolysis of water by ionizing radiation. 

However, much experimental evidence was not supporting the idea. Later, it was suggested 

by Risse and Fricke that radiation produced “activated water” instead. In the presence of 

enough concentration of solutes, this activated water would give different types of products 

(Risse, 1930; Fricke, 1935). Furthermore, to see the impact of activated water, it would be 

essential to keep the solute concentration as low as possible. Sir William Ramsay and 

Frederick Soddy did a quantitative study of some simple radon-induced reactions (Ramsay 

and Soddy, 1904). Bragg (1907) reported that the number of the water molecules decomposed 

was nearly equal to the number of ions produced in air by the radon employed by analyzing 

the data obtained from Ramsay and Soddy. In 1912, several models studied by Samuel Lind 

helped to determine the relationship between the number of ion-pair formed by α-rays in a 
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gas and the number of chemicals subjected to chemical changes (Lind, 1912, 1921). Because 

of the unique importance of water, radiation chemistry has mainly been concerned with 

studies of water and aqueous solutions, and it serves as the standard reference material for 

clinical radiation therapy (similar absorption properties for ionizing radiation as biological 

tissues) (Medin et al., 2006). Moreover, it also has many practical applications, for instance, 

radiotherapy and diagnostic radiology, environmental management of radioactive waste 

materials, nuclear power generation, and radiation effects in space (LaVerne, 2004; 

Meesungnoen and Jay-Gerin, 2010). This study's importance became apparent after 

incorporating the first powerful X-ray machines in 1930, and concerns were grown up on the 

probable biological impact of this low “linear energy transfer” (LET) radiation on the human 

body. A significant propulsion for research in radiochemistry occurred in 1942 with the 

advent of nuclear energy and during World War-II, the study of radiation chemistry got a 

boost. These studies' main focus was to find solutions for the two crucial practical problems: 

the study and prevention of undesired radiation effects or radiation damage and the utilization 

of the tremendous amounts of radiation energy for beneficial purposes. The former includes 

studying the damage of materials due to the radiation used in reactor construction and the 

processing of radioactive fuels, and the development of radiation-resistant materials. Another 

vital research area is the effect of radiation on living systems and radiation utilization for 

medical treatment. It is imperative to understand the ionizing radiation's physical and 

chemical processes in a material to use the radiation energy for humans. Though the 

fundamental ionization processes are similar in all systems, the medium's properties, such as 

phase, polarity, and composition, can significantly affect the chemistry. It is crucial to 

understand what chemical species are formed in all systems, their internal energies, how they 

are dispersed spatially, and what reactions can occur. Understanding the simpler chemical 

systems is necessary for unraveling the complexity of events incurred by irradiation of living 

systems. These studies established the generation of different free radicals and reactive 

molecular products from radiolysis of water (Jonah, 1995; Jonah and Rao, 2001).  

Due to the sensitivity of all biological systems (living cells and tissue mainly consist 

of water ~70-80% by weight) to ionizing radiation, the knowledge of the radiation chemistry 

of aqueous solutions is very critical to our understanding of the early stages in the 

complicated chain of radiobiological events that follows the passage of radiation. Therefore, 
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understanding and modeling the interaction of ionizing radiation with water and aqueous 

solutions can help us to analyze the subsequent effect of the species produced due to ionizing 

radiation. When living cells absorb ionizing radiation, it can damage (‘direct’ or ‘indirect’ 

effect) different molecular structures of biological relevance, disrupt the biochemical 

processes in the cell, and produce new reactive chemical species that may damage nucleic 

acids, proteins, and lipids (see Figure 1.1). In the direct effect, the biological species absorb 

the energy from the ionizing radiation directly, which disrupts their initial constituents and 

functions. In the indirect effect, cellular water absorbs the ionizing radiation and produces 

several radiolytic products, such as e−
aq, H•, •OH, HO2

•/O2
•−, H2, H2O2, O2, etc., which 

subsequently might act as triggers of signaling or other damaging effects (Nathan, 2003; 

Forman et al., 2004; Muroya et al., 2006; Veal et al., 2007; Azzam et al., 2012). It can also 

trigger the so-called radiation-induced “bystander” effects (Nagasawa and Little, 1992; 

Azzam et al., 2003; Mothersill and Seymour, 2004). 

Deoxyribonucleic acid (DNA) is a highly charged poly-anion that is hydrated with 

water molecules. Exposure to ionizing radiation causes a plethora of DNA damage, which is 

responsible for genomic instability, potential tumorigenesis, mutagenicity, aging, inherited 

disease, and finally, cell death (Ward, 1988; Becker and Sevilla, 1993; Breen and Murphy, 

1995; Cadet et al. 1997, 2005; Wallace, 1998; Sutherland et al., 2000; Boudaïffa et al., 2000; 

O’Neill, 2001). Different types of DNA damages such as base damage, apyrimidinic/apurinic 

(AP) site, single-strand break (SSB), double-strand break (DSB), tandem lesions, and various 

clustered lesions, and repair mechanisms which have significant biological effects, including 

mutation and cytotoxicity, have been reported and studied over the years (Chapman, 1980; 

Goodhead, 1994; Ward, 1994; Nikjoo et al., 1997; von Sonntag, 2006). The cellular 

phenotype, type of ionizing radiation, radiation quality (or LET) (i.e., the “stopping power”, 

−dE/dx), dose, and dose rate are the factors which determine the complexity and nature of 

DNA damages induced by ionizing radiation (Ward, 1985; Kryston et al., 2011; Georgakilas, 

2011). Moreover, through an intercellular communication mechanism, radiation-induced 

generation of reactive oxygen (ROS) and nitrogen species (RNS) may spread from targeted 

cells to non-targeted bystander cells. More importantly, one of the richest sources of ROS is 

mitochondria. The premature leakage of electrons reduces O2 to produce superoxide radicals 

(O2
•−). Radiation-induced ROS/RNS production by mitochondria plays multiple roles in 
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signaling cascades, mediates apoptosis, mutation of mitochondrial DNA, autophagy and 

propagation of non-targeted responses (Petkau, 1987; Werner and Werb, 2002; Malakhova 

et al., 2005; Prise and O’Sullivan, 2009; Hei et al., 2011; Azzam et al., 2012). 

 
 

Figure 1.1: Simplest representation of the mode of action (direct and indirect) of radiation 

on a cell. Absorption of ionizing radiation may damage the cell directly attacking the DNA 

or producing the radiolysis products of water. Reproduced from (Ogawa, 2016), with the 

permission of MDPI. 

 
Much advancement in radiation chemistry occurred during the last century where a 

number of factors and mechanisms have been explained, including the radiation chemistry 

of liquid water, which produces primarily the hydrated electron e−aq (Keene, 1960; Hart and 

Boag 1962; Hart and Anbar, 1970), H•, H2, •OH, H2O2, H+, OH−, and HO2
•/O2

•− (pKa = 4.8). 

These hydrated electrons can also influence the damage of the DNA bases and structure 

(Cadet et al., 2014; Ma et al., 2017). Numerous research works were published to understand 

the influence of the pH, the temperature, the ionic character, and the isotopic substitution on 

the absorption spectrum of this species and role in DNA damage (Herbert and Coons, 2017; 

Ichino and Fessenden, 2007). Very highly reactive •OH radicals take part quickly in different 

types of reactions (like radical transfer reactions) with the molecules in the system and have 

an impact on DNA molecules (Balasubramanian et al., 1998; Madugundu et al., 2013; von 

Sonntag, 2006). In this sequence, to understand the probable impact of radiolytically 
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generated H+ ions in different systems, especially the biological systems, some studies have 

also been done (Byakov and Stepanov, 2006; Kanike et al., 2015; Islam et al., 2018). 

Depending on various purposes, it is imperative to know how much energy through 

radiation is provided to the system, known as 'dose,' based on radiation flux in the air or the 

medium's absorbed amount. For calculating the dose, the first developed chemical system 

was the Fricke dosimeter, which led to the conclusion that the rays' primary action was on 

the water, resulting in the production of active water molecules (Fricke and Morse, 1927, 

1929). Later, it was improved a lot to account for the wide variation of solution 

characteristics, radiation types (like neutron beam) (Fricke and Hart, 1966) and to ensure 

authenticity and reproducibility. At present, different types of other dosimetry techniques, 

like gel dosimetry and alanine dosimetry, have started to be used (Baldock, 2009; Vaiente et 

al., 2016). In the mid 1960s,  the arrival of pulse radiolysis technique (Fessenden and 

Warman, 1968) boosted up the study of radiation chemistry, which helped understand the 

kinetics of irradiated systems and was utilized to determine the reaction rate constants, 

including the reactions between the species generated from radiolysis. By this sensitive 

instrumental technique, rate constants of almost 3000 reactions of the irradiated system had 

been determined and compiled (Markovic, 1989). These rate constants helped to understand 

the system's mechanism and proved to be one of the most important tools for simulating the 

irradiated system. 

 
1.2 Interaction of ionizing radiation with matter and energy deposition events 

 
The process by which any types of energetic particles and electromagnetic radiations 

(directly or indirectly) cause ionization of a medium, i.e., removing a bound orbital electron 

from an atom or a molecule to produce a residual positive ion radical, is called ionizing 

radiation. Some molecules may also be excited to upper electronic states instead of being 

ionized (Evans, 1955; Anderson, 1984; IAEA-TECDOC-799, 1995; Mozumder, 1999; 

Toburen, 2004). The ionizing radiation category depends on the nature of the particles or 

electromagnetic waves that create the ionizing effect. These have different ionization 

mechanisms and may be grouped as directly or indirectly ionizing. Directly ionizing 

radiations are defined as any charged particle with mass can ionize atoms directly by 

fundamental interaction through the Coulomb force if it carries sufficient kinetic energy. This 
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ionization includes atomic nuclei, electrons, muons, charged pions, protons, and energetic 

charged nuclei stripped of their electrons.  In this case, since the Coulomb force between the 

incoming particle and the molecular electrons acts at a distance, particle-particle contact is 

not necessary. Indirectly ionizing radiations are energetic electromagnetic radiations (like X- 

or γ-ray photons) or neutrons that can also liberate bound orbital electrons. However, the 

bulk of the ionization effects are due to secondary ionizations.  

 
 

Figure 1.2: Types of ionizing radiation. Adapted from 

https://en.polimaster.com/resources/radiation-basics/types-of-ionizing-radiation  

 
▪ Alpha (α) radiation:  

Alpha radiation, also called -rays, occurs when an atom undergoes radioactive 

decay, giving off a particle known as an alpha particle consisting of two protons and 

two neutrons bound together into a particle identical to a helium nucleus. Alpha 

particles interact strongly with matter because of their charge and mass and have low 

penetration depth. 

▪ Beta (β) radiation: 

The production of beta particles (high-energy, high-speed electrons or positrons 

emitted by specific radioactive nuclei) is termed beta decay or beta radiation. Two 

forms of beta decay known as β− and β+ give rise to the electron and the positron (a 

particle with the similar size and mass of an electron, but with a positive charge). Due 

to the smaller mass, it has a higher penetration depth than alpha particles. 

https://en.polimaster.com/resources/radiation-basics/types-of-ionizing-radiation
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▪ Neutron (n) radiation: 

A form of ionizing radiation named neutron radiation is produced from nuclear fission 

or nuclear fusion, causing the release of free neutrons, which are then absorbed into 

a stable atom, thereby making it unstable, which may trigger further neutron 

radiation. Free neutrons are unstable, decaying into ionizing radiation of another type, 

such as a proton, an electron, plus an anti-electron-neutrino. 

▪ Photon radiation (Gamma (γ) radiation and X-rays): 

Photons (electrically neutral) can ionize atoms directly through the photoelectric 

effect and the Compton effect (and, if the incident photon energy is greater than 1.02 

MeV, there is the production of electron-positron pairs) or indirectly by ejecting an 

electron from an atom at relativistic speeds, turning it into a beta particle (secondary 

beta particle) that will ionize many other atoms. Photon radiation can be gamma 

radiation (a penetrating form of electromagnetic radiation arising from the radioactive 

decay of atomic nuclei) or X-Rays (produced outside the nucleus, from the electron 

cloud). Since -radiation consists of the shortest wavelength electromagnetic waves, 

and so imparts the highest photon energy. On the other hand, X-rays consist of longer 

wavelengths and usually impart lower energy than gamma radiation. 

 
Regardless of the type of ionization radiation, the typical final result in all modes of 

absorption of ionizing radiation depends on the formation of tracks of physical energy-loss 

events in ionization and excitation processes and in a geometrical pattern that depends on the 

type of radiation involved. Generally, the ejected electrons from the ionization events may 

themselves have sufficient energy to ionize one or more other molecules of the medium. In 

this way, the primary high-energy electron can produce a large number (~ 4 × 104 by a 1 

MeV particle) of secondary or higher-order generation electrons (all electrons that are not 

primary referred to as “secondary”) along its track as it gradually slows down (ICRU 

REPORT  31, 1979). From atomic physics, it is known that most energy-loss events by fast 

electrons involve small transfers of energy. The probability of a given energy transfer, Q, 

varies inversely with the square of that energy loss (Evans, 1955). “Distant” or “soft” 

collisions, in which the energy loss is small, are therefore strongly favored over “close” or 

“hard” collisions, in which the energy loss is massive (Mozumder, 1999). The vast majority 

of these secondary electrons have low initial kinetic energies with a distribution that lies 
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nearly below 100 eV and a most probable energy below 10 eV (Cobut et al., 1992; LaVerne 

and Pimblott, 1995; Michaud et al., 2003; Autsavapromporn, 2006). In most cases, they lose 

all their excess energy by multiple quasi-elastic (i.e., elastic plus vibrational excitations) and 

inelastic interactions with their environment, including ionizations and/or excitations of 

electronic, intramolecular vibrational or rotational modes of the target molecules (Michaud 

et al., 2003) and quickly reach thermal equilibrium (i.e., they are “thermalized”). 

Determining exactly which of these competing interaction types will occur is a complex 

function of the target medium and the energy range of the incident electron. By definition, a 

measure of the probability that any particular one of these interactions will occur is called 

the “cross-section” (expressed in units of area) for that particular interaction type (Joachain, 

1983). The total interaction cross-section σ, summed over all considered individual processes 

i, is used to determine the distance to the next interaction, and the relative contributions σi to 

σ are used to determine the type of interaction. Actually, the mean distance between two 

consecutive interactions or “mean free path (λ)” is defined by 

             𝜆 =
1

𝑁𝜎
                                                                                                                   (1.1) 

where N is the number of atoms or molecules per unit volume, and 

             𝜎 =  ∑ 𝜎𝑖𝑖                                                                                                               (1.2) 

As a result of the water electric dipoles rotating under the negative charge's influence, 

thermalized electrons in a dilute aqueous environment undergo trapping and hydration in 

quick succession (within ~10-12 s) (Bernas et al., 1996). Having kinetic energies lower than 

the first electronic excitation threshold of the medium, some electrons – known as 

"subexcitation" electrons (Platzman, 1955) – may undergo, prior to thermalization, prompt 

geminate ion recombination (Freeman, 1987). They can also induce the production of 

energetic (~1-5 eV) anion fragments via formation of dissociative negative ion states 

(resonances) (i.e., dissociative electron attachment, or DEA) (Christophorou et al., 1984; 

Bass and Sanche, 2003). Because of the energy gained by the medium, a sequence of swift 

reactions and molecular rearrangements lead to the formation of new, highly non-

homogeneously distributed chemical species in the system, such as charged and/or neutral 

molecular fragments, reactive free radicals, and other excited chemical intermediates. The 

trail of the initial physical events, along with the chemical species, is generally referred to as 
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the track of a charged particle, and its overall detailed spatial distribution, including 

contributions from secondary electrons, is commonly known as the "track structure" 

(Paretzke, 1987; Magee and Chatterjee, 1987; Kraft and Krämer, 1993; Mozumder, 1999; 

LaVerne, 2000, 2004). 

A charged particle is called “heavy”1  if its rest mass is large compared with an 

electron. Thus, protons (1H+), α-particles (4He2+), and their near relatives (2H+, 3H+, 3H2+), 

higher charged particles (i.e., 12C6+, 7Li3+, 20Ne10+, etc.), and fission fragments are all heavy 

charged particles. Following the same manner of fast electrons, heavy ions' track structure 

can be explained. A heavy charged particle traversing matter loses energy primarily through 

the ionization and excitation of target atoms or molecules. This journey proceeds until the 

ions are so much slowed down or neutralized by reaction with electrons, whereby their travel 

is stooped. There are some apparent differences between heavy ions and electrons due almost 

entirely to the electron's small mass. For example, a (non-relativistic) heavy ion (which has 

mass M, velocity vi, and kinetic energy Ei = M vi
2/2) is restricted to a maximum allowed 

energy loss (Qmax) to an initially free stationary atomic electron (which has mass m0) given 

by  (Evans, 1955; Anderson, 1984) 

𝑄𝑚𝑎𝑥 ≈  𝐸𝑖  [
4 M 𝑚0

(𝑀+𝑚0)2]  ≈  4𝐸𝑖  (
𝑚0

𝑀
)  =  2 𝑚0𝑣𝑖

2 (𝑀 ≫  𝑚0)                                (1.3) 

whereas a fast incident electron can transfer all its initial kinetic energy in a single collision 

with a bound electron. As seen in Eq. (1.3), the energy that a heavy charged particle loses in 

each event and the corresponding change in its momentum amount to only a small fraction 

(proportional to m0/M) of its total energy and momentum. Therefore, because the heavier 

mass of fast ions prevents them from being scattered as much as electrons, heavy ions move 

in a relatively straight line until the near end of their range. By contrast, electrons can undergo 

large angle scattering in collisions with medium leading to extremely torturous paths.  

 

 

 
1 The term “heavy ions” is commonly used in the particle therapy community to characterize ions heavier than 
protons, although they are relatively light considering the full mass range of nuclei. Different authors define the 
radiation techniques which make use of beams of charged nuclei with different names. On top of “light-ion 
therapy and heavy-ion therapy,” the most used ones are “hadron therapy” and “particle therapy.” 
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1.3 How much energy is deposited? Linear energy transfer (LET) and interaction cross 

sections for heavy charged particles 

 
When some energy from the irradiating beam is deposited into the medium, the 

radiolysis of water happens. It is crucial to know how much energy is transferred to the 

medium to understand radiolysis's exact mechanism. There were differences in the yields of 

radiolytic products for various types of radiation shown in the earliest experiments on the 

radiation-chemical effects in liquid water (Kernbaum, 1910; Duane and Scheuer, 1913; 

Debierne, 1914). The most pertinent qualitative description is the spatial distribution of the 

collisions by which the electrons (or other ionizing and exciting particles responsible for the 

actual energy dissipation), lose their energy. This concept has been termed "linear energy 

transfer" (LET) (Zirkle et al., 1952; Danzker et al., 1959) and is defined as the measure of 

the energy deposition along and within the track of a penetrating charged particle. This value 

is also termed as "stopping power" in radiation physics. The quantity of the energy deposition 

or LET value of a particular type of radiation is significant to evaluate the overall chemical 

effect. Mathematically, it is given by the following formula: 

𝐿𝐸𝑇 =  − 
𝑑𝐸

𝑑𝑥
 ,                 (1.4) 

where dE is the average energy locally (i.e., in the vicinity of the particle track) imparted to 

the medium by the particle in traversing a distance dx (ICRU Report 16, 1970). Usually, LET 

values are given in units of keV per micron (keV/μm) (the conversion into SI unit is: 1 

keV/μm ≈ 1.602 × 10-19 J/nm). 

The LET is a function of the properties of both the irradiating beam and the medium. 

For an irradiating beam, the energy, charge, and kinetic energies are the most deterministic 

factors of LET, whereas medium density, temperature, type of medium, etc. are the medium's 

properties that determine the LET. Different theories and corresponding theoretical data on 

the determination of stopping power of charged particles in matter. The Bethe theory of 

stopping power describes the average energy loss due to the electromagnetic interactions 

between fast charged particles and the electrons in absorber atoms (Fano, 1963). For kinetic 

energies of ions that are small compared to their rest-mass energy, the non-relativistic 

stopping power formula of Bethe (Bethe, 1930; Bethe and Ashkin, 1953) is given by (in SI 

units): 
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 − 𝑑𝐸

𝑑𝑥
=  (

1
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where Ze is the charge of on the incident ion, V is the ion velocity, mo is the mass of electron, 

N is the number of electron per cubic meter of the absorbing medium, and I is the mean of 

all the ionization and excitation potentials of the bound electrons in the absorber. In most 

cases, I is determined by fitting the theory to experimental results related to the stopping 

power. For liquid water, I = 79.7 ± 0.5 eV (Bischel and Hiraoka, 1992). 

One of the most critical approaches to determining charged particles' stopping power 

in matter was Bragg’s rule. As we can see from Eq. (1.5), the LET depends on the particle's 

kinetic energy only through its velocity for any incident particle. Moreover, the velocity term 

in the logarithm term's numerator and the pre-logarithmic term's dominator gives rise to the 

familiar “Bragg peak” decreasing the incident particle's velocity; the LET increases to a 

maximum. It then decreases to lower velocities (LaVerne, 2000, 2004). The Bragg peak 

refers to the increase in ionization density as the incident heavy ion approaches the end of its 

track and slows down. Many researchers studied on Bragg’s rule a lot later, and recently, 

some new additions (like the chemical binding effect) have been made to the original theory 

(Thwaites, 1983). Different research works have done on the stopping range and power of 

different ions in a biological system (El-Ghossain, 2017).  As we can see from Fig. 1.3, it 

shows the LET as a function of incident energy for electrons and three different ions in liquid 

water. There was a large difference between the LET of electrons and heavy particles of the 

same energy due to the velocity difference. 
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Figure 1.3: LET of some heavy ions and electrons in liquid water as a function of energy. 

Adapted from (Watt, 1996) 

 
In fact, within this theory, the cross section – known as the “Rutherford” cross-section 

– for the collision of a charged projectile with a single atomic electron behaves as (Z/V)2, 

where Z is the projectile charge number and V is the impact speed (Inokuti, 1971; McDaniel 

et al., 1993; Rudd et al., 1996; Bichsel, 2006). This Z2 scaling is very important for providing 

the cross section for the inelastic scattering by fully ionized or stripped (in another word 

“bare”) ion projectiles, especially as there are only limited experimental data available 

involving ions heavier than proton or helium in collision with molecular targets of biological 

interests (e.g., H2O). For the most comprehensive “reference” cross-section data used in this 

context, see, for example: (Rudd, 1990; Rudd et al., 1992; IAEA-TECDOC-799, 1995; Cobut 

et al., 1998; Dingfelder et al., 2000; Toburen, 2004). On average, the net positive (or 

effective) charge on an incident ion decreases when the velocity decreases (LaVerne, 2004; 

Meesungnoen, 2007). 

 

1.4 The radiolysis process of water 

 
 The term radiation refers to energy or particles with specific energy from a source 

that travels through space or other media. There are different forms of radiation, such as light, 

heat, microwaves, and wireless communications. On the other hand, the term radiolysis can 

be defined as any chemical changes induced by ionizing radiation and includes synthesis and 
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degradation. The ionizing radiation action leads to the chemical decomposition of the water 

molecules known as water radiolysis. The complexity of liquid water's radiation chemistry 

makes its prime candidate carry out research to crack down the mystery. Nowadays, the 

radiation chemistry of liquid water is getting considerable attention because of its tremendous 

applications.  It has notable significance for the intrinsic scientific interest it generates and 

its relevance to many practical applications, particularly in radiation biology (where living 

cells are composed of about 70%-85% water by weight). The beginning of life or the 

advancement of nuclear technology is related to water. A complete understanding of the 

system involves knowledge of the early deposition of the energy of the incident ionizing 

radiation (mainly through ionization, electronic excitation, and dissociation of the water 

molecules), and the subsequent physicochemical and nonhomogeneous chemical evolution 

of the system (Kuppermann, 1959; Platzman, 1958) as a function of time. Briefly, the 

radiolysis of pure deaerated liquid water by low-LET radiation (such as 60Co γ-rays, hard X-

rays, fast electrons, or high-energy protons) principally leads to the formation of radical and 

molecular products: e-
aq (hydrated electron), H•, H2, •OH (hydroxyl radical), H2O2, HO2

•/O2
•− 

(hydroperoxyl/superoxide anion radicals, pKa = 4.8 at 25 °C), H+, OH−, etc. (Spinks and 

Woods, 1990). Under ordinary irradiation conditions, these species are generated non-

homogeneously on sub-picosecond time scales in small, spatially isolated regions of dense 

ionization and excitation events, commonly referred to as "spurs" (Magee, 1953), along the 

track of the radiation. Owing to diffusion from their initial positions, the radiolytic products 

then either react within the spurs as they expand or escape into the bulk solution. At ambient 

temperature, this spur expansion is essentially complete by about 1 μs after the initial energy 

deposition. In other words, after spur expansion is complete, the remaining radiolytic 

products can be regarded as homogeneously distributed in the bulk of the solution. The so-

called "primary" radical and molecular yields ("long-time" or "escape" yields) g(e−aq), g(H•), 

g(H2), g(•OH), g(H2O2), etc., represent the numbers of species of each kind formed or 

destroyed per 100 eV of absorbed energy that become available to react with added solutes 

(treated as homogeneously distributed) at moderate concentrations. 
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 1.4.1 LET and track structure of water radiolysis  

 
The distribution of the physical energy deposition events and their geometrical 

dispositions mainly define the track structure distribution. Interestingly, the track structure is 

known as “LET effects,” as most early studies used this parameter to characterize the 

different radiation chemical yields for various radiation-induced ions in liquid water. As said 

earlier, the track is composed of individual energy deposition events and the staggering 

pathways of generated secondary electrons. The radiation track structure is crucial in 

specifying the precise spatial location and identity of all the radiolytic species and free-radical 

intermediates generated during radiolysis and their subsequent interaction with the 

constituents in the medium they are passing through. Chemical and biological damage, 

caused by directly or indirectly ionizing radiations, is attributable to the charged particle 

tracks' action in the absorbing medium (Watt and Alkharam, 1994). Track structure also 

determines the type of products that are more likely to be produced during radiolysis. Overall, 

the scientific community agrees that different qualities of radiation must be analyzed in terms 

of track structure (Chatterjee and Holley, 1993; Muroya et al., 2006). To discuss the 

relationship between LET, track structure, and types of products, this section will be divided 

into the following two sub-sections:  

 
• Low-LET radiation and track structure 

• High-LET radiation and track structure 

 
1.4.1.1 Low-LET radiation and its track structure 
 
Low-LET radiation means comparatively lower energy deposition along the track. A 

fast-moving charged particle loses its energy in a medium due to the electromagnetic 

interactions and collisions between the fast-moving charged particles and the absorber atom. 

The amount of energy deposition by high-energy ionizing radiation (e.g., fast electrons 

generated from X- or γ-ray beams) is very low, and for a 1-MeV Compton electron, the 

average LET in water is ~0.3 keV/μm. The track-averaged mean energy loss per collision 

event by such an electron is in the region ~47-57 eV (Cobut, 1993; LaVerne and Pimblott, 

1995; Cobut et al., 1998; Mirsaleh Kohan et al., 2013). On the average, the energy-loss events 

are separated by distances of ~200 nm. This nonhomogeneous distribution of energy 
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deposition events ultimately leads to the generation of “spurs” (Allen, 1948; Magee, 1953; 

Mozumder and Magee, 1966a, b). The entire radiation track is thus to be viewed as a random 

succession of (more or less spherical) spurs, or spatially localized energy-loss events. 

Therefore, a low-LET radiation track should contain a number of individual spurs spaced 

well away from each other and uninfluenced by the nearby spurs.  

To visualize the situation, let us consider the track structure of a low-LET radiation, 

as shown in Fig. 1.4 and Fig. 1.5. In this case, the track is composed of a random sequence 

of three types of essentially non-overlapping entities: “spurs, blobs, and short tracks” 

(Mozumder and Magee, 1966a, b). The spur category contains all track entities created by 

the energy losses between the lowest excitation energy of water and 100 eV; in most cases, 

there are one to three ion pairs in such isolated spatial areas and about the same number of 

excited molecules (Pimblott and Mozumder, 1991). Blobs deposit energy in the range of 100-

500 eV, and short tracks are those with energy transfers between 500 eV and 5 keV. 

Secondary electrons of energy greater than 5 keV produce a “branch track” of their own in 

any direction. Short and branched tracks are, collectively, described as δ-rays (Islam et al., 

2018). At low LET, sparsely ionizing radiation therefore tends to produce high yields of free 

radicals. 

 

 
 

Figure 1.4: Track structure classification by track entities as spurs (spherical entities, up to 

100 eV), blobs (spherical or ellipsoidal, 100-500 eV), short and branch tracks (cylindrical, 

500 eV- 5 keV and > 5 keV, respectively) for a primary high-energy electron (not to scale). 

Adapted from (Burton, 1969). 
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Figure 1.5: Three-dimensional representation of low-LET radiation track structure for 300-

MeV proton (LET ~ 0.3 keV/μm, 30-μm track length), traversing through liquid water at 25 

°C, calculated (at ~10-13 s) with our IONLYS Monte Carlo simulation code. Dots represent 

the energy deposited at points where an interaction occurred. 

 
1.4.1.2 High-LET radiation and its track structure 

 
At high LET, a higher frequency of energy deposition events occurs per unit length. 

As it was mentioned earlier, each of the individual energy deposition events ultimately forms 

an expanding spur. Due to the spur's higher frequency or density, the spurs merge to form a 

cylindrical track (see in Fig. 1.6). This track consists of a "core" and a surrounding region 

traversed by the emergent, comparatively low-LET, secondary electrons, called the 

"penumbra" (Mozumder et al., 1968; Chatterjee and Schaefer, 1976; Ferradini, 1979; Magee 

and Chatterjee, 1980; Magee and Chatterjee, 1987; Mozumder, 1999; LaVerne, 2000; 

LaVerne, 2004). 
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Figure 1.6: Primary energy-loss events in high-LET radiation tracks. Adapted from 

(Ferradini, 1979). 

 
In high-LET radiation track structures, neighboring species have influences on 

species produced by radiolysis. In this case, the vital point is the entities that determine the 

LET of the radiating beam in a medium, such as the amount of energy, the radiating beam's 

velocity, the mass of the charged particle, and the amount of charge carried by the irradiating 

particle. The extents and types of products produced from radiolysis depend on the track 

structure or the density of the spurs (Burns and Sims, 1981). As LET increases, the distance 

between the spurs decreases, and the isolated spur structure changes to a situation in which 

the spurs overlap and form a dense continuous column, which allows more free radicals to 

come into contact with each other, and as a result, there is more chance for radical-radical 

reactions to produce molecular products. For low-LET radiation, the species from each spur 

are independent from others, which is in favor of an increased free radicals’ production. At 

high LET, densely ionizing radiation tends to produce high yields of molecular products. 

According to literature, it has been observed that high LET increases the chance of production 

of H2 and H2O2 whereas at low LET, the yields of •OH, H•, and e-
aq are favored (Anderson 

and Hart, 1961; Islam et al., 2017; Swiatla-Wojcik and Buxton, 1998). 
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Figure 1.7: Three-dimensional representation of high-LET radiation track structure for 4.1-

MeV/nucleon 12C6+ (LET ~ 330 keV/μm, 2-μm track length traversing through liquid water 

at 25 °C, calculated (at ~10-13 s) with our IONLYS Monte Carlo simulation code.  Ions are 

generated at the origin and start traveling along the Y-axis.  Each dot represents an interaction 

where energy deposition occurred.  Surrounding the “core” of the track is a much larger 

region (named the “penumbra”) in which all of the energy is deposited by energetic 

secondary electrons (δ-rays) that result from knock-on collisions with the primary carbon 

ion. 

Figure 1.7 illustrates typical three-dimensional representations of a short (2 μm) track 

segment of 4.1-MeV/nucleon 12C6+ ions. The track can be considered as a straight line with 

the ejected high-energy secondary electrons traveling to a greater average distance away from 

the track core. For higher charged (Z) particles, the average traveling distance of high-energy 

secondary electrons are different from each other (Muroya et al., 2006; Meesungnoen and 

Jay-Gerin, 2011). The fact that tracks of different ions with the same LET have different 

radial distributions of energy deposited by δ-rays is in accord with Bethe’s theory of stopping 

power (Bethe, 1930; Bethe and Ashkin, 1953). It indicates that LET is not a unique descriptor 

of the radiation chemical effects within heavy-charged particle tracks (Schuler and Allen, 
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1957; Sauer et al., 1977; LaVerne and Schuler, 1987; Kaplan and Miterev, 1987; Ferradini, 

1990; Ferradini and Jay-Gerin, 1999; LaVerne, 2000, 2004). 

 

1.4.2 Time scale events of water radiolysis and formation of primary products 

 
The overall process of water radiolysis begins with the water's bombardment with 

high-energy radiation, and the overall chemical change of water terminates with the re-

establishment of chemical equilibrium. The overall process of producing chemical changes 

by ionizing radiation can be conveniently divided into three, more or less delineated, 

consecutive, temporal stages such as physical, physicochemical, chemical stages (Platzman, 

1958) (Kuppermann, 1959) that are briefly described below (the time scale of events that 

occur in the radiolysis of water is shown in Fig. 1.8). However, in a physiologic system, there 

follows a biological stage in which the products produced in the physical, physicochemical, 

and chemical stages interact with the biomolecules present in the cells (Azzam et al., 2012). 

 
• The physical stage 

• The physicochemical stage 

• The nonhomogeneous/homogeneous chemical stage 

• The biological stage 

 



 

 20 

 
Figure 1.8: Time scale of events that occur in the low-LET radiolysis of neutral, deaerated 

water (Meesungnoen, 2007; Alanazi et al., 2020b). As a guide to the eyes, we use different 

colors in the figure in order to contrast the individual processes occurring during the 

radiolysis. 

 

• The physical stage 

 
The "physical stage" consists of the phenomena by which energy is transferred from the 

incident high-energy radiation (energetic photons, e.g., γ-rays from 60Co or X-ray photons, 

or charged particles, such as fast electrons, protons or heavy ions generated by a particle 

accelerator, or neutron radiation, or high-energy α-particles from suitable radioactive 

nuclides) to the water. It lasts not more than ~10⁻16 s. The result of this energy absorption is 

the production, along the path of the radiation, of a large number of ionized and electronically 

excited water molecules (denoted H2O˙+ and H2O*elec, respectively). 

 
The earliest processes in the radiolysis of water are 

H2O ⇝ H2O•+
 + e-                                                                                                  (1.6) 

H2O ⇝ H2O*
elec.                                                                                             (1.7)  

                                              
Generally, the electron ejected (called a “secondary” electron) in the ionization event has 

sufficient energy to ionize or excite one or more other water molecules in the vicinity. As 

mentioned above, this leads to the formation of track entities, or "spurs," that contain the 

products of the events. For low-LET radiation, the spurs are separated by large distances 

relative to their diameter, and the track can be viewed, at this stage, as a random succession 

of isolated spherical spurs. 

 
• The physicochemical stage  

 
The "physicochemical stage" consists of the processes that lead to the establishment of 

thermal equilibrium in the system. The duration of this stage is of the order of 10-12 s for 

aqueous solutions. The ionized water molecules are unstable. They are allowed to undergo a 

random walk during their very short lifetime (~10-14 s) (Mozumder and Magee, 1975) via a 
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sequence of electron transfers (Cobut et al., 1998) from neighboring water molecules to the 

H2O•+
 hole (i.e., electron-loss center) (Ogura and Hamill, 1973). These short-lived H2O•+

 

radical cations subsequently decompose to form ˙OH radicals by transferring a proton to an 

adjacent H2O molecule: 

H2O•+
 + H2O → H3O+ + ˙OH                                                                                 (1.8) 

In this stage, the energetic secondary electrons lose kinetic energy by a sequence of 

interactions with the medium until it reaches to hydrated stage (e−aq) (Meesungnoen et al., 

2002; Michaud et al., 1991; Platzman, 1955; Jay-Gerin et al., 2008): 

 e− → e−sub → e−th → e−tr → e−aq .                                                                                (1.9) 

The ejected “dry” electron can be captured by a water molecule before thermalization to form 

a transient molecular anion, which then dissociates into H− and ˙OH according to 

 e−sub + H2O → (H2O•
_
)* → •OH + H

_
.                   (1.10) 

The hydride anion then undergoes a proton transfer reaction to produce molecular hydrogen 

and the hydroxide anion: 

 H− + H2O → H2 + OH−              (1.11) 

The so-called “dissociative electron attachment” or DEA process [corresponding to reactions 

(1.9)-(1.11)] has been observed in amorphous solid water at ~20 K for electron energies 

between about 5 and 12 eV (Rowntree et al., 1991). It has been suggested that DEA to water 

was responsible, at least in part, for the yield of “unscavengeable” molecular hydrogen 

observed experimentally in the radiolysis of liquid water at early times (Platzman, 1962; 

Faraggi and Désalos, 1969; Goulet and Jay-Gerin, 1989; Kimmel et al., 1994; Cobut et al., 

1996; Meesungnoen et al., 2015). Experimental works have sustained this proposed 

mechanism, by showing that the previously accepted “unscavengeable” yield of H2 is due to 

precursors of e−aq and it can be lowered with appropriate “dry” electron scavengers at high 

concentrations (Pastina et al., 1999). 

During the physicochemical stage, the H2O•+
 radical can recombine with a sub-

excitation electron (e−sub) to give an excited neutral molecule (on the time scale of ~40-200 

fs, depending on authors): 
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H2O•+
 + e−sub → H2O*vib                                                                (1.12) 

The de-excitation of H2O* takes place according to the following channels (Cobut et al., 

1998; Swiatla-Wojcik and Buxton, 1995; Meesungnoen and Jay-Gerin, 2005a): 

H2O* → H˙ + ˙OH               (1.13)                                            

H2O* → H2 + O(1D)               (1.14) 

H2O* → 2 H• + •O•(3P)              (1.15)                                               

H2O* → H2O + release of thermal energy            (1.16) 

where O(1D) and •O•(3P) represent oxygen atoms produced in their singlet 1D excited state 

and triplet 3P ground state, respectively (see Fig. 1.8). Note that the primary source of the 

initial yield of hydrogen atoms is the dissociation of the excited water molecules via reaction 

(1.13). As for the branching ratios (or decay probabilities) used for the different decay 

channels (1.13)-(1.16), they are chosen in order to consistently match the observed 

picosecond G-values of the various spur species (Muroya et al., 2002; Meesungnoen and Jay-

Gerin, 2005a). The O(1D) atoms produced in reaction (1.14) react very efficiently with water 

to form H2O2 or possibility also 2•OH (Taube, 1957; Biedenkapp et al., 1970). In contrast, 

ground-state oxygen atoms •O•(3P) in aqueous solutions are relatively inert to water but react 

with most additives (Amichai and Treinin, 1969). The different radiolytic species produced 

during this stage start to diffuse in space in a three-dimensional geometry and cumulatively 

form either an expanding sphere (“spur”) for a low-LET radiation or a cylindrical track for a 

high-LET radiation. 

 
• The nonhomogeneous/homogeneous chemical stage 

 
The “nonhomogeneous chemical stage” consists of the period after ~10-12 s, during which 

the radiolytic species generated previously (e−aq, ˙OH, H˙, H3O+ H2, OH−, ˙O˙, etc. ...) 

undergo encounters and chemical reactions as they diffuse away from the site where they 

were originally produced. These species react together to form molecular or secondary 

radical products, or with dissolved solutes (if any) present at the time of irradiation, until all 

spur/track reactions are complete. A number of chemical reactions (about 60) can take place 

during that period, the main reactions (with their rate constants at 25 °C) being shown in the 

Table 3.1. The time for completion of spur processes is generally taken to be ~10-7-10-6 s 
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[e.g., see: (Buxton, 1987; Sanguanmith et al., 2012)]. By this time, the spatially 

nonhomogeneous distribution of reactive species has relaxed and the species that have 

escaped from spur or track reactions become homogeneously distributed throughout the bulk 

solution (i.e., the system at large) (Plante et al., 2005). Beyond a few microseconds, the 

reactions which occur in the bulk solution can usually be described with conventional 

homogeneous chemistry methods (Pastina and LaVerne, 2001). 

 
• The biological stage 

 
In a physiologic system, there follows a “biological stage” in which the cells respond to 

the damage resulting from the products formed in the preceding stages of the water radiolysis. 

In biological systems, stimulating inducible nitric oxide synthase (iNOS) activity in hit cells, 

ionizing radiation can generate large amounts of nitric oxide •NO (nitrogen monoxide) 

(Mikkelsen and Wardman, 2003). Although •NO is chemically inert toward most cellular 

constituents (except for heme), it reacts quickly with O2
•− to form the peroxynitrite anion 

(ONOO−) with a rate constant (1.9 × 1010 M-1 s-1) that is larger than that for the copper/zinc 

superoxide dismutase (SOD)-catalyzed disproportionation of O2
•− (4 × 109 M-1 s-1) 

(Koppenol, 1998; Jay-Gerin and Ferradini, 2000). Like •OH radicals, ONOO− and its 

conjugate acid, peroxynitrous acid ONOOH (pKa = 6.8 at 37 °C) (Pryor and Squadrito, 1995), 

are powerful oxidizing agents that can attack a wide range of cellular targets, including lipids, 

thiols, proteins, and DNA bases [e.g., see: (Halliwell and Gutteridge, 2015)]. It is during this 

stage (~10-3 s or longer, depending very much upon the medium) that the biological responses 

affecting the long-term consequences of radiation exposure are induced. 

 
1.5 Multiple ionization (MI) of water under heavy-ion bombardment and fate of 

multiply ionized water molecules 

 
Multiple ionization (MI) is quite an important process in atomic physics, and 

experimental data have accumulated for many years. To model heavy-ion radiation effects in 

water, the knowledge of cross-sections of all interaction processes is necessary. However, a 

literature survey shows that most of the experiments have been performed with ions in water 

vapor, not in liquid water, as liquid measurements are either impractical or very difficult. 

Likewise, all existing heavy-ion cross-section calculations are for water vapor only. A 
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quantitative description of MI effects in liquid water represents a challenging problem due 

to this scarcity of reliable “condensed-phase” cross-section data. In 1983, Manson and his 

group studied 0.5 to 4-MeV protons incident on neon and demonstrated the importance of 

the direct outer-shell ionization in fast ion-atom collisions (Manson et al., 1983). They 

showed, at least for that target, that direct double ionization was the dominant Ne2+ 

production process, far more probable than inner-shell ionization (the Auger channel). 

Creation of an initial inner-shell vacancy (hole) by a swift charged particle is followed by the 

emission of one (or several) Auger electrons (commonly called an Auger cascade) in the 

ensuing "rearrangement" of the electron cloud as the excited atom/molecule relaxes to the 

ground state. Typically, the energy transferred in such a process amounts to some hundreds 

of electron-volts (e.g., the K-shell ionization energies of a C, N, and O atom are 283.8, 401.6, 

and 532 eV, respectively). Auger relaxation can produce doubly (or multiply) charged target 

ions [see, for example: (Durup and Platzman, 1975; Chattarji, 1976)]. In fact, inner-shell 

ionization cross sections are generally several orders of magnitude smaller than direct outer-

shell ionization; in other words, inner-shell ionization is a "rare" event (Toburen, 2004). 

When collision of a multiply-charged heavy ion (also known as a heavy charged 

particle) with a multi-electron target molecule occurs, the ion deposits some of its 

translational kinetic energy in the electronic degrees of freedom of the target, with the result 

that the target emerges with an electronic ionization or excitation. Collisions at sufficiently 

large impact parameters will produce only singly ionized and excited molecules. As the 

impact parameter becomes smaller, multiple ionization (MI) of the target outer (loosely 

bound) electron shells in a "single act" occurs with appreciable probabilities. For small 

impact parameters, inner-shell electrons can be ejected along with the multiple ionization of 

the outer shells [for reviews, see: (DuBois and Manson, 1987; Cocke and Olson, 1991; 

McDaniel et al., 1993; Rudd et al., 1996; Toburen, 2004)]. The consequences of direct 

multiple outer shell ionization with two (or more) outgoing electrons in the final state have 

not often been considered in models of radiation chemistry and biology, although inner-shell 

ionization (followed by Auger relaxation) effects are well known. Platzman (1952) 

concluded, in a discussion of the possible role of direct multiple target ionization in radiation 

chemistry, that these processes, although infrequent relative to single ionization events, 

should be "extremely effective chemically" owing to the high instability of the multiply 
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ionized molecules produced. Platzman also pointed out the possibility of formation by the 

incident particle, in single collisions, of multiply "excited" atoms or molecules. According to 

this author, this process should be less likely to influence chemical or biological effects than 

does multiple ionization. 

In this same radiation-chemical context, Gäumann and Schuler (1961) and Schuler 

(1965) proposed the hypothesis of "multiple ionization of a single or near neighbors" to give 

a possible explanation for the large increase in the yield of H2 in the radiolysis of benzene by 

densely ionizing radiations (relative to that produced by fast electrons). Recently, 

reconsidering this earlier hypothesis, Ferradini and Jay-Gerin (1998) suggested that MI could 

play a significant role in the heavy-ion radiolysis of liquid water at high LET. In particular, 

they proposed that MI could be responsible for the large yields of HO2
•/O2

•− observed 

experimentally in high-LET water radiolysis. A similar proposition was also published in a 

preliminary report by some members of the Ferradini’s group at the “Université René-

Descartes” in Paris (Gardès-Albert et al., 1996) and later by Olivera et al. (1998). 

In the last decade, the multiple ionization and the possible avenues of fragmentation 

(following MI) of polyatomic molecular targets induced by the interaction with heavy ions 

have been investigated intensively. For water vapor, experimental studies have been reported 

so far by several groups (Jardin et al., 1994; Werner et al., 1995, 1995; Olivera et al., 1998; 

Siegmann et al., 2001; Pešić et al., 2004; Legendre et al., 2005; Montenegro and Luna, 2005; 

Alvarado et al., 2005; Stolterfoht et al., 2007). Specifically, it is found that the cross section 

for double ionization is usually more than an order of magnitude less than for single 

ionization. Triple ionization is usually more than an order of magnitude less than double 

ionization. Similar ionization of higher multiplicity is much less probable (LaVerne, 2000; 

Champion, 2003; Champion et al., 2005; Gervais et al., 2005, 2006). 

Theoretically, a detailed description of MI is also a difficult task due to the complex, 

quantum-mechanical many-body nature of the scattering mechanisms involved. However, in 

this work, to overcome these difficulties, we deduce MI cross-sections indirectly from 

radiation chemical measurements made in the liquid phase (see discussion in Sect. 3.1.1) 

(Meesungnoen et al., 2003; Meesungnoen and Jay-Gerin, 2005a; Meesungnoen, 2007). 

Very little is known about the fate of multiply ionized molecules in solution. In this 

work, these thermodynamically unstable multiply charged cations are rearranged following 
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the general mechanism proposed by Ferradini and Jay-Gerin (1998). This mechanism 

assumes that, in liquid water, H2On+ dissociates through acid-base re-equilibration processes 

[for details, see Meesungnoen (2007), Sect. V.2.2.]. For example, the H2O•+ (single charged 

water cation) can migrate rapidly by resonance electron transfer with neighboring water 

molecules. This proton transfer reaction leads to the formation of •OH radicals and 

hydronium ion (Fig. 1.9). This reaction occurs on the time scale of ~40-200 fs (see Fig. 1.8), 

consistent with the characteristic time of the water molecule's vibrational period. Double-

charged water molecules react with neighboring water molecules based on the Coulomb 

explosion mechanism of fragmentation (Carlson and White, 1963, 1966; Gemmell, 1980; 

Latimer, 1992) and leads to the formation of oxygen atoms in the ground state. The triple 

ionization of water molecules directly leads to the formation of hydroperoxyl radicals by 

acid-base re-equilibration. The quadruple ionization of water molecules directly leads to the 

formation of molecular oxygen by acid-base re-equilibration, and so on. 

 

 
 
Figure 1.9: Fate of multicharged water cations that occur in the high-LET radiolysis of 

neutral, deaerated water. 

 
1.6 Effect of temperature on water radiolysis 

 
Understanding the radiation chemistry of liquid water at high temperatures is essential 

for technological applications such as designing and chemistry controlling water-cooled 
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nuclear power reactors, which currently operate with temperatures in the range ~250-330 °C, 

and ~7-15 MPa pressure. The aqueous radiolysis products generated in these reactors can 

induce deleterious corrosion, hydriding, and stress corrosion cracking processes, both in the 

core and the associated piping components (Burns and Moore, 1976; McCracken et al., 1998; 

Cohen, 1980; Hickel, 1991; Elliot, 1994; Elliot et al., 1996; Buxton, 2001; Stuart et al., 2002; 

Katsumura, 2004; Christensen, 2006; Edwards et al., 2007). However, direct measurement 

of the chemistry in reactor cores is complicated because of the extreme conditions such as 

high temperature, pressure, and mixed neutron/gamma radiation fields. For these reasons, 

theoretical calculations and chemical models have been used to simulate and predict the 

detailed radiation chemistry of the water in the core and the consequences for materials (Janik 

et al., 2007). Of primary interest is knowledge of the effect of temperature on the primary 

yields of the radiolysis products e−aq, H•, •OH, H2, and H2O2, and the rate constants of their 

reactions, which are sensitive functions of temperature. The rate constant is an essential 

parameter in predictive modeling of high-temperature water chemistry. From the temperature 

dependence of the observed reaction rate constant (kobs), it is possible to extract information 

on the temperature dependences of the "activation" and "diffusion" processes that are 

involved in the reaction. For reactions whose rates are nearly diffusion-controlled at room 

temperature, kobs is best described by the Noyes equation: 

1

𝑘𝑜𝑏𝑠
=  

1

𝑘𝑑𝑖𝑓𝑓
+  

1

𝑘𝑎𝑐𝑡
                                                                                               (1.17) 

where kdiff is the rate constant for a truly diffusion-controlled reaction and kact is the rate 

constant that would be measured if diffusion had no influence on the reaction rate (Noyes, 

1961). Several reactions pertinent to the radiation chemistry of water are best described by 

Eq. (1.17) [e.g., see (Elliot, 1994)]. The Arrhenius equation is used to evaluate kact 

empirically: 

𝑘𝑎𝑐𝑡 = 𝐴 exp (−
𝐸𝑎𝑐𝑡

𝑅𝑇
)                                                                                          (1.18) 

where Eact is the “activation energy” of the process, A is referred to as the pre-exponential 

factor, R is the gas constant, and T is the absolute temperature (in Kelvin). kdiff is given by the 

Smoluchowski equation (Elliot, 1994; Swiatla-Wojcik and Buxton, 1995; Penhoat et al., 

2000; Elliot et al., 1990): 
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𝑘𝑑𝑖𝑓𝑓 = 4𝜋𝛽𝑁𝐴𝑉(𝐷𝐴 +  𝐷𝐵)𝑎𝐴.𝐵                                                                         (1.19) 

where NAV is Avogadro’s number, (DA + DB) is the sum of diffusion coefficients for both 

reacting species, β is a spin statistical factor, and aA.B is the encounter (or reaction) distance. 

When the reactants are ions, eq. (1.19) is multiplied by the Debye factor (Debye, 1942): 

𝑓𝐷 =  
𝛿

𝑒𝛿−1
                                                                                                            (1.20) 

where δ is given by 

𝛿 =  
𝑍𝐴 𝑍𝐵𝑒2

4𝜋 0𝜖(𝑇)𝑎𝐴.𝐵𝑘𝐵𝑇
                                                                                             (1.21) 

where ZA and ZB are the charges on the ions, e is the electron charge, o is the permittivity of 

free space, ϵ(T) is the dielectric constant of the medium, and kB is Boltzmann’s constant [for 

more details see footnote 7 in (Tippayamontri et al., 2009)]. 

 
1.7 FLASH radiotherapy and oxygen depletion hypothesis 

 
Theoretically, all types of malignant tumors could be eradicated if treated with 

sufficiently high doses of radiation.  However, radiation also damages normal tissue making 

normal tissue toxicity the main limitation in administering curative radiation doses in cancer 

treatment (Bernier et al., 2004).  A recent advance in the radiation therapy field, called 

FLASH radiotherapy (FLASH-RT), may be the next addition to the arsenal against cancer 

(Vozenin et al., 2019). FLASH-RT is a fascinating irradiation method that uses ultra-high 

dose rates (>100 Gy/s, compared to ~0.03 Gy/s in conventional radiotherapy) to deliver large 

doses of radiation to tumors almost instantaneously (a few milliseconds), killing cancer cells 

while, paradoxically, vastly reducing the incidence and severity of healthy tissue toxicity 

(Favaudon et al., 2014, 2015; Favaudon, 2019). Because of this potential clinical benefit of 

FLASH-RT compared to conventional radiation delivery, the radiation oncology community 

considers FLASH-RT “as one of the cancer breakthroughs of 2020” (Freeman, 2019). Since 

the late 1960s, the phenomenon of cell sparing at ultra-high dose rates (UHDR) has been 

known, but recently its clinical utility has only started to receive attention (Town, 1967). 

Now, there are examples of the FLASH effect in many pre-clinical studies in vitro and in 

experimental animal models, including mice (Montay-Gruel et al., 2017, 2019; Simmons et 
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al., 2019), mini-pigs (Vozenin et al., 2019), cats (Vozenin et al., 2019), and even a first human 

patient (Bourhis et al., 2019). Irradiations were mainly with pulsed electrons (Favaudon et 

al., 2014; Vozenin et al., 2019), but more recently also with photons (Montay-Gruel et al., 

2018) and with cyclotron-based protons (Colangelo and Azzam, 2020). Recent reports of this 

relative protection of normal tissues sparked great interest in the use of FLASH for cancer 

treatment. However, implementing this technique in the clinic will require improvements in 

the physical aspects of radiation delivery (Bourhis et al., 2019). Moreover, there exists a lack 

of understanding of the underlying mechanism(s) of this effect (Favaudon, 2019). For this, 

much more basic science work is required. Early published studies suggest a probable 

hypothesis named “oxygen depletion” to explain FLASH-RT (Durante et al., 2018; Spitz et 

al., 2019; Pratx and Kapp, 2019; Vozenin et al. 2019; Adrian et al., 2020; Wilson et al., 2020). 

Up to now, FLASH effects have been observed after exposure to electron, photon and 

proton irradiations. It remains an open question as to whether this effect occurs with other 

therapeutic modalities, namely heavy-ion radiotherapies (e.g., carbon ion therapy). These 

approaches have unique physical and radiobiological characteristics for an improved dose 

distribution (Bragg peak) and increased cell killing efficacy. Normal tissue sparing associated 

with heavy-ion therapy may be additive with FLASH-RT, or perhaps synergistic (Colangelo 

and Azzam, 2020). Unfortunately, there are no published studies of UHDR irradiations using 

heavy ions. Interestingly, simulation methods employing Monte Carlo techniques could help 

us facilitate our physicochemical understanding of why FLASH should be expected in the 

context of heavy ions (Zakaria et al., 2020; see Chap. 4). 

 

1.8 Carbon ions and radiotherapy  

 
As soon as particle accelerators were available, the charged particle therapy has been 

tested. Robert R. Wilson (1946) was the first to suggest the clinical use of proton beams for 

radiation therapy. The leading center was the Lawrence Berkeley National Laboratory, where 

about 1000 patients were treated from 1954 to 1974 with α, Ne, C, Si, and Ar beams. From 

1975 to 1993, additional 1000 patients were treated at the Massachusetts General Hospital 

with Ne and C beams only. The carbon therapy is an innovative radiotherapy facility, which 

has grown up only recently. The world’s leading country is Japan, where the first treatment 

center in Chiba was built in 1994. The Heavy-Ion Medical Accelerator in Chiba (HIMAC) 
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facility has treated about 5400 patients with different pathologies. Two other carbon-ion RT 

facilities are operating in Hyogo and Gunma. In Europe, Germany is the leading country in 

carbon ion therapy. A first set of clinical trials was done at the Gesellschaft für 

Schwerionenforschung (GSI) in Darmstadt. Between 1997 and 2007, 440 patients have been 

irradiated with carbon ions. In November 2009, the first European ion therapy center was 

opened at Heidelberg. Several projects are on course in Italy, Austria, and France. Since 

1994, around 8000 patients were treated with carbon ions all around the world 

(https://www.ptcog.ch/index.php/patient-statistics). The HIMAC passive beam delivery 

system has been showing reliable and stable performance for the last 19 years, and a total of 

more than 7000 patients had been registered for treatment, and the C-ion RT was approved 

as a clinical practice in 2003. The number of patients treated as part of clinical practice as of 

June 2013 has been more than 4000 at the National Institute of Radiological Sciences (NIRS) 

in Japan (Kamada, 2014) (see Fig. 1.10). The categories of diseases that can be treated in 

routine clinical practice include lung cancer, prostate cancer, head and neck cancer, skull 

base tumors, ocular melanoma, bone and soft tissue sarcoma, liver cancer, pelvic recurrences 

of rectal cancer, pancreatic cancer, uterine cervical cancer, and re-irradiation after 

conventional radiotherapy, among others. 

 

 
 

Figure 1.10: Number of patients treated using carbon ion radiotherapy from June 1994 to 

March 2013 at NIRS. A total of 7349 patients received carbon therapy as of March 2013. 

Prostate cancer, sarcoma, head and neck cancer, lung cancer, liver cancer, postoperative local 

https://www.ptcog.ch/index.php/patient-statistics
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recurrence of rectal cancer, and pancreatic cancer were the most frequently treated tumors. 

More than 4000 patients have received carbon ion radiotherapy as part of clinical practice. 

Reproduced from (Kamada, 2014), with the permission of Springer Nature. 

 
Heavy ions, such as protons or carbon ions have a much better ballistics than -ray 

therapy. This is clearly seen in Fig. 1.11, which shows the dose deposition induced by 

different projectiles versus the penetration depth in liquid water. For -rays, the maximum 

dose deposition is located at a small penetration depth. Then the dose decreases slowly as a 

function of the penetration depth. By contrast, for energetic protons or carbon ions, the 

maximum dose deposition is located at the end of their tracks in a quite sharp peak. This peak 

is called the “Bragg peak”, named after Sir William Henri Bragg, who investigated the 

slowing down of particles in air (Bragg and Kleeman, 1905).  Compared to conventional 

radiotherapy, this improved dose distribution would result in an increased therapeutic ratio 

of tumor control over normal tissue toxicity. 

Another biological effect is the so-called “oxygen effect”: the cells with a low 

oxygenation rate (hypoxic cells) are more resistant to radiations than cells with a regular 

oxygenation rate (normoxic or aerobic cells) (Moulder and Rockwell, 1987). As a 

consequence, more dose is needed to destroy hypoxic cells (Schardt et al., 2010). In radiation 

therapy, the treatment of hypoxic tumors poses a specific challenge. When tumors are 

growing in size, new blood vessels need to be generated to supply oxygen to the tumor core 

cells. Often these vessels are not generated fast enough, or they might also be of minor 

quality. Those effects of inadequate angiogenesis result in a lower oxygen level as compared 

to healthy cells. Especially in the center of large tumors, hypoxic regions occur frequently.  

Oxygen being a powerful radiation sensitizer (it is known to “fix” damage produced by free 

radicals) (Hall and Giaccia, 2019), its absence in these hypoxic regions promotes a larger 

radioresistance. 

The oxygen effect is quantified by the “oxygen enhancement ratio” (OER), 

𝑂𝐸𝑅 =  
𝐷ℎ𝑦𝑝𝑜𝑥𝑖𝑐

𝐷𝑎𝑒𝑟𝑜𝑏𝑖𝑐
 , 
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Figure 1.11: Evolution of the relative dose with respect to the penetration depth in water for 

different particles. Reproduced from (Braunn et al., 2011), with the permission of AIP 

Publishing. 

 
where Dhypoxic and Daerobic are the doses administered under reduced and normal oxygen 

conditions required to achieve the same biological or clinical effect (Hall and Giaccia, 2019). 

The OER is recognized as a dose-modifying factor. Typically, it is about 3 for conventional 

X- or -ray radiation, whereas it is significantly reduced for heavy-ion irradiation. Fig. 1.12 

shows the results of cell survival studies carried out at Lawrence Berkeley National 

Laboratory in the 1970s as a preparation for the first heavy-ion treatments (Blakely et al., 

1979). The difference between hypoxic and normoxic cells is reduced for high-LET particles 

and the survival curves converge. The OER decreases with decreasing particle energy, and 

for high-LET particles it is close to 1. This behavior is in line with the general observation 

that cell line-specific differences diminish after heavy-ion irradiation. Therefore, carbon ions 

offer great potential for curing tumors with hypoxic regions. Another advantage of particle 

therapies lies in the biological effects induced by the charged particles. To kill the same 

number of cells, lower doses are needed compared to X-rays (Schardt et al., 2010). This effect 

is parametrized by the “relative biological efficiency” factor (labeled RBE). It is defined as 
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the ratio of the dose DX needed to kill a given number of cells with 250-kV X-rays to the dose 

Dpart needed to kill an equal number of cells with the particle under interest: 

𝑅𝐵𝐸 =  
𝐷𝑋

𝐷𝑝𝑎𝑟𝑡
   

 
 

Figure 1.12: Influence of the oxygen level on cell survival of human kidney T-1 cells for 

carbon ions with different LET. Lines are based on experimental data by (Blakely et al. 

1979). Reproduced from (Schardt et al., 2010), with the permission ofAmerican Physical 

Society.  

 

 
 

Figure 1.13: Determination of the RBE for cell inactivation for 10% and 1% survival level 

for a typical heavy ion irradiation.  The figure shows different survival curves (the rate of 
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surviving cells as a function of dose) for photons (full line) and heavy ions (dashed line). It 

is seen that, depending on the survival rate, the RBE can vary from 1.5 to 2.1. Reproduced 

from (Schardt et al., 2010), with the permission of American Physical Society.  

 
The average RBE is about 1.1 for protons. The assumed RBE value for carbon ions 

is around 3. The RBE is a most important quantity in treatment planning of heavy-ion therapy 

since it determines the photon-equivalent dose by multiplication with the absorbed physical 

dose. The photon-equivalent dose, sometimes abbreviated as biological dose, quantifies the 

dose of conventional radiation that would yield the same biological effect as the applied 

radiation. It is conveniently used to compare conventional radiation results with other 

radiation qualities such as neutrons, protons, or carbon ions. The RBE can be used for many 

biological systems or endpoints, such as DNA strand breaks, mutations, or transformations. 

However, in the scope of heavy-ion therapy, the RBE for cell killing and normal-tissue 

complications is most relevant. 

All these physical (ballistics) and biological (high RBE and low OER values) 

properties make carbon ions good candidates for radiation therapy use. They will be used for 

cancers with a poor clinical outcome with conventional radiotherapy. The main indications 

for carbon ion therapy are radio-resistant (to conventional photon RT) and inoperable tumors 

like, e.g., brain, head, and neck tumors. 

 

1.9 Boron neutron capture nuclear reaction 

 
Boron-10 (10B) is one of the stable isotopes of boron with a natural abundance of 

19.8%. 10B has a high propensity for absorbing thermal neutrons with a thermal neutron-

capture cross-section of 3840 barns (1 barn = 10-28 m2), which is six times higher than that 

of 235U and three orders of magnitude higher than that of nuclei of living tissues. Boron 

neutron capture reactions occur when 10B is irradiated with either low-energy (<0.5 eV) 

thermal neutrons or, for clinical studies, higher-energy (in the range of 0.5 eV to 10 keV) 

epithermal neutrons, which slow down and become thermalized as they penetrate tissue 

(Sauerwein, 2012; Barth et al., 2018). When a slow neutron is absorbed, an excited 11B is 

formed, which almost immediately undergoes a fission reaction that produces two energetic 

recoil heavy ions in 93.9% of all reactions: 4He2+ (α-particle) (1.47 MeV) and 7Li3+ (lithium 
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nucleus, 0.84 MeV). In addition, a 478-keV prompt γ-ray is emitted (Knoll, 2000). These 

two heavily charged particles have a high LET, and thus deposit a large amount of energy in 

the short distance they travel after their formation (~5–8 μm in water or biological tissues) 

(Watt, 1996; Islam et al., 2017) (see Fig. 1.14). Because of the unique properties of boron-

10, it has been extensively used in the field of nuclear industry as a neutron absorber. 

Moreover, the 10B(n,α)7Li nuclear reaction has been used in clinical studies of biochemically 

targeted radiotherapies for cancer treatment known as “boron neutron capture therapy” or 

BNCT (Hosmane et al., 2012). 

 

 
Figure 1.14: Schematic of the nuclear fission reaction resulting from the low-energy (<0.5 

eV) thermal neutron capture by a 10B atom. Adapted from (Islam et al., 2017). 

 
1.9.1 Boron neutron capture nuclear reaction in nuclear industry 

 
Water is used as a neutron moderator and heat transport medium in nuclear power 

reactors such as boiling water reactors (BWRs) and pressurized water reactors (PWRs), based 

on the coolant flow structure, phase of water, and operating conditions. As a result, water is 

unavoidably exposed to extreme conditions of high temperature (275–325 ℃), pressure (7–

15 MPa), and intense flux of ionizing radiation (mostly fast neutrons and γ-rays), which leads 

to the formation of different oxidizing and reducing species in the reactor. Boron enriched in 
10B and its chemical compounds, such as boric acid (H3BO3), boron carbide (B4C), and rare-

earth and refractory metal borides, are used extensively in the nuclear industry as neutron 

sensors, human and instrument shielding against neutrons, neutron poison, control/shutoff 

rods, as well as in nuclear material storage (Subramanian et al., 2010). For example, H3BO3 
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is currently added as a water-soluble neutron poison ("chemical shim") in the primary coolant 

of PWRs to control the neutron flux and reactivity in the core (Pastina et al., 1996). B4C is 

also used in solid form as a neutron-absorbing control rod material in BWRs (Koike et al. 

1969; Cohen, 1980; Takagi et al., 2010). A significant potential drawback of using boron in 

these applications is precisely the production of recoil ions from 10B reactions with thermal 

neutrons. For example, in PWRs, these recoils act as sources of high-LET radiation in the 

primary coolant and thus complicate the radiolytic process by forming oxidizing species, 

such as H2O2 and its decomposition product O2, due to the radiolysis of water (Pucheault et 

al., 1952; Hart et al., 1956; McCracken et al., 1998). The presence of these oxidizing species 

is closely linked to structural materials’ corrosion, potentially leading to efficiency and safety 

problems (Koike et al., 1969). Note that 10B can also produce tritium (3H) in collisions with 

high-energy neutrons. This tritium could contaminate the coolant (Mirsaleh Kohan et al., 

2013). Understanding the coolant water’s radiation chemistry in reactors is essential for 

maintaining the proper chemical environment that minimizes material degradation. 

Unfortunately, there is not enough experimental data available on the formation of the 

primary species and their yields (G-values) for 10B(n,α)7Li recoil irradiation of neutral water 

or water at nuclear reactor conditions (Cohen, 1980; Christensen, 2006). However, boron 

remains one critical factor in controlling primary water chemistry in PWRs. 

 
1.9.2 Boron neutron capture nuclear reaction in cancer treatment 

 
Because of this high energy deposition and the limited distances that the α and Li  

recoils travel (comparable to the size of a mammalian cell), the 10B(n,α)7Li nuclear  reaction 

has been used in clinical studies as a biochemically targeted radiotherapeutic modality for 

cancer treatment, known as “boron neutron capture therapy” or BNCT, since the 1950s. 

Gordon Locher (1936) proposed the principle of this method, which relies on the fact that, 

when tumor cells are allowed to take up preferentially a sufficient amount of 10B, they can 

be selectively irradiated with thermal or epithermal neutrons and destroyed, while 

simultaneously having little harmful effects on the surrounding normal cells. In some ways, 

BNCT is similar to heavy-ion therapy at the cellular level, and therefore has the potential to 

treat several intractable cancers. So far, BNCT has been a therapeutic option for treating 

brain, head and neck cancers, and malignant melanoma, to name but a few (Sauerwein, 2012). 
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Interestingly, BNCT has recently received renewed attention worldwide, thanks to the advent 

of proton (or deuteron) accelerator-based neutron sources. These accelerators, which can be 

installed in a hospital setting, offer considerable advantages over nuclear reactors, which 

were previously the only neutron source for  BNCT treatments (Yoshioka et al., 2013; 

Herrera et al., 2013). Fundamental and clinical studies using accelerator-based BNCT (called 

AB-BNCT) are currently underway in several countries (Suzuki, 2020). 
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2. OBJECTIVES 
 

In the context of heavy-ion therapy with carbon ions and 4He2+ (α-particle) and 7Li3+ 

(lithium nucleus) recoils from the 10B(n,)7Li nuclear reaction or because of the use of 10B 

in the field of nuclear industry, it is necessary to obtain a better understanding of the 

chemistry that takes place in irradiated water. In fact, despite significant advances in recent 

years, our current state of knowledge of heavy-ion radiation chemistry in water is still limited 

to specify a chemistry control strategy, owing to the enormous changes that occur in the 

physical and chemical properties of water under these conditions. Of course, any 

breakthrough in this complex chemistry will help achieve better water chemistry control in 

nuclear reactors or develop better clinical treatment modalities. 

In the present study, we aimed to investigate the effects of multiple ionization, 

temperature, and radiation dose rate (or intensity) on the formation of radiolytic species in 

water and aqueous solutions irradiated by densely ionizing radiation. To accomplish this 

goal, we have divided our work into the following three steps: 

1) Investigate the ability of carbon ions at high LET to generate an oxygenated 

microenvironment at their flight terminus (i.e., in the Bragg peak region) due to the 

occurrence of multiple ionization of water. 

2) Study the effects of multiple ionization of water on the yields of the 10B(n,α)7Li 

radiolysis of the aqueous ferrous sulfate (Fricke) dosimeter at temperatures between 25 and 

350 °C. 

3) Extend the carbon-ion study to investigate the hypothesis that the normal tissue-

sparing effect of FLASH-RT stems from temporary hypoxia due to oxygen depletion 

(consumption) induced by high dose-rate irradiation. 

All the results obtained in this work are based on the use of the Monte Carlo track 

chemistry simulation code IONLYS-IRT developed in our laboratory.  A description of this 

code is presented in the next chapter. 
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3. METHODOLOGY 
 
3.1 Monte Carlo simulations 

 
Monte Carlo simulations (or Monte Carlo methods) are a general term (named after 

the famous European gambling center in Monaco) used to describe a broad class of 

computational algorithms that rely on repeated random sampling to obtain numerical results. 

With a statistical factor, a self-consistent and self-related information database is added in 

these methods, and this combination is used to predict some unknown parameters or results. 

These methods have been applied to an extremely diverse range of physical processes and 

systems. 

The complex sequence of events generated in liquid water and dilute aqueous 

solutions under irradiation can be modeled successfully by the use of Monte Carlo simulation 

methods. Such a procedure is well adapted to account for the stochastic nature of the 

phenomena, provided that realistic probabilities and cross-sections for all possible events are 

known. The simulation not only allows one to reconstruct the intricate action of the radiation, 

but it also offers a powerful tool for estimating the validity of different assumptions, for 

making a critical examination of proposed reaction mechanisms, and for estimating some 

unknown parameters. The accuracy of these calculations is then determined by comparing 

their predictions with experimental data on well-characterized chemical systems that have 

been examined with a wide variety of incident radiation particles and energies (Meesungnoen 

and Jay-Gerin, 2011). 

In general, when an energetic charged particle and all secondary particles (e.g., 

secondary electrons produced via target ionization) set in motion, slow down and stop in the 

“stopping medium,” a charged particle track is generated by all of the spatial products of 

ionization and excitation formed. Historically, with the discovery of the electron, the 

investigation of the gradual slowing down and stopping of fast charged particles began. After 

Bohr (1913) discovered a significant difference in the path of an electron and an α-particle, 

the concept of stopping power for a charged particle was developed (Thomson, 1897). Due 

to the shortage of information at that time, this concept essentially lacked the details inside 

the trajectories (Toburen, 2014). Later, it became clear that the energy deposition along a 

radiation track was in fact a stochastic (i.e., random) process with the formation of clusters 
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of interactions of different sizes separated by regions with no interaction. The idea of 

generation of track entities such as spurs, blobs, short tracks, and branch tracks was 

developed based on this concept (Mozumder and Magee, 1966a, b), which ultimately helped 

to the development of the first Monte Carlo track structure models in the 1970s (Chatterjee 

et al., 1973; Chatterjee and Schaefer, 1976). It then became essential to simulate the total 

track in an event-by-event manner. In the 4th Symposium on Microdosimetry in Verbania-

Pallanza (Italy), heavy-ion track structure codes were first documented in a presentation by 

Paretzke (1974). Subsequently, the models were improved as more data on the subject 

became available and the power of computers increased. Today the Monte Carlo codes 

simulating the radiolysis of water have become particularly sophisticated. 

John E. Turner at Oak Ridge National Laboratory jointly with Magee and Chatterjee 

at Lawrence Berkeley National Laboratory were the first to use Monte Carlo calculations to 

derive computer-plot representations of the chemical evolution of a few keV electron tracks 

in liquid water at times between ~10-12 and 10-7s (Turner and Ritchie, 1981; Turner et 

al.,1983; Turner et al., 1988a, b). Such an approach was also used by Zaider and Brenner 

(1984) who calculated time-dependent yields of e−aq and •OH radicals, which were somewhat 

similar to values measured or derived in pulse-radiolysis studies of pure water. Following 

these pioneering works, different researchers have developed simulation codes employing 

Monte Carlo procedures to study the relationship between track structure and the following 

chemical processes in the radiolysis of both pure water and water-containing solutes. For a 

comprehensive list and reviews, see, for example, Uehara and Nikjoo (2006). 

There are two widely used main approaches: 

(1) The “random flights Monte Carlo simulation” (or “step-by-step”) method, in 

which the trajectories of the diffusing species of the system are modeled by time-discretized 

random flights and in which reaction occurs when reactants undergo pairwise encounters. 

(2) The “independent reaction times” (IRT) method (Clifford et al., 1986; Pimblott et 

al. 1991; Pimblott and Green, 1995), which allows the calculation of reaction times without 

having to follow the trajectories of the diffusing species. 

The full random flights simulation is the more reliable of these two stochastic approaches 

and is generally considered a measure of reality. However, when large systems (such as 

complete radiation tracks or track segments or in the case of high dose-rate irradiation) are 
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studied, this method can be exceedingly consuming in computer time. The IRT method was 

devised to achieve much faster realizations than are possible with the full Monte-Carlo 

approach. This method is based on the approximation that the distances between pairs of 

reactants evolve independently of each other so that the presence of other reactants in the 

system has no effect on the reaction times of the various potentially reactive pairs. 

In a program started in the late 1980s, our group has also developed and progressively 

refined with very high levels of detail several Fortran-based Monte Carlo computer codes 

that simulate the radiolysis of liquid water and dilute aqueous solutions in a number of 

different experimental conditions (Cobut et al., 1994, 1998; Frongillo et al., 1996, 1998; 

Hervé du Penhoat et al., 2000; Meesungnoen et al., 2001, 2003, 2015; Muroya et al., 2002, 

2006; Meesungnoen and Jay-Gerin 2005a, b; Plante et al., 2005; Meesungnoen, 2007; 

Autsavapromporn et al., 2007; Tippayamontri et al., 2009; Guzonas et al., 2012; Islam et al., 

2017; Patwary et al., 2019; Zakaria et al., 2020). These programs are continuously updated 

as new data becomes available. The most recent version, called IONLYS-IRT (Fig. 3.1), has 

been used in this work with the modifications necessary to take into account the type of 

ionizing radiation considered, the effective charge of the heavy ions, the large variations in 

temperature, and finally the dose-rate effects. 

 

 
Figure 3.1: Structure of our Monte Carlo track chemistry simulation code IONLYS- IRT. 
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Briefly, all the events of the physical and physicochemical stages of radiolysis are 

modeled by the IONLYS step-by-step simulation program. The IRT program covers the 

nonhomogeneous and homogeneous chemical stage and simulates the formation of the 

measurable yields of chemical products. The detailed description and implementation of 

IONLYS-IRT has been given previously (Cobut et al., 1998; Frongillo et al., 1998; 

Meesungnoen and Jay-Gerin, 2011) and will not be reproduced here. Only a brief overview 

of the essential features of the simulation methodology and reaction scheme, pertinent to the 

current calculations, is given in the sections below. 

 
3.1.1 The IONLYS code 

 
The IONLYS simulation code covers the early “physical” and “physicochemical” 

stages of radiation action up to ~10-12 s. It is composed of two modules: TRACPRO and 

TRACELE. TRACPRO is used for transporting the investigated incident charged particle 

(proton or any other heavy ion projectile), and TRACELE is used for transporting all of the 

energetic secondary electrons that result from the ionization of water. The code models, event 

by event, all the basic physical interactions (energy deposition) and the subsequent 

conversion of the physical products created after completion of the physical stage into the 

various “initial” chemical species of the radiolysis. In particular, IONLYS provides the 

detailed distribution of coordinates of all physical events (ionization, electronic and 

vibrational/rotational excitations of single water molecules, excitation of plasmon-type 

collective modes, and elastic scattering) that occur during the slowing-down of the irradiating 

charged particle and of all the secondary electrons that it has generated. The energy-

dependent probabilities or “cross sections” for the various elastic and inelastic interaction 

processes involved, together with their angular distributions, are used as input data in the 

code, based either on direct measurement or on theoretical estimations (Cobut, 1993; Cobut 

et al., 1998; Meesungnoen and Jay-Gerin, 2005a). These collision cross sections are needed 

to follow the history of the irradiating charged particle and its products. Most importantly, 

they provide the “mean free path” used to determine the distance to the next interaction, the 

type of interaction at each event, energy loss, and the angle of emission of the scattered 

particle (Cobut, 1993; Cobut et al., 1998; Michaud et al., 2003; Dingfelder and Friedland, 
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2001; Nikjoo et al., 1997; Dingfelder et al., 2008; Meesungnoen and Jay-Gerin, 2005a). It is 

worth mentioning that this code uses protons or heavy ions as the primary particles. 

Interestingly, the choice of using irradiating protons was originally adopted owing to the fact 

that protons represent, by far, the most comprehensive database of cross sections for bare ion 

collisions on water (Rudd, 1990; Rudd et al., 1992; IAEA-TECDOC-799, 1995; Dingfelder 

et al., 2000; Toburen, 2004), and also because they constitute a valuable tool for studying 

LET effects on radiolytic yields (Cobut et al., 1998; Frongillo et al., 1998). 

Another advantage of the code is that, while it was devised for protons, it can also be 

used for heavier ion projectiles by assuming that the interaction cross sections scale as Z2, 

where Z is the projectile charge number. In this scaling procedure, based on the lowest-order 

(or first Born) approximation of perturbation theories, the cross sections for bare ion impact 

are approximately Z2 times the cross sections for proton impact at the same velocity. This 

simple Z2 scaling rule holds at sufficiently high impact energies (above ~1 MeV/nucleon) 

where the interactions are not too strong. It is particularly useful for providing cross sections 

for ionization and excitation by ion projectiles, especially as there are only limited 

experimental data available involving ions heavier than proton or helium in collision with 

water molecule (Inokuti, 1971; Meesungnoen and Jay-Gerin, 2005a; Meesungnoen, 2007). 

In practice, the stochastic selection of the scattering events is made with various sampling 

techniques in accordance to the appropriate scattering cross sections for each process induced 

by the considered charged particle. All these techniques use pseudo-random numbers 

uniformly distributed on the interval between 0 and 1 (Knuth, 1998; DeGroot and Schervish, 

2012). 

When a secondary electron is generated in the system, the code proceeds by 

transporting it from its initial energy until it reaches the subexcitation energy range below 

~7.3 eV, the threshold for electronic excitations in liquid water (Michaud et al., 1991). During 

the physical stage of radiation action, the computer simulation thus provides complete 

information on the spatial distribution of ionized and excited water, H2O•+ and H2O*, and of 

subexcitation electrons (e−sub, energy < 7.3 eV), produced along the incident charged particle 

trajectory (Fig. 3.2). This stage is completed in less than ~10-15 s. 

The thermalization of e−sub is treated by IONLYS using the distribution of 

thermalization distances previously obtained by our group from Monte Carlo track-structure 
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calculations (Goulet and Jay-Gerin, 1989; Goulet et al., 1990, 1996; Meesungnoen and Jay-

Gerin, 2005b) based on experimental scattering cross sections of slow (~1-100 eV) electrons 

in amorphous ice films at 14 K (Michaud et al., 2003) with corrections to account for the 

liquid phase. Given the initial position of the e-
sub, its position is simply displaced in a 

randomly selected, isotropic direction by the corresponding, energy-dependent mean 

penetration distance. At this new position, the electron is considered as thermalized and 

subsequently trapped and hydrated right where it is. This approximation is likely to be valid 

in a highly polar medium such as liquid water in which very low-energy (e.g., “sub-

vibrational”) electrons have a strong tendency due to the presence of a large density of 

possible electron trapping sites to get instantly trapped before thermalization (Mozumder, 

1999). As mentioned before, the time scale of thermalization, trapping, and hydration of a 

subexcitation electron in liquid water at 25 °C is about ~10-12 s (Fig. 1.8). Finally, it is worth 

recalling here that a certain proportion of subexcitation electrons actually never get 

thermalized, but instead undergo prompt geminate recombination with their positive parent 

ion H2O•+ or dissociative attachment (DEA) onto a surrounding H2O molecule (see Fig. 1.8) 

(Cobut et al., 1996; Platzman, 1962; Ram et al., 2009; Meesungnoen et al., 2015; Sterniczuk 

and Bartels, 2016). All details about the various parameters intervening in the IONLYS code 

to describe this competition between thermalization, geminate recombination, and DEA, as 

well as the values of the branching ratios used in the code for the different dissociative decay 

channels of the electronically and vibrationally excited H2O molecules, can be found in 

Sanguanmith et al. (2011). 

The program has been extended to incorporate multiple (mainly double, but also triple 

and quadruple) ionization processes in single ion-water collisions under high-LET heavy-ion 

impact (Meesungnoen et al., 2003; Ferradini and Jay-Gerin, 1998). The total energy needed 

to eject two electrons from a water molecule is 40 eV as taken from gas-phase studies (Severs 

et al., 1993). The values for the triple- and quadruple-ionization energies are equal to 65 and 

88 eV, respectively (assuming to be near the energies needed for the triple and quadruple 

ionizations of oxygen) (Lide, 2003). Unfortunately, the values of the cross-sections for the 

double (σdi), triple (σti), and quadruple (σqi) ionizations of water are not well known 

(LaVerne, 2000; Champion, 2003; Meesungnoen et al., 2003). An approach previously used 

by our group offers an original tool to estimate the ratio σdi/σsi for heavy ion-water collisions 
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in the liquid phase. As for the triple and quadruple ionizations and for the range of impacting 

ion energies of interest in this study, we assumed that σti = α2 σsi and σqi = α3 σsi, where α < 

0.5 (Meesungnoen and Jay-Gerin, 2005a; Champion, 2003). We also multiplied the total 

cross sections for all interaction processes induced by ions by an energy-dependent factor 

that constrains the LET of the irradiating ions to conform with the recommended values of 

Watt (Watt, 1996). Finally, interactions involving electron capture and loss by the moving 

ion (charge-changing collisions) have been neglected (Pimblott and LaVerne, 2002). 

 

 
Figure 3.2: Events occurring in the physical and physicochemical stages covered by      

IONLYS. 

 
 
3.1.2 The IRT code 

 
The complex spatial distribution of species at the end of the physicochemical stage 

(~10-12 s), which is provided as an output of the IONLYS program, is then used directly as 

the starting point for the subsequent “nonhomogeneous chemical” stage. During this stage, 

the individual reactive species diffuse randomly at rates determined by their diffusion 

coefficients and react with one another (or with any added solutes present at the time of 

irradiation) until all spur or track processes are complete, i.e., when the reactive species 

(those that survived spur/track reactions) become homogeneously distributed in the solution 

(~10-12–10-6 s). This stage is covered by our IRT program (Frongillo et al., 1998). As 

mentioned before, the IRT method is a computer-efficient stochastic simulation technique 
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used to calculate reaction times without following the diffusing species’ trajectories 

(Tachiya, 1983; Pimblott et al., 1991; Frongillo et al., 1998; see also Plante and Devroye, 

2017). This method was initially designed to allow much faster realizations than with the full 

step-by-step Monte Carlo model. It can briefly be summarized as follows. The simulation 

begins by considering the initial, or “zero-time”, spatial distribution of the reactants (given 

by the IONLYS program). At first, the separations between all the pairs of reactants are 

calculated. Overlapping pairs (i.e., pairs formed in a reactive configuration) are assumed to 

combine immediately. For every potentially reactive pair, a reaction time is stochastically 

sampled according to the reaction time probability distribution function appropriate for the 

type of reaction considered (Green et al., 1990; Goulet and Jay-Gerin, 1992; Frongillo et al., 

1998). This function depends on the initial distance separating the species, their diffusion 

coefficients, their Coulomb interaction (for reactions between ionic species), their encounter 

(or reaction) distance (derived from the Smoluchowski equation), and the probability of 

reaction during one of their encounters. The competition between the various reactions is 

taken into account by realizing them in the ascending order of sampled reaction times. When 

a reaction occurs, the reactants become unavailable for the competing reactions that are 

sampled to occur at longer times. Still, one must then consider the possible reactions of the 

newly formed products with the species that have survived up to that point.  The first reaction 

time is obtained by taking the minimum of the resulting set of reaction times and allowing 

the corresponding pair of species to react at that moment. The simulation proceeds in this 

manner until a pre-defined cut-off time is reached or all the potentially reactive pairs have 

reacted. Since the IRT method is solely based on a comparison of reaction times, it does not 

follow the diffusing species’ trajectories. Therefore, a special procedure must be devised to 

sample the reaction products’ positions and of the species with which newly formed species 

can, in turn, react (Frongillo et al., 1998). The inclusion of a scavenger in the system does 

not affect the general simulation technique (Clifford et al., 1986). 

To visualize how the IRT method works, let us consider a solution with four species 

A, B, A, and C (Fig. 3.3). The program does not follow each species; instead, it calculates 

the propensity to react for all reactive pairs as a function of reaction rate, distance, and 

properties of the medium. Thus, after estimating the reaction propensities, the most 

immediate reaction will be the one with the highest reaction propensity. As a result of the 
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reaction, there will be new species with their corresponding spatial locations. This process 

will continue until the end and allow us to calculate all species’ yields at any particular time. 

Most fascinating, the IRT program allows one to incorporate in a simple way pseudo-first-

order reactions of the radiolytic products with various scavengers that are homogeneously 

distributed in the solution, such as H+, OH−, and H2O itself, or more generally any solutes for 

which the relevant reaction rates are known. Similarly, the truly first-order fragmentations of 

the species are easily simulated. Besides, the IRT method is very well suited for the 

description of reactions that are only partially diffusion-controlled, in which the species do 

not react instantaneously on encounter but experience many encounters and separations 

before they actually react with each other (note that most reactions that occur in irradiated 

water are not diffusion-controlled even at room temperature). An adequate description of the 

activation processes that are involved in those reactions is a prerequisite for the modeling of 

the effects of high temperature on water radiolysis (Hervé du Penhoat et al., 2000). 

 

 
Figure 3.3: Visual illustration of the basic principle of the IRT program to understand the 

interaction between different species.  

 
The ability of the IRT method to give accurate time-dependent chemical yields over 

a wide range of irradiation condition has been well validated by comparison with full random 

flights Monte-Carlo simulations, which do follow the particle trajectories in detail (Goulet et 

al., 1998; Plante, 2009). 

At long times, i.e., beyond a few microseconds, all spurs or tracks have dissipated 

and the radiolytic products are homogeneously distributed throughout the bulk solution. 

Reactions that occur under these conditions can usually be described with conventional 

homogeneous chemistry methods (Pastina and Laverne, 2001). This is the so-called stage of 
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“homogeneous chemistry”. The radical and molecular products emerging from the 

spurs/tracks are then available to react with solutes (treated as spatially homogeneous) 

present in low or moderate concentrations. Of course, the IRT program can also be used to 

simulate efficiently this stage. 

Compared to the original version of our IRT program, only slight adjustments have 

been made in some reaction rate constants and the diffusion coefficients of reactive species 

to take account of the latest data available from the literature. The set of reactions and their 

rate constants for the radiolysis of pure liquid water at 25 °C employed in the current version 

of IRT are given in Table 3.1 (Mirsaleh Kohan et al., 2013). The diffusion coefficients of 

various species at room temperature and as a function of temperature up to 350 C used in our 

Monte Carlo simulations were taken from Tippayamontri et al. (2009) and Elliot and Bartels 

(2009).  Some examples of the temperature dependence of the diffusion coefficients of H+, 

OH− and H2O are shown in Fig 3.4. 

 

Figure 3.4: Diffusion coefficients (D) for various track species involved in our simulations. 

Adapted from Elliot and Bartels (2009). 
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Table 3.1: Main reaction scheme and corresponding rate constants (k) used in the IRT 

program of the radiolysis of pure liquid water at 25 °C (Meesungnoen 2007). Some values 

of k have been updated by using the most recently available data of Elliot and Bartels (2009). 

For first-order reactions (indicated by the symbol §), the value of k is given in s-1. 
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The simulations performed with IONLYS-IRT generally consist of short proton or 

heavy ion track segments over which the energy and LET of the irradiating particle remain 

nearly constant. Such calculations thus give “track segment” yields (LaVerne, 2000, 2004) 

at a well-defined LET. In this study, we considered in particular two types of heavy ions: 

1) 1.47-MeV -particles and 0.84-MeV lithium nuclei emitted from the 10B(n,α)7Li 

nuclear reaction (with mean LET values of ~196 and 225 keV/m at 25 °C, respectively). 

2) Three representative incident carbon ions of energy per nucleon of 4.1, 290, and 

400 MeV (with mean LET values of ~330, 11.3, and 10 keV/m, respectively). 

All our calculations were performed by simulating, typically, ~1–5 and ~2–30 μm track 

segments for the two He and Li ions emitted from the 10B(n,α)7Li reaction and for carbon 

ions, respectively. Due to their large mass, the proton or the impacting carbon ion are almost 

not deflected by collisions with the target water electrons. In the present simulations, these 

deflections are neglected. Moreover, the LET of the incident particle is simply varied by 

changing its energy. Finally, the number of individual ion “histories” (usually ~2-20) was 

chosen to ensure only small statistical fluctuations in the computed averages of chemical 

yields, while keeping acceptable computer time limits. 

For the study of the He and Li ions emitted from the 10B(n,α)7Li nuclear reaction, we 

used the radiolysis of the (standard) Fricke (ferrous sulfate) dosimeter, which consists of an 

aerated (the concentration of oxygen is 0.25 mM) aqueous solution of 1 mM FeSO4 in 0.4 M 

H2SO4 (pH ~ 0.46). For stochastic modeling of the chemistry of the Fricke dosimeter, the 

model assumptions and procedures used in our IRT code for simulating the radiolysis of 0.4 

M H2SO4 aqueous solutions are described elsewhere (Tippayamontri  et al., 2009; Sepúlveda 

et al., 2019; Meesat et al., 2012; Autsavapromporn et al., 2007; Sanguanmith et al., 2011). In 

short, we supplemented the pure-water reaction scheme (Table 3.1) to include: 

1) The reactions listed in Table 3.2 (Autsavapromporn et al., 2007), which account 

for the species HSO4
−, SO4

2−, SO4
•−, and S2O8

2− present in irradiated sulfuric acid solutions. 

2) The reactions R3, R5, R7 and R10 of Fe2+ ions with •OH, HO2
•, H2O2 and SO4

•−, 

respectively, which are formed in the water of the irradiated solutions under aerated 

conditions (see Table 3.2). Note that, in deaerated solutions, reaction R2 is replaced by 

reaction R8 in which the H• atom acts as an oxidizing agent. 
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In addition, the rate constants of all the reactions between ions in the IRT program 

were corrected to take into account the effect of the ionic strength of the solutions (Weston 

and Schwarz, 1972; Sanguanmith et al., 2011; Sepúlveda et al., 2019). 

 

Table 3.2: Main reactions for ferric ion production in the radiolysis of the Fricke dosimeter, 

under aerated conditions. The rate constants given here for the reactions between ions are in 

the limit of infinite dilution, i.e., not corrected for the effects of the ionic strength of the 

solutions. Note that some H• atoms can also react directly with Fe2+ (reaction R8). This 

reaction is important when no oxygen is present initially. In aerated solutions at 25 °C and a 

Fe2+ ion concentration of 1 mM, however, the contribution of this reaction to the formation 

of Fe3+ is small and may be neglected. 

 

(R1)    e−
aq + H+ → H•     k1 = 2.1 × 1010 M-1 s-1  

pKa(H•/e−
aq) = 9.59  

(R2)    H• + O2 → HO2
•     k2 = 1.3 × 1010 M-1 s-1  

(R3)    •OH + Fe2+ → Fe3+ + OH−    k3 = 3.4 × 108 M-1 s-1 

(R4)    OH− + H+ → H2O     k4 = 5.97 × 1010 M-1 s-1  

pKa(H2O/OH−) = 13.999  

(R5)    HO2
• + Fe2+ → Fe3+ + HO2

−    k5 = 7.9 × 105 M-1 s-1  

(R6)    HO2
− + H+ → H2O2     k6 = 5 × 1010 M-1 s-1  

pKa(H2O2/HO2
−) = 11.62 

(R7)    H2O2 + Fe2+ → Fe3+ + •OH + OH−   k7 = 52 M-1 s-1  

     H+  
(R8)    H• + Fe2+ → Fe3+ + H2    k8 = 1.3 × 107 M-1 s-1  

(R9)    •OH + HSO4
− → H2O + SO4

•−   k9 = 1.5 × 105 M-1 s-1  

(R10)    SO4
•− + Fe2+ → Fe3+ + SO4

2−    k10 = 9.9 × 108 M-1 s-1  

 

As for the calculations of G(Fe3+) as a function of temperature from 25 to 350 °C, we 

used an extended version of our code that has been developed previously to include the 

effects of high temperatures on the radiolysis of water (Hervé du Penhoat et al., 2000; 

Tippayamontri et al., 2009; Sanguanmith et al., 2011; Islam et al., 2017). In this version of 

IONLYS-IRT, we used the radiolysis database, including rate constants, diffusion 
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coefficients, and reaction mechanisms, compiled by Elliot and Bartels (2009). This database 

provides a recommendation for the best values to use in high-temperature modeling of water 

radiolysis up to 350 °C. The temperature dependences of the rate constants for the ferrous 

ion reactions with •OH, HO2
• and H2O2 were scaled from their values at 25 °C using simple 

Arrhenius equations with activation energies of 9.2, 42, and 42 kJ mol-1, respectively 

(Běgusová and Pimblott, 2002; Sanguanmith et al., 2011). Finally, as there are no 

experimental data available on the temperature dependences of the diffusion coefficients of 

the Fe2+ and Fe3+ ions, the procedure adopted here was to scale the 25 °C values according 

to the self-diffusion in liquid water (Hervé du Penhoat et al., 2000). 

 
3.1.3 Models for oxygen concentration calculation 

 
In the context of the “oxygen-in-the-track” hypothesis in the high-LET ion radiolysis 

of water, we need to estimate the concentrations of O2 generated in situ in the tracks of these 

irradiating heavy ions as a function of time. Using the G(O2) values obtained from our Monte 

Carlo track chemistry simulations, the corresponding oxygen concentrations can simply be 

obtained from the general relationship: C = ρDG, where C is the concentration of species, ρ 

is the density, D is the radiation dose, and G is the chemical yield (Hummel, 1995). Assuming 

that O2 is generated evenly in a homogenous cylinder (see Figs. 3.5 and 3.6) with a length of 

L = 1 μm and initial radius rc equal to the radius of the physical “core” of the impacting ion 

track at ~10-13 s (Magee and Chatterjee, 1987; Mozumder, 1999), the track concentrations of 

O2 can be derived from (Meesungnoen and Jay-Gerin, 2005a; Kanike et al., 2015): 

              ( )
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represents the change with time of rc due to the two-dimensional diffusive expansion of the 

track. Here, t is the time and D is the diffusion coefficient of O2 [D = 2.42 × 10-9 m2/s at 25 

°C (Lide, 2003)]. rc corresponds to the tiny radial region within the first few nanometers 
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around the ion trajectory.  In this study, an rc of ~2 nm was assumed for the three carbon ions 

under consideration (Meesungnoen and Jay-Gerin, 2005a, 2009). 

 

 
 

Figure 3.5: Graphical representation of the cylindrical model for the calculation of oxygen 

concentration. 

 

 
 

Figure 3.6: Three-dimensional representation of a track segment for 4.1 MeV/nucleon 12C6+ 

ion (LET ~ 330 keV/μm, 2-μm track length), traversing through liquid water at 25 °C, 
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calculated (at ~10-13 s) with our IONLYS Monte Carlo simulation code. Ions are generated 

at the origin and start traveling along the Y-axis (cylindrical shape-like). 

 

3.1.4 Multi-tracks model for dose-rate effects 

  
Using Monte Carlo simulations of multiple, simultaneously interacting radiation 

tracks, we extend our study to understand the effects of high dose rates on water radiolysis 

from a purely radiation-chemical perspective. This study helps better understand the FLASH-

RT effects described above in Sect. 1.7. For the relatively low dose rates used in conventional 

radiotherapy, the distance between the individual tracks is so large that they can be regarded 

as isolated.  In such a situation, the history of only one single track needs to be considered 

and the radiolysis yields are independent of the dose rate (Alanazi et al., 2020b).  As the dose 

rate increases, however, so does the number of localized tracks present simultaneously, which 

reduces the average distance between the neighboring tracks.  The “onset” of dose-rate 

effects starts setting in when this distance becomes sufficiently small and interactions 

between the various incident tracks (responsible for these effects) begin to occur. 

Our IONLYS-IRT program has so far only been used to simulate the formation and 

development of one track at a time, i.e., in the low dose-rate regime. This program has now 

been specifically modified to study the simultaneous input of multiple ionization tracks in 

close spatial proximity and their inter-track interactions as a function of time (Alanazi et al., 

2020a). Figure 3.7A and B shows the simulation model used in this work, for the case of the 

irradiation of water by a parallel beam of N incident protons. These protons enter 

simultaneously the water via the surface of a circle of radius Ro and travel parallel to the 

positive Y-axis. The advantage of using energetic protons (or other heavy ions) is that their 

trajectories are rectilinear, which makes it possible to define a “cylindrical” geometry of the 

beam at the entrance time (chosen as time zero). Note that the cylinder illustrated (in dashed 

lines) in Fig. 3.7B is virtual, essentially reflecting the geometry of the irradiation beam. This 

multi-track model has been designed to help better understand dose-rate effects in the 

radiolysis of water and investigate the proposed oxygen depletion (consumption) hypothesis 

in FLASH radiotherapy (see Chap. 6). 
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(A)                      (B) 

 
 
Figure 3.7: (A) Illustration of the simulation model used in this work in the case of ten 300-

MeV incident protons, which (randomly and simultaneously) impact the XZ plane 

perpendicular to the (circular) front (radius Ro = 0.1 µm) of the water cylinder under 

consideration. Note that this irradiated cylinder is embedded in non-irradiated bulk water and 

the radiolytic species formed in it are not restricted in this volume but diffuse over the entire 

bulk water as a function of time. The figure shows a front view of the projections on this 

plane for each track segment considered. (B) Three-dimensional representation of the N = 10 

proton tracks traversing through the water calculated (at ~10-13 s) from our IONLYS Monte 

Carlo simulation code. All protons start traveling along the Y-axis over the whole track length 

chosen for the calculations (~100 µm). Energetic secondary electrons (or δ-rays) that result 

from knock-on collisions with the impinging protons (defining the so-called “penumbra”) 

can also be seen surrounding the central track “cores”. Each dot represents an interaction 

where energy deposition occurred. Adapted from Alanazi et al. (2020a). 

  
3.2 Stopping and Range of Ions in Matter (SRIM) 

 
SRIM (“Stopping and Range of Ions in Matter”) is a most widely used simulation 

technique for determining the stopping power (or LET) and range of ions in matter based on 

accurate experimental data and extending these values using unified theoretical concepts 

(Biersack and Eckstein (1984; Biersack and Haggmark, 1980; Zeigler and Reynolds 1985; 

Ziegler et al., 1985, 2010, 2015). Later in almost every 6 years, there was an upgradation or 

major changes in the approach of the program based on new experimental data. 
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The program relies on a Monte Carlo simulation method, using the "binary collision 

approximation" in its calculations with a random selection of the next colliding ion’s impact 

parameter. A recent textbook (Ziegler et al., 2015) describes the fundamental physics of the 

software. Using SRIM, the energy loss, range, and straggling distribution of ions in matter 

can be calculated. Calculations that are more elaborate include targets with complex multi-

layer configurations. Ion beams are used to modify samples by injecting atoms to change the 

target's chemical and electronic properties. The ion beam also causes damage to solid targets 

by atom displacement. 

The core concept of this simulation is the Bragg’s rule, which says that “the stopping 

power of a compound may be estimated by the linear combination of the stopping powers of 

its individual elements” (Bragg and Kleeman, 1905; Thwaites, 1983). In this approach, it is 

assumed that each individual collision is a two-body problem, ignoring possible effects from 

nearby atoms. This is justified because the impact parameter, which is a measure of the 

distance at which the two particles can be considered to be interacting, is much smaller than 

the distance between individual atoms in the target. Later, a scattering angle is selected for a 

colliding ion using “Biersack’s Magic Formula”. This scattering angle is used to calculate 

the amount of energy that will be transformed into a collision. If the transformed energy is 

greater than the binding energy, it will emit the target atom as the recoil ion, which will have 

its own pathway. Anyway, the original ion has transferred some of its energy and slowed 

down a little. This process continues until a certain predetermined lowest energy of the ion 

beyond which the ion is considered to be stopped and its position is recorded. This approach 

was giving reasonable values for simple systems. However, for complex systems, other new 

parameters had to be incorporated. 

Later several studies showed that atomic bonding had large effects on stopping 

powers in simple molecular targets, while extra agglomeration of molecules to the target 

compounds had a small stopping effect. As a result, methods were developed to account for 

detailed internal motion in a medium. This theory allowed a way for accounting the arbitrary 

electronic configurations in the target and was used to calculate the possible contribution of 

this electronic configuration to the stopping of an ion, which is commonly named as “core 

and bond” (CAB) approach. The CAB approach suggested that stopping powers in 

compounds can be predicted using the superposition of stopping by atomic “cores” and then 
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adding the stopping corresponding to the bonding electrons. The stopping power from the 

core is basically calculated using the Bragg formula and an extra term is added to account 

for the contribution from electronic orbital depending on the electronic structure of chemical 

bonds (Stoller et al., 2013; Ziegler and Biersack, 2010). Thus core and bond approach just 

provides a correction to the original program and it is being used in the latest version of the 

program. 

In practice, as input parameters, the program first asks for the type of ion and energy 

to use, and then the constituents of the target and their distribution in one or more layers of 

defined thickness. We have the option to use the "Compound Dictionary", which contains 

the chemical bonding information for about 150 common compounds, including water in 

either gaseous or solid-state. When these compounds are selected, SRIM calculates the best 

stopping correction. As for the output, the program generates tables, plots, diagrams, and data 

files providing information on the final three-dimensional distribution of the ions in the 

target, ion range (penetration depth), straggling (variation of ranges of ions about their mean 

values, along the ion beam and perpendicular to it), backscattered ions and transmitted ions, 

ion implantation, etc. It will also calculate all kinetic phenomena associated with the ion’s 

energy loss: target damage, sputtering (removal of near-surface atoms from the target), 

ionization, and energy transferred to recoil atoms (Ziegler et al., 2015). 

In the current study, the SRIM software was used in particular in pre-simulations to 

calculate the energy and LET values of the recoil α-particles and lithium ions emitted from 

the neutron-boron nuclear reaction as a function of penetration depth in water. Details of 

these calculations have been presented previously (Islam et al., 2017).
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Forward: Oxygen (O2) is a powerful radiosensitizer; this fact is of practical relevance in 

cancer therapy with energetic heavy ions, such as carbon ions. A new irradiation method 

called “FLASH radiotherapy” showed that large doses of ionizing radiation delivered to 

tumors at very high dose rates (i.e., in a few milliseconds) have remarkable benefits sparing 

healthy tissue while preserving anti-tumor activity compared to radiotherapy delivered at 

conventional, lower dose rates. Although the exact mechanism(s) underlying FLASH are still 

unclear, it has been suggested that radiation delivered at high dose rates spares normal tissue 

via oxygen depletion. Here we carry out a study to see the effect of multiple ionization of 

water on the ability of carbon ions at high LET to generate an oxygenated microenvironment 

around their track. This oxygen is abundant immediately in the tumor region where the LET 

of the carbon ions is very high, near the end of the carbon-ion path (i.e., in the Bragg peak 

region). In contrast, in the “plateau” region of the depth-dose distribution of ions (i.e., in the 

normal tissue region), in which the LET is significantly lower, this generation of molecular 

oxygen is insignificant.  Under FLASH irradiation, our study shows that this early generation 

of O2 extends evenly over the entire irradiated tumor volume, with concentrations estimated 

to be several orders of magnitude higher than the oxygen levels present in hypoxic tumor 

cells.  Theoretically, these results indicate that FLASH radiotherapy using carbon ions would 

have a markedly improved therapeutic ratio with greater toxicity in the tumor due to the 

generation of oxygen at the spread-out Bragg peak while simultaneously protecting normal 

tissue. 
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Résumé : L’oxygène (O2) est un puissant radiosensibilisateur; ce fait a une importance 

pratique dans la thérapie du cancer avec des ions lourds énergétiques, tels que les ions 

carbone. Une nouvelle méthode d'irradiation appelée « radiothérapie FLASH » a montré que 

de fortes doses de rayonnements ionisants délivrés aux tumeurs à des débits de dose très 

élevés (c'est-à-dire en quelques millisecondes) présentent des avantages remarquables en 

préservant les tissus sains tout en conservant l'activité anti-tumorale par rapport à la 

radiothérapie conventionnelle délivrée à des débits de dose bien inférieurs. Bien que le(s) 

mécanisme(s) exact(s) sous-tendant l’effet FLASH ne soient toujours pas élucidés, il a été 

suggéré que la radiation délivrée à des débits de dose élevés épargne les tissus normaux via 

une déplétion transitoire de l’oxygène. Nous avons réalisé ici une étude pour voir l'effet de 

l'ionisation multiple de l’eau sur la capacité des ions carbone à haut TEL à générer un 

microenvironnement oxygéné autour de leur trajectoire. Cet oxygène est abondant 

immédiatement dans la région tumorale où le TEL des ions carbones est très élevé, près de 

la fin de la trajectoire des ions carbones (c'est-à-dire dans la région du pic de Bragg). En 

revanche, dans la région du « plateau » de la distribution dose-pénétration des ions (c'est-à-

dire dans la région tissulaire saine), où le TEL est significativement plus faible, cette 

production d'oxygène moléculaire est négligeable. Notre étude montre que, sous irradiation 

FLASH, cette génération précoce d'O2 s'étend uniformément sur tout le volume de la tumeur 

irradiée, avec des concentrations estimées à plusieurs ordres de grandeur supérieures aux 

niveaux d'oxygène présents dans les cellules tumorales hypoxiques. Théoriquement, ces 

résultats indiquent que la radiothérapie FLASH utilisant des ions carbone aurait un rapport 

thérapeutique grandement amélioré avec une toxicité accrue dans la tumeur en raison de la 

génération d'oxygène au pic de Bragg et une protection simultanée des tissus normaux. 
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ABSTRACT 

 

It is well known that molecular oxygen is a product of the radiolysis of water with high-

“linear energy transfer” (LET) radiation, which is distinct from low-LET radiation wherein 

O2 radiolytic yield is negligible.  Since O2 is a powerful radiosensitizer, this fact is of practical 

relevance in cancer therapy with energetic heavy ions, such as carbon ions.  It has recently 

been discovered that large doses of ionizing radiation delivered to tumors at very high dose 

rates (i.e., in a few milliseconds) have remarkable benefits in sparing healthy tissue while 

preserving anti-tumor activity compared to radiotherapy delivered at conventional, lower 

dose rates.  This new irradiation method is called “FLASH radiotherapy” and has been tested 

using low-LET radiation (i.e., electrons and photons) in various pre-clinical studies and 

recently in a human patient.  Although the exact mechanism(s) underlying FLASH are still 

unclear, it has been suggested that radiation delivered at high dose rates spares normal tissue 

via oxygen depletion.  In addition, heavy-ion radiation achieves tumor control with reduced 

normal tissue toxicity due to its favorable physical depth-dose profile and increased 

radiobiological effectiveness in the Bragg peak region.  To date, however, biological research 

with energetic heavy ions delivered at ultra-high dose rates has not been performed and it is 

not known whether heavy ions are suitable for FLASH radiotherapy.  Here we present 

arguments for additive or even synergistic advantages of integrating the FLASH dose rates 

into carbon ion therapy.  These benefits result from the ability of heavy ions at high LET to 

generate an oxygenated microenvironment around their track due to the occurrence of 

multiple (mainly double) ionization of water.  This oxygen is abundant immediately in the 

tumor region where the LET of the carbon ions is very high, near the end of the carbon ion 

path (i.e., in the Bragg peak region).  In contrast, in the “plateau” region of the depth-dose 

distribution of ions (i.e., in the normal tissue region), in which the LET is significantly lower, 

this generation of molecular oxygen is insignificant.  Under FLASH irradiation, it is shown 

that this early generation of O2 extends evenly over the entire irradiated tumor volume, the 

concentrations being estimated to be several orders of magnitude higher than the oxygen 

levels present in hypoxic tumor cells.  Theoretically, these results indicate that FLASH 

radiotherapy using carbon ions would have a markedly improved therapeutic ratio with 

greater toxicity in the tumor due to the generation of oxygen at the spread-out Bragg peak. 
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1.  Introduction 

Theoretically, all types of malignant tumors could be eradicated if treated with 

sufficiently high doses of radiation.  However, radiation also damages normal tissue making 

normal tissue toxicity the main limitation in the administration of curative radiation doses in 

cancer treatment (1).  FLASH radiation therapy (FLASH-RT) is an irradiation method that 

uses ultra-high dose rates (UHDR) to deliver large doses of radiation to tumors almost 

instantaneously (a few milliseconds), while unexpectedly sparing normal tissue (2, 3).  

Recent reports of this relative protection of normal tissues sparked great interest in the use of 

FLASH for cancer treatment.  However, there exists a lack of understanding of the underlying 

mechanism(s) of this effect (4). 

For more than 50 years, dose-rate effects have been an important topic in radiobiology 

and radiotherapy (5, 6).  Since fundamental radiobiological processes, even if they are 

numerous and complex, are commonly triggered in an aqueous environment, a thorough 

knowledge of the radiation chemistry of water is essential in addressing this topic.  Indeed, 

pulsed radiation in water radiolysis has been useful in identifying the short-term chemical 

species that trigger the biological consequences of exposure to ionizing radiation.  In 

particular, it has been shown that in ~1 ps after initial energy deposition, radiolytic products 

formed in pure, deaerated water, irradiated with either low or high “linear energy transfer” 

(LET) radiation include the hydrated electron (e-
aq), H•, H2, •OH, H2O2, H3O+, OH-, etc. (7, 

8).  In an aerobic cellular environment under normal irradiation conditions (i.e., low absorbed 

dose rate), e-
aq and H• atoms produced in localized spurs or tracks are scavenged by dissolved 

molecular oxygen on a time scale of a few microseconds (assuming a typical intracellular O2 

concentration of ~30 μM) and converted to superoxide anions (O2
•-) and hydroperoxyl (HO2

•) 

radicals, respectively.  At physiological pH, HO2
• dissociates to O2

•- [pKa(HO2
•/O2

•-) ≈ 4.8 in 

water at 25 °C] (9).  In contrast to the relatively low dose rates used in conventional 

therapeutic irradiations, the energy of the ionizing radiation can be considered as evenly 

distributed over the entire irradiated volume in FLASH UHDR (10).  In this case, the overall 

physicochemical situation changes significantly due to the overlap between the adjacent 

spurs or tracks, which occur quickly after the absorption of the radiation.  This interaction 

between neighboring spurs and tracks results in an increased initial concentration of radicals 

(e-
aq, H•, and •OH), comparable to, or even higher than that of intracellular O2.  Under these 
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conditions, radical-radical combination reactions in which molecular products are formed 

(mainly H2O2 and H2O, H2 being relatively inert) are favored, and the effect of radiolytic 

oxygen depletion (or consumption) becomes important (1, 2, 10).  Translated to basic cellular 

radiobiological research, both of these mechanisms could significantly reduce radiation 

effects and thus explain the protection of normal tissues in FLASH-RT (4, 11–16).  Finally, 

it is worth mentioning here a third mechanism that was recently advanced, which could also 

play a role in FLASH, namely the generation of early, transient, strongly acidic pH spikes 

that result from the formation of hydronium ions (H3O+) during the initial stages of water 

radiolysis (17, 18). 

Currently used in several countries (notably in Japan and Germany), carbon ions have 

a characteristic dose deposition profile in which energy is released inversely to the velocity 

of the ions (19, 20). Therapeutically, the carbon ions enter tissue at a high energy (e.g., ~ 290 

MeV/nucleon) and an LET in the lower range (~13 keV/μm for 290 MeV/nucleon 12C6+), but 

they deposit energy as they penetrate the tissue, which leads to them having less energy and 

a higher LET, particularly towards the end of their path.  They therefore deliver a lower entry 

dose and deposit most of their energy in the tumor near the end of the flight path (the “Bragg 

peak”).  In other words, if the Bragg peak occurs in the tumor, there is potential for increased 

sparing of the normal tissue.  A similar dose distribution is not possible with low LET 

conventional radiation methods.  Radiobiologically, carbon ions are also two- to threefold 

more effective at killing cells than protons and conventional radiation modalities (21).  

Moreover, in comparison to photon radiation, carbon ions produce complex DNA damage 

that is not easily repaired, and cells exposed to carbon ions have a lower “oxygen 

enhancement ratio” (OER) and are less affected by variations in radiosensitivity related to 

the cell cycle (22).  Compared to protons, they also have a higher LET and lower lateral dose 

distribution.  In short, carbon ions improve tumor cell killing compared to conventional 

photon or proton radiotherapies at a given dose of radiation.  Determining whether carbon 

ions delivered at UHDR can deliver clinically relevant FLASH-RT could dramatically 

improve cancer management (23).  It may also accelerate the development of laser 

acceleration for heavy ions, which could be delivered at dose rates of ~1011 Gy/s (24), as it 

may be difficult to achieve the necessary dose rates with current carbon ion therapy facilities. 
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While FLASH-RT has been studied in the context of electron, photon and proton 

therapies, the efficacy of heavy ions, such as energetic carbon ions, under FLASH conditions 

remains unclear (23).  Regardless of the radiation modality, it will require basic biology 

experiments and clinical trials to demonstrate the safety and efficacy of FLASH radiotherapy.  

However, physicochemical modeling can help describe the underlying mechanisms by which 

FLASH radiotherapy achieves its beneficial effects and may suggest whether these ultra-high 

dose rate techniques would be favorable in the context of carbon ion therapy.  Here we 

present arguments based on pure radiation chemistry for additive or even synergistic 

advantages of integrating the FLASH dose rates into therapy with energetic heavy ion using 

the example of carbon ions.  These benefits result from the ability of heavy ions at high LET 

to generate an oxygenated microenvironment around their track [for radiation of low LET, 

O2 is not considered to be a primary radiolytic product (7, 8)], due to the occurrence of 

multiple (mainly double) ionization of water (25–28).  This early O2 generation is shown to 

occur preferentially in the Bragg peak region where the LET of carbon ions is highest.  In 

carbon ion therapy, this Bragg peak region is targeted to the tumor volume. 

Here, we sought to determine how the physicochemical changes occurring under 

FLASH dose rates may alter oxygen generation for irradiations with energetic carbon ions.  

We use Monte Carlo track chemistry simulations of the radiolysis of pure, deaerated water 

to calculate the early yields (or G-values) and concentrations of O2 for irradiating carbon ions 

of different initial energies, with and without the inclusion of the mechanism of multiple 

ionization (MI) of water molecules at 25 °C.  A brief presentation of our simulation approach 

is given in the next section. 

 

2.  Monte Carlo Track Chemistry Simulation 

The carbon-ion radiolysis of pure, deaerated liquid water at high LET was modeled 

using our Monte Carlo track chemistry simulation code IONLYS-IRT.  A detailed 

description of this code has previously been given [see ref. (26) and references therein].  In 

short, the sequence of all individual stochastic events of the early physical (<10-15 s) and 

physicochemical (~10-15–10-12 s) stages in the track development is handled by our IONLYS 

event-by-event simulation program.  The energy deposition by the multiply charged incident 

ion and by all secondary electrons generated by it takes place through the slowing down of 
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these particles.  This is done via a variety of elastic and inelastic scattering processes and 

thus by generating a large number of ionized and electronically excited water molecules.  In 

order to take into account the effects of direct multiple ionization of the outer (loosely bound) 

electron shells of the target under the impact of heavy ions with high LET, the model 

incorporates double and triple ionization processes in single ion-water collisions.  Ionizations 

of higher multiplicity are neglected since they are much less likely to occur in the LET range 

of interest here.  Theoretically, a detailed description of MI is a difficult task due to the 

complex, quantum-mechanical many-body nature of the scattering mechanisms involved.  

Nevertheless, some attempts have been made to simulate the role of MI in liquid water to 

assess its consequences for the heavy-ion radiation chemistry of water [for a review, see ref. 

(25)].  The carbon-ion cross-section values that were used for the double and triple 

ionizations of water in our track structure simulation modeling have previously been 

described in detail (25–28) and are therefore not discussed further here. 

The consequences of MI with two, three or more outgoing electrons in the final state 

have often not been considered in the models of water radiation chemistry and biology.  Yet, 

this hypothesis goes back to Platzman (29), who came to the conclusion more than 60 years 

ago that these processes, although rare compared to single ionization events, should be 

“extremely effective chemically” due to the high instability of the multiply ionized molecules 

produced.  Only recently has this earlier hypothesis been reconsidered to explain the 

production of HO2
•/O2•- that has been experimentally observed in heavy-ion radiolysis of 

water at high LET (30–32). 

Little, in fact, is known about the fate of multiply ionized water molecules in solution.  

Here, the rearrangement of these thermodynamically unstable charged water cations is 

treated according to the general mechanism proposed by Ferradini and Jay-Gerin (30), which 

assumes that, in liquid water, H2On+ (n = 1–10; the molecule of water has 10 bound electrons) 

dissociates by acid-base re-equilibration processes [see Table 14.3 of ref. (25)].  Among these 

processes, it is assumed that the chemical production of O2 (mainly) results from the doubly 

ionized water molecules through the intervention of oxygen atoms formed in their 3P ground 

state, according to the overall dissociation reaction (28): 

           H2O2+ + 2 H2O → 2 H3O+ + O(3P),                                    (1) 

followed by 
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          O(3P) + O(3P) → O2                 (2) 

or 

         O(3P) + •OH → HO2
•                            (3) 

         HO2
• + O(3P) → O2 + •OH                (4) 

at a very early stage in the expansion of the tracks.  We should recall here that the O(3P) 

atoms in the ground state are rather inert to water and, due to the very high local concentration 

of radicals, react efficiently with themselves or with •OH in the heavy ion track core (26, 30).  

As for the triple charged water cations, we have 

        H2O•3+ + 4 H2O → 3 H3O+ + HO2
•.               (5) 

The complex spatial distribution of reactants at the end of the physicochemical stage, 

which is provided as an output of the IONLYS program, is then used directly as the starting 

point for the “chemical stage” (> 10-12 s).  This third stage, in which the different radiolytic 

species diffuse and react with themselves or with dissolved solutes (if any) present at the time 

of irradiation, is covered by our IRT program.  This program uses the “independent reaction 

times” (IRT) method (33) to model chemical development in this stage and to simulate the 

formation of measurable yields.  It is a computer-efficient stochastic simulation technique 

that simulates reaction times without having to follow the trajectories of the diffusing species.  

The IRT method is based on the approximation that the reaction time of each pair of reactants 

is independent of the presence of other reactants in the system.  Its detailed implementation 

has previously been given [see ref. (26) and references therein].  The reaction scheme and 

parameters used in our IRT program for pure liquid water at 25 °C are the same as those used 

previously [see Table 1 of ref. (34)], except that they now include some newly measured or 

recently reevaluated reaction rates by Elliot and Bartels (35).  The values for the diffusion 

coefficients of the various reactive species involved in the simulations are listed in Table 6 

of ref. (36). 

The O2 yields generated by the radiolysis of liquid water were calculated as a function of 

time in the interval ~10-12 to 10-6 s for three representative incident carbon ion energies, 

namely, 4.1, 290, and 400 MeV/nucleon.  This was done by simulating short (~2–40 μm) 

carbon-ion track segments, over which the energy and LET of the ion are well defined and 

remain nearly constant.  Typically, about 5000 to 4 × 105 reactive chemical species are 

generated during the chemical development of these simulated track segments (depending on 
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the LET), whereby the average chemical yields can be calculated with acceptable statistical 

reliability. 

 

3.  Results and Discussion 

Figure 1 shows the time profiles of G(O2) at 25 °C, over the range of ~10-12–10-6 s, 

obtained from our Monte Carlo track chemistry simulations (with or without MI of water) 

for the three irradiating carbon ions: 4.1, 290, and 400 MeV/nucleon (LET ~ 330, 11.3, and 

10 keV/μm, respectively).  The O2 yield for 300-MeV protons, which mimic the low-LET 

limiting case of 60Co γ or fast electron irradiation (LET ~ 0.3 keV/μm) (28), is also shown in 

the figure for comparison.  As can be seen, these yields remain low in the absence of MI of 

water, with G(O2) showing only a slight gradual increase with increasing LET, similar to the 

other molecular yields of the radiolysis (7, 8).  In contrast, our calculations show that G(O2) 

increases sharply considering the mechanism of multiple ionization of water.  This is clearly 

shown in Fig. 1 for 4.1 MeV/nucleon 12C6+ ions, i.e., for the highest LET studied, where 

G(O2) increases early on (~10-12 s) from ~0.0009 molecule/100 eV in the absence of MI to 

~0.074 molecule/100 eV when MI is included in the simulations (an increase of 

approximately two orders of magnitude).  Interestingly, the curve of G(O2) reaches a 

maximum of ~0.113 molecule/100 eV around 4 × 10-10 s, after which it drops to finally 

stabilize at about 0.068 molecule/100 eV at 1 μs. 

Using the G-values for O2 obtained from our Monte Carlo simulations, we can 

estimate the corresponding oxygen concentrations of the ion track as a function of time, using 

the general relationship C = ρDG, where C is the concentration of species, ρ is the density, 

D is the radiation dose, and G is the chemical yield (37).  In fact, assuming that the oxygen 

molecules are generated evenly in axially homogeneous cylinders with a length of L = 1 μm 

and initial radius rc equal to the radius of the physical “core” of the impacting ion tracks (at 

~10-13 s) (38, 39), the track concentrations of O2 can be derived from (17, 26) 
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represents the change with time of rc due to the two-dimensional diffusive expansion of the 

tracks.  Here, t is the time and D is the diffusion coefficient of O2 [D = 2.42 × 10-9 m2/s at 25 

°C (40)].  rc corresponds to the tiny radial region within the first few nanometers around the 

ion trajectories.  In this study, an rc of ~2 nm was assumed for the three carbon ions under 

consideration (26, 28).  Figure 2 shows typical three-dimensional representations of track 

segments of a 300-MeV/nucleon carbon ion (LET ~ 10 keV/μm), 4.1-MeV/nucleon carbon 

ion (LET ~ 330 keV/μm), and a 300-MeV proton (LET ~ 0.3 keV/μm) traversing through 

liquid water using calculations from our IONLYS simulation code.  As can be seen, the 

energy density of the deposition in the core area is very high for the high-LET 4.1-

MeV/nucleon 12C6+ ions. 

Figure 3 shows the time profiles of the O2 concentrations (denoted [O2]) at 25 °C in the three 

considered carbon ion tracks 4.1, 290, and 400 MeV/nucleon in the interval of ~10-12–10-6 s, 

calculated directly from Eqs. (6) and (7) using the G(O2) values given in Fig. 1 (with and 

without MI of water).  For comparison purposes, the figure also shows the corresponding 

values of [O2] for 300-MeV incident protons (28).  As can be seen, carbon ions with higher 

LET lead to increased production of nascent oxygen compared to those with lower LET over 

the studied time range.  Interestingly, our results for the 4.1-MeV/nucleon 12C6+ ions (LET ~ 

330 keV/μm) show a steep increase in the values of [O2] when the MI of water molecules 

was incorporated compared to those obtained in the absence of MI.  For example, the initial 

value of [O2] (at ~10-12 s) increases from ~0.4 to 32.2 mM when the MI of water is included 

in the calculations.  This value is about three orders of magnitude higher than the oxygen 

levels in most normal human cells (~30 μM), and a fortiori in normally oxygenated tumor 

regions (which vary considerably, from zero to more than 20 μM) as well as in hypoxic tumor 

regions (a large part of which have almost no oxygenation) (22, 28, 41, 42).  The results in 

Fig. 3 also show that, for the 290- and 400-MeV/nucleon 12C6+ ions (i.e., of much lower LET: 

~11.3, and 10 keV/μm, respectively), the O2 concentrations generated are significantly lower, 

not more than ~20 μM (at ~4 × 10-10 s).  Our results clearly show a substantial production of 

“radiolytic” molecular oxygen in the tracks of high-LET carbon ions immediately after the 

passage of the ion.  Interestingly, however, this level of O2 production is not observed with 

irradiating ions of low LET. 
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To understand the role of FLASH UHDR with energetic heavy ions, we must first recall the 

change in LET with the penetration depth of the ions.  This is shown in Fig. 4 for the three 

irradiating carbon ions studied.  As mentioned above, the energy distribution of carbon ions 

over the treatment field is highly inhomogeneous.  Carbon ions deliver a lower entry dose 

(i.e., in the “plateau” region where the LET is rather low) and deposit most of their energy 

towards the end of their flight path (i.e., at the Bragg peak, where they have their highest 

LET).  Clinically, carbon-ion radiotherapy is performed in such a way that the Bragg peak is 

contained in the tumor, resulting in a therapeutic index superior to conventional photon 

irradiation and a reduction in toxicity to normal tissue. 

It is well established that molecular oxygen can be a strong radiation sensitizer (22, 44) with 

the biological response to irradiation being greater under oxygenated conditions than under 

hypoxic conditions.  The radiolytic formation of O2 (due to the occurrence of MI of water) 

in the Bragg peak (i.e., in the tumor region) where the LET of the carbon ions is very high, 

should therefore convert initially hypoxic (i.e., radioresistant) tumor cells into an 

“oxygenated” environment around the relevant cellular target molecules, which leads to a 

strong improvement in cell killing (22, 45).  In contrast, this level of oxygen generation would 

not occur in normal tissue because it is in the “plateau” region of the depth-dose distribution 

of ions where the LET is lower (see Fig. 4). 

In the context of FLASH irradiation used to date [e.g., instantaneous dose rates of ~106–107 

Gy/s were used by Favaudon et al. (2)], the average distance between adjacent tracks is small 

enough that they overlap to a certain degree at early times (10, 18).  Under these conditions, 

the energy of the impinging carbon ions can be considered as being relatively evenly 

distributed over the irradiated volume.  In that case, the early, transient generation of O2 at 

the Bragg peak described above should thus occur in all track regions and then, due to their 

close proximity, extend evenly over the entire irradiated tumor volume.  Radiobiologically, 

this highly oxygenated environment throughout the entire tumor volume should considerably 

improve tumor cell killing by causing damage from which cancer cells cannot recover. 

Taken together, our results provide critical insights into the additive or even synergistic 

benefits of combining carbon-ion therapy with FLASH-RT, to not only eliminate tumors but 

also protect surrounding normal tissues and thus alleviate potential long-term adverse effects. 
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4. Conclusion 

This study highlights the potential biological impact of nascent oxygen formation 

associated with heavy ions at UHDR.  This is of particular importance in order to better assess 

the clinical potential of FLASH-RT with heavy ions.  As mentioned above, FLASH-RT using 

low-LET electrons has been shown to be a promising new method that damages the tumor 

while protecting normal tissue.  Here we found that UHDR carbon ions increasingly generate 

molecular oxygen towards the end of their trajectory at the Bragg peak, which is located 

within the tumor in clinical radiotherapy with heavy ions.  This finding indicates increased 

cell killing potential through the use of carbon ions.  Taken together, our results suggest that 

using energetic carbon ions FLASH-RT can achieve an even better therapeutic ratio due to 

the creation of an oxygenated environment in the tumor, which contributes to increased cell 

killing efficacy while simultaneously protecting normal tissue. 
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Figure captions 

Figure 1:  

Time dependence of the O2 yields calculated from our IONLYS-IRT Monte Carlo 

track chemistry simulations of the radiolysis of pure, air-free liquid water at 25 °C, in 

the interval of 10-12–10-6 s, for the three incident carbon ions considered here: 4.1 

(with and without multiple ionization of water molecules), 290, and 400 MeV per 

nucleon (LET: ~330, 11.3, and 10 keV/μm, respectively).  Note that MI plays no 

significant role on the values of G(O2) for the lower-LET 290 and 400 MeV/nucleon 
12C6+ ions (represented in the figure by the dash-dot and dot-dot lines, respectively).  

The short-dot line corresponds to our calculated G(O2) values for 300-MeV protons 

(which mimic the low-LET limiting case of 60Co γ or fast electron irradiation, LET ~ 

0.3 keV/μm) and is shown here for comparison.  Radiation chemical yields are 

expressed in units of molecule per 100 eV.  For conversion into SI units (mol/J), 1 

molecule/100 eV ≈ 0.10364 μmol/J (7, 8). 

 

Figure 2: 

Three-dimensional representations of track segments for the following impacting 

ions: (A) 4.1-MeV/nucleon 12C6+ (LET ~ 330 keV/μm, 2-μm track length), (B) 300-

MeV/nucleon 12C6+ (LET ~ 11 keV/μm, 30-μm track length), and (C) 300-MeV 1H+ 

(LET ~ 0.3 keV/μm, 30-μm track length) traversing through liquid water at 25 °C, 

calculated (at ~10-13 s) with our IONLYS Monte Carlo simulation code.  Ions are 

generated at the origin and start traveling along the Y-axis.  Each dot represents an 

interaction where energy deposition occurred.  Surrounding the “core” of the track is 

a much larger region (named the “penumbra”) in which all of the energy is deposited 

by energetic secondary electrons (δ-rays) that result from knock-on collisions with 

the primary carbon ion. 

Figure 3: 

Time dependence of the corresponding track concentrations of O2 (in mM) (with and 

without multiple ionization of water molecules) calculated as explained in the text for 

the three incident carbon ions under consideration, using the G(O2) values reported 

in Fig. 1.  As in Fig. 1, the [O2] values for the lower-LET 290 and 400 MeV/nucleon 
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12C6+ ions are represented in the figure by the dash-dot and dot-dot lines, respectively.  

The short-dot line corresponds to our calculated [O2] values for 300-MeV protons 

(which mimic the low-LET limiting case of 60Co γ or fast electron irradiation, LET ~ 

0.3 keV/μm), shown in the figure for comparison.  Typical O2 concentrations in 

normal human cells (~30 μM) are shown in the figure by the arrow on the right. 

 

Figure 4: 

Changes in LET with the penetration depth in liquid water at 25 °C for carbon ions at 

the three energies considered in this study, as obtained with the SRIM software (43).  

Total ions calculated: 1000.  The arrows on the left show the entry LET of the ions: 

~330, 11.3, and 10 keV/μm, corresponding to the incident ion energies of 4.1, 290, 

and 400 MeV per nucleon, respectively. 
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FIGURE 1 
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FIGURE 2 
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FIGURE 3 
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FIGURE 4 
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Forward: This study investigates the effects of multiple ionization (MI) of water on the 

yields (G-values) of the ferrous sulfate (Fricke) dosimeter, which was irradiated with low-

energy α and lithium ion recoils from the 10B(n,α)7Li nuclear reaction as a function of 

temperature from 25 to 350 °C, using Monte Carlo track chemistry simulations. At room 

temperature, we showed that our G(Fe3+) values calculated under aerated and deaerated 

conditions only agreed well with the experimental results, provided the multiple ionization 

of water was incorporated in the simulations. This result strongly supports the importance of 

the role of MI of water in the high-LET radiolysis of water. We also simulated the effects of 

MI of water on G-values for the primary species of the radiolysis of deaerated 0.4 M H2SO4 

aqueous solutions by 10B(n,α)7Li recoils. As with the Fricke dosimeter, the best agreement 

between experiment and simulation was found at 25 °C when the MI of water was included 

in the simulations. It was also shown that G(Fe3+) decreases slightly as a function of 

temperature over the range of 25–350 °C. This study helps better understand the coolant 

water’s radiation chemistry in nuclear reactors to maintain the proper chemical environment 

that will minimize corrosion and the degradation of materials. 

 

Résumé: Dans cette étude, nous examinons, à l’aide de simulations Monte Carlo, les effets 

de l'ionisation multiple (IM) de l'eau sur les rendements (valeurs G) du dosimètre de Fricke 

(système Fe2+/Fe3+ en solution H2SO4 0,4 M) irradié par les particules de recul α et ions 

lithium de faible énergie provenant de la réaction nucléaire 10B(n,α)7Li en fonction de la 

température entre 25 et 350 °C. À température ambiante, nous avons trouvé que les valeurs 

calculées de G(Fe3+) dans des conditions aérées et désaérées ne concordaient bien avec les 

données expérimentales que si l'ionisation multiple de l'eau était incorporée dans les 

simulations. Un tel résultat démontre toute l'importance du rôle de l'ionisation multiple de 
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l'eau dans la radiolyse de l’eau à TEL élevé. Nous avons également simulé les effets de l'IM 

de l'eau sur les valeurs G pour les espèces primaires de la radiolyse de solutions aqueuses 

H2SO4 0,4 M désaérées par les ions de recul de la réaction 10B(n,α)7Li. Comme pour le 

dosimètre de Fricke, le meilleur accord entre expérience et simulation à 25 °C a été trouvée 

lorsque l'IM de l'eau était incluse dans les simulations. Par ailleurs, nous avons montré que 

G(Fe3+) ne diminue que légèrement en fonction de la température entre 25 et 350 °C. Cette 

étude aide à mieux comprendre la chimie sous rayonnement de l'eau de refroidissement dans 

les réacteurs nucléaires afin de maintenir un environnement chimique adéquat propre à 

minimiser la corrosion et la dégradation des matériaux. 
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ABSTRACT 

 

Monte Carlo track chemistry simulations were used to investigate the effects of multiple 

ionization (MI) of water on the yields (G-values) of the ferrous sulfate (Fricke) dosimeter 

which was irradiated with low-energy α and lithium ion recoils from the 10B(n,α)7Li nuclear 

reaction as a function of temperature from 25 to 350 °C. Calculations were performed 

individually for 1.47 MeV α-particles and 0.84 MeV lithium nuclei with dose-average linear 

energy transfer (LET) values of ~196 and 225 keV/μm at 25 °C, respectively. The total yields 

were obtained by summing the G-values for each recoil α and Li ion weighted with its 

fraction of the total energy absorbed. At room temperature, our G(Fe3+) values calculated 

under aerated and deaerated conditions only agreed well with the experimental results, 

provided the multiple ionization of water was incorporated in the simulations. This strongly 

supports the importance of the role of MI of water in the high-LET radiolysis of water. We 

also simulated the effects of MI of water on G-values for the primary species of the radiolysis 

of deaerated 0.4 M H2SO4 aqueous solutions by 10B(n,α)7Li recoils. As with the Fricke 

dosimeter, the best agreement between experiment and simulation was found at 25 °C when 

the MI of water was included in the simulations. It was also shown that G(Fe3+) decreases 

slightly as a function of temperature over the range of 25–350 °C. However, at elevated 

temperatures, no experimental data were available with which to compare our results. 

 

Keywords: Liquid water, aqueous ferrous sulfate (Fricke) dosimeter, 10B(n,α)7Li nuclear  

reaction, α and Li ion recoils, radiolysis, G-values, linear energy transfer (LET), multiple 

ionization, temperature, Monte Carlo track chemistry simulations. 
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1. Introduction 

Boron-10 (10B) is one of the stable isotopes of boron with a natural abundance of 

19.8%.  10B has a high propensity for absorbing thermal neutrons with a thermal neutron-

capture cross-section of 3840 barns (1 barn = 10-28 m2), which is six times higher than that 

of 235U and three orders of magnitude higher than that of nuclei of living tissues.  Boron 

neutron capture reactions occur when 10B is irradiated with either low-energy (<0.5 eV) 

thermal neutrons or, for clinical studies, higher-energy (in the range of 0.5 eV to 10 keV) 

epithermal neutrons, which slow down and become thermalized as they penetrate tissue.1,2  

When a slow neutron is absorbed, an excited 11B is formed, which almost immediately 

undergoes a fission reaction that produces two energetic recoil heavy ions in 93.9% of all 

reactions: 4He2+ (α-particle) (1.47 MeV) and 7Li3+ (lithium nucleus, 0.84 MeV).  In 

addition, a 478-keV prompt γ-ray is emitted.3  These two heavily charged particles have a 

high “linear energy transfer” (LET, in units of keV/µm) and thus deposit a large amount 

of energy in the short distance they travel after their formation (~5–8 µm in water4,5 or 

biological tissues) (Fig. 1). 

Because of this high energy deposition and the limited distances that the α and Li 

recoils travel (comparable to the size of a mammalian cell), the 10B(n,α)7Li nuclear 

reaction has been used in clinical studies as a biochemically targeted radiotherapeutic 

modality for cancer treatment, known as “boron neutron capture therapy” or BNCT, since 

the 1950s.1,6  The basic idea of BNCT relies on the fact that, when tumor cells are allowed 

to take up preferentially a sufficient amount of 10B, they can be selectively irradiated and 

destroyed, while simultaneously having little harmful effects on the surrounding normal 

cells.  In some ways, BNCT is similar to heavy-ion therapy (“hadrontherapy”) at the 

cellular level, and therefore has the potential to treat several intractable cancers.  So far, 

BNCT has been a therapeutic option for treating brain cancer, head and neck cancer, and 

malignant melanoma, to name but a few.1  Interestingly, BNCT has recently received 

renewed attention worldwide, thanks to the advent of proton (or deuteron) accelerator-
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based neutron sources.  These accelerators, which can be installed in a hospital setting, 

offer considerable advantages over nuclear reactors, which were previously the only 

neutron source for BNCT treatments.7,8  Fundamental and clinical studies using 

accelerator-based BNCT (called AB-BNCT) are currently underway in several countries.9 

In addition to BNCT, boron enriched in 10B and its chemical compounds, such as 

boric acid (H3BO3), boron carbide (B4C), and rare-earth and refractory metal borides, are 

used extensively in the nuclear industry as neutron sensors, human and instrument 

shielding against neutrons, neutron poison, control/shutoff rods, as well as in nuclear 

material storage.10  For example, H3BO3 is currently added as a water-soluble neutron 

poison (“chemical shim”) in the primary coolant of pressurized water reactors (PWRs) in 

order to control the neutron flux and reactivity in the core.11  B4C is also being used in 

solid form as a neutron absorbing control rod material in boiling water reactors (BWRs).12-

14 Unlike BNCT, an important potential drawback of using boron in these applications is 

precisely the production of recoil ions from 10B reactions with thermal neutrons.  For 

example, in PWRs, these recoils act as sources of high-LET radiation in the primary 

coolant and thus complicate the radiolytic process through the formation of oxidizing 

species, such as H2O2 and its decomposition product O2,15 due to the radiolysis of water.16-

18 The presence of these oxidizing species is closely linked to the corrosion of structural 

materials, potentially leading to efficiency and safety problems.12  Note that 10B can also 

produce tritium (3H) in collisions with high-energy neutrons.  This tritium could 

contaminate the coolant.19,20 Understanding the radiation chemistry of the coolant water 

in reactors is important for maintaining the proper chemical environment that minimizes 

material degradation. Consequently, boron is one of the key factors in controlling primary 

water chemistry in PWRs. 

This work builds on an earlier study5 that we conducted to predict the yields or G-

values21-23 for all primary radical and molecular products, i.e., the hydrated electron (e-
aq), 

H•, •OH, H2, H2O2, and HO2•/O2•- (pKa ≈ 4.8 at 25 °C),24 which are produced in the 



 

 87 

10B(n,α)7Li radiolysis of water and 0.4 M sulfuric acid aqueous solutions as a function of 

temperature up to 350 °C.  Using Monte Carlo track chemistry simulations, we extend 

here our previous study to determine the temperature dependence of the yield of the 

aqueous FeSO4 (Fricke) dosimeter under 10B(n,α)7Li recoil irradiation.  The procedure 

used is essentially similar to that developed previously, except that the space-time history 

of the radiolytic process is now examined taking into account the effects of multiple 

(mainly double) ionization (MI) of water.  We should recall that the MI mechanism of 

water molecules24,25 was recently used to explain the production of superoxide 

anion/hydroperoxyl radicals and of molecular oxygen in the radiolysis of liquid water by 

high-LET radiation.26-31 

Although 10B has been extensively studied in both clinical research and nuclear 

technologies, little attention has been devoted to 10B-induced radiation-chemical 

reactions.  In fact, there is little data32-36 at room temperature on the formation of ferric 

ions and their yields due to the heavy particle recoils from boron and lithium (n,α) 

reactions in aerated or deaerated 0.4 M H2SO4 solutions.  To the best of our knowledge, 

there are also no literature data on the effects of temperature on the corresponding yields 

for the oxidation of ferrous ions under these irradiation conditions. 
 

2. The ferrous sulfate, or Fricke, chemical dosimeter  

In radiation chemistry, one of the best-studied aqueous systems is the air-saturated 

(~0.25 mM O2) solution of 1 mM ferrous sulfate in aqueous 0.4 M H2SO4 (pH 0.46), 

known as the Fricke (ferrous sulfate) dosimeter37 after Hugo Fricke who first published 

accounts of its properties in 1927–1929.38,39  It is the longest-established and, due to its 

accuracy, reproducibility and linearity of the response-dose curve, the liquid chemical 

dosimeter which is most widely used not only in radiation-chemical work but also in 

standards laboratories.22,40-42 

The reaction mechanism is the oxidation of ferrous (Fe2+) to ferric (Fe3+) ions which 
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occurs via a number of chemical reactions mainly involving e-
aq and H• atoms, rapidly 

converted to hydroperoxyl (HO2•) radicals at low pH and in the presence of dissolved 

oxygen, •OH radicals, and H2O2 which are produced during the radiolytic decomposition 

of water43 (see Table 1).22,37,41,44-46  For an aerated Fricke dosimeter solution, these 

reactions are listed in Table 1 with their rate constants at 25 °C.46  According to this 

mechanism, the Fricke G-value for low-LET radiation beam quality (such as 60Co γ-, high-

energy X- or fast electron irradiation, with an LET of about 0.3 keV/µm at room 

temperature) can be expressed in terms of the “primary”, or “escape”, free-radical and 

molecular product yields (which are available in the microsecond range after the energy 

deposition event, when spurs and tracks have dissipated)47,48 by the equation:22,44 

(1) G(Fe3+)aerated = 3g(e-
aq + H•) + g(•OH) + 2g(H2O2) + 3g(HO2•) , 

where the primary yields are denoted by the lower-case symbol g, with the formula of the 

corresponding product in parentheses.  Note that g(e-
aq + H•) represents the sum of the 

primary yields of the radicals e-
aq and H•.  The contribution of HO2• is a minor primary 

radiolytic product, that is only significant only for high-LET radiation.  Using the 

representative values for 60Co γ-ray irradiations at 25 °C:23 g(e-
aq + H•) = 3.70, g(HO2•) = 

0.02, g(H2) = 0.40, g(•OH) = 2.90, and g(H2O2) = 0.80 in eq. 1 results in a value of G(Fe3+) 

that agrees very well with the literature data,37,40 in particular with those recently obtained 

at the National Research Council of Canada (namely, 15.53 and 15.56 ions per 100 eV, 

with uncertainties of ~0.5% and 0.3%, respectively41,42). 

In deaerated solutions, reaction R2 is replaced by reaction R8 (see Table 1) in which the 

H• atom acts as an oxidizing agent, and the ferrous oxidation yield is then given by: 

(2) G(Fe3+)deaerated = g(e-
aq + H•) + g(•OH) + 2g(H2O2) + 3g(HO2•) . 

By substituting the appropriate numbers for the four primary yields for 60Co γ-rays and 

pH 0.46, we obtain a value of G(Fe3+) that agrees with the experimentally determined 

value of 8.2 ± 0.3 ions per 100 eV.22,37,44,49,50 
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Equations 1 and 2 show that the values of G(Fe3+) are very sensitive to factors that 

modify the yields of primary radicals.  In particular, increasing the LET by using the low-

energy α and Li recoils produced by the 10B(n,α)7Li reaction (whose “dose-average” LET 

in water at 25 °C is ~210 keV/µm4,5) instead of γ radiation, promotes radical-radical 

reactions in the columnar particle tracks, which leads to lower radical and higher 

molecular yields from water.24,47  Substituting the corresponding values of g(primary 

products)5 in eq. 1 shows that this leads to a marked decrease in G(Fe3+), which, in the 

presence of oxygen, is 4.22 ± 0.08 ions per 100 eV32-34 (see infra, Sect. 4). 
 

3. Monte Carlo track chemistry simulations: The IONLYS-IRT code  

 

The 10B(n,α)7Li radiolysis of air-free 0.4 M H2SO4 aqueous solutions and the radiation-

induced oxidation of FeSO4 solutions in the aerated and deaerated Fricke dosimeter both at 

ambient and elevated temperatures was modeled using our Monte Carlo track chemistry 

simulation code IONLYS-IRT.24  This code first models, in a three-dimensional geometric 

environment, the initial, highly nonhomogeneous radiation track structure (“IONLYS” 

program), followed by the ensuing diffusion and chemical reactions of the various radical 

and molecular products formed by radiolysis (the independent reaction times or “IRT” 

program).  In the absence of dose-rate effects, the chemical effects of irradiation can be 

represented as the sum of the separate effects of individual (non-overlapping) tracks, and 

thus the history of only one single track needs to be considered.  A detailed description of 

the code has previously been given (see Islam et al.5 and references therein). 

In short, the sequence of all individual stochastic events of the early physical (< 1 fs) 

and physicochemical (~1 fs–1 ps) stages in the track development is handled by our 

IONLYS event-by-event simulation program.  The energy deposition through the charged 

incident α and Li recoils and through all secondary electrons generated by them occurs 

through the slowing down of these ions.  This happens through a variety of elastic and 
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inelastic scattering processes and thus through the generation of a large number of ionized 

and electronically excited water molecules.  Compared to our previous work on the topic,5 

the current version of the program now takes into account the effects of direct multiple 

ionization (MI) of the outer (loosely bound) electron shells of water molecules under high-

LET heavy-ion impact.24,25  For this purpose, the model includes double ionization 

processes in single ion-water collisions.  Ionizations of higher multiplicity can be neglected, 

since they are much less likely to occur in the LET range of interest.  The recoil ion cross-

section values that were used for the double ionizations of water in our track structure 

simulation modeling have previously been described24,28,51 and are therefore not discussed 

further here. 

The consequences of MI with two (or more) outgoing electrons in the final state have 

not often been taken into account in models of water radiation chemistry. Yet, this 

hypothesis goes back to Platzman,52 who concluded more than 60 years ago that these 

processes, while rare compared to single ionization events, should be “extremely 

chemically effective” due to the high instability of the multiply ionized molecules that are 

produced.  While MI has been observed in many experiments performed in gases and 

vapors, little is known about the fate of multiply ionized water molecules in solution.  Here, 

the rearrangement of these thermodynamically unstable charged water cations is treated 

according to the general mechanism25 which assumes that, in liquid water, H2On+ (n = 1–

10; the molecule of water has 10 bound electrons) dissociates by acid-base re-equilibration 

processes (see Table 14.3 of Meesungnoen and Jay-Gerin24). 

The complex spatial distribution of reactants at the end of the physicochemical stage, 

which is provided as an output of the IONLYS program, is then used directly as the starting 

point for the chemical stage (> 1 ps).  This third stage, in which the different radiolytic 

species diffuse and react with themselves or in competition with dissolved solutes present 

at the time of irradiation, is covered by our IRT program.  This program uses the IRT 

method,53-55 a computationally efficient stochastic simulation technique that can simulate 
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reaction times without having to follow the trajectories of the diffusing species.  Its 

implementation has been previously described55 and its ability to give accurate time-

dependent chemical yields over a wide range of irradiation conditions has been well 

validated by comparison with full step-by-step Monte Carlo simulations that follow the 

trajectories of the reactants in detail.56,57 Obviously, this IRT program also efficiently 

describes the reactions that occur at long times when the radiolytic products are 

homogeneously distributed throughout the bulk solution.  This is precisely the case here for 

the simulation of the Fricke dosimeter in which Fe3+ ions are produced at a wide variety of 

times up to ~200 s.45,46,50,58 

Pre-simulations were carried out using the SRIM software59 to calculate the energy 

and LET values of the two α and Li ion recoils from the neutron-boron nuclear reaction 

as a function of penetration depth in water.  The details of these calculations have been 

presented previously.5 The main results can be summarized as follows: 

a) Using Watt’s compilation,4 the “dose-average” LET values for both α (1.47 MeV) 

and Li ion (0.84 MeV) recoils were determined to be ~196 and 225 keV/µm, respectively. 

b) In order to avoid the mathematical complexity that results from energy-dependent 

charge-exchange processes, our Monte Carlo simulations were carried out under the 

simplifying approximation that the energies of the two recoil ions remained constant when 

passing through the water medium.  Using SRIM simulations,59 these constant “average” 

energy values Eα  and LiE  were found to be ~0.3 and 0.4 MeV, respectively. 

c) The actual “effective” charges carried by the two α and Li ion recoils with these 

average energies were set using our Monte Carlo simulations to be ~1.6 and 1.7, 

respectively, in order to reproduce the expected LET values. 

The model assumptions and procedures used in our IRT code for simulating the 

radiolysis of 0.4 M H2SO4 aqueous solutions and for stochastic modeling of the chemistry 

of the Fricke dosimeter are described elsewhere.45,46,50,60,61 In short, we supplemented the 

pure-water reaction scheme24,55,62 to include: a) the reactions listed in Table 1 of 
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Autsavapromporn et al.,60 which account for the species HSO4
-, SO4

2-, SO4•-, and S2O8
2- 

present in irradiated H2SO4 solutions, and b) the reactions 3, 5, 7 and 10 of Fe2+ ions with 

•OH, HO2•, H2O2 and SO4•-, respectively, which are formed in the water of the irradiated 

solutions under aerated conditions (see Table 1).  As seen above, the difference in G(Fe3+) 

under deaerated conditions, results from reaction R8 replacing reaction R2.  In addition, 

the rate constants of all the reactions between ions in the IRT program were corrected to 

take into account the effect of the ionic strength of the solutions.46,61,63 

As for the calculations of G(Fe3+) as a function of temperature from ambient to 350 

°C, we used an extended version of our code that has previously been developed and 

implemented to account for the effects of high temperatures on the radiolysis of 

water.5,45,61,64  In the current version of IONLYS-IRT, we used the self-consistent 

radiolysis database compiled by Elliot and Bartels62 which includes g-values, rate 

constants and diffusion coefficients.  This database provides recommendations for the best 

values for high-temperature modeling of water radiolysis over the range of 20–350 °C.  

The diffusion coefficients at room-temperature of the various reactive species involved in 

the IRT simulations are given in Table 6 of Tippayamontri et al.45  The temperature 

dependences of the rate constants for the ferrous ion reactions were scaled from their 

values at 25 °C using simple Arrhenius equations.58,61  Finally, since no experimental data 

are available on the temperature dependences of the diffusion coefficients of Fe2+ and Fe3+ 

ions, the method used here consisted of scaling the 25 °C values according to the self-

diffusion in liquid water.64 

All calculations were performed by simulating short (typically, ~1–5 µm) track 

segments, over which the energy and the LET of the recoil ions under consideration 

remain nearly constant.  Our model calculations thus gave “track segment” yields47 at a 

well-defined LET.  The number of individual ion “histories” (usually ~2–10) was chosen 

so that the average chemical yields can be calculated with acceptable statistical reliability 

while maintaining reasonable computer time limits. 
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Finally, the yields of products due to the 10B(n,α)7Li radiolysis of 0.4 M H2SO4 

aqueous solutions or of the Fricke dosimeter were calculated by summing the G-values 

for each recoil α and Li ion (obtained from our Monte Carlo simulations) weighted by its 

fraction of the total energy absorbed according to5,45 
 

(3)     ( )
( ) ( )Li Li

T

X + X
X =

G E G E
G

E
α α , 

where G(X) and G(X)Li are the yields of species X associated with the recoil α and 

lithium ions, respectively, and ET = Eα + ELi is the sum of the initial energies of the 

recoiling ions (i.e., 2.31 MeV).  Numerically, eq. 3 can be rewritten as follows: 
 

(4) ( ) ( ) ( )LiX = 0.636 X + 0.364 XG G Gα  

since 63.6% of the energy is deposited by the 1.47-MeV α-particle and 36.4% by the 0.84-

MeV lithium ion. 

In this study, we chose to neglect the contribution of the accompanying low-LET 

478 keV γ-ray (see Fig. 1) to the overall chemical reaction.  Indeed, the range of an 

incident Compton electron with this energy is ~1 mm in liquid water at 25 °C;65 this is 

more than 100 times larger than the penetration ranges of the α and Li ion (which are only 

~5–8 µm). 
 
4. Results and discussion 

 
A) The α-radiolysis of the Fricke dosimeter at room temperature  

 
Experimental studies on the primary products of the 10B(n,α)7Li radiolysis of water 

are rather scarce, and have not been carried out under neutral conditions.  In fact, most of 

the reports deal with this radiolysis in aqueous 0.4 M sulfuric acid solution.  This of course 

also applied to the radiolysis of the Fricke dosimeter, whether aerated or deaerated, for 

which only a few measurements32-36 of the yields of oxidation of ferrous sulfate by the α 

and Li recoils caused by the action of neutrons on boron have been reported in the 
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literature.  However, there is a large amount of experimental data32,33,49,66-72 on the effect 

of LET on the yields of the Fricke dosimeter irradiated with helium ions over a wide range 

of LET values up to the Bragg peak (~226.6 keV/μm).4  In order to validate our 

computational approach in general and our Monte Carlo code in particular, we first report 

here the results of our calculations of G(Fe3+) as a function of LET for the radiolysis of 

the (aerated) Fricke system by helium ions, with or without the inclusion of the mechanism 

of multiple ionization of water.  This is shown in Fig. 2.  As can be seen, G(Fe3+) decreases 

steeply with increasing LET.  This substantial decrease in G(Fe3+) is a clear indication of 

the increased importance of intra-track processes for more densely ionizing radiations at 

higher LET, which enhance bi-radical reactions that lower radical products.  According 

to eq. 1, the lower the free-radical yield that escapes the radiation tracks, the lower the 

oxidation of ferrous ions and, therefore, the Fricke G-values (see supra, sect. 2). 

Overall, our computed values agree very well with the experimental ferric ion yields 

reported in the literature, not only for the irradiation of helium ions at high LET (represented 

by the open symbols in Fig. 2) but also for a variety of radiations with various energies at 

low LET41,42,46,60,73-78 (<10 keV/μm).  This good agreement between calculated and measured 

yield values (without adjustable parameters), demonstrates the ability of our Monte Carlo 

code to adequately describe the geometry of the helium ion (α-particle) track structure and 

its chemical development.  Interestingly, Fig. 2 also shows that, for LET above ~80 keV/μm, 

our simulations including multiple ionization of water give lower G(Fe3+) values (~1.25 G-

unit or ~22% decrease at 200 keV/μm) and tend to agree better with the experiment than the 

simulations without including MI effects. 

 
B) 10B(n,α)7Li radiolysis of deaerated 0.4 M H2SO4 aqueous solutions at room 

temperature  

In Fig. 3 we present the results of our Monte Carlo simulations of the 10B(n,α)7Li 

radiolysis of deaerated 0.4 M H2SO4 aqueous solutions, which show the time dependence 

of the G-values for e-
aq, H•, •OH, H2, H2O2, and HO2• at 25 °C and in the interval ~1 ps–

10 μs.  Also included in the figure are the radical and molecular yield measurements of 

Barr and Schuler49,79 (see also Table I of Lefort’s review article80 and Table 7.4 of Spinks 
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and Woods22) as well as the primary yield values reported by Pucheault and Sigli36,81 and 

by LaVerne et al.71,82 (with the assumption that all these literature data were obtained on 

the microsecond timescale after energy deposition).  The present simulations generally 

agree well with these data.  Of particular importance is the rapid decrease of G(e-
aq) (Fig. 

3a) with a simultaneous rapid increase in the yield of H• atoms (Fig. 3b).  This e-
aq → H• 

conversion takes place because the presence of 0.4 M H2SO4 in the solution causes the 

rapid scavenging (before ~1 ns) of the e-
aq radicals by the H+ ions:22,23,62 

 
(R1)     e-

aq + H+ → H• (k = 2.1  1010 M-1 s-1). 

Interestingly, this scavenging is so rapid that reactions of e-
aq with solutes in moderate 

concentrations can be neglected.37 

Moreover, we see that the inclusion of multiple ionization of water in the simulations 

tends to reproduce experimental data better than simulations that do not include the MI 

mechanism.  This is especially true for G(HO2•) (Fig. 3f), a result that agrees well with 

our previous work which showed that MI was responsible for the large yields of HO2• 

produced in the heavy-ion radiolysis of liquid water at high LET.24,25  Mechanistically, 

this production of HO2• was found to originate mainly from the doubly ionized water 

molecules and to involve oxygen atoms that were formed in their 3P ground state, 

according to the overall dissociation reaction28,30 

(R11)     H2O2+ + 2 H2O → 2 H3O+ + •O•(3P) , 

followed by 

(R12)     •O•(3P) + •OH → HO2• . 

Further insight into the effects of MI of water on the various radiolytic yields can be 

gained by examining the unfolding of the various reactions that contribute to the formation 

or decay of each radiolytic species in the ion tracks as they expand by diffusion.  For 

illustration purposes, Figs. 4A and 4B compare, with and without MI, the time profiles of 
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the extents ΔG of the main spur/intratrack reactions that are involved in the yields of H2 

and H2O2, respectively.  As we can see in Fig. 4A, H2 is mainly formed by the three 

reactions (in order of decreasing importance):22,23,62 

(R13)     H• + H• → H2 (k13 = 5.1  109 M-1 s-1) 

(R14)     e-
aq + H• (+ H2O) → H2 + OH- (k14 = 2.7  1010 M-1 s-1) 

(R15)     e-
aq + e-

aq (+ 2 H2O) → H2 + 2 OH- (k15 = 7.2  109 M-1 s-1) 

within the ion tracks, the contribution of reaction R13 being, as expected, quite 

predominant after ~1 ns.  However, our simulation results show that the formation of H2 

due to reaction R13 decreases when the MI mechanism is incorporated.  This is a reflection 

of the large increase in the yield of HO2• but also of the substantial production of radiolytic 

track O2 due to the MI effect at high LET via the reactions28,30 

(R16)     •O•(3P) + •O•(3P) → O2 

(R17)     •O•(3P) + HO2• → O2 + •OH 

(R18)     •OH + HO2• → O2 + H2O . 

Indeed, as H• reacts with both HO2• and O2 according to 

(R19)     H• + HO2• → H2O2 

and 

(R20)     H• + O2 → HO2• , 

these reactions compete with reaction R13 and cause a decrease in the observed H2 yield.  

With regards to H2O2, Fig. 4B clearly shows that H2O2 is formed within the tracks almost 

entirely by the reaction of the •OH radical with itself 

(R21)     •OH + •OH → H2O2 , 
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with or without multiple ionization of water.  However, if MI is included in the 

simulations, the contribution of reaction R21 to the formation of H2O2 decreases.  This is 

largely explained by the fact that, under these conditions, reactions R12 and R18 compete 

with reaction R21, causing a decrease in G(H2O2).  Another reason for such a decrease in 

the H2O2 yield results from the decrease in the initial yield of •OH (at ~10-13 s) due to the 

occurrence of reaction R11, which does not produce •OH radicals, at the expense of the 

proton-transfer reaction 

(R22)     H2O•+ + H2O → H3O+ + •OH , 

which occurs following the formation of singly ionized water molecules. 

According to Fig. 3, our calculated yields for the main products in the 10B(n,α)7Li 

radiolysis of deaerated acidic water at about 1 μs are: g(e-
aq) = 0, g(H•) = 0.43, g(•OH) = 

0.02, g(H2) = 1.36, g(H2O2) = 1.36, and g(HO2•) = 0.09 molecules per 100 eV, 

corresponding to the net water decomposition yield47 

(5) g(–H2O) = 2g(H2O2) + g(•OH) + 2g(HO2•) 

or 

(6) g(–H2O) = 2g(H2) + g(H•) – g(HO2•) ≈ 3.0. 

This value is slightly lower than that (3.54) obtained from the early experimental 

studies of Barr and Schuler79 with the recoil radiations from the boron (n,α) reaction, but 

agrees well with the value of 2.83 obtained more recently by LaVerne and Schuler71 with 

1-MeV (LET ~ 231 keV/μm) accelerated helium ions. 

 
C) 10B(n,α)7Li radiolysis of deaerated 0.4 M H2SO4 aqueous solutions at high 

temperatures 

 
In Fig. 5a–d our calculated yields of H•, •OH, H2, and H2O2 (at 1 μs after the initial energy 

deposition) for deaerated 0.4 M sulfuric acid aqueous solutions irradiated by 10B(n,α)7Li 

recoils, are compared with and without multiple ionization of water, as a function of 
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temperature from ambient to 300 °C. The figure also includes available experimental yield 

values at 25 °C36,49,71,79-82 (assumed to be obtained on a microsecond time scale following 

ionization).  Although there is a fair amount of scatter, these room temperature yield values 

are generally well reproduced by the present simulations.  Moreover, as mentioned in the 

previous section, we see that simulations that incorporate multiple ionizations of water 

molecules tend to reproduce these data better than simulations that do not include the MI 

mechanism. To the best of our knowledge, there are unfortunately no experimental G-values 

available for the 10B(n,α)7Li radiolysis of deaerated 0.4 M H2SO4 solutions at elevated 

temperatures83 with which our results can be compared. 

 
D) 10B(n,α)7Li radiolysis of the Fricke dosimeter at high temperatures  

Figures 6A and 6B show the kinetics of Fe3+ formation as obtained from our 

simulations of the 10B(n,α)7Li radiolysis of the Fricke dosimeter under aerated and 

deaerated conditions, respectively, and at three different temperatures (namely, 25, 200, 

and 350 °C selected for illustration purposes).  Calculations were carried out in the 

presence and absence of multiple ionization of water.  As can be seen, G(Fe3+) is time 

dependent due to the differences in the lifetimes of the reactions that make up the 

radiolysis mechanism with or without dissolved oxygen.22,45,58,60,84  As we discussed in 

Sect. 2 (see also Table 1), the mechanism of the oxidation of Fe2+ ions to Fe3+ involves 

reactions of Fe2+ with the species •OH, HO2• (or H• when O2 is absent), H2O2, and SO4•-.  

The fastest component of Fe3+ formation is normally due to Fe2+ oxidation by •OH radicals 

(~μs at 25 °C).  However, for the very densely ionizing α and Li recoil radiations 

considered, this component is almost nonexistent at room temperature (see Fig. 6), since 

the number of •OH radicals that escape from the tracks and react with Fe2+ ions is 

practically zero at the microsecond, with or without MI of water (see Figs. 3c and 5b).  As 

a result, only the reactions R5 or R8 of Fe2+ with HO2• (~ms at 25 °C) or H• in the absence 

of O2 (~0.1 ms at 25 °C) and the reaction R7 of Fe2+ with H2O2 (~30 s at 25 °C) contribute 

significantly to the evolution of G(Fe3+) over time at 25 °C.  Although there is no reaction 

between Fe2+ and the primary •OH radicals, it is interesting to note that a large quantity of 
•OH is formed following reaction R7.  Most of these •OH radicals quickly react with Fe2+ 

to form Fe3+, but a part of them also reacts with HSO4
- to form SO4•-, which in turn reacts 
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with Fe2+ to form Fe3+ (reactions R9 and R10, respectively).  To illustrate this situation, 

Fig. 7 shows the time profiles of the extents ΔG of the various reactions that are involved 

in the formation of the ferric ion yield at 25 °C for the aerated Fricke dosimeter when MI 

of water is included in the simulations. 

Our simulation results also show a substantial decrease in the values of G(Fe3+) that 

were calculated with the multiple ionization of water compared to those obtained without 

including the MI mechanism (see Figs. 6 and 8).  The observed decrease in the yields of 

the primary H• radicals and of H2O2, which are radiolytically generated at ~1 μs, upon 

incorporation of multiple ionization of water molecules (see Figs. 3b, 3e, 5a, and 5d) 

readily explains this decrease in the Fricke G-values (see eqs. 1 and 2). 

Another important point from Figs. 6A and 6B is that all reactions take place faster at 

higher temperature.  As can be seen, the kinetics of Fe3+ formation at 350 °C is about three 

orders of magnitude faster than at room temperature.  The influence of the irradiation 

temperature on G(Fe3+) is further illustrated in Figs. 8a and 8b for the aerated and 

deaerated Fricke solutions, respectively, in the range of 25–350 °C.  At 25 °C, our 

calculated G(Fe3+) values are in excellent agreement with experimental data32,33,71 when 

the multiple ionization of water is included in the simulations.  This agreement strongly 

supports the validity and consistency of the model used in this study and, therefore, the 

importance of the role of multiple ionization of water molecules in high-LET radiolysis 

of water.  Figure 8 shows that G(Fe3+) slightly decreases as a function of temperature.  

From the present simulations, it can clearly be concluded that this decrease in G(Fe3+) 

originates from the decrease in the yields of H• atoms and of hydrogen peroxide when the 

temperature is increased from 25 to 350 °C (see Figs. 5a and 5d).  Unfortunately, to the 

best of our knowledge, there is no experimental data available at elevated temperatures 

with which to compare our results. 

 
5. Conclusion  

In this study, Monte Carlo track chemistry simulations were successfully used to 

investigate the effects of multiple ionization of water on the yields of the 10B(n,α)7Li 

radiolysis of the aqueous ferrous sulfate (Fricke) dosimeter at temperatures between 25 

and 350 °C.  Compared to data obtained for low-LET radiation (such as 60Co γ-rays or 
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fast electrons), our calculated Fricke yield values were much lower at room temperature, 

which reflects the high-LET character of the low-energy, densely ionizing α and Li ion 

recoils (LET of approximately 210 keV/μm).  Most interestingly, complete agreement 

between our simulation results and existing experimental data of G(Fe3+) in aerated and 

deaerated solutions at 25 °C was only found when the multiple ionization of water was 

included in simulations.  Simulations without considering the multiple-ionization 

mechanism led to substantially higher G(Fe3+) values.  We also simulated the effects of 

multiple ionization of water on the G-values for the primary species of the radiolysis of 

deaerated 0.4 M H2SO4 aqueous solutions by the recoil α and Li ion of the 10B(n,α)7Li 

reaction.  As with the Fricke dosimeter, the best agreement between experiment and 

simulation was found at room temperature when multiple ionization of water was included 

in the simulations.  This strongly supports the validity of the model used in this study and 

thus the importance of the role of multiple ionization of water molecules in high-LET 

radiolysis of water.  Finally, G(Fe3+) was shown to decrease slightly as a function of 

temperature up to 350 °C.  However, to the best of our knowledge, there was no 

experimental data available at elevated temperatures with which to compare our results. 

 

Acknowledgements  

A.M.Z. is the recipient of a scholarship from the “Programme de Bourses d’excellence 

aux études supérieures” of the Université de Sherbrooke. P.L. thanks the Ministry of 

Education, Culture, Sports, Science, and Technology (MEXT) of Japan for financial support 

through a MEXT scholarship during her Ph.D. at the University of Tokyo. The research of 

J.-P.J-G. is supported by the Natural Sciences  and Engineering Research Council of Canada 

(NSERC) Grant No. RGPIN-2015- 06100. 

 

 

 

  



 

 101 

References 

(1) Neutron Capture Therapy. Principles and Applications; Sauerwein, W. A. G., 

Wittig, A., Moss, R., Nakagawa, Y., Eds.; Springer: Berlin, 2012. 

(2) Barth, R. F.; Zhang, Z.; Liu, T. Cancer Commun. 2018, 38, 36. 

(3) Knoll, G. F. Radiation Detection and Measurement, 3rd ed.; Wiley: New York, NY, 

2000. 

(4) Watt, D. E. Quantities for Dosimetry of Ionizing Radiations in Liquid Water; Taylor 

and Francis: London, UK, 1996. 

(5) Islam, M. M.; Lertnaisat, P.; Meesungnoen, J.; Sanguanmith, S.; Jay-Gerin, J.-P.; 

Katsumura, Y.; Mukai, S.; Umehara, R.; Shimizu, Y.; Suzuki, M. RSC Adv. 2017, 

7, 10782. 

(6) Hosmane, N. S.; Maguire, J. A.; Zhu, Y.; Takagaki, M. Boron and Gadolinium 

Neutron Capture Therapy for Cancer Treatment; World Scientific: Singapore, 

2012. 

(7) Kiyanagi, Y.; Sakurai, Y.; Kumada, H.; Tanaka, H. 25th International Conference 

on the Application of Accelerators in Research and Industry (CAARI 2018), 

Grapevine, TX, 12-17 August 2018; AIP Conference Proceedings 2160, 050012 

(2019). Doi:10.1063/1.5127704. 

(8) Herrera, M. S.; González, S. J.; Minsky, D. M.; Kreiner, A. J. Eur. J. Med. Phys. 

2013, 29, 436. 

(9) Suzuki, M. Int. J. Clin. Oncol. 2020, 25, 43. 

(10) Subramanian, C.; Suri, A. K.; Murthy, T. S. R. Ch. BARC Newsletter 2010, 313, 14. 

(11) Pastina, B.; Isabey, J.; Hickel, B. J. Nucl. Mater. 1999, 264, 309. 

(12) Koike, M.; Tachikawa, E.; Matsui, T. J. Nucl. Sci. Technol. 1969, 6, 163. 

(13) Cohen, P. Water Coolant Technology of Power Reactors; American Nuclear 

Society: La Grange Park, IL, 1980. 



 

 102 

(14) Takagi, J.; Mincher, B. J.; Yamaguchi, M.; Katsumura, Y. In Charged Particle and 

Photon Interactions with Water: Recent Advances, Applications, and Interfaces; 

Hatano, Y., Katsumura, Y., Mozumder, A., Eds.; Taylor and Francis Group: Boca 

Raton, FL, 2011; pp. 959–1023. 

(15) The yield of H2O2 is a strong function of the LET.  Increase of the LET increases 

the molecular yields of H2O2 and O2 (thermal decay of H2O2 to O2), in quantities 

that could exacerbate degradation of materials. 

(16) Pucheault, J.; Lefort, M.; Haïssinsky, M. J. Chim. Phys. 1952, 49, 286. 

(17) Hart, E. J.; McDonell, W. R.; Gordon, S. Proceedings of the International 

Conference on the Peaceful Uses of Atomic Energy, Geneva, 8-20 August 1955; 

P/839; United Nations: New York, 1956; vol. 7, p. 593. 

(18) McCracken, D. R.; Tsang, K. T.; Laughton, P. J. Aspects of the Physics and 

Chemistry of Water Radiolysis by Fast Neutrons and Fast Electrons in Nuclear 

Reactors; Report AECL-11895; Atomic Energy of Canada Limited: Chalk River, 

ON, 1998. 

(19) Monterrosa, A.; Iyengar, A.; Huynh, A.; Madaan, C. Boron Use and Control in 

PWRs and FHRs; Report UCBTH-12-007; Dept. of Nuclear Engineering, 

University of California: Berkeley, CA, 2012. 

(20) Mirsaleh Kohan, L.; Sanguanmith, S.; Meesungnoen, J.; Causey, P.; Stuart, C. R.; 

Jay-Gerin, J.-P. RSC Adv. 2013, 3, 19282. 

(21) G(X) is the number of a chemical species X that is formed, or destroyed, per 100 

eV of energy absorbed by the system; note that in this paper yields are given in units 

of molecules per 100 eV of radiation energy absorbed.  For conversion into SI units 

(mol/J), 1 molecule per 100 eV = 0.10364 μmol/J. 

(22) Spinks, J. W. T.; Woods, R. J. An Introduction to Radiation Chemistry, 3rd ed.; 

Wiley: New York, NY, 1990. 

(23) Ferradini, C.; Jay-Gerin, J.-P. Can. J. Chem. 1999, 77, 1542. 



 

 103 

(24) Meesungnoen, J.; Jay-Gerin, J.-P. In Charged Particle and Photon Interactions with 

Matter: Recent Advances, Applications, and Interfaces; Hatano, Y., Katsumura, Y., 

Mozumder, A., Eds.; Taylor and Francis: Boca Raton, FL, 2011; pp. 355-400. 

(25) Ferradini, C.; Jay-Gerin, J.-P. Radiat. Phys. Chem. 1998, 51, 263. 

(26) Collisions at large-impact parameters (low-LET radiation) produce only singly 

ionized (and electronically excited) molecules.  As the impact parameter becomes 

smaller (high-LET radiation), direct multiple ionization of the target’s outer (loosely 

bound) electron shells in a “single act” can occur with appreciable probabilities.  

The consequences of direct multiple outer-shell ionization with two (or more) 

outgoing electrons in the final state have not often been considered in the models of 

radiation chemistry and biology. 

(27) Meesungnoen, J.; Filali-Mouhim, A.; Snitwongse Na Ayudhya, N.; Mankhetkorn, 

S.; Jay-Gerin, J.-P. Chem. Phys. Lett. 2003, 377, 419. 

(28) Meesungnoen, J.; Jay-Gerin, J.-P. J. Phys. Chem. A 2005, 109, 6406. 

(29) Gervais, B.; Beuve, M.; Olivera, G. H.; Galassi, M. E.; Rivarola, R. D.; Chem. Phys. 

Lett. 2005, 410, 330. 

(30) Meesungnoen, J.; Jay-Gerin, J.-P. Radiat. Res. 2009, 171, 379. 

(31) Zakaria, A. M.; Colangelo, N. W.; Meesungnoen, J.; Azzam, E. I.; Plourde, M.-É.; 

Jay-Gerin, J.-P. Radiat. Res. In press. DOI: 10.1667/RADE-19-00015.1 

(32) McDonell, W. R.; Hart, E. J. J. Am. Chem. Soc. 1954, 76, 2121. 

(33) Schuler, R. H.; Barr, N. F. J. Am. Chem. Soc. 1956, 78, 5756. 

(34) Schuler, R. H. Radiat. Res. 1958, 8, 388. 

(35) Miller, N. Radiat. Res. 1958, 9, 633. 

(36) Sigli, P.; Pucheault, J. J. Chim. Phys. 1973, 70, 717. 

(37) Fricke, H.; Hart, E. J. In Radiation Dosimetry, 2nd ed.; Attix, F. H., Roesch, W. C., 

Eds.; Academic Press: New York, NY, 1966; Vol. II, pp. 167–239. 

(38) Fricke, H.; Morse, S. Am. J. Roentgenol. Radium Ther. Nucl. Med. 1927, 18, 430. 



 

 104 

(39) Fricke, H.; Morse, S. Philos. Mag. J. Sci., 7th Ser., 1929, 7, 129. 

(40) The Dosimetry of Pulsed Radiation; ICRU Report No. 34; International 

Commission on Radiation Units and Measurements: Bethesda, MD, 1982. 

(41) Klassen, N. V.; Shortt, K. R.; Seuntjens, J.; Ross, C. K. Phys. Med. Biol. 1999, 44, 

1609. 

(42) McEwen, M.; El Gamal, I.; Mainegra-Hing, E.; Cojocaru, C. Determination of the 

Radiation Chemical Yield (G) for the Fricke Chemical Dosimetry System in Photon 

and Electron Beams; Report NRC-PIRS-1980; National Research Council Canada: 

Ottawa, ON, 2014. 

(43) Note that, for solutions of 0.4 M in H2SO4, there is a small proportion of •OH radicals 

that react with HSO4
- ions to form the sulfate radical SO4•-.  However, this does not 

affect the overall ferric ion yield G(Fe3+) since each SO4•- (or its protonated form 

HSO4•) oxidizes one Fe2+ to Fe3+ (ref. 22). 

(44) Allen, A. O. The Radiation Chemistry of Water and Aqueous Solutions. D. Van 

Nostrand Co.: Princeton, N.J., 1961. 

(45) Tippayamontri, T.; Sunuchakan, S.; Meesungnoen, J.; Sunaryo, G. R.; Jay-Gerin, 

J.-P. Recent Res. Dev. Phys. Chem. 2009, 10, 143. 

(46) Sepúlveda, E.; Sanguanmith, S.; Meesungnoen, J.; Jay-Gerin, J.-P. Can. J. Chem. 

2019, 97, 100. 

(47) LaVerne, J. A. Radiat. Res. 2000, 153, 487. 

(48) Freeman, G. R. In The Study of Fast Processes and Transient Species by Electron 

Pulse Radiolysis: Proceedings of the NATO Advanced Study Institute held at Capri, 

Italy, 7-18 September, 1981; Baxendale, J. H., Busi, F., Eds.; D. Reidel Publishing: 

Dordrecht, Netherlands, 1982; pp. 19–34. 

(49) Barr, N. F.; Schuler, R. H. J. Phys. Chem. 1959, 63, 808. 

(50) Meesat, R.; Sanguanmith, S.; Meesungnoen, J.; Lepage, M.; Khalil, A.; Jay-Gerin, 

J.-P. Radiat. Res. 2012, 177, 813. 



 

 105 

(51) Meesungnoen, J. Ph.D. Thesis, Université de Sherbrooke, Sherbrooke, QC, 2007. 

(52) Platzman, R. L. In Symposium on Radiobiology. The Basic Aspects of Radiation 

Effects on Living Systems; Nickson, J. J., Ed.; Wiley: New York, NY, 1952; pp. 97–

116. 

(53) Tachiya, M. Radiat. Phys. Chem. 1983, 21, 167. 

(54) Pimblott, S. M.; Pilling, M. J.; Green, N. J. B. Radiat. Phys. Chem. 1991, 37, 377. 

(55) Frongillo, Y.; Goulet, T.; Fraser, M.-J.; Cobut, V.; Patau, J. P.; Jay-Gerin, J.-P. 

Radiat. Phys. Chem. 1998, 51, 245. 

(56) Goulet, T.; Fraser, M.-J.; Frongillo, Y.; Jay-Gerin, J.-P. Radiat. Phys. Chem. 1998, 

51, 85. 

(57) Plante, I. Ph.D. Thesis, Université de Sherbrooke, Sherbrooke, QC, 2009. 

(58) Bĕgusová, M.; Pimblott, S. M. Radiat. Prot. Dosim. 2002, 99, 73. 

(59) Ziegler, J. F.; Bierdack, J. P.; Ziegler, M. D. SRIM – The Stopping and Range of 

Ions in Matter; SRIM Co.: Chester, MD, 2015. 

(60) Autsavapromporn, N.; Meesungnoen, J.; Plante, I.; Jay-Gerin, J.-P. Can. J. Chem. 

2007, 85, 214. 

(61) Sanguanmith, S.; Muroya, Y.; Tippayamontri, T.; Meesungnoen, J.; Lin, M.; 

Katsumura, Y.; Jay-Gerin, J.-P. Phys. Chem. Chem. Phys. 2011, 13, 10690. 

(62) Elliot, A. J.; Bartels, D. M. The Reaction Set, Rate Constants and g-Values for the 

Simulation of the Radiolysis of Light Water over the Range 20° to 350 °C Based on 

Information Available in 2008; Report AECL No. 153-127160-450-001; Atomic 

Energy of Canada Ltd.: Chalk River, ON, 2009. 

(63) Weston, R. E., Jr.; Schwarz, H. A. Chemical Kinetics; Prentice-Hall: Englewood 

Cliffs, NJ, 1972. 

(64) Hervé du Penhoat, M.-A.; Goulet, T.; Frongillo, Y.; Fraser, M.-J.; Bernat, Ph.; Jay-

Gerin, J.-P. J. Phys. Chem. A 2000, 104, 11757. 



 

 106 

(65) Meesungnoen, J.; Jay-Gerin, J.-P.; Filali-Mouhim, A.; Mankhetkorn, S. Radiat. Res. 

2002, 158, 657. 

(66) Schuler, R. H.; Allen, A. O. J. Am. Chem. Soc. 1957, 79, 1565. 

(67) Lefort, M. C. R. Acad. Sci. Paris 1957, 245, 1623. 

(68) Anderson, A. R.; Hart, E. J. Radiat. Res. 1961, 14, 689. 

(69) Matsui, M.; Seki, H.; Karasawa, T.; Imamura, M. J. Nucl. Sci. Technol. 1970, 7, 97. 

(70) Sauer, M. C., Jr.; Hart, E. J.; Naleway, C. A.; Jonah, C. D.; Schmidt, K. H. J. Phys. 

Chem. 1978, 82, 2246. 

(71) LaVerne, J. A.; Schuler, R. H. J. Phys. Chem. 1987, 91, 5770. 

(72) Crumière, F.; Vendenborre, J.; Blain, G.; Haddad, F.; Fattahi, M. Radiochim. Acta 

2017, 105, 487. 

(73) Haybittle, J. L.; Saunders, R. D.; Swallow, A. J. J. Chem. Phys. 1956, 25, 1213. 

(74) Lefort, M. J. Chim. Phys. 1957, 54, 782. 

(75) Gevantman, L. H.; Pestaner, J. F. J. Chem. Phys. 1959, 31, 1140. 

(76) Fregene, A. O. Radiat. Res. 1967, 31, 256. 

(77) Hoshi, M.; Uehara, S.; Yamamoto, O.; Sawada, S.; Asao, T.; Kobayashi, K.; 

Maezawa, H.; Furusawa, Y.; Hieda, K.; Yamada, T. Int. J. Radiat. Biol. 1992, 61, 

21. 

(78) Law, J. Phys. Med. Biol. 1969, 14, 607. 

(79) Barr, N. F.; Schuler, R. H. Radiat. Res. 1957, 7, 302. 

(80) Lefort, M. Annu. Rev. Phys. Chem. 1958, 9, 123. 

(81) Pucheault, J.; Sigli, P. Int. J. Radiat. Phys. Chem. 1976, 8, 613. 

(82) LaVerne, J. A.; Schuler, R. H.; Burns, W. G. J. Phys. Chem. 1986, 90, 3238. 

(83) Christensen, H. Fundamental Aspects of Water Coolant Radiolysis; SKI Report 

2006:16; Swedish Nuclear Power Inspectorate: Stockholm, Sweden, 2006. 

(84) Keene, J. P. Radiat. Res. 1964, 22, 14. 
 



 

 107 

Table 1.  

Main reactions for ferric ion production in the radiolysis of the Fricke dosimeter, 

under aerated conditions. The rate constants given here for the reactions between ions 

are in the limit of infinite dilution, i.e., not corrected for the effects of the ionic 

strength of the solutions. Note that some H• atoms can also react directly with Fe2+ 

(reaction R8). This reaction is important when no oxygen is present initially. In 

aerated solutions at 25 °C and a Fe2+ ion concentration of 1 mM, however, the 

contribution of this reaction to the formation of Fe3+ is small and may be neglected.  

 

(R1)    e−
aq + H+ → H•     k1 = 2.1 × 1010 M-1 s-1  

pKa(H•/e−
aq) = 9.59  

(R2)    H• + O2 → HO2
•     k2 = 1.3 × 1010 M-1 s-1  

(R3)    •OH + Fe2+ → Fe3+ + OH−    k3 = 3.4 × 108 M-1 s-1 

(R4)    OH− + H+ → H2O     k4 = 5.97 × 1010 M-1 s-1  

pKa(H2O/OH−) = 13.999  

(R5)    HO2
• + Fe2+ → Fe3+ + HO2

−    k5 = 7.9 × 105 M-1 s-1  

(R6)    HO2
− + H+ → H2O2     k6 = 5 × 1010 M-1 s-1  

pKa(H2O2/HO2
−) = 11.62 

(R7)    H2O2 + Fe2+ → Fe3+ + •OH + OH−   k7 = 52 M-1 s-1  

     H+  
(R8)    H• + Fe2+ → Fe3+ + H2    k8 = 1.3 × 107 M-1 s-1  

(R9)    •OH + HSO4
− → H2O + SO4

•−   k9 = 1.5 × 105 M-1 s-1  

(R10)    SO4
•− + Fe2+ → Fe3+ + SO4

2−    k10 = 9.9 × 108 M-1 s-1  
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Figure captions 

Figure 1:  

Schematic of the nuclear fission reaction resulting from the low-energy (<0.5 eV) 

thermal neutron capture by a 10B atom. After absorption, 93.9% of the  reactions 

lead to the emission of two high-LET heavy ions, a 1.47 MeV α-particle and  a 

0.84 MeV 7Li3+ ion, and a γ-ray of 478 keV (resulting from the de-excitation of 

the  first excited state of the 7Li ion). In liquid water, the mean penetration ranges 

of the He and Li ions are ~8.4 and 4.6 μm, respectively. Note that the two recoil 

ions are emitted in opposite directions (i.e., at an angle of 180°), away from the 

site of the compound nucleus, thereby forming one straight track. Adapted from 

ref. 5.  

 
Figure 2:  

Plot of the ferric ion yield G(Fe3+) (in molecules per 100 eV) from the radiolysis 

of air-saturated Fricke solutions (1 mM FeSO4 in aqueous 0.4 M H2SO4) as a 

function of LET in the range of ~0.2–220 keV/μm at 25 °C. The blue solid line 

shows the values of G(Fe3+) obtained from our Monte Carlo simulations (at ~200 

s after ionization) using irradiating helium ions of various initial energies and 

incorporating multiple ionization (MI) of water. The black dashed line corresponds 

to the same calculations but without including the MI mechanism. Experimental 

data for irradiating helium ions are shown by open symbols: , McDonell and 

Hart;32 ,  Schuler and Barr;33 , Barr and Schuler;49 , Schuler and Allen;66 , 

Lefort;67 ,  Anderson and Hart;68 , Matsui et al.;69 , Sauer et al.;70 , 

LaVerne and Schuler;71  , Crumière et al.72 For completeness, experimental 

G(Fe3+) values determined at  low LET (<10 keV/μm) for a number of radiations 

of a wide range of energy are also  shown in the figure: , Klassen et al.41 and 

McEwen et al.;42 , Haybittle et al.;73 ,  Lefort;74 , Gevantman and Pestaner;75 

, Fregene;76 , Hoshi et al.77 The yield  determined by Schuler and Barr33 for 

the oxidation of ferrous ion of 4.22 ± 0.08  molecules/100 eV for the α and Li 

recoils of the 10B(n,α)7Li reaction is also included in the figure (). The “dose-

average” LET values used here for the various types of radiation and energies 

considered are taken from Watt.4 Finally, the arrow on the left  in the figure and 
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the thin horizontal dashed line show the value (15.5 ± 0.2 molecules/100 eV) of 

the yield of the aerated Fricke dosimeter for 60Co γ-rays or fast electrons.40  

 
Figure 3:  

Temporal dependence of the yields of (a) e−
aq, (b) H•, (c) •OH, (d) H2, (e) H2O2, 

and (f) HO2
• (in molecules per 100 eV) of the 10B(n,α)7Li radiolysis of  deaerated 

0.4 M H2SO4 aqueous solutions (pH 0.46) at 25 °C in the interval ~1 ps–10 μs. 

The solid lines represent the results of our Monte Carlo track chemistry 

simulations, which incorporate the mechanism of multiple ionization of water. The 

dashed lines correspond to the same calculations but without including MI.  

Experimental yields: , Barr and Schuler49,79 (see also Lefort80); , Pucheault and  

Sigli36,81; and , LaVerne et al.71,82 Note that these yield values are all positioned 

at ~1 μs following ionization, assuming that this timepoint corresponds to the 

yields of the primary species which escape from the tracks into the bulk of the 

solution.  

 
Figure 4:  

Time dependence of the extents ΔG(H2) (panel A) and ΔG(H2O2) (panel B) (in 

molecules per 100 eV) of the different reactions that contribute to the formation 

and decay of H2 and H2O2, calculated from our Monte Carlo simulations of the 
10B(n,α)7Li radiolysis of deaerated 0.4 M H2SO4 aqueous solutions, in the interval 

1 ps–10 μs: (a) without including the mechanism of multiple ionization of water, 

and  (b) when MI is incorporated in the simulations. In panel B, the reactions noted 

r1 and r2 correspond to OH− + H2O2 → HO2
− + H2O and e−

aq + H2O2 → OH− + 
•OH, respectively. Note that reactions with very small contributions to the yields 

of H2 or H2O2 are omitted from the figure for clarity.  

 
Figure 5:  

Yields (in molecules per 100 eV) of radical and molecular products of the 

radiolysis of deaerated 0.4 M H2SO4 aqueous solutions induced by the recoil ions 

of the nuclear reaction 10B(n,α)7Li as a function of temperature in the range of 25–

300 °C: (a) G(H•), (b) G(•OH), (c) G(H2), and (d) G(H2O2). The solid lines 
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represent the results of our simulations which include the mechanism of multiple 

ionization of water, obtained at 1 μs after the initial energy deposition. For 

comparison, the dashed lines correspond to the same calculations but without 

including MI (see Islam et al.5). Experimental yields (at 25 °C) are represented by 

the same symbols (, , and ) as in Fig. 3.  

 
Figure 6:  

Time evolution of G(Fe3+) (in molecules per 100 eV) from our Monte Carlo 

simulations of the 10B(n,α)7Li radiolysis of aerated (A) and deaerated (B) Fricke 

dosimeter solutions containing 1 mM FeSO4 in aqueous 0.4 M H2SO4 at three 

different temperatures (indicated to the right of the figure): 25 °C (black lines), 

200 °C (blue lines), and 350 °C (red lines). The solid lines represent the results of 

our simulations, which include the mechanism of multiple ionization of water. For 

comparison, the dashed lines correspond to the same calculations but without 

including MI. The temporal evolution of G(Fe3+) was followed to ~200 s. The 

concentration of dissolved oxygen used in the simulations of panel A is 2.5 × 10-4 

M.  

 
Figure 7:  

Time dependence of the extents ΔG(Fe3+) (in molecules per 100 eV) of  the 

different reactions that contribute to the formation of ferric ions, calculated from  

our Monte Carlo simulations of the 10B(n,α)7Li radiolysis of deaerated 0.4 M 

H2SO4 aqueous solutions at 25 °C, in the interval 1 ps–200 s, including the 

mechanism of multiple ionization of water. The sum of the contributions of each 

of the reactions R3, R5, R7, and R10 involved in the formation of Fe3+ (i.e., 1.75, 

0.57, 2.04 and 0.30 molecules per 100 eV, respectively) is equal to 4.66 molecules 

per 100 eV, which  corresponds very exactly to our calculated value of G(Fe3+) at 

~200 s at 25 °C (black solid curve in Fig. 6A).  

 
Figure 8:  

Variation of ferric ion yield (in molecules per 100 eV) from our Monte  Carlo track 

chemistry simulations (at ~200 s following ionization) of the 10B(n,α)7Li  
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radiolysis of aerated (A) and deaerated (B) Fricke dosimeter solutions containing 

1 mM FeSO4 in aqueous 0.4 M H2SO4. The solid lines represent the results of our 

simulations which include the mechanism of multiple ionization of water. For  

comparison, the dashed lines correspond to the same calculations but without  

including MI. Experimental yields (at 25 °C): , Barr and Schuler49,79 (see also  

Schuler34 and Lefort80); , McDonell and Hart32; and , LaVerne et al.71,82 Note 

that  there is no experimental data available at elevated temperatures with which 

to compare our results. The concentration of dissolved oxygen used in the 

simulations of panel A is 2.5 × 10-4 M.  
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FIG. 1 
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FIG. 2 
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FIG. 3 
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FIG. 3 (Continued) 
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FIG. 4 
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FIG. 5 
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FIG. 6 
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FIG. 7 

 
10B(n,)7Li recoil ion irradiation of the Fricke dosimeter 
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FIG. 8 

 
10B(n,)7Li recoil ion irradiation of the Fricke dosimeter 
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6. DISCUSSION 
 
6.1 FLASH-RT: Oxygen depletion hypothesis and mechanism  

 
Despite mounting evidence of normal tissue sparing by ultra-high dose rate (FLASH) 

irradiation, the exact mechanism of action is still unclear. The current theory gaining the most 

ground suggests that the differential response between FLASH-RT and conventional 

radiation delivery (CONV-RT) may be due to the depletion of oxygen by the radiolytically 

produced e−aq and H• atoms (Wilson et al., 2012; Durante et al., 2018; Smyth et al., 2018; 

Pratx and Kapp, 2019; Vozenin et al., 2019; Wilson et al., 2020; Adrian et al., 2020) (Fig. 

6.1). In terms of the FLASH irradiation, the “oxygen depletion hypothesis” suggests that, in 

the short time of exposure, oxygen is depleted (consumed) faster than reoxygenation can 

occur, leading to a transient state of radiation-induced hypoxia, and therefore radioresistance 

and protection of the normal tissues (Fig. 6.2). Several researchers have also suggested that 

the FLASH effect might be due to a modified inflammatory/immune response (the so-called 

“immune hypothesis”) (Durante et al.,  2018; Rama et al., 2019; Girdhani et al., 2019; 

Bourhis et al., 2019) at ultra-high dose rates. 

 

 
Figure 6.1: Water radiolysis results in formation of free radicals, such as e−aq and H•, that 

subsequently react with oxygen to yield the superoxide anion radical (O2
•−) and its protonated 

form (HO2
•). 
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Modeling the cell as pure, oxygenated water (Wardman, 2020), our group (Alanazi et 

al., 2020a) developed an irradiation model to test the proposed oxygen depletion 

(consumption) hypothesis under FLASH conditions (see Sects. 3.1.3 and 3.1.4). In the case 

of aerated water radiolysis by instantaneous pulses of N 300-MeV incident protons (LET ~ 

0.3 keV/m) at 25 °C, this model was used to calculate the yield and the corresponding 

concentration of oxygen consumed in the irradiated solution as a function of N (i.e., the dose 

rate). Remarkably, this concentration [–O2] was shown to increase substantially with 

increasing dose rate in the time window ~1 ns–10 s, with a very pronounced maximum 

around 0.2 s [note that the simulations were done assuming a concentration of dissolved 

oxygen of ~0.25 mM (air-saturated water)]. In contrast, this maximum was almost absent for 

low dose rates.  This result, obtained on a purely water radiation chemistry basis, is in strong 

support with the hypothesis that the normal tissue-sparing effect of FLASH stems from 

temporary hypoxia due to oxygen depletion induced by high dose-rate irradiation. 

Alanazi et al. (2020a) also found a perfect correspondence between the maximum of 

[–O2], i.e., the consumption of O2, and the occurrence of the reactions of dissolved O2 with 

e−aq and H• atoms (Fig. 6.1): 

e−aq + O2 → O2
•− k = 2.3  1010 M-1 s-1              (6.1) 

H• + O2 → HO2
• , k = 1.3  1010 M-1 s-1              (6.2) 

where the superoxide anion radical O2
•− exists in a pH-dependent equilibrium with its 

conjugate acid, the hydroperoxyl radical HO2
• [pKa(HO2

•/ O2
•−) ≈ 4.8 at 25 °C]. 

It is interesting to examine whether these hypoxic conditions observed at FLASH 

dose rates in air-saturated water can be translated to normal cells or tissue for which the O2 

concentration is typically of the order of 10-5 M.  This can be achieved by calculating the 

reciprocal of the “scavenging power” for the reactions of O2 with e−aq and H• (defined as the 

product k[O2] in units of s-1 of the oxygen concentration [O2] and the rate constant k for these 

two reactions) at ambient temperature (Spinks and Woods, 1990): 

 2

1
Ok

 =


.                  (6.3) 
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For 10-5 M oxygen, Eq. (6.3) gives ~4.3 and 7.7 s for the times at which e−aq and H• are 

scavenged by O2 through reactions (6.1) and (6.2). These estimated scavenging times are 

well in line with the simulation results of Alanazi et al. (2020a) obtained for irradiated air-

saturated water.  They clearly indicate that, for normal tissue as well, oxygen consumption 

occurs on a timescale much shorter than the critical “window” of a few milliseconds that 

corresponds to the FLASH high-dose-rate irradiation. We can therefore conclude from the 

above estimates that oxygen can also be depleted in normally oxygenated tissue exposed to 

FLASH due to its reactions with the hydrated electron and the hydrogen atom, a result 

compatible with the oxygen depletion hypothesis. 

Noteworthy, it has recently been pointed out (Hughes and Parsons, 2020) that the 

oxygen depletion hypothesis mentioned above raises an important question to be considered 

in the event that the FLASH modality is translated clinically.  This is because for tumors that 

contain a heterogeneous population of cells at different oxygen concentrations, the FLASH 

effect may be therapeutically detrimental by actually increasing radioresistance. 

The maximum consumption of O2 by e−aq and H• obviously corresponds to a 

maximum in the formation of the HO2
•/O2

•− radicals, which is observed around the 

microsecond. In an aerobic cellular environment at physiologic pH, the major species at 

homogeneity are O2
•−, •OH and H2O2 (Azzam et al., 2012). The chemistry at times longer 

than ~1 s is dominated by secondary reactions of O2
•− with itself (“dismutation” reactions 

catalyzed by the enzyme superoxide dismutase SOD) to give hydrogen peroxide and oxygen 

(Bielski et al., 1985; Spinks and Woods, 1990; Gray and Carmichael, 1992; Jay-Gerin and 

Ferradini, 2000) 

     SOD 
O2

•− + O2
•− + 2H+  →  H2O2 + O2  k ≈ 4  109 M-1 s-1            (6.4) 

or with •OH radicals to give oxygen alone (Table 3.1) 

 O2
•− + •OH → O2 + OH− k = 1.1  1010 M-1 s-1                      (6.5) 

These interradical reactions thus partially re-supply O2 in the cells as well as produce H2O2. 

Organic radicals (R•) are also formed under FLASH irradiation, most often by H-

abstraction reactions (e.g., initiated by •OH radicals).  These carbon-centered radicals usually 

react rapidly with O2 to give peroxyl radicals ROO•, which can abstract H• from other 
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molecule to form hydroperoxides (ROOH), a reaction known to be involved in lipid 

peroxidation (Azzam et al., 2012; Halliwell and Gutteridge, 2015). Interestingly, Spitz et al. 

(2019) hypothesized that most of the oxygen consumed in FLASH irradiated tissue would 

result from lipid peroxidation rather than e−aq/H•, chain reactions amplifying oxygen 

consumption. According to these authors, normal tissues, which have lower pro-oxidant 

burdens during normal redox metabolism (relative to cancer cells), would be expected to be 

able to remove organic peroxides more effectively, compared to tumor tissues. These 

differences between the decay rates of ROOH produced in normal tissue versus tumors could 

therefore explain the differential biological effects of FLASH irradiation observed between 

normal tissue and tumors. Wardman (2020) criticized this hypothesis of lipid peroxidation as 

a modulating factor in FLASH on the basis that the timescale of oxygen depletion by it 

(estimated to ~0.4 s) was much too slow. 

Iron is an important component of biological free-radical oxidation via the Fenton 

reaction. Normal tissues can more easily regulate and sequester endogenous labile iron (Fe2+) 

(Spitz et al., 2019), therefore limiting Fenton-type reactions (Miller et al., 1990; Wardman 

and Candeias, 1996; Qian and Buettner, 1999). On the other hand, tumor cells, relative to 

normal cells, have 2- to 4-fold higher levels of active labile iron at the time of FLASH 

delivery (Torti and Torti, 2011, 2013, 2018; Du et al., 2015; Schoenfeld et al., 2017; 

Pfeifhofer-Obermair et al., 2018; Wang et al., 2019; Jung et al., 2019), greatly increasing 

damaging Fenton-type reactions in tumor tissues. Peroxidation chain reactions and Fenton-

type chain reactions of Fe2+ with ROOH and H2O2 

Fe2+ + ROOH → Fe3+ + RO• + OH−               (6.6) 

Fe2+ + H2O2 → Fe3+ + •OH + OH−               (6.7) 

could greatly magnify free-radical chain reactions in tumor tissues exposed to FLASH-RT 

(relative to normal tissues), leading to significantly higher levels of organic hydroperoxides, 

toxic reactive oxygen species (ROS), and oxidative damage in cancer cells (Labarbe et al., 

2020) compared to normal cells/tissue which could account for the relative normal tissue 

protection seen with ultra-high dose rate radiation. 
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Figure 6.2: Graphical representation of a possible mechanism that might be involved to 

explain the oxygen depletion hypothesis in FLASH. FLASH-RT (right) induces the rapid 

depletion of oxygen, leading – before reoxygenation can occur – to a transient protective 

hypoxia with reduced ROS levels and normal tissue toxicity compared with CONV-RT (left). 

 
Dewey and Boag (1959) first observed the depletion of oxygen in FLASH irradiated 

bacteria over 60 years ago. The possible depletion of a solute in response to high dose-rate 

irradiations has received much attention in radiation chemistry. This happens each time 

replenishment by diffusion is inefficient.  The question of interest here is the timescale of 

oxygen depletion (consumption) versus reoxygenation. Under normal conditions, 

approximately 97% of oxygen is bound to hemoglobin and transported to tissues. Oxygen 

dissociation from hemoglobin is a rapid process that occurs on the timescale of tens of 

milliseconds. However, it takes about 1 second for oxygen to diffuse from the vascular space 

to the irradiated cells located ~100 m away (assuming a value of 2.4  10-9 m2 s-1 for the 

diffusion coefficient of O2; Tippayamontri et al., 2009), effectively preventing oxygen from 

being replenished in these distant regions during the ultrashort FLASH exposure. Since 

FLASH-RT induces the rapid depletion of oxygen and requires more reperfusion time to 

replace irradiated blood, it creates a transient local state of hypoxia in the normal tissues, 

which reduces ROS levels and normal tissue toxicity compared with CONV-RT (Fig. 6.2). 
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6.2 Probability of oxygen depletion: Is it real or not? 

 
Figure 6.3 shows the time profile of G(–O2), the yield of oxygen consumption, as 

obtained from our Monte Carlo simulations of the radiolysis of aerated water by 300 

MeV/nucleon carbon ions at 25 °C, parameterized by a few values of  N (i.e., the dose rate) 

selected as examples. Recall here that in our “instantaneous pulse” model, N represents the 

number of carbon ions per pulse (for details of the calculations, see Sects. 3.1.3 and 3.1.4). 
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Figure 6.3: Time evolution of the yield of oxygen consumption G(–O2) (in molecule per 100 

eV) as obtained from our Monte Carlo simulations of the radiolysis of aerated water by 300-

MeV/nucleon (LET ~ 11 keV/µm) irradiating carbon ions at 25 °C, in the interval ~1 ps–10 

µs.  The values of N chosen to illustrate the dose-rate effects vary from 1 to 75. The 

concentration of dissolved O2 used in the calculations is 250 µM. 

As expected, G(–O2) remains zero at early times [O2 is not a primary species of low-

LET water radiolysis (Spinks and Woods, 1990)] until dissolved O2 begins to react with e−aq 

and H• via reactions (6.1) and (6.2). In this case, G(–O2) increases rapidly, regardless of the 

dose rate. As shown in the figure, G(–O2) reaches a maximum around the microsecond 

timescale (when all e−aq and H• have been scavenged), and then decreases slowly for all 

values of N. For comparison, for the radiolysis of deaerated water (i.e., in the absence of 

dissolved oxygen), reactions (1) and (2) are obviously not possible and G(–O2) is zero on the 
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time range considered (dashed line in Fig. 6.3). The decrease in G(–O2) at times longer than 

~1 µs is dominated by secondary reactions of HO2
• and O2

•− with themselves or with •OH 

radicals (see Sect. 6.1 and Fig. 6.4). An important result of Fig. 6.3 is the substantial decrease 

(about 1.3 G-units) in the maximum of G(–O2) as N increases from 1 to 75. This result 

indicates that, as the dose rate increases, the probability of intertrack reactions in the bulk of 

the solution increases, leading to increasing competition between radical-radical reactions 

and radical-solute (O2 in the present case) reactions. In the nonhomogeneous stage of 

radiolysis, an increasing number of e−aq and H• atoms are involved in interradical reactions 

before they even have a chance to react with oxygen (Alanazi et al., 2020a). 

Further insight into the effects of N (i.e., the dose rate) on G(–O2) can be gained by 

examining the unfolding of the various reactions that contribute to the formation or decay of 

oxygen in the carbon ion tracks as they expand by diffusion. For illustration purposes, Fig. 

6.4A and B compares, for N = 10 and N = 75, the temporal profiles of the extents ΔG of the 

main intratrack and intertrack reactions that are involved in the O2 consumption yields, 

respectively. As discussed above, the figure clearly show that 

1) O2 is consumed by reactions (6.1) and (6.2) within the carbon ion tracks, the 

consumption of O2 decreasing when N increases from 10 to 75. 

2) At longer times, reoxygenation occurs mainly through secondary reactions of HO2
• 

and O2
•− with •OH radicals, these reactions being faster than those of HO2

• and O2
•− with 

themselves (Bielski et al., 1985). 
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Figure 6.4: Time dependence of the extents ΔG(–O2) for N = 10 (A) and N = 75 (B) (in 

molecules per 100 eV) of the different reactions that contribute to the formation and decay 

of O2, calculated from our Monte Carlo simulations of the radiolysis of aerated water by 300-

MeV (LET ~ 11 keV/µm) irradiating carbon ions at 25 °C, in the interval ~1 ps–10 μs. The 

concentration of dissolved O2 used in the calculations is 250 µM. 

 

Using our calculated values of G(–O2) reported in Fig. 6.3, we can estimate the 

corresponding concentration of oxygen consumed, [–O2], as a function of time, employing 
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the model briefly described in Sect. 3.1.4. Assuming that the oxygen molecules in the circular 

cylinder considered in Fig. 3.7 with a length of L = 1 m and initial radius Ro = 0.1 m (at 

~10-13 s) are consumed evenly, this concentration (expressed in M) can be derived from 

(Alanazi et al, 2020a) 

 ( ) ( )( )3
2 22

LETO 5.3 10 O
( )

Nt G t
R t

−
 

−     − 
 
 

 ,            (6.8) 

where LET ~ 11 keV/m for 300-MeV/nucleon irradiating carbon ions, G(–O2) is in 

molecules per 100 eV, and 

 ( )
2 2

o 4R t R Dt +                  (6.9) 

represents the change in Ro over time due to the two-dimensional diffuse expansion of the 

tracks. Here, t is the time and D is the diffusion coefficient of the various track species 

involved in our IRT simulations, which typically varies at 25 °C between 2.2  10-9 m2 s-1 

for •OH, 2.3  10-9 m2 s-1 for H2O2, 4.9  10-9 m2 s-1 for e−aq, and 7  10-9 m2 s-1 for H•. 

Figure 6.5 shows the time dependence of [–O2], calculated from Eqs. (6.8) and (6.9) 

for a few values of N selected as examples, using the G(–O2) values obtained from our 

simulations (see Fig. 6.3). As can be seen, [–O2] first increases from the nanosecond to reach 

a maximum around 0.2 s and then decreases towards zero around or slightly larger than 10 

s. This maximum is not very pronounced or even almost absent for values of N < 10. 

However, it increases markedly with increasing dose rate, reaching a value of 5.6 M for N 

= 75, the highest dose rate studied in this work. Though preliminary, these results clearly 

support the various published reports (Durante et al., 2018; Montay-Gruel et al., 2019; Pratx 

and Kapp, 2019; Adrian et al., 2020) that suggest that the normal tissue-sparing effect of 

FLASH stems from temporary hypoxia due to oxygen depletion induced by high dose-rate 

irradiation. 
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Figure 6.5: Variation of the concentration of consumed (depleted) oxygen [–O2] (in µM) as 

a function of time, calculated from Eqs. (6.8) and (6.9) for a few selected values of N, using 

the G(–O2) values obtained from our Monte Carlo simulations of the radiolysis of air-

saturated water by 300-MeV per nucleon (LET ~ 11 keV/µm) irradiating carbon ions at 25 

°C, in the interval ~1 ps–10 µs.  The concentration of dissolved O2 used in the calculations 

is 250 µM. 

 

As discussed previously in Sect. 6.1, secondary reactions of HO2
• and O2

•− such as 

reactions (6.4) and (6.5), are a source of hydrogen peroxide and oxygen. Fig. 6.6 compares 

the time profiles of the yields of H2O2 produced in the radiolysis of aerated and deaerated 

water for different values of N, the number of irradiating carbon ions per pulse. As can be 

seen, an additional production of H2O2 develops in the presence of oxygen at times longer 

than a hundred nanoseconds compared to the normal production of H2O2 in the absence of 

oxygen. This additional production results from the intervention of reactions (6.1) and (6.2) 

and of the subsequent secondary reactions of HO2
• and O2

•−. For irradiated aerated water, Fig. 

6.6 also shows that G(H2O2) increases with increasing dose rate. 
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Figure 6.6: Time evolution of the yield of hydrogen peroxide, G(H2O2), as obtained from 

our Monte Carlo simulations of the radiolysis of aerated (solid lines) and deaerated (dash-dot 

lines) water by 300-MeV/nucleon (LET ~ 11 keV/µm) irradiating carbon ions at 25 °C, in 

the interval ~1 ps–10 µs. The different values of N (1, 5, 10, and 50) illustrate the dose-rate 

effect. The concentration of dissolved O2 used in the calculations is 250 µM. 

 

Figure 6.7 shows the time dependence of the corresponding concentration of 

hydrogen peroxide, [H2O2], calculated for a few selected values of N (i.e., the dose rate), 

using Eqs. (6.8) and (6.9) where G(–O2)(t) was replaced by G(H2O2)(t) obtained from our 

Monte Carlo simulations (see Fig. 6.6).  As can be seen, [H2O2] shows a broad maximum 

around 25 ns, which increases substantially with increasing dose rate. In other words, with 

increasing dose rate, the increase in the H2O2 concentration will greatly magnify Fenton-type 

chain reactions in tumor tissues exposed to FLASH-RT (relatively to normal tissue, which 

can more effectively regulate endogenous levels of labile Fe), therefore leading to higher 

levels of organic hydroperoxides and oxidative damage in cancer cells. 
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Figure 6.7: Time dependence of the concentration of hydrogen peroxide [H2O2] (in µM) for 

a few selected values of N, the number of incident carbon ions per pulse, calculated from 

Eqs. (6.8) and (6.9) using the G(H2O2) values obtained from our Monte Carlo simulations of 

the radiolysis of aerated water by 300-MeV/nucleon (LET ~ 11 keV/µm) irradiating carbon 

ions at 25 °C, in the interval ~1 ps–10 µs (see text).  The concentration of dissolved O2 used 

in the calculations is 250 µM.
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7. CONCLUSION 
 

The better development of radiation therapy modalities with heavy ions requires 

comprehensive research and proper integration of all possible data accumulated in these 

fields. Radiation chemistry, which is an integral part of any radiation therapy modalities, is 

essential to understanding the mechanisms that could ensure the treatment modalities' 

efficacy and safety. 

In a first study, we successfully used Monte Carlo track chemistry simulations to 

investigate the effects of multiple ionization (MI) of water in the high-LET radiolysis of 

water by irradiating carbon ions. We found, in particular, that ultra-high-dose-rate carbon 

ions increasingly generate an oxygenated microenvironment towards the end of their 

trajectory at the Bragg peak, which is located within the tumor in clinical radiotherapy with 

heavy ions. This study highlights the potential biological impact of nascent oxygen formation 

associated with heavy ions at ultra-high dose rates. This is of particular importance in order 

to better assess the clinical potential of FLASH-RT – a promising new method that damages 

the tumor while protecting normal tissue – with heavy ions. As mentioned above, this finding 

indicates increased cell killing potential with carbon ions. 

In a second study, we used Monte Carlo track chemistry simulations to investigate 

the effects of MI of water on the yields of the 10B(n,α)7Li radiolysis of the aqueous ferrous 

sulfate (Fricke) dosimeter at temperatures between 25 and 350 °C. Compared to data obtained 

for low-LET radiation (such as 60Co γ-rays or fast electrons), our calculated Fricke yield 

values were much lower at room  temperature, which reflects the high-LET character of the 

low-energy, densely  ionizing α and Li ion recoils (LET of about 210 keV/μm). Most 

interestingly, complete agreement between our simulation results and existing experimental 

data of G(Fe3+) in aerated and deaerated solutions at 25 °C was only found when the multiple 

ionization of water was included in simulations. Simulations without considering the MI 

mechanism led to substantially higher G(Fe3+) values. We also simulated the effects of 

multiple ionization of water on the G-values for the primary species of the radiolysis of 

deaerated 0.4 M H2SO4 aqueous solutions by the recoil α and Li ion of the 10B(n,α)7Li 

reaction. As with the Fricke dosimeter, the best agreement between experiment and 

simulation was found at room temperature when multiple ionization of water was included 
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in the simulations. This strongly supports the validity of the model used in this study and thus 

the importance of the role of MI of water molecules in high-LET radiolysis of water. In 

addition, G(Fe3+) was shown to decrease slightly as a function of temperature up to 350 °C. 

However, there was no experimental data available at elevated temperatures with which to 

compare our results.  

Finally, we extended our previous carbon-ion study to investigate the “oxygen 

depletion” hypothesis as a possible mechanism underlying FLASH-RT. Based on pure 

radiation chemistry of water and using the “instantaneous pulse model”, we found a 

substantial increase in the concentration of consumed (or depleted) oxygen as a function of 

the dose rate. This result agrees with the proposed hypothesis that the normal tissue-sparing 

effect of FLASH-RT stems from temporary hypoxia due to oxygen depletion induced 

precisely by high dose-rate irradiation. 

Taken together, our results suggest that using energetic carbon ions FLASH-RT can 

achieve an even better therapeutic ratio in the tumor, increasing cell-killing efficacy while 

simultaneously protecting normal tissue. In the context of carbon ion therapy, it is now 

necessary to test these hypotheses experimentally (in vitro and in vivo experiments performed 

at relevant oxygen tensions, as well as in silico experiments) to determine the early 

physicochemical events at ultra-high dose rates and to validate the underlying mechanisms 

of the remarkable biological effects of FLASH-RT. 
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