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RÉSUMÉ 

 Breaking the picosecond barrier in the physics and chemistry of water radiolysis: 

Applications of Monte-Carlo modeling to high–temperature nuclear reactors and 

radiobiology 

 
Par 

Sunuchakan Sanguanmith 
Programmes de sciences des radiations et imagerie biomédicale 

 
Thèse présentée à la Faculté de médecine et des sciences de la santé en vue de l’obtention 

du diplôme de philosophiae doctor (Ph.D.) en sciences des radiations et imagerie 
biomédicale, Faculté de médecine et des sciences de la santé, Université de Sherbrooke, 

Sherbrooke, Québec, Canada, J1H 5N4 
 
Comprendre l’interface entre la physique des radiations et la chimie des radiations – à savoir, 
« briser la barrière de la picoseconde » – est d'une pertinence évidente pour la radiobiologie 
fondamentale et les sciences connexes, car l'eau sous forme liquide est de loin le constituant 
le plus abondant des cellules et des tissus biologiques. Ce projet de recherche a utilisé des 
modèles basés sur l'expérience et la théorie pour produire une description complète et fiable 
de la nature chimique et de la distribution spatiale hautement non-homogène de toutes les 
espèces réactives créées à l'échelle des (sous-) picosecondes et impliquées comme 
précurseurs de dommages radiobiologiques. L'importance du piégeage des précurseurs 
(électrons « secs ») des électrons hydratés (eaq) est démontrée dans le calcul des rendements 
en H2 à partir de simulations de solutions aqueuses d'ions azide (N3

) irradiées avec des 
rayons- de cobalt-60 (électrons de Compton de ~1 MeV) et des électrons- du tritium 
(énergie moyenne des électrons de ~7,8 keV). C'est la première fois que nous introduisons le 
processus de piégeage des précurseurs des électrons hydratés dans nos simulations Monte-
Carlo. Des simulations Monte Carlo de la radiolyse à faible transfert d'énergie linéaire (TEL) 
de l'eau supercritique (H2O) à 400 °C ont également été utilisées pour examiner la sensibilité 
de la dépendance en densité du rendement de eaq selon la variation en température de la 
constante de vitesse d’auto-réaction k(eaq + eaq). Deux valeurs différentes de k(eaq + eaq) 
à 400 °C ont été utilisées: l'une basée sur la dépendance en température de k au-dessus de 
150 °C telle que mesurée dans l'eau alcaline, et l'autre basée sur une extrapolation d'Arrhenius 
des valeurs de k inférieures à 150 °C. Seul un faible effet de k(eaq + eaq) sur la variation de 
G(eaq) en fonction de la densité de l’eau à 60 ps et 1 ns a pu être observé. En conclusion, nos 
calculs actuels ne nous ont pas permis de confirmer l'applicabilité de la baisse soudaine 
prédite de k(eaq + e aq) à ~150 °C dans une eau quasi neutre. 
 
Mot Clés : Radiolyse de l’eau, stade physico-chimique, sous-picoseconde, simulations 
Monte Carlo, électron préhydraté, électron « sec », précurseur, ion azide, capteur, 
rendement en hydrogène moléculaire, distance de thermalisation de l’électron.  
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ABSTRACT 

 
 Breaking the picosecond barrier in the physics and chemistry of water radiolysis: 

Applications of Monte-Carlo modeling to high–temperature nuclear reactors and 

radiobiology 

 
By 

Sunuchakan Sanguanmith 
Radiation Sciences and Biomedical Imaging Program 

 
The thesis presented at the Faculty of medicine and health sciences to obtain the philosophy 
doctor (Ph.D.) degree in Radiation Sciences and Biomedical Imaging Program, Faculty of 
Medicine and Health Sciences, Université de Sherbrooke, Sherbrooke, Québec, Canada, 

J1H 5N4 
 
Understanding the interface between radiation physics and radiation chemistry (i.e., 
“breaking the picosecond barrier”) is of obvious relevance to fundamental radiobiology and 
related science as liquid water is by far the most abundant constituent of biological cells and 
tissue. This research project used experiment-and-theory based models to produce a 
complete, reliable description of the chemical nature and highly nonhomogeneous spatial 
distribution of all reactive species created on the (sub-) picosecond time scale and involved 
as precursors of radiobiological damage. The importance of the scavenging of precursors 
(“dry” electrons) to hydrated electrons is demonstrated in the calculation of H2 yields from 
the simulations of aqueous azide ion (N3

) solutions irradiated with 60Co -rays (~1 MeV 
Compton electrons) and tritium -electrons (mean electron energy of ~7.8 keV). It is the first 
time that we introduced scavenging of the precursors of hydrated electrons in our Monte-
Carlo simulations. Monte Carlo simulations were also used to examine the sensitivity of the 
density dependence of the yield of eaq in the low linear energy transfer (LET) radiolysis of 
supercritical water (H2O) at 400 °C on variations in the temperature dependence of k(eaq + 
eaq). Two different values of the eaq self-reaction rate constant at 400 °C were used: one 
based on the temperature dependence of k above 150 °C as measured in alkaline water, and 
the other based on an Arrhenius extrapolation of the values of k below 150 °C. Only a small 
effect of k(eaq + eaq) on the variation of G(eaq) as a function of water density at 60 ps and 
1 ns could be observed. In conclusion, our present calculations did not allow us to 
unambiguously confirm (or deny) the applicability of the predicted sudden drop of k(eaq + 
eaq) at ~150 °C in near-neutral water. 
 
Keywords: Water radiolysis, physicochemical stage, sub-picosecond, Monte Carlo 
simulations, prehydrated electron, “dry” electron, precursor, azide ion, scavenger, molecular 
hydrogen yield, electron thermalization distance 
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1. INTRODUCTION 

1.1 Overview of the research project 

The absorption of ionizing radiation by living cells can alter atomic structures through 

direct interaction of radiation with target macromolecules, thus producing chemical and 

biological changes. It can also act indirectly through the radiolysis of water, thereby 

generating reactive chemical species that may damage nuclear/mitochondrial DNA, proteins, 

and lipids (HALL and GIACCIA, 2006). Together, the direct and indirect effects of radiation 

initiate a series of biochemical and molecular signaling events that may repair the initial DNA 

damage or culminate in permanent physiological changes or cell death (SPITZ et al., 2004), 

the damage caused in irradiated cells may spread to neighboring, non-targeted bystander cells 

through intercellular communication mechanisms. DNA alterations can also be propagated 

to cells many generations after radiation exposure and bystander cells exhibit genomic 

instability in ways similar to directly hit cells (BUONANNO et al, 2011; AZZAM et al., 

2012). The persistence of such effects in progeny cells has profound implications for long-

term health risks, including the emergence of a second malignancy following radiotherapy 

treatments (TUBIANA, 2009).  

The detailed molecular mechanisms of radiation damage to DNA and the biological 

pathways involved in cell death have received considerable attention from a variety of 

laboratories. By contrast, the focus of this research project is far less explored, which is the 

ultrafast primary free radical and molecular events that link chemistry and physics in the first 

few picoseconds following energy deposition. “Radiation chemistry comes before radiation 

biology” (in the temporal sense) wrote O’Neill and Wardman (O’NEILL and WARDMAN, 

2009), adding that: “The chemical viewpoint helps unite the spatial and temporal insight 

coming from radiation physics with the diversity of biological responses”. It is increasingly 

recognized that a full understanding of the physicochemical track structure (i.e., the physical 

and chemical events that occur in the “native” radiation tracks) and the spatial distribution of 

these events is essential to unravel the fundamental biochemical mechanisms leading to the 

biological consequences of ionizing radiation (BECKER et al., 2011).  
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While fundamental biological processes are numerous and complex, they are triggered in 

aqueous environments as living cells contain 70-85% water by weight. It is well known that 

the biological damage induced by free radicals from water radiolysis (H2O•+, •OH, eaq, H•, 

O2•/HO2•,...) far exceeds that caused by direct energy deposition in the target. In the indirect 

effect the H2O•+, •OH, H•, O2•/HO2•, including the pre-hydrated and hydrated electrons can 

cause cell death, if their attack sites on DNA (and possibly other cell targets) are found inside 

of 20 base pairs (number of base pair within one or two helical turns of the DNA ). Clustered 

DNA damages are considered as two or more closely spaced damages (strand breaks, abasic 

sites, or oxidized bases) on opposing strands. The clustered DNA damage can produce lethal 

and mutagenic effects of ionizing radiation. The efficiency of DNA repair may depend on 

the complexity of the DNA damage site. Ionizing radiation can also stimulate inducible nitric 

oxide synthase (NOS) activity in hit cells (MIKKELSEN and WARDMAN, 2003), thereby 

generating large amounts of •NO. Although •NO is chemically inert toward most cellular 

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

Like •OH radicals, ONOO and its conjugate acid ONOOH (pKa = 6.8 at 37 °C) (PRYOR 

and SQUADRITO, 1995) are also highly reactive and capable of attacking a wide range of 

cellular targets. In summary, the radiolysis of water and early activation of NOS is a major 

source of ROS/RNS in irradiated cells. 

Monte Carlo (MC) simulations of radiation transport are of increasing importance as 

researchers strive to understand radiation-induced damage on short-length scales (i.e., 

interactions with cellular components, particularly DNA). Advanced mathematical-biology 

and computational models and general-purpose/specialized biophysical MC simulation 

codes (e.g., EGS, MCNP6, RADACK, PARTRAC, PENELOPE, MCDS, and GEANT4-

DNA) have already been developed by several groups for a number of medical and 

biomedical applications (BARÓ et al., 1995; BĔGUSOVÁ et al., 2001; HIRAYAMA et al., 

2005; FRIEDLAND et al., 2011; INCERTI et al., 2011; PELOWITZ, 2013). All of these 

codes have specific strengths (e.g., for simulations of charged-particle transport) and 

weaknesses. Notably, none of them has so far offered a detailed/quantitative radiation-

chemical description of the transient bioradical processes that take place at early times in 

“native” tracks. In addition, none of them has taken into account the strong quantum character 

of primary events, which govern the Spatio-temporal behavior of dependent radical pairs 
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within a few picoseconds after energy deposition. For example, low-energy electrons in their 

subexcitation energy range (< 7-10 eV) are delocalized, since their wavelength exceeds 

atomic dimensions, and have short free-flight segments on the order of 1 nm (FANO and 

STEPHENS et al., 1986). The treatment of subexcitation electrons should then be developed 

in a quantum-mechanical framework rather than by classical models. 

This project will be used state of the art stochastic Monte-Carlo simulations and molecular 

dynamics calculations in combination with the knowledge gained from current experimental 

efforts, the research project aims to design experimental and theory-based models to advance 

our understanding of challenging areas of the radiolysis of aqueous system for which, we 

feel, an early time, molecular level characterization of the underlying chemistry is essential 

to produce a complete, accurate picture of this radiolysis. It is without doubt, part of a major 

challenge in fundamental radiobiology.  

This project will benefit from our extensive knowledge of the physical and chemical 

mechanisms of radiation action on water/aqueous solutions and also from our long-standing 

experience in Monte Carlo methods applied to the simulation of the radiolysis of aqueous 

systems (COBUT et al., 1998; FRONGILLO et al., 1998). For applications in radiobiology, 

we have developed and progressively refined with very fine detail a computationally efficient 

in-house MC code. It simulates (“event-by-event”) the track structure of ionizing particles in 

water, the production of the various ionized and excited species, and the subsequent reactions 

of these species in time with one another or with available solutes. The code’s ability to give 

accurate, time-dependent chemical yields under different irradiation conditions has been well 

validated by comparison with a range of experimental data. For this project, the current 

version of this code will be extended and adapted according to the target model considered. 

A wide variety of data are required to simulate the water radiolysis (indirect effect) as well 

as by direct ionization/excitation processes. Some of the project’s key physicochemical 

considerations are briefly summarized below. 

1) Virtually all current MC simulations of track structures use a uniform continuum model 

of the target (water) medium irrespective of the underlying molecular configuration. This 

continuum approximation is particularly severe for low-energy (< 20 eV) electrons (LEE), 

whose mean penetration distances are of the order of a few molecular diameters or less 

(GREEN et al., 1999). As these electrons are thought to contribute to significant genotoxic 
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effects in cells (ALIZADEH et al., 2015), a substantial improvement will consist in 

generating the tracks in a manner that recognizes the molecularity of the medium. 

2) Another critical aspect concerns the abundant LEE interactions in the track of a primary  

energetic (1 MeV) Compton electron. The majority of these (“dry”) electrons have a most 

probable kinetic energy and mean energy of 9-10  and 50-60 eV, respectively, and a mean 

free path in water of < 10 nm (MEESUNGNOEN and JAY-GERIN, 2002; PIMBLOTTE and 

LAVERNE, 2007). Our MC code will require a detailed description of the transport 

properties of LEE during their slowing-down in the target medium: until they thermalize, get 

trapped and hydrated (eaq) (COBUT et al., 1998; FRONGILLO et al., 1998; GOULET and 

JAY-GERIN, 1989) or form a temporary negative ion with water (COBUT et al., 1998; 

FRONGILLO et al., 1998; GOULET and JAY-GERIN, 1989) (“dissociative electron 

attachment” or DEA process); or undergo geminate recombination with their parent cation 

(MEESUNGNOEN and JAY-GERIN, 2001); or are captured by a nearby scavenger 

(PASTINA and LAVERNE, 1999). While there are large uncertainties in the condensed-

phase scattering cross-sections for LEE (below 10 eV), significant advances have recently 

been made toward understanding LEE scattering and LEE-driven reaction processes with 

DNA and its constituents (GREEN et al., 1999; PIMBLOTTE and LAVERNE, 2007; 

ALIZADEH et al., 2015). These LEE cross-section data, which essentially include direct 

scattering and “resonant” (DEA) scattering, are used in our track-structure simulations. 

3) The charges (electrons and “holes”) generated by the action of ionizing radiation on DNA 

(in both the solid phase and aqueous solutions) can migrate along the DNA chain before 

being trapped (O’NEILL and FIELDEN, 1993; BECKER et al., 2011). Electron migration 

has been observed over distances up to 30 nm (i.e., 100 base pairs). The electrons react 

preferentially with the pyrimidine bases. In contrast, short-range hole migration processes 

occur from the initial cation radicals to sites located predominantly at the purine bases, with 

guanine being where the positive charge is most likely to be localized. The possibility of 

observing long-range oxidative DNA damage at a distance due to DNA-mediated charge 

transfer will be incorporated in our simulations. 

4) The final stage in the life of a LEE is its trapping and hydration. The exact physical nature 

of the short-lived (sub-picosecond), weakly bound electron eir (below zero eV) is still a 

subject of investigation (WANG et al., 2008). However, its localized nature may allow it to 
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undergo chemical reactions before settling into the fully relaxed eaq state (LU, 2010). 

Recently, there has been great interest in studying the role of this fascinating species in 

radiation biology and the radiotherapy of cancer (ZEWAIL, 2000; MALKA et al., 2010). 

Current findings challenge the conventional notion that damage to the genome by IR is 

mainly produced by the •OH radical. This could lead to a new understanding of many aspects 

of the biological action of radiation. For example, Lu and coworkers (LU, 2010) suggest the 

possibility that eir scavenging could occur via long-range electron-transfer processes 

involving quantum-mechanical tunneling of eir to the scavenger. The reactivity of eir has so 

far been given little attention in Monte Carlo track chemistry. Reactions of eir will be 

incorporated in our simulations and the role played by this precursor to eaq will be addressed. 

5) The positive charge (or “hole”) on a given H2O•+ produced by ionization may migrate 

(randomly) before proton transfer occurs (OGARU and HAMILL, 1973). This takes place 

through a succession of resonant electron transfers (~20 hops on average, over a distance of 

1.5 nm) from neighboring water molecules. During its very short lifetime (~200 fs) (LI et 

al., 2013), H2O•+ can act as an extremely strong oxidant and be involved in ultrafast electron 

transfer reactions (MA et al., 2014). Thus, when the hydrating water molecules are in direct 

contact with DNA, the generated H2O•+ radical cations may induce chemistry different from 

•OH radicals. This possibility has not yet been explored in the formation of initial DNA 

damage and offers a multitude of hitherto unobserved elementary electron and ion dynamics 

that are triggered by the ionization of water (LI et al., 2013; MA et al., 2014).  

1.2 The important role of the prehydrated electron in DNA damage 

 

It is clear that the complete knowledge of water radiolysis will lead us to a better 

understanding of fundamental mechanisms of cancer biology and therapy which will finally 

help us to improve the clinical outcomes. Radiotherapy is the major modality of cancer 

therapy. Various types of radiation are used to destroy cancer cells. It is well-known that 

ionizing radiation causes DNA damage mostly through indirect effects rather than the direct 

effect. In the indirect interaction, ionizing radiation reacts with the cellular environment, 

which is mainly water, then generates various species of reactive radicals. These reactive 

radicals from water radiolysis then react with DNA causing DNA damage. It has been 



 

6 
 

6 

observed that the yields of the single-strand breaks and double-strand breaks of DNA 

produced by gamma rays radiation are three times higher under the aqueous condition than 

those in a dry condition on average (ITO et al., 1993). This fact evidently shows the important 

role of water in enhancing DNA damage by ionizing radiation. The ionizing radiation and 

low energy electrons (LEE) can ionize or excite water molecules depending on the deposited 

energy, producing an oxidizing hydroxyl radical, a free electron, hydrogen atom, molecular 

hydrogen, and hydrogen peroxide. In this part, we focus on the ejected free electron from 

water radiolysis. The ejected electron quickly get trapped by the surrounding water molecules 

to become a pre-hydrated electron and finally become a hydrated electron (ehyd or eaq) (or 

solvated electron) in a potential well. The discovery of the solvated electron was found in 

ammonium vapor, potassium metal becomes gold and blue (DYE, 2003). All Alkali metals 

in liquid ammonia are brightly colored when the solution is dilute, whereas the concentrated 

solutions ( > 3 M) presents copper color. In 1907, Charles Kraus explained the production of 

bright colors by introducing the concept of the solvated electron (KRAUS, 1907; 1908). He 

proposed that the alkali metal ionizes in liquid ammonia, forming a cation and a solvated 

electron. Though the solvated electron is stable in ammonia for many days, but it has a very 

short lifetime in water. Therefore, owing to its short lifetime in water, the hydrated electron 

was not confirmed until 1962, when its optical spectrum was successfully measured by E.J. 

Hart using the pulse radiolysis technique (HART and BOAG, 1962). The hydrated electron 

has the highest quantum yield, it is deeply trapped in awater cavity at 3.2 eV below vacuum 

level (TURI and BORGIS, 2002). As a result, these ground-state-like hydrated electrons are 

ineffective at inducing DNA damage. Therefore, the ●OH radical has been considered as the 

sole contributor to radiation-induced indirect DNA damage.  However it has been observed 

that one-third of the DNA damage is not scavengable by a high concentration of ●OH 

scavengers cannot completely quench the DNA damage (DELARA et al., 1995). The non-

scavengable DNA damage (30% single-strand break, 30-65% double-strand break) was 

therefore attributed to the direct effect of radiation (LEHNERT, 2007; DELARA et al., 1995). 

This assignment conflicts with the work of Ito et al. (ITO et al., 1993). Ito and coworkers 

have shown the dependence of the yield of DNA strand break-induced by gamma rays. The 

presence of water molecules enhances the yields of single-strand breaks and double-strand 

breaks more than 10 times in the humid stage, and by more than 1000 times in the aqueous 
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state. Their experiments showed only 1% of DNA strand breaks were caused by the direct 

effects. If hydroxyl radicals play a dominant role in the indirect effect, then, high 

concentration of hydroxyl radical scavenger should be able to scavenge about 99% of DNA 

strand breaks in an aqueous solution. This is contradictory with the fact that there is about 

30-65% of non-scavengable double-strand breaks even when a very high concentration of 
●OH scavengers is used up to 2M. From this observation, it is confirmed that there may be 

some important processes missing in the conventional understanding of radiation-induced 

DNA damage.  

 

With femtosecond time-resolved laser spectroscopy, the existence of the precursor of  

hydrated electron called epre (pre-hydrated electron) has been found. The first evident 

observation was made in 1987 by Migus et al using femtosecond laser spectroscopy (MIGUS 

et al., 1987). The physical and chemical properties of the ultrashort-lived prehydrated 

electrons have been studied extensively (LONG et al., 1990; PIMBLOTTE and LaVERNE, 

1998; PASTINA and LaVERNE, 1999; LAENEN et al., 2000; LU and SANCHE, 2001; LU 

et al., 2004; HERBERT and JACOBSON, 2001; WANG et al., 2008). The lifetimes of the 

prehydrated electrons were reported to range from 50 fs to 1 ps (PSCHENICHNIKOVet 

al.,2004; MIGUS et al., 1987; LONG et al., 1990; LAENEN et al., 2000; LU et al., 2004; 

SILVA et al., 1998, YOKOYAMA et al., 1998; ASSEL et al., 1998; KAMBHAMPATI et 

al., 2002). In fact, the prehydrated electron is only weakly bound to the water molecules 

implies the high reactivity of the prehydrated electron. As a result, the prehydrated electron 

can attach to the various biomolecules (ex. Amino acid and nucleotide) (ALDRICH et al 

1975; GAUDUEL et al., 1988). More recently, it has been observed the dissociative electron 

transfer (DET) reaction of epre with anticancer drug and DNA. epre can activate 

chemotherapeutic drug cisplatin (CDDP) (LU, 2007; LU et al., 2007) and potential 

radiosensitizers –halopyrimidines (CldU, BrdU, and IdU) through the dissociative electron 

transfer (DET) process (WANG et al., 2006; WANG and LU, 2007; WANG and LU, 2010) 

had also shown the role of epre in inducing DNA damage. For the case of nucleotide, dXMP 

(X denotes DNA bases adenine A, Guanine G, Cytosine C, and Thymine T). The transfer of 

the prehydrated electron to nucleotide leads to bond breaks of T and especially G bases, while 

results in the stable anions for C and A. In their pump-probe fs-TRLS experiment, excess 
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electrons produced by two UV photon excitation of water molecules will rapidly be located 

in pre-existing traps within a few fs to form the epre states that have ultrashort lifetimes of 

less than 1 ps (~500 fs). A pump wavelength of 318 nm was used to generate excess electrons 

in water, and a probe wavelength at 330 nm was used to probe the intermediate state 

(dXMP*) of reaction e-pre with a dXMP (X denotes DNA bases A, G, C, and T), dXMP* is 

a vibrationally-excited intermediate anion. It is well known that the electronic absorption 

spectrum of dXMP arises solely from the excitation of the ¶–electron system of DNA base 

X. There is no UV absorption in the phosphate group and sugar moiety. The formation and 

decay of the dXMP* can be express in the following reaction: 

 

epre + dXMP  dXMP* 
 dissociation  

             or      dXMP 

  

Among all four mononucleotides, the guanine mononucleotide is the most vulnerable to the 

DET process, implying that the nucleotide containing guanine ate the weakest link in DNA 

(WANG et al., 2009). Their results are consistent with the experimental results of Ray et al. 

which show that dry single-strand DNA oligomers with more G bases have a higher 

probability to capture low energy electrons (1.0 eV) in the gas phase (RAY et al., 2005). 

Theoretical works by Schaefer et al. found that the G base is likely to have N-H bond 

dissociation to induce bond breaks (BERA AND SCHAEFER, 2005). Liu et al. observed that 

water clusters can protect the collision-induced dissociation of anionic adenosine 

5’monophosphate (AMP) (LIU et al., 2006). These experimental results are all consistent.    

The lifetime of epre is much longer than those of free electrons in fs. The epre then becomes 

the well-bound ehyd with a lifetime in µs. If the ehyd had a significant contribution to the 

formation of dXMP*, the rising kinetic of the dXMP* signal would not be complete within 

the first ps but would be observed in the timescale of µs corresponding to the lifetime of ehyd. 

It is obviously shown that the formation of dXMPs* is complete within the ps timescale. 

Thus it is the ultrashort-lived epre rather than the ehyd, that reacts with dXMP and leads to 

the formation of dXMP* (WANG, 2012). The main steps of inducing DNA strand break are 

shown in Figure 1.1. These results have revealed that the DET reaction of the prehydrated 
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electron is a key step in radiotherapy. It is also shown that the prehydrated electron is an ideal 

species to study reductive DNA damage. 

 
 

Figure 1.1 The electron (e-) ejected from water radiolysis get solvates to hydrated state  
(e-hyd) or can recombine with a water molecule. When DNA is around the e-

pre, dissociative electron transfer (DET) can occur to form a transient 
molecular anion resonance which leads to molecular bond breaks in DNA 
bases, followed by strand breaks of the DNA (Adapted from WANG et al., 
2009) 

 

  



2. INTERACTION OF IONIZING RADIATION WITH MATTER 

Ionizing radiations are defined as those types of energetic particles and electromagnetic 

radiations that, either directly or indirectly, cause ionization of a medium, that is, the removal 

of a bound orbital electron from an atom or a molecule and, thereby, the production of a 

residual positive ion. Some molecules, instead of being ionized, may also be excited to upper 

electronic states (see, for example: EVANS, 1955; ANDERSON, 1984; IAEA-TECDOC-

799, 1995; MOZUMDER, 1999; TOBUREN, 2004).  Directly ionizing radiations are fast-

moving charged particles (e.g., electrons, protons, -particles, stripped nuclei, or fission 

fragments) that produce ionizations through direct Coulomb interactions.  In this case, note 

that particle-particle contact is not necessary since the Coulomb force acts at a distance. 

Indirectly ionizing radiations are energetic electromagnetic radiations (like X- or -ray 

photons) or neutrons that can also liberate bound orbital electrons, but secondarily to a 

preliminary interaction. For photons, this interaction is predominantly via the production of 

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

MeV, the production of electron-positron pairs). Neutrons interact with matter through elastic 

nuclear scattering resulting in the production of energetic recoil protons or other positively 

charged nuclei (ions), characteristic of the irradiated medium, which can go on to generate 

ionized and excited molecules along their paths.  Regardless of the type of ionizing radiation, 

the final common result in all modes of absorption of ionizing radiation is thus the formation 

of tracks of physical energy-loss events in the form of ionization and excitation processes 

and in a geometrical pattern that depends on the type of radiation involved. 

Generally, the electrons ejected in the ionization events may themselves have sufficient 

energy to ionize one or more other molecules of the medium.  In this way, the primary high-

energy electron can produce a large number (~4  104 by a 1 MeV particle) of secondary or 

higher-order generation electrons (it is customary to refer to all electrons that are not primary 

as “secondary”) along its track as it gradually slows down (ICRU REPORT 31, 1979). From 

atomic physics, it is known that most energy-loss events by fast electrons involve small 

transfers of energy. In fact, the probability of a given energy transfer Q varies inversely with 

the square of that energy loss (EVANS, 1955). “Distant” or “soft” collisions, in which the 
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energy loss is small, are therefore strongly favored over “close” or “hard” collisions, in which 

the energy loss is large (MOZUMDER, 1999). The vast majority of these secondary electrons 

have low initial kinetic energies with a distribution that lies essentially below 100 eV, and 

most probable energy below 10 eV (LAVERNE and PIMBLOTT, 1995; SANCHE, 2002; 

AUTSAVAPROMPORN, 2006).  In most cases, they lose all their excess energy by multiple 

quasi-elastic (i.e., elastic plus phonon excitations) and inelastic interactions with their 

environment, including ionizations and/or excitations of electronic, intramolecular 

vibrational or rotational modes of the target molecules (MICHAUD et al., 2003), and quickly 

reach thermal equilibrium (i.e., they are “thermalized”).  Determining exactly which of these 

competing interaction types will take place is a complex function of the target medium and 

the energy range of the incident electron.  By definition, a measure of the probability that 

any particular one of these interactions will occur is called the “cross-section” (expressed in 

units of the area) for that particular interaction type (see, for example JOACHAIN, 1975).  

The total interaction cross-section , summed over all considered individual processes i, is 

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

are used to determine the type of interaction. The mean distance between two consecutive 

interactions or “mean free path”  is defined by 

  =  
σ

1
N

 ,          (1) 

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


i

iσ          (2) 

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

quick succession (within ~10-12 s) as a result of the water electric dipoles rotating under the 

influence of the negative charge (BERNAS et al., 1996).  Some electrons that have kinetic 

energies lower than the first electronic excitation threshold of the medium, the so-called 

“subexcitation” electrons (PLATZMAN, 1955), may also undergo, prior to thermalization, 

prompt geminate ion recombination (FREEMAN, 1987) or induce the production of 

energetic (~1-5 eV) anion fragments via formation of dissociative negative ion states 
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(resonances) (i.e., dissociative electron attachment, or DEA) (CHRISTOPHOROU et al., 

1984; BASS and SANCHE, 2003). As a consequence of the energy gained by the medium, 

a sequence of very fast reactions and molecular rearrangements lead to the formation of new, 

highly non homogeneously distributed chemical species in the system, such as charged 

and/or neutral molecular fragments, reactive free radicals, and other excited chemical 

intermediates. The trail of the initial physical events, along with the chemical species, is 

generally referred to as the track of a charged particle, and its overall detailed spatial 

distribution, including contributions from secondary electrons, is commonly known as “track 

structure” (see, for example PARETZKE, 1987; MAGEE and CHATTERJEE, 1987; 

KRAFT and KRÄMER, 1993; PARETZKE et al., 1995; MOZUMDER, 1999; LAVERNE, 

2000, 2004).                 
 

2.1 Track structure in radiation chemistry and radiobiology 

 

Numbers of experimental and theoretical studies have shown that the quantities and 

proportions of the chemical products formed in the radiolysis of water are highly dependent 

on the distances separating the primary radiolytic species from each other along the track of 

the ionization radiation. The distribution of separations referred to as the “track structure” 

(see above), is determined to a large extent by the distribution of the physical energy 

deposition events and their geometrical dispositions, or, in other words, by the quality of the 

radiation. In fact, track-structure effects are also usually called “LET effects” as most of the 

early studies used this parameter to characterize the different radiation chemical yields (or 

“g-values”) for various irradiating ions in liquid water.  The radiation track structure is of 

crucial importance in specifying the precise spatial location and identity of all the radiolytic 

species and free-radical intermediates generated in the tracks, and their subsequent 

radiobiological action at the molecular and cellular levels.  Track structure, coupled with a 

reaction scheme and yields of primary species, forms the basis of radiation-chemical theory 

(MOZUMDER, 1999). It is now well accepted by the scientific community that differences 

in the biochemical and biological effects (e.g., damage to DNA, changes in cell signaling, 

etc.) of different qualities of radiation must be analyzed in terms of track structure 

(CHATTERJEE and HOLLEY, 1993; MUROYA et al., 2006). 
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2.1.1 Low-LET radiation and track entities 

 

The average LET of a 1-MeV electron in water is ~0.3 keV/m.  The track-averaged 

mean energy loss per collision event by such a fast electron is in the region ~48–65 eV 

(LAVERNE and PIMBLOTT, 1995; MOZUMDER, 1999; AUTSAVAPROMPORN, 2006). 

This means that the energy-loss events are, on average, separated by distances of about 2000 

Å. This nonhomogeneous distribution of energy deposition events in space gives rise to the 

“spur” theory for low-LET track structure (KARA-MICHAILOVA and LEA, 1940; ALLEN, 

1948; SAMUEL and MAGEE, 1953; MAGEE, 1953; GANGULY and MAGEE, 1956), 

according to which the entire track is to be viewed as a random succession of (more or less 

spherical) spurs (sometimes called the “string-of-beads” model of a track), or spatially 

localized energy-loss events (it is assumed that irradiating particles are isolated from each 

other, an assumption not necessarily correct at very high dose rates or with very short pulses 

of intense beams). The few tens of electronvolts deposited in a spur cause a secondary 

electron to be ejected from a molecule. As the ejected electron moves away, it undergoes 

collisions with surrounding water molecules, loses its excess energy, and becomes 

thermalized (~0.025 eV) within about 80–120 Å of its geminate positive ion (GOULET and 

JAY-GERIN, 1988; MUROYA et al., 2002; MEESUNGNOEN et al., 2002a; PIMBLOTT 

and MOZUMDER, 2004).  This electron thermalization distance or “penetration range” can 

be viewed as an estimate of the average radius of the spurs in the first stages of their 

development.  Thus, the individual spurs produced by a radiation of low LET (so-called 

“sparsely” ionizing radiation) are so far apart along the track that they are not initially 

overlapping (but they will overlap somewhat later as they develop in time).  

In their pioneering work to model the radiation chemical consequences of the different 

energy-loss processes, MOZUMDER and MAGEE (1966a,b) considered, somewhat 

arbitrarily, a low-LET track as composed of a random sequence of three types of essentially 

nonoverlapping entities: “spurs, blobs, and short tracks” (Figure. 2.1).   
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Figure 2.1 Track structure entities classified 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). The energy partition between the three track entities strongly 
depends on the incident particle energy, dividing approximately as the ratio of 
0.75:0.12:0.13 between the spur, blob, and short track fractions for a 1-MeV 
electron in liquid water (PIMBLOTT et al., 1990). 

 
The spur category contains all track entities created by the energy losses between the lowest 

excitation energy of water and 100 eV; in most cases, there are one to three ion pairs in such 

isolated spatial areas and about the same number of excited molecules (PIMBLOTT and 

MOZUMDER, 1991). Blobs are defined as track entities with energy transfers between 100 

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

Secondary electrons produced in energy transfers above 5 keV are considered as “branch 

tracks”. Short and branch tracks are, collectively, described as -rays. This old concept of 

track entities proved to be very helpful in greatly facilitating the visualization of track 

processes and in modeling radiation-chemical kinetics. It is still a useful approach for the 

classification of track structures since it takes into account the spatial arrangements of initial 

species, which affect their subsequent reactions. 
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Figure 2.2 Simulated tracks (projected into the XY plane of the figure) of five 150-keV 
electrons in water, showing the stochastic nature of paths.  Each electron is 
generated at the origin and starts moving vertically upwards. 

 

To illustrate the low-LET tracks, Figure. 2.2 shows an example of the complete tracks of five 

150-keV electrons and the secondary electrons they produce in water, calculated by our 

Monte-Carlo simulation program. 

 

2.1.2 High-LET radiation and track structure  

 

High-LET tracks produced by the heavy particles consist initially of a cylindrical “core” 

(see Figure 2.3) and a surrounding region traversed by the emergent, comparatively low-LET 

secondary electrons, called the “penumbra” (MOZUMDER et al., 1968; CHATTERJEE and 

SCHAEFER, 1976; FERRADINI, 1979; MAGEE and CHATTERJEE, 1980, 1987; 

MOZUMDER, 1999; LAVERNE, 2000, 2004).  
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Figure 2.3 Primary energy-loss events in high-LET radiation tracks (Adapted from 
FERRADINI, 1979). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Projections over the XY-plane of track segments calculated (at ~10-13 s) for 
(a) H+ (0.15 MeV), (b) 4He2+ (1.75 MeV/nucleon), and (c) 12C6+ (25.5 
MeV/nucleon) impacting ions. Ions are generated at the origin and along the 
Y-axis in liquid water under identical LET conditions (~70 keV/μm). Dots 
represent the energy deposited at points where an interaction occurred. Figure 
adapted fromMUROYA et al. (2006). 
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Figure 2.4 illustrates typical two-dimensional representations of short (1-5 μm) track 

segments of H+ , 4He2+ , and 12C6+ions. The Monte Carlo simulation code IONLYS developed 

in our laboratory was used to calculate the track segment under the same LET conditions 

(~70 keV/μm). We can observe that these tracks can be considered as straight lines with the 

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

the track core as the velocity of the incident ion increases, from protons to carbon ions. In 

other words, even though all those particles are depositing the same amount of energy per 

unit path length, that energy is lost in a volume that increases in the order H+ < 4He2+ < 12C6+ 

, indicating that the higher-Z particle (where Z is the carbon charge number) has the lower 

mean density of reactive species (MUROYA et al., 2006; MEESUNGNOEN and JAY-

GERIN, 2011). The fact that tracks of different ions with the same LET have different radial 

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

(BETHE, 1930; BETHE and ASHKIN, 1953) indicates that LET is not a unique descriptor 

of the radiation chemical effects within heavy charged particle tracks (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). 

 

 

 



3. RADIOLYSIS OF LIQUID WATER AND AQUEOUS SOLUTIONS 

 

Radiolysis of water is defined as the chemical decomposition of the water molecules 

due to the action of ionizing radiation. This complex sequence of events that occur between 

ionizing radiation with water can be divided into three stages (PLATZMAN, 1958):  

The overall process of producing chemical changes by ionizing radiation can be usually 

divided into three stages (PLATZMAN, 1958; KUPPERMANN, 1959) as described below. 

3.1 Physical stage 

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

the incident ionizing radiation (energetic photons, for example, γ-rays from 60Co or X-ray 

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

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

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

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

excited water molecules (denoted H2O•+ and H2O*elec, respectively; note that H2O*elec 

represents here the many excited states, including the so-called superexcitation states 

(PLATZMAN, 1962a) and the collective electronic oscillations of the “plasmon” type 

(HELLER et al., 1974; KAPLAN and MITEREV, 1987; WILSON et al., 2001). The earliest 

processes in the radiolysis of water are: 

H2O                H2O•+  +  e-           (3) 

H2O            H2O*elec           (4) 

Generally, the electron ejected in the ionization event has sufficient energy to ionize or excite 

one or more other water molecules in the vicinity, and this leads, as mentioned above, to the 

formation of track entities, or “spurs”, that contain the products of the events. For low-LET 

radiation, the spurs are separated by large distances relative to their diameter and the track 

can be viewed, at this stage, as a random succession of isolated spherical spurs. 
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3.2 Physicochemical stage 

The Physicochemical stage consists of the processes that lead to the establishment of 

thermal equilibrium in the system with reactions and reorganization of initial products to give 

stable molecules and chemically reactive species such as free atoms and radicals. Its duration 

is about 10-12 s for aqueous solutions. During this stage, the ions and excited-state water 

molecules dissipate their excess energy by bond rupture, luminescence, energy transfer to 

neighboring molecules, etc. 

The ionized water molecules are unstable. They are allowed to undergo a random walk during 

their very short lifetime (~10-14 s) (MOZUMDER and MAGEE, 1975) via a sequence of 

electron transfers (about 20, one the average, over a few molecular diameters; COBUT et al., 

1998) from neighboring water molecules to the H2O•+ hole (i.e., electron-loss center) 

(OGURA and HAMILL, 1973). These short-lived H2O•+ radical cations subsequently 

decompose to form •OH radicals by transferring a proton to an adjacent H2O molecule: 

H2O•+  +  H2O    H3O+  +  •OH ,      (5) 

where H3O+ (or equivalently, H+aq) represents the hydrated hydrogen ion. 

The energetic (or “dry”) secondary electrons lose their kinetic energy via a sequence of 

interactions with the medium until they attain thermal energies (~0.025 eV at 25 ºC) after 

about 4  10-14 s (MEESUNGNOEN et al., 2002a). In the course of their thermalization, 

“dry” electrons can be recaptured by their parent ions due to the Coulomb attraction of the 

latter which tends to draw them back together to undergo electron-cation “geminate” 

recombination: 
 

e-  +  H2O•+    H2O*vib       (6) 

 

As the electron is recaptured, the parent ion is transformed into a (vibrationally) excited 

neutral molecule. 

 

The electron released in the ionization event can cause further ionization and excitation to 

occur if it has sufficient kinetic energy.  Eventually, its energy falls below the first electronic 
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excitation threshold of water (~7.3 eV; see: MICHAUD et al., 1991), forming the so-called 

“subexcitation electron” (PLATZMAN, 1955). This latter loses the 

rest of its energy relatively slowly by exciting vibrational and rotational modes of water 

molecules. Once thermalized (e-th), it can be localized or “trapped” (then forming the so-

called “wet” electron whose exact physical nature is still the subject of investigation) (e-tr) in 

a pre-existing potential energy well of appropriate depth in the liquid before it reaches a fully 

relaxed, hydrated state (e-aq) as the dipoles of the surrounding molecules orient under the 

influence of the negative charge of the electron.  In liquid water at 25 ºC, thermalization, 

trapping, and hydration can then follow in quick succession in less than ~10-12 s (for example, 

see: JAY-GERIN et al., 2008, and references therein): 
 

e-    e-th   e-tr   e-aq       (7) 

In the course of its thermalization, the ejected electron can also temporarily be captured 

by a water molecule to form a transient anion 
 

e-  +  H2O    H2O-        (8) 

 

This anion then undergoes dissociation mainly into H- and •OH according to 
 

H2O-    H-  +  •OH ,        (9) 

followed by the reaction of the hydride anion with another water molecule through a fast 

proton transfer reaction: 
 

H-  +  H2O    H2  +  OH-.       (10) 

 

Reactions (8) and (9) correspond to the so-called “dissociative electron attachment” (or DEA) 

process, which has been observed in amorphous solid water at ~20 K for electron energies 
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Figure 3.1 Time scale of events that occur in the low-LET radiolysis of neutral, deaerated 
water (Adapted from MEESUNGNOEN, 2007). 
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between about 5 and 12 eV (ROWNTREE et al., 1991). DEA to water was suggested to be 

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

radiolysis of liquid water at early times (PLATZMAN, 1962b; FARAGGI and DÉSALOS, 

1969; GOULET and JAY-GERIN, 1989; KIMMEL et al., 1994; COBUT et al., 1996). This 

proposed mechanism for the production of H2 has received strong support from recent 

experiments that have shown that the previously accepted nonscavengeable yield of H2 is due 

to precursors of e-aq and it can be lowered with appropriate (dry electron) scavengers at high 

concentration (PASTINA et al., 1999). 

 

Excited molecules may be produced directly in an initial act [reaction (2)] or by 

neutralization of an ion [reaction (6)]. We have little knowledge about the channels through 

which the excited water molecules in the liquid phase decay and the branching ratios 

associated with each of them. Fortunately, the contribution of the water excited states to the 

primary radical and molecular products in the water radiolysis is of relatively minor 

importance in comparison with that of the ionization processes, so that the lack of information 

about their decomposition has only limited consequences. Consequently, the competing 

deexcitation mechanisms of H2O* are generally assumed to be essentially the same as those 

reported for an isolated water molecule (it should be noted here that the same decay processes 

have been reported to occur for the electronically and vibrationally excited H2O molecules 

in the gas phase), namely (see, for example: SWIATLA-WOJCIK and BUXTON, 1995; 

COBUT et al., 1998; MEESUNGNOEN and JAY-GERIN, 2005a): 
 

H2O*    H•  +  •OH          (11a) 

H2O*    H2  +  O(1D)       (11b) 

H2O*    2 H•  +  O(3P)       (11c) 

H2O*    H2O + release of thermal energy       (11d) 
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where O(1D) and O(3P) represent oxygen atoms produced in their singlet 1D excited state and 

triplet 3P ground state, respectively (see Figure. 4.1). Note that the dissociation of H2O* via 

reaction (11a) is the main source of the “initial” (at ~10-12 s, i.e., at the end of the 

physicochemical stage, prior to spur or track expansion) yield of hydrogen atoms. As for the 

different branching ratios (or decay probabilities) associated with reactions (11a-d), they are 

chosen in order to consistently match the observed picosecond G-values of the various spur 

species (MUROYA et al., 2002; MEESUNGNOEN and JAY-GERIN, 2005a). It should also 

be noted here that the O(1D) atoms produced in reaction (11b) react very efficiently with 

water to form H2O2 or possibly also 2•OH (TAUBE, 1957; BIEDENKAPP et al., 1970). By 

contrast, ground-state oxygen atoms O(3P) in an aqueous solution are rather inert to water 

but react with most additives (AMICHAI and TEININ, 1969).            
 

3.3 nonhomogeneous chemical stage  

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

radiolytic species generated previously in a nonhomogeneous track structure (e-aq, •OH, H•, 

H3O+, H2, H2O2, OH-, •O•,...) undergo chemical reactions as they diffuse away from the site 

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

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

irradiation, until all spur/track reactions are complete. Table 1 gives the principal reactions 

that are likely to occur while the spurs expand. The time for completion of spur processes is 

generally taken to be ~10-7-10-6 s. By this time, the spatially nonhomogeneous distribution 

of reactive species has relaxed. Beyond a few microseconds, the reactions which occur in the 

bulk solution at room temperature can usually be described with conventional homogeneous 

chemistry methods (for example, see: PASTINA and LAVERNE, 2001). 

Briefly, the radiolysis of pure deaerated liquid water by low-LET radiation (such as 
60Co γ-rays, hard X-rays, fast electrons, or high-energy protons) principally leads to the 

formation of the radicals and molecular products e-aq (hydrated electron), H• (hydrogen 

atom), H2 (molecular hydrogen), •OH (hydroxyl radical), H2O2 (hydrogen peroxide), 

HO2•/O2•- (hydroperoxyl/superoxide anion radicals, pKa = 4.8), H+, OH-
etc. (for a review, 

see: SPINKS and WOODS, 1990). Under ordinary irradiation conditions, these species are 
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generated nonhomogeneously on subpicosecond time scales in small, spatially isolated 

regions of dense ionization and excitation events, referred to as “spurs” (MAGEE, 1953), 

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

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

ambient temperature, this spur expansion is essentially complete by about 10-6-10-7 s after 

the initial energy deposition. The so-called “primary” radical and molecular yields (“long-

time” or “escape” yields) g(e-aq), g(H•), g(H2), g(•OH), g(H2O2), etc., represent the numbers 

of species of each kind formed or destroyed per 100 eV of absorbed energy that remain after 

 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Track development from non homogeneous to homogeneous chemical stage  
(Adapted from PLANTE et al., 2005). 
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Table 1 Main spur/track reactions and rate constants (k) for the radiolysis of pure liquid 

water at 25 ºC (from MEESUNGNOEN, 2007). Some values of k have been 

updated by using the most recently available data of ELLIOT and BARTELS 

(2009). 

Reaction k (M-1 s-1) Reaction k (M-1 s-1) 

H• + H•  H2 5.2  109 eaq + eaq  H2 + 2 OH 7.3  109 
H• + •OH  H2O 1.6  1010 eaq + H+  H• 2.1  1010 

H• + H2O2  H2O + •OH 3.6  107 eaq + O2• H2O2 + 2 OH 1.3  1010 

H• + eaq  H2 + OH 2.8  1010 eaq + HO2 O•  + OH 3.51  109 

H• + OH H2O + eaq 2.4  107 eaq + O•  2 OH 2.31  1010 

H• + O2  HO2• 1.3  1010 eaq + H2O  H• + OH 15.8 

H• + HO2•  H2O2 1.1  1010 eaq + O2  O2• 2.3  1010 

H• + O2•  HO2 1.1  1010 eaq + HO2•  HO2 1.3  1010 

H• + HO2  •OH + OH 1.5  109 eaq + O(3P)  O• 2.0  1010 

H• + O(3P)  •OH 2.0  1010 eaq + O3  O3• 3.6  1010 

H• + O•  OH 2.0  1010 H+ + O•  •OH 5.0  1010 

H• + O3  O2 + •OH 3.7  1010 H+ + O2•  HO2• 5.0  1010 

H• + O3•  OH + O2 1.0  1010 H+ + OH H2O 1.2  1011 
•OH + •OH  H2O2 6.3  109 H+ + O3•  •OH + O2 9.0  1010 
•OH + H2O2  HO2• + H2O 2.9  107 H+ + HO2 H2O2 5.0  1010 
•OH + H2  H• + H2O 4.0  107 OH+ O(3P)  HO2 4.2  108 
•OH + eaq  OH 3.6  1010 OH+ HO2•  O2• + H2O 1.3  1010 
•OH + OH O• + H2O 1.3  1010 O2 + O•  O3• 3.7  109 
•OH + HO2•  O2 + H2O 9.0  109 O2 + O(3P)  O3 4.0  109 
•OH + O2•  O2 + OH 1.1  1010 HO2• + O2•  HO2+ O2 9.7  107 
•OH + HO2 HO2• + OH 8.3  109 HO2• + HO2•  H2O2 + O2 1.94  108 
•OH + O(3P)  HO2• 2.02  1010 HO2• + O(3P)  O2 + •OH 2.02  1010 
•OH + O•  HO2 1.0  109 HO2• + H2O  H+ + O2•  1.4  104 
•OH + O3•  O2• + HO2• 8.5  109 O2• + O•  O2 + 2 OH 6.0  108 
•OH + O3  O2 + HO2• 1.11  108 O2• + H2O  HO2• + OH 0.155 

H2O2 + eaq  OH+ •OH 1.1  1010 O2• + O3  O3• + O2 1.5  109 

H2O2 + OH HO2+ H2O 1.33  1010 HO2+ H2O  H2O2 + OH 1.27  106 

H2O2 + O(3P)  HO2• + •OH 1.6  109 HO2+ O•  O2• + OH 8.02  108 

H2O2 + O•  HO2• + OH 5.55  108 HO2+ O(3P)  O2• + •OH 5.3  109 

H2 + O(3P)  H• + •OH 4.77  103 O• + O•  H2O2 + 2 OH 1.0  108 

H2 + O•–  H• + OH 1.3  108 O• + O3•  2 O2• 7.0  108 

O(3P) + O(3P)  O2 2.2 1010 O• + H2O  •OH + OH 1.3  106 

O(3P) + H2O  2 •OH 1.9  103 O3• + H2O  O•  + O2 46.5 
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spur expansion and become available to react with added solutes (treated as spatially 

homogeneous) at moderate concentrations. 

The radiolysis of pure deaerated (air-free) liquid water for low-LET radiation can be 

described by the following global equation, written for absorbed energy of 100 eV 

(FERRADINI and JAY-GERIN, 1999) (the symbol         is used to distinguish reactions 

brought about by the absorption of ionizing radiation): 

 

       GH2O H2O             Ge-aq e-aq + GH• H• + GH2 H2 + GH+
 H+ + GOH-

OH- 

                + G•OH •OH + GH2O2 H2O2 + GHO2•/O2• HO2•/O2•- + …,  (12) 

 

where the coefficients GX – also written as g(X) – are the “primary” radical and molecular 

yields of the various radiolytic species X, and GH2O denotes the corresponding yield for net 

water decomposition. For 60Co γ-rays (photon energies of 1.17 and 1.33 MeV), hard X-rays 

or fast electrons of the same energies, at neutral pH and 25 °C (average LET ~ 0.3 keV/μm), 

the most recently reported values of the primary yields are (LAVERNE, 2004) (in units of 

molecules per 100 eV):1 
 

Ge-aq = 2.50  GH• = 0.56  GH2 = 0.45 
G•OH = 2.50  GH2O2 = 0.70      (13) 

 

These primary yield values, including the contribution of HO2•/O2•- [note that, for low-LET 

radiolysis, HO2•/O2•- is a minor radiolytic product because its very small yield of ~0.02 

molec./100 eV (HART, 1955; BJERGBAKKE and HART, 1971) accounts for less than 1% 

of the other primary radiolytic species], are linked by the following equations: 
 

Ge-aq + GOH-
= GH+ 

                                                 
1 These units (abbreviated as “molec./100 eV”) for g-values are used throughout in this 

work. For conversion into SI units (mol J-1): 1 molec./100 eV ≈ 1.0364  10-7 mol J-1. 
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Ge-aq + GH• + 2 GH2 = G•OH + 2 GH2O2 + 3 GHO2•/O2•- ,    (14) 

expressing the charge conservation and material balance of Eq. (12). 

 
The yields of the radical and molecular species produced by the irradiation within the 

lifetime of a spur vary with time and also depend on the radiation type (or LET) and the 

added solute (scavenger) concentration. One of the main goals in the study of the radiation 

chemistry of water is the determination of those yields and their dependences as a function 

of those different parameters. 

 

 



4. RADIOLYSIS OF TRITIUM (3H)  PARTICLES 

Tritium (3H or T) is a radioactive isotope of hydrogen (see Figure 4.1). Its nucleus consists 

of a proton and two neutrons. Tritium can replace hydrogen atoms and present in the 

environment in form of tritiated water (HTO), Gaseous tritium (HT), Organically bound 

tritium (OBT). As a form of hydrogen, it readily forms water molecules, which explains why 

natural background levels of tritium can be found everywhere in the environment where 

water is present. Tritium is highly mobile and will become incorporated into key components 

of the environment — including precipitation, surface water, groundwater, ice, soil moisture, 

animals and plants. The most common chemical form of tritium is tritium oxide, also called 

“tritiated water” (usually represented as “3HOH”). In tritiated water, a tritium atom replaces 

one of the stable hydrogen atoms in the water molecule. The physical, chemical and 

pharmacological properties of tritium are essentially the same as those of ordinary hydrogen. 

  

 

 

 

 

 

 

 

Figure 4.1 Hydrogen Isotopes 

 

The tritium atom is unstable with a half-life of 12.3 years. It fully disintegrates into a 

nonradioactive, positively charged helium-3 by  decay (FRIEDLANDER et al., 1981):1  

 

    3H  3He+ +   + ̅e     (15)  

 

where ̅e is an antineutrino (which is of no significance because it does not interact with 

matter and is essentially undetectable) and the   particle is the electron from the decay of 
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one of the neutrons in the nucleus. As it decays, 3H emits ionizing radiation in the form of 

low-energy -electrons whose characteristics are: maximum kinetic energy Emax ~ 18.6 keV, 

frequency-weighted mean kinetic energy Eav ~ 5.7 keV (this energy is the lowest for the 

known beta-emitting radioactive elements), mean (averaged over the whole track) “linear 

energy transfer” (LET) in water ~/m, the maximum range in the water at 25 C ~ 5.5 m 

(~6 mm in the air). Figure 4.2 shows the 3H   energy spectrum. 

 

 
 

Figure 4.2 The 3H   decay energy spectrum (Source: T.J. BOWLES and R.G.H. 
ROBERTSON, Los Alamos Science 1997, No. 25, 86). 
 

While the choice of 5.7 keV is obvious (average kinetic energy released by tritium decay), 

that of ~7.8 keV requires further explanation. The various electron energies released by the 

decay of 3H contribute differently to the absorbed dose in the solution. Appropriate weighting 

according to energy deposition (or “energy fluence rate”) by the -electrons should thus 

logically be applied in determining accurate G-values. In this context, the distribution of 

energies deposited by the -particles appears to be more appropriate to use than the 

commonly used distribution of tritium beta-decay energies. This energy deposition 



 

30 
 

30 

distribution, defined as the product f(E) = E h(E), where h(E) is the distribution of Figure 4.2, 

is given in Figure 4.3. The single “mean” or “equivalent” electron energy to properly mimic 

the radiation chemical action of the 3H -particles and produce representative G-values can 

then be derived from this f(E) distribution (assuming that the  radiation is totally absorbed 

in the solution), according to (LAW, 1969; ICRU REPORT, 1970)76  

 

 ∫ 𝐸𝑓(𝐸)𝑑𝐸
𝐸𝑚𝑎𝑥

0
/ ∫ 𝑓(𝐸)𝑑𝐸

𝐸𝑚𝑎𝑥

0
   ,                       (16) 

 

where Emax = 18.6 keV.  This mean energy of energy deposition is 7.8 keV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Distribution of energy deposition (or “energy fluence rate”) by the tritium - 
electrons with respect to energy, f(E). The “equivalent” electron energy of 
~7.8 keV corresponds to the mean energy derived from this distribution.  

 

Distribution of energy deposition (or “energy fluence rate”) by the tritium - electrons with 

respect to energy, f(E) (see text). The “equivalent” electron energy of ~7.8 keV corresponds 

to the mean energy derived from this distribution.  
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Presently, the utilization of tritium is widely spread in many areas. For example, it is used 

commercially as the production of self-luminescent lights and paints (ex. exit signs, airport 

runway lights, watch dials). Tritium gas is combined with phosphor to create luminescence. 

In biomedical and academic research, tritium is used as a tracer for the development of new 

drugs (pharmacokinetic properties, absorption, distribution, metabolism, and elimination 

characteristics). It is also used as radioactive tracers to determine the location of fractures 

created by hydraulic fracturing in natural gas production. In groundwater research, it is 

therefore important to know and understand how regularly groundwater gets recharged. 

Tritium is used to determine whether groundwater is a renewable resource or not.  In the 

future, tritium may also be used to generate electricity in fusion reactors which are currently 

under development.  

Tritium forms naturally in the Earth’s upper atmosphere, due to the interaction of 

gases and cosmic rays. The interaction of cosmic ray neutrons with 14N in the upper 

atmosphere (cosmogenic tritium) 
14N(n,3H)12C 

 

Tritium produced artificially from (i) fission process of heavy atomic nuclei as 235U in a 

nuclear reactor, (ii)   by-product nuclear power reactor  

The capture of a neutron by a deuteron (2H) occurs in heavy water moderated reactors 

(CANDU). The deuterium nucleus has a small absorption cross-section which in turn makes 

heavy water a good neutron moderator) and is chemically bound as tritiated heavy water 

(3HO2H) 

                              2H (n)3H 

 

-Tritium can produce mainly through neutron reactions with boron and lithium that are 

generally added to the primary cooling water for reactivity control and pH adjustment.  
6Li(n, α)3H 

                                                                 10B(n,2α)3H 

 

(iii) By-product in particle accelerator which occur when bombarding 3He with neutrons 

    3He(n,1H)3H 
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Tritium’s long half-life results in a long-term build-up within the plant system. As 

radiolytically produced chemical species (such as •OH, H2O2, O2, and HO2• or O2• depending 

on the pH) modify the oxidizing character of the medium, an increase in the rate of some 

corrosion processes can occur in critically important parts of the plant, potentially leading to 

efficiency and safety problems (BELLANGER, 2004). Considering its radiolytic properties 

and its corrosion effects on materials, tritiated water is routinely processed after removing it 

from the reactor vessel. The fraction of the cooling water which is not returned to the reactor 

vessel is stored in holding tanks. It is periodically released to the environment after further 

treatment and dilution to bring the tritium concentration to a level that meets regulatory 

requirements. 

 

Tritiated water can be readily taken in and distributed throughout living cells and 

organisms. Compounds (other than water) containing hydrogen can also be labeled with 

tritium (by exchange with other H• atoms) and inhaled, ingested, or absorbed through the 

skin. Although the maximum range of the emitted electron in a tritium nuclear disintegration 

is ~5.5 m in water, tritium is taken into the body and incorporated into cellular structures 

within or near biologically important molecular sites such as the DNA, might do considerable 

damage either directly or indirectly through a chemical attack by radiolytic products 

(STRAUME & CARSTEN, 1993; CHAO et al., 2012).  

Generally, the energy of   particles formed through 3H radioactive decay is sufficient to 

both ionize (Eion ~ 6.5 ± 0.5 eV for liquid water at 25 °C) (GOULET et al., 1990) and excite 

water. This interaction between -electrons and water molecules initiate the decomposition 

of water through the phenomenon called “self-radiolysis”. Primary radical and molecular 

products are formed by (neutral) water radiolysis (BUXTON, 1987; SPRINKS & WOOD, 

1990; FERRADINI & JAY-GERIN, 1999; MEESUNGNOEN & JAY-GERIN, 2011) along 

the path of the emitted electron. These include the hydrated electron (e aq), H+ , H• , •OH, 

H2, H2O2, OH , O2 • [or its protonated form HO2 • , depending on the pH; pKa (HO2 • /O2 • 

) = 4.8 in water at 25 °C], etc. Molecular oxygen, which is not a direct radiolysis product, is 

produced through secondary reactions involving the decomposition of H2O2. Compared to 

the chemical effects of 60Co -radiolysis, which is mainly due to Compton electrons with an 

initial energy of about 1 MeV, the chemistry of water and aqueous solutions is very different 
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after irradiation with 3H -rays. This difference reflects the influence of the electron energy 

on the initial spatial distribution of all the radiolytic species and free radical intermediates 

(i.e., the structure of the electron tracks) created in the two cases (APPLEBY and GAGNON, 

1971; LEMAIRE et al., 1972; HARRIS and PIMBLOTTE, 2002)17-19 primary events are 

more well-separated in the tracks of higher-energy electrons. This is well illustrated in Figure 

4.4, which shows typical two-dimensional representations of the complete track of a ~7.8-

keV -electron (mean LET ~ 5.9 keV/m) and the track segment of a 300-MeV proton 

(which mimics irradiation with 60Co -rays, with an average, LET value of ~0.3 keV/m), 

calculated with our IONLYS Monte Carlo simulation code (see below). More precisely, 

using the terminology of the Mozumder-Magee model of energy deposition, (MOZUMDER 

and MAGEE, 1966; MOZUMDER, 1999) while the Compton electrons generated by the 

cobalt-60 -rays predominantly form “spurs” (spherical in shape), the low-energy -electrons 

of tritium predominantly deposit energy in “short tracks” (short cylinder shapes); this leads 

to an increased local concentration of reactants and therefore an increased amount of intra-

track chemistry. The effects of higher LET of tritium -rays as compared with 60Co -rays 

are clear in several consequences of 3H   particle irradiation (HARDWICK, 1952; HART, 

1954; COLLISON et al., 1962; FREGENE, 1967; APPLEBY and GAGNON, 1971; 

LEMAIRE et al., 1972; GAGNON and APPLEBY, 1973; CHRISTMAN, 1977; HARRIS 

and PIMBLOTTE, 2002).  
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Figure 4.4 Simulated track histories (at ~10-13 s, projected into the XY plane of figure) 
of a 7.8-keV -electron (mean LET ~ 5.9 keV/m) and a 300-MeV proton 
(LET ~ 0.3 keV/m) incident on liquid water at 25 °C. The two irradiating 
particles are generated at the origin and start traveling along the Y-axis. Dots 
represent the energy deposited at points where an interaction occurred. 

 

Table 2 presents estimated the fraction of the total absorbed energy deposited in short tracks, 

blobs, and spurs for different types of radiation: low-LET 60Co γ radiation and moderately 

high LET 3H β radiation. 

 

Table 2 Fraction of the total absorbed energy deposited in short tracks, blobs, and spurs for 
different types of radiation: low-LET 60Co γ radiation and moderately high-LET 
3H β radiation (SPINKS and WOODS, 1990). 

 

   Energy deposited in: 60Co γ radiation 3H β radiation 

Short tracks 25% 74.4% 

Blobs 11% 7.6% 

Spurs 64% 18% 
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Lower radical and higher molecular yields were observed for 3H -rays. These differences in 

yields are completely consistent with differences in the nonhomogeneous distribution of 

primary transient species (i.e., the structure of electron tracks) in the two cases. In the “short-

track” (columnar) geometry of tritium -electron radiolysis, radicals were formed in much 

closer initial proximity than in the “spur” (spherical) geometry of  radiolysis. The “short-

track” geometry favors radical-radical reactions in the diffusing tracks, which increases the 

proportion of molecular products at the expense of the radical products. 
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    5. RESEARCH OBJECTIVE 

An understanding of radiation-induced processes in aqueous systems is vital to many areas 

of basic and applied chemistry, biology, medicine, and in a variety of technological and 

industrial applications.  If nowadays, a general understanding of the phenomena that underlie 

the radiation chemistry of water and aqueous solutions has been obtained in many cases, it 

appears that certain quantitative aspects of this radiolysis are not yet fully resolved.  This is 

especially true for ultrafast processes that link chemistry and physics in the first few 

picoseconds following energy deposition. Understanding this interface between radiation 

physics and radiation chemistry (i.e., “breaking the picosecond barrier”) is of obvious 

relevance to fundamental radiobiology and related science as liquid water is by far the most 

abundant constituent of biological cells and tissue. Detail knowledge of the early physical 

and chemical stage of radiation action is central to a reliable description of the chemical 

nature and highly nonhomogeneous spatial distribution of all reactive species created on the 

(sub-) picosecond time scale and involved as precursors of radiobiological damage. In the 

present work, Monte-Carlo simulations have been performed in an attempt  

To better understand the interface between radiation physics and radiation chemistry of 

water. By using Monte-Carlo simulations, we want to produce a complete, reliable 

description of the chemical nature and highly nonhomogeneous spatial distribution of all 

reactive species created at very short time and involved as precursors of radiobiological 

damage or corrosion in nuclear reactors. 

 

To get a better understand of the impact of parameters from early time supercritical water, 

we also see the effect of the e-aq + e-aq reaction rate constant on the hydrated electron yield in 

the low-linear energy transfer (LET) radiolysis of SCW (H2O) at 400 °C as a function of 

water density in the range of 0.15 - 0.6 g/cm3 were also studied  

 

 

 

 

 



6. EXPERIMENTAL APPROACH  

This project will be used state of the art stochastic Monte-Carlo simulations and molecular 

dynamics calculations in combination with the knowledge gained from currents experimental 

effort, the proposed research program aims to design experimental and theory based models 

to advance our understanding of challenging areas of the radiolysis of aqueous system for 

which, we feel, an early time, molecular level characterization of the underlying chemistry 

is essential to produce a complete, accurate picture of this radiolysis. It is without doubt, part 

of a major challenge in fundamental radiobiology.  

This project will benefit from our extensive knowledge of the physical and chemical 

mechanisms of radiation action on water/aqueous solutions and also from our long-standing 

experience in Monte Carlo methods applied to the simulation of the radiolysis of aqueous 

systems (COBUT et al., 1998; FRONGILLO et al., 1998). For applications in radiobiology, 

we have developed and progressively refined with very fine detail a computationally efficient 

in-house MC code. It simulates (“event-by-event”) the track structure of ionizing particles in 

water, the production of the various ionized and excited species, and the subsequent reactions 

of these species in time with one another or with available solutes. The code’s ability to give 

accurate, time-dependent chemical yields under different irradiation conditions has been well 

validated by comparison with a range of experimental data. For this project, the current 

version of this code will be extended and adapted according to the target model considered. 

Monte-Carlo simulation 

Monte-Carlo simulation techniques were used to model the complex sequence of events 

that are generated in liquid water and aqueous solutions after the absorption of ionizing 

radiation. Such a procedure is well adapted to account for the stochastic nature of the 

phenomena, provided that realistic probabilities and cross sections for all possible events are 

adequately known. The simulation then allows one to reconstruct the intricate action of the 

radiation.  It also offers a powerful tool for appraising the validity of different assumptions, 

for making a critical examination of proposed reaction mechanisms, and for estimating some 

unknown parameters. The accuracy of these calculations is best determined by comparing 
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their predictions with experimental data on well-characterized chemical systems that have 

been examined with a wide variety of incident radiation particles and energies. 

 

TURNER and his coworkers (1981, 1983, 1988) at the Oak Ridge National Laboratory 

(Oak Ridge, Tennessee, U.S.A.) jointly with MAGEE and CHATTERJEE at Lawrence 

Berkeley Laboratory (Berkeley, California, U.S.A.) were the first to use Monte-Carlo 

simulations to derive computer-plot representations of the chemical evolution of a few keV 

electron tracks in liquid water at times between ~10-12 and 10-7 s. Following this pioneering 

work, stochastic simulation codes employing Monte Carlo procedures were used with 

success by several investigators to study the relationship between the initial track structure 

and the ensuing chemical processes that occur in the radiolysis of both pure water and water 

containing solutes (for a comprehensive list and reviews, see, for example: BALLARINI et 

al., 2000; UEHARA and NIKJOO, 2006). Two main approaches have been widely used: (1) 

the “step-by-step” (or random flights Monte Carlo simulation) method, in which the tra-

jectories of the diffusing species of the system are modeled by time-discretized random 

flights and in which reaction occurs when reactants undergo pairwise encounters, and (2) the 

“independent reaction times” (IRT) method (CLIFFORD et al., 1986; PIMBLOTT et al., 

1991; PIMBLOTT and GREEN, 1995), which allows the calculation of reaction times 

without having to follow the trajectories of the diffusing species.  Among the stochastic 

approaches, the most reliable is certainly the full random flights simulation, which is 

generally considered as a measure of reality. However, this method can be exceedingly 

consuming in computer time when large systems (such as complete radiation tracks or track 

segments) are studied. The IRT method, a computer efficient stochastic simulation technique, 

has been devised to achieve much faster realisation than is possible with the full Monte-Carlo 

model. In essence, it relies on the approximation that the distances between pairs of reactants 

evolve independently of each other, and therefore the reaction times of the various potentially 

reactive pairs are independent of the presence of other reactants in the system. 

 

In a program begun in the early 1990s, the Sherbrooke group has also developed and 

progressively refined with very high levels of detail several Monte Carlo codes that simulate 

the track structure of ionizing particles in water, the production of the various ionized and 
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excited species, and the subsequent reactions of these species in time with one another or 

with available solutes (COBUT et al., 1994, 1998; FRONGILLO et al., 1996, 1998; HERVÉ 

DU PENHOAT et al., 2000; MEESUNGNOEN et al., 2001, 2003; MEESUNGNOEN and 

JAY-GERIN, 2005a,b; MUROYA et al., 2002, 2006; PLANTE et al., 2005; 

AUTSAVAPROMPORN et al., 2007). A most recent version of the Sherbrooke codes, called 

IONLYS-IRT (MEESUNGNOEN and JAY-GERIN, 2005a,b), has been used in the present 

work. Briefly, the IONLYS step-by-step simulation program models all the events of the 

physical and physicochemical stages in the track development. The third and final 

nonhomogeneous chemical stage is covered by the program IRT, which employs the 

“independent reaction times” (IRT) method (CLIFFORD et al., 1986; GREEN et al., 1990; 

PIMBLOTT et al., 1991) to model the chemical development that occurs during this stage 

and to simulate the formation of measurable yields of chemical products. The detailed 

description and implementation of the IONLYS-IRT had already been given 

(MEESUNGNOEN and JAY-GERIN, 2005a,b, and references therein), and will not be 

reproduced here, only a brief overview of the most essential features of the simulation 

methodology and reaction scheme, pertinent to the current calculations, is given below.   

6.1.1  The IONLYS code  

The IONLYS simulation code is used to simulate the early “physical” and 

“physicochemical” stages of radiation action up to ~10-12 s. It is actually composed of two 

components, one (either TRACEPR for an impacting primary electron or  TRACPRO for an 

incident proton) for transporting the investigated incident charged particle (proton or any 

other heavy ion projectile) and another (called  TRACELE) for transporting all of the 

energetic electrons (collectively named “secondary electrons”) that result from the ionization 

of the water molecules. The code models, event by event, all the basic physical interactions 

(energy deposition) and the subsequent establishment of thermal equilibrium in the system 

(conversion of the physical products created locally after completion of the physical stage 

into the various “initial” chemical species of the radiolysis).  

 

In particular, IONLYS provides the detailed distribution of coordinates of all physical 

events that occur locally during the slowing-down of the irradiating charged particle and of 

all the secondary electrons that it has generated. The particle will interact with water based 
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on the probability per unit distance of each particle’s energy or cross-section. The code begins 

by selecting a particular distance to the first interaction site for the incident particle. The 

calculation continues with the random choice of 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) that occurs. If an inelastic collision is 

an ionization, the particle’s energy is reduced by the energy loss selected. The secondary 

electron produced is given kinetic energy equal to this energy loss minus the binding energy 

(or ionization energy) of the target electron. Delta rays are produced at sites of high energy 

loss. Each time a secondary electron is produced, the code proceeds by transporting it until 

its energy falls below the threshold for electronic excitations, equal to ~7.3 eV for liquid 

water (MICHAUD et al., 1991) (these electrons we denote as “subexcitation” electrons). If a 

collision is elastic, an angle of scattering is selected and the flight distance for the next 

collision site is chosen. The probabilities or cross-sections for all of the individual molecular 

processes and their alternatives are entered as input data in Monte-Carlo code, based on direct 

measurements (where available, as cross-section data in the case of liquid water are scarce) 

or on the theoretical estimations (COBUT et al., 1998; MEESUNGNOEN and JAY-GERIN, 

2005a). These collision cross sections are needed to follow the history of an energetic 

charged particle and its products, covering all ranges of energy transferred in individual 

collisions. Most importantly, they provide the mean free path used to determine the distance 

to the next interaction, the type of interaction at each event, energy loss, and the angle of 

emission of the scattered particle (for example, see: DINGFELDER and FRIEDLAND, 

2001; NIKJOO et al., 2006; DINGFELDER et al., 2008). The computer simulation thus 

provides complete information on the spatial distribution of ionized and excited water, H2O•+ 

and H2O*, and subexcitation electrons, e-sub (energy < 7.3 eV), produced along the incident 

charged particle trajectory during the physical stage of the radiation action. This stage is 

concluded in ~10-15 s. Full details of the cross-section database used in the IONLYS code 

can be found in the references cited (COBUT, 1993; COBUT et al., 1998; MEESUNGNOEN 

and JAY-GERIN, 2005a). 

The simulations performed with IONLYS consist of the generation of short high-energy 

proton (ion) track segments in water. The primary particle is simulated until it has penetrated 

the chosen length of the track segment into the medium. Note that, due to its large mass, the 
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proton (or the impacting heavy ion) is almost not deflected by collisions with the target 

electrons. In the present simulations, these deflections are simply neglected. The use of small 

path segments is particularly useful as the instantaneous LET of the incident particle is nearly 

constant over such segments and can be varied simply by changing its energy. All of the 

produced energetic (dry) secondary electrons are explicitly transported spatially from their 

initial energies until they reach the subexcitation energy region below ~7.3 eV, the threshold 

assumed for electronic excitation in liquid water.2 The location, type of collision, specific 

quantum transition, and energy transferred are determined by the IONLYS code, event by 

event. All physical details about the various elastic and energy-loss processes involved and 

the corresponding scattering cross-sections employed by IONLYS for the simulation can be 

found in COBUT (1993), COBUT et al. (1998), and MEESUNGNOEN and JAY-GERIN 

(2005a). The time that it takes a secondary electron to reach a subexcitation energy is <10-15 

s. 

 

The thermalization of subexcitation electrons is treated by IONLYS using the 

distribution of thermalization distances obtained from Monte-Carlo track-structure 

calculations (GOULET and JAY-GERIN, 1989; GOULET et al., 1990, 1996; 

MEESUNGNOEN et al., 2002b) based on experimental scattering cross-sections of slow 

(~1-100 eV) electrons in amorphous ice films at 14 K (MICHAUD et al., 2003) with 

corrections to account for the liquid phase. Given the initial position of the subexcitation 

electron, its position is simply displaced in a randomly selected, isotropic direction by the 

corresponding, energy-dependent mean penetration distance. At this new position, the 

                                                 
2 Recall here that most energy-loss events by the fast primary charged particle involve 

small transfers of energy. In fact, Monte-Carlo simulations have shown that the most 

probable energy loss for liquid water is 15-20 eV, while the track-averaged mean 

energy loss is around 50-60 eV, depending on the authors (LAVERNE and PIMBLOTT, 

1995; COBUT et al., 1998; AUTSAVAPROMPORN, 2006). COBUT et al. (1998) also 

calculated that, if we sum all the electrons ejected directly by the primary particle and 

by the successive generations of secondary electrons, 88% of them have kinetic 

energies less than 20 eV. 
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electron is regarded as thermalized (e-th) and subsequently trapped (e-tr) and hydrated (e-aq) 

where it is, an approximation likely to be valid in a highly polar medium such as liquid water 

in which very-low energy (e.g., “subvibrational”) electrons have a strong tendency – due to 

the presence of a large density of possible electron trapping sites – to get instantly trapped 

prior to thermalization (MOZUMDER, 1999). As mentioned earlier, the time scale of 

thermalization, trapping, and hydration of a subexcitation electron in liquid water at 25 ºC is 

less than ~10-12 s. Finally, it is worth recalling here that a certain proportion of subexcitation 

electrons will actually never get thermalized, but will instead undergo prompt recombination3 

with their positive parent ion H2O•+ or dissociative attachment onto a surrounding H2O 

molecule. All details about the various parameters intervening in the IONLYS code to 

describe this competition between thermalization, geminate recombination, and dissociative 

attachment, as well as the values of the branching ratios used in the code for the different 

dissociative decay channels of the electronically and vibrationally excited H2O molecules, 

will be explained in the article No. 1 (SANGUANMITH et al., 2011a). Obviously, the 

TRACEPR module of IONLYS, which is entirely dedicated to the description of electron 

track structures, was used in this study to simulate the radiolysis of water by the tritium-

                                                 
3 About 25.5% of the subexcitation electrons are found to initially recombine with H2O•+ 

(MEESUNGNOEN and JAY-GERIN, 2005a), with an average recombination time as short 

as a few femtoseconds (GOULET et al., 1990). This average recombination time shows 

that the recombination process mainly occurs on the water cation and not on H3O+, that 

is, before the proton transfer reaction H2O•+ + H2O  H3O+ + •OH takes place (~10 fs) 

(which would change the nature of the cation and therefore affect the values of the 

recombination cross section). In other words, the subexcitation electron recombines 

quickly (in the first steps of its random walk) on H2O•+. If it does not recombine quickly, 

it will never recombine, and will thus become thermalized (unless, of course, it makes 

a dissociative attachment on a water molecule) (~56 fs), trapped (~50-300 fs), and 

hydrated (~240 fs-1 ps) (MEESUNGNOEN and JAY-GERIN, 2005a; JAY-GERIN et al., 

2008 and references therein). 
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decay -electrons. As for the TRACPRO module, it was used here to simulate track segments 

of 300-MeV incident protons (LET ~ 0.3 keV/m), which mimic irradiation with 60Co -rays 

6.1.2 The IRT code 

This code begins at 10-12 s in the calculations, after the end of the physicochemical 

stage (~10-12 s; we assume that this time also marks the beginning of diffusion), which is 

provided as an output of the IONLYS program, is then used directly as the starting point for 

the subsequent nonhomogeneous chemical stage. This third and final stage, during which 

the individual reactive species diffuse randomly at rates determined by their diffusion 

coefficients and react with one another (or with any added solutes present at the time of 

irradiation) until all spur or track processes are complete, is covered by the IRT program.  

This program employs a Monte-Carlo simulation technique, the so-called 

“independent reaction times” (IRT) method (CLIFFORD et al., 1986; GREEN et al., 1990; 

PIMBLOTT et al., 1991). This method is based on the approximation that the distances 

between pairs of reactants evolve independently of each other, and therefore the reaction 

times of the various potentially reactive pairs are independent of the presence of other 

reactants in the system. In essence, the simulation begins by considering the initial, or “zero-

time”, the spatial distribution of the reactants (given by the IONLYS program). The 

separations between all the pairs of reactants are first calculated. Overlapping pairs (i.e., 

pairs formed in a reactive configuration) are assumed to combine immediately. For each 

remaining pair, a reaction time is stochastically sampled according to the reaction time 

probability distribution function (GREEN et al., 1990; GOULET and JAY-GERIN, 1992; 

FRONGILLO et al., 1998) that is appropriate for the type of reaction considered. This 

function depends upon the initial distance separating the species, their diffusion coefficients, 

their Coulomb interaction (for reactions between ionic species), their encounter distance,4 

and the probability of reaction during one of their encounters. The competition between the 

various reactions is taken into account by realizing them in the ascending order of sampled 

reaction times. When a reaction occurs, the reactants become unavailable for the competing 

reactions that are sampled to occur at longer times but one must then consider the possible 

                                                 
4 The “encounter distance” (aA,B) for each pair of interacting species A and B can be 

derived from the Smoluchowski equation. 
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reactions of the newly formed products with the species that have survived up to that point. 

Since the IRT method is solely based on a comparison of reaction times, it does not follow 

the trajectories of the diffusing species. Therefore, a special procedure must be devised to 

sample the positions of the reaction products and of the species with which newly formed 

species can in turn react (CLIFFORD et al., 1986). The inclusion of a scavenger in the system 

does not affect the general simulation technique. In fact, the IRT program allows one to 

incorporate in a simple way pseudo-first-order reactions of the radiolytic products with 

various scavengers that are homogeneously distributed in the solution, such as H+, OH-, and 

H2O itself, or more generally any solutes for which the relevant reaction rates are known. 

Similarly, the truly first-order fragmentations of the species are easily simulated. Finally, the 

IRT method is very well suited for the description of reactions that are only partially 

diffusion-controlled (most reactions that occur in irradiated water are not diffusion-

controlled even at room temperature), an adequate description of the activation processes 

that are involved in those reactions is a prerequisite for the modeling of the effects of high 

temperature on water radiolysis), in which the species do not react instantaneously on 

encounter but experience, on the average, many encounters and separations before they 

actually react with each other. The ability of the IRT method to give accurate time-dependent 

chemical yields under different irradiation conditions has been well validated by comparison 

with full random flights (or “step-by-step”) Monte-Carlo simulation, which does follow the 

particle trajectories in detail (PIMBLOTT et al., 1991 and references cited therein; GOULET 

et al., 1998; PLANTE, 2009). 

 

6.2 Simulation of azide aqueous solution 

To simulate the radiolysis of the N3 solutions, we have supplemented the pure-water 

reaction scheme to include the primary eaq and H● atom scavenging reactions that occur in 

the system.  The reaction scheme of azide with reaction rate constants is shown in Table 4. 

Under normal irradiation conditions, the concentrations of radiolytic products are low 

compared with the background concentrations of N3 ions considered, and their reactions 

could be modeled in the IRT program as pseudo-first-order reactions.  In the computer 

simulations reported here, the diffusion coefficient used for N3 in liquid water at 25 °C was 
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1.84 × 10-5 cm2/s.54  This same value was also used for the diffusion coefficient of the azide 

radical N3●. 

 In addition, we have introduced in the IRT program the effect of the ionic strength of 

the solutions on all reactions between ions.  To relate the rate constant and ionic strength of 

the solution over the 25-350 oC temperature range, we used the following equation, obtained 

from the Brönsted-Bjerrum model of ionic reactions and the extended Debye-Hückel theory 

of ionic solutions (GUGGENHEIM, 1935; DAVIES, 1938; ROBINSON and STOKES, 

1959; CZAPSKI and SCHWARZ, 1962; WESTON and SCHWARZ, 1972; JONAH et al., 

1977; ELLIOT et al., 1990): 
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where k is the rate constant at ionic strength I, k0 is the rate constant at infinite dilution of 

ions (i.e., in the limit of zero ionic strength), Za and Zb are the algebraic numbers of charges 

on the reactants (positive for cations and negative for anions), T is the absolute temperature 

(in K),  is the dielectric constant of the medium (for water,  = 78.5 at 25 °C and 13.0 at 350 

°C). The ionic strength I (in M) of the solution is defined as (SOLOMON, 2001): 

i

i

i CZI 
2

2
1         (18) 

where Zi is the charge number of the ith ion and Ci is its molar concentration. The sum extends 

over all ionic species present in the solution. According to Eq. (17), the rate constant will 

increase, decrease, or remain the same with increasing ionic strength, depending on whether 

the reactants have the same sign, opposite signs, or whether one reactant is neutral.  Finally, 

even though some experimental results are available for highly concentrated N3 solutions 

(up to 5 M), we generally restricted ourselves here to solute concentrations not exceeding ~1 

M to avoid any complications due to the “direct” action of ionizing radiation on the solute 

(which our Monte Carlo code does not take into account). 
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Table 3 Reactions added to the pure water reaction scheme to simulate the radiolysis of azide 
aqueous solutions, at 25 ºC (from SANGUANMITH et al., 2018).(a) 

 ________________________________________________________ 

    

   Reaction               k (M-1 s-1) 

 ________________________________________________________ 

19 N3- + H●  HN3●-,   3.15 × 109 M-1s-1   

 20 N3- + e-aq  products  ≤ 1.5 × 106 M-1s-1 

21 N3
- + H+  HN3  pKa= HN3/N3- = 4.7,  

       kforward = 109-1010 

22 HN3 + e-aq  HN3●-  1.2 × 1010  

23 HN3 + H●  products  6.31 × 107  

24 N3- + ●OH  N3● + OH- 1.2 × 1010  

25 HN3 + ●OH  N3● + H2O k9 < 107 

26 N3● + e-
aq  N3

-  2.34 × 1010 

27 N3● + H●  HN3  >1010 

28 N3● + ●OH  products  < 106  

29 N3● + H2O2  products < 5 × 106 

30 N3● + N3●  3N2  3.95 × 109 

31 N3● + N3-  (N3)2  2.4 × 105 
                                                                                                                                                                                                                                                      

(a) Note that the rate constants given here for the reactions between ions are at ionic strength 

equal to zero. 

 

6.3 Simulation of the effect of temperature  

In the “physical” stage, the scattering cross sections used in the simulations are 

independent of the medium’s temperature because the energy of the ionizing particles is much 

larger than the thermal energies and because the motion of the target (water molecules) can 

be neglected. However, the density (ρ) of pressurized water varies with temperature (from ρ 

= 1 g/cm3 at room temperature to ρ = 0.575 g/cm3 at 350 oC),  
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       = 1 g/cm3 at 25 °C     = 0.7125 g/cm3 at 300 ºC 

 

Figure 6.1 The configuration of water molecules with density () of pressurized water 
varies with temperature from  = 1 g/cm3 at 25 °C (on the left) and   = 0.7125 
g/cm3 at 300 ºC (MATATLA et al., 2016). 

 

and this influences the particles scattering mean free paths (MFP) which are related to 

the scattering cross cross-sections through the simple relation MFP = 1/(σN), where σ is the 

total cross-section and N is the number of scatterers per unit volume. The 42.5% decrease in 

N that takes place when the temperature is increased from 25-350 oC thus causes the energy 

depositions to become significantly further apart. As a result of the invariance of the 

scattering cross-sections, this dilatation is proportional to the inverse of the density.. 

 

In the “physicochemical” stage, the influence of the temperature is not well understood. 

It seems that many parameters intervening in this stage (such as the dissociative decay 

channels for H2O*, the migration of the ions H2O+ and of the subexcitation electrons) are 

likely to be sensitive to temperature. It should be mentioned that many authors, such as 

SWIATLA-WOJCIK and BUXTON (1995), have suggested that the temperature – through 

a diminution of hydrogen bonding in liquid water – could possibly change the relative 

contributions of the dissociative decay channels for H2O*. First of all, the variations of 

density would act as they did in the physical stage, increasing (on average) each step of the 

random walk. But any number of other phenomena could come into play. For example, when 

a “hot” (subvibrational) electron is slowing down before eventually getting trapped, it goes 



 

48 
 

48 

through a stage during which its energy is nearly thermal, so that it can not only lose energy 

but also gain some from the surrounding medium. If the duration of this quasi-equilibrium 

stage depends on temperature, it could affect the electron thermalization distances. 

Another temperature effect that could turn out to be the most important one in the 

physicochemical stage, is its influence on the scattering cross-section of the low-energy 

electrons. In fact, electrons in the subexcitation energy range are known to be sensitive to the 

structural order of the surrounding medium, owing to their nonnegligible delocalized 

character. In various media, their scattering cross-sections have been shown to increase 

rapidly when the degree of order diminishes (HERVÉ DU PENHOAT et al., 2000 and 

references cited therein). This also seems to be the case for water, since the electron cross 

sections found in amorphous ice at low incident energy (MICHAUD and SANCHE, 1987) 

appear to be somewhat smaller (by a factor of ~2) than those that apply to liquid water 

(COBUT et al., 1998; GOULET et al.,1996) and much smaller (by at least an order of 

magnitude) than those reported for the gas phase (MICHAUD and SANCHE, 1987). On this 

basis, one could expect the scattering cross-sections of subexcitation electrons to increase 

with temperature in the range 25-350 oC, since the breaking of the hydrogen bonds gives rise 

to a decrease of the structural order. It is difficult to estimate to what extent this could affect 

thermalization distances, but one cannot exclude the possibility that this effect could 

overcome the 42.5% decrease in the density as temperature increases from 25-350 oC and in 

turn reduce those distances significantly. A similar conclusion was obtained previously by 

HOCHANADEL and GHORMLEY (1962), who suggested that, at the higher temperature, 

“subexcitation electrons are thermalized more rapidly”. And it seems that our simulations are 

better to reproduce the experimental yields if the electron thermalization distances decrease 

with increasing temperature. 

 

In the “nonhomogeneous chemical” stage, during which the radiolytic species diffuse 

and react with one another with a kinetic dictated by their initial nonhomogeneous spatial 

distribution. At room temperature, this stage is essentially completed at the time of the end 

of spur expansion after which homogeneous chemistry takes over. It should be noted that the 

time at the end of the spur depends on temperature. The nonhomogeneous spur/track 
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expansion is complete by ~ 4.2 × 10-7 s at 25 oC and decreases to ~ 5.7 × 10-8 s at 350 oC  

(SANGUANMITH et al., 2011b). 

 

Some chemical reactions can take place before any diffusion of species occurs because 

the latter are formed already “in contact” at the end of the physicochemical stage (COBUT 

et al., 1998; FRONGILLO et al., 1998).  For simplicity, we consider that those “contact 

reactions” occur at ~10-12 s (i.e., the starting point of the nonhomogeneous kinetics). The 

occurrence of all the other reactions depends on the ability of reactants to meet and on the 

probability that their encounter gives rise to a reaction (most reactions are not diffusion-

controlled). The physical parameters that will determine the time-dependent reaction 

probability of a pair of reactants will therefore be (i) their initial separation, (ii) their diffusion 

coefficient, (iii) their electrostatic interaction (i.e., their charge and the dielectric constant of 

the medium), (iv) their reaction radius, and (v) their probability of reaction per encounter. 

The temperature of the medium has an influence on many of those parameters. The effect of 

temperature on the initial position of the species comes from the temperature dependence of 

the scattering mean free paths mentioned in the first two stages. Its influence on the diffusion 

coefficient depends on the actual species considered, but this parameter always increases 

with temperature. In the simulation, the temperature dependences of the diffusion 

coefficients of H3O+, OH-, e-aq, and H2O are represented by polynomial fits to the 

experimental data (ELLIOT and BARTELS, 2009). For the other species, whose diffusion 

coefficients are unknown at elevated temperatures, the following scaling procedure has been 

adopted: 

             
)C25(

)C25()(
OH

OHo
II

2

2

οD

D
DtD                                              (32)                       

where t denotes the temperature in degrees Celsius. 

Compared to the original version of our IRT program some diffusion coefficients (D) of 

reactive species and temperature dependence of reaction rate constants have been updated. 

Figure 6.2 shows the diffusion coefficients of various species as a function of temperature 

which has been updated in our Monte-Carlo simulations. 
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Figure 6.2 Diffusion coefficients (D) for the various track species involved in our 
simulations (ELLIOT and BARTELS, 2009). 

 

Rate constants are sensitive functions of temperature and for this reason, are important 

parameters in predictive modeling of high-temperature water chemistry. What is generally 

known is the temperature dependence of the “observed” reaction rate constant (kobs), from 

which it is possible to extract information on the temperature dependences of the “activation” 

and “diffusion” processes that are involved in the reaction. For reactions whose rates are 

nearly diffusion-controlled at room temperature, kobs are best described by the Noyes 

equation: 

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

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

1961). A number of reactions pertinent to the radiation chemistry of water have been found 

to be best described by Eq. (33) (see, for example: ELLIOT, 1994). The Arrhenius equation 

is used to evaluate kact empirically: 

kact = A exp(Eact/RT) ,        (34) 

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

factor, R is the gas constant and T is the absolute temperature. kdiff is given by the 

Smoluchowski equation (see, for example: ELLIOT et al., 1990; ELLIOT, 1994; SWIATLA-

WOJCIK and BUXTON, 1995; HERVÉ DU PENHOAT et al., 2000): 

kdiff  =  4πβ NAv (DA + DB) aA,B       (35) 

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

reacting species, β is a spin statistical factor for radical-radical reactions, and aA,B is the 

encounter (or reaction) distance. When the reactants are ions, Eq. (34) is multiplied by the 

Debye factor (DEBYE, 1942): 

1e

δ
δD


f          (36) 

where δ is given by 

Tkaε(T)επ BBA,o

2
BA

4
eZZ

δ   ,       (37) 

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

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

 

The list of the main spur/track chemical reactions and values of reaction rate constants 

considered in our pure liquid water radiolysis simulations as a function of temperature 

(ELLIOT and BARTELS., 2009) has been illustrated in Appendix 2. 
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To reproduce the effect of temperature on the low-LET (~0.3 keV/μm at 25 °C) 

radiolysis of water from ambient up to 350 °C, we used an extended version of our IONLYS-

IRT code which was developed previously (HERVÉ DU PENHOAT et al., 2000; 

TIPPAYAMONTRI et al., 2009; SANGUANMITH et al., 2011a).  In this version, we used 

the self-consistent radiolysis database, including rate constants, diffusion coefficients, 

reaction mechanisms, and g-values, compiled by ELLIOT and BARTELS (2009). This new 

database provides a recommendation for the best values to use in high-temperature modeling 

of water radiolysis up to 350 °C. In addition, to counterbalance the strong influence of the 

rapid drop observed in the rate of the self reaction of e-aq above 150 °C (CHRISTENSEN and 

SEHESTED, 1986; ELLIOT, 1994; MARIN et al., 2007) and thus obtain a good agreement 

between model and experiment for the temperature dependence of H2 yield, we were led to 

adjust the temperature dependence of some parameters involved in the early physicochemical 

stage of the radiolysis, namely, the electron thermalization distance (rth), the dissociative 

electron attachment (DEA), and the branching ratios of the different excited water molecule 

decomposition channels.  The details of this adjustment are published elsewhere 

(SANGUANMITH et al., 2011a) but we briefly summarize them here.  In essence, the values 

of rth were obtained by comparing our simulated time-dependent e-aq yield data to recent 

picosecond (~60 ps to 6 ns) and conventional nanosecond (using e-aq scavenging by methyl 

viologen MV2+) pulse radiolysis measurements of the decay kinetics of e-aq at several 

different temperatures between 25 and 350 °C (MUROYA et al., 2010; MUROYA, 

unpublished data). Using this best fitting procedure, rth was found to remain relatively 

unchanged below ~100-150 °C (and equal to its value at 25 °C), but to decrease sharply at 

higher temperatures with rth/rth(25 °C) ≈ 0.4 at 300 °C.  This decrease in rth above 100-150 

°C was interpreted as indicating an increase in the scattering cross-sections of subexcitation 

electrons (e-sub) (GOULET and JAY-GERIN, 1989; MOZUMDER, 1999) that accounts for 

a decrease in the degree of structural order of water molecules due to an increasing breaking 

of hydrogen bonds with temperature (HERVÉ DU PENHOAT et al., 2000).  Building on 

these findings on rth, we incorporated in our modeling calculations a temperature dependence 

of the DEA and of the branching ratios of the different decay channels for excited water 

molecules (as rth, these parameters are sensitive to the local structural order of water) in a 

form similar to that of rth, that is, unchanged below 100-150 °C and then followed by a 
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marked discontinuity around these temperatures. In the absence of any other detailed 

experimental information, we assumed that the values of these latter parameters at 350 °C 

were equal to those observed in water vapor (SWIATLA-WOJCIK and BUXTON, 1995; 

SANGUANMITH et al., 2011a). 

 

All Monte-Carlo simulations reported here were performed along the liquid-vapor 

coexistence curve, the density of the pressurized water decreasing from 1 g/cm3 (1 bar or 0.1 

MPa) at 25 °C to 0.575 g/cm3 (16.5 MPa) at 350 °C (LINSTROM and MALLARD, 2005).  

For this range of temperature, calculations show that g-values vary only a little with the 

applied pressure.  Finally, to reproduce the effects of 60Co -rays or fast electrons, we used 

short segments (~150 m) of ~300-MeV proton tracks, over which the average LET value 

obtained in the simulations was nearly constant and equal to ~0.3 keV/m at 25 °C 

(McCRACKEN et al., 1998; COBUT et al., 1998; FRONGILLO et al., 1998).  The number 

of proton histories (~150) Tritium- primary electron track structures were simulated using 

~6000 different whole track histories. This number was chosen to ensure only small statistical 

fluctuations in the computed averages of chemical yields, while keeping acceptable computer 

time limits. 
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Radiolysis of Supercritical Water at 400 °C: A Sensitivity Study of the Density 

Dependence of the Yield of Hydrated Electrons on the (eaq + eaq) Reaction Rate 

Constant 
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Forewords: In this work, I did all the calculations of the yield of hydrated electrons in the 
low LET radiolysis of supercritical water over the density range 0.15-0.6 g/cm3 by using the 
two different values of the eaq self-reaction rate constant at 400 °C. I have used all reaction 
rate constants which correspond to the best recommended values reported by Elliot and 
Bartels (2009). I also wrote the first draft of the manuscript of this work. 
 

Résumé : Des simulations Monte Carlo ont été utilisées dans cette étude pour examiner la 
sensibilité de la dépendance de la densité du rendement de l'électron hydraté (eaq) dans la 
radiolyse à faible « transfert d'énergie linéaire » (LET) de l'eau supercritique (H2O) à 400 °C 
aux variations de la dépendance en température de la constante de vitesse d’auto-réaction 
k(eaq + eaq). Deux valeurs différentes de k(eaq + eaq) à 400 °C ont été utilisées: l'une basée 
sur la dépendance en température de k au-dessus de 150 °C telle que mesurée dans l'eau 
alcaline (4,2  108 M-1 s-1) et l’autre basée sur une extrapolation d'Arrhenius des valeurs de 
k inférieures à 150 °C (2,5  1011 M-1 s-1). Dans les deux cas, les dépendances en densité de 
nos rendements de eaq calculés à ~60 ps et 1 ns comparent assez bien avec les données 
expérimentales de radiolyse à impulsions picosecondes disponibles (pour le D2O) sur toute 
la plage de densité de l'eau étudiée (~0,15-0,6 g/cm3). Seul un faible effet de k sur la variation 
de G(e-aq) en fonction de la densité de l’eau à 60 ps et 1 ns a pu être observé. En conclusion, 
nos calculs actuels ne nous ont pas permis de confirmer (ou de nier) sans ambiguïté 
l'applicabilité de la baisse soudaine prévue de k(eaq + eaq) à ~150 °C dans une eau quasi 
neutre. 
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ABSTRACT 

 

The temperature dependence of the rate constant (k) of the bimolecular reaction of 

two hydrated electrons (eaq) measured in alkaline water exhibits an abrupt drop between 

150 and 200 °C; above 250 °C, it is too small to be measured reliably. Although this result is 

well established, the applicability of this sudden drop in k(eaq + eaq) above ~150 °C to 

neutral or slightly acidic solution, as recommended by some authors, still remains 

uncertain. In fact, recent work suggested that in near-neutral water the abrupt change in k 

above ~150 °C does not occur and that k should increase, rather than decrease, at 

temperatures greater than 150 °C with roughly the same Arrhenius dependence of the 

data below 150 °C. In view of this uncertainty of k, Monte Carlo simulations were used in 

this study to examine the sensitivity of the density dependence of the yield of eaq in the 

low linear energy transfer (LET) radiolysis of supercritical water (H2O) at 400 °C on 

variations in the temperature dependence of k. Two different values of the eaq self-

reaction rate constant at 400 °C were used: one based on the temperature dependence of 

k above 150 °C as measured in alkaline water (4.2  108 M-1 s-1) and the other based on an 

Arrhenius extrapolation of the values below 150 °C (2.5  1011 M-1 s-1). In both cases, the 

density dependences of our calculated eaq yields at ~60 ps and 1 ns were found to 

compare fairly well with the available picosecond pulse radiolysis experimental data (for 
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D2O) for the entire water density range studied (~0.15-0.6 g/cm3). Only a small effect of k 

on the variation of G(eaq) as a function of density at 60 ps and 1 ns could be observed. In 

conclusion, our present calculations did not allow us to unambiguously confirm (or deny) 

the applicability of the predicted sudden drop of k(eaq + eaq) at ~150 °C in near-neutral 

water. 

Keywords: radiolysis, linear energy transfer, near neutral water, high temperature, self-

reaction of two hydrated electrons, rate constant, radiation chemical yield, dependence on 

water density at 400 °C, Monte Carlo simulations. 

 
1   INTRODUCTION 

 The Generation IV supercritical water-cooled reactor (SCWR) is an advanced 

reactor, which would operate with core inlet and outlet temperatures of ~350 and 625 °C, 

respectively, at a pressure of 25 MPa. It is an extremely energy-efficient system; its 

thermodynamic cycle efficiency is greater than ~45% vs. 28-32% for current conventional 

pressurized water reactors. By generating lower-cost electricity, SCWRs offer considerable 

economic advantages [1-7]. 

Supercritical water (SCW) refers to water above its thermodynamic critical point: 

for H2O, tc = 373.95 °C and Pc = 22.06 MPa or 217.7 atm; and for D2O, tc = 370.74 °C and Pc 

= 21.67 MPa or 213.9 atm [8]. A quantitative understanding of the radiation chemistry of 

SCW is required in the design and operation of Generation IV SCWRs, particularly to 

specify chemical control strategies. It is important to minimize the corrosion and 

degradation of reactor components resulting from the radiolytic formation of oxidizing 
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species at high concentrations, such as •OH, H2O2, O2, and O2
• (or its protonated form 

HO2
•, depending on the pH) [4, 5, 7, 9, 10]. They are the main source of oxidizing products, 

but radiolysis is difficult to determine experimentally. 

The water in reactor cores is subject not only to extreme conditions of high 

temperature and pressure but also to the action of intense fluxes of ionizing radiation: fast 

neutrons, -rays, recoil protons and heavy ions. As a result, direct observations or 

measurements at very high temperatures and pressures and in mixed radiation fields are 

difficult to perform. In addition, Generation IV SCWRs are still at the conceptual design 

stage. For these two reasons, chemical models and computer simulations are an 

important route of investigation for predicting the detailed radiation chemistry in SCWRs 

and the consequences for materials [5, 7, 11-14]. A key parameter to assess the chemical 

effects of ionizing radiation is the radiation-chemical yield or G value of each radiolytic 

species. The G value is defined as the number of species formed or consumed per 100 eV 

of absorbed energy. Another key parameter is the rate constant for each of the chemical 

reactions involving these species (and any other chemicals present in the system). 

Experimental data on the radiation chemistry and reaction kinetics of transients 

under proposed SCWR operating conditions are very limited, and there are significant 

gaps [15]. Some data are still controversial. Certain preliminary studies suggest markedly 

different behavior for the effects of radiation under supercritical conditions compared to 

what would be predicted from simplistic extrapolations of values originally measured at 

lower temperatures. Here we examine one of these controversies regarding the 
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temperature dependence of the rate constant (k) for the bimolecular reaction of two 

hydrated electrons (eaq) [16]: 

eaq + eaq (+ 2H2O)    H2 + 2OH .              (1) 

In alkaline water, k exhibits a “catastrophic” drop between 150 and 200 °C; above 250 °C, 

it is too small to be measured reliably (Fig. 1) [17-20]. The mechanism behind this non-

Arrhenius behavior above 150 °C is not well understood, but it is generally thought to 

involve the formation of some transient intermediate, such as a hydrated electron dimer 

(or “dielectron”, e2
2

aq) sharing the same solvent cavity, a hydride ion (H), or yet an 

“incompletely relaxed” localized electron (eir) [17, 20-22]. The controversy here concerns 

the applicability of this drop in k above 150 °C to neutral or slightly acidic (as the pH of 

water at 150-200 °C is about 5.7-6) solution, as recommended by Bartels and coworkers 

[20]. In fact, this matter has long been a subject of discussion because the observed drop 

could be a function of the pH of the solution [18]. Up to now, an Arrhenius extrapolation 

procedure of the values below 150 °C, previously proposed by Elliot [18] and Stuart et al. 

[19], has been used in most computer models of the radiolysis of water at high 

temperatures in neutral solution (Fig. 1). This procedure assumes that such an abrupt 

change in k does not occur and that reaction (1) is diffusion controlled at temperatures 

greater than 150 °C. This assumption was justified by the good agreement obtained 

between the model and experiments [23-25]. 

Recently, Hatomoto et al. [26] directly measured the time dependence of G(eaq) in 

pure deaerated neutral water by using picosecond and nanosecond pulse radiolysis in the 

temperature range from room temperature to 250 °C. The results were analyzed using a 



Nuclear Engineering and Radiation Science 
 

60 
 

60 

spur diffusion kinetic simulation model. Their findings suggest that k(eaq + eaq) under 

neutral conditions increases monotonically at high temperature; no abrupt drop was 

observed at temperatures higher than 150 °C. 

The present work aims to examine the impact of the (eaq + eaq) reaction rate 

constant on the hydrated electron yield at 400 °C as a function of water density in the 

range of ~0.15-0.6 g/cm3. To show the sensitivity of G(eaq) to k(eaq + eaq) in our 

simulations, we used two distinct temperature dependences for k above 150 °C (Fig. 1): 

one extrapolated from the values below 150 °C following an Arrhenius procedure [18, 19] 

(ka) and the other extrapolated from the last three data points measured between 250 

and 300 °C by Bartels and coworkers [20, 27] in alkaline solution (kb). In the results and 

discussion section, we compare our calculated density dependence for G(eaq) in 

irradiated SCW (H2O) at 400 °C with the available experimental data obtained from time-

resolved picosecond pulse radiolysis measurements in supercritical D2O [28, 29]. 

 
2   MONTE CARLO SIMULATIONS 

 Supercritical water conditions have several specific features; we have developed 

an extended version of our Monte Carlo track chemistry simulation code, called IONLYS-

IRT, for liquid water at ambient and elevated temperatures and which simulates 

irradiation by high-energy protons or heavier ions. 

This IONLYS-IRT program simulates, in a three-dimensional geometrical 

environment, the initial production of various radiolytic species and the subsequent track 

expansion during which these species diffuse randomly and react with one another or 
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with dissolved solutes (if any) present at the time of irradiation. A detailed description of 

the code has been given previously [13, 24, 30, 31]. Briefly, the IONLYS step-by-step 

simulation program is used to cover the early physical and physicochemical stages [32] of 

track development. It models all the physical interactions (energy deposition) and the 

subsequent establishment of thermal equilibrium in the system (conversion of the 

physical products created locally after completion of the physical stage into the various 

“initial” free radicals and molecular products of the radiolysis). The complex, highly 

nonhomogeneous spatial distribution of reactants at the end of the physicochemical stage 

(~10-12 s; we assume that this time also marks the beginning of diffusion), which is 

provided as an output of the IONLYS program, is then used directly as the starting point 

for the subsequent nonhomogeneous chemical stage [32]. This third stage, which consists 

of diffusion and reactions of the reactive species during track expansion until all track 

processes are complete, is modeled by our IRT program. This program employs the 

“independent reaction times” (IRT) method [33-35], a computer-efficient stochastic 

simulation technique used to simulate reaction times without having to follow the 

trajectories of the diffusing species. The IRT method relies on the approximation that the 

reaction time of each pair of reactants is independent of the presence of other reactants 

in the system. Within the framework of this approach, the competition between the 

reactions is simply described via a sorting out of the stochastically sampled reaction times 

of each potentially reactive pair. The implementation of this program has been previously 

described in detail [35, 36]; its ability to give accurate, time-dependent chemical yields has 

been well validated by comparison with full random flight (or step-by-step) Monte Carlo 
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simulations, which do follow the reactant trajectories in detail [37, 38]. This IRT program 

can also be used to efficiently describe the reactions that occur in the bulk solution during 

the homogeneous chemical stage [32], i.e., in the time domain typically beyond a few 

microseconds. 

In the current version of IONLYS-IRT, several updates and modifications have been 

made, as fully described elsewhere [13, 28, 31]. In particular, we used the self-consistent 

radiolysis database, including rate constants, diffusion coefficients, reaction mechanisms 

and G values, recently compiled by Elliot and Bartels [27]. This new database provides 

recommendations for the best values to use in high-temperature modeling of light water 

radiolysis over the range of 20-350 °C. These data were simply extrapolated above their 

experimentally studied temperature range to obtain the rate constants of the various 

reactions involved in the radiolysis of SCW at 400 °C, as well as the diffusion coefficients of 

the intervening reactive species. In some cases, we also used the kinetic data of Ghandi 

and Percival [39] and of Alcorn et al. [40] inferred from muon spin spectroscopy 

measurements in SCW (up to 450 °C). In the absence of any other information, we chose 

to neglect any dependence of the reaction rate constants on water density for the 400 °C 

isotherm of interest [13, 14]. In the ~0.15-0.6 g/cm3 density range studied here, this 

approximation seems reasonable, judging from the relatively slowly varying reaction rate 

values for the few reactions whose rates have been measured as a function of water 

density [40-42]. The recent re-evaluation of the temperature dependence of certain key 

parameters involved in the early physicochemical stage of radiolysis (e.g., the 

thermalization distance of subexcitation electrons, the dissociative electron attachment, 
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and the branching ratios of the different excited water molecule decay channels) has also 

been incorporated in the simulations [28, 31]. Finally, we included in the simulations a 

prompt geminate electron-cation (H2O•+) recombination (i.e., prior thermalization of the 

electron) that decreased in irradiated SCW at 400 °C as the water density decreased from 

~0.6 to 0.15 g/cm3 [13]. 

The density (pressure) dependence of the self-diffusion coefficient of compressed 

SCW at 400 °C was taken from the measurements of Lamb et al. [43] in the region from 

0.1 to 0.7 g/cm3. For the diffusion coefficients of the radiolytic species •OH, H•, H2O2, and 

H2, which have been explicitly determined only at 25 °C but are essentially unknown at 

400 °C, we have assumed here that they scale proportionally to the self-diffusion of water 

above room temperature [24, 30, 43]. The diffusion coefficients of eaq, H+, and OH were 

estimated as previously described [30]. For the hydrated electron, we extrapolated the 

data of Schmidt et al. [44] (up to 90 °C) and of Marin et al. [20] (at 300 °C). For the proton 

and the hydroxide ion, we extrapolated the data reported by Elliot and Bartels [27] over 

the 20-350 °C temperature range. The density dependences of the viscosity, static 

dielectric constant and molar concentration of SCW at 400 °C used in this work were taken 

from the NIST Chemistry WebBook [8]. The values for the ionic product of water (Kw) were 

obtained from Bandura and Lvov [45]. 

We have ignored the heterogeneous molecular structure of SCW originating from 

the existence of large local density fluctuations (or water “clustering”) that are 

fundamentally connected to the high compressibility of water in the vicinity of the critical 

point [46-49]. In our simulations, we assumed that the overall instantaneous picture of 
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SCW could simply be viewed as a homogeneous medium with a mean density equal to the 

density of bulk water. This approximation was shown to be reasonable in determining the 

radiation chemistry of SCW at 400 °C at the water densities considered in this study [12, 

30, 50]. 

To mimic 60Co -ray or fast electron irradiation, we used short (typically ~100 m) 

track segments of ~300-MeV incident protons for which the average linear energy transfer 

(LET) obtained in the simulations was essentially constant and equal to ~0.3 keV/m at 25 

°C. Such model calculations thus gave “track segment” yields at a well-defined LET [51]. 

The number of proton histories (usually ~500) was chosen so as to ensure only small 

statistical fluctuations when calculating average yields, while keeping acceptable 

computer time limits. 

 
3   RESULTS AND DISCUSSION 

 Figure 2 displays our calculated eaq yields at 60 ps and 1 ns after the ionizing 

event, for the low-LET radiolysis of pure, deaerated SCW (H2O) at 400 °C as a function of 

water density over the range of ~0.15 to 0.6 g/cm3, using 300-MeV incident protons. To 

show the sensitivity of G(eaq) to k(eaq + eaq), our simulations were carried out for two 

different values of k at 400 °C, namely, 2.5  1011 M-1 s-1 (based on the Arrhenius 

extrapolation of the values below 150 °C; represented by the solid line ka in Fig. 1) [18, 19, 

26] and 4.2  108 M-1 s-1 (based on the temperature dependence of k above 150 °C 

observed in alkaline water; represented by the dashed line kb in Fig. 1) [20, 27]. Available 

eaq yields obtained from time-resolved picosecond pulse radiolysis experiments in 
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supercritical D2O at 400 °C, for both times considered (i.e., ~60 ps, the rise time of the 

signal of eaq, and 1 ns) [28, 29], are also included in the figure for comparison. 

A very good agreement is found between our calculations and the experimental 

data at 1 ns for the entire density range studied. At ~60 ps, there is also a good agreement 

between experiment and theory at the highest densities plotted, but at low density our 

calculated yields slightly deviate from the experimental data. It can be seen that, at the 

water density of ~0.18 g/cm3, our calculated eaq yield is about 1 G-unit lower than the 

experimental value. The origin of these deviations at short times has been previously 

discussed [13]. One reason that could explain this difference is that we compare our 

calculated yields of eaq for H2O with values obtained experimentally for D2O. As for the 

radiolysis of D2O, it is worth pointing out that Bartels et al. [52] predicted that the ”initial” 

yield of eaq in D2O should be ~7% larger than in H2O (due to the greater distance of 

secondary electron travel in heavy water). Based on this result, our eaq yields calculated 

at ~60 ps would agree very well with the experimental data [53]. Another reason that 

could explain the deviations observed at ~60 ps in the low-density region near ~0.2 g/cm3 

is a possible increase in the electron thermalization distance (rth) (recall here that rth was 

kept constant in the present calculations and equal to ~3 nm, a value that we determined 

at 350 °C from an analysis of the spur decay kinetics of eaq at elevated temperatures) 

[28]. Such an increase would slightly augment the yields of eaq at ~60 ps and thus our 

simulated values would be closer to the experimental data. 
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Figure 2 also shows that G(eaq) is relatively little affected by the choice of k(eaq + 

eaq) at 400 °C at both times considered (~60 ps and 1 ns). The calculated eaq yields are 

only slightly lower when the value of 2.5  1011 M-1 s-1 (ka) is used in the simulations. 

Indeed, decreasing the value of k to 4.2  108 M-1 s-1 (kb), i.e., by roughly three orders of 

magnitude, leads to an increase of G(eaq) of at most ~7% at the water density of ~0.18 

g/cm3, at both ~60 ps and 1 ns. Given the relative insensitivity of G(eaq) to the value of 

the (eaq + eaq) reaction rate constant, we cannot favor either of the k values used over 

the other. Based on the present results, we are therefore unable to unambiguously 

confirm or deny the applicability of the sudden drop of k(eaq + eaq) at 150 °C in near-

neutral water, as suggested by Bartels and coworkers 20. 

 
4   CONCLUSION 
 
 Monte Carlo simulations have been used to study the effect of the temperature 

dependence of k(eaq + eaq) up to 400 °C on the hydrated electron yield in the low-LET 

radiolysis of supercritical water (H2O) at 400 °C over the density range of ~0.15 to 0.6 

g/cm3. Two different values of k were used: one (2.5  1011 M-1 s-1) was based on an 

Arrhenius extrapolation procedure of the values below 150 °C (ka) and the other (4.2  108 

M-1 s-1) was based on the temperature dependence of k observed above 150 °C in alkaline 

water (kb). In both cases, the density dependences of our calculated eaq yields at ~60 ps 

and 1 ns compared well with the available picosecond pulse radiolysis experimental data 

in supercritical D2O for the entire water density range studied. 
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Decreasing k by about three orders of magnitude increased G(eaq) by a factor of at 

most ~7% at low water densities, at both ~60 ps and 1 ns. Such a small effect of k(eaq + 

eaq) on the variation of G(eaq) as a function of density prevented us from unambiguously 

confirming or denying the applicability of the predicted sudden drop of k at 150 °C in 

near-neutral water. 

Considering the importance of the self-reaction of eaq as a source of molecular 

hydrogen in high-temperature water radiolysis, further measurements of its rate constant 

in pure water are obviously highly desirable. These measurements, which would be 

extremely beneficial to the aqueous radiation chemistry modeling community, would 

generate valuable insight for better understanding and predicting reactor coolant water 

chemistry in SCWRs. 
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NOMENCLATURE 
 

D2O 

eaq 

heavy water (or deuterium oxide) 

hydrated electron 

eV 

G value 

H2O 

IRT 

k 

keV/MeV 

electron volt (1.602  10-19 J) 

radiation chemical yield 

light (ordinary) water 

independent reaction times 

reaction rate constant 

kilo/megaelectron volt 

Kw 

LET 

M 

 

Monte Carlo 

 

MPa 

NIST 

ns/ps 

pH 

 

 

ionic product of water 

linear energy transfer 

molarity (measure of concentration equal to the number of moles of 

solute per liter of solution) 

general term used to describe any algorithm or computational method 

that employs random numbers. 

megapascal 

National Institute of Standards and Technology 

nano/picosecond 

measure of the acidity or alkalinity of a solution, defined (in most common 

applications) as the negative logarithm (base 10) of the molar 

concentration of hydrogen ions (H+) in the solution: pH = - log H+ 
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rth 

SCW 

electron thermalization distance 

supercritical water 

SCWR supercritical water-cooled reactor 
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Figure Captions List 
 

Fig. 1 Rate constant for the self-reaction of two hydrated electrons as a function 

of temperature. The solid line (denoted ka) shows the (eaq + eaq) reaction 

rate constant that was obtained by using an Arrhenius extrapolation 

procedure above 150 °C as proposed by Elliot [18], Stuart et al. [19] and 

Hatomoto et al. [26]. The dashed line (denoted kb) shows the (eaq + eaq) 

reaction rate constant that was measured by Bartels and coworkers 20, 

27 (■) under alkaline conditions. Note that kb was assumed to remain 

constant between 275 and 400 °C. 

Fig. 2 Density dependence of G(eaq) (in molecule per 100 eV) in SCW at 400 °C 

measured directly by picosecond pulse radiolysis experiments (in D2O) [28, 

29] at ~60 ps (○) and 1 ns (■) (estimated uncertainty of ±10%). The solid 

and dashed lines show our Monte Carlo simulated results in supercritical 

H2O when k(eaq + eaq) = 2.5  1011 M-1 s-1 was used at ~60 ps and 1 ns, 

respectively. The dash-dot and dash-dot-dot lines show our corresponding 

calculated eaq yields when k(eaq + eaq) = 4.2  108 M-1 s-1 was used at 60 

ps and 1 ns, respectively. For conversion into SI units (mol/J), 1 molecule 

per 100 eV ≈ 0.10364 mol/J. 
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all the preparation process for the first version of this article. 
 

Résumé : L'effet de l'ion azide N3
 sur le rendement en hydrogène moléculaire dans l'eau 

irradiée avec les rayons  de 60Co (électrons de Compton de ~1 MeV) et des électrons- du 
tritium (énergie moyenne des électrons de ~7,8 keV) à 25 °C est étudié à l'aide de simulations 
de Monte Carlo. Il est démontré que N3

 interfère avec la formation de H2 grâce à sa forte 
réactivité vis-à-vis des atomes d'hydrogène et des électrons hydratés, qui sont les deux 
principaux précurseurs radiolytiques du rendement en H2 dans les trajectoires du 
rayonnement. Des changements chimiques sont observés dans la capacité de piégeage de H2 
en fonction du type particulier de la radiation considérée. Dans la géométrie des « trajectoires 
courtes » des électrons  du tritium à plus grand « transfert d'énergie linéaire » (TEL) (TEL 
moyen de ~5,9 eV/nm), les radicaux se forment localement à une concentration initiale 
beaucoup plus élevée que dans les « grappes » isolées des électrons énergétiques de Compton 
(LET ~ 0,3 eV/nm) générés par les rayons  de cobalt 60. En conséquence, la géométrie à 
trajectoires courtes favorise les réactions radical-radical impliquant des électrons hydratés et 
des atomes d'hydrogène, conduisant à une nette augmentation du rendement de H2 pour les 
électrons  de tritium par rapport aux rayons- 60Co. 
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Abstract 

The effect of the azide ion N3
 on the yield of molecular hydrogen in water irradiated 

with 60Co -rays (~1 MeV Compton electrons) and tritium -electrons (mean electron 
energy of ~7.8 keV) at 25 °C is investigated using Monte Carlo track chemistry 
simulations in conjunction with available experimental data.  N3 is shown to interfere 
with the formation of H2 through its high reactivity towards hydrogen atoms and, but 
to a lesser extent, hydrated electrons, the two major radiolytic precursors of the H2 
yield in the diffusing radiation tracks.  Chemical changes are observed in the H2 
scavengeability depending on the particular type of radiation considered.  These 
changes can readily be explained on the basis of differences in the initial spatial 
distribution of primary radiolytic species (i.e., the structure of the electron tracks). In 
the “short-track” geometry of the higher “linear energy transfer” (LET) tritium -
electrons (mean LET ~ 5.9 eV/nm), radicals are formed locally in much higher initial 
concentration than in the isolated “spurs” of the energetic Compton electrons (LET ~ 
0.3 eV/nm) generated by the cobalt-60 -rays.  As a result, the short-track geometry 
favors radical-radical reactions involving hydrated electrons and hydrogen atoms, 
leading to a clear increase in the yield of H2 for tritium -electrons compared to 60Co -
rays.  These changes in the scavengeability of H2 in passing from tritium -radiolysis to 
-radiolysis are in good agreement with experimental data, lending strong support to 
the picture of tritium -radiolysis mainly driven by the chemical action of short tracks 
of high local LET.  At high N3 concentrations (>1 M), our H2 yield results for 60Co -
radiolysis are also consistent with previous Monte Carlo simulations that suggested the 
necessity of including the capture of the precursors to the hydrated electrons (i.e., the 
short-lived “dry” electrons prior to hydration) by N3

.  These processes tend to reduce 
significantly the yields of H2, as is observed experimentally.  However, this dry electron 
scavenging at high azide concentrations is not seen in the higher-LET 3H -radiolysis, 
leading us to conclude that the increased amount of intra-track chemistry intervening 
at early time under these conditions favors the recombination of these electrons with 
their parent water cations at the expense of their scavenging by N3

. 

1.  Introduction 

A detailed understanding of the radiolysis of water and aqueous solutions is important 
both from a fundamental science point of view and for a variety of practical 
applications,1-4 in particular, in the nuclear power industry and in radiation biology 
where living cells and tissues consist mainly of water (~70-85% by weight).  Exposed 
to ionizing radiation, water is the site of ionizations and excitations: 

 H2O       H2O●+ + e (ionization) 

H2O       H2O* (excitation), 

which result, within a few picoseconds, in a cascade of events leading to the 
formation of free radicals and molecular products along the track of the incident 
radiation.  Ejected secondary electrons (also called “dry” electrons) have 
generally sufficient kinetic energy to cause further ionizations and excitations in 
close proximity to the original water positive ion. After slowing down to sub-
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excitation energies and thermalization, these electrons become trapped and 
hydrated.  Under ordinary irradiation conditions (i.e., at modest dose rates so 
that no track overlap occurs), the initial products of radiolysis are generated in a 
highly nonhomogeneous “track structure” geometry.5-11  They include12,13 the 
hydrated electron (eaq), H3O+, OH, H●, H2, ●OH, H2O2, O2●

 (or its protonated form 

HO2●; pKa = 4.8 at 25 °C), O(1D), ●O●(3P), O●, etc.  This early nonhomogeneous 

spatial distribution of radiolytic species is strongly dependent on the radiation 
quality, a measure of which is given by the “linear energy transfer” (LET) (also 
called “stopping power” by physicists and denoted by -dE/dx).  For low-LET, 
sparsely ionizing radiation (such as -rays from 60Co or fast electrons; LET ~ 0.3 
eV/nm), tracks are formed initially by widely spaced clusters of reactive species, 
commonly known as “spurs” (spherical in shape).14,15  In this case, the 
predominant effect of radiolysis is radical production.  In fact, when diffusion has 
brought about homogeneity in the system (i.e., within a few microseconds after 
the initial energy deposition), relatively few radicals have combined in the spurs, 
resulting in an excess of radicals over molecular products.  However, with 
increasing LET, the isolated spur structure changes to a situation in which the 
spurs eventually overlap and form (initially) a dense continuous column of 
species.  This is actually the case for the low-energy -electrons of tritium, which 
are involved in the “self-radiolysis” of tritiated water (3HOH),16-18 the subject 
matter of the present study.  In the terminology of the Mozumder-Magee model 
of energy deposition,6,19 while the Compton electrons (1 MeV) produced by 60Co 
-radiolysis predominantly form spurs, these soft, higher-LET tritium -electrons 
predominantly deposit their energy as “short tracks”.  This leads to an increased 
local concentration of reactants and therefore an increased amount of intra-track 
chemistry that favors radical-radical reactions.  Under these conditions, the 
radiation chemical yields (or G-values)20 of the molecular products increase at 
the expense of the individual radicals.  For the sake of illustration, Fig. 1 shows 
typical 2-D representations of the complete track of a 7.8-keV 3H -electron and 
the track segment of a 300-MeV proton (which mimics irradiation with 60Co -
rays), calculated with our IONLYS Monte Carlo track structure simulation code 
(see below). 
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Fig. 1  Simulated track histories (projected into the XY plane of figure) of a 7.8-
keV tritium -electron (complete track; mean LET  5.9 eV/nm) (panel a) and a 
300-MeV proton (track segment; LET  0.3 eV/nm) (panel b) incident in liquid 
water at 25 °C. The two irradiating particles are generated at the origin and start 
traveling along the Y axis. Dots represent the energy deposited at points where 
an interaction occurred. 
 

In close connection with the LET and the relationship between track structure 
and chemistry, one critical area of research focuses on elucidating the basic 
radiation chemical mechanisms that operate in the “self-radiolysis” of tritiated 
water as compared with 60Co -radiolysis.21-26  The present paper is the fourth in 
a series18,27,28 dedicated to this subject.  The Monte Carlo track-chemistry 
simulation work we reported previously revealed significant differences 
between the chemical properties of short tracks and spurs using either -
rays/fast electrons or tritium -particles.  Overall, the results of our simulations 
provided strong support for the picture of tritium -radiolysis mainly driven by 
the chemical action of short tracks of high local LET.  In the present study, we 
now attempt to distinguish further the chemical properties of spur and short 
track geometries by examining the differences in the scavengeability of 
molecular H2 – whose yields are relatively well-documented 
experimentally21,22,25,26,29-32 – when passing from - to tritium-electron 
radiolysis. 

Molecular hydrogen is one of the most interesting radiolytic species, in part 
because of the questions it raises about the source of its formation.  At very short 
times (<50-300 fs) after the passage of the ionizing radiation,33 H2 can be formed 
by the following reactions:34,35 
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(1) geminate recombination of the sub-excitation electron (esub)36 with its 
parent cation H2O●+ 

H2O●+ + esub  H2O* 

(2) “dissociative electron attachment” (or DEA) involving the resonant capture 
of esub by a water molecule 

H2O + esub  (H2O●*)  H + ●OH, 

followed by 

H + H2O  H2 + OH 

(3) dissociation of excited water molecules 

H2O*  H2 + O(1D), 

where O(1D) is the oxygen atom in its singlet 1D first excited state. 
In the low-LET -irradiation case, this “initial” – then described as 

“unscavengeable” (i.e., not removable by scavenger experiments) – H2 yield was 
first estimated by Schwarz37 in 1969 to be ~30% of the total “escape” yield20 for 
molecular hydrogen [g(H2) = 0.45 molecule/100 eV].5,7,11,12  Recent scavenger 
studies38 have shown, however, that Schwarz’s initial estimate was undervalued.  
In fact, it was found that a major fraction (~75%, i.e., ~0.34 molecule/100 eV) of 
the total H2 produced was due to reactions of the dry/subexcitation electrons in 
the subpicosecond physicochemical stage of the radiolysis.  In other words, these 
results suggest that only ~0.11 molecule of H2 per 100 eV remains to be formed 
during the subsequent nonhomogeneous chemical stage (i.e., in the radiation 
tracks as they expand by diffusion) on the picosecond-microsecond time scale.  
At this stage, three radical-radical combination reactions of the hydrated electron 
and H● atom intervene in hydrogen formation.  They are18,34,39,40 

eaq + H● (+H2O)  H2 + OH, k1 = 2.5 × 1010 M-1 s-1        (1) 

eaq + eaq (+2H2O)  H2 + 2OH, k2 = 6.2 × 109 M-1 s-1        (2) 

and, but to a much lesser extent, 

H● + H●  H2, k3 = 4.6 × 109 M-1 s-1      (3) 

with the corresponding rate constants (k) taken from the compilation of Elliot 
and Bartels.12 
 Besides the mechanism of its formation, a better knowledge of the 
radiolytic production of molecular hydrogen is crucial in the “water chemistry” 
management of current water-cooled nuclear reactors to optimize plant 
performance and lifetime.  As we know,2 H2 is currently added to the primary 
coolant water to suppress the formation of stable oxidizing products (H2O2 and 
eventually its decomposition product O2) from water radiolysis by a short chain 
reaction, thereby preventing corrosion and activity transport.  The in situ 
radiolytic formation of H2 in these reactors could, therefore, affect the minimum 
concentration of excess H2, referred to as the “critical hydrogen 
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concentration”,41,42 required to suppress net radiolysis (no stable products 
formed) in the cores.  Knowledge of this optimum H2 level, which would minimize 
the damaging consequences of corrosion, is still a subject of debate in the 
chemical literature. 
 The anomalous increase in the escape yield of H2 at high temperature is 
another key motivation for this study. In fact, although H2 is a molecular product, 
g(H2) increases with temperature under /fast electron irradiation,12,34,35 from 
~0.45 molecule/100 eV at 25 °C to ~0.76 molecule/100 eV at 350 °C.  This 
behavior is an exception to the generally accepted diffusion-kinetic model,6,43 
which predicts that, when the temperature increases, diffusion of free radicals 
out of spurs or tracks becomes more important than recombination, resulting in 
less molecular recombination products.  At present, no definitive mechanism has 
yet been established to account for this anomalous radiolytic production of H2 at 
high temperature.34 
 For these different reasons, the escape yield of H2 has attracted much 
attention from experimentalists and modelers in order to explore in more detail 
its formation under various irradiation conditions.  In this work, we use Monte 
Carlo track chemistry simulations to examine further the chemical differences 
underlying the production of molecular hydrogen in tritium -radiolysis as 
compared with cobalt -radiolysis.  No real-time studies on H2 formation have 
been performed; its temporal dependence is usually probed by varying the 
concentration of appropriate scavengers for the hydrated electron and the 
hydrogen atom, which are the dominant free radical precursors of H2 within the 
diffusing spurs or tracks.  We here report data on the scavengeability by azide 
ions (N3

) of the molecular H2 yield produced by - and tritium -radiolysis.  This 
particular scavenger was chosen as it presents very different reactivities towards 
eaq and H● atoms, being highly unreactive towards the former but reacting very 

rapidly with the latter.  Our aim is to study the different H2 scavengeabilities 
found for the two types of irradiation considered and to examine how these 
differences reflect the structure of the radiation track (i.e., spurs vs. short tracks) 
in both cases. 

2.  Monte-Carlo track chemistry simulations 

Monte Carlo simulation methods are well suited to take into account the 
stochastic nature of the complex sequence of events that are generated in 
irradiated aqueous solutions containing reactive scavengers.  In the case of 
interest here, the experimentally observed yield value for molecular hydrogen is 
a composite one to which each of the processes producing H2 contributes. The 
addition of a scavenger that competes with these processes to different extents 
will change the relative amount that each process contributes to the total yield.  
The simulation allows the reconstruction of the intricate action of the radiation, 
thus providing a powerful tool for studying the relationship between the initial 
radiation track structure, the ensuing chemical processes, and the stable final 
products formed.  In this work, a full Monte Carlo track-chemistry computer 
code, called IONLYS-IRT,11 has been used to simulate the radiolysis of water and 
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aqueous solutions containing various concentrations of scavengers.  This code 
first models, in a 3D geometrical environment, the initial, highly 
nonhomogeneous radiation track structure (“IONLYS” program), and then the 
diffusion and chemical reactions of the various radical and molecular products 
formed by radiolysis with themselves or with solutes if present (“IRT” program).  
A detailed description of this code has been given previously.11,18,28,34,44-46  Only a 
brief overview of its most essential features is given below. 
 The IONLYS code is a step-by-step simulation program that covers the 
early physical and physicochemical stages47 of radiation action up to ~1 ps in the 
track development.  It is composed of two modules.  One is for transporting the 
investigated incident charged particle (called either TRACEPR for an impacting 
primary electron or TRACPRO/TRACION for an incident proton/ion).  The other 
(called TRACELE) is for transporting all of the energetic (or dry) electrons 
(collectively named “secondary electrons”) resulting from the ionization of the 
water molecules until they become hydrated.  In this study, we used the 
TRACEPR module of IONLYS to simulate the track structures of low-energy (~7.8 
keV) tritium -electrons.  As for the TRACPRO module, it was used here to 
simulate track segments of 300-MeV incident protons (which, as mentioned 
before, mimic 60Co /fast electron irradiation) (see Fig. 1). 
 The complex, highly nonhomogeneous spatial distribution of reactants at 
the end of the physicochemical stage is provided as an output of the IONLYS 
(TRACELE) program.  It is then used directly as the starting point for the 
subsequent nonhomogeneous chemical stage47 (from ~1 ps to ~0.1-1 s at 25 
°C,48 i.e., until all tracks/spurs have dissipated).  This stage, during which all 
different species diffuse (we assume ~1 ps also marks the beginning of diffusion) 
randomly at rates determined by their diffusion coefficients and react with one 
another or with any added solutes present at the time of irradiation, is covered 
by our “independent reaction times” (IRT) program.  This program employs the 
IRT method,49,50 a computer-efficient stochastic simulation technique used to 
simulate reaction times without having to follow the trajectories of the diffusing 
species.  Its implementation has been previously described in detail45 and its 
ability to give accurate, time-dependent chemical yields has been well 
validated51,52 by comparison with full random flight (or step-by-step) Monte 
Carlo simulations, which do follow the reactant trajectories in detail.  Finally, this 
IRT program has also been used successfully to describe the evolution of 
radiation-induced yields in the homogeneous chemical stage47 after spur/track 
expansion is complete (i.e., when the radiolytic products are homogeneously 
distributed in the bulk solution), in the time domain typically beyond a few 
microseconds. 
 The reaction scheme and rate constants for the radiolysis of pure liquid 
water at 25 °C employed in the current version of IONLYS-IRT are the same as 
used previously (see Table 1 of ref. 18).  The values of the diffusion coefficients 
of the various intervening track species are listed in Table 6 of ref. 53.  In order 
to simulate the radiolysis of the N3

 solutions, we have supplemented the pure-
water reaction scheme to include the primary e

aq and H● atom scavenging 
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reactions that occur in the system (vide infra).  The corresponding reaction rate 
constants were taken from the literature. Under normal irradiation conditions, 
the concentrations of radiolytic products are low compared with the background 
concentrations of N3

 ions considered, and their reactions could be modeled in 
the IRT program as pseudo first-order reactions.  In the computer simulations 
reported here, the diffusion coefficient used for N3

 in liquid water at 25 °C was 
1.84 × 10-5 cm2/s.54  This same value was also used for the diffusion coefficient of 
the azide radical N3●. 

 In addition, we have introduced in the IRT program the effect of the ionic 
strength of the solutions on all reactions between ions.55  The correction to the 
reaction rate constants was made as described in ref. 56 and 57.  Finally, even 
though some experimental results are available for highly concentrated N3

 
solutions (up to 5 M), we generally restricted ourselves here to solute 
concentrations not exceeding ~1 M to avoid any complications due to the “direct” 
action of ionizing radiation on the solute (which our Monte Carlo code does not 
take into account). 
 To mimic the effects of 60Co /fast electron-radiolysis, we used short 
segments (typically, ~150 m) of ~300-MeV irradiating proton tracks, over which 
the average LET of the proton remains nearly constant and equal to ~0.3 eV/nm 
at 25 °C.2,45  Such model calculations thus gave “track segment” yields8,45 at a well-
defined LET.  Briefly, the simulations, performed with the TRACPRO module of 
IONLYS, consisted of following the transport and energy loss of an incident 
proton until it penetrated the chosen length of the track segment into the 
solution.  As shown in Fig. 1, due to its large mass, the impacting proton is almost 
not deflected by collisions with the target electrons.  The number of individual 
proton “histories” (usually ~150) was chosen to ensure only small statistical 
fluctuations in the computed averages of chemical yields, while keeping 
acceptable computer time limits. 
 As indicated above, tritium- primary electron track structures were 
simulated using the TRACEPR module of IONLYS.  Each simulation typically 
involved 6000 different whole track histories.  This number was chosen to permit 
averaging of results with acceptable statistical confidence.  In all the simulations, 
a single “effective” initial electron energy of ~7.8 keV (mean LET in water: ~5.9 
eV/nm)16 was used to mimic the radiation chemical action of the tritium -
particles at 25 °C (Fig. 1).  This energy was found previously to be better suited 
to produce representative G-values when using tritium -rays than the 
commonly used mean kinetic energy of ~5.7 keV released by tritium decay.18,58 
 Throughout this study, we assumed that tritiated water could simply be 
described as a “dilute” solution of 3HOH in light water, with concentrations of low 
volumic activity (typically, less than ~1 Ci per mL) so that dose-rate effects could 
be ignored.25,59 
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3.  Results and discussion 

The azide ion N3
 reacts very fast with H● atoms and very slowly with the 

hydrated electron, according to22,25,60-63   

 N3
 + H●  HN3●

, k4 = 3.15 × 109 M-1s-1                (4) 

N3
 + eaq  products, k5 ≤ 1.5 × 106 M-1s-1,    (5) 

where the decay of HN3●
 by proton addition has been shown not to involve H2 

as a final product63 and where it is assumed here that the products of reaction 
(5) do not influence the H2 chemistry.  In contrast, its protonated form, hydrazoic 
acid (or hydrogen azide) HN3,22,54,63 

 N3
 + H+  HN3, pKa(HN3/N3

) = 4.7 in water at 25 °C,  
         k6(forward)  109-1010 M-1 s-1, (6) 

is highly reactive towards eaq but it reacts slower with H● atoms:60,62-64 

HN3 + eaq  HN3●
, k7 = 1.2 × 1010 M-1s-1          (7) 

HN3 + H●  products ( H2), k8 = 6.3 × 107 M-1s-1             (8) 

However, even if a fraction of the azide ions may react with H+ ions in the 
spurs/tracks13,22 to yield HN3, especially at high N3

 concentration (which is 
equivalent to short times), the Henderson-Hasselbalch equation indicates that, 
under the neutral pH conditions of this work, this compound will exist almost 
entirely in anion form.  Hence, HN3 should not significantly affect the radiolytic 
H2 yield. 
 The azide ion can also react with the ●OH radical to produce the one-

electron oxidant azide radical, N3●: 64,65 

N3
 + ●OH  N3● + OH, k9 = 1.2 × 1010 M-1s-1,        (9) 

or, for its protonated form,64 

HN3 + ●OH  N3● + H2O, k10 < 107 M-1s-1.       (10) 

In this case, the ●OH radicals (or at least part of them) are replaced by the N3● 
radicals and we need to consider the following reactions:60,62,64,66-71 

 N3● + eaq  N3
, k11 = 2.4 × 1010 M-1 s-1    (11) 

 N3● + H●  HN3, k12  1010 M-1 s-1     (12) 

 N3● + H2O2  products, k13 < 5 × 106 M-1 s-1     (13) 

 N3● + N3●  3N2, k14 = 3.9 × 109 M-1 s-1      (14) 

 N3● + N3
  (N3)2●

, k15 = 2.4 × 105 M-1 s-1     (15) 

The rather slow reaction of azide with eaq virtually excludes any effect of N3
 

on reactions involving eaq in the spurs/tracks,60 particularly in solutions with 
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low N3
 concentration.  Indeed, even in a 5 M N3

 solution, the scavenging time72 
of eaq by N3

 is about the same order of magnitude as the lifetime of a spur (~0.2 
s)48 in the 60Co -radiolysis of water at 25 °C.  Under these conditions, the 
molecular hydrogen yield was measured in irradiated aerated azide 
solutions.22,25,60  Oxygen between ~2.5 × 10-4 M (air-saturated conditions) and ~3-
5 × 10-5 M was used as eaq scavenger on the ~0.1-1 s time scale.  Noteworthy, 
the azide radical is inert towards molecular oxygen,66 but may react with the 
superoxide anion radical62,66 

 N3● + O2●
  O2 + N3

, k16 = 1.2 × 1010 M-1 s-1.      (16) 

While these low O2 concentrations hardly affect g(H2), they do prevent, at long 
times, the reactions of eaq with itself and with water62 

 eaq + H2O  H● + OH, k17 = 19 M-1 s-1      (17) 

in the bulk of the solutions. 
Fig. 2 (panels a and b) shows the effect of azide concentration on the kinetics 

of H2 formation over the interval ~1 ps to 10 s, as obtained from our Monte Carlo 
simulations of the radiolysis of aerated neutral pH aqueous solutions of NaN3 by 
~300-MeV incident protons and ~7.8-keV tritium -electrons at 25 °C.  Results 
are shown for six different concentrations of azide anions, ranging from 10-4 to 5 
M.  As can be seen, for both types of radiation, the time profiles of the H2 yields are 
essentially similar although the magnitude of the G(H2) values differs. In fact, the 
simulations show a clear increase in the absolute value of G(H2) for 3H -electrons 
compared to 60Co -rays.  As mentioned earlier, this increase in H2 yields, when 
comparing the effects of higher-LET tritium -radiolysis with the /fast electron-
radiolysis, is consistent with differences in the initial structure of electron tracks in the 
two cases.  In the short-track geometry of the -electrons (in contrast with spur 
geometry), the reactive intermediates are formed in much closer initial proximity, 
which is favorable to the additional formation of H2 through the inter-radical 
combination reactions (1)-(3). 
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Fig. 2  Time evolution of the H2 yield (in molecule per 100 eV) for the radiolysis 
of air-saturated aqueous sodium azide (NaN3) solutions by 300-MeV incident 
protons (which mimic irradiation with 60Co -rays or fast electrons, LET ~ 0.3 
eV/nm) (panel a) and by 7.8-keV 3H -particles (LET ~ 5.9 eV/nm) (panel b) at 
neutral pH and 25 °C. Calculations were carried out using our Monte-Carlo track 
chemistry simulations over the time interval 1 ps-10 s. The blue, green, red, 
orange, cyan, and magenta lines correspond to six different concentrations of N3

 
anions: 10-4, 10-3, 10-2, 0.1, 1 and 5 M, respectively. For both types of radiation, 
the limiting plateau values of G(H2) continuously decrease with increasing the 
concentration of N3

 ions. For 60Co /fast electron irradiation, the arrow pointing 
downwards indicates the time s ~ 0.2 s required for the changeover from 
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nonhomogeneous spur kinetics to homogeneous kinetics in the bulk solutions, at 
25 °C. The black solid line in panels a and b show the kinetics of H2 formation in 
azide-free aerated solutions (shown here for the sake of reference). Finally, the 
concentration of dissolved oxygen used in the simulations was 2.5 × 10-4 M. 
 
 The decrease in the yield of H2 with concentration of N3

 ions for 300-MeV 
incident protons and 7.8-keV 3H -electrons in the radiolysis of aerated azide 
solutions is further illustrated in Fig. 3.  The H2 yields shown in this figure are the 
G(H2) limiting plateau values corresponding to each considered N3

 
concentration, taken from Fig. 2.  As can be seen, our simulated yields compare 
well with the experimental escape yields of Gagnon and Appleby,22 Christman,25 
and Peled et al.60 obtained for 60Co  and tritium -particle irradiations.  In the 
case of -radiolysis, this agreement is particularly good at low and moderated N3

 
concentrations.  However, at concentrations higher than ~0.5 M, there are 
significant differences, the experimentally observed H2 yields showing a very 
sharp decrease73 compared to the simulation results.  This efficiency in reducing 
the molecular hydrogen produced strongly suggests that the concentration of 
azide ions is now high enough to allow their reaction with the dry electron (e

dry) 
prior to trapping and hydration (i.e., with the precursor to eaq), in the 
subpicosecond physicochemical stage.33 

Similar findings about the N3
 scavenging of the short-lived hydrated electron 

precursor were obtained by Harris and Pimblott26 in recent Monte Carlo studies 
of the 60Co -radiolysis of azide solutions of concentration greater than 1 M. The 
present study clearly corroborates their results.  Assuming the validity of this 
hypothesis would imply a (edry + N3

) reaction rate constant of ~1012-1013 M-1 s-

1 at 25 °C, in agreement with Harris and Pimblott26,74 results. 
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Fig. 3  Decrease in the molecular hydrogen yield (in molecule per 100 eV) with 
concentration of N3

 ions for 300 MeV incident protons (LET ~ 0.3 eV/nm) (panel 
a) and for 7.8 keV 3H -particles (LET ~ 5.9 eV/nm) (panel b) in the radiolysis of 
air-saturated aqueous azide (NaN3) solutions (neutral pH, 25 °C), calculated from 
our Monte Carlo simulations over the range of 10-4 to 5 M. The blue solid lines 
show our simulated results (see text). Experimental data for  and tritium -
particle irradiations: (), ref. 22; (), ref. 25; (), ref. 60. For the sake of 
comparison, the H2  yields calculated from ref. 26 for both types of radiation, 
assuming that N3

 scavenges the short-lived precursor to H2 with a rate constant 
of 1012 M-1 s-1 (dashed line) and does not scavenge the short-lived precursor to 
H2 (dotted line), are also shown in the figure. 
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 For the case of 3H -particle radiolysis, the effectiveness in lowering g(H2) 
at high azide concentration differs considerably from the case of -radiolysis.  
Despite a relatively large dispersion of experimental data,75 we do not observe 
any sharp decrease at concentrations higher than ~0.1-1 M as we do for  
irradiation.  There is only a slight continuous decrease of the yield of H2 without 
any clear supporting evidence that, in this case, N3

 ions scavenge the short-lived 
dry electrons.  This is consistent with the enhanced contribution of short tracks 
for the higher LET tritium -radiolysis as compared to  radiolysis.  Indeed, in 
this case, the short-track geometry would be competitively more favorable to the 
subpicosecond recombination reaction of e

dry with its nearby parent water 
cation (H2O●+) than to its scavenging by the homogeneously distributed N3

 ions. 

A final remark should be made here regarding the origin of the small reduction 
that is observed, for both types of radiation, in the yields of H2 with increasing 
azide concentration from 10-4 up to ~0.1-1 M.  In fact, as shown in Fig. 4, our 
calculations indicate that the H2 production originating from the (H● + eaq) 

reaction (1) quickly decreases as the N3
 concentration increases.  This result is 

of course a clear signature that N3
 ions readily scavenge H● atoms, thus 

preventing them from contributing to this reaction.  By contrast, the formation of 
H2 through the (eaq + eaq) reaction (2) should in principle be rather unaffected 
by the presence of N3

, N3
 being highly unreactive towards eaq.  Actually, it is 

indirectly because the hydrated electrons that have not reacted with H● through 

reaction (1) become now available to participate to reaction (2).  Overall, there 
is a kind of compensation between the two contributions involved in the H2 
production, the contribution from reaction (1) dominating slightly. 
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Fig. 4  Time dependence of the extents G(H2) (in molecule/100 eV) of the 
reactions (eaq + H●) (panel a) and (eaq + eaq) (panel b) that contribute to the 
formation of molecular hydrogen, calculated from our Monte Carlo simulations 
of the radiolysis of air-saturated aqueous azide (NaN3) solutions (pH neutral, 25 
°C) by 7.8-keV 3H -particles (LET ~ 5.9 eV/nm) in the time interval 1 ps-10 s.  
The blue, green, red, orange, and cyan lines correspond to the five different 
concentrations of azide anions studied: 10-4, 10-3, 10-2, 0.1, and 1 M, respectively 
(see text). For the sake of reference, the black lines in panels a and b show the 
cumulative yield variations G(H2) of the two reactions (eaq + H●) and (eaq + 

eaq) that contribute to the formation of H2. Finally, the concentration of dissolved 
oxygen used in the simulations was 2.5 × 10-4 M. 
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4. Conclusions 

Monte Carlo track chemistry simulations have been employed to investigate the 
scavengeability by azide ions (N3

) of the molecular hydrogen yield produced in 
water irradiated with 300-MeV protons (which mimic irradiation with 60Co  rays 
or fast electrons) and tritium -electrons at 25 °C.  From this study, we clearly 
show that the formation of H2 from 3H β-particles is higher than in the case of 
60Co  rays, a result that is easily explained by the difference of the structure of 
radiation tracks.  The track structure in the case of 60Co  irradiation is composed 
of well-separated (spherical) spurs, which contrasts with the short (roughly 
cylindrical) tracks observed in the case of higher-LET tritium -electrons.  The 
greater linear energy transfer of 3H -electrons leads to an increased local 
concentration of reactants.  The distance between the primary events is thus 
much smaller than in the tracks of 60Co  rays.  Consequently, we find more 
molecular products (H2 in the case considered in this work) in tritium radiolysis 
than in  radiolysis. 

Our calculations of the H2 yields from - and 3H -radiolysis of NaN3 solutions 
show a very good agreement with experiment over a large range of N3

 
concentrations.  For 60Co -radiolysis, however, our H2 yields fail to reproduce 
the sharp decrease that is observed experimentally at high (>1 M) azide 
concentrations.  These results are consistent with previous Monte Carlo 
simulations that suggested that such a decrease reflected the possibility that low-
energy (or “dry”) secondary electrons could be scavenged by N3

 prior to 
trapping and hydration in the subpicosecond physicochemical stage.  Most 
interestingly, for 3H -radiolysis, we do not observe any marked decrease in the 
molecular hydrogen yields at high N3

 concentrations as we do for  irradiation.  
In other words, there is no clear evidence that, in this case, N3

 ions scavenge the 
short-lived dry electrons.  This is consistent with the enhanced contribution of 
short tracks for the higher LET 3H -radiolysis as compared to  radiolysis.  
Indeed, the short-track geometry is competitively more favorable to the 
geminate recombination of edry with their nearby parent water cations than 
their scavenging by the homogeneously distributed N3

 ions.  In order to further 
examine these results, we are currently working to introduce this ultra-fast (<1 
ps) capture of the dry electron into our simulation models. 

In summary, this work, like our previous ones on the subject, provides a strong 
support for a picture of tritium -radiolysis in terms of short tracks of high local 
LET. 
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Résumé : À des concentrations élevées de N3
 (>1 M), nos résultats du rendement en H2 pour 

les rayons  de 60Co sont également cohérents avec des simulations Monte Carlo précédentes 
qui suggéraient la nécessité d'inclure la capture des précurseurs des électrons hydratés (à 
savoir, les électrons « secs » avant hydratation) par N3

. Ces processus ont tendance à réduire 
considérablement les rendements en H2, comme observé expérimentalement. Cependant, 
cette capture d'électrons secs à des concentrations élevées d'azide n'est pas observée dans la 
radiolyse- du tritium à TEL plus élevée, ce qui nous amène à conclure que l'augmentation 
de la quantité de chimie intra-trajectoire intervenant à un moment précoce dans ces conditions 
favorise la recombinaison de ces électrons avec leurs cations parents de l'eau aux dépens de 
leur capture par N3
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Abstract: 

In this study, we use Monte Carlo track chemistry simulations to show that “dry” 

secondary electrons, precursors of the “hydrated” electron (e
aq), can be 

scavenged on the sub-picosecond time scale prior to hydration, by a high 

concentration (>0.1–1 M) of azide ions (N3
) in water irradiated with 60Co -rays 

and tritium -electrons at 25 °C.  This is a striking result, as N3
 is known to react 

very slowly with e
aq.  These processes tend to significantly reduce the yields of 

H2 as observed experimentally.  For both energetic Compton electrons (“linear 

energy transfer”, LET ~ 0.3 keV/m), which are generated by the cobalt-60 -rays, 

and 3H -electrons (LET ~ 6 keV/m), our H2 yield results confirm previous Monte 

Carlo simulations, which indicated the necessity of including the capture of the 

precursors to e
aq.  Interestingly, our calculations show no significant changes in 

the scavenging of “dry” electrons at high azide concentrations in passing from -

radiolysis to tritium -radiolysis (i.e., with LET).  This led us to the conclusion that 

the higher H2 yield observed experimentally for 3H -electrons compared to 60Co 

-rays is mainly explained by the difference in the radiation track structures during 

the chemical stage (>1 ps).  The higher LET of tritium -electrons leads to more 

molecular products (H2 in this case) in tritium radiolysis than in -radiolysis.  

Finally, a value of ~0.5 nm was derived for the reaction distance between N3
 and 

the “dry” electron from the H2 yields observed in 60Co -radiolysis at high N3
 

concentrations. 

Keywords: Liquid water, azide ion (N3
) solutions, radiolysis, linear energy 

transfer (LET), cobalt -rays, tritium -electrons, secondary electrons, “dry” 

electron scavenger, mobility, H2 yield, Monte Carlo track chemistry simulations. 
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1.  Introduction 

The radiation chemistry of liquid water1-3 is of fundamental importance for a 

variety of practical applications, particularly in the nuclear power industry, where 

radiolysis products cause corrosion and activity transport,4,5 and in radiation 

biology,6-9 where living cells and tissues consist mainly of water (~70%–85% by 

weight).  Exposed to ionizing radiation, water is the site of ionizations and direct 

excitations: 

(1) H2O ~~> H2O•+ + e (ionization) 

(2) H2O ~~> H2O* (direct excitation), 

which result, on the picosecond time scale, in a cascade of events leading to the 

formation of free radicals and molecular products along the track of the incident 

radiation.  In pure water radiolysis, they essentially comprise the “hydrated” 

electron (e
aq), H•, •OH, H2, H2O2, and HO2•/O2•

 (pKa ≈ 4.8 at 25 °C).  Among 

these radiolysis products, one of the most interesting is molecular hydrogen, 

largely due to the questions it raises about the mechanism(s) by which it is 

formed or the nature of its precursor(s).  Studies of a variety of scavenger 

systems at high concentrations using computer simulations in conjunction with 

available experimental data10-12 have suggested that the majority of the total H2 

“primary” yield13 in 60Co -radiolysis involves reactions of the short-lived, low-

energy (“dry”) secondary electrons prior to trapping and hydration,14 during the 

sub-picosecond physicochemical stage.  These reactions include15,16 

- The geminate recombination of the “dry” electron with its short-lived H2O•+ 

parent cation (or “hole”) due to their Coulomb attraction, which tends to draw 

them back together: 

(3) H2O•+ + e  H2O*, 

followed by the dissociation of the excited water molecule17,18 
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(4) H2O*  H2 + O(1D), 

where O(1D) is the oxygen atom in its singlet 1D (non-radical) first excited state.  

Note that reaction (3) must take place before the H2O•+ cation (whose lifetime has 

recently been estimated at 46 ± 10 fs)19 undergoes proton transfer to a 

neighboring water molecule 

(5) H2O•+ + H2O  H3O+ + •OH 

to give the hydronium cation H3O+ and the hydroxyl radical •OH.  In fact, this 

recombination affects only the “dry” electrons which are formed in the vicinity of 

the parent water cation and occurs in the first steps of their random walk, i.e., in 

times as short as a few femtoseconds.20 

- The “dissociative electron attachment” (or DEA) involving the resonant 

capture of a low-energy, “dry” electron by a water molecule21-25 

(6) H2O + e  (H2O•)*  H + •OH 

followed by the reaction of the hydride anion with a second water molecule via 

instant proton transfer 

(7) H + H2O  H2 + OH 

The remainder of the radiolytic formation of H2 is due to the following three 

radical-radical combination reactions of the hydrated electron and H• atom in the 

tracks as they expand by diffusion during the nonhomogeneous chemical stage 

on the ps-s time scale:15,16,26 

(8) e
aq + H• (+ H2O)  H2 + OH, k8 = 2.5  1010 M-1 s-1 

(9) e
aq + e

aq (+ 2H2O)  H2 + 2OH, k9 = 6.2  109 M-1 s-1 

and, but to a much lesser extent, 

(10) H• + H•  H2, k10 = 4.6  109 M-1 s-1 
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with the corresponding rate constants (k) taken from the compilation of 

Elliot and Bartels.27 

Since no real-time studies on H2 formation have been performed, the 

temporal dependence of the radiolytic H2 yield is usually investigated by 

varying the concentration of appropriate scavengers for e
aq and the H• 

atom, which are the two main free radical precursors of H2 within the 

diffusing radiation tracks.  In a previous paper12 that explored the basic 

radiation chemical mechanisms underlying the “self-radiolysis” of tritiated 

water, we used Monte Carlo track chemistry simulations to investigate the 

scavengeability of the molecular H2 yield produced in water irradiated by 

cobalt -rays and tritium -electrons (maximum kinetic energy of 18.6 keV) 

by azide anions (N3
).  This particular scavenger was chosen because it 

has very different reactivities towards e
aq and H• atoms, reacting very 

slowly with the hydrated electron and very quickly with the hydrogen atom.  

Our work revealed significant chemical changes in the H2 scavengeability 

by N3
 when passing from - to tritium -electron radiolysis, which can be 

explained by differences in the electron track structures, namely: 

- In the case of the energetic (~1 MeV) Compton electrons generated by 

low-LET 60Co  irradiation, the track structure is initially formed by well-

separated clusters of radiolytic species (or “spurs”)28,29 that are 

approximately spherical in shape. 

- The low-energy, higher-LET -electrons of tritium, on the other hand, 

deposit their energy mainly as dense, continuous (roughly cylindrical) 

columns of species (referred to as “short tracks” in the terminology of the 

Mozumder-Magee model30 of energy deposition).  In contrast to the spur 

geometry, this short-track geometry favors radical-radical combination 

reactions involving e
aq and H• atoms, which leads to a clear increase in the 
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H2 yield for tritium -electrons compared to 60Co -rays.  This agrees very 

well with the experimental data31-33 over a large range of N3
 

concentrations.12 

However, at azide concentrations higher than ~0.1–1 M, our 

calculations12 of the H2 yields from 60Co -radiolysis failed to reproduce the 

sharp decrease observed experimentally (e.g., for 5 M N3
, the H2 yield is 

decreased to about one-third of its original value31).  For the 3H -radiolysis, 

there was no clear evidence of such a sharp decrease in G(H2) in solutions 

with high N3
 concentrations due to a relatively large dispersion in the 

experimental data.32-34  Nevertheless, based on recent work10,11 on the 

influence of scavengers of the precursors to e
aq on the yield of “non-

scavengeable” H2 formation,35 we decided to include the ultra-fast capture 

of these precursors (thereafter referred to as e
pre) by N3

 (Fig. 1) in our 

simulation model for the two types of radiation considered. 

2.  Simulation model 

A) Monte Carlo track-chemistry simulations: The IONLYS-IRT code 

The experimentally observed yield value for molecular hydrogen is a 

composite value to which each of the H2 production processes contributes.  

Adding a scavenger that competes with these processes to varying degrees 

changes the relative amount that each process contributes to the total yield.  

In this work, we use our Monte Carlo track-chemistry computer code, called 

IONLYS-IRT,36 to simulate the radiolysis of water containing various 

concentrations of N3
 scavengers.  This code is described in detail 

elsewhere.12,15,36,37  Only a brief overview of its most essential features is 

given below. 
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Our code first models the early physical and physicochemical stages of 

the radiation action up to ~1 ps in the track development in a 3D geometric 

environment (“IONLYS” program).  In the case considered here, we have 

modified this program to take into account the interaction of azide anions in 

concentrated N3
 solutions with the initially formed “dry” electrons (vide 

infra).  In the absence of dose-rate effects, the chemical effects of 

irradiation can be represented as the sum of the separate effects of 

individual (non-overlapping) tracks.  Therefore, the history of only a single 

track needs to be considered.  Note that the IONLYS program consists of 

two modules.  One is used to transport the incident charged particle under 

consideration (called either TRACEPR for an impacting primary electron or 

TRACPRO/TRACION for an incident energetic proton/ion).  The other 

(called TRACELE) is for transporting all of the “dry” secondary electrons 

resulting from the ionization of the water molecules until they are hydrated.  

To mimic the effects of 60Co /fast electron-radiolysis, we simulated short 

segments of ~300 MeV (LET ~ 0.3 keV/m) irradiating proton tracks, using 

the TRACPRO module of IONLYS.  Tritium- primary electron (“effective” 

initial energy of ~7.8 keV; mean LET in water: ~6 keV/m)37 track structures 

were simulated using the TRACEPR module of IONLYS.  However, as 

explained below, we found it advantageous to use the TRACPRO module 

to mimic tritium -radiolysis by simulating short track segments of ~7 MeV 

incident protons that have a similar track structure and LET (~6 keV/m)38 

to those of the 3H -electrons (Fig. 2A).  In addition, we neglected the 

“direct” action of ionizing radiation on the solute.  This is a good 

approximation for N3
 concentrations up to ~1–2 M (in the latter case, 

approximately 2–4% of the total energy is absorbed directly by the azide 

anions).  In the presence of 3 M N3
 (the highest N3

 concentration 
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considered in this work given the limitations of our computing capacities), 

the proportion of direct effects is relatively greater (~7%) but can 

reasonably be ignored. 

The complex spatial distribution of the reactants of the considered track 

system at the end of the physicochemical stage is provided as an output of the 

IONLYS program.  It is then used directly as the starting point for the subsequent 

chemical stage, which is covered by the “IRT” component of the code (>1 

ps).  This program describes the resulting diffusion and chemical reactions 

of the various radical and molecular products of radiolysis with each other 

or in competition with dissolved solutes (N3
 in the case studied here) 

present in the solution at the time of irradiation.  It uses the “independent 

reaction times” or IRT method,39-41 a computationally efficient stochastic 

simulation technique that can simulate reaction times without having to 

follow the trajectories of the diffusing species.  Its implementation has 

previously been described elsewhere.41  The ability of this method to give 

accurate time-dependent chemical yields over a wide range of irradiation 

conditions has been well validated by comparison with full random flights 

Monte Carlo simulations42,43 that follow the reactant trajectories in detail. 

B) The physicochemical stage: Modeling “dry” electron scavenging by  

Azide ions 

As mentioned above, we modified the step-by-step IONLYS program to 

include the possibility of azide anions scavenging the short-lived precursors (e
pre) 

to the hydrated electron, which are involved in the ultrafast formation of H2.  We 

used a simulation model consisting of a right circular cylindrical volume of water 

containing the studied azide concentration (Fig. 2B).  Protons of either 300 MeV 

(LET ~ 0.3 keV/m) or 7 MeV (LET ~ 6 keV/m) (mimicking irradiation by 60Co  
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or 3H  rays, respectively), or by 7.8-keV (LET ~ 6 keV/m) tritium -electrons, 

are generated at the center of the front circle of the cylinder and penetrate 

perpendicular to this surface.  In this cylindrical geometry, the proton tracks, 

which are essentially rectilinear trajectories, run along the cylinder axis and 

consist mainly of aligned, well-separated “spurs”.12,37  For the 3H -electron 

irradiation, the “short-track” trajectories are not linear, but rather have a more or 

less tortuous shape due to the successive angular deflections experienced by the 

primary electrons (Fig. 2).  Compared to proton irradiations, this non-linearity of 

electron trajectories has two main disadvantages: 1) from a computational point 

of view, it significantly increases computer times, and 2) the simulated electron 

trajectories have a non-negligible probability of crossing the limits of the model 

cylinder used, resulting in irregularities in the yield calculations.  To avoid this, we 

used 7-MeV incident protons here to simulate the tritium -radiolysis of azide 

solutions. 

In preliminary simulations we varied the secondary electron energy above 

which we could neglect the capture of the “dry” electron by N3
, and showed that 

only the electrons in the region of subexcitation energy (i.e., those with kinetic 

energies lower than ~7.3 eV, the first electronic excitation threshold of 

water)20,30,44,45 could most efficiently be captured by N3
 scavengers.  Taking into 

account the track structures and the previously calculated low-energy secondary 

electron penetration ranges in water46 enabled us to set appropriate values for the 

parameters of the cylinder.  The length of the cylinder (i.e., the track length of the 

incident protons) was chosen to vary between 100 m (for 10-4–0.1 M N3
), 60 m 

(for 1 M N3
), and 40 m (for 2 and 3 M N3

).  The energy and LET of the protons 

were well defined over these simulated track segments.  With regard to the radius 

of the circular base of the cylinder, we chose a value of 15 nm in accordance with 

our electron thermalization distance results reported in ref. 46.47 
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Note that, in the computer simulations reported here, the number of individual 

proton “histories” (~100) was chosen to ensure only minor statistical fluctuations 

in the computed average H2 yields while maintaining acceptable computer time 

limits. 

Since there are no experimental data on the reactivity of N3
 towards e

pre, we 

considered the (N3
 + e

pre) reaction distance (Rreact) as an adjustable parameter.  

Using the 60Co -radiolysis case of 1 M N3
 solutions as a reference, we varied 

Rreact using a trial-and-error approach until a good fit was obtained between our 

calculated G(H2) value and the corresponding experimental value31,32 of ~0.3 

molecule/100 eV (Fig. 3A).  This was achieved for Rreact ~ 0.5 nm, a value that 

can simply be viewed as the sum of the reaction radius of the azide anion (~0.26 

nm)48 and the spatial extent of the “dry” electron if we assume it has the same 

value as that for the hydrated electron (~0.245 nm).49-52 

An estimate of the scavenging rate constant (k) of e
pre can be obtained from 

the Smoluchowski equation:53,54 

(11)       
  

k N D D RA 3 pre react= 4 N + e , 

where NA is Avogadro’s constant, D(N3
) and D(e

pre) are diffusion coefficients, 

and Rreact is the reaction distance.  Of course, eq. (11) – which is often used to 

evaluate diffusion-controlled rate constants – can only be given approximately 

here, since the low-energy “dry” electron scavenging by N3
 is presumably not 

controlled by diffusion.  An additional factor is the Coulomb repulsion between N3
 

and e
pre,55 which makes it somewhat more difficult for these two reactive species 

to approach each other closely.  Using Rreact = 0.5 nm obtained in this work and 

the (N3
 + epre) rate constant proposed by Harris and Pimblott11 (k ~ 1012 M-1 s-1) in their 

studies on the effect of azide-ion concentration on the yield of H2 in 3H -particle 

and 60Co  radiolysis readily yields D(N3
) + D(epre) = 2.64  10-7 m2 s-1.  Since 
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D(N3
) = 1.84  10-9 m2 s-1,12 we then deduce that D(e

pre) ~ 2.62  10-7 m2 s-1, 

i.e., a value 54 times greater than the diffusion coefficient of the hydrated electron 

at 25 °C D(eaq) = 4.9  10-9 m2 s-1.56 

An estimate of the mobility of epre, (epre), can be derived from the Einstein 

formula, which relates the diffusion coefficient and mobility: (epre) = e D(epre) / 

kB T, where e = 1.6  10-19 C, kB is Boltzmann’s constant (1.38  10-23 J/K) and T 

= 298 K.  Using D(epre) ~ 2.62  10-7 m2 s-1, one finds (epre) ~ 0.1 cm2/V s, a 

value that is approximately 8 to 10 times higher than the highest mobilities 

reported for solvated electrons in weakly polar liquids, such as n-propylamine (1.3 

 10-2 cm2/V s), dimethylsulfide (1.36  10-2 cm2/V s) or dimethyl ether (10-2 cm2/V 

s).57 

 

C) The chemical stage: The reaction mechanism 

The reaction scheme and rate constants for the radiolysis of pure liquid 

water at 25 °C are the same as used previously (see Table 1 of ref. 37).  

This series of reactions, initially compiled in refs. 36 and 41, now includes 

some newly measured or recently re-assessed reaction rates.27  The 

complete reaction scheme describing the radiolysis of aerated aqueous 

solutions containing azide anions has been reported elsewhere.12  Below 

we briefly give the reactions of N3
 with the radiolytic species formed in the 

water of the irradiated solutions that we added to the IRT program.  These 

reactions compete with the reactions of pure water radiolysis. 

The azide ion reacts very fast with H• atoms and very slowly with e
aq 

(12) N3
 + H•  HN3•

, k12 = 3.15  109 M-1 s-1 

(13) N3
 + e

aq  products, k13  1.5  106 M-1 s-1. 

In contrast, its protonated form, HN3, 
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(14) N3
 + H+  HN3, pKa(HN3/N3

) = 4.7 in water at 25 °C, 

k14 (forward) ≈ 109–1010 M-1 s-1, 

is highly reactive towards e
aq but it reacts more slowly with H• 

(15) HN3 + e
aq  HN3•

, k15 = 1.2  1010 M-1 s-1 

(16) HN3 + H•  products (H2), k16 = 6.3  107 M-1 s-1. 

Note, however, that under the neutral pH conditions in this work, HN3 occurs 

almost entirely as an anion and should therefore not significantly affect the H2 

yield. 

The azide ion can also react with •OH to produce the azide radical N3• 

(17) N3
 + •OH  N3• + OH, k17 = 1.2  1010 M-1 s-1. 

In this case, we need to consider the following reactions: 

(18) N3• + e
aq  N3

, k18 = 2.4  1010 M-1 s-1 

(19) N3• + H•  HN3, k19 ≈ 1010 M-1 s-1 

(20) N3• + H2O2  products, k20 < 5  106 M-1 s-1 

(21) N3• + N3•  3N2, k21 = 3.9  109 M-1 s-1 

(22) N3• + N3
  (N3)2•

, k22 = 2.4  105 M-1 s-1. 

The rather slow reaction of azide with e
aq practically excludes any effect of 

N3
 on reactions involving e

aq in the spurs or tracks.  In fact, since the H2 yield is 

measured in irradiated aerated (2.5  10-4 M O2) azide solutions, oxygen will 

scavenge e
aq  

(23) O2 + e
aq  O2•

, k23 = 2.3  1010 M-1 s-1 

on the ~0.1 s time scale, i.e., before reaction (13) can occur (even in a 3 M N3
 

solution where the scavenging time58 of e
aq by N3

 is  0.2 s).  Experimentally, 

the presence of oxygen prevents, at long times, the reactions of e
aq with itself 
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and with water in the bulk of the solutions.  Interestingly, N3• is inert to O2, but 

may react with the superoxide anion radical 

(24) N3• + O2•
  O2 + N3

, k24 = 1.2  1010 M-1 s-1 

to reform N3
. 

We also introduced the effect of ionic strength of the solutions on all 

reactions between ions (with the exception of the peculiar bimolecular self-

recombination of eaq for which there is no evidence of an ionic strength effect59) 

in the IRT program.  The correction of the reaction rate constants was carried out 

as described in refs. 60 and 61.  Finally, the values of the diffusion coefficients at 

room temperature used for the various reactive species involved in our IRT 

simulations of the radiolysis of water are given in Table 6 of ref. 56.  The diffusion 

coefficient for the azide radical N3• in water at 25 °C was assumed to be the same 

as that of N3
 (1.84  10-9 m2 s-1).12 

3. Results and discussion 

The effect of azide-ion concentration on the yield of H2 for 300- and 7-MeV 

incident protons (mimicking 60Co -rays or fast electrons, and 7.8-keV 3H -

electrons, respectively) in the radiolysis of aerated aqueous N3
 solutions is 

illustrated in Figs. 3 and 4.  The H2 yields shown in these figures are the limit 

plateau values of the time profiles of G(H2)12 corresponding to each considered 

N3
 concentration between 10-4 and 3 M.  As can be seen, our simulated G(H2) 

values, assuming that N3
 scavenges the low-energy “dry” electrons before they 

are hydrated (solid lines), agree better with experimental data31-33 than our 

previously reported results (dashed lines),12 which did not consider the 

scavenging of the short-lived precursor to H2.  This applies in particular to -

radiolysis at high N3
 concentrations, in which our calculated H2 yields reproduce 
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the experimentally observed sharp decrease in G(H2) well (Fig. 3A).  These 

results confirm previous studies by Harris and Pimblott11 who obtained similar 

findings in the case of 60Co  radiolysis on N3
 scavenging of the short-lived 

precursor to e
aq and H2 on the subpicosecond time scale.  In the case of 3H -

electron radiolysis (Fig. 3B), at high (>0.1 M) azide concentrations, there is a 

relatively large dispersion/variability of the experimental data32,33 which prevents 

us from observing any clear, continuous lowering of G(H2) as with  irradiation.  

This experimental error is readily explained by the difficulty to perform 

experiments with 3H as a source of -electrons.11,34 

Figure 4 shows a direct comparison of our calculated G(H2) values as 

obtained from the radiolysis of aerated azide solutions by 300-MeV (LET ~ 0.3 

keV/m) and 7-MeV (LET ~ 6 keV/m) irradiating protons as a function of N3
 

concentration.  As we can see, our calculations indicate that, over the entire N3
 

concentration range studied, the production of H2 originating from the higher 

LET (i.e., 3H -electron) radiolysis is always greater than that in the case of 300-

MeV protons (i.e., 60Co -rays or fast electrons).  This result is consistent with 

the difference in the structure of radiation tracks, the “short-track” geometry of 

3H -electrons (in contrast to spur geometry) favoring radical-radical reactions 

(8–10) involving hydrated electrons and H• atoms12 and, therefore, leading to 

more molecular products (H2 in this case) in tritium -radiolysis than in -

radiolysis.  It is however interesting to note that this influence of the radiation 

track structure, which is largest in solutions with low N3
 concentrations 

(typically, <10-2–0.1 M),62 decreases continuously as the concentration of N3
 

increases up to 3 M.  This is illustrated in Fig. 5, where we show the effect of 

azide concentration on the fate of e
pre during the first picosecond in the 

radiolysis of aerated solutions of N3
 by 300- and 7-MeV irradiating protons, as 
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obtained from our Monte Carlo simulations.  As can be seen, at low N3
 

concentrations, the possibility that azide affects G(H2) via the scavenging of 

“dry” electrons is highly improbable, if not practically zero, for both types of 

radiation.  At concentrations of N3
 above ~10-2–0.1 M, the effect of azide anions 

on G(H2) comes mainly from their increasing ability to scavenge e
pre, thereby 

reducing considerably the production of hydrated electrons.  This continuous 

decrease in e
aq indicates that as the N3

 concentration increases, the influence 

of the radiation track structure gradually decreases.  This explains why the two 

G(H2) vs. N3
 concentration curves shown in Fig. 4 approach each other more 

and more at the highest N3
 concentrations considered. 

Finally, for the sake of completeness, we compare in Fig. 6 the extents 

G(H2) of the various components that contribute to the formation of H2 in azide 

solutions irradiated by low-LET 300 MeV and high-LET 7 MeV protons, 

calculated from our Monte Carlo simulations.  As can be seen, the contribution 

of early time (sub-picosecond) processes (including the prompt DEA, geminate 

recombination of subexcitation electrons with H2O•+, and dissociation of directly 

excited water molecules) is nearly the same for both radiation types, regardless 

of the azide concentration.  Remarkably, this result agrees well with recent 

experimental data16 showing relatively small changes in the sub-picosecond 

presolvated electron scavenging efficiency versus LET.  In contrast, at N3
 

concentrations lower than ~0.2–0.1 M, we observe a clear increase in the 

contribution of track reactions (8)–(10) (in the ps–s time scale) that produce H2 

in the 7-MeV proton (or 7.8-keV -electron) radiolysis compared to 300-MeV 

proton (or 60Co -) radiolysis.  As discussed above, this result is consistent with 

the picture of tritium -radiolysis mainly driven by the chemical action of short 

tracks of high local LET.12 
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Figure 6 also shows that the production of H2 from the (H• + e
aq) reaction (8) 

decreases rapidly with increasing N3
 concentration.12  This is a clear indicator 

that N3
 ions readily scavenge H• atoms in the track development on the ps–s 

time scale, thus preventing them from contributing to reaction (8).  Since azide 

anions only react very slowly with e
aq, the formation of H2 by the (e

aq + e
aq) 

reaction (9) should be rather unaffected by the presence of N3
, at least at low 

enough N3
 concentrations.  However, the hydrated electrons that have not 

reacted with H• through reaction (8) become now available to participate in 

reaction (9).  Overall, as Fig. 6 clearly shows, there is some compensation 

between the two contributions involved in the production of H2, the contribution 

from reaction (8) being slightly dominant.  It should be remembered that the (H• 

+ H•) reaction (10) plays a relatively negligible role in the production of H2.41   

 

4. Conclusion 

The scavengeability by azide anions of the molecular hydrogen yield, 

which is generated in the radiolysis of water by cobalt -rays and tritium -

electrons, was studied using Monte Carlo track chemistry simulations.  

Confirming previous work, we demonstrate that low-energy (“dry”) 

secondary electrons (e
pre) can be scavenged by a high N3

 concentration 

(> 1 M) on a timescale of less than one picosecond before hydration.  This 

is a remarkable result, as azide is known to be highly unreactive towards 

the “hydrated” electron.  Our calculations of G(H2), which include the ultra-

fast capture of e
pre by N3

 agree very well with experimental data for both 

- and tritium -radiolysis over the entire range of N3
 concentrations 

studied in this work, from 10-4 to 3 M. 
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Interestingly, we do not observe any clear changes in the scavenging 

of “dry” electrons by N3
 in passing from -radiolysis to tritium -radiolysis.  

We concluded, therefore, that the higher H2 yield observed experimentally 

for 3H -electrons compared to 60Co -rays is mainly due to the difference 

in the radiation track structures during the ps-s time scale.  This is 

consistent with the short-track geometry of the higher LET tritium -

electrons, which favors radical-radical combination reactions to form more 

molecular products (H2 in this case) in tritium radiolysis than in  radiolysis.  

However, as the N3
 concentration increases, the influence of the track 

structure gradually decreases.  This explains why the two curves of G(H2) vs. 

N3
 concentration come closer and closer at the highest N3

 concentrations 

studied. 

Moreover, a value of Rreact ~ 0.5 nm was derived for the (N3
 + e

pre) 

reaction distance from the H2 yields observed in 60Co  radiolysis at high 

N3
 concentrations.  Using this value of Rreact and the (N3

 + e
pre) reaction 

rate constant of 1012 M-1 s-1 proposed in the literature, we estimated a 

mobility of e
pre of about 0.1 cm2/V s at 25 °C, a value that is 8 to 10 times 

higher than the highest mobilities reported for solvated electrons in weakly 

polar liquids. 
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Figure captions 

Figure 1: 

(A) The low-energy (“dry”) secondary electron (e
pre) travels through the N3

 

solution following a tortuous path until it is successively thermalized, trapped, and 

hydrated (e
aq).30,36 

(B) e
pre is scavenged by the azide anion (scavenger “S” in the figure) prior to 

hydration. 

 

Figure 2: 

(A) Simulated track histories (projected over the XY plane of the figure) for 

the following impacting particles: panel a: 7.8-keV -electron (mean LET ~ 6 

keV/m), panel b: 7-MeV proton (LET ~ 6 keV/m), and panel c: 300-MeV proton 

(LET ~ 0.3 keV/m).  The three particles are generated at the origin and start 

traveling along the Y axis in liquid water at 25 °C.  Dots represent the positions of 

all radiolytic species (e
aq, H•, H2, •OH, H2O2, etc.) present at ~1 ps.  Panels a and 

b show the similarity of the “short track” structure of a 7.8-keV electron and the 

track structure of a 7-MeV proton (under identical LET conditions).  The track 

segment of a 300-MeV proton in panel c mimics the irradiation with 60Co -rays 

where Compton electrons predominantly form “spurs” (more or less spherical in 

shape). 

(B) Illustration of the simulation model used in this work, which consists of a 

right circular cylindrical volume of water containing the studied azide 

concentration.  The front surface of the cylinder is irradiated by protons of either 

300 or 7 MeV (mimicking irradiation by 60Co  or 3H  rays, respectively), or by 

7.8-keV tritium -electrons that penetrate perpendicular to this surface at its 

center.  In this cylindrical geometry, the proton tracks, which are essentially 



 

126 
 

126 

rectilinear trajectories, run along the cylinder’s axis.  The path of a 7.8-keV non-

linear, and has a more or less tortuous shape due to the successive angular 

deflections it undergoes.  The length of the cylinder (i.e., the track length of the 

incident particle) was chosen to vary between 100 m (for 10-4–1 M N3
) and 50 

m (for 2 and 3 M N3
).  The radius of the circular base of the cylinder was set to 

15 nm.47 

 

Figure 3: 

Decrease in the yield of H2 (in molecule per 100 eV) with the concentration of 

N3
 for 300- and 7-MeV incident protons in the radiolysis of air-saturated aqueous 

azide solutions (neutral pH, 25 °C), calculated from our Monte Carlo simulations 

over the range of 10-4 to 3 M (panels A and B, respectively).  Recall that here 

300-MeV protons (LET ~ 0.3 keV/m) mimic 60Co -radiolysis while 7-MeV 

protons (LET ~ 6 keV/m) mimic 3H -electron radiolysis (see text).  The solid 

lines show our simulated results under the assumption that N3
 scavenges the 

prehydrated (“dry”) secondary electrons (e
pre) with a scavenging reaction 

distance Rreact = 0.5 nm.  The dashed lines show our results, assuming that N3
 

does not scavenge e
pre.  Experimental data for  and tritium -electron 

irradiations: ○, Peled et al.31; □, Christman32; ●, Gagnon and Appleby.33  For 

comparison, the G(H2) values calculated by Harris and Pimblott11 for both types of 

radiation, with e
pre scavenging by N3

 using a (N3
 + e

pre) rate constant of 1012 

M-1 s-1 (dash-dotted lines) and without “dry” electron scavenging (dotted lines).  

The concentration of dissolved oxygen used in the simulations was 2.5  10-4 M. 

 

Figure 4: 

Direct comparison of G(H2) (in molecule per 100 eV) as a function of the 

concentration of N3
 ions for 300- and 7-MeV incident protons (mimicking 60Co -
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radiolysis and 3H -electron radiolysis, respectively), calculated from our Monte 

Carlo simulations of the radiolysis of aerated aqueous azide solutions (neutral pH, 

25 °C) over the range of 10-4 to 3 M.  The solid and dashed lines are for 300- and 

7-MeV irradiating protons, respectively (they correspond to the solid lines shown 

in Fig. 3A and B, respectively). 

 

Figure 5: 

Fate (in percentage) of e
pre, the short-lived, low-energy (“dry”) precursor to 

e
aq, during the first picosecond following irradiation as a function of azide 

concentration from 10-4 to 3 M, as obtained from our Monte Carlo simulations of 

the radiolysis of aerated aqueous N3
 solutions by 300-MeV (60Co  radiolysis, 

LET ~ 0.3 keV/m) and 7-MeV (7.8-keV 3H -electron radiolysis, LET ~ 6 

keV/m) irradiating protons, at 25 °C.  Recall here that the DEA, or “dissociative 

electron attachment” process corresponds to the resonant capture of e
pre by a 

water molecule [reaction (6)].  As can be seen, the recombination of e
pre with its 

geminate cation H2O•+ [reaction (3)] is more probable than the DEA process, a 

result in agreement with recent experimental data.16 

 

Figure 6: 

Variation of the extents G(H2) (in molecule per 100 eV) with concentration of 

N3
 ions of the different “early-time” and “track” processes that contribute to the 

yield of H2, calculated from our Monte Carlo simulations of the radiolysis of air-

satured aqueous N3
 solutions, using 300-MeV (LET ~ 0.3 keV/m, panel A) and 

7-MeV (LET ~ 6 keV/m, panel B) incident protons over the range of 10-4 to 3 M 

(pH neutral, 25 °C).  The solid lines represent the total yield of H2 produced by 

these two types of processes.  H2 formation from early-time (sub-picosecond) 

processes include the very fast DEA, geminate recombination of e
pre with H2O•+, 
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and dissociation of directly excited water molecules.  Comparison of panels A and 

B shows only very small changes in the H2 yield contribution from these early-

time processes (i.e., in the scavenging efficiency of N3
 on the subpicosecond 

time scale) as a funtion of LET.  As for the production of H2 from track reactions 

(in the ps–s time interval), they include the three radical-radical combination 

reactions, namely, reaction (8) e
aq + H• (dash-dot-dot line), reaction (9) e

aq + 

e
aq (dash-dot line), and reaction (10) H• + H• (dotted line).  The dashed lines 

show our simulated results assuming that N3
 does not scavenge the short-lived 

e
pre.  The concentration of dissolved oxygen used in the simulations was 2.5  

10-4 M.
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FIGURE 2 
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FIGURE 4 
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FIGURE 5 
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FIGURE 6 
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10. DISCUSSION 

10.1 The importance of molecular hydrogen in the radiolysis of water 

Molecular hydrogen is one of the most interesting species since it has raised the interesting 

question concerning the origin of its formation. H2 yield has been found to be important for 

reducing the oxidizing species in the primary coolant in the nuclear core. A key challenge in 

controlling the water chemistry of water-moderated nuclear reactors is the ability to 

understand and mitigate the effects of water radiolysis (see, for example: LIN, 1996; 

McCRACKEN et al., 1998; KATSUMURA, 2004; GUZONAS et al., 2009).  In fact, under 

the operating conditions (high temperature and pressure) of existing reactors, the radiolytic 

formation of oxidizing species, both radical and stable species such as •OH, O2•- (or HO2• 

depending on the pH), H2O2, and O2 (the latter two beings of greatest concern), may lead, 

unless mitigating steps are taken, to corrosion and degradation of components in the reactor 

circuits, as well as to the release and transport of corrosion products (radioactive and inactive) 

with the development of deposits on in-core and piping surfaces.  In current reactor designs, 

one commonly used remedial measure is to add excess molecular hydrogen to the coolant in 

sufficient concentrations to chemically suppress the net radiolytic decomposition of the 

water.  In the presence of a surplus of dissolved H2 in the system, the corrosive H2O2 and O2 

gas production can be efficiently reduced through a short chain reaction, whereby H2 initially 

reacts with •OH radicals to produce H• atoms, the latter then reacting with H2O2 to reproduce 
•OH radicals and water.  The decrease in H2O2 concentration occurs finally because the 

overall rate of reactions that destroy H2O2 is faster than that of reactions that produce H2O2 

including its radiolytic formation.  Note that in the absence of added H2, H2O2 normally reacts 

with •OH radicals to give HO2• (or O2•-), a precursor of O2. 

 

In such a context of industrial applicability, it is of prime importance to clearly identify 

and quantify all sources of in situ radiolytic H2 production (or consumption). This 

information is obviously essential to the development of comprehensive simulation models 

of the coolant’s radiation chemistry capable of predicting as realistically as possible the true 

value of the so-called “critical hydrogen concentration”, defined as the minimum 
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concentration of added H2 required in the reactor coolant to suppress the production of 

oxidants by water radiolysis. In close connection with these remarks, it has been 

experimentally reported that, although H2 is a molecular product, the primary molecular 

hydrogen yield, g(H2), in deaerated neutral water irradiated by low-LET radiation (X- or -

rays, fast electrons) increases with increasing temperature, particularly above 200 °C.  It is 

worth noting that, with the exception of g(H2), all g-values are consistent with the general 

(and expected) observation that when the temperature is increased, the yields of free radicals 

g(e-aq), g(•OH), and g(H•) continuously increase while the yield of the other molecular 

recombination product, hydrogen peroxide g(H2O2), decreases (ELLIOT and BARTELS, 

2009; SANGUANMITH et al., 2011a). The exact mechanism responsible for this anomalous 

increase in g(H2) is still unknown. However, SWIATLA-WOJCIK and BUXTON (2005, 

2010) (henceforth referred to as SWB) suggested that the reaction of hydrogen atoms with 

water 

H• + H2O  H2 + •OH,       (38) 

which can normally be neglected at room temperature, could quantitatively explain the 

temperature dependence of H2 yield at high temperatures.  Quite remarkably, several other 

authors, including ISHIGURE et al. (1987), SHIRAISHI et al. (1995), and especially 

SUNARYO et al. (1995a), had already discussed in the past the possible importance of this 

reaction in the high temperature -radiolysis of water, although no measurement of its rate 

constant had been reported.  Using deterministic diffusion-kinetic modeling calculations, 

SWB calculated activation energy of ~66.3 kJ/mol over the range 20-300 °C and inferred 

that a rate constant k55 ≈ 3.18 × 104 M-1 s-1 was required to account for the additional yield of 

H2 observed at 300 °C. Given its potential applications in a better understanding of the 

reactions occurring in water-cooled nuclear reactors (SIMS, 2006; SIMS et al., 2010), this 

reaction has received a great deal of attention recently.  In particular, the rate constant 

proposed by SWB was disputed by BARTELS (2009) on the basis of thermodynamic 

considerations.  The latter pointed out that this reaction could not be as fast as required by 

SWB and suggested that the best estimate for its rate constant was 2.2 × 103 M-1 s-1 at 300 

°C.  In reply to these comments, SWIATLA-WOJCIK and BUXTON (2010) re-analyzed 

Bartels’ thermodynamic estimate and showed that an upper limit for k38 at 300 °C was 
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actually 1.79 × 104 M-1 s-1, thereby confirming the high value they had previously predicted.  

In 2014, GHANDI et al. (2014) have investigated the reaction of H• atoms with superheated 

water (H2O and D2O) at temperatures up to 450 °C using muon spin spectroscopy 

experiments with muonium as an analog of a hydrogen atom.  From these experiments, these 

authors were able to infer a rate constant of ~9.4x103 M-1 s-1 at 300 °C (±35%) for reaction 

(38), a value that actually lies between those suggested by SWB and Bartels. Finally, this 

reaction rate constant has been studied by the group of Muroya. The reaction rate constant of 

k(H+H2O) was reported 3.2 (±0.4) × 103 M-1 s-1 at 300 °C Notwithstanding these recent 

developments, the values for k38 reported thus far, which span a range of more than one order 

of magnitude (8.14 × 102 to 3.2 × 104 M-1 s-1 at ~300°C) (BURNS and MARSH, 1981; 

ISHIGURE et al., 1987, 1995; SWIATLA-WOJCIK and BUXTON, 2005, 2010; BARTELS, 

2009; ELLIOT and BARTELS, 2009; ALCORN et al., 2014; MUROYA et al., 2017), remain 

largely uncertain, thereby making it difficult to obtain a clear conclusion as to the real 

contribution of reaction (38). For all these reasons, H2 yield pulls a lot of attention from 

various experimentalists and modelers to explore in more detail about its formation at 

different conditions.    

10.2 H2 formation in the radiolysis of water 

Molecular hydrogen is one of the most interesting species since it has raised the 

interesting question concerning the origin of its formation. H2 yield has been found to be 

important for reducing the oxidizing species in the primary coolant in the nuclear core. 

Another reason which brings the H2 yield to come to our interest is that H2 yield has an 

unusual trend with its temperature effect. The competition between recombination and 

diffusive escape of the primary radical species depends on temperature. With increasing 

temperature, radicals escape the recombination. Radical yield tends to increase and molecular 

yield tends to decrease. Unfortunately, the escape H2 yield increase with temperature. 

A variety of precursors and mechanisms, both physicochemical and chemical, have 

been proposed for the formation of the observed yield of H2 in the -radiolysis of water (see, 

for example: SWIATLA-WOJCIK and BUXTON, 1995; COBUT et al., 1996; PASTINA et 

al., 1999b; HERVÉ DU PENHOAT et al., 2000).  The primary yield of molecular hydrogen 

is reported to be 0.45 molecule per 100 eV (SPRINKS and WOOD, 1990; FERRADINI and 

JAY-GERIN, 1999; ELLIOT and BARTELS, 2009). The early time yield of H2 is reported 
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to be 0.34 molecule/100 eV, and only 0.15 molec./100 eV comes from the chemical 

reaction. It is shown that most of the increase of H2 yield originates from prehydrated 

electrons (PASTINA AND LAVERNE, 1999; STERNICZUK AND BARTELS, 2016). The 

source of H2 can be demonstrated with the following reactions (see Figure 10.1): 

At early time (physicochemical stage),  

 Geminate recombination  

esub + H2O•+  H2O*       (7) 

DEA (dissociative electron attachment) process 

esub + H2O  H2O  H + OH      (8) 

This anion then undergoes dissociation mainly into H- and •OH according to 

H2O    H  +  •OH ,       (9) 

followed by  

H + H2O  H2 + OH-        (10) 

 The dissociation of excited water molecules  

      H2O*  H• + •OH  (79%) (dissociation deexcitation)   (11a) 

 H2 + O(1D) (13%)      (11b) 

    2H• + O(3P) (8%)      (11c)  

   H2O + thermal energy (nondissociation deexcitation) (11d) 

        H2O+. + e (auto ionization)    (11e) 

where O(1D) is atomic oxygen in its singlet 1D state] formed directly in an initial act or by 

geminate recombination of a subexcitation electron with the water cation 

(MEESUNGNOEN and JAY-GERIN, 2010), and 

DEA process clearly appears to be the most important source of H2 formation. According to 

our calculations, at 25 C, the contribution from DEA to the total formation of H2 at ~1012 

s amounts to ~68%, while that of the dissociative electron cation geminate recombination is 

~28%. The contribution from directly excited water molecules is less than 4% (see Figure 

10.1). 

 

During the time of spur expansion (i.e., in the nonhomogeneous chemical stage) the four 

following chemical reactions can contribute to the formation of H2 yield: 
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Figure 10.1 Temperature dependence of the extents ∆g(H2) (in molecule per 100 eV) of 
the different processes/reactions that contribute to the primary yield of H2, 
calculated from our Monte Carlo simulations of the radiolysis of pure liquid 
water, using 300 MeV incident protons up to350 C. Panel (a): H2 formation 
from early time processes, including the very fast DEA (dashed line), 
geminate recombination of esub with H2O•+ (dash-dot line), and dissociation 
of directly excited water molecules, (dotted line). The red solid line 
represents the total yield of H2 produced on a sub-picosecond time scale by 
these three processes. Panel (b): H2 formation from spur reactions, including 
eaq  +  H• , (dashed line) eaq  +  eaq, (dash-dot line), H•  +  H•, (dotted line), 
and H•  +  H2O, (dash-dot-dot line). The red solid line represents the sum of 
the contributions of all these four reactions to g(H2) (adapted from 
MEESUNGNOEN, 2015) 
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eaq  +  H•  (+  H2O)    H2  +  •OH      (39) 

eaq  +  eaq  +  (2 H2O)    H2  +  2OH     (40) 

H•  +  H•    H2        (41) 

H•  +  H2O    H2 + •OH       (38) 

The first two reactions (reaction 39 and reaction 40) are the two main reactions to produce 

the H2 yields from water radiolysis. The reaction H•+ H•  (reaction 41) shows a very small 

contribution to the formation of H2. The reaction of the oxidizing of water with a hydrogen 

atom (reaction 38) gives no effect to H2 yield at room temperature. One should note that 

reaction 38 cannot quantitatively explain, by itself, the increase in g(H2) with temperature 

observed experimentally above 200 C (MEESUNGNOEN et al., 2015). There should be 

some reaction at early time that is responsible for the increase of H2 yield at high-temperature 

radiolysis. Increasing the probability the dissociation of excited water molecules to give H2 

from the recombination process should be considered.  

 

10.3 Excited water molecule (H2O*) another short-life transient to the formation of H2 

From our result of the H2 yields as a function of NaN3 concentration, it is shown that 

the H2 yield is still a bit higher than the experimental data at azide concentration higher than 

3 M for both radiation types (gamma rays and tritium beta ray). These results are suggested 

that there should be more than one short-lived transient that can play a role in the formation 

of H2 yield in water radiolysis. This mechanism has been proposed by Horne, G.P. et al. in 

2007. Horne, G.P., and co-workers used their Monte-Carlo simulation to demonstrate that 

the nitrate anion scavenging of the hydrated electron, its precursor, and hydrogen atom cannot 

account for the observed decrease in the molecular hydrogen yield at high nitrate anion 

concentrations in the gamma radiolysis of water and aqueous nitrate solution. But there is the 

necessity to include the quenching of the excited state of water by the nitrate anion to 

reproduce well the experimental data. The excited water molecule form either by direct 

excitation or the recombination of water radical cation with the precursor to the hydrated 

electron. Here all the pathways of H2 production from water radiolysis. H2 can be produced 

from the dissociation of the direct excited water molecule 

  H2O*  H2 + O (1D/3P)     (11b) 
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Or from the dissociation of excited water molecule which comes from the recombination of 

the water radical cation with the prehydrated electron. 

  H2O+ + epre  H2O* (vibrational excited water molecule) (7) 

   H2O*  H2 + O (1D/3P) 

Or by the auto detachment of an energetic electron (E > 6 eV) from water molecule, 

  H2O + e (∆E) H2O* H2O* + e (∆E’)   (8) 

Follow by  H2O* 
 H + OH (+H2O) H2 + OH    

This process is called DEA (dissociative electron attachment) process. 

 

The decrease of H2 yield with increasing the concentration of scavenger was originally 

explained in terms of increased reaction between the scavenger with the precursors to H2 

involving these species (hydrated electron, prehydrated electron, and a hydrogen atom), 

However, it has been shown long ago that the scavenging of the precursors to H2 (e-pre, e-hyd, 

H.) could not account for all of the H2 production in gamma water radiolysis (SCHWARZ, 

1969). 

It has been demonstrated by LAVERNE and PIMBLOTT (2002) the radiolytic yield of H2 is 

strongly dependent on the linear energy transfer (LET) of the radiation, but the time scale of 

formation was independent of LET. Their results indicate that the dominant mechanism for 

H2 formation must involve more than one short-lived transient.  It was postulated to be the 

dissociative electron recombination: 

H2O+ + epre H2O* (vibrational excited water molecule)  (7) 

  H2O*  H2 + O (1D/3P)      (11b) 

This proposed mechanism is in agreement with our work (see Figure 10.2) and the work of 

Sterniczuk and Bartels from their studies in high-temperature water radiolysis. They 

suggested that the radiolytic H2 production is dominated reactions involving epre and that the 

dissociative electron attachment reactions have a negligible role (STERNICZUK and 

BARTELS, 2016). They used the correlation between epre scavenging and the inhibition of 

H2 formation in positronium (Ps) lifetime studies. Since the prehydrated electron is the 

precursor to positronium formation. 

  β+ + epre  Ps 
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By scavenging e-pre positronium formation can be completely inhibited (BYAKOV, 1976; 

BYAKOV et al., 1977; DUPLÂTRE et al., 1984). The inhibition of positronium by the 

scavenging of the prehydrated electrons conclude that the formation of H2 occurs primarily 

from the hydrated electron, but it does not disprove the contribution of the H2 yield from 

excited water molecule though the DEA process. The decreasing yield of positronium with 

increasing concentration of epre scavengers is not directly comparable to the effect on the 

yield of molecular hydrogen. Positronium is solely formed by the reaction of epre with β+. 

Since the scavenging of epre leads to complete inhibition of positronium formation, however 

for complete inhibition of H2, all H2O* would have to be produced by the reaction of epre 

with H2O+. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.2 The fate of a subexcitation electron (in percentage) during the first picosecond 
following irradiation as a function of temperature up to 350 C, as obtained 
from our Monte Carlo simulations) (adapted from MEESUNGNOEN et al., 
2015). 

 

Figure 10.2, it is shown – in percentage – the fate of a subexcitation electron during the first 

picosecond following irradiation as a function of temperature up to 350 C, as obtained from 

our Monte Carlo simulations. Most of the subexcitation electrons pass through the slowing 
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down process from subexcitation energies (< 7.3 eV), to be thermalization, trapping, and 

hydration. 

e  esub  eth  etr  eaq (~240 fs – 1.1 ps)    (6)  

 

It is also useful to note here why the recombination of esub with its geminate cation H2O•+, 

which is more probable than its resonant capture by a water molecule contributes less to the 

formation of H2 than the DEA process does. This can be explained as follows: (1) H2O* has 

more or less an equal chance to de-excited nondissociatively or dissociatively, and (2) if the 

de-excitation of H2O* is dissociative, it only has ~15-20% chance of forming H2 

(MEESUNGNOEN et al., 2005a, SANGUANMITH et al., 2011a).  

This “nonscavengeable” yield of H2  estimated to be about ~0.34 (or ~75% of the total 

molecular hydrogen formed), indicating that the maximum contribution of the chemical 

reactions (38-41) to H2 production is only g(H2) ~ 0.11. A prompt initial H2 yield of ~0.34 

could readily be reproduced in our numerical simulations, by adjusting the value of the DEA 

cross-section for the capture of precursors to e-aq by a water molecule (H2O + e → H2O → 

H+ OH) to ~4.0 × 10-18 cm2 (MEESUNGNOEN et al., 2015). DEA cross sections used in 

our Monte-Carlo simulation were obtained by fitting our simulated yields of H2 to the 

experimental G(H2) data from Janik et al. (JANIK et al., 2007) in phenol/N2O solutions at 

each temperature in the range of 25–350 C. This value compares very well with that 

determined in amorphous ice (~2.7 × 10-18 cm2) (MICHAU et al., 2003) and with the 

corresponding gas-phase value (6.6 × 10-18 cm2) (MELTON, 1972). Under these conditions, 

our simulation shows the contribution of the DEA to H2 formation amounts to g(H2) ~ 0.18 

(see Figure 10.1) and thus appears to be the most important physicochemical process for 

producing H2 at early times, in contrary to Pimblott and LaVerne (PIMBLOTT and 

LAVERNE, 2002; STERNICZUK and BARTELS, 2016) which show that the dominant 

mechanism for H2 formation mostly forms by dissociative electron recombination. To 

increase our H2 yield from the dissociative electron recombination in our program, we need 

to revisit the branching ratio of excited water molecules. Our present value of the dissociation 

electron recombination which gives H2 may be too small. This could be easily done shortly 

to help to clarify the formation of H2 yield at a very early time. 
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10.4 The formation of molecular hydrogen by scavenging systems (Copper (Cu2+), nitrate 

(NO3
-), nitrite (NO2

-), and acetone (CH3COCH3)) 

In this work, we used our Monte-Carlo simulation to explore the formation of molecular 

hydrogen by employing many other scavenging systems rather than (azide (N3-). Copper 

(Cu2+), nitrate (NO3-), nitrite (NO2-), and acetone (CH3COCH3) had been used to study the 

formation of H2 yield. All scavenging systems were studied to compare the formation of 

molecular hydrogen for 60Co -radiation against tritium β-particle. The important mechanism 

of each scavenging system, the time-dependent of H2 yield at various concentrations of each 

scavenger will be shown below.  One should be noted that to study the effect of 60Co 

radiolysis we used a short (typically,  150 m) track segment of 300 MeV incident proton 

tracks, over which the average LET value obtained in the simulations was nearly constant 

and equal to 0.3 keV/m. For self-radiolysis of tritiated water (3HOH), one of the stable 

hydrogen atoms in the water molecule is replaced by a tritium atom (3H). This tritium atom 

emits ionizing radiation in the form of low energy β-electrons with the mean energy of energy 

deposition by the β-particles ~ 7.8 keV (mean LET in water ~ 5.9 keV/m). To mimic the 

radiation chemical action of 3H β-particles and produce representative G-values, the mean 

energy of energy deposition by the β-particles ~ 7.8 keV is better suited than the frequency-

weighted mean kinetic energy ~5.7 keV. 

From this study, we restrict all solute concentrations not exceeding 5 mol/dm3 to avoid the 

complications introduced by the direct effect of the radiation on the solute. In addition, we 

assumed tritiated water concentration to be low enough to avoid the dose rate effects. 

10.4.1 Copper sulfate (CuSO4) solutions. 

 

CuSO4    Cu2+ + SO4       

In this work, we used various concentrations of copper sulfate (CuSO4) to demonstrate the 

reduction of molecular hydrogen H2 in 3H- β-particles and 60CO γ-radiolysis. 10-4 M NaBr is 

used to prevent the reaction between hydroxyl radical and molecular hydrogen. The 

concentration of NaBr at 10-4 M was tested with our Monte-Carlo simulation. The result 

shows that 10-4 M can completely prevent the reaction of hydroxyl radical with molecular 

hydrogen. Copper sulfate is a good scavenger of the hydrated electron but it is not the ideal 
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scavenger for probing the ultrafast formation of molecular hydrogen (H2) because CuSO4 is 

not completely dissociated to Cu2+ in even reasonably concentrated solutions (K ~ 4.3x10-3) 

(OWEN and CURRY, 1938). 

Reactions 43 and 44 show that Cu2+ can scavenge hydrated electrons much faster than 

hydrogen atoms (BUXTON et al., 1988; HARRIS and PIMBLOTT, 2002). Reactions 43 and 

44 lead to the reduction of molecular hydrogen H2. Remarkably, both reactions 43 and 44 

produce Cu+. Subsequently, this Cu+ can have a further mechanism that can reform Cu2+ back 

to the system through the reactions of CuH+ as shown below.  Reaction rate constants of these 

reaction were taken from a (HARRIS and PIMBLOTT, 2002), b (BUXTON et al., 1988), c 

(JOHNSON and NAZHAT, 1984), d (GOLDSTEIN et al., 1992) 

 

Table 4 Reactions added to the pure water reaction scheme to simulate the radiolysis  
              of CuSO4 aqueous solutions, at 25 ºC.  

 
Reactions    k (M-1s-1)       reaction number 

Cu2+ + e-aq  Cu+   3.9 x 1010  (43)a,b 

Cu2+ + ●H  Cu+ +H3O+   9.1 x 107  (44)a,b 

Cu+ + ●H  CuH+   5.0 x 109  (45)a 

Cu+ + ●OH  Cu2+ + OH  3.0 x 109  (46)c,d 

CuH+ + H3O+
Cu2+ + H2   1.0 x 106  (47)a,c 

CuH+ (+H2O)Cu2+ + H2 + OH  4.0 x 103 s-1  (48)a,c 

CuH+ + Cu2+
2Cu+ + H3O+   7.0 x 106  (49)a,c 

Cu2+ + ●OH  Cu3+ + OH  8.0 x 108  (50)c 

Cu3+ + Cu+  2Cu2+    4.0 x 109  (51)c 

 

Figure 10.3 presents the time evolution of molecular hydrogen yield obtained from our 

Monte-Carlo simulation over the Cu(II) concentration range from 10-4 M to 5 M in the 

absence of oxygen for both types of radiations (300 MeV protons irradiation (LET ~ 0.3 

keV/µm) and 7.8 keV electrons (LET ~ 5.9 keV/µm)). For both types of radiations, the 

formation of H2 decreases as the concentration of Cu(II) increases. In the case of 60Co, the 

G(H2) decreasing from 0.5 to 0.33 molecule/100 eV and G(H2)from tritium beta radiolysis 
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decreases from 0.6 to 0.3 molecule/100 eV over the concentration range 10-4 to 5 M. The 

amount of H2 yield formed from tritium beta radiolysis is higher than gamma radiolysis can  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.3 Time evolution of molecular hydrogen yield G(H2) (in molecule/100 eV) for 
the radiolysis of copper sulfate solution (from 10-5 to 5 M) by 300 MeV 
incident protons (which mimic irradiation with 60Co -rays or fast electrons) 
(LET ~ 0.3 keV/µm) is shown in upper panel and 7.8 keV electrons (mean 
energy of energy deposition by the β-particle) (LET ~ 5.9 keV/µm) is shown 
in the lower panel, calculated from our Monte-Carlo simulations over the 
interval 10-12 to 10-5 s in the presence of 10-4 M NaBr, at 25 oC. 
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Figure 10.4 The variation of molecular hydrogen yield G(H2) as a function of Copper  
concentration (from 10-5 to 5 M of Cu2+) in the presence of 10-4 M NaBr at 
25oC by  300 MeV incident protons (which mimic irradiation with 60Co ϒ-
rays or fast electrons) (LET ~ 0.3 keV/µm) and 3H β-particles with an initial 
energy of ~ 5.7 keV (average energy of tritium decay) and ~ 7.8 keV (mean 
energy of energy deposition by the β-particle) (LET ~ 5.9 keV/µm). The solid 
line shows our calculate G(H2) as a function of Copper ion. (……..) shows the 
calculate G(H2) from Harris and Pimblott16 where it is assumed that short-
lived precursor is scavenged only by hydrated Cu(II) ions; (_ _ _ ) represents 
the calculated H2 yield where it is assumed that the short-lived precursor is 
scavenged by all Cu(II) species (HARRIS and PIMBLOTT, 2002).   
Experimental data are represented in symbols: () (CHRISMAN, 1977), () 
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(APPLEBY and GAGNON, 1971), () (PELED et al., 1971), (∆) 
(SCHWARZ, 1955), () (FARAGGI and DESALOS, 1969). 

 

be explained by the track structure terminology. The track structure form in the case of 60Co 

showed as the isolated spurs. The cylinder tracks were observed in the case of tritium. The 

greater the linear energy transfer of tritium leads to an increased local concentration of 

reactants. As a consequence, we found more H2 in tritium radiolysis rather than in gamma 

radiolysis over the time range 10-12 to 10-5 s. 

Figure 10.4 shows the effect of Copper(II) concentration (10-4 M to 5 M) on the production 

of molecular hydrogen yield. The upper panel represents the result of molecular hydrogen 

obtained by using 60Co ϒ-radiolysis and the lower panel represents the molecular hydrogen 

(H2) yield obtained from 3H β -particle radiolysis. At low concentration of Cu (II), the 

calculated H2 reproduce very well the experimental data. At high concentration of Cu (II), 

our calculated H2 is a bit higher than experimental data observed. This difference may come 

from the fact that our simulations have not yet included the possibility that  

the scavenger can scavenge the precursor of hydrated electron and the direct effect.  

Despite the incomplete dissociation of CuSO4 in aqueous solution, it shows less 

capacity to scavenge the short live precursors to the hydrated electrons and molecular 

hydrogen than other scavengers such as NO3-. 

10.4.2 Nitrate (NO3
-) solutions. 

 

The nitrate ion NO3- is known as a good scavenger of the hydrated electron, forming a 

relatively stable product NO32- as shown in reaction 52. It is used mainly to probe the 

significance of e-aq in the formation of H2 in the radiation track. The nitrate ion can also react 

with hydrogen atom but with a much lower reaction rate constant as shown in reaction 68. 

10-4 M NaBr was added into NaNO3 solution in order to scavenge the hydroxyl radical and 

prevent the reaction between hydroxyl radical with molecular hydrogen. The full reaction 

mechanism of the radiolysis of NaNO3 aqueous solution is shown below. Reference for these 

reactions, a (YAKABUSKIE et al., 2011), b (ROTH and LAVERNE, 2011) 
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Table 5    Reactions added to the pure water reaction scheme to simulate the radiolysis     
of NO2-/NO3- aqueous solutions, at 25 ºC. 

 
Reactions       reaction rate   Reaction  

        (M-1s-1)  number 
 

NO3- + e-aq  NO32-    9.7 x 109   52a 

NO32- + H2O  NO2 + 2OH-    5.5x104   53a 

NO2- + e-aq  NO22-    3.5 x 109   54a 

NO22- + H2O  NO● + 2OH-   4.3 x 104   55a 

NO2- + ●OH  NO2 + OH-   5.0 x 109  56a 

NO3- + O2-  NO32- + O2    1.0 x 106  57a 

2NO2 + H2O  NO3- + NO2- + 2H+  6.5 x 107  58a 

NO2 + e-aq  NO2-    1.0 x 1010  59a 

NO2- + O2  NO2- + O2    2.0 x 108  60a 

NO2- + O2-  NO22- + O2    5.0 x 106  61a 

NO + ●OH  HNO2     1.0 x 1010   62a 

NO + O2-  ONOO●-    6.7 x 109   63a 

NO + e-aq  NO-    2.3 x 1010   64a 

NO32- + H+  HNO3-     5.0 x 1010  65b 

HNO2 + H2O  NO2- + H+    3.0 x 107   66b 

NO2- + H+  HNO2     5.0 x 1010   67b 

NO3- + ●H  HNO3-     1.0 x 107  68b 

HNO3- + H2O  NO2 + OH-    2.0 x 105   69b 

NO2 + ●OH  ONOOH    4.5 x 109   70b 

NO2 + ●H  HNO2     1.0 x 1010   71b 

O2NOO- + H2O  NO2- + O2  1    72b 

NO2- + ●OH  NO2 + OH-    6.0 x 1010   73b 

NO2- + ●H  HNO2-     7.1 x 108   74b 

HNO2 + H2O2  H+ + NO3- + H2O   4.6 x 103   75b 

NO2- + O-  NO2 + OH-    3.1 x 108  76b 
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Figure 10.5 shows the time evolution of molecular hydrogen yield over the interval 10-13 to 

10-4 s as obtained from our Monte-Carlo simulation of the radiolysis of deaerated neutral pH 

aqueous nitrate solution (from 10-5 M to 5 M) by 60Co-fast electron irradiation (LET ~ 0.3 

keV/µm) and tritium beta-particle (using 7.8 keV for the initial energy of beta-electron, LET 

~ 5.9 keV/µm), at 25oC. The simulation shows a clear increase in the absolute value of G(H2) 

for 3H β-electrons compared to 60Co γ-rays. (e.g. molecular hydrogen yield from 3H bata 

particle shown the decrease of 0.34 from 0.62 to 0.28 molec./100 eV. But in the case of 

gamma radiolysis, the amount of H2 yield reduces from 0.52 to 0.32 molec./100 eV., decrease 

about 0.2 molec./100 eV). This increase of G(H2) when comparing the effects of tritium beta-

radiolysis with gamma radiolysis, is consistent with differences in the initial spatial 

distribution of primary transient species. As mention earlier, in the short track geometry of 

the high LET 3H beta electrons, radicals are formed locally in a much higher initial 

concentration than in the spur (spherical) geometry of the energetic Compton electrons of the 
60Co gamma rays. As a result, the short track geometry favors radical-radical reactions in the 

diffusing tracks, which increases the proportion of molecular products at the expense of the 

radical products. 

 

  



 

151 
 

151 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.5 Time evolution of G(H2) (in molecule/100 eV) after 300 MeV protons 
irradiation (LET ~ 0.3 keV/µm) and 7.8 keV electrons (LET ~ 5.9 keV/µm) 
of sodium nitrate aqueous solution at 25oC, calculated from our Monte-Carlo 
simulations over the interval 10-13 to 10-4 s at various concentration of sodium 
azide (10-4 M to 5 M), 10-4M NaBr were added into sodium nitrate solution in 
order to scavenge hydroxyl radical. 
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Figure 10.6 Decrease in G(H2) (in molec./100 eV) with the concentration of NO3- ion for 
300-MeV protons (LET 0.3 keV/µm as shown in the upper panel and 7.8 keV-
incident electrons (LET 6 keV/ µm) show in the lower panel for the radiolysis 
of neutral pH aqueous nitrate solutions at 25oC, calculate from our Monte-
Carlo simulations over the range of 10-5 to 5 M. 10-4 M of NaBr was added to 
scavenge hydroxyl radical. The solid lines represent our calculated G(H2) in 
the presence of NaNO3 from 10-5 M to 5 M and 10-4 M NaBr. The dotted line 
is the calculated result which obtained from (HARRIS and PIMBLOTT 2002). 
Experimental data for 60Co γ-radiolysis are denoted by: (∆) (DRAGANIC and 
DRAGANIC, 1971), () (MAHLMAN, 1961), () (FANNING, 1975), 
()(PELED and CZAPSKI, 1970). Experimental data for deaerated neutral 
solutions irradiated with tritium β-particle shown as: () (FANNING, 1975), 
()(CHRISTMAN, 1977), (∆) (APPLEBY and GAGNON,1971). 
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The nitrate ion can scavenge hydrated electrons very well with the fast reaction rate constant 

(9.7 x 109 M-1s-1). Mahman (MAHLMAN, 1961) has used NO3- as a scavenger in neutral and 

acidic conditions to study the role of e-aq as a precursor to molecular hydrogen. His results 

show no pH effect on the decrease of G(H2) as a function of NO3- concentration. The reaction 

 

e-aq + H+aq   H,      (77) 

 

Occurring in acidic condition has a rate constant (2.3 x 1010 M-1s-1) and the H atom is much 

less reactive than e-aq toward NO3- (kR68 = 1.0 x 107 M-1s-1) (ROTH and LAVERNE, 2011). 

According to this information, the decrease of H2 as a function of NO3- concentration is 

expected to be smaller in acidic than in neutral solutions if e-aq is the main precursor of H2.  

 

From Figure 10.6, our simulated G(H2) can reproduce very well the experimental data at 

NaNO3 concentration lower than 0.1 M. The calculated H2 yield slightly decreases at 

concentration of NO3- higher than 0.1 M. In contrast with the experimental data, the H2 yields 

continue to decrease significantly at high concentration of NO3-. With this result and the 

experimental result of Mahman which showing that there is no pH effect on the decrease of 

G(H2) as a function of NO3- concentration, it suggests that there is one phenomenon occur at 

high concentration of NO3-. We immediately come to the idea that high concentration of NO3-

, NO3- scavenge almost all the dry electron (electron prior to its hydration). As a consequence, 

there is no hydrated electron to react with H+aq. This is the reason why pH plays no effect on 

the decrease of H2 yield as observed by Mahman (MAHLMAN, 1961). 

 

To improve the description of the effect of nitrate ion, it is necessary to consider the 

possibility that the nitrate ion scavenges the electron even prior to its hydration. Such a 

phenomenon has been observed with many good e-aq scavengers (ALDRICH et al., 1971; 

LAM and HUNT, 1975; DUPLATTRE and JONAH, 1985) and has been included in recent 

simulations base on the diffusion models (DOMAE et al., 1996). It is characterized 

experimentally by the concentration C37 of scavenger needed to reduce the initial e-aq yield 

to 37% (that is 1/e) of its value in pure water. The C37 value for NO3- ion is about 0.45 ± 0.05 
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mol/dm3 (LAM and HUNT, 1975). On the contrary, the Haq+ ion, which is also a good e-aq 

scavenger, is known to be a poor scavenger of dry electrons (electron prior to its hydration) 

as evidenced by Aldrich et al. (ALDRICH et al., 1971) in their pulse radiolysis measurements 

on perchloric acid solutions.  

10.4.3 Nitrite (NO2
-) solutions. 

 

The nitrite ion NO2- is the main intermediate product of nitrate reduction and appears in the 

system immediately after the beginning of irradiation. NO3- can initially react with reducing 

species (e-aq, H, O2-) to form NO2- and then the NO2- can react with oxidizing species (OH 

and H2O2) to re-form NO3-. In our Monte-Carlo simulations, we have incorporated the same 

reaction mechanism as used for the radiolysis of nitrate solution. The molecular hydrogen 

yields were calculated in the radiolysis of deaerated nitrite solution over the concentration 

range 10-5 to 5 M. 10-4 M of sodium bromide was used as the scavenger for hydroxyl radical 

for 300-MeV proton mimic irradiation with 60Co ϒ-rays or fast electrons) (LET ~ 0.3 

keV/µm). The same solution was used to perform the calculation for 7.8 keV electrons (mean 

energy of energy deposition by the β-particle) (LET ~ 5.9 keV/µm) to compare the effect of 

both types of radiations.   

From Figure 10.7, the upper panel shows the result of molecular hydrogen yield as a function 

of NaNO2 concentration over the concentration range 10-5 M to 5 M. for 300-MeV protons 

(60Co ϒ-rays, LET 0.3 keV/µm).  The lower panel shows the H2 yield as a function of NaNO2 

concentration for  3H β-particles (7.8 keV-incident electrons, LET 6 keV/ µm). There is a 

good agreement between our calculated G(H2) with the experimental data for both types of 

radiation. The H2 yield decreases when the concentration of NaNO2 increases because the 

higher concentration of scavenger (NO2-) means the capacity to compete to take the hydrated 

electron, hydrogen atom, and hydroxyl radical increases, then there is less concentration of 

hydrated electron and H atom which is a part of the source of H2 yields. The H2 yield from 
3H β-particle is a bit higher than the H2 yield from 60Co radiolysis as we also observed from 

other scavengers. This is due to the difference in track structure as mentions previously. 
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Figure 10.7 Decrease in G(H2) (in molec./100 eV) with the concentration of NO2- ion for 
300-MeV protons (LET 0.3 keV/µm) as shown in the upper panel and 7.8 
keV-incident electrons (LET 6 keV/ µm) show in the lower panel for the 
radiolysis of neutral pH aqueous nitrite solutions at 25oC, calculate from our 
Monte-Carlo simulations over the range of 10-5 to 5 M, in the presence of 10-

4 M of NaBr which used to scavenge hydroxyl radical. The solid lines 
represent our calculated G(H2) in the presence of NaNO2 from 10-5 M to 5 M. 
Experimental data for 60Co ϒ-radiolysis are denoted by: () (DAINTON and 
LOGAN, 1965), (●)(GAGNON and APPLEBY, 1971). 
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10.4.4 Acetone (CH3COCH3) solutions. 

 

Acetone (CH3COCH3) is known as a good scavenger of the hydrated electron. We used it to 

analyze the variation of molecular hydrogen yield. Its reaction with the hydrated electron is 

characterized by a rate constant equal to 6.5 x 109 M-1s-1 and its C37 concentration is 1.44 

mol/dm3(DUPLATTRE and JONAH, 1985). As acetone also reacts with a hydrogen atom to 

give molecular hydrogen, it would be necessary to suppress the formation of hydrogen from 

the independent hydrogen atom yield. This would require some H atom scavenger, which 

does not react to give some additional H2 to be present in sufficiently high concentration. In 

our calculation, we used potassium nitrite (KNO2) to scavenge the hydrogen atoms. The 

concentration of KNO2 used is about 5 times lower than the concentration of acetone. The 

important reactions mechanisms used in our calculations is given below.  

 

CH3COCH3 + e-aq  CH3COCH3-   (k = 6.5 x 109 M-1s-1)  (78) 

 

CH3COCH3 + H  CH3COCH2 + H2  (k = 2.6 x 106 M-1s-1)  (79) 

 

CH3COCH3 + OH  Product  (k = 1.1 x 108 M-1s-1)  (80) 

 

The simulation results are presented in Figure 10.8 and compared to the experimental data of 

Appleby (APPLEBY, 1967). The upper panel refer to the molecular hydrogen yield obtained 

from the radiolysis of 60Co ϒ -rays in deaerated of 10-4 M to 1 M of acetone. There is a good 

agreement between our calculated G(H2) with the experimental data. The lower panel refers 

to the calculated G(H2) from the radiolysis of 3H β-particle in the aqueous solution of acetone 

from 10-4 M to 1 M. Unfortunately, there is no experimental data available in the case of 3H 

β-radiolysis in the aqueous acetone solution.  

 

In comparison between the G(H2) from 60Co ϒ-radiolysis and 3H β-radiolysis in aqueous 

acetone solution, the G(H2) from 3H β-radiolysis is still higher than the G(H2) from 60Co ϒ-

radiolysis. This phenomenon was observed previously with other scavenger systems. It can 

easily explain by the difference in radiation track structure as mention earlier. From the 
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studies of W.F. Gagnon and A. Appleby, they measured (GH2 + GH), and found a higher 

amount of GH for tritium rather than gamma rays. Since there is no reason why H-atoms 

should diffuse more rapidly and hence escape recombination more readily in short tracks 

rather than in spurs. The additional hydrogen atom yield in the bulk of the solution must be 

a consequence of increased hydrogen atom production by track reactions as shown below: 

 

H2O+ + e-  H + OH 

 

H3O+ + e-aq  H + H2O 

 

The authors also mentioned that the reaction between H2O+ with e- would probably not 

occur with hydrated electrons (e-aq) since the lifetime of the H2O+ is much shorter than the 

formation time of the hydrated electron (BAXENDALE and BEVAN, 1967). The reaction 

H3O+ with e-aq is an important source of the hydrogen atom in gamma radiolysis. In the 

presence of hydrated electrons and hydrogen ion scavengers, the hydrogen yield is 

observed to be lower than the value which observed in pure liquid water radiolysis.  
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Figure 10.8 Decrease in G(H2) (in molec./100 eV) with the concentration of acetone for 
300-MeV protons (LET 0.3 keV/µm as shown in the upper panel and 7.8 keV-
incident electrons (LET 6 keV/ µm) show in the lower panel for the radiolysis 
of neutral pH aqueous acetone solutions at 25oC, calculate from our Monte-
Carlo simulations over the range of 10-4 to 1 M. 10-4 M of KNO2 was added 
to scavenge hydrogen atom. The solid lines represent our calculated G(H2) in 
the presence of NaNO3 from 10-5 M to 5 M. Experimental data for 60Co ϒ-
radiolysis are shown in symbol () (DAINTON and LOGAN, 1965). 
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Monte-Carlo simulations have been employed to investigate the formation of molecular 

hydrogen yield in 4 scavenging systems more (CuSO4, NaNO3, NaNO2, and CH3COCH3) by 

comparing the radiation chemistry of tritium β-rays and 300-MeV protons (which mimic 

irradiation with 60Co γ-rays or fast electrons) at 25oC. The four scavengers which we are 

considered here, obviously show that the formation of H2 from 3H β-particle is higher than 

in the case of 60Co γ-rays. For the same reason with the N3- scavenger, we can easily explain 

the results by the difference in the structure of the radiation track. The track structure form 

in the case of 60Co showed as the isolated spurs. The cylinder tracks were observed in the 

case of tritium. The greater the linear energy transfer of tritium leads to an increased local 

concentration of reactants. The distance between the primary events in 3H β-particle is much 

smaller than in the track of 60Co γ-rays. As a consequence, we found more molecular product 

(in this case we consider H2) in tritium radiolysis rather than in gamma radiolysis. Our 

calculations of the H2 yields using various electron scavenger systems show a good 

agreement of the H2 yield at low concentration of scavenger but fails to reproduce the 

experimental data at high concentration. These results also suggest the necessity, at high 

scavenger concentrations, to include the possibility that low-energy (or “dry”) secondary 

electrons can be scavenged prior to hydration. Such a process was shown to reduce 

significantly the yields of H2 as is observed experimentally. These results support the 

necessity of introducing the ultra-fast (< 1ps) capture of the dry electron as we observed for 

azide solution.   
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CONCLUSION 

In this work, Monte-Carlo simulations were used to investigate the effect of the azide 

ion N3 on the yield of molecular hydrogen in an aqueous azide solution irradiated with 60Co 

-rays (~1 MeV Compton electrons) and tritium -electrons (mean electron energy of ~7.8 

keV) at 25 °C. Azide was used as an effective scavenger for the hydrogen atoms and hydrated 

electrons. Hydrogen atom and hydrated electron are the main species that can formH2 in the 

nonhomogeneous chemical stage. The formation of H2 from 3H β-particles is higher than in 

the case of 60Co  rays which can explain by the effect of LET. The track structure in the case 

of 60Co  irradiation is composed of well-separated (spherical) spurs, which contrasts with 

the short (roughly cylindrical) tracks observed in the case of higher-LET tritium -electrons. 

The greater linear energy transfer of 3H -electrons leads to an increased local concentration 

of reactants.  The distance between the primary events is thus much smaller than in the tracks 

of 60Co  rays.  Consequently, we find more molecular hydrogen yield in tritium radiolysis 

than in  radiolysis. Our calculations H2 yields from - and 3H -radiolysis of NaN3 solutions 

show a very good agreement with the experiment over a large range of N3 concentrations.  

For 60Co -radiolysis, however, our H2 yields fail to reproduce the sharp decrease that is 

observed experimentally at high (>1 M) azide concentrations. This decrease of H2 yield a 

high concentration of azide reflected the possibility that low-energy (or “dry”) secondary 

electrons could be scavenged by N3 prior to trapping and hydration in the subpicosecond 

physicochemical stage. Most interestingly, for 3H -radiolysis, the molecular hydrogen 

yields at high N3 concentration does not show a sharp decrease as for  irradiation.  In other 

words, there is no clear evidence that N3 ions scavenge the short-lived dry electrons.  This 

is consistent with the enhanced contribution of short tracks for the higher LET 3H -radiolysis 

as compared to  radiolysis.  Indeed, the short-track geometry is competitively more 

favorable to the geminate recombination of edry with their nearby parent water cations than 

their scavenging by the homogeneously distributed N3 ions.  As the continuing of this work, 

we have introduced this ultra-fast (<1 ps) capture of the dry electron into our simulation 

models. The prehydrated electron was observed to be an important species that involve in the 
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mechanism of DNA damage and many other biological substances. This part of our work is 

very interesting since it is the first time we had introduced the reactions of the dry electron 

with the scavenger to our Monte-Carlo simulation. The molecular hydrogen yield shows a 

sharp decrease when the concentration of azide ion increases which agrees well with the 

experimental data. This work can confirm the existence of the effect of the prehydrated 

electron on the formation of molecular hydrogen yields at high concentration of azide 

Besides this work, I have tested the sensitivity of the density dependence of the yield 

of eaq in the low linear energy transfer (LET) radiolysis of supercritical water (H2O) at 400 

°C on variations in the temperature dependence of the reaction rate constant of bimolecular 

self-reaction of eaq. This reaction is important as it gives the most contribution to the H2 

yield from the nonhomogeneous chemical stage. Two different values of the eaq self-reaction 

rate constant at 400 °C were used: one based on the temperature dependence of k(eaq + eaq) 

above 150 °C as measured in alkaline water (4.2  108 M-1 s-1) and the other based on an 

Arrhenius extrapolation of the values below 150 °C (2.5  1011 M-1 s-1). In both cases, the 

density dependences of our calculated eaq yields at ~60 ps and 1 ns were found to compare 

fairly well with the available picosecond pulse radiolysis experimental data (for D2O) for the 

entire water density range studied (~0.15-0.6 g/cm3). Only a small effect of k on the variation 

of G(eaq) as a function of density at 60 ps and 1 ns could be observed. Such a small effect of 

k(eaq + eaq) on the variation of G(e-aq) as a function of density prevented us to confirm the 

predicted sudden drop of k(eaq + eaq) at 150 oC in neutral water. Since this chemical reaction 

plays a role in the formation of GH2 yield in less extent than those processes in early time.  

This would lead us to focus our future work to incorporate the possibility that the dry electron 

can get capture before its hydration to our high temperature water radiolysis program. 

Furthermore, we could also consider revisiting our branching ratio of the excited water 

molecule as another possibility to produce H2 yields from the early time processes in the 

radiolysis of water. A better understanding in all details about each process in early time 

water radiolysis should lead a better understanding of the biological effects.
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APPENDIX 2 – TEMPERATURE DEPENDENCE OF THE REACTION RATE CONSTANTS 

THAT HAVE BEEN UPDATED IN OUR IRT PROGRAM 

 

Temperature dependence of the reaction rate constants which intervene in the chemical stage of radiolysis of pure liquid water in 
25-350 oC temperature range. 

 

 

Temperature(oC) 25 50 100 150 200 250 300 350 

Reactions         
1) H• +  H•    H2 5.20E+09 8.43E+09 1.83E+10 3.30E+10 5.25E+10 7.65E+10 1.04E+11 1.36E+11 

2) H• + •OH   H2O  1.61E+10 2.14E+10 3.37E+10 4.77E+10 6.26E+10 7.80E+10 9.36E+10 1.09E+11 

3) H• +  H2O2   •OH + H2O 3.60E+07 6.95E+07 1.99E+08 4.45E+08 8.39E+08 1.40E+09 2.14E+09 3.05E+09 

4) H• +  e-
aq    H2 + OH- 2.76E+10 4.28E+10 9.33E+10 1.69E+11 2.48E+11 2.99E+11 3.14E+11 3.17E+11 

5) H• +  OH-  e-
aq + H2O 2.44E+07 8.46E+07 4.99E+08 1.44E+09 2.86E+09 4.91E+09 8.03E+09 1.32E+10 

6) H• + O2  HO2
• 1.31E+10 1.87E+10 3.03E+10 4.08E+10 4.93E+10 5.58E+10 6.07E+10 6.42E+10 

7) H• +  HO2
•   H2O2 1.12E+10 1.81E+10 3.85E+10 6.87E+10 1.09E+11 1.57E+11 2.13E+11 2.75E+11 

8) H• +  O2
•-   HO2

- 1.12E+10 1.81E+10 3.85E+10 6.87E+10 1.09E+11 1.57E+11 2.13E+11 2.75E+11 

9) H• + HO2
-  •OH +  OH-  1.47E+09 3.26E+09 1.17E+10 3.06E+10 6.61E+10 1.26E+11 2.03E+11 2.27E+11 

10) H• + O(3P)  •OH 2.02E+10 3.28E+10 7.14E+10 1.29E+11 2.07E+11 3.02E+11 4.13E+11 5.37E+11 

11) H• + O•-   OH- 2.00E+10 3.39E+10 6.84E+10 1.11E+11 1.62E+11 2.26E+11 3.04E+11 3.99E+11 

12) H• + O3  O2 + •OH 3.67E+10 5.40E+10 9.24E+10 1.35E+11 1.79E+11 2.24E+11 2.67E+11 3.12E+11 
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13) H• + H2O  e-
aq + H+  4.58E-05 1.01E-03 1.43E-01 6.27E+00 1.24E+02 1.38E+03 1.00E+04 5.36E+04 

14) H• + SO4
•-  HSO4

- 9.96E+09 1.54E+10 3.12E+10 5.33E+10 8.10E+10 1.14E+11 1.50E+11 1.91E+11 

15) H• + S2O8
2-  SO4

2- 1.40E+07 1.94E+07 3.32E+07 4.98E+07 6.83E+07 8.82E+07 1.09E+08 1.31E+08 

16) H•  e-
aq + H+ 1.07E-01 9.20E-01 2.45E+01 2.13E+02 9.50E+02 2.63E+03 4.16E+03 2.78E+03 

17) •OH + •OH  H2O2 6.31E+09 7.56E+09 1.15E+10 1.35E+10 1.42E+10 1.39E+10 1.30E+10 1.18E+10 

18) •OH + H2O2  HO2
• + H2O 2.94E+07 4.52E+07 8.99E+07 1.52E+08 2.30E+08 3.22E+08 4.24E+08 5.35E+08 

19) •OH + H2  H• + H2O 3.95E+07 7.10E+07 1.72E+08 3.62E+08 6.11E+08 7.88E+08 7.83E+08 6.19E+08 

20) •OH + e-
aq  OH- 3.55E+10 4.88E+10 8.50E+10 1.36E+11 2.01E+11 2.80E+11 3.72E+11 4.77E+11 

21) •OH + OH-  O•- + H2O 1.33E+10 2.17E+10 4.04E+10 6.06E+10 8.27E+10 1.07E+11 1.36E+11 1.68E+11 

22) •OH + HO2
•  O2 + H2O 9.00E+09 1.11E+10 1.54E+10 1.98E+10 2.41E+10 2.83E+10 3.23E+10 3.61E+10 

23) •OH + O2
•-  O2 + OH- 1.08E+10 1.52E+10 2.61E+10 3.96E+10 5.49E+10 7.16E+10 8.91E+10 1.07E+11 

24) •OH + HO2
-  HO2

• + OH- 8.32E+09 1.35E+10 2.95E+10 5.34E+10 8.53E+10 1.25E+11 1.70E+11 2.22E+11 

25) •OH + O(3P)  HO2
• 2.02E+10 3.28E+10 7.14E+10 1.29E+11 2.07E+11 3.02E+11 4.13E+11 5.37E+11 

Temperature(oC) 25 50 100 150 200 250 300 350 

Reactions         
26) •OH + O•-  HO2

- 1.00E+09 1.27E+09 1.87E+09 2.51E+09 3.16E+09 3.81E+09 4.45E+09 5.06E+09 

27) •OH + O3
•-  O2

•- + HO2
• 8.50E+09 1.15E+10 1.55E+10 1.78E+10 1.92E+10 2.03E+10 2.10E+10 2.15E+10 

28) •OH + O3  HO2
• + O2 1.11E+08 1.81E+08 3.93E+08 7.13E+08 1.14E+09 1.67E+09 2.28E+09 2.96E+09 

29) •OH + H2O  O•- + H+ 1.70E-03 7.94E-03 5.74E-02 1.88E-01 4.12E-01 6.56E-01 6.39E-01 2.58E-01 

30) •OH +  HSO4
-   SO4

•- 1.50E+05 2.48E+05 5.54E+05 1.02E+06 1.66E+06 2.46E+06 3.40E+06 4.46E+06 

31) H2O2 + e- 
aq  •OH + OH- 1.10E+10 1.79E+10 3.91E+10 7.11E+10 1.14E+11 1.67E+11 2.29E+11 2.98E+11 

32) H2O2 + OH-  HO2
- +H2O 1.33E+10 2.17E+10 4.04E+10 6.06E+10 8.27E+10 1.07E+11 1.36E+11 1.68E+11 

33) H2O2 + O(3P)  •OH +  HO2
• 1.60E+09 2.78E+09 6.73E+09 1.32E+10 2.25E+10 3.46E+10 4.93E+10 6.64E+10 

34) H2O2 +  O•-  HO2
• + OH- 5.55E+08 9.03E+08 1.97E+09 3.56E+09 5.69E+09 8.31E+09 1.14E+10 1.48E+10 
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35) H2O2 + H2O  H+ + HO2
- 1.70E-03 7.94E-03 5.74E-02 1.88E-01 4.12E-01 6.56E-01 6.39E-01 2.58E-01 

36) H2O2 + SO4
•-  SO4

2- + HO2
• 1.19E+07 1.92E+07 3.90E+07 6.13E+07 8.42E+07 1.10E+08 1.41E+08 1.73E+08 

37) H2 + O(3P)  H• + •OH 4.77E+03 1.42E+04 8.07E+04 3.05E+05 8.70E+05 2.03E+06 4.09E+06 7.36E+06 

38) H2 + O•-   H• + OH- 1.28E+08 1.91E+08 3.63E+08 5.93E+08 8.74E+08 1.20E+09 1.55E+09 1.92E+09 

39) e-
aq + e-

aq  H2 + 2OH- 7.26E+09 1.44E+10 3.85E+10 7.52E+10 1.50E+10 4.57E+08 5.92E+06 5.53E+04 

40) e-
aq + H+  H• 2.13E+10 2.89E+10 5.40E+10 8.91E+10 1.54E+11 3.05E+11 7.14E+11 1.93E+12 

41) e-
aq + O2  O2

•- 2.34E+10 3.36E+10 5.99E+10 9.32E+10 1.32E+11 1.75E+11 2.21E+11 2.69E+11 

42) e-
aq +  HO2

•  HO2
- 1.30E+10 1.95E+10 3.73E+10 6.11E+10 9.03E+10 1.24E+11 1.61E+11 2.00E+11 

43) e-
aq + O2

• - 
 H2O2+ 2OH-  1.30E+10 1.95E+10 3.73E+10 6.11E+10 9.03E+10 1.24E+11 1.61E+11 2.00E+11 

44) e-aq + HO2
-  O•- + OH- 3.51E+09 5.67E+09 1.22E+10 2.20E+10 3.49E+10 5.08E+10 6.91E+10 8.96E+10 

45) e-
aq + O(3P)  O•- 1.98E+10 3.17E+10 6.29E+10 1.04E+11 1.54E+11 2.09E+11 2.66E+11 3.26E+11 

46) e-
aq + O•-  OH- + OH- 2.31E+10 2.96E+10 4.39E+10 5.93E+10 7.52E+10 9.11E+10 1.07E+11 1.22E+11 

47) e-
aq + O3  O3

•- 3.57E+10 5.71E+10 1.13E+11 1.87E+11 2.77E+11 3.76E+11 4.79E+11 5.87E+11 

48) e-
aq + H2O  H• + OH- 1.58E+01 4.71E+01 2.01E+02 4.38E+02 7.30E+02 1.18E+03 2.01E+03 3.55E+03 

49) e-
aq + S2O8

2-  SO4
2- +  SO4

•- 7.78E+10 1.15E+11 2.16E+11 3.49E+11 5.10E+11 6.92E+11 8.91E+11 1.10E+12 

50) H+ + OH-  H2O 1.18E+11 1.83E+11 3.22E+11 4.54E+11 6.05E+11 8.14E+11 1.13E+12 1.63E+12 

51) H+ + O2
•-  HO2

• 5.02E+10 7.55E+10 1.27E+11 1.87E+11 2.71E+11 3.92E+11 5.69E+11 8.22E+11 

52) H+ + HO2
-  H2O2  5.02E+10 7.55E+10 1.27E+11 1.87E+11 2.71E+11 3.92E+11 5.69E+11 8.22E+11 

53) H+ +  O•-  •OH 5.02E+10 7.55E+10 1.27E+11 1.87E+11 2.71E+11 3.92E+11 5.69E+11 8.22E+11 

54) H+ + O3
•-  •OH + O2 9.00E+10 1.36E+11 2.36E+11 3.50E+11 4.87E+11 6.62E+11 9.03E+11 1.25E+12 

55) OH- + HO2
•   O2

•- + H2O 1.33E+10 2.17E+10 4.04E+10 6.06E+10 8.27E+10 1.07E+11 1.36E+11 1.68E+11 

56) OH- + O(3P)  HO2
- 4.20E+08 4.22E+08 4.24E+08 4.25E+08 4.25E+08 4.25E+08 4.26E+08 4.26E+08 

57) OH- + SO4
•-  SO4

2- + •OH 2.12E+08 3.13E+08 5.87E+08 9.49E+08 1.39E+09 1.88E+09 2.42E+09 2.99E+09 

58) O2 + O(3P)  O3 4.00E+09 4.62E+09 5.19E+09 5.45E+09 5.59E+09 5.68E+09 5.74E+09 5.78E+09 
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59) O2 + O•-  O3
•- 3.72E+09 5.28E+09 9.23E+09 1.41E+10 1.98E+10 2.60E+10 3.25E+10 3.93E+10 

Temperature(oC) 25 50 100 150 200 250 300 350 

Reactions         
60) HO2

• + HO2
•  H2O2 + O2 1.94E+08 2.38E+08 3.31E+08 4.26E+08 5.19E+08 6.10E+08 6.96E+08 7.78E+08 

61) HO2
• + O2

•-  O2 + HO2
- 9.70E+07 1.27E+08 1.95E+08 2.70E+08 3.49E+08 4.30E+08 5.11E+08 5.90E+08 

62) HO2
•+  O(3P)  O2 + OH 2.02E+10 3.28E+10 7.14E+10 1.29E+11 2.07E+11 3.02E+11 4.13E+11 5.37E+11 

63) HO2
• +  H2O  O2

•- + H+ 1.40E+04 2.54E+04 4.49E+04 4.54E+04 2.95E+04 1.29E+04 3.92E+03 8.78E+02 

64) O2
•-+ O•-  O2 + 2OH- 6.00E+08 6.28E+08 6.55E+08 6.74E+08 6.97E+08 7.35E+08 8.10E+08 1.03E+09 

65) O2
•- + O3  O3

•- + O2 1.50E+09 2.13E+09 3.73E+09 5.71E+09 7.99E+09 1.05E+10 1.31E+10 1.59E+10 

66) O2
•- + H2O  HO2

• + •OH- 1.55E-01 1.14E+00 2.09E+01 1.82E+02 1.20E+03 6.78E+03 2.87E+04 6.10E+04 

67) HO2
- + O(3P)  •OH + O2

•- 5.30E+09 6.53E+09 7.84E+09 8.48E+09 8.85E+09 9.09E+09 9.26E+09 9.38E+09 

68) HO2
- + O•-  OH-+O2

•- 8.02E+08 1.71E+09 5.75E+09 1.45E+10 3.01E+10 5.43E+10 8.85E+10 1.33E+11 

69) HO2
- + H2O  H2O2 + OH- 1.27E+06 3.65E+06 1.63E+07 4.40E+07 8.56E+07 1.33E+08 1.76E+08 2.08E+08 

70) O(3P) +  O(3P)  O2 2.20E+10 3.58E+10 7.80E+10 1.41E+11 2.26E+11 3.30E+11 4.51E+11 5.86E+11 

71) O(3P) +  H2O  •OH + •OH 1.90E+03 6.84E+03 5.31E+04 2.54E+05 8.74E+05 2.37E+06 5.41E+06 1.08E+07 

72) O•- + O•-  H2O2 + 2OH-  1.00E+08 1.11E+08 1.19E+08 1.21E+08 1.21E+08 1.20E+08 1.20E+08 1.19E+08 

73) O•- + O3
•-  2O2

•-  7.00E+08 7.39E+08 7.78E+08 8.07E+08 8.44E+08 9.05E+08 1.04E+09 1.51E+09 

74) O•- + H2O  •OH + OH- 1.27E+06 3.65E+06 1.63E+07 4.40E+07 8.56E+07 1.33E+08 1.76E+08 2.08E+08 

75)O3
•- + H2O  O•- + O2 4.65E+01 1.98E+02 2.05E+03 1.25E+04 5.29E+04 1.76E+05 4.99E+05 1.34E+06 

76) H2O  H+ + OH- 2.12E-05 1.78E-04 3.14E-03 1.68E-02 4.58E-02 7.50E-02 6.53E-02 2.04E-02 

77) SO4
•-

 + SO4
•-  S2O8

2- 1.12E+09 1.66E+09 3.12E+09 5.04E+09 7.34E+09 9.97E+09 1.29E+10 1.59E+10 

 

 


