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Abstract:

Monte Carlo track chemistry simulations were used to study the effects of high 

dose rates on the radical (e
aq, H•, and •OH) and molecular (H2 and H2O2) yields in the 

low linear energy transfer (LET) radiolysis of liquid water at elevated temperatures 

between 25–350 °C.  Our simulation model consisted of randomly irradiating water 

with single pulses of N incident protons of 300 MeV (LET ~ 0.3 keV/m), which 

penetrate at the same time perpendicular to this water within the surface of a circle.  

The effect of dose rate was studied by varying N.  Our simulations showed that, at any 

given temperature, the radical products decrease with increasing dose rate and, at the 

same time, the molecular products increase, resulting from an increase in the inter-

track, radical-radical reactions.  Using the kinetics of the decay of hydrated electrons at 

25 and 350 °C, we determined a critical time (c), for each value of N, which 

corresponds to the “onset” of dose-rate effects.  For our irradiation model, c was 

inversely proportional to N for the two temperatures considered, with c at 350 °C 

shifted by an order of magnitude to shorter times compared to its values at 25 °C.  

Finally, the data obtained from the simulations for N = 2,000 generally agreed with the 

observation that during the track stage of radiolysis, free radical yields increase, while 

molecular products decrease with increasing temperatures from 25 to 350 °C.  The 

exceptions of e
aq and H2 to this general pattern are briefly discussed.

Keywords: Liquid water, radiolysis, absorbed dose rate, linear energy transfer (LET), 

elevated temperatures, Monte Carlo track chemistry simulations.

Page 2 of 38

© The Author(s) or their Institution(s)

Canadian Journal of Chemistry



Draft

3

1.  Introduction

The “primary” products that are generated by radiolysis of liquid water (or dilute 

aqueous solutions)1,2 include the hydrated electron (e
aq), H•, H2, •OH, H2O2, H3O+, 

OH, etc.  Of these, the radicals e
aq and •OH are produced in the highest 

concentrations.  Under normal irradiation conditions, it is assumed that the dose rate 

(energy absorbed by the system per unit of mass per unit of time) is sufficiently low 

that the distance between individual tracks is so great that they can be regarded as 

isolated.  In such a situation, the history of only one track needs to be considered and 

the radiolysis yields (or G values) are independent of the dose rate and characteristic 

of the quality of the radiation (a descriptor is the “linear energy transfer” or LET).3  

However, as the dose rate increases, so does the number of isolated tracks that are 

present at the same time, which reduces the average distance between neighboring 

tracks.  The onset of dose-rate effects occurs when this distance becomes sufficiently 

small that an interaction (overlap) occurs between adjacent tracks.4

In the case of low-LET radiation, the various radiolytic products are initially formed 

in high local concentration in small, widely separated Magee-type “spurs”5 along the 

track of the incident radiation, due to the physics of energy deposition.  At low dose 

rates, these spurs develop independently of one another over time until they merge 

and homogeneity is established in the bulk of the solution (on the s timescale at 25 

°C).6  In this case, the predominant effect of radiolysis is the formation of free radicals 

(e
aq, H•, and •OH).  At high dose rates, this situation changes due to the spatial 

proximity of the radiation tracks, which leads to increased yields of inter-track radical-

radical reactions, which occur even before the intra-track spur reactions are 

completed.  Under these conditions, the proportion of molecular products (H2, H2O2 

and reformed water) increases at the expense of the radical products.  This 
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dependence of the radiolytic yields on the dose rate agrees very well with existing 

experimental data and modeling studies.7-26

In recent work,26 we studied the effects of very high dose rates on the transient 

yields of radical and molecular species formed during radiolysis of water by 300-MeV 

incident protons, which mimic the low-LET of 60Co  rays or a beam of energetic (e.g., 

MeV) electrons.  In fact, all of these radiations have the same LET of ~0.3 keV/m at 

25 °C.27,28  In the current study, in order to gain further insight into the effects of the 

dose rate on the variation in primary chemical yields, we performed Monte Carlo 

simulations of the radiolysis of neat, deaerated liquid water under conditions of high 

dose rates as a function of temperature up to 350 °C.  This work is of importance in 

the nuclear power industry, where radiolysis products cause corrosion of in-core 

materials (by changing the “water chemistry”) and activity transport (transport of 

radioactive material from the reactor core).29-32  It is particularly relevant for water-

cooled nuclear reactors under severe – accidental or emergency – conditions where 

radiation dose rates can vary over a very wide range up to ~1010 Gy/s or more.33

2.  Simulation model

A) Modeling dose-rate effects

We used a simulation model26 that consists of the random irradiation of water with 

single and instantaneous pulses of N incident 300-MeV protons (LET ~ 0.3 keV/m), 

which penetrate this water perpendicularly over the surface of a circle with the radius 

Ro (see Fig. 1).  This is the so-called “model of the instantaneous pulse”, in which the 

pulse duration is assumed to be zero.34  The advantage of using energetic protons is 

that their trajectories are rectilinear, which makes it possible to define a cylindrical 

geometry of the beam at the time of entry.  In this geometry, the proton tracks are all-

parallel to the cylinder’s axis.  This two-dimensional (2D) geometric model is clearly 
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advantageous in the problem at hand compared to fast-electron beam irradiation, in 

which (spherical) spurs are randomly distributed in 3D over the entire irradiated 

volume.  The proton tracks that were initially contained in this cylinder, are obviously 

not restricted to this volume, but develop throughout the bulk water (infinitely in fact) as 

a function of time via the diffusion of the various radiolytic species that were initially 

formed in it.  This problem is very similar to the one we have dealt with for many years 

in Monte Carlo simulations of the radiolysis of water,6 with the exception that here, 

instead of simulating a single proton track at a time (limit of low dose rate) (e.g., ref. 3), 

we simulate N interactive tracks simultaneously.

Under these conditions, the effect of the dose rate is studied by simply varying N, 

or yet the “fluence” defined as N/Ro
2, where Ro

2 is the area of the circular base of 

the cylinder.

B) Monte Carlo track-chemistry simulations

Our Monte Carlo track-chemistry computer code IONLYS-IRT6 was used to 

simulate the radiolysis of deaerated liquid water by 300-MeV irradiating protons.  A 

detailed description of this code at both ambient and high temperatures has been 

reported elsewhere.3,6,35-40  Only a brief overview of its most essential features is given 

below.

Our code first models the early physical and physicochemical stages of the 

radiation action up to ~1 ps in track development in a 3D geometric environment 

(“IONLYS” program).  Since our program can only simulate the spatio-temporal course 

of one proton track at a time, we have modified it so that simultaneously incident 

proton tracks in close spatial proximity can be calculated.26  In this study, the number 

of impacting protons per pulse41 was chosen to vary from N = 1 (one single-proton 

irradiation that mimics 60Co -ray or fast electron irradiation) to 2,000.  These N 
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protons reach the front of the cylinder at the same time (chosen as time zero) and 

travel parallel to the positive Y-axis (Fig. 1).

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.  This 

stage in which the different radiolytic species randomly diffuse at rates determined by 

their diffusion coefficients and react with each other (or in competition with dissolved 

solutes present in the solution at the time of irradiation), is covered by our “IRT” 

program (>1 ps).  This program uses the “independent reaction times” or IRT 

method,36,42,43 a computationally efficient stochastic simulation technique that 

simulates reaction times without having to follow the trajectories of the diffusing 

species.  Its implementation has been described elsewhere.36  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 (or 

step-by-step) Monte Carlo simulations,44,45 which follow the trajectories of the 

reactants in detail.  While the consideration of a large number of proton trajectories for 

the implementation of our IRT program at high dose rates was not a particular 

problem, the obviously longer computation times than for the simulation of single 

trajectories were the only disadvantage.

The reaction scheme, rate constants, and diffusion coefficients used in our IRT 

program for pure, deaerated water in the 25–350 °C temperature range are the same 

as those previously used.40,46,47  All Monte Carlo simulations were performed along the 

liquid-vapor coexistence curve, with the density of pressurized water decreasing from 

~1 g/cm3 at 25 °C to ~0.892 g/cm3 (~0.893 MPa) at 175 °C, and to ~0.575 g/cm3 

(~16.5 MPa) at 350 °C.48  In this temperature range, calculations show that G values 

of transient species depend relatively little on the pressure (or density) applied.
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All calculations were performed by simulating short (~100 m) segments of 300-

MeV incident proton tracks (see Fig. 1).  The energy and the LET of the protons were 

well defined over these simulated track segments and remained nearly constant.  For 

a given value of N, the number of simulation “histories” (typically 3–100, depending on 

N) was chosen to ensure only minor statistical fluctuations (less than 1–3 %) in the 

computed averages of chemical yields,49 while keeping acceptable computer time 

limits.

3. Results and discussion

(A) Radiolysis of pure deaerated water at high dose rates, at 25 and 350 °C

Figure 2A–J shows the temporal variation of the radical (e
aq, •OH, and H•) and 

molecular (H2 and H2O2) yields as a function of N, as obtained from our simulations of 

the radiolysis of pure, air-free liquid water by 300-MeV irradiating protons at 25 and 

350 °C, in the interval ~1 ps–10 s.  For clarity, we only show the curves for N = 1, 

100, 500, 1,000, and 2,000 here.  Data for N = 1, indicating the limit of low dose rates 

(i.e., with no overlap between the tracks of different incident protons),3,40 mimic 

radiolysis of water with 60Co  rays or fast electrons and are used as a reference.  

Using our previous calibration of N in terms of dose rates (expressed in Gy/s) at 25 °C 

(see Fig. 3B of ref. 26),41 the above values of N correspond to dose rates of ~3  108 

(N = 100), 1.9  109 (N = 500), 4.2  109 (N = 1,000), and 8.7  109 (N = 2,000) Gy/s 

under our irradiation conditions.

As shown in Fig. 2, for each species at both 25 and 350 °C, the yields at ~1 ps are 

nearly the same irrespective of N.  With increasing time, the different yields initially 

remain unchanged regardless of N, until a critical time (c) is reached, after which the 

different yield curves begin to deviate from their respective one-single proton 

irradiation (N = 1) reference curves.  As can be seen, at a given temperature, with 
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increasing N, these deviations occur at ever shorter times and with a greater 

amplitude.  This critical time, which clearly depends on N and decreases with 

increasing temperature from 25 to 350 °C, can be viewed as a signature of the “onset” 

of dose-rate effects in the solution.26  We will determine c as a function of N and 

temperature in the next section based on the results of the hydrated electron yields.

As a general rule, at 25 °C, the radical yields decrease with increasing N while at 

the same time the molecular yields increase.  This is due to the increasing importance 

of inter-track, radical-radical combination/recombination reactions in the irradiated 

solutions, which in turn leads to the formation of more molecular products.  This trend 

in our calculated yield values agrees well with previously published experimental and 

theoretical work.7-25  This has already been described in detail in ref. 26 and is 

therefore not discussed further here.

At 350 °C, the same rule also applies but one point worth mentioning in Fig. 2 is 

the rather peculiar time profiles of G(•OH) and G(H2), as well as of G(H•), above ~0.1 

s in the homogeneous chemical stage of the radiolysis.  Indeed, under conditions 

without dose-rate effects (N = 1), G(•OH) and G(H2) show quite a large increase (Fig. 

2D and H) while G(H•) decreases accordingly (Fig. 2F).  The mechanism directly 

responsible for these behaviors is the oxidation of water by H• atoms:40,46

(1) H• + H2O  H2 + •OH,

which is negligibly slow at ambient temperature but accelerates quickly at elevated 

temperatures with a rate constant k1 = (5.9 ± 1.5) x 104 M-1 s-1 at 350 °C.51  As can be 

seen from Fig. 2, when dose-rate effects develop, the contribution of reaction (1) to the 

production of •OH and H2 decreases rapidly.  The reason for this result is that with 

increasing N the probability of inter-track reactions in the bulk of the solution 

increases, which leads to growing competition between radical-radical reactions and 
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reaction (1).  This means that an increasing number of H• atoms in the 

nonhomogeneous stage of the radiolysis are involved in inter-radical reactions before 

they even have the opportunity to react with water.

(B) The “onset” of dose-rate effects at 25 and 350 °C

As seen above, c is interpreted as the minimum time before interaction between 

tracks occurs.4,26  To determine c we used the same method as that developed in ref. 

26.  In short, this method consists of subtracting the G(e
aq) versus time values that 

correspond to the simulation of N interacting proton tracks from those obtained for 

single-proton irradiation.  It should be noted that the kinetics of the decay of hydrated 

electrons were used here simply because e
aq is the first radiolytic species to interact 

with a neighboring track.  This is due firstly to the large penetration range of the low-

energy (“dry”) secondary electrons (prior to hydration)52,53 and secondly to the high 

diffusion coefficient of e
aq.40

Figure 3 compares the variation of our calculated values of c as a function of N in 

a log-log plot at 25 and 350 °C.  As the figure shows, there is a similar linear 

relationship between the logarithms of c and N for the two temperatures, with the two 

corresponding straight lines being practically parallel over the entire range of values of 

N considered here.  Moreover, Fig. 3 shows that under the same irradiation conditions, 

the straight line obtained at 350 °C is simply shifted by about a decade (one order of 

magnitude) to shorter times compared to that at 25 °C.  For instance, for N = 2,000, c 

varies from ~120 ps at 25 °C to ~13 ps at 350 °C.  Qualitatively, this result was 

expected as reflecting the effect of high temperatures on the radiolytic process and the 

accelerated development of radiation tracks.37-40,47  The present calculations therefore 

make it possible to quantify this difference.
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The linearity of the logarithms of c and N (i.e., the dose rate) observed in Fig. 3 

indicates that the variation of c with N can be represented as:

(2) ,
 

τ c n
C

N

where C is a constant of proportionality and the 99% confidence interval of the 

exponent actually contains the value n = 1.26  In other words, for our cylindrical 

irradiation model, the “onset” of dose-rate effects for the two temperatures studied is 

inversely proportional to N.  If we further assume that there is a linear relationship 

between N and the dose rate (in Gy/s) not only at 25 °C41 but at any temperature 

including 350 °C,54 then we can conclude that just like at 25 °C, c also varies inversely 

with the dose rate at 350 °C.

(C) High-dose-rate radiolysis of pure deaerated water as a function of
temperature between 25 and 350 °C

Figure 4A–J shows the time profiles of G(e
aq), G(•OH), G(H•), G(H2), and G(H2O2) 

as obtained from our Monte Carlo simulations of the radiolysis of pure, air-free liquid 

water by N = 2,000 300-MeV incident protons at various temperatures between 25–

350 °C for the interval of ~1 ps–10 s.  For comparison purposes, data obtained from 

the simulation for N = 1,40 which corresponds to the limit of low dose rates, are used 

here.  To the best of our knowledge, these high-temperature chemical yield 

calculations are the first to be performed for such high-dose-rate irradiations.  

Unfortunately, under these irradiation conditions, no experimental data are available to 

compare with our results.

As discussed above, for each species, the yields initially remain nearly unchanged 

until the critical time c is reached, after which the different curves begin to deviate 

from the respective N = 1 reference curves.  Our simulations show that at any given 
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temperature the radical products e
aq and •OH decrease55 with increasing dose rate, 

while at the same time the molecular products H2 and H2O2 increase.  This reflects the 

increasing intervention of radical-radical reactions,26 which allows fewer radicals to 

escape combination and recombination reactions during the expansion of the tracks, 

which in turn leads to higher molecular yields.  With increasing temperature from 25 to 

350 °C, the data obtained from the simulation for N = 2,000 are generally consistent 

with the observation46,56 that during the track stage of the radiolysis, the yields of free 

radicals increase continuously, while we have lower yields of molecular products (with 

the exception of e
aq and H2; see below).  This is explained37,57-59 by the fact that many 

combination/recombination reactions are not diffusion-controlled and therefore have 

rate constants that increase less with temperature than the diffusion of the individual 

species.  The faster diffusion of these species at high temperatures increases their 

likelihood of escaping track reactions, thus resulting in higher radical yields.

Figure 4A shows that for N = 2,000 G(e
aq) decreases with increasing temperature.  

This is contrary to what one would have expected.  To better understand the origin of 

this decrease, one can simply examine the unfolding of the various reactions involved.  

This is done in Fig. 5A and B, where we compare, at 25 and 350 °C, the cumulative 

yield variations, G(e
aq), for each of the reactions that contribute to the yield of e

aq.  

As we can see, the observed decrease in G(e
aq) is mainly due to the reaction of e

aq 

with hydronium ions and with •OH radicals, according to:47,60

(3) e
aq + H3O+  H• + H2O   k3 = 2.13  1010 M-1 s-1 (25 °C)

  = 2.07  1012 M-1 s-1 (350 °C)

(4) e
aq + •OH  OH   k4 = 3.55  1010 M-1 s-1 (25 °C)

   = 4.77  1011 M-1 s-1 (350 °C),
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where k3 and k4 are the rate constants of the two individual reactions.  There are also 

relatively small contributions due to the reactions of e
aq with itself, H•, and H2O2.  Note 

that the rate constant for the self-reaction of the hydrated electron: e
aq + e

aq (+ 2H2O) 

 H2 + 2OH drops abruptly above ~150 °C.47,56,61  As a result, more and more 

hydrated electrons become available as the temperature increases to either react in 

other intra- or inter-track reactions such as reactions (3) and (4) or to escape into the 

bulk of the solution.  Compared to the results at 25 °C, where G(e
aq) decreases 

mainly due to the reaction of e
aq with •OH, Fig. 5A and B shows that the order of 

importance of reactions (3) and (4) is completely reversed at 350 °C: the contribution 

of the H3O+ reaction with e
aq is greater at 350 °C (approximately 2 G-units at ~10 ns) 

than at 25 °C and becomes largely predominant.  This is understandable, since the 

rate constant for this reaction increases with temperature much more steeply than that 

for reaction (4).  These results therefore explain the faster decay kinetics of G(e
aq) 

which are observed at 350 °C.

Although H2 is a molecular product, it is observed that G(H2) increases with 

temperature.  The cause of this anomalous increase in H2 formation for the low-LET, 

low-dose-rate (i.e., N = 1) radiolysis of pure, deaerated liquid water between 25–350 

°C has been examined in detail elsewhere.62,63  As with N = 1, the increase in G(H2) 

with temperature for N = 2,000 is largely due to low-energy, electron-driven processes 

that occur at very short times (<1 ps) rather than to intra- or inter-track radical-radical 

reactions involving e
aq and H• atoms.  This is clearly indicated in Fig. 5C and D, where 

we show the time profiles of the extents G(H2) of the various components of G(H2) 

calculated from our Monte Carlo simulations from 1 ps to 10 s.  Recall here that these 

early time processes include the “dissociative electron attachment” (or DEA), the 

recombination of subexcitation electrons with their geminate cations H2O•+, and the 

dissociation of directly excited water molecules (for a review, see ref. 62).  Figure 5C 
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and D shows that these three processes contribute to H2 formation at 1 ps, ~0.25 

molecule/100 eV at 25 °C.  This contribution increases to ~0.46 molecule/100 eV at 

350 °C.  Since they occur in the sub-picosecond time scale,62 however, the effects of 

the dose rate do not influence these processes.

Finally, as noted above, the oxidation of water by H• atoms in the homogeneous 

chemical stage at 350 °C offers another process for H2 formation (~0.62 molecule/100 

eV; see Fig. 5D), which is not present at 25 °C.  Interestingly, this contribution is much 

smaller for N = 2,000 than for N = 1 (Fig. 4G and H).  This is due to the increasing 

number of H• atoms in the track chemistry of the radiolysis which are involved in inter-

radical reactions before they have a chance to react with water for N = 2,000.

4. Conclusion

Monte Carlo track chemistry simulations were used in an attempt to quantify the 

effects of high dose rates on the yields of the primary radical and molecular species 

formed in the radiolysis of pure, deaerated liquid water at elevated temperatures from 

25 to 350 °C.  In the current work, we simulated the irradiation of water by 300-MeV 

incident protons, which mimic the low-LET limit of 60Co  rays or energetic electrons.

The results obtained for a cylindrical, “instantaneous pulse” irradiation model, 

showed that at any temperature the molecular yields increase with increasing dose 

rate.  Simultaneously, the radical yields decrease, a direct consequence of the 

increased probability of inter-track radical-radical combination or recombination 

reactions throughout the solution.

Using the kinetics of the decay of hydrated electrons at 25 and 350 °C, we were 

able to determine the “critical time” c at which the interaction between tracks starts to 

occur.  For both temperatures, this “onset” of dose-rate effects was inversely 
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proportional to N, the “number of irradiating protons per pulse” (i.e., the dose rate).  

Interestingly, the values of c at 350 °C were simply shifted by an order of magnitude 

to shorter times compared to its corresponding values at 25 °C, which clearly reflects 

the effect of high temperatures on the radiolytic process and the accelerated 

development of radiation tracks.

Moreover, the data obtained from the simulation of the radiolysis of deaerated 

water by N = 2,000 proton tracks per pulse followed the general pattern of increasing 

the free radical yields and simultaneously reducing the molecular yields with 

increasing temperature from 25 to 350 °C.

To the best of our knowledge, these high-temperature chemical yield calculations 

are the first to be performed in such a high dose rate range where experimental data 

are not yet available.  Nevertheless, experimental data are essential to describe the 

dependence of the radiolytic yields under these irradiation conditions and of course 

to validate our modeling approach.
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Figure captions

Figure 1:

Illustration of the simulation model used in this work with a pulse of fifteen 300-

MeV incident protons (LET ~ 0.3 keV/m), which (randomly and simultaneously) 

impact perpendicularly on the water surface (XZ plane) within a circle of radius Ro = 

0.1 m.  The figure shows a 3D representation of the proton tracks traversing through 

the water calculated from our IONLYS Monte Carlo code.  All protons travel along the 

Y-axis over the entire track length chosen for the calculations (~100 m).  Energetic 

secondary electrons ( rays), which define the so-called “penumbra”, can also be seen 

surrounding the central track “cores”.  Obviously, since this irradiated cylindrical 

volume is embedded in non-irradiated bulk water, the radiolytic species initially formed 

there are not restricted to this volume, but rather diffuse throughout the entire bulk 

water as a function of time.

Figure 2:

Comparison of the effect of the dose rate (described here by N, the “number of 

irradiating protons per pulse”) on the temporal variation of the radical and molecular 

yields (given in molecules per 100 eV) of the radiolysis of pure, deaerated water by 

300-MeV incident protons obtained from our Monte Carlo simulations at 25 and 350 

°C, over the interval of ~1 ps to 10 s.  Panels A–J show our e
aq, •OH, H•, H2 and 

H2O2 yield results for N = 100 (dash line), 500 (dash-dot line), 1,000 (dash-dot-dot line) 

and 2,000 (dot line).  Data for N = 1 (solid line) correspond to the limit of low dose 

rates (i.e., with no interaction between tracks) and mimic the radiolysis of water by 

60Co  rays or fast electrons; they are used here as a reference.  The thin vertical lines 

shown at ~0.2 s (at 25 °C) and at ~35 ns (at 350 °C) in the different panels indicate 
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the end of track expansion in the absence of dose-rate effects (ref. 50), i.e., the time 

required to change from nonhomogeneous track kinetics to homogeneous kinetics in 

the bulk water.

Figure 3:

Log-log plot showing the variation in the critical time (c, in second) for the “onset” 

of dose-rate effects, i.e., the time at which inter-track reactions start to occur in the 

radiolysis of pure, deaerated liquid water by 300-MeV protons at 25 and 350 °C, as a 

function of N, the number of incident protons per pulse (N varying from 5 to 2,000), for 

the cylindrical irradiation model of Fig. 1.  The method used to determine c at both 

temperatures is explained in the text (see also ref. 26).  The straight lines were 

obtained from a least-squares fit of the log(c) vs. log(N) data at the two temperatures 

considered.

Figure 4:

Panels A–J show the effect of the dose rate on the temporal development of the 

radical (e
aq, •OH, and H•) and molecular (H2 and H2O2) yields (in molecules per 100 

eV), for N (the “number of incident protons per pulse”) = 2,000 and N = 1 from our 

Monte Carlo simulations of the radiolysis of pure, deaerated water by 300-MeV 

irradiating protons at different temperatures: 25 (dot line), 100 (dash-dot-dot line), 200 

(dash-dot line), 300 (dash line), and 350 (solid line) °C, over the interval of ~1 ps to 10 

s.  Data for N = 1 indicating the limit of low dose rates (i.e., without interaction 

between tracks) (ref. 40), mimic the radiolysis of water with 60Co  rays or fast 

electrons and are used here as a reference.

Figure 5:
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Time dependence of the extents G(e
aq) and G(H2) (in molecule per 100 eV) of 

the main reactions that contribute to the yield of the hydrated electron and of molecular 

hydrogen on the ps–10 s time scale (see text), calculated from our Monte Carlo 

simulations of the radiolysis of pure, deaerated liquid water by 300-MeV irradiating 

protons for N (the “number of incident protons per pulse”) = 2,000, at 25 °C (Panels A 

and C) and 350 °C (Panels B and D).
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FIGURE 1
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FIGURE 2
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FIGURE 2 (Continued)
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FIGURE 2 (Continued)
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FIGURE 2 (Continued)
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FIGURE 2 (Continued)
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FIGURE 3
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FIGURE 4
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FIGURE 4 (Continued)
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FIGURE 4 (Continued)
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FIGURE 4 (Continued)
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FIGURE 4 (Continued)
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FIGURE 5
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FIGURE 5 (Continued)
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