
 



Université de Sherbrooke 

 

 

Investigating local track geometry and its effects on water radiolysis using a new 

Monte Carlo method: Calculations of primary yields in relation to spatial 

proximity between ionizing radiation tracks 

Par 

 

Tait Du 

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" 

 

 

Sherbrooke, Québec, Canada 

February 2021 

 

 

Jury 

  

Pr Armand Soldera Examinateur, Département de chimie, Faculté des sciences 

 

 

Pr Richard J. Wagner Examinateur, Département de médecine nucléaire et radiobiologie, 

Faculté de médecine et des sciences de la santé  

 

 

Pr Jean-Paul Jay-Gerin Directeur de recherche, Département de médecine nucléaire et 

radiobiologie, Faculté de médecine et des sciences de la santé 

© Tait Du, 2021  



ii 

 

RÉSUMÉ 

Étude de la géométrie locale des voies et de ses effets sur la radiolyse de l'eau à 

l'aide d'une nouvelle méthode de Monte-Carlo: Calculs des rendements primaires 

en fonction de la proximité spatiale entre les traces de rayonnements ionisants 

Tait Du 

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 ce travail, nous présentons les rendements simulés de diverses espèces radiolytiques résultant 

de traces d'ions incidents simultanés dans des conditions de proximité spatiale. Le code Monte-Carlo 

de la structure des traces de SHERBROOKE a été mis à jour afin de permettre le traitement de 

multiples traces d'ions simultanées à travers les étapes de la radiolyse. En utilisant une proximité 

spatiale variable, les rendements chimiques de deux traces d'ions parallèles et simultanées de TEL 

variable ont été calculés jusqu'à 1 µs. Pour toutes les traces d'ions incidentes, les rendements des 

espèces radicalaires, telles que le radical hydroxyle, sont réduits avec une proximité spatiale 

suffisante tandis que ceux des espèces moléculaires sont augmentés. Les rendements chimiques 

d'une seule trace d'ion à TEL élevé (ion carbone de 60 MeV) et de plusieurs traces à TEL faible (61 

protons de 10 MeV) à faible proximité spatiale ont été simulés jusqu'à 1 ms. Les rendements des 

traces de protons à faible TEL sont étroitement liés à ceux des traces d'ions carbone à TEL élevé, en 

supposant qu'il n'y ait pas d'effets d'ionisations multiples. Les rendements de 9 trajectoires d'ions 

carbone de 1200 MeV ont été simulés avec deux configurations spatiales différentes dans le même 

volume. Avec la même énergie déposée dans le système, les configurations avec un chevauchement 

spatial élevé entre les trajectoires démontrent des rendements radicalaires plus faibles. Les 

rendements de 9 traces d'ions carbone de 1200 MeV, 49 traces de protons de 10 MeV et 676 traces 

de protons de 300 MeV ont été simulés dans le même volume dans le cadre d'un scénario de débit de 

dose élevé et de débit de dose ultra élevé. Avec la même énergie déposée dans le système, les traces 

de protons à faible TEL présentent un effet de proximité spatiale beaucoup plus important que les 

traces d'ions carbone à TEL élevé. Dans le contexte du domaine en pleine expansion des systèmes à 

débit de dose ultra-élevé comme l’ « effet FLASH » en radiothérapie, de tels effets de proximité 

spatiale sur les rendements radiolytiques peuvent avoir des impacts biologiques importants. 

 

Mots-clés: Radiolyse de l'eau, transfert d'énergie linéaire (TEL), simulations Monte-Carlo, 

rendements radicalaires et moléculaires, proximité spatiale des traces d’ion. 
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ABSTRACT 

Investigating local track geometry and its effects on water radiolysis using a new 

Monte Carlo method: Calculations of primary yields in relation to spatial 

proximity between ionizing radiation tracks 

Tait Du 

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 this work we present the simulated yields of various radiolytic species under the 

conditions of simultaneous incident ion tracks being in spatial proximity. With the 

growing field of ultra-high dose rate schemes such as FLASH-RT, there is potential for 

spatial proximity-based effects on radiolytic yields having biological impacts. The 

SHERBROOKE track structure Monte Carlo code was used, and for the purposes of 

this work, have been updated to allow for the processing of multiple simultaneous ion 

tracks through the stages of radiolysis. Using varying spatial proximity, the chemical 

yields of two parallel and simultaneous ion tracks of varying LET have been calculated 

up to 1 microsecond. For all incident ion tracks, yields of radical species such as the 

hydroxyl radical are reduced with sufficient spatial proximity while those of molecular 

species are increased. The chemical yields of singular high LET ion track (60 MeV C6+) 

and multiple low LET tracks (61 10 MeV protons) in close spatial proximity has been 

simulated up to 1 microsecond. The yields of the low LET proton tracks are closely 

related to that of the high LET carbon ion track assuming no multiple ionization effects. 

The yields of 9 1200 MeV C6+ ion tracks have been simulated with two different spatial 

configurations in the same volume. With the same energy deposited in the system, the 

configuration with high spatial overlap between tracks demonstrates lower radical 

yields. The yields of 9 1200 MeV C6+ ion tracks, 49 10 MeV proton tracks, and 676 300 

MeV proton tracks have been simulated in the same volume under a high dose rate and 

ultra high dose rate scenario. With the same energy deposited in the system, the low 

LET proton tracks demonstrated a much stronger spatial proximity effect than the high 

LET carbon ion tracks. 

 

Keywords: Water radiolysis, linear energy transfer (LET), dose rate, Monte Carlo simulations, 

radical and molecular yields, ion track proximity. 
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1. Introduction 

1.1 Radiation and its interaction with matter 

 The term radiation is used to describe the phenomena of energy being emitted 

or transmitted through space or some other media in the form of particles or as waves. 

Described over one hundred years ago in 1895 with the discovery of X-rays by Wilhelm 

Conrad Röntgen, research into the phenomena of radiation and subsequently radioactive 

materials rapidly progressed in the following years with the discovery of the 

radioactivity of uranium by Henri Becquerel and of polonium and radium by Marie 

Curie and Pierre Curie. It quickly became evident with observation of the evolution of 

hydrogen and oxygen from a solution of water and radium salts by Marie Curie and 

André-Louis Debierne in 1901 that the interaction between water and radiation would 

be of high importance. This study of water’s chemistry when exposed to radiation 

would quickly encompass research into what intermediate species are produced and 

their subsequent time-evolution, the possible chemical reactions that can occur between 

those species, as well as the yields of said species. In particular, the invention of more 

sophisticated X-ray machines in the 1930s would be a turning point for the study of the 

interaction of water and radiation, as increased usage of X-rays in medical applications 

led to concerns about the biological impacts of radiation on the human body which is 

primarily composed of water.  

 The advent of the harnessing of nuclear fission in the mid-forties during World 

War II led to an explosive increase in radiochemistry. While some of this was driven via 

the need to convert the energy generated by nuclear fission into a usable form, much of 

the research was driven towards the study and subsequent prevention of undesirable 

effects or damages caused by radiation. With more readily available sources for 

radioisotopes being present, there was also increasing interest into new medical 

treatments utilizing radiation. This need to understand the physical and subsequent 
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chemical processes that ionizing radiation undergoes through the human body are key 

to understanding the future biological impacts. Though ionizing radiation 

fundamentally acts similarly in all mediums, the properties of the medium affect the 

overall chemistry that occurs. For safe usage in biological systems, a number of factors 

must be considered, ranging from the types of species produced and their relevant 

spatial distributions, to the reactions that can occur between said species. (Jonah, 1995). 

Understanding the behavior of simpler systems such as liquid water when exposed to 

radiation is necessary for understanding more complex biological systems, such as 

living cells that are composed primarily of water.  

 Over the course of the last century, the radiation chemistry of water has been 

well established. In the liquid phase of water, interactions with radiation primarily 

produce H•, H2, H
+, eaq

-, H2O2, 
•OH, OH-, and HO2

•. For biological systems, although 

there are instances of “direct” damage incurred via direct absorption of energy from 

ionizing radiation to the various biological constituents of cells which disrupts their 

function, such as in DNA, there are also damages attributable to “indirect” effects. 

Depending on the location of the biological constituent being targeted, the ratio of 

indirect to direct damages is typically 70:30, however for some more concentrated 

macromolecules such as DNA located in the nucleus, this ratio skews more towards 

50:50. These “indirect” effects arise from the radiolytic species produced from the 

water molecules in the cell, which can then undergo chemical reactions with other 

radiolytic species or the biological constituents of the cells themselves. (Azzam et al., 

2012; Muroya et al., 2006; Nathan, 2003; Forman et al., 2004; Veal et al., 2007) An 

example of this would be extremely reactive •OH radicals that can rapidly undergo 

reactions with other radiolytic species in the system to form species such as H2O2 or 

react directly with DNA. Thus, to understand the biological impacts of the radiation 

chemistry of water, the production and subsequent reactions of radiolytic species must 
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be accurately predicted in relation to the ionizing radiation that is used.  

 Naturally, the amount of energy absorbed by the medium from the ionizing 

radiation plays a major role in the radiation chemistry of the system. Typically denoted 

by the gray or Gy (J/kg), the “dose” is the unit used to represent the amount of energy 

the ionizing radiation has deposited in the medium. Luckily for our purposes, dose 

calculations on aqueous solutions comprised mostly of light-weight molecules (i.e. 

water) will closely mimic that of biological tissue. (Stenström and Lohmann, 1933) The 

dose of a particular regime of ionizing radiation can be attributed to a number of factors 

including the linear energy transfer (LET) of the ionizing radiation, the flux of the 

ionizing radiation, and how long the ionizing radiation is applied to the system. 

Naturally, while the overall dose does play a role in the radiation chemistry of the 

system, there is a considerable difference between large doses applied over very long 

time periods and those applied over very short time periods. (Favaudon et al., 2014) In 

particular, we typically denote the “dose rate”, which is the dose applied to the system 

per unit time as Gy/s, or Sv/s, when calculating the dose rate for biological systems. As 

the Earth is inundated with both natural and artificial sources of radiation, there is 

essentially a background dose rate that terrestrial organisms must endure, where cellular 

mechanisms have been developed in order to repair damage caused by ionizing 

radiation or other processes over time to structures like DNA. (von Sonntag, 2006) 

Thus, in order to employ ionizing radiation for the destruction of targeted cells such as 

cancer cells, a sufficiently high dose rate has to be applied to the targeted cells such that 

it overwhelms any sort of repair mechanism. Conventionally, this dose rate is less than 

0.03 Gy/s which is applied over many sessions to allow for the destruction of cancer 

cells while sparing healthy cells that are more capable of repairing themselves between 

sessions compared to cancer cells. (Withers, 1975) 



4 

 

1.2 FLASH overview 

 A new development in radiotherapy has been the use of extremely high dose 

rates such as FLASH-RT, first named by Favaudon et al. in 2014, where the mean dose 

rate can exceed 100 Gy/s. The exact delivery system for FLASH-RT varies depending 

on the delivered radiation type, but we can characterize the ideal delivery as a total dose 

above 10 Gy delivered in a timeframe of less than 0.1 s. (Vozenin et al., 2019a) The 

mean dose rate across pulses is greater than 100 Gy/s, however, dose rates can exceed 

106 Gy/s within pulses of radiation. While the usage of high dose rates has been 

described since the 1960s, (Wilson J.D. et al, 2020) Favaudon et al. recently 

popularized the field with their study on the thoracic irradiation of mice using 

conventional and FLASH dose rates. (Favaudon et al., 2014) In particular, their study 

showed that when a single 17 Gy dose was applied at conventional rates (0.03 Gy/s), 

mice experienced pulmonary fibrosis as early as 8 weeks after irradiation with major 

damages occurring 24 weeks after irradiation, whereas the same dose applied with 

FLASH-RT (>40 Gy/s) resulted in significantly less pulmonary fibrosis even following 

24 weeks after irradiation. It was found that a significantly higher dose of 30 Gy was 

necessary for mice exposed to FLASH-RT to exhibit the same pulmonary fibrosis 

response as conventional radiotherapy. This “sparing” effect on normal tissue by 

FLASH-RT has been exhibited on a number of tissue types in different animal models 

which demonstrates the robustness of the effect. (Vozenin et al., 2019a; Vozenin et al., 

2019b; Girdhani et al., 2019; Montay-Gruel et al., 2017; Montay-Gruel et al., 2019) Of 

course, sparing normal tissue does not mean much for radiotherapy if the tumor 

response to FLASH-RT is also negligible. However, studies using human xenografts 

(breast cancer, head/neck carcinoma) grafted on mice demonstrated that FLASH-RT has 

a similar tumor response as conventional radiotherapy. (Fauvadon et al., 2014) The 

effects of FLASH-RT has been demonstrated using various ionizing radiation, including 
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electrons (Favaudon et al., 2014), X-rays (Montay-Gruel et al., 2018), and protons 

(Girdhani et al., 2019) thus far, with the caveats that the presence of the FLASH effect 

seems to be heavily influenced by the combination of mean dose rate, total dose, 

radiation source, the pulse frequency of the radiation source, or other biological factors. 

(Wilson J.D. et al, 2020; Venkatesulu et al., 2019) While research into the tumor 

response to FLASH-RT is still in its infancy, results from different tissue and animal 

models have been promising.  

 There is a slight issue in that while there has been significant study in how 

FLASH-RT could have clinical benefits, it is still unclear how the FLASH-RT effects 

manifest themselves. FLASH-RT can be postulated to diverge from conventional RT 

from a very early stage of radiolysis, as each dosage of FLASH-RT could be entirely 

deposited within the timeframe of “heterogeneous” chemistry. The most prominent 

explanation thus far for the FLASH effect is the local depletion of oxygen in the 

exposed tissues which generates an extremely short period of hypoxia. (Adrian et al. 

2020) The relationship between oxygen depletion and high dose rates has been explored 

in the past by Dewey and Boag (Dewey and Boag, 1959) who showed that bacteria 

irradiated by ultra-high dose rate radiation had similar survival rates to bacteria in a 

hypoxic environment, as well as having a better survival rate than bacteria exposed to 

conventional dose rates. They proposed that the ultra-high dose rate effectively depleted 

the local oxygen before any oxygen from surrounding tissues could diffuse and 

replenish the oxygen in the irradiated tissue. As healthy tissue typically retains higher 

oxygen concentrations than tumors, the usage of ultra-high dose rates or FLASH to 

deplete the local oxygen is proposed to generate a short period of radioresistance in 

healthy tissue. This “sparing” effect on healthy tissue and its reliance on local oxygen 

concentration has been examined via the irradiation of mouse brains, where it was 

observed that increasing the local oxygen concentration via carbogen breathing 
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nullified the cognitive protection provided by FLASH-RT. (Montay-Gruel et al., 2019) 

In theory this “sparing” effect should also be present for tumors, yet FLASH-RT is still 

shown to maintain similar or better tumor response compared to conventional methods. 

One proposed explanation is that because FLASH-RT essentially instantaneously 

produces large amounts of free radicals, the resulting difference between healthy tissues 

and cancerous tissue in their ability to process said free radicals results in the tumor 

responding more readily to FLASH. (Vozenin et al., 2019; Spitz et al., 2019) The 

lingering free radicals and other reactive species in the tumor then promote oxidative 

injuries or death. Thus, the FLASH effect likely relies on the differential of the removal 

of reactive species generated by radiolysis between healthy tissue and tumor tissue.   

  FLASH-RT still remains in its infancy as the equipment needed to 

demonstrate the FLASH effect is not yet fully developed for the clinical stage. While 

waiting for multimillion-dollar requests for new equipment to be accepted, there are 

other questions about FLASH-RT that need to be answered. Of particular concern is the 

initial radiochemistry that follows shortly after irradiation. FLASH-RT shortens the 

period in which ionization events occur from hundreds or thousands of seconds to a 

fraction of a second, implying that orders of magnitude more ionization events occur 

within a close spatial and temporal proximity compared to conventional radiation 

sources. This should lead to vastly different outcomes in terms of the amounts of the 

various radiolytic species that are generated and their half-lives, as reaction pathways 

that are not as prevalent with conventional dose rates would be more common with the 

density of radiolytic species. As the production of reactive species such as free radicals 

or hydroperoxides is of utmost importance in radiotherapy, being capable of describing 

the early stages of radiolysis following ultra-high dose rates of ionizing radiation is 

necessary for fully understanding the capabilities of FLASH-RT. To this end, we have 

devised modifications to our research group’s existing water radiolysis simulation 
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system to allow for the study of ultra-high dose rates in water radiolysis. 

1.3 LET and track structure 

 When traveling through some medium, ionizing radiation does not 

instantaneously deposit all of its energy into the nearest molecule, but instead loses 

energy via many collisions along its path. Thus to understand the interaction between 

ionizing radiation and the medium it is traveling through, we must account for both the 

total energy deposited into the medium as well as the spatial distribution of energy 

deposition events. A simplified version of this concept known as the “linear energy 

transfer” (LET) or “stopping power” is the measure of how much energy is lost per unit 

path length by an ionizing particle traveling through some medium as demonstrated by 

the following formula:  (Danzker et al., 1959) 

𝐿𝐸𝑇 =
−𝑑𝐸

𝑑𝑥
 (1.1) 

Here dE represents average energy deposited in the vicinity of the particle track 

transferred by the particle traveling a distance dx. (ICRU Report 16, 1970) Typically, 

the LET is reported in units of keV per micrometer (keV/µm). The LET can be 

attributed to both the ionizing radiation used, as well as the medium that it travels 

through. For the ionizing radiation, the contribution to the LET can be attributed to the 

mass or energy of the particle, the charge, as well as the kinetic energy. Properties of the 

medium such as the density and temperature also contribute to the LET.  

 One theory concerning the LET is the Bethe theory of stopping power which 

describes the average energy loss due to electromagnetic interactions between fast 

charged particles and electrons in absorber atoms. (Fano, 1963) For particles that have 

low kinetic energy in comparison to their rest-mass energy, the non-relativistic Bethe 

formula is given by: (Bethe, 1930; Bethe and Ashkin, 1953) 

−𝑑𝐸

𝑑𝑥
= (

1

4𝜋𝜀𝑜
)

2 4𝜋𝑁𝑍2𝑒4

𝑚𝑜𝑉2
ln (

2𝑚𝑜𝑉2

𝐼
) (1.2) 
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where Z is the atomic number of the ion, e is the electron charge, V is the ion velocity, 

mo is the mass of an electron, N is the number of electrons per cubic meter in the 

absorbing medium, and I is the mean of all the ionization and excitation potentials of 

the bound electrons in the medium (e.g. I = 79.7 ± 0.5 eV for liquid water). (Bichsel and 

Hiraoka, 1992) 

 In the Bethe formula, the stopping power or LET is proportional to the square 

of the charge of the ionizing radiation or Z2, as well as its velocity V which is present in 

the numerator and denominator. In particular, we note that the velocity term in the 

numerator is logarithmic, which induces the “Bragg peak” in which the LET of ionizing 

radiation increases as the velocity decreases until a certain point where the LET starts 

decreasing with lowered velocity. (LaVerne, 2000, 2004) 

1.3.1 Track structure in relation to LET 

 The spatial and temporal distribution of individual energy deposition events by 

the primary ionizing radiation as well as the events generated by secondary electrons is 

considered the “track structure”. By understanding the track structure, we are capable of 

identifying the precise spatial and temporal locations of the radiolytic species and free 

radicals that are initially produced during radiolysis, their subsequent interactions with 

both the constituents of the medium, as well as other radiolytic species or free radicals. 

With the passing of time, the tracks also expand as the various produced species diffuse 

throughout the medium at speeds proportional to their diffusion coefficient. (Frongillo 

et al., 1998) As the track structure influences the yields of species that are produced by 

radiolysis, ionizing radiation is typically subdivided into low LET radiation and high 

LET radiation due to their associated track structure.  

1.3.2 Low LET radiation 

Since LET is a measure of the average amount of energy deposited by unit 

length, low LET radiation implies that energy deposition events occur relatively far 
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away from each other. Using a high energy form of radiation such as fast electrons 

generated by X- or γ-rays, the LET of a 1 MeV Compton electron in water is ~0.3 

keV/µm with a track-averaged mean energy loss per collision of ~47-57 eV. (Cobut, 

1993; LaVerne and Pimblott, 1995; Cobut et al., 1998; Kohan et al., 2013) This gives an 

average of ~200 nm separation between energy deposition events, leading towards the 

“spur” theory for low LET track structure; due to the non-homogeneous distribution of 

energy deposition events in the medium, the entire track can be viewed as a collection 

of (spherical) spurs and other spatially localized energy deposition events. (Allen, 1948; 

Magee, 1953; Mozumder and Magee, 1966a,b) In the scenario where a secondary 

electron is ejected from a water molecule following energy deposition into a spur, the 

secondary electron undergoes collisions with the surrounding water molecules as it 

travels through the medium, where it slowly loses excess energy and becomes 

thermalized (~0.025 eV at room temperature) within ~8-12 nm of its geminate positive 

ion. (Goulet et al., 1990, 1996; Pimblott and Mozumder, 2004; Meesungnoen and Jay-

Gerin, 2005a; Uehara and Nikjoo, 2006) This average thermalization distance can be 

considered the “electron thermalization range” or “penetration range” (γth) which may 

be viewed as an estimate of a spur’s initial radius before spur expansion. From this, we 

can infer that spurs generated by low LET radiation are separated enough from each 

other that they do not normally overlap (but they may overlap as time progresses and 

spur expansion occurs).  

 In order to model the energy deposition events that characterize low LET 

radiation, Mozumder and Magee (1966a,b) devised that a low LET track can be 

composed of a random sequence of three types of non-overlapping entities which are 

“spurs”, “blobs”, and “short tracks” as depicted in Figure 1.1. Spurs are considered to 

encompass all track entities created by one or more energy depositions with a combined 

value for the total energy deposition in the track entity being between the lowest 
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excitation energy of water and 100 eV where each spur typically contains one to three 

ion pairs as well as a similar number of excited molecules. (Pimblott and Mozumder, 

1991) Similarly, blobs are considered to be track entities created by energy depositions 

with a combined value between 100-500 eV and short tracks between 500-5000 eV. For 

secondary electrons that undergo lengthy energy deposition events totaling over 5 keV, 

their track through the medium is referred to as a “branch track”, with short tracks and 

branch tracks being collectively referred to as δ-rays. (Islam et al., 2018) 

   

Figure 1.1: Track structure associated with low LET tracks. Track entities are denoted as “spurs” 

(spherical entities up to 100 eV), blobs (spherical or ellipsoidal, 100-500 eV) and short tracks (cylindrical, 

500 eV- 5 keV) for a primary high energy electron (not to scale) (adapted from Burton, 1969). 

While identification of track structure has evolved over the years, this concept of track 

entities aids in visualizing track processes as well as progression of the chemical 

kinetics that occur after irradiation, as the initial spatial arrangement of the radiolytic 

species affects the overall evolution of the chemical kinetics. The distance between 

entities is highly dependent on the energy of the ionizing radiation. (Pimblott et al., 

1990) As described above, low LET radiation allows for the creation of well-isolated 

spurs or other track entities that do not initially overlap. With increasing LET, the 

distance between track entities begins to decrease, until at some point the track entities 

begin to overlap such that instead of the isolated track entity structure, we achieve a 



11 

 

continuous dense column of energy deposition events. This is illustrated in Figure 1.2 

where a proton with 150 keV energy (70 keV/µm) travels through liquid water 

generates a cylindrical track of densely packed energy deposition events while a proton 

with 300 MeV energy (0.3 keV/µm) produces a distinct “spur” track structure.  

 

Figure 1.2: Spatial location of radiolytic species post-energy deposition from the Monte Carlo track 

simulation of 300 MeV protons (A) and 150 keV protons (B) (LET~ 0.4 and 70 keV/µm) incident on 

liquid water at 25 °C. 

1.3.3 High LET radiation 

As mentioned earlier, high LET radiation results in a higher frequency of energy 

deposition events along the track. Given a high enough density of energy deposition 

events along the track, spurs and other track entities will initially contact each other, 

leading to the formation of a cylindrical track of continuous spurs as shown in Figure 

1.3. This cylindrical track has a primary “core” of energy deposition events with a 

surrounding region of “branches” produced via secondary electrons that emerge from 

the core region. (Mozumder et al., 1968; Chatterjee and Schaefer, 1976; Ferradini, 

1979; Magee and Chatterjee, 1980, 1987; Mozumder, 1999; LaVerne, 2000, 2004) 
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Figure 1.3: Track structure and associated primary energy-loss events in high LET tracks. (adapted from 

Ferradini, 1979). 

Due to the proximity of neighboring spurs in this scheme, it is more likely for 

species to come into contact with species produced by other spurs. An example of this  

would be free radicals coming into contact with other free radicals which increases the 

production of molecular products. In water, spurs in low LET tracks are sufficiently far 

apart that free radicals from different spurs are not likely to react with each other, thus 

increasing free radical yields. It has been observed that low LET radiation favors the 

yields of free radicals such as •OH, H•, and e-
aq while high LET radiation instead 

promotes the production of H2 and H2O2.  (Anderson and Hart, 1961; Islam et al., 2017; 

Swiatla-Wojcik and Buxton, 1998) 

High LET radiation can have different track structure behavior even if they 

have the same value for the LET. Monte Carlo simulations from our lab have been used 

to calculate track segments with the same LET for differing incident ions as shown in  
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Figure 1.4: Spatial location of radiolytic species post-energy deposition from the Monte Carlo track 

simulation of 150 keV protons (A), 7 MeV alpha particles (B), and 306 MeV carbon ions (C) incident on 

liquid water at 25 °C . Incident radiation was chosen such that the LET of the tracks would be the same 

(~70 keV/µm). 

Figure 1.4. We note that while all of the primary tracks can be considered similarly 

straight, the secondary electrons are ejected at different points with corresponding 

branch track distance increasing with the velocity of the primary incident ion. If we 

consider the total track volume to be comprised of the regions surrounding the primary 

core track and the surrounding the branch tracks, and that the overall energy being 

deposited is the same between incident ions due to their same LET, it becomes evident 

that the mean density of energy deposition events and subsequent reactive species 

decreases as the atomic number of the incident ion increases. (Muroya et al., 2006; 

Meesungnoen and Jay-Gerin, 2011) Variation in the radial distribution of branch tracks 

with different ions and the same LET is also predicted by Bethe’s theory of stopping 

power, (Bethe, 1930; Bethe and Ashkin, 1953) and it demonstrates that LET is not the 

sole determiner of the characteristics for the track structure in respect to charged 
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particles. (Schuler and Allen, 1957; Sauer et al., 1977; LaVerne and Schuler, 1987; 

Kaplan and Miterev, 1987; Ferradini, 1990; Ferradini and Jay-Gerin, 1999; LaVerne, 

2000, 2004) 

1.3.4 Track proximity: Strength in numbers? 

 While somewhat reductive, we can describe the passage of ionizing radiation 

through water as a series of energy deposition events that generate radiolytic species 

that then undergo interactions with the nearby water molecules or other radiolytic 

species. As mentioned earlier, one of the major differences between low and high LET 

radiation is the distance between spurs or energy deposition events which then affect 

whether molecular products or free radical production is promoted. We can make the 

argument that if multiple simultaneous (parallel) low LET tracks are in close enough 

proximity such that the spurs of each individual track overlap with spurs from another 

track, that the radiochemistry should be similar to that of a high LET track. (Kreipl et 

al., 2008) There should be variability in how strong of an effect this would provide 

depending on the distance between tracks, with maximum effect when the tracks 

essentially occupy the same volume and with progressively smaller effects as the 

distance between tracks increases. At some point this “track proximity” effect should 

vanish completely once the distance between tracks is large enough that the probability 

of a radiolytic species from one track traveling far enough to encounter a radiolytic 

species from another track before reacting with the surrounding water molecules drops 

to zero. This distance is evidently different for each radiolytic species depending on 

their diffusion coefficient as well as their propensity to react with the surrounding 

molecules, but we can assume that the effect is mostly irrelevant once the distance is 

more than a couple hundred nanometers. 

 In most practical applications, we do not expect to observe any sort of “track 

proximity” effect since the required conditions with generation of tracks close enough 



15 

 

in spatial proximity that their spurs overlap as well as at close enough timeframes that 

they develop simultaneously would involve extremely high dose rates. For example, if 

we assume an array of 100 parallel tracks arranged in a square grid pattern travelling for 

a length of 1 µm in water with each track having a LET of 1 keV/µm and that the 

distance between tracks is 100 nm between nearest neighbors, the amount of energy 

deposited in the system is 100 keV. If we assume that the irradiated volume is a simple 

1 µm3 cube encompassing the tracks, this gives 100 keV deposited into 10-15 kg of 

water which gives a dose of roughly 16 Gy. Even using relatively low LET tracks, we 

still achieve an absorbed dose in a very short time period that is significantly higher 

than the fractional doses used in conventional radiotherapy, with the disparity being 

more and more prevalent as higher LET tracks are employed or the distance between 

tracks is decreased. 

However, in applications such as FLASH-RT, “track proximity” effects are 

expected since the mean dose rates involved typically range upwards of 100 Gy/s and 

dose rates within pulses greater than 106 Gy/s which imply that there is close proximity 

between tracks. Thus in order to fully understand the mechanisms underlying high dose 

rate applications of radiolysis such as FLASH-RT, it is imperative that “track proximity” 

effects are understood. 

1.4 Radiolysis of water 

 Radiolysis describes the interaction between ionizing radiation and molecular 

substances, and the subsequent chemical changes induced in the irradiated medium. In 

particular, the radiolysis of water involves the ionization or excitation of water 

molecules via interaction with ionizing radiation, which then leads to decomposition of 

the water molecule into a number of species depicted in Figure 1.5. The amount of any 

given species generated or destroyed following the radiolysis process per some unit of 

energy deposited into the system is known as the yield or G-value, with this work 
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defining it as “# of species per 100 eV”. This process can be divided into three different 

stages: the physical stage, the physico-chemical stage, and the chemical stage as 

depicted in Figure 1.5. (Platzman, 1958; Kuppermann, 1959) 

 

Figure 1.5: Time scale of events in the radiolysis of pure, deaerated water using low LET radiation. 

(Meesungnoen, 2007; Meesungnoen and Jay-Gerin, 2010) The different colors used are for visual clarity 

to highlight the individual processes that occur during radiolysis. 

1.4.1 Physical stage  

The physical stage describes the initial deposition of energy into the water 

molecules which can lead to either the excitation or ionization of the water molecules 

which occurs within a ~10-16 s timeframe of the initial deposition event.  

H2O → H2O•++ehot
-  (𝑖𝑜𝑛𝑖𝑧𝑎𝑡𝑖𝑜𝑛) (1.3) 

H2O → H2O* (𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛) (1.4) 

 Between these two processes, ionization dominates in terms of probability of 

occurring with it occurring ~80% of the time. The “hot” or secondary electron that is 
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released via the ionization process typically has enough energy to induce further 

radiolysis events in nearby water molecules which then become a key component of the 

physico-chemical stage. We note that the excited state denoted by H2O
* is 

representative of a collection of excited states which includes “super-excited” states 

(Platzman, 1962a), and “plasmon” type excitations (Heller et al., 1974; Kaplan and 

Miterev, 1987; LaVerne and Mozumder, 1993; Wilson C.D. et al., 2001). 

1.4.2 Physico-chemical stage 

 For a short timeframe after the physical stage (up to ~1012 s after initial energy 

deposition), the resulting excited/ionized water molecules decompose into various 

species distributed non-homogeneously in the irradiated volume. In addition, the 

secondary electrons produced from the ionization process may scatter away from its 

initial ionization event and, if it has sufficient kinetic energy, may cause further 

excitations or ionizations of other water molecules. 

 The ionized water molecules produced from reaction 1.3 may perform a proton 

transfer with neighboring water molecules undergoing the following reaction: 

H2O + H2O•+ → H3O++ OH•  (1.5) 

H3O•+ (which will be referred to as Haq
+ ) here represents the hydrated proton, while the 

produced •OH molecule typically does not undergo any reactions until the chemical 

stage. Another possible pathway for the ionized water molecules is via recapturing “hot” 

electrons undergoing thermalization through Coloumb attraction which results in the 

following electron-cation geminate recombination:  (Meesungnoen et al., 2013; 

Brocklehurst, 1977) 

e-  + H2O•+ → H2O* (1.6) 

 The excited water molecules produced from reactions 1.4 and 1.6 during both 

the physical and physico-chemical stages undergo a de-excitation which results in a 

number of decomposition products. Unfortunately, there is limited information 
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available for the decay channels and associated branching ratios for excited water 

molecules in the liquid phase. However, the overall contribution of primary radiolysis 

products associated with excited water molecules is a small fraction compared to the 

contribution from ionized water molecules. For this reason, we assume that the de-

excitation pathways are the same as that of an isolated water molecule as shown below: 

(Swiatla-Wojcik and Buxton, 1995; Cobut et al., 1998; Meesungnoen and Jay-Gerin, 

2005a; Sanguanmith et al., 2011; Kanike et al., 2015) 

H2O* → H•+ OH•  (1.7) 

H2O* → H2+O( D1 ) (1.8) 

H2O* → 2H• + O• (• P3 ) (1.9) 

H2O* →H2O + thermal energy (1.10) 

Here O(1D) and •O•(3P) represent the singlet 1D excited state and the triplet 3P 

ground state respectively for oxygen. The branching ratios for these channels are 

chosen to match the observed G-values of the produced spur species at the picosecond 

time range. (Muroya et al., 2002; Meesungnoen and Jay-Gerin, 2005a) We note that the 

dissociation of the excited water molecule shown in reaction 1.7 is the primary source 

of the initial yield for the hydrogen atom. O(1D) atoms efficiently react with water to 

form H2O2 and possibly 2 •OH. (Taube, 1957; Biedenkapp et al., 1970) However, 

•O•(3P) is unreactive in the aqueous phase with water but it can react with additives. 

(Amichai and Treinin, 1969) 

 The secondary electron transfers energy as it travels through the irradiated 

medium via interaction with water molecules similarly to the primary ionizing radiation. 

However, at a certain point the secondary electron lacks sufficient energy to induce an 

excitation of a water molecule (~7.3 eV) which causes the secondary electron to 

transition to a “subexcitation” electron ( esub
- ) (Platzman, 1955). This subexcitation 

electron then further thermalizes via relatively slow energy losses from inducing 
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vibrational and rotational modes in nearby water molecules. Over the course of ~10-40 

fs (at 25 C∘ ) (Goulet et al., 1990, 1996; Meesungnoen et al., 2002a), the electron is 

thermalized (etherm
- ) which can then become localized or “trapped” by an appropriately 

sized potential well formed by nearby molecules (etrap
- ). While the nature of the trapped 

electron is still contentious, it quickly reaches a fully relaxed and hydrated state (eaq
- ) 

achieved via its negative charge orienting the dipoles of the nearby molecules. For 

liquid water under standard conditions (25 C⃘ ), this entire process from thermalization 

to hydrated state can occur within a ~240 fs to 1 ps timeframe which has been 

demonstrated from time-resolved femtosecond spectroscopic laser studies. (Mozumder, 

1999; Meesungnoen and Jay-Gerin, 2011). Another possible pathway for an electron 

undergoing thermalization is via its temporary capture by a water molecule to form a 

transient water molecule anion which can then dissociate as follows: 

etherm
- +H2 O →H2 O•-  →H- + OH•  (1.11) 

The produced H- anion then reacts with a neighboring water molecule as follows: 

H- + H2 O → H2 + OH-  (1.12) 

This overall process outlined in reactions 1.11 and 1.12 known as “dissociative 

electron attachment” or “DEA”, has been experimentally observed in amorphous solid 

water at ~20 K using electron energies ranging between 5 eV and 12 eV. (Rowntree et 

al., 1991) The production of “non-scavengeable” H2 in the early timeframe of water 

radiolysis has been proposed by some groups to be primarily attributed to this DEA 

process, (Platzman, 1962b; Faraggi and Désalos, 1969; Goulet and Jay-Gerin, 1989; 

Kimmel et al., 1994; Cobut et al., 1996; Meesungnoen et al., 2015) as the yields of 

“non-scavengeable” H2 can be lowered via the addition of electron scavengers that 

target electrons still undergoing thermalization which would compete with the DEA 

process. (Pastina et al., 1999) An alternative explanation has been proposed by 

Sterniczuk and Bartels (2016) as their recent experiments have implied that the 
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production of H2 in this early timeframe is instead dominated by the dissociation 

outlined by reaction 1.8 which follows the electron-cation geminate recombination 

process outlined by reaction 1.6. 

 Following ~1ps after the initial passage of ionizing radiation, the excited and 

ionized water molecules have produced e-
aq, H•, H2, •OH, H2O2, H

+ (or H3O
+), OH-, O2

•- 

(or HO2
•, depending on the pH), •O•(3P), etc. as radiolysis products. These various 

species can then diffuse away from their original coordinates and undergo reactions 

with nearby water molecules or other radiolysis species. The expanding region 

encompassed by the diffusing initial radiolysis products is the stage for the chemical 

stage of radiolysis. 

1.4.3 Chemical stage 

 The chemical stage comprises the diffusion and reactions of the radiolysis 

products present after the physico-chemical stage and the reestablishment of chemical 

equilibrium within the solution. Species present after the physico-chemical stage are 

initially distributed non-homogeneously with higher concentrations in “spurs” or 

surrounding the axis of the ionizing radiation track for low and high LET radiation 

respectively. These “spurs” or tracks expand during the development of the chemical 

stage as the species diffuse away from their initial position via macroscopic diffusion 

laws. The species can react with other nearby species or any solutes that have been 

added to the water during the diffusion process. During this process, this expansion can 

be divided into two substages itself, the “non-homogeneous” phase ranging from ~1ps 

to ~1μs after irradiation and the “homogeneous” phase which takes place ~1μs after 

irradiation. (Buxton et al., 1987; Sanguanmith et al., 2012) As the name implies, during 

the “non-homogeneous” phase the species are still relatively confined within their 

initial spurs or track sections with most reactions in this phase involving radicals 

reacting with each other to form molecular products such as H2, H2O2, and H2O, while 
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less reactive species continue to escape from their initial spurs/tracks into the bulk 

solution. After ~1μs, the remaining species have diffused sufficiently enough that they 

are now considered homogeneously distributed throughout the bulk solution thus the 

term “homogeneous” phase. (Plante et al., 2005; Muroya et al., 2006) At this point, 

reactions involving the remaining species including those produced in the “non-

homogeneous” phase can be described using standard homogeneous chemistry. We note 

that the “non-homogeneous” phase relies heavily on the initial distribution of the 

spurs/track structure, thus is of particular interest when considering the development of 

the phase when presented with scenarios where spurs/track sections are initially placed 

in close proximity to each other. 

1.4.4 Biological implications following radiolysis 

 The effects of ionizing radiation traveling through human biological systems 

can be roughly summed up as direct effects incurred via the ionizing radiation 

interacting directly with important biomolecules in the femtosecond timeframe, as well 

as indirect effects that occur from the generation of water radiolysis products interacting 

with biomolecules. While our bodies naturally incur damage from sources such as 

naturally occurring background radiation as well as generation of reactive species 

through metabolic processes, these sorts of damages are easily repaired via cellular 

processes. In contrast, damages caused by radiolysis tend to be clustered into very 

localized areas such that they challenge the natural ability of cells to repair themselves. 

 Direct effects typically occur within ~10-14-10-12 s from the onset of irradiation, 

with the breaking of chemical bonds in biomolecules including C-H, S-H, O-H, and N-

H bonds that could potentially lead to carcinogenic effects. (Sharma et al., 2011; 

Symons, 1994) One example of this would be direct interactions between ionizing 

radiation and DNA where the direct energy deposition into the DNA results in strand 

breaks, often multiple in close proximity, that result in future cell death. The actual 
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extent of damages attributed to the direct effect is proportional to the LET of the 

incident radiation, the dose rate, as well as the concentration of the species of which 

you wish to target with the incident radiation. Overall the efficacy of the direct effect 

depends on the probability that the path of the incident radiation passes through a 

particular molecular structure, as well as its probability of undergoing an energy 

deposition event while the incident radiation and molecular structure are intersecting, 

necessitating a high density of energy deposition events close to molecular structures. 

 The indirect effect takes place over a much longer timeframe than the direct 

effect (upwards of 10-3 s), as it involves the interactions of active species generated 

from radiolysis with biomolecules. These active species include free radicals, ions, and 

molecular products, which are typically oxidizing. Free radicals in particular are prone 

to reacting to biomolecules such that the free radical undergoes a transformation with 

the biomolecules. This in turn causes the biomolecule in question to become a free 

radical itself, which causes it to potentially undergo further reactions such as electron 

transfers or dissociation. In any case, the free radical biomolecule or whatever products 

that result as it undergoes its own free radical reactions are rarely compatible with the 

biological system they are a part of, leading towards unfavorable biological 

consequences.  

 One example of a free radical reacting with a biomolecule is •OH reacting with 

DNA nucleobases, where the lower oxidization potential associated guanine (1.29 V) 

leads towards other nucleobases transferring electron holes to guanine. (von Sonntag, 

2006) The •OH radical may add itself to guanine to the C4-, C5-, C8-, and rarely the 

C2- positions. (Dizdaroglu and Jaruga, 2011; Chatgilialoglu et al., 2009) These •OH-

adduct radicals may then undergo various reactions such as the C4- and C5- adduct 

radicals eliminating water to form a neutral guanine radical (Gua(-H)•) (which can also 

be formed via the deprotonation of Gua•+) which can then undergo H• abstraction with 
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2’-deoxyribose in DNA which can lead to further strand breaks. (Dizdaroglu et al., 

1975)  Gua•+  generated from processes such as direct ionization itself may undergo 

hydration to form the C8-OH-adduct radical which in the presence of oxygen undergoes 

oxidation to form 8-oxo-7,8-dihydroguanine (8-oxoGua) which has strong mutagenic 

properties. (Breen and Murphy, 1995) When oxygen is less prevalent, the C8-OH-

adduct radical may undergo reversible β-fragmentation which leads towards a one-

electron reduction 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyGua) which 

potentially has mutagenic properties. (Dizdaroglu et al., 2008) 

1.5 Research objective 

 The main goal of this research is to further understand of how spatial proximity 

of the track structures generated from ionizing radiation impact the yields of radiolytic 

species. With increasing focus being put on ultra-high dose rate schemes such as 

FLASH-RT, it becomes evident that knowing the behavior of how ionizing radiation 

tracks interact in close proximity will be important in understanding the mechanisms 

behind FLASH-RT. As it is rather difficult to consistently generate simultaneous 

incident ionizing particles with arbitrary separating distances on the scale needed to 

demonstrate a spatial proximity effect using experimental methods, we have employed 

Monte Carlo methods.  

 The SHERBROOKE Monte Carlo simulation system employed by our 

research group was previously incapable of modeling multiple simultaneous ionization 

tracks on both a technical level due to the functionality not being present, as well as a 

performance level as the addition of multiple ionization tracks renders most simulations 

computationally intractable. In this thesis we present modifications of our current 

SHERBROOKE system to allow for simulations involving multiple simultaneous tracks 

completed within a reasonable amount of time. (Chapter 2.2) 

Using the improved SHERBROOKE system we present yields for various 
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radiolytic species as a function of distance between two tracks to demonstrate the basic 

effects of track proximity on the yields using low and high LET radiation. (Chapter 3.1) 

Additionally, we present yields for various radiolytic species for multiple low LET 

tracks in close proximity compared to a single high LET track to demonstrate whether 

the track proximity effect is similar to that of increasing the LET of the track. (Chapter 

3.2) For the purposes of simplifying later calculations, we also compared the yields 

resulting from an array of tracks arranged in either a square or hexagonal grid pattern to 

see if there were any appreciable differences between the two configurations. (Chapter 

3.3) Furthermore, in order to observe whether the location of the tracks can 

significantly change the yields of radiolytic species given the same absorbed dose, we 

simulated two configurations of the same number of tracks within the same volume, 

with one configuration minimizing the track proximity effect and the other 

configuration maximizing the track proximity effect using a high dose rate scenario and 

an extremely high dose rate scenario. (Chapter 3.4) Lastly, we present the yields of 

various radiolytic species for simulations of multiple tracks of low or high LET 

radiation with the same absorbed dose per volume for a high dose rate scenario and an 

extremely high dose rate scenario to see if the track proximity effect is similar between 

for different track LET in a pulsed delivery. (Chapter 3.5) All simulations were done 

using pure deaerated water at standard conditions. 
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2. Methods  

2.1 Monte Carlo 

 As analytical simulations of water radiolysis are prohibitively difficult for large 

volumes, our research group has employed Monte Carlo methods. Monte Carlo 

methods encapsulate a range of algorithms that use repeated random sampling to 

generate numerical results. As the probabilities and cross-sections of the elementary 

processes governing the system are known, it is capable of emulating the behavior of 

the entire system. For example, if you find yourself at a casino in the Monte Carlo 

region (which is the namesake of the technique) playing blackjack where you have two 

sixes and the dealer has a ten and king and you wish to know how often you will win 

the hand then solving this scenario analytically can be difficult due to the number of 

possible sequences. Using a Monte Carlo simulation, we can effectively replay this 

scenario an arbitrary number of times and find an approximate value for how often you 

would win by simulating card draws and determining whether you beat the dealer or 

bust. From its origins in studying nuclear fission, Monte Carlo methods have been 

employed in a wide range of fields such as finance, chemistry, and particle physics to 

describe random physical phenomena. 

 Due to the inherently random nature of radiation, Monte Carlo methods have 

been successfully applied towards the study of radiolysis since the early 1980s with the 

advent of increasing computation power.  (Turner et al., 1983) Various researchers have 

developed Monte Carlo simulation systems for water radiolysis with their own 

interpretations regarding the development of the initial spur/track structure formation 

and subsequent chemical processes for pure water and other solutions (Ballarini et al., 

2000; Uehara and Nikjoo, 2006). The two main schools of Monte Carlo simulation 

systems for water radiolysis are the “step-by-step” or “random flight” method, and the 

“independent reaction time” method where the methods differ on the implementation of 
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particle diffusion. “Step-by-step” or SBS tracks the position and trajectories of the 

diffusing species and models their movement via random flight with every discrete time 

step, allowing species to react when they encounter each other. In contrast, the 

“independent reaction time” or IRT method does not track the trajectories of the species 

and instead assigns a reaction time to possible reactant pairs determined by their initial 

distance from each other. (Clifford et al., 1986; Pimblott et al., 1991; Pimblott and 

Green, 1995) The SBS method is more faithful to reality. However, it is very 

computationally expensive especially for large systems involving large numbers of 

radiolysis products. To this end, the IRT method was developed to be computationally 

efficient by assuming that the distance between pairs of reactants evolves independently 

of other pairs in the system, thus the reaction times for each pair is also independent of 

other pairs in the system. 

 Our group has been developing the SHERBROOKE Monte Carlo code since 

1988, using FORTRAN-based Monte Carlo codes to simulate the radiolysis of liquid 

water and other aqueous solutions for various ionizing particles. (Cobut et al., 1994, 

1998; Frongillo et al., 1996, 1998; Hervé du Penhoat et al., 2000; Meesungnoen et al., 

2001, 2003, 2013, 2015; Meesungnoen and Jay-Gerin, 2005a,b; Muroya et al., 2002, 

2006) The SHERBROOKE code has continually been updated to account for the latest 

advances in literature and has periodically been updated with new functionality to fit 

the needs of our projects. (Meesungnoen and Jay-Gerin, 2005a,b) This work presents a 

new step forwards with a rewritten codebase in C that expands functionality with major 

implications for both the computational efficiency of the program as well as the 

addition of new features such as the inclusion of multiple initial ionization tracks. The 

two main components of the SHERBROOKE code, IONLYS and IRT model the 

physical/physico-chemical stages and the non-homogeneous chemical stage 

respectively as depicted in Figure 2.1, and have previously been extensively described. 
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(Meesungnoen and Jay-Gerin, 2005a,b) Thus, the focus of this work will primarily be 

on the new additions to the code with only a brief overview of the simulation 

methodology and reaction schemes given here.  

 

Figure 2.1: Schematic for the basic operation of the SHERBROOKE code. 

2.1.1 IONLYS 

In reality being a set of two codes, TRACPRO and TRACELE, the IONLYS 

code handles the physical and physico-chemical stage up to ~1ps. TRACPRO models 

the passage of the incident ionizing radiation whether it be a proton or some other 

charged particle, while TRACELE models the passage of the secondary electrons 

generated from events in the physical and physico-chemical stages. In essence, the 

codes handle each individual event, ranging from basic physical interactions (ie. energy 

deposition) to the subsequent establishment of thermal equilibrium in the system (ie. 

decomposition of the products from the physical stage into the initial radiolytic 

chemical species present at the beginning of the chemical phase). Changes to the code 

now allow for the usage of multiple sources of incident ionizing radiation with user-

defined starting coordinates and particle type/energy. 
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It should be mentioned that the TRACPRO code was originally designed for 

the study of protons as the incident particle. This choice was originally made out of 

practicality as the dataset for the cross-sections for the interactions between protons and 

water are the best documented, (Rudd, 1990; Rudd et al., 1992; IAEA-TECDOC-799, 

1995; Dingfelder et al., 2000) and the LET is scaleable allowing us to study its effects 

on radiolytic yields. (Cobut et al., 1998) Another advantage to the code being based on 

protons is that we can extrapolate cross-section data for bare heavier ions as the 

incident particle assuming that interaction cross-sections scale with Z2, where Z is the 

charge of the incident particle. Based on lowest order (or first Born) approximation, this 

scaling method assumes that the cross-section for bare ion impacts are roughly Z2 times 

the same cross-section for a proton impact at the same energy. While this simple scaling 

method is reasonable for high energy impacts (ie above ~1MeV/nucleon) where the 

interaction strength is low, it rapidly becomes less useful as the impacts reach lower 

energies. Of course this compromise was made as experimental cross-section data for 

ions heavier than helium are relatively scarce. (Meesungnoen and Jay-Gerin, 2005; 

Meesungnoen, 2007; Meesungnoen and Jay-Gerin, 2010; Inokuti, 1971) Thus, the 

scaling method is still useful for filling in providing approximate cross-sections where 

there would otherwise be limited experimental data to work with. 

 The IONLYS code begins by determining the position of the first interaction 

site for the incident particle(s), and subsequently randomly assigns the type of 

interaction (ionization, excitation of electronic, vibrational and rotational levels of 

single water molecules, excitation of plasmon-type collective modes, and elastic 

scattering) with the probabilities/cross-section of each type of interaction included as 

input parameters based on experimental data or theoretical assumptions. (Cobut et al., 

1998; Meesungnoen and Jay-Gerin, 2005a) Tracking the type of interactions is needed 

to follow the future path of the incident radiation, as each particular type of interaction 
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provides its own “mean free path” or average distance to the next interaction site, 

possible interaction types at the next site, energy loss to the interaction, and angle of 

emission of the scattered incident particle. (Dingfelder and Friedland, 2001; Nikjoo et 

al., 1997; Dingfelder et al., 2008) 

 If the chosen interaction type is an inelastic collision via ionization, the 

incident particle loses energy according to the input parameters for ionization, with the 

generated secondary electron inheriting said energy loss as kinetic energy minus the 

binding energy. In contrast, for elastic collisions, a scattering angle for the incident 

particle is generated along with the distance to the next interaction site. By repeating 

this process until the incident particle no longer possesses the energy to induce further 

ionization/excitation events, we have access to the complete spatial and temporal 

distribution of ionized and excited water molecules as well as the produced secondary 

electrons (with their given energies and initial angles). These secondary electrons 

undergo the same process of energy deposition events as the incident particle until they 

reach subexcitation energy (~7.3 eV for liquid water) at which point they are no longer 

capable of initiating excitation or ionization events. (Michaud et al., 1991) Overall,   10-

15 s after the start of the simulation, the physical stage of radiolysis is concluded with 

the spatial distribution of the various physical stage products being carried over to the 

next part of the code.  

  The IONLYS simulation initiates with the physical stage which involves the 

generation of short ion track segments in water with the track segment length being 

user-defined as the penetration distance of the chosen ion into the medium. Due to the 

relatively heavy mass of the proton or any heavier ion, we assume that any collisions 

with electrons cause little to no deflection thus these deflections are neglected. The 

usage of short track segments is useful for multiple reasons, one being that the 

instantaneous LET of the chosen incident particle is practically constant in these 
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segments allowing for simple adjustments to study LET effects, another being that short 

track lengths are significantly easier to simulate. Further information on cross-section 

inputs along with their corresponding energy-loss or processes used by this and 

previous works is outlined in works cited by (Cobut, 1993; Cobut et al., 1998; 

Meesungnoen and Jay-Gerin, 2005a). 

 IONLYS also simulates the physico-chemical stage up to ~10-12 s where the 

spatial and temporal coordinates of the “non-homogeneous” initial radiolytic yields are 

established. While the physico-chemical stage has been discussed earlier in chapter 

1.4.2, we note a few comments relevant for the IONLYS code. Excited water molecules 

can undergo either dissociative or non-dissociative processes as shown in reactions 1.7 

through 1.10. However, as mentioned previously the decay channels in the liquid phase 

are still unclear. To this end, we simply treat the branching ratios for these decay 

channels as adjustable parameters pulled from decay channels in a single excited water 

molecule. Due to the relatively low impact that these decay channels have on the 

overall yields of the initial radiolytic species compared to ionization processes, the 

chosen branching ratios are of little consequence. We also note that studies have 

indicated that water cations (H2O
•+) have the ability to perform resonant electron 

transfers with nearby water molecules, effectively causing the water cation or positive 

hole to move during its ~200 fs lifetime. To account for this possibility of positive hole 

jumps, we allow the water cation to jump an average of 21 times before the proton 

transfer shown in Ogura and Hamill (1973). Electrons that reach subexcitation energy 

levels undergoing thermalization are processed by IONLYS using a distribution of 

thermalization distances derived from previous Monte Carlo simulations (Goulet and 

Jay-Gerin, 1989; Goulet et al., 1990, 1996) based on experimental scattering cross-

sections of slow electrons (1-18 eV) in amorphous ice (Michaud et al., 2003) with 

corrections for the liquid phase. Using the position of the subexcitation electron, its 
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thermalized position is simply determined via taking a random isotropic angle and 

displacing the electron by the corresponding mean thermalization distance based on the 

electron energy. At this new position, the electron is assumed to have thermalized and 

subsequently become trapped and then hydrated. Currently, the IONLYS code does not 

account for the possibility that electrons with very low energy (ie. “sub-vibrational”) in 

highly polar mediums such as liquid water where the density of potential trapping sites 

is high may result in the instantaneous trapping of the electron before thermalization 

occurs. (Mozumder, 1999) We also note that not all the subexcitation electrons undergo 

the thermalization process as there are the competing geminate recombination and DEA 

channels that also take their share of the electrons. Further information regarding 

parameters used in the IONLYS code to describe the branching ratios for the 

dissociative decay channels of electronically and vibrationally excited H2O molecules, 

as well as other competition between thermalization, dissociative attachment, and 

geminate recombination processes can be found in Sanguanmith et al. (2011). 

2.1.2 IRT 

 Using the spatial and temporal distribution of the species present at the end of 

the physico-chemical stage generated as output by the IONLYS code, our group has 

employed an “independent reaction time” method to simulate the “non-homogeneous” 

and “homogeneous” chemistry present in the chemical stage. In the chemical stage, the 

various species randomly diffuse throughout the system at rates according to their 

diffusion coefficients, reacting with other reactive species or other added solutes present 

during the time of irradiation. This process is continued until the “spurs” or tracks have 

fully expanded and the remaining species are homogeneously distributed in the solution. 

(Clifford et al., 1986; Green et al., 1990; Pimblott et al., 1991) Our method, utilizing 

our IRT code, calculates the reaction times of the possible reaction pairs in the system 

without having to follow their trajectories throughout the system. We accomplish this 
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via making the approximation that the distance between potential reactive pairs in the 

system evolve independently of each other, thus the reaction times of pairs are 

independent from the presence of other reactive species in the system. In this work, we 

present a new iteration of our IRT code that has been rebuilt in C with emphasis on 

higher computational efficiency to allow for the simulation of radiolysis involving 

extremely high density of ionization/excitation events that would otherwise be 

intractable. 

 As mentioned previously, the IRT method was originally developed to bypass 

the heavy computational requirements that full step-by-step simulations require, with 

the mechanics summarized as follows. Potential reactive pairs in the system are 

assigned a stochastically sampled reaction time according to the appropriate time-

dependent survival function outlined in previous work by our lab group. (Green et al., 

1990; Goulet and Jay-Gerin, 1992; Frongillo et al., 1998) 

These reaction times are determined via the initial distance between the 

reactants, the reaction radius, the rate constants, the diffusion constants of the reactants, 

the probability of reaction occurring, as well as Columbic interactions for charged 

particles. Examples of possible reactions and their associated rate constants used in the 

IRT code are given in Figure 2.3. By calculating the reaction times between each 

possible pair in the system, we generate a set of reaction times such that there is a 

“fastest reaction time” which belongs to a specific pair. We allow the fastest pair to then 

react, removing the reactants from the simulation and inserting the resultant new 

species which are then paired with other species in the system to determine the reaction 

times of the new possible pairs. This is depicted in Figure 2.2, where species A, B, C, 

and D are in close proximity and can react with each other. From the generated reaction 

times, the pair between species C and D reacts the fastest; thus our IRT code removes 

species C and D from the system and inserts the species E in the appropriate spatial 
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location. This process is repeated until either all reactive species are exhausted, or a 

predetermined time has elapsed in the simulation. 

 

Figure 2.2: Schematic for the principles behind the IRT method. On the left are particles A, B, C, and D 

where the green lines between particles/boxes represents a possible reaction between particles while the 

blue line represents the fastest reaction. On the right we show the results after the reaction of particles C 

and D which has generated a new particle E.  

The IRT method also lends itself to the simulation of pseudo-first-order 

reactions between radiolytic species and scavengers that we can define as 

homogeneously distributed in the solution whether it be H+, H2O, or some other solute 

that the reaction rates for the relevant reactions are known. In addition, the first-order 

fragmentations of radiolytic species can also be simulated with the IRT method. 

Another advantage to the IRT method is that well suited for the simulation of partially 

diffusion-controlled reactions (where at room temperature, reactions taking place in 

irradiated water are mostly not diffusion-controlled), where the reacting species may 

not immediately react when they come into contact, but instead on average, come into 

contact and separate many times until a reaction actually occurs. (Hervé du Penhoat et 

al., 2000) The IRT method in general, due to its ability to generate accurate time-

dependent chemical yields of radiolytic species in various irradiation conditions, has 

been well validated in comparison to step-by-step Monte Carlo methods, without 
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having to follow the exact trajectories of the species as required in step-by-step models. 

(Pimblott et al., 1991; Goulet et al., 1998;) 

We note that beyond the first few microseconds, the spurs or track structure 

have largely dissipated into the bulk solution such that the reactions that take place can 

now be described via conventional homogeneous chemistry, such that we call it the 

“homogeneous chemistry” stage. The produced radical or molecular products from the 

non-homogeneous stage that have diffused away from their spurs or tracks are now 

available to react with any solutes (which are treated as spatially homogeneous) present 

in the system in low to moderate concentrations. The IRT method can be used to 

simulate this homogeneous chemistry stage. However, we typically focus our 

calculations on the first few microseconds when non-homogeneous chemistry occurs. 

When traversing through the solution, the incident radiation, whether it be protons or 

other heavier ions, loses energy and thus velocity when it transfers energy to the water 

molecules. The resulting variation in the LET of incident particles traveling through the 

system adds extra complexity to the simulation, which we attempt to avoid by assuming 

that LET of the incident particles remain constant assuming a short distance is traveled 

through the medium. Thus our calculations are typically done with a chosen length of 

the simulation space between 15~150 µm such that the energy and LET of the incident 

particles remain “constant” throughout the process. This generates “track segments” for 

which the yields at a well-defined LET can be calculated as a function of time. While 

previous calculations by the lab used a dose-average energy and its corresponding LET 

such that it represented the average energy of the particle from its initial energy to 

stopping, for this work we simply take the initial energy and LET of particles at face 

value (ie. a 5 MeV proton is 5 MeV) as we are mainly concerned about the relative 

effects of changes in LET. The number of simulations per “run” varies depending on the 

chosen incident particle energy and number of simultaneous tracks (usually from 
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5~150) in order to finish within a reasonable amount of time on the available 

computational resources while still providing enough data that there are only small 

fluctuations in the yield of the produced species. 

 

 

Figure 2.3: Reaction scheme and associated rate constants (k) for the radiolysis of pure water at 25 ⃘C. 

(Meesungnoen and Jay-Gerin, 2011) Some rate constants have been updated using data from Elliot and 

Bartels (2009). 



36 

 

2.2 Changes made to the new SHERBROOKE code 

The major change to the IONLYS code presented in this work is the addition of 

functionality for the usage of multiple simultaneous ion tracks in the same simulations  

space. This implementation was primarily for the study of proximity-related effects for 

ion tracks that are initially close enough such that there is potential for radiolytic 

species from one ion track to interact with species from the other track before 

“homogeneous” behavior dominates the system. In essence, we assume that the passage 

of a particular incident particle through the system is independent of other incident 

particles, and we merge the spatial and temporal coordinates of the initial radiolytic 

species produced at the end of the physico-chemical phase from each ion track. This 

assumption is made as the physical and physico-chemical stages happen in an 

extremely short timeframe which makes the possibility of interactions between species 

generated from different ion tracks very low. The additional ion tracks may be initially 

placed at any spatial coordinate with the caveat that we are still limited to tracks starting 

at the same time. Incident particle types and energies can also be defined separately 

allowing for the simulation of simultaneous ion tracks with differing LET. 

A major issue with this method in the older IRT code is that the original pairing 

method becomes rapidly intractable as the number of species in the simulation increases. 

For example, if we consider our simulation to essentially be a complete graph such that 

the number of vertices is equal to the number of species in the simulation, then the 

number of edges corresponds to the number of possible pairs in the simulation. This 

relationship for a complete graph between the number of vertices and edges is that 

given n vertices, there are 
𝑛(𝑛−1)

2
 edges. Thus the number of pairs in the simulation 

grows on the order of n2 for n particles in the simulation. This is possible to deal with 

for simulations involving low LET incident radiation that generate small numbers of 

species. However, using high LET incident radiation or multiple tracks of incident 
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radiation, it becomes either extremely difficult or impossible to finish the simulation in 

a realistic amount of time. In the older FORTRAN codebase, some concessions are 

made to attempt to alleviate this issue, via not completing the full reaction time 

calculation between pairs if they are too far away but this method still requires that the 

distance between pairs is checked which is inefficient. A larger issue is that the older 

FORTRAN codebase uses an array-based data structure which prevents the usage of 

techniques that would allow for bypassing the need to calculate the reaction times of 

each pair, as well as management of the memory used by the simulation code. 

 The older FORTRAN program uses arrays to store the properties of the 

particles in the system, ranging from what type designation of species the particle to its 

spatial coordinates. While particles are roughly sorted by distance from the origin along 

the axis of propagation for the initial ionizing radiation, creation and removal of 

particles in the system causes ordering to quickly fall apart. There is no reasonable way 

to re-sort newly added particles into the array since inserting them into the middle of 

the array is extremely computationally expensive as it requires shifting the position of a 

large portion of the entries in the array. This same issue makes the actual deletion of 

particles in the array costly as well if you attempt to shift the entries around so that the 

now unoccupied slot is filled. Overall, this causes any newly generated particles to be 

appended to the end of the array which destroys the initial relative spatial ordering of a 

given particle’s position in the array. 

 When calculating the reaction times, the first step is determining whether the 

particles in a given pair are close enough to react given the total duration of the 

simulation. With an ordered array (according to distance from the origin along the axis 

of propagation), this can easily be accomplished as we can assume that if a particle A at 

the beginning of the array is so far away from some particle B that it is unable to react, 

then any particle after particle B in the array would also be unable to react with particle 
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A. However, this is not the case for the older FORTRAN program as newly generated 

particles appended to the end of the array are not ordered. Thus, they could be capable 

of reacting with particle A even though we assume that any particle in the array after 

particle B is too far away. This necessitates that every particle must check its possible 

reaction time with every other particle in the system which severely increases the 

computational time. There is also the additional problem where particles cannot be 

deleted from the array either, thus particles that have already reacted still prolong the 

computational time as other particles must check their position in the array to see that it 

has already reacted. 

 In comparison, the new C program uses a linked list to store the particles 

properties. While more memory intensive than array-based systems due to the need to 

have pointers joining each entry in the linked list, we gain the ability to rapidly insert 

and remove entries from the linked list by redirecting pointers to the correct memory 

values with an example shown in Figure 2.4. The linked list is ordered via distance 

from the origin along the axis of propagation, with particles being inserted into their 

appropriate position in the list and particles that have reacted being removed from the 

list. As the list is ordered, we can now correctly make the assumption that if particle A 

cannot react with particle B since their distance is too far away, then any particle in the 

list after particle B is also too far away to react with particle A, which allows us to 

reduce the number of pairs that need to be checked. The nature of the linked list also 

allows for the rapid deletion of particles or pairs that have reacted, which cuts down on 

unnecessary checks. There are some disadvantages to this method, such as increased 

memory usage and that the efficiency of the lined list is minimal for simulations with 

excessively short track lengths.  



39 

 

 

Figure 2.4: Comparison between an ordered array (left) and an ordered linked list (right) when inserting a 

new particle. For the array, the insertion of the new particle destroys the ordering while for the linked list, 

the ordering is preserved. 

2.2.1 Optimal search ranges 

 As mentioned in chapter 2.2, one of the defining features of the new IRT code 

is that a fixed search range on the y-axis limits the number of “potential” pairs. Here we 

define a “potential pair” as a pair of species that can theoretically react during the 

proceedings of the simulation. If the used search range is too large then the efficiency of 

the program decreases as “unnecessary” pairs that have limited viability for reactions 

are generated, and conversely if the selected search range is too small then it is possible 

that many viable pairs are rejected which will affect the overall yields. In theory we 

know the mean square displacement for a particular particle undergoing a random walk 

from the following equation in 3-D space: 

⟨𝑟2⟩ = 6𝐷𝑡 (2.1) 

Where ⟨𝑟2⟩ represents the mean square displacement, D is the diffusion coefficient, and 

t is the time that the particle has traveled. As ⟨𝑟⟩ = 0 for a particle doing a random walk, 

this consequently implies that the standard deviation σ is given by the following 

equation: 

𝜎 = √6𝐷𝑡 (2.2) 

Thus if we take some particle moving randomly for a period of time t with diffusion 

coefficient D, then after t seconds there is a 68% chance that the particle is located 

within a σ radius sphere around its starting point, and a 95% chance that the particle is 

located within a 2σ radius sphere around its starting point. At room temperature, small 

particles such has O2, H+ or other radiolytic species have a diffusion coefficient on the 
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order of 10-5 cm2/s in water. For example, assuming a particle with a 9.3 x 10-5 cm2/s 

diffusion coefficient (ie. H+ at room temperature), after 1 µs there would be a 95% 

chance it would be within a 526 nm sphere around its starting point.  

  The IRT method keeps all particles fixed at their starting position instead of 

allowing them to randomly walk; we can conveniently define a range in which there is a 

reasonable possibility that two particles could come in contact if they started within a 

certain radius of each other. As mentioned before, we initially reduce the process of 

whether particles are close enough to react with each other by flattening our 3-D 

problem into a 1-D problem by listing all of the particles in order according to their 

position along the y-axis (axis of propagation) and then only searching a small selection 

forwards from each particle determined by some search range. Since all of the 

calculations done in this work use a simulated timeframe of 1 µs, in theory this search 

range is several hundred nanometers to a micrometer given the theoretical mean square 

displacement of the particles. In practice, it is likely that we can use a smaller search 

range as it is highly unlikely that any given particle survives until the end of the 

simulation without reacting to something much earlier. Ideally, we want to use the 

smallest search range possible that does not compromise our results as smaller search 

ranges significantly speed up calculations. The optimal search range may also depend 

on the LET of the tracks as high LET tracks generate species in close enough proximity 

that they are highly likely to react close to where they initially were generated so that a 

small search range can be used, while low LET tracks have relatively large distances 

between species initially thus needing a larger search range. To see if this assumption 

holds, a series of simulations on a high LET 5 MeV carbon ion track and a low LET 

300 MeV proton track using differing search distances was conducted, with the yields 

for H•, •OH, H2O2, and eaq
- shown at 1µs shown in Tables 2.1 and 2.2. 
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Table 2.1: Yields of chemical species produced at 1 µs by a 5 MeV carbon ion track (~284.4 keV/µm) 

with varying search ranges using the new SHERBROOKE code. Confidence interval of 95%. 

Search 

range (nm) 

Yield at 1 µs (# particles/100 eV) 

G(H•) G(•OH) G(H2O2) G(eaq
-) 

1 0.545 ± 0.005 1.343 ± 0.064 1.056 ± 0.016 1.830 ± 0.039 

10 0.410 ± 0.003 0.499 ± 0.047 1.071 ± 0.010 0.504 ± 0.050 

50 0.293 ± 0.007 0.328 ± 0.029 1.056 ± 0.009 0.203 ± 0.038 

100 0.267 ± 0.007 0.300 ± 0.029 1.052 ± 0.011 0.164 ± 0.034 

200 0.256 ± 0.012 0.293 ± 0.033 1.057 ± 0.003 0.154 ± 0.032 

300 0.258 ± 0.011 0.292 ± 0.031 1.052 ± 0.008 0.150 ± 0.030 

400 0.250 ± 0.011 0.288 ± 0.033 1.051 ± 0.011 0.154 ± 0.032 

500 0.255 ± 0.012 0.291 ± 0.035 1.050 ± 0.008 0.151 ± 0.034 

1000 0.253 ± 0.010 0.288 ± 0.036 1.051 ± 0.010 0.152 ± 0.033 

Table 2.2: Yields of chemical species produced at 1 µs by a 300 MeV proton track (~0.4 keV/µm) with 

varying search ranges using the new SHERBROOKE code. Confidence interval of 95%. 

Search 

range (nm) 

Yield at 1 µs (# particles/100 eV) 

G(H•) G(•OH) G(H2O2) G(eaq
-) 

1 0.430 ± 0.006 3.533 ± 0.021 0.518 ± 0.008 3.634 ± 0.014 

10 0.529 ± 0.006 2.665 ± 0.034 0.649 ± 0.010 2.744 ± 0.027 

50 0.558 ± 0.007 2.513 ± 0.040 0.647 ± 0.010 2.462 ± 0.037 

100 0.564 ± 0.007 2.501 ± 0.040 0.645 ± 0.010 2.435 ± 0.038 

200 0.563 ± 0.007 2.492 ± 0.039 0.649 ± 0.009 2.430 ± 0.038 

300 0.560 ± 0.008 2.493 ± 0.040 0.647 ± 0.010 2.429 ± 0.039 

400 0.569 ± 0.006 2.499 ± 0.040 0.645 ± 0.009 2.432 ± 0.038 

500 0.561 ± 0.006 2.494 ± 0.038 0.641 ± 0.009 2.427 ± 0.037 

1000 0.565 ± 0.007 2.497 ± 0.039 0.646 ± 0.010 2.431 ± 0.037 

 

From both the low and high LET scenarios, we can see that setting the search  

range to be under 100 nm results in very inaccurate yields except for H2O2, with the 

value of the yields plateauing once the search range has been increased to somewhere 

between 100 and 200 nm. Interestingly, despite the low LET scenario having “spur-like” 
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track structure and the high LET scenario having a dense cylindrical track structure, 

they both have approximately the same usable search range. The difference in yields 

between minimal search range (1 nm) and maximum search range (1000 nm) are starkly 

different for the low and high LET scenarios. This makes sense as extending the search 

range in the high LET scenario will add large numbers of potential species to react with 

due to the dense track structure, while the low LET scenario has large stretches of 

empty space between spurs. In any case, these results support the usage of a search 

range shorter than the theoretical value based on the mean square displacement. We 

currently use a static search range of 300 nm for this work. However, it may be possible 

to make the search range dynamic based on the simulated time remaining as well as the 

diffusion coefficient of the species that is being checked. The speedup gained via 

dynamically shortening the search range might be offset by the calculations needed to 

calculate the search range in the first place, necessitating future testing. 

2.2.2 Comparability between old and new SHERBROOKE code 

 While the new SHERBROOKE code has made major modifications in terms of 

adding functionality for multiple simultaneous tracks and more selective pairing 

methods, fundamentally it operates on the same principles and equations for the actual 

calculation of the reaction time between pairs. For this reason, we demonstrate that the 

yields reported by the old and new SHERBROOKE codes for singular ionization tracks 

of varying energies are comparable. Verifications to experimental datasets for the old 

SHERBROOKE code have been previously reported (Meesungnoen et al. 2001, 

Meesungnoen et al. 2005a/b, Meesungnoen and Jay-Gerin 2011, Sanguanmith et al. 

2013) so for the purposes of this work it is assumed that a verification that the new 

SHERBROOKE code matches the old SHERBROOKE code is implies that it also 

matches experimental expectations. 
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In Table 2.3 we present the yields for •OH, H2O2, and eaq
- for various carbon 

ion energies at 1 µs with a track length of 50 µm in pure deaerated water. To simplify 

the calculations, we have chosen to keep the incident particle or carbon ion energy 

constant throughout the track instead of allowing the energy to decrement as it 

undergoes energy deposition processes. Furthermore, we have chosen to use the LET 

associated with the initial energy of the incident particles instead of using the dose-

averaged LET. Our results show that the C iteration of the code is in good agreement 

with the output of the FORTRAN iteration for both low and high LET carbon tracks. 

Due to the C iteration being more selective in which pairs are capable of reacting with 

each other, it is highly likely that the FORTRAN iteration is more accurate than the C 

iteration.  

Table 2.3: Yields of chemical species produced at 1 µs by a carbon ion track with varying initial energies 

using the old and new SHERBROOKE code. Confidence interval of 95%. 

Carbon 

Energy 

(per 

nucleon) 

Yield at 1 µs (# particles/100 eV) 

Old Program New Program 

G(•OH) G(H2O2) G(eaq
-) G(•OH) G(H2O2) G(eaq

-) 

5 MeV 

(no MI) 

0.319 ± 

0.006 

1.073 ± 

0.008 

0.173 ± 

0.005 

0.292 ± 

0.032 

1.049 ± 

0.010 

0.149 ± 

0.031 

10 MeV 0.436 ± 

0.101 

1.030 ± 

0.015 

0.271 ± 

0.094 

0.401 ± 

0.025 

1.001 ± 

0.009 

0.251 ± 

0.027 

20 MeV 0.578 ± 

0.042 

0.998 ± 

0.010 

0.401 ± 

0.042 

0.628 ± 

0.047 

0.964 ± 

0.010 

0.463 ± 

0.048 

50 MeV 0.793 ± 

0.039 

0.965 ± 

0.010 

0.608 ± 

0.039 

0.861 ± 

0.041 

0.929 ± 

0.009 

0.694 ± 

0.044 

100 MeV 1.066 ± 

0.048 

0.920 ± 

0.009 

0.892 ± 

0.052 

1.092 ± 

0.075 

0.892 ± 

0.013 

0.940 ± 

0.080 

300 MeV 1.413 ± 

0.036 

0.861 ± 

0.008 

1.265 ± 

0.040 

1.389 ± 

0.044 

0.840 ± 

0.008 

1.256 ± 

0.049 
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A comparison of the runtime between the old and new SHERBROOKE code is 

provided in the Figures 2.5 and 2.6 for simulated carbon ions in pure deaerated water 

with a search range of 300 nm for each particle using the same hardware and starting 

seed for random number generation. In Figure 2.5, we show the variation in the time 

required to simulate a 50 μm carbon ion track for varying initial carbon ion energies. 

For all of the energies used, we note that there is roughly a 15x speedup for the C 

program compared to the FORTRAN program. We repeat this in Figure 2.6, but with a 

100 MeV carbon ion with varying track length. Here we see a ~5x speedup for a short 

track length of 10 μm and a ~30x speedup for a longer track length of 100 μm. From 

these, we can see that the track length plays a major role in how fast the new C program 

is compared to the FORTRAN program. These times could vary depending on the 

search range chosen for the C program. However, even in the worst-case scenario where 

the track length is shorter than the particle search range (1.1 µm) the C program showed 

a ~2x speedup with 10 traces of 1 MeV protons. This is attributed to the cleaning of the 

particle list during certain checkpoints during the operation of the program which cuts 

down on the number of unnecessary checks needed.  
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Figure 2.5: Runtime needed to calculate yields up to 1 µs for singular carbon ion tracks using the old and 

new SHERBROOKE code with initial carbon ion energy fixed to 1200 MeV (~24.5 keV/μm) with 

varying track lengths 

 

Figure 2.6: Runtime needed to calculate yields up to 1 µs for singular carbon ion tracks using the old and 

new SHERBROOKE code with track length fixed at 50 µm with varying initial carbon ion energies. 
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3. Results and discussion 

 Now that the new SHERBROOKE code has been validated to the old 

SHERBROOKE code, we can begin to simulate multiple tracks at once to evaluate any 

spatial proximity effects between tracks. There are some universal parameters that we 

use in all of the calculations in this work, which we will briefly describe. The first 

parameter is that we simulate the tracks in pure deaerated water at standard conditions, 

which allows us to isolate the “pure” spatial proximity contribution towards any 

changes in the yields from factors such as oxygen depletion. Secondly, we have elected 

to use constant LET for the simulated track segments, with the chosen LET for a given 

type of incident radiation being the initial LET for convenience. The tracks all enter the 

simulation at the same time, starting on the xz-plane and move along the positive y-axis. 

The length of the track segments and the number of times the simulation is repeated 

varies depending on the LET of the radiation, as we have to make concessions between 

diminishing statistical fluctuations while maintaining a relatively fast calculation time. 

Lastly, the time range of the simulations goes up to 1 µs as that is generally accepted as 

the point where non-homogeneous chemistry shifts towards homogeneous chemistry. 

 As previously mentioned in chapter 1.5, we began with simulations involving 

two tracks with varying distances from each other. This was to establish the basic 

effects that intertrack or spatial proximity effects have on the yields. Afterwards we 

simulated multiple low LET tracks in close proximity to see if spatial proximity effects 

could effectively simulate that of increasing the track LET. We then tested if there were 

any differences between using a square or hexagonal grid configuration when arranging 

multiple tracks to see if either one was more appropriate for the following simulations. 

Using the same number of tracks in the same volume, we then simulated two spatial 

configurations in a high dose rate and extremely high dose rate scenario in order to 

observe whether the spatial configuration of the tracks can influence the yields even if 
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the dose is the same. Lastly, low or high LET radiation were simulated in a high dose 

rate and extremely high dose rate scenario to observe whether the spatial proximity 

effect is present for the different LET radiation. 

3.1 Strength of the proximity effect 

 The simplest method of demonstrating the existence of spatial track proximity 

effects is by simulating two parallel tracks with varying distance between the two tracks. 

To do this, we placed the first ion track at (0, 0, 0), and the second ion track is placed at 

(Δx, 0, 0) where Δx represents various spatial separations (Δx = 0 nm, 10 nm, 25 nm, 50 

nm, 100 nm, 10 µm). The development of the ion tracks is processed pairwise and the 

overall process is repeated a sufficient number of times such that statistical fluctuations 

are accounted for. The G-values (the number of species produced per 100 eV deposited 

into the system), are then calculated from the averaged results from the ion pairs. We 

chose to simulate a low LET scenario using a pair of 300 MeV proton tracks (~0.4 

keV/µm) over a track length of 100 µm, a medium LET scenario using a pair of 10 

MeV proton tracks (~4.5 keV/µm) over a track length of 70 µm, as well as a high LET 

scenario using a pair of 60 MeV carbon ion tracks (~285 keV/µm) over a track length of 

2.5 µm. This scheme was chosen such that we can determine if there is a significant 

reliance on the LET of the incident particles on whether a spatial proximity effect 

occurs. A selection of the simulated yields for these calculations are presented in figures 

3.1 through 3.9 and tables 3.1 through 3.3. 
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Table 3.1: Yields at 1 µs generated by two parallel 300 MeV proton tracks (~0.4 keV/ μm) with varying 

distance between tracks. ΔG∞ represents the relative difference between yields at 1 µs between Δx = 0 

and Δx = “∞”. Confidence interval of 95%. 

Spatial separation 

(nm) 

300 MeV Proton (# particles/100 eV) 

G(•OH) G(H2O2) G(eaq
-) 

0 2.43 ± 0.03 0.660 ± 0.006 2.37 ± 0.03 

10 2.45 ± 0.03 0.647 ± 0.006 2.37 ± 0.03 

25 2.46 ± 0.03 0.645 ± 0.007 2.38 ± 0.03 

50 2.48 ± 0.03 0.647 ± 0.007 2.40 ± 0.03 

100 2.49 ± 0.03 0.643 ± 0.007 2.42 ± 0.03 

“∞” 2.50 ± 0.03 0.644 ± 0.007 2.43 ± 0.03 

ΔG∞ 3% -2% 3% 

 

Looking at the simulation of the 300 MeV proton tracks in Figures 3.1 through 

3.3 and Table 3.1, we can see that G(•OH) and G(eaq
-) increase and G(H2O2) decreases 

as the spatial separation between tracks increases. The relative difference between 

yields of the 0 and “infinite” spatial separation are fairly negligible at 1 µs. Furthermore, 

there does not appear to be any initial differences in the yields between the 0 and 

“infinite” spatial separation scenarios at 1 ps, with the divergence in yields beginning 

near 1 ns. This is to be expected because 300 MeV protons have a very low LET which 

implies that there are large distances between ionization events or spurs and 

subsequently radiolytic species inside of the track, on the order of ~200 nm between 

events. (LaVerne and Pimblott, 1995; Cobut et al., 1998) For this reason, even if two 

tracks have zero spatial separation, it is unlikely that any radiolytic species would be 

generated close enough to react with species originating from another track 

instantaneously. This also explains why the spatial proximity effect is only present in  
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Figure 3.1: Comparison of time dependent yields of •OH generated by two parallel 300 MeV proton 

tracks (~0.4 keV/ μm) at 1 µs with varying distance between tracks. 

 

Figure 3.2: Comparison of time dependent yields of H2O2 generated by two parallel 300 MeV proton 

tracks (~0.4 keV/ μm) at 1 µs with varying distance between tracks. 
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Figure 3.3: Comparison of time dependent yields of eaq
- generated by two parallel 300 MeV proton tracks 

(~0.4 keV/ μm) at 1 µs with varying distance between tracks. 

the later portion of the simulation as it requires time for any particular species to diffuse 

through the system and encounter a species from another track. Ultimately for low LET 

tracks, it appears that the spatial proximity effect is limited. However, we note that this 

is done in isolation of the practical consideration that low LET tracks are more easily 

placed in close proximity compared to higher LET tracks given the same dose rate. 

As for 10 MeV proton tracks shown in Figures 3.4 through 3.6 and Table 3.2, 

we begin to see an appreciable difference in the final yields between the 0 and “infinite” 

spatial separation scenarios at 1 µs. Again, we can see that the yields of (•OH) and 

G(eaq
-) increase and G(H2O2) decreases as the spatial separation between tracks 

increases, with a more substantial spatial proximity effect being present at 1 µs when 

comparing the yields of the 0 and “infinite” spatial separation scenarios. The density of 

ionization events in each individual track is high enough that when the tracks are in 

close proximity, there is a substantially higher chance that species from one track will  
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Table 3.2: Yields at 1 µs generated by two parallel 10 MeV proton tracks (~4.5 keV/ μm) with varying 

distance between tracks. ΔG∞ represents the relative difference between yields at 1 µs between Δx = 0 

and Δx = “∞”. Confidence interval of 95%.  

Spatial separation 

(nm) 

10 MeV Proton (# particles/100 eV) 

G(•OH) G(H2O2) G(eaq
-) 

0 1.37 ± 0.01 0.861 ± 0.003 1.25 ± 0.01 

10 1.44 ± 0.01 0.830 ± 0.003 1.26 ± 0.01 

25 1.52 ± 0.01 0.818 ± 0.003 1.32 ± 0.01 

50 1.60 ± 0.01 0.807 ± 0.003 1.42 ± 0.01 

100 1.69 ± 0.01 0.799 ± 0.003 1.54 ± 0.01 

“∞” 1.75 ± 0.01 0.796 ± 0.003 1.66 ± 0.01 

ΔG∞ 27% -8% 33% 

 

react with species from another track instead of wandering off somewhere else in the 

system which is a similar conclusion to this situation as Kreipl et al. (2009) In particular 

if we assume that our 10 MeV protons lose ~50 eV per energy deposition event, then 

the average distance between events would be ~11 nm which is a realistic distance for a 

given species to travel during its lifetime. (LaVerne and Pimblott, 1995; Cobut et al., 

1998) However, for tracks with zero spatial separation the density of ionization events 

is not high enough to trigger instantaneous reactions causing an initial difference in 

yields at 1 ps. In the case of G(•OH), we can point out that there is a fairly clear time at 

which each spatial separation begins to diverge away from the “infinite” separation 

scenario. Even at 1 µs, we can still see this divergence in action; thus this spatial 

separation effect could occur beyond the non-homogeneous chemistry phase. In any 

case, we can see that the increase of LET between the 300 MeV and 10 MeV proton 

tracks substantially increases the strength of the spatial proximity effect. However, we 

will quickly see that it does not infinitely scale with the LET of the tracks. 
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Figure 3.4: Comparison of time dependent yields of •OH generated by two parallel 10 MeV proton tracks 

(~4.5 keV/ μm) at 1 µs with varying distance between tracks. 

 

Figure 3.5: Comparison of time dependent yields of H2O2 generated by two parallel 10 MeV proton 

tracks (~4.5 keV/ μm) at 1 µs with varying distance between tracks. 
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Figure 3.6: Comparison of time dependent yields of eaq
- generated by two parallel 10 MeV proton tracks 

(~4.5 keV/ μm) with varying distance between tracks. 

In the case of the 60 MeV carbon ion pairs shown in Figures 3.7 through 3.9 

and Table 3.3, we can see that there is a significant difference in the initial yields at 1 ps 

when comparing the pair of tracks having 0 spatial separation to 10 nm separation or 

beyond. In contrast to the 300 MeV and 10 MeV proton tracks, 60 MeV carbon ion 

tracks have a high enough LET that when the tracks have 0 spatial separation, the 

species from each track have a very high probability of beginning extremely close to 

species from another track, which could lead to near-instantaneous reactions. This 

appears to be largely driven by radical-radical reactions. Using the yield of •OH as an 

example, at 1 ps we note that there is a ~50% increase in the amount of •OH + •OH, 

which has implications for the development of the simulation as a large amount of •OH 

that would otherwise be present in later timeframes has already been consumed. This 

leads to some interesting results such as •OH + eaq
- being more prevalent near 1 ns when  
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Table 3.3: Yields at 1 µs generated by two parallel 60 MeV carbon ion tracks (~284.4 keV/ μm) with 

varying distance between tracks. ΔG∞ represents the relative difference between yields at 1 µs between 

Δx = 0 and Δx = “∞”. Confidence interval of 95%. 

Spatial separation 

(nm) 

60 MeV Carbon ion (# particles/100 eV) 

G(•OH) G(H2O2) G(eaq
-) 

0 0.244 ± 0.020 1.097 ± 0.004 0.132 ± 0.018 

10 0.248 ± 0.021 1.051 ± 0.007 0.136 ± 0.017 

25 0.248 ± 0.017 1.058 ± 0.005 0.135 ± 0.018 

50 0.251 ± 0.018 1.060 ± 0.010 0.132 ± 0.019 

100 0.270 ± 0.020 1.052 ± 0.010 0.136 ± 0.018 

“∞” 0.298 ± 0.023 1.051 ± 0.007 0.159 ± 0.021 

ΔG∞ 22% -4% 20% 

 

the tracks are far away from each other even though it is ostensibly a radical-radical 

reaction that should be favored when the tracks are close to each other. While we 

plainly observe that the final yields at 1 µs do demonstrate a strong spatial proximity 

effect compared to 300 MeV protons, the relative difference between the final yields of 

the 0 and “infinite” separation simulations is smaller than that of 10 MeV protons. 

There is a fairly simple explanation for this, since for a singular high LET track the 

density of ionization events is already high enough that any given species already has a 

multitude of available species from its own track that it could pair and react with. In 

contrast, it is highly plausible that any given species in a low LET track has so few 

potential pairs that it will just wander away without reacting with anything. Having two 

low LET tracks in close proximity allows for species from one track to react with 

species from another track instead of not reacting with anything at all by 1 µs. However, 

with two high LET tracks in close proximity, while favoring certain types of reactions, 

the second track does not significantly change the probability intertrack reactions in 1 

µs as it probably can react with some other species in its own track due to the density of  
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Figure 3.7: Comparison of time dependent yields of •OH generated by two parallel 60 MeV carbon ion 

tracks (~284.4 keV/ μm) at 1 µs with varying distance between tracks. 

 

 

Figure 3.8: Comparison of time dependent yields of H2O2 generated by two parallel 60 MeV carbon ion 

tracks (~284.4 keV/ μm) at 1 µs with varying distance between tracks. 
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Figure 3.9: Comparison of time dependent yields of eaq
- generated by two parallel 60 MeV carbon ion 

tracks (~284.4 keV/ μm) with varying distance between tracks. 

ionization events. We can see this with 10 MeV protons, where the yields begin to 

diverge away from the “infinite” separation simulation as the simulation develops. This 

is in contrast to 60 MeV carbon ions, where the 0-separation simulation yields initially 

differ from other simulations but eventually converge as the system develops. This 

follows even for the “infinite” separation simulation where the tracks are placed so far 

apart that there are no intertrack interactions. Ultimately, a 10 MeV proton track with 

~50x less LET than a 60 MeV carbon ion track has a higher capacity for spatial 

proximity effects on an individual scale in terms of just having two tracks, and on a 

larger scale in terms of being able to place many more tracks in close proximity while 

maintaining the same dose rate as 60 MeV carbon ions. Overall our simulated yields 

compare favorably to other simulated yields obtained by other groups. (Kreipl et al, 

2009) To this end, an important next step is determining how to maximize the spatial 

proximity effect given a certain dose rate. 
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3.2 Effectiveness of multiple low LET tracks in mimicking a high LET track 

 As we have established in chapter 3.1, spatial proximity between tracks leads 

towards changes in the yields of radiolytic species reminiscent of higher LET tracks. In 

both cases, the main driver is the increased amount of radical-radical reactions, either in 

the bulk solution between nearby tracks (intertrack effects), or inside the tracks 

themselves (intratrack effects) for high LET tracks. On a practical level, the main 

method of decreasing the spatial distance between tracks is via increasing the dose rate. 

If we take this concept of increasing the dose rate to its limits by placing many low LET 

tracks in close proximity or with zero spatial separation, it would be interesting to see 

how closely they can mimic the behavior of a singular high LET track. While the 

overall amount of energy being deposited into the system could be the same between 

the collection of low LET tracks and the singular high LET track, the distribution of the 

energy deposition likely differs due to factors such as the length of secondary electron 

tracks or multiple ionization effects. In order to observe whether multiple low LET 

tracks in close proximity are equivalent to a singular high LET track, we have simulated 

sixty-one 10 MeV proton (~4.5 keV/µm) tracks with zero spatial separation between 

tracks as well as a single 60 MeV carbon ion track (~285 keV/µm) with a track length 

of 10 µm. The amount of 10 MeV proton tracks was chosen such that the combined 

LET of the proton tracks is similar to that of the 60 MeV carbon ion track. Furthermore 

we have simulated the 60 MeV carbon ion with and without multiple ionization effects 

so that we can observe whether the lack of multiple ionization effects in the proton 

tracks results in major divergence from the “real” yields associated with the 60 MeV 

carbon ion. It should be noted that according to Meesungnoen and Jay-Gerin (2005b), 

the effects of multiple ionization are relatively minor for 60 MeV carbon ions, such that 

the yields should not be radically different. This is illustrated in in Figures 3.10 through 

3.12, where we present the time evolution for the yields of various radiolytic species for  



58 

 

 

Figure 3.10: Comparison of time dependent yields of •OH generated by sixty-one superimposed 10 MeV 

proton tracks (~4.5 keV/μm), one 60 MeV carbon ion track (~284.4 keV/μm) with and without multiple 

ionization, and one 10 MeV proton track. 

an array of sixty-one 10 MeV protons starting from the same position, a single 60 MeV 

carbon ion with and without multiple ionization effects, as well as a single 10 MeV 

proton to help visualize the relative effect that the spatial proximity of the sixty-one 10 

MeV proton array has on the normal yield of a 10 MeV proton.  

As can be seen, the yields of the combined sixty-one 10 MeV proton track 

group are more similar to that of the 60 MeV carbon ion track than that of the singular 

10 MeV proton track. We also observe that the proton track group matches more closely 

to the radiolytic yields of a carbon ion track when multiple ionization effects are not 

factored in, which was expected. However, the relative difference at 1 µs is not as large 

as expected. In this best-case scenario that we have constructed, the dose rates of the 

proton track group and the carbon ion track are similar since they deposit the same 

amount of energy into the volume during the same time period. As mentioned, earlier  
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Figure 3.11: Comparison of time dependent yields of H2O2 generated by sixty-one superimposed 10 MeV 

proton tracks (~4.5 keV/μm), one 60 MeV carbon ion track (~284.4 keV/μm) with and without multiple 

ionization, and one 10 MeV proton track. 

 

Figure 3.12: Comparison of time dependent yields of eaq
- generated by sixty-one superimposed 10 MeV 

proton tracks (~4.5 keV/μm), one 60 MeV carbon ion track (~284.4 keV/μm) with and without multiple 

ionization, and one 10 MeV proton track. 



60 

 

we stated that this is taking the concept of “increasing the dose rate” to an extreme as 

we have entirely localized all of the proton tracks to start from the same point which 

maximizes the spatial proximity effect. Under realistic circumstances, the proton tracks 

will be randomly distributed in the volume with some average distance between tracks. 

Thus under normal circumstances, we expect that the dose rate required for low LET 

tracks to match the yields of a high LET track would be higher than that of the ideal 

case where the low LET tracks are localized to the same point. In the future it would be 

interesting to see what dose rates would be needed for low LET tracks assuming some 

uniform distribution in the volume to match the yields of a high LET track.  

3.3 Grid vs Hex 

As noted in the previous chapter, multiple low LET tracks occupying the same 

position have comparable results to high LET tracks, but is rather unrealistic as there is 

usually some appreciable distance between tracks with real life equipment. In particular 

for this work, we are interested in a uniform distribution of tracks in the volume where 

we can control the exact distance between tracks. One geometrical formation of interest 

is uniform tiling with ion tracks occupying vertices on the tiling. An example of a 

uniform tiling in two-dimensional space would be a repeating pattern of squares or 

hexagons of equal size that are placed such that the squares or hexagons occupy all of 

the available space. Using the square grid as an example, if we focus on a particular ion 

track as a central track placed on any given vertex, it would have four tracks that are 

“nearest neighbors” that it would be the most probable to interact with, and it would 

have another set of four tracks that are “next nearest neighbors” with this process going 

on for infinity. Conversely, a hexagonal grid with a particular ion track as a central track 

would have three “nearest neighbors” and then have six “next nearest neighbors”. An 

example of these grids is shown in Figure 3.13. This becomes an interesting problem to 

analyze from a track proximity effect perspective as the square grid has more “ nearest 
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neighbors” which should provide a stronger spatial proximity effect individually but the 

hexagonal grid more “next nearest neighbors” which could potentially result in the 

overall spatial proximity effect being stronger for a hexagonal grid if the “next nearest 

neighbors” are close enough to interact with the central track. On a more practical level, 

inputting the coordinates for square grids is somewhat less time consuming than for 

hexagonal grids, so if the yields between the two grid types are comparable then it 

would be preferable to just use square grids for future calculations. 

 

 

Figure 3.13: Basic geometry of a square grid (left) and hexagonal grid (right). The red circle denotes the 

“central” vertex, with the green circles denoting the closest vertices to the central vertex, and the blue 

circles denoting the second closest vertices to the central vertex. s represents the side length of the square 

or hexagonal constituents of the grid. 

 In order to see whether the difference between a square or hexagonal tiling of 

the ion tracks leads to a significant difference in yields, we have to make some 

concessions. Due to the unfortunate realities of how the SHERBROOKE code is 

implemented, we cannot simulate an infinite number of ion tracks over an infinite 

volume as that would exceed our available computational time and resources. To this 

end, we have decided to simply limit ourselves to 25 tracks placed such that they fill a 

square or hexagonal grid as much as possible around a central track. Another limitation 

is that using 25 high LET tracks such as 60 MeV carbon ions would either result in 

frequent crashes due to memory limitations or using unacceptably short track segments. 

To this end we have opted to use 10 MeV protons with 20 µm track segments. The 
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spacing between “nearest neighbors” was chosen to be 10 nm so that the tracks are far 

enough apart that species originating from one track do not instantaneous react with 

species from another track, while also being close enough that species from “next 

nearest neighbors” have the potential to react with species from the central track. In 

theory we should observe that the initial yields for the two formations are the same as 

the tracks are initially too far away to demonstrate any spatial proximity based effects. 

As the species “diffuse”, we predict that the square grid configuration should initially 

demonstrate a stronger spatial proximity effect as there are more “nearest neighbor” 

tracks, where later on the hexagonal grid configuration should demonstrate a stronger 

spatial proximity effect as it has more “next nearest neighbors”. We show the results of 

these square grid versus hexagonal grid calculations in Figures 3.14 through 3.16. 

 

Figure 3.14: Comparison of time dependent yields of •OH generated by twenty-five parallel 10 MeV 

proton tracks (~4.5 keV/μm) in two configurations. The first configuration has the proton tracks arranged 

in a 5 x 5 square grid with 10 nm side length, and the second configuration has the proton tracks arranged 

in a hexagonal grid with 10 nm side length. 
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Figure 3.15: Comparison of time dependent yields of H2O2 generated by twenty-five parallel 10 MeV 

proton tracks (~4.5 keV/μm) in two configurations. The first configuration has the proton tracks arranged 

in a 5 x 5 square grid with 10 nm side length, and the second configuration has the proton tracks arranged 

in a hexagonal grid with 10 nm side length. 

In Figures 3.14 through 3.16 we show the time evolution of the yields of 

various radiolytic species up to 1 µs for 25 10 MeV protons in either a “square” or 

“hexagonal” formation in pure deaerated water. As can be seen, there is no significant 

difference in their time evolutions between the 3 presented species up to 1 µs. There 

does appear to be a minor increase in the yields of •OH and eaq
- and decrease in the 

yield of H2O2 between 1 ns and 100 ns for the hexagonal formation compared to the 

square formation. As this difference in yields vanishes towards 1 µs, it is likely that this 

is driven by tracks in the hexagonal grids being able to see more “next nearest 

neighbors” in this time frame, with the difference in yields diminishing afterwards as 

there is increased diffusion in the system. In any case, the square and hexagonal grids 

do not seem to have appreciable difference. Thus going forward, we have decided to 

use square grids when simulating multiple tracks with uniform geometry in the volume. 
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Figure 3.16: Comparison of time dependent yields of eaq
- generated by twenty-five parallel 10 MeV 

proton tracks (~4.5 keV/μm) in two configurations. The first configuration has the proton tracks arranged 

in a 5 x 5 square grid with 10 nm side length, and the second configuration has the proton tracks arranged 

in a hexagonal grid with 10 nm side length. 

3.4 Does the geometrical beam arrangement have an effect? 

 In the previous chapter, we have observed that the spatial or geometrical 

differences between a uniform square and hexagonal grid for the purposes of the initial 

starting point for tracks was insignificant. In that case, for both scenarios the distance 

between nearest tracks is comparable, but if the spatial distribution within the same 

volume has significantly different distances between tracks then the yields of radiolytic 

species could be also be significantly different. We have already demonstrated that 

lower LET radiation can mimic the yields of higher LET radiation when multiple high 

LET tracks are placed in extremely close proximity. Now, we wish to know whether 

different track geometry can result in yield differences given the same track energy 

input into the volume. In order to accomplish this, we initially simulated four spatial 

configurations of nine 1200 MeV carbon ion tracks with track length of 20 µm. The 
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first configuration is a 3 by 3 grid with 50 nm spacing between each track, traveling 

along the positive y-axis such that the starting coordinates with units given in nm for 

the tracks are (0, 0, 0), (50, 0, 0) , (100, 0, 0), (0, 0, 50), (0, 0, 100), (50, 0, 50), (50, 0, 

100), (100, 0, 50), and (100, 0, 100). The second configuration has paired starting 

points for most tracks such that they start on the same point, with 2 tracks starting at (0, 

0, 0), (100, 0, 0), (0, 0, 100), and (100, 0, 100), with the leftover track starting at (50, 0, 

50). Similarly the third and fourth configurations are the same as the first two 

configurations except for the spacing between tracks being 500 nm.  

Overall, the dimensions were chosen such that there should be relatively strong 

spatial proximity effects for the first and second configurations, and that the same dose 

is applied to the same volume. The first configuration was constructed such that each 

track would experience relatively weaker spatial proximity effects during the initial 

stages of the simulation, while the second configuration aims to facilitate the spatial 

proximity effect without having to compromise the irradiation volume. Since the LET 

of 1200 MeV carbon ion tracks is relatively small, the difference in the initial yields 

between the three configurations at 1 ps is also negligible. In Figures 3.17 through 3.19 

we show the radiolytic yields for various species of the first and second configurations 

up to 1 µs. 



66 

 

 

Figure 3.17: Comparison of time dependent yields of •OH generated by nine parallel 1200 MeV carbon 

tracks (~24.5 keV/μm) in two configurations. The first configuration has the carbon ion tracks arranged 

in a 3 x 3 square grid with 50 nm spacing between tracks, and the second configuration has the carbon 

ion tracks located on the cardinal directions relocated so that each corner has 2 tracks. 

From the radiolytic yields at 1 µs for the two spatial configurations, we can see 

that there is not a significant difference between them at the end of the non-

homogeneous chemistry phase. However, we note that the second configuration that 

had the tracks located in a fashion to facilitate spatial proximity effects display a 

transient decrease in radical yields and increase in molecular yields. This difference in 

yields appears to be maximized at 10 ns, then quickly tapering off towards 1 µs. Our 

explanation for this is that the second spatial configuration initially has multiple tracks 

in extremely close proximity allowing for more intermediate intertrack interactions, but 

the first configuration sees the same overall number of intertrack interactions where 

they take place over a longer period of time. For example, in the first configuration a 

track starting at (0 nm, 0 nm, 0 nm) would have neighboring tracks at (50 nm, 0 nm, 0 

nm), (0 nm, 0 nm, 50 nm), and (50 nm, 0 nm, 50 nm), whereas the second configuration  
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Figure 3.18: Comparison of time dependent yields of H2O2 generated by nine parallel 1200 MeV carbon 

tracks (~24.5 keV/μm) in two configurations. The first configuration has the carbon ion tracks arranged 

in a 3 x 3 square grid with 50 nm spacing between tracks, and the second configuration has the carbon 

ion tracks located on the cardinal directions relocated so that each corner has 2 tracks. 

the same track would only immediately see another track at (0 nm, 0 nm, 0 nm) and the 

track at (50 nm, 0 nm, 50 nm). Essentially we propose that more intense spatial 

proximity effects between smaller groups of tracks can be equally effective as smaller 

spatial proximity effects with a larger group of tracks. Thus if the radiation dose is 

sufficiently large such that the tracks are dense enough that no track is in isolation, then 

the overall spatial proximity effect should be roughly the same regardless of the spatial 

distribution. The parameters for this calculation were designed to facilitate intertrack 

reactions between all of the tracks, not necessarily being the same conditions that would 

take place under FLASH-RT. If we assume that our 1200 MeV carbon ion tracks extend 

into an infinite square grid with a 1 µm track length, then each “cell” of nine 1200 MeV 

carbon ions would have the dimensions of 150 nm by 1 µm by 150 nm. Taking the LET 

of 1200 MeV carbon ions (~24.5 keV/ μm), nine tracks in this  
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Figure 3.19: Comparison of time dependent yields of eaq
- generated by nine parallel 1200 MeV carbon 

tracks (~24.5 keV/μm) in two configurations. The first configuration has the carbon ion tracks arranged 

in a 3 x 3 square grid with 50 nm spacing between tracks, and the second configuration has the carbon 

ion tracks located on the cardinal directions relocated so that each corner has 2 tracks. 

volume deposit approximately 220.5 keV, leading to a dose of 1570 Gy. This is already 

quite a bit higher than the overall dose proposed for FLASH-RT treatments, which is 

magnified if we consider this a single pulse in which case, a pulse length of ~10 ns 

would result in an extremely high dose rate of 1.57 x 1011 Gy/s. For this reason we also 

conducted calculations with nine 1200 MeV carbon ion tracks starting in a 1 µm by 1 

µm square with a dose of roughly ~15.7 Gy which is much closer for FLASH-RT 

treatments as shown in Figures 3.20 through 3.22. Here we can see how a larger volume 

or lower dose rate significantly impacts the importance of spatial distribution in the 

yields of radiolytic species. Not surprisingly, the third configuration shows the same 

yields as if the carbon ion tracks were in complete isolation from each other, which was 

expected since 500 nm spacing between tracks is sufficient to exclude intertrack 

interactions by 1 µs. Conversely, we can clearly see that unlike the calculation starting  



69 

 

 

Figure 3.20: Comparison of time dependent yields of •OH generated by nine parallel 1200 MeV carbon 

tracks (~24.5 keV/μm) in two configurations. The first configuration has the carbon ion tracks arranged 

in a 3 x 3 square grid with 500 nm spacing between tracks, and the second configuration has the carbon 

ion tracks located on the cardinal directions relocated so that each corner has 2 tracks. 

in the 100 nm by 100 nm square, the fourth configuration involving two tracks being 

paired, barring the one located in the center, has a markedly different set of yields at 1 

µs. The decrease in radical yields and increase in molecular yields is a clear indication 

that there are some intertrack reactions occurring. In this case, the fourth configuration 

results in intertrack reactions that are entirely absent from the third configuration. It 

appears that at lower dose rates, the spatial configuration of individual tracks has a 

much more significant impact on the behavior of the system, as certain distributions can 

entirely eliminate intertrack reactions while others can foster them. In contrast, if the 

dose rate is extremely high such that even if the tracks are spaced as far apart as 

possible that they would be within range of each other to perform intertrack reactions, 

then the spatial distribution could result in transient difference but would not be that 

significant. Of course, given the physical realities of delivering radiation, specifically  
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Figure 3.21: Comparison of time dependent yields of H2O2 generated by nine parallel 1200 MeV carbon 

tracks (~24.5 keV/μm) in two configurations. The first configuration has the carbon ion tracks arranged 

in a 3 x 3 square grid with 500 nm spacing between tracks, and the second configuration has the carbon 

ion tracks located on the cardinal directions relocated so that each corner has 2 tracks. 

defined track placements are almost impossible and we usually have to consider more 

randomly distributed tracks. At the very least for 1200 MeV carbon ions, if we aim for a 

~15.7 Gy dose, significant intertrack reactions will probably be absent if the tracks are 

evenly distributed since the average distance between tracks will be too high. Simply 

put, “high” LET tracks are unlikely to demonstrate any sort of significant spatial 

proximity effect using dose rates that would be feasible for FLASH-RT as they would 

generally be placed too far apart. Low LET tracks can still be placed in close proximity 

of each other under these conditions; thus it is pertinent to investigate whether low LET 

radiation can achieve some sort of spatial proximity effect under “normal” conditions. 
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Figure 3.22: Comparison of time dependent yields of eaq
- generated by nine parallel 1200 MeV carbon 

tracks (~24.5 keV/μm) in two configurations. The first configuration has the carbon ion tracks arranged 

in a 3 x 3 square grid with 500 nm spacing between tracks, and the second configuration has the carbon 

ion tracks located on the cardinal directions relocated so that each corner has 2 tracks.   

3.5 Spatial proximity effect for the same dose of high LET and low LET 

radiation 

 Given some sort of dose rate limitation, it is possible to fit many “small” or 

low LET tracks into a given volume where it would only be possible to fit a few “large” 

or high LET tracks. Following from this, we should expect that low LET tracks should 

be able to exhibit a stronger spatial proximity effect given the same dose rate than their 

high LET counterparts as by putting more tracks into the same volume we are 

decreasing the average distance between tracks. In order to illustrate this, in addition to 

the calculations previously done using nine 1200 MeV carbon ions, we have done 

simulations on forty-nine 10 MeV protons, as well as six-hundred-seventy-six 300 MeV 

protons. The number of proton tracks was selected so that their “combined LET” and 

thus dose would be within the same range as that of the nine 1200 MeV carbon ion 
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simulation. We once again simulate the tracks starting off in either a 100 nm by 100 nm 

square or a 1 µm by 1 µm square grid for “extremely high” and “high” dose rates 

respectively. In particular, the 10 MeV protons are arranged into a square grid with 

either 16.7 nm or 167 nm spacing between each track depending on the dimension of 

the starting square. Similarly, the 300 MeV protons have 4 nm or 40 nm spacing 

between each track. The calculations were conducted with a track length of 20 µm up to 

1 µs, with the time evolution of the radiolytic yields for various species shown in 

Figures 3.23 through 3.25 and Table 3.4. 

 

Table 3.4: Yields at 1 µs generated by nine parallel 1200 MeV carbon tracks (~24.5 keV/μm), forty-nine 

parallel 10 MeV proton tracks, and six-hundred-and-seventy-six parallel 300 MeV proton tracks starting 

in a 100 nm by 100 nm square. The tracks are arranged in a square grid with 50 nm spacing between 

nearest tracks for the 1200 MeV carbon tracks, 16.7 nm spacing between nearest tracks for the 10 MeV 

proton tracks, and 4 nm spacing between nearest tracks for the 300 MeV proton tracks. The value in 

parenthesis denotes the yield generated with no spatial proximity effects. Confidence interval of 95%. 

Yields at 

1 µs 

1200 MeV Carbon 10 MeV Proton 300 MeV Proton 

G(•OH) 0.771 ± 0.033 (1.078) 0.593 ± 0.014 (1.759) 0.814 ± 0.045 (2.490) 

G(H2O2) 0.901 ± 0.004 (0.898) 0.890 ± 0.003 (0.798) 0.842 ± 0.005 (0.650) 

G(eaq
-) 0.500 ± 0.038 (0.896) 0.270 ± 0.017 (1.658) 0.514 ± 0.052 (2.422) 

G(H•) 0.469 ± 0.003 (0.639) 0.404 ± 0.003 (0.648) 0.420 ± 0.005 (0.566) 

G(O2) 0.013 ± 0.001 (0.009) 0.013 ± 0.001 (0.006) 0.013 ± 0.001 (0.006) 

 

From the calculations of the tracks starting in the 100 nm by 100 nm square, 

we can see that under conditions of extremely high dose rates, the radiolytic yields of 

incident radiation with wildly varying LET are comparable at 1 µs. The time evolution 

of the yields of the 1200 MeV carbon ions does seem to diverge from that of the 10 

MeV and 300 MeV protons between ~100 ps and ~10 ns. However, its higher LET 

tracks implies higher rates of radical-radical reactions that occur within each individual  
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Figure 3.23: Comparison of time dependent yields of •OH generated by nine parallel 1200 MeV carbon 

tracks (~24.5 keV/μm), forty-nine parallel 10 MeV proton tracks, and six-hundred-and-seventy-six 

parallel 300 MeV proton tracks starting in a 100 nm by 100 nm square. The tracks are arranged in a 

square grid with 50 nm spacing between nearest tracks for the 1200 MeV carbon tracks, 16.7 nm spacing 

between nearest tracks for the 10 MeV proton tracks, and 4 nm spacing between nearest tracks for the 

300 MeV proton tracks. 

track in contrast to intertrack reactions that require more time for diffusion. We observe 

that the 10 MeV protons show the strongest decrease in radical yields relative to the 

yields with no spatial proximity effects, such as •OH and eaq
- at 1 µs, but that does not 

necessarily mean that 10 MeV protons exhibit the strongest spatial proximity effect. We 

note that if we compare the yields of these configurations to their counterparts where 

there are no spatial proximity effects (i.e. a singular track), the 300 MeV protons show 

the greatest relative difference for their •OH yield at 67.3%, while 300 MeV protons 

have 65.0% for their •OH yields. This is interesting as when looking at only two 300 

MeV proton tracks, their relative difference between yields for 0 and “infinite” spatial 

distance between the tracks is only ~2% whereas two 10 MeV protons tracks have  
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Figure 3.24: Comparison of time dependent yields of H2O2 generated by nine parallel 1200 MeV carbon 

tracks (~24.5 keV/μm), forty-nine parallel 10 MeV proton tracks, and six-hundred-and-seventy-six 

parallel 300 MeV proton tracks starting in a 100 nm by 100 nm square. The tracks are arranged in a 

square grid with 50 nm spacing between nearest tracks for the 1200 MeV carbon tracks, 16.7 nm spacing 

between nearest tracks for the 10 MeV proton tracks, and 4 nm spacing between nearest tracks for the 

300 MeV proton tracks. 

~30% between yields. Essentially the individual spatial proximity effects between two 

tracks for 10 MeV protons are stronger, but in this scenario the 300 MeV protons are 

within range of a much higher number of tracks such that it offsets their relatively weak 

individual track proximity effect. Overall with the usage of “extremely high” dose rates, 

the distinction between low and high LET tracks when it comes to the radiolytic yields 

begins to blur as increased intratrack reactions present in higher LET tracks are offset 

by increased intertrack reactions between the low LET tracks. 
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Figure 3.25: Comparison of time dependent yields of eaq
- generated by nine parallel 1200 MeV carbon 

tracks (~24.5 keV/μm), forty-nine parallel 10 MeV proton tracks, and six-hundred-and-seventy-six 

parallel 300 MeV proton tracks starting in a 100 nm by 100 nm square. The tracks are arranged in a 

square grid with 50 nm spacing between nearest tracks for the 1200 MeV carbon tracks, 16.7 nm spacing 

between nearest tracks for the 10 MeV proton tracks, and 4 nm spacing between nearest tracks for the 

300 MeV proton tracks. 

In Figures 3.26 through 3.28 and Table 3.5, we present the time evolution for 

the radiolytic of yields starting in a 1 µm by 1 µm square. As can be seen, the yields at 1 

µs are not comparable between the different track types, which is a sign that there is a 

large difference in the amount of radical-radical reactions that occur in each scenario. 

Here the track proximity effect is either heavily diminished compared to the 100 nm 

by100 nm calculations or almost entirely absent for the 1200 MeV carbon ions. In 

particular, if we consider ~200 nm to be the maximum distance between tracks before 

they exhibit no spatial proximity effect within 1 µs, then a track located at the center of 

the 1 µm by 1 µm square will be able to interact 27 tracks for 300 MeV protons, 4 

tracks for 10 MeV protons, and 0 tracks for 1200 MeV carbon ions. In contrast for the 
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Table 3.5: Yields at 1 µs generated by nine parallel 1200 MeV carbon tracks (~24.5 keV/μm), forty-nine 

parallel 10 MeV proton tracks, and six-hundred-and-seventy-six parallel 300 MeV proton tracks starting 

in a 1 µm by 1 µm square. The tracks are arranged in a square grid with 500 nm spacing between nearest 

tracks for the 1200 MeV carbon tracks, 167 nm spacing between nearest tracks for the 10 MeV proton 

tracks, and 40 nm spacing between nearest tracks for the 300 MeV proton tracks. The value in parenthesis 

denotes the yield generated with no spatial proximity effects. Confidence interval of 95%. 

Yields at 

1 µs  

1200 MeV Carbon 10 MeV Proton 300 MeV Proton 

G(•OH) 1.108 ± 0.065 (1.078) 1.655 ± 0.008 (1.759) 2.086 ± 0.008 (2.490) 

G(H2O2) 0.889 ± 0.004 (0.898) 0.798 ± 0.003 (0.798) 0.681 ± 0.003 (0.650) 

G(eaq
-) 0.955 ± 0.038 (0.896) 1.436 ± 0.007 (1.658) 1.755 ± 0.013 (2.422) 

G(H•) 0.627 ± 0.004 (0.639) 0.682 ± 0.003 (0.648) 0.666 ± 0.003 (0.566) 

G(O2) 0.010 ± 0.001 (0.009) 0.007 ± 0.001 (0.006) 0.006 ± 0.001 (0.006) 

 

simulations starting in the 100 nm by 100 nm square, any 300 MeV proton track can 

interact with the other 675 tracks. Similarly, the 10 MeV proton track interact with the 

other 48 tracks, and the 1200 MeV carbon ion track interact with the other 8 tracks. If 

we consider the yields of these groups of carbon and protons with their respective two 

carbon or proton track equivalents at “infinite” distance from each other, we conclude 

that 300 MeV protons show the strongest track proximity effect with a relative 

difference of 16.2% for •OH, 10 MeV protons show a weaker track proximity effect 

with a relative difference of 5.4% for •OH, and 1200 MeV carbon ions do not show any 

track proximity effects in these conditions. One interesting note similarly observed by 

recent work in our group (Alanazi et al., 2020a) is that the yields of H• with 500 nm 

spacing have increased above the equivalent yield of “infinitely” separated tracks in the 

300 MeV and 10 MeV proton calculations despite H• being a radical. Our group 

attributes this to the eaq
- to H• conversion where the conversion of eaq

- to H• is facilitated 

by slower reactions with H+ and H2O. (Alanazi et al., 2020b) In higher dose rate 

situations where the tracks are much closer, eaq
- is more readily consumed in radical-  
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Figure 3.26: Comparison of time dependent yields of •OH generated by nine parallel 1200 MeV carbon 

tracks (~24.5 keV/μm), forty-nine parallel 10 MeV proton tracks, and six-hundred-and-seventy-six 

parallel 300 MeV proton tracks starting in a 100 nm by 100 nm square. The tracks are arranged in a 

square grid with 500 nm spacing between nearest tracks for the 1200 MeV carbon tracks, 167 nm spacing 

between nearest tracks for the 10 MeV proton tracks, and 40 nm spacing between nearest tracks for the 

300 MeV proton tracks. 

radical reactions, thus depleting eaq
- before it can undergo conversion to H•. Conversely, 

if the tracks are too far away, then the eaq
- to H• conversion cannot proceed as efficiently 

as there is less chance of eaq
- from one track being able to encounter H+ from other 

tracks.  

Overall, we can observe that for extremely high dose rates, both low and high 

LET radiation should exhibit spatial proximity effects such that the radiolytic yields 

between the different LET radiation are similar. However, once we start to use more 

realistic high dose rates, we begin to see the spatial proximity effects either disappear 

for high LET radiation or begin to diminish for low LET radiation. Thus, we can argue 

that as the dose rate increases, the contribution of the spatial proximity effect begins to  
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Figure 3.27: Comparison of time dependent yields of H2O2 generated by nine parallel 1200 MeV carbon 

tracks (~24.5 keV/μm), forty-nine parallel 10 MeV proton tracks, and six-hundred-and-seventy-six 

parallel 300 MeV proton tracks starting in a 100 nm by 100 nm square. The tracks are arranged in a 

square grid with 500 nm spacing between nearest tracks for the 1200 MeV carbon tracks, 167 nm spacing 

between nearest tracks for the 10 MeV proton tracks, and 40 nm spacing between nearest tracks for the 

300 MeV proton tracks. 

outweigh the importance of the actual LET of the incident radiation. If we use realistic 

dose rates for FLASH-RT, it is likely that the strength of the spatial proximity effect 

will still be relatively weak, mostly confined to low LET radiation such as fast protons 

or electrons. This is similar to the conclusion made by Ramos-Méndez et al., (2020) 

which expects that higher LET radiation is unlikely to exhibit spatial proximity effects. 

Furthermore, if we consider the reality of how radiation-induced cell death is induced 

through DNA damage when there are multiple damage sites within 3.4 nm of each other 

along the DNA helix, any realistic arrangement of ion tracks that are only separated by 

3.4 nm would have to be low LET otherwise the applied dose would be too high even 

for FLASH-RT. 
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Figure 3.28: Comparison of time dependent yields of eaq
- generated by nine parallel 1200 MeV carbon 

tracks (~24.5 keV/μm), forty-nine parallel 10 MeV proton tracks, and six-hundred-and-seventy-six 

parallel 300 MeV proton tracks starting in a 100 nm by 100 nm square. The tracks are arranged in a 

square grid with 500 nm spacing between nearest tracks for the 1200 MeV carbon tracks, 167 nm spacing 

between nearest tracks for the 10 MeV proton tracks, and 40 nm spacing between nearest tracks for the 

300 MeV proton tracks.  

We concede that in these calculations we assume the “worst case” scenario in 

which our tracks are distributed with maximum distance between nearest tracks. If we 

assume for example, that nine 1200 MeV carbon ion tracks are randomly distributed to 

start in a 1 µm by 1 µm square, at least one overlap between two tracks is possible such 

that intertrack reactions can occur. On average, the low LET tracks will still exhibit a 

stronger spatial proximity effect even if the tracks are randomly distributed as the 

average distance between a given track and its nearest neighbors decreases as the 

number of tracks increases. 
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3.6 Future work 

 While we have demonstrated that the new SHERBROOKE code is capable of 

simulating spatial proximity effects on the yields of multiple ionization tracks, we are 

still in the relatively early stages of this work. In particular, we have chosen to use a 

constant energy for the incident radiation instead of allowing it to lose energy as it 

passes through the simulated volume. Naturally, real life applications involve more 

complicated schemes which require delivery of the incident radiation to a certain depth 

inside of the targeted volume. Thus it would be of interest to see how spatial proximity 

effects are affected by the dynamic changes in the LET of the incident radiation and 

whether it is possible to take advantage of the spatial proximity effects at different 

penetration depths. Additionally, we have only focused on simulations in pure deaerated 

water, whereas in biological systems we must contend with solutes such as oxygen that 

would affect the radiolytic yields. With the extremely high dose rates used in some of 

the simulations, the local oxygen concentration in the simulated region could entirely be 

consumed, such that the behavior of the time-dependent yields could be altered once the 

local oxygen concentration reaches a threshold. Recent molecular dynamics simulation 

work has estimated that oxygen depletion for normal and tumor tissue occurs 10-15 to 

10-9 s following irradiation, indicating that it is a relatively fast process. (Abolfath et al., 

2020) Furthermore, high dose rate simulations using the older implementation of the 

SHERBROOKE code have indicated that oxygen depletion remains a factor up to 1 

microsecond. (Alanazi et al., 2020a) Thus future calculations should consider the 

addition of solutes appropriate for biological systems to the simulation, in order to see 

how the spatial proximity effect works in tandem with the depletion of the added 

solutes.  

 Another concession we made during this work was that all the ionization tracks 
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enter the simulated volume simultaneously, whereas in the real world there is some 

temporal separation between tracks entering the volume even with short pulses. This 

implies that the tracks will be in different stages of development, which could impact 

their ability to perform intertrack interactions. An example of this would be two tracks 

starting on the same spatial location, but separated temporally by some large amount of 

time. In this case, the intertrack reactions would be diminished as the track that was 

generated first would have already had its various radiolytic species diffuse away from 

the track. Thus it would be of interest for our group to also simulate the effects of 

temporal separation between tracks on radiolytic yields, such that we can find a 

maximum temporal separation before tracks are no longer able to interact. As is, the 

SHERBROOKE code is only capable of simulating tracks that are generated at the 

same time, thus any sort of temporal separation simulations would require some 

modifications. This would likely be accomplished with the IONLYS component taking 

both the spatial and temporal coordinates for the start points of the tracks, and only 

“activating” the species from a particular track once the time that has elapsed in the 

simulation has passed the “temporal start point” for that track. 

 Lastly, in all of the simulations done in this work, we have defined the spatial 

configuration of the tracks to be some uniform arrangement, whereas in real-world 

applications the tracks would be randomly arranged. As mentioned earlier for the 

simulations of the 1200 MeV carbon ions and 10 MeV and 300 MeV protons using the 

same dose, we used spatial configurations for the tracks that effectively maximized the 

spatial separation between tracks in the given volume, which depending on the number 

of tracks in the volume can entirely eliminate the spatial proximity effect. If we had 

used random distributions instead, there are some random distributions that would 

exhibit much stronger spatial proximity effects whereas others would exhibit 

diminished spatial proximity effects. By using many different random distributions, we 



82 

 

can begin to assemble an “average” spatial proximity effect for a given type of radiation 

and dose. Thus in the future, it would be better to use randomized spatial distributions 

for the tracks in order to better simulate real-life conditions.    

4. Conclusion 

 This work has presented the preliminary results of the new SHERBROOKE 

code designed for the investigation of spatial proximity effects in radiolysis that would 

be present in FLASH-RT. The new SHERBROOKE code is now capable of simulating 

multiple simultaneous tracks and calculating the overall yield of the tracks. The results 

of the new SHERBROOKE code are in agreement with that of the older 

SHERBROOKE code used previously by our lab, and a significant speedup over our 

previous code has been noted, allowing for calculation of high LET scenarios that 

would be intractable previously.  

𝑒𝑎𝑞
− , H2O2 and •OH yields from calculations of two ion tracks indicate that 

spatial proximity effects do occur but only within a range limited to a few hundred 

nanometer separation between tracks. This spatial proximity effect manifests itself as 

the increase of molecular species and decrease of radical species as the distance 

between tracks is decreased. This behavior of two tracks is similar to increasing the 

track LET of a single track. The spatial proximity effect between two tracks is limited 

for 300 MeV protons and is the strongest for 10 MeV protons with the 60 MeV carbon 

ions trailing behind the 10 MeV protons. Calculations involving sixty-one 10 MeV 

proton tracks with comparison to a singular 60 MeV carbon ion track have 

demonstrated that low LET radiation in very close proximity can mimic the same 

behavior as high LET radiation.  

Using the same dose applied to the same volume, we calculated the yields of 

nine 1200 MeV carbon ion tracks starting in a 100 nm by 100 nm square to simulate an 
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extremely high dose rate, and a 1 µm by 1 µm square to simulate a high dose rate. Two 

spatial configurations for the track were used; the first configuration had equal spacing 

between each track, whereas the second configuration moved the cardinal tracks to the 

corners so that each corner possessed two tracks. For the extremely high dose rate 

simulation, the second configuration showed a transient spatial proximity effect 

compared to the first configuration that diminished towards 1 µs, while for the high 

dose rate simulation the spatial proximity effect persisted for the duration of the 

simulation. From this we can conclude that different spatial configurations can 

influence the yields of radiolytic species when the same dose is applied. 

Lastly, we simulated the same applied dose using nine 1200 MeV carbon ion 

tracks, 49 10 MeV proton tracks, and six-hundred-and-sixty-seven 300 MeV proton 

tracks starting in a 100 nm by 100 nm square to simulate an extremely high dose rate, 

and a 1 µm by 1 µm square to simulate a high dose rate. For the extremely high dose 

rate simulation, all three types of tracks showed strong spatial proximity effects such 

that their yields were similar despite their differences in LET. The high dose rate 

simulation showed that the spatial proximity effect is absent for the 1200 MeV carbon 

ions, but is still present for the proton tracks.  

Overall, the spatial proximity effect is a consideration for radiation delivery 

methods with high dose rates, with the spatial proximity effect being more important for 

low LET radiation than high LET radiation for equivalent doses. This effect can be 

generalized as higher dose rates lead towards incident radiation behaving similar to 

higher LET radiation when it comes to radiation chemistry. These spatial proximity 

effects potentially explain some of the mechanisms behind FLASH-RT, but further 

simulation work is required in order to account for phenomena such as oxygen 

depletion.  
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