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Monte-Carlo simulations were used to study the radiolysis of liquid water at
25-325οC when subjected to low linear energy transfer (LET) of 60Co γ-ray
radiation and fast neutrons of 2 and 0.8 MeV. The energy deposited in the early
stage of 60Co γ-ray irradiation was approximated by considering short segments
(~150 µm) of 300 MeV proton tracks, corresponding to an average LET of
~0.3 keV/µm. In case of 2 MeV fast neutrons, the energy deposited was considered
by using short segments (~5 µm) of energy at 1.264, 0.465, 0.171, 0.063 and
0.24 MeV. 0.8 MeV fast neutrons were approximated by 0.505, 0.186, 0.069 and
0.025 MeV protons. The effect of 0.4 M H2SO4 solution on radiolysis was also
studied by this method for both 60Co γ-rays and 0.8 MeV fast neutrons.
The simulated results at the time of 10-7s after irradiation were obtained and
compared with the available experimental results published by other researchers to
be in excellent agreement with them over the entire temperature ranges and
radiation sources studied. Except for g(H2) that increase with temperature rises, the
general behaviors of higher radical products and lower molecular products at higher
temperatures were obtained. The LET effect is also validated by this study, showing
that the increase in LET would yield higher molecular and lower radical products.
Studies on 0.4 M H2SO4 solutions also show good agreement between the computed
and experimental data for γ-ray irrradiation: the presence of 0.4 M H+, except for
g(H2) that gives lower value at 25οC and higher value at 325οC, gives the higher
values for radicals and g(H2O2) at 25οC and lower values at 325οC, compared with
that for neutral water. The computed data show good agreement with the
experimental data for 0.4 M H2SO4 solutions induced by 0.8 MeV fast neutrons,
except for g(H2) and g(H●) that gives good agreement up to 50οC, then the opposite
tendencies with the further temperature rises. However, the simulated fast neutron
radiolysis on acidic demonstrates similar tendencies on temperature dependence
with that for simulated 60Co γ-radiolysis, but in different magnitude. For better
understanding, more experimental data for fast neutrons are needed, especially
under the acidic conditions.

Keywords:
Monte-Carlo
γ-Radiolysis
Fast neutrons

© 2011 Atom Indonesia. All rights reserved

INTRODUCTION∗
The elucidation of the mechanism of water
radiolysis, is interesting scientifically, especially at
the early time of the process, time scale ~10-7s.
Many theoretical studies have been conducted by a
spur diffusion model which facilitates the
dependence of the yields of radiolytic products on
the solute concentration and on LET (linear energy
transfer) by changing the spur interval. The
∗
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stochastic methods such as Monte Carlo simulations
was originally used to simulate the physical stage in
water radiolysis, then applied to the simulation of
physico-chemical or chemical stage. J.-P. Jay-Gerin
group has been developing the Monte-Carlo
computer code for simulating the radiolytic product
from various aspects through the temperature
−
dependence observation of primary radical ( eaq
, H●
and ●OH) and molecular (H2 and H2O2) yields
(or g-values pertaining to the yields of species of
each kind, expressed in units of particles per 100 eV
of absorbed energy which escape from the
29
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spurs ~10-7s after irradiation at 25οC and become
distributed homogeneously in the bulk of the
solution of the radiolysis of pure, deaerated liquid
water) [1]. The computed data shows relatively
good agreement with the existing experimental data.
This code was also used to calculate the yields
induced by the high LET radiation of 6 MeV 2H+,
0.215 MeV 1H+ and 40 MeV 7Li3+ ions, for which
the LET values at 25οC are ~11.7, 63.5 and
63.8 keV/µm, respectively [2].
In this paper, the Monte-Carlo simulation
code was used to understand the behavior of
radiolysis products under fast neutron irradiation up
to temperature ~325οC for both neutral water and
0.4 M H2SO4 solutions at the early time ~10-7s.
The code was verified first for neutral water at
25~325οC when subjected to 60Co γ-rays, and then
applied to fast neutrons at 2 and 0.8 MeV. Good
agreement between simulated and experimental data
was obtained, and then the code was applied to
study the effect of 0.4 M H2SO4 under both of 60Co
γ-rays and 0.8 MeV fast neutrons. The computed
data were acquired at the time of observation
at 10-7s and verified against the existing
experimental data.

EXPERIMENTAL METHODS
Monte-Carlo Simulation
The detailed description of present MonteCarlo modeling for radiolysis of liquid water has
been written elsewhere [1-10]. To reproduce the
effect of 60Co γ-ray radiolysis and fast electrons,
150 ions, ~150µm short track segments of 300MeV
protons (where the average LET value obtained by
the simulations is ~0.3 keV/µm at 25οC, which is
similar to the LET of 60Co γ-ray) [11] and end track
length of 0.5~1.5µm for temperature range of
25~325 οC were applied. However, the effect of fast
neutron irradiation was simulated with less
exhausted data inputs, i.e. 10 ions, 1.5 µm track
length and 1.5 µm end track length. This analysis
gives the track segment yields at a well-defined
LET. The proton energy used for reproducing the
primary yields from 2 and 0.8 MeV fast neutrons
irradiation will be discussed later.

Thermalization distance
Thermalization distance (rth) of subexcitation
electrons [4,12-14] at 300οC (the transport of
excitation electrons in water from their initial
energies until they become thermalized, ~7.3 eV in
30

liquids water), was adjusted by the previous
author to bring the present simulation results
and their computed data into good concurrence.
The corrected primary yields were e aq− and H•. As a
result, the rth value of

rth 25 o C
2

at 300οC was applied

for all simulation studies in this paper, including
the solutions and initial incident proton energy
at present work [1].

Time scale
10-7s time dependent were acquired
which is the elapsed time after irradiation at which
the homogeneous chemistry is presumed to start
taking place all over at high temperatures up
to ~325οC.

Reaction Scheme
For neutral solution
The scheme of reactions used for the present
work to reproduce the primary yields as a function
of temperature up to 325οC has been reported
elsewhere [1-2]. Some additional reactions were
introduced here and the recent values of rate
constant were also applied for the present
simulations. The recent reported values of rate
constant as a function of temperature were applied
directly, wherever appropriate, but some
reactions with unknown temperature dependence
were extrapolated by using values derived
from experimental values at room temperature
and a similar diffusion controlled profile.

For 0.4M H2SO4 solution
The reaction scheme for neutral solution
was applied for reproducing the primary yields
in 0.4 M H2SO4 solution. The reaction (1) in Table 1
was introduced for simulating the primary yields in
0.4 M H2SO4 solution, applying the rate constant at
25οC obtained from the simulation which showed
agreement with the experimentally obtained data for
G•OH at this solution.
The value of 1.331×109m2s-1 was applied for
the diffusion coefficient of HSO4− at 25οC. The
closest value of 1.5×105 M-1s-1 was obtained.
The temperature dependence of R1 (see Table 1)
was calculated by using the Arrhenius equation,

k react = Ae Eact / RT

(1)
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where kreact is the rate constant of the reaction
without influenced by diffusion, Eact is the apparent
activation energy (kJ mol-1), A is a preexponential
factor, R is a gas constant (J K-1 mol-1) and T is a
temperature (K).

due to the reactions with water will mainly undergo
as elastic collision and produce charged particle,
protons as secondary, tertiary recoiled proton and so
on [20]. The average loss in one collision is given
by the equation (2),

Table 1. Main reactions studied by Monte-Carlo simulations at
temperatures up to 325οC.

ln

 ( A − 1) 2 ( A + 1) 
En
= n
ln
− 1
E0
( A − 1) 
 2A

(2)

where A is the atomic weight of struck atom, where
for proton A=1, E0 is the initial neutron energy and
En is a neutron energy after n collisions. The final
yields for fast neutrons irradiation (Gx) are
calculated by using equation (3),
n

Gx =

The value of 1.8×108 M-1s-1 and 16.1185
kJ.mol-1 were applied for A and Eact, respectively,
which is reasonably proposed by Buxton et al.[15]
that the activation energy of most solution in water
is in between 10 and 18 kJ mol-1. The ionic strength
effect was introduced into the IONLYS-IRT code
for R2, R3 and the value obtained for those
rate constant at 25οC were 1.12×1010 and 5.97×1010
M-1s-1, respectively, and has been reported
elsewhere [16].

Concentration
The changes in the initial concentration of H+
and OH- for neutral solution were computed based
on the temperature dependence of density change
summarized by Elliot et al.[17]. The initial
concentration of H+ for acid solution was 0.4095 M
with little change with temperature due to density
change. The initial concentration of OH- was
2.44×10-14 M and its temperature dependence was
calculated by using the temperature change of Kw.

Proton energy
The proton energy used for simulating
Co γ-ray irradiation was 300 MeV (LET of
0.3 keV/µm, which similar with LET of 60Co γ-ray).
The interaction of Fast Neutrons with material is
60

∑ (G

xp

Ep)

(3)
ET
where Gxp is primary yields obtained by using one
energy of recoiled proton produced by collision (n),
Ep is energy for recoiled proton produced by
collision (n) and ET is the sum of all recoiled proton
energy. The proton energies of 1.264, 0.465, 0.171,
0.063 and 0.024 MeV (corresponding to an average
LET of 22, 42, 69, 76 and 59 keV/µm, respectively)
were used for simulating 2 MeV fast neutrons, and
proton energies of 0.505, 0.186, 0.069 and
0.025 MeV (corresponding to an average LET of
40,67, 76 and 60 keV/µm, respectively) for
0.8 MeV fast neutron irradiation.
1

RESULTS AND DISCUSSION
Neutral water
60

Co γ-radiolysis

Monte Carlo simulations were used to
investigate the effect of temperatures (25 to 325οC)
on the primary yields (g-values) of the radical and
molecular products by 60Co γ-ray irradiation in
neutral water. The results of this study show a
similar profile and good agreement with the
previous study results [1].

2 MeV fast neutron radiolysis
The same method as used for the 60Co
γ-radiolysis study was applied to calculate the
radiolysis products of neutral water as a function of
temperature under 2 MeV fast neutrons irradiation.
Five levels of recoiled proton energy, 1.264, 0.465,
0.171, 0.063 and 0.024 MeV were simulated. The
sixth level energy of recoiled proton (lower than
0.024 MeV) had little contribution to the mean final
31
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g-values, therefore, not considered in this study.
The yields of each proton energy level were
obtained. From the results, it is known that except
for g(H2O2) that stays constant, the yields increase
with temperature in all cases for both simulated and
experimental data [18-21].

0.8-MeV fast neutrons radiolysis
The simulation results show good agreement
between the computed data and the experimental
data [22], verifying that the yields increase with the
temperature rise in all cases (Fig. 1).

with temperature and shows good agreement with
the experimental (Fig. 1.c).
Computed g(H2O2) gives higher values at
temperatures up to 150οC (Fig. 1.e), but declines
afterwards and shows also good agreement with the
experimental data. The simulated results have
demonstrated that radicals prefer to diffuse out from
the spur at higher temperatures than react with each
other. The higher LET will give a more dense spur
called cylindrical spur, whereas lower LET gives
spherical spurs [23-24]. At high LET, the track
initially comprises a “core” of dense ‘penumbra’
consisting of dense ionization and excitations. The
secondary electrons are ejected out of the core
[25-26], and make it unpredictable as to when the
species become homogeneously distributed in the
solution. Furthermore, the accuracy of the
temperature dependencies of the reactions rate
constants and diffusion coefficients introduced in
the calculations can not be verified because of
insufficient experimental data, especially for high
temperatures and high LET. In conclusion, this
study produced a series of simulated results that
show good agreement with the experimental data for
all cases studied using neutral water irradiated by
60
Co γ-rays and fast neutrons 2 and 0.8 MeV.

0.4 M H2SO4 solutions
60

Fig. 1. Variation of g-values for the 0.8 MeV fast neutrons
radiolysis of neutral water as a function of temperature. The
simulated results obtained at 10-7s ().Experimental results are
from(▲) HClO4+Methanol solutions, (∆) NaNO2 solutions, (□)
all solutions ref. [22].
−
The main reaction that destroyed eaq
in this

simulation is the same, in principle, as that for
2 MeV fast neutron irradiations, but in different
−
magnitude due to the LET effect. eaq
is mainly
destroyed by •OH (R6) at 25οC but the reaction with
H+ (R7) becomes dominant at higher temperatures
up to 325οC. Computed g(H•) increases slightly with
temperature (Fig. 1.b). g(H•) is mainly destroyed by
the reaction with •OH (R9) at 25οC. The increase in
temperature will decrease ∆G of R9. The
−
contribution of the reaction with eaq
(R4) plays as
secondary role at 25οC, but its ∆G increase with
temperature rises. Finally, R4 plays as dominant
reaction in destroying g(H•), dwarfing the effect of
R9 at 325οC. g(•OH) also shows sharp increases
32

Co γ-radiolysis

In general, all simulated results in this study
show good agreement with the experimental data by
Hochanadel and Ghormley (1962) and Kabakchi
et al. (1987) up to 100οC, however Kabakchi et al.
show consistently higher values and also the
increase with temperature. Figure 2 Katsumura
et al. show lower values from 100 to 250οC but the
computed data are shown to be within tolerance of
their experimental errors.
The experimental values of g(H2) obtained by
Hochanadel and Ghormley (1962) are in good
agreement and also with Katsumura et al. (1988)
and Kabakchi (1987) (Fig. 2.d). g(H2) in acidic
solutions is mainly formed by self-reaction of H•
(R12) and become dominant at entire temperatures,
followed by reaction of H• with e aq− (R4) and then
self-reaction of

−
e aq

(R5). The increase temperatures

will expedite the ∆G of R4 and R5.
The g(•OH) values obtained by these 3
authors are in good agreement with the simulated
values in this study up to 200οC as shown in
Fig. 2.c. However, Kabakchi et al. (1986) show
higher values at 250οC but within the tolerance of
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error. The increase in temperature will slow down
the increasing of g(•OH). The main species that
destroy •OH in acid solutions is HSO4¯ (R1), which
becomes dominant at higher temperatures.

which show the increase with temperature. On the
contrary, g(H2) decreases with temperature,
although the simulated results show good agreement
up to 50οC (Fig. 3.c.). Similar with that for 60Co
γ-ray irradiation in acidic solutions, the formation of
H2 under 0.8 MeV fast neutron irradiation is mainly
due to the self-reaction of H• (R12) with a small
contribution from the R4 and R5. The computed
g(•OH) data increase with temperature and are in
good agreement with the experimental data
(Fig. 3.b.). A similar profile but with different
magnitude to the experimental data was obtained
from this study, whereas g(H2O2) is shown to
decrease with temperature (Fig. 3.d.).

Fig. 2. Variation of g-values for the γ-rays radiolysis of 0.4 M
H2SO4 solutions as a function of temperature. The simulated
results obtained at 10-7s (). Experimental results are from (▲)
ref. [27], (○) ref. [28], (▼) ref. [29], (●) ref.[30] and (■) from
H2 measurement (□), from Ferric ions measurement ref. [31].

g(H2O2) decreases with the temperature rises
and show good agreement with the experimental
data obtained by Hochanadel and Ghormley (1962),
and Katsumura et al. (1988) (Fig. 2.e). It should be
noted, however, that their experimental values have
relatively high tolerance of error at high
temperatures. Kabakchi and Ghormley show data
with good agreement with this study but with
slightly elevated values at high temperatures.
−
The main destroying reaction of H2O2 by eaq
(R11) only significant for neutral water at 25οC and
become negligible for higher temperatures and
acidic solutions. Therefore, the g(H2O2) for both
solutions gives similar value at 325οC. This study
has demonstrated that the process in acid solutions
under 60Co γ-rays can also be successfully simulated
by Monte-Carlo code.

Fig. 3. Variation of g-values for the 0.8 MeV fast neutrons
radiolysis of 0.4 M H2SO4 as a function of temperature. The
simulated results obtained at 10-7s (). Experimental results are
from from (▲) ref. [32].

Compared with the 60Co γ-ray irradiation
result for the acid solution, it is demonstrated that
the 0.8 MeV fast neutron radiolysis gives higher
molecular products of H2 and H2O2, and the lower
radical product of H•, eaq− and •OH because of the

0.8 MeV fast neutron radiolysis

LET effect. This study shows that the highly
concentrated H+ in the solution raises the number of
H2O2 by factor of 1.5 at 25οC that different with that
on 60Co γ-radiolysis that only gives little changes.
60
Co
As
compare
with
the
computed
γ-radiolysis, due to higher LET, the ∆G formation of
H2O2 for 0.8 MeV fast neutron is higher than that
for 60Co γ-radiolysis at 25οC, and decrease steeply
with temperature rises. As mentioned above that the
−
destroying reaction of H2O2 by eaq
(R11) for acid

Figure 3 shows the simulated results together
with the only one set of available experimental
value obtained by Katsumura et al. (1992) [32].
This profile of computed sum of reducing species of
−
eaq
and H• is different to the experimental results,

solutions is insignificant for both 60Co γ-ray and fast
neutron irradiation. For acidic solutions, the
temperature dependence profiles of computed
g(•OH) for 60Co γ-radiolysis increases from 2.8 to 4,
at 25 to 325οC, and for 0.8 MeV fast neutron
33
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radiolysis, a big increases from about 0.6 to 2.1,
at 25 to 325οC. Computed g(H2O2) for 60Co
γ-radiolysis decreases from about 0.7 to 0.36, at 25
to 325οC, and for fast neutrons decreases from about
1.55 to 1.25, at 25 to 325οC.
The temperature dependence profiles of g(H2)
−
and g( eaq
+ H•) for both 60Co γ-rays and 0.8 MeV
fast neutron irradiation are different. The g(H2)
temperature dependence for 60Co γ-radiolysis is
constant, showing little changes with temperature.
However, for 0.8 MeV fast neutron irradiation, it
increases from about 0.88 to 1.45, at 25 to 325οC.
−
The g( eaq
+ H•) temperature dependence for 60Co
γ-ray irradiation increases, whereas the 0.8 MeV fast
neutrons have little effect.
Compare with that for neutral water under
0.8 MeV fast neutron irradiation, simulated
−
g( eaq
+H•) for acid solutions raised by factor of
almost two at 25οC, and becomes a little lower at
325οC. The presence of acid gives little lower value
of g(H2) for acidic solutions at whole temperature
ranges compare with that for neutral water.
The value of g(•OH) for both solutions are the same
at 25οC and lower value at 325οC than that for
neutral water. g(H2O2) for acidic solutions give a
higher value at 25οC and little lower or
almost similar value at 325οC compare with that for
neutral water.
The general profile of the simulated
temperature effect in this study clearly illustrates
that except for g(H2) that almost constant or
little increases, g-values of radicals increase
with temperature rises and g(H2O2) almost constant
or decrease for both neutral and acidic solutions
under 60Co γ-rays or higher LET irradiation. The
presence of acid gives similar tendencies for both
60
Co γ-rays and 0.8-fast neutron irradiation, but in
different magnitude. However, as mentioned above,
the experimental data for acidic solutions under
0.8 MeV fast neutrons give the opposite results with
the computed data for g(H2) and g(H•), rendering the
understand on radiolytic products behavior of little
value to this study. It is suggested that more
experimental data under fast neutron irradiation are
needed to better understand the behaviors of
radiolytic products for both solutions.

CONCLUSION
Monte-Carlo simulations were used to study
the behavior of radiolysis products for neutral water
and 0.4 M H2SO4 solution, at temperatures from
25 to 325οC under 60Co γ-rays and fast neutrons of
34

2 and 0.8 MeV. The results were compared to the
available experimental data. This work produced a
series of simulated results showing good agreement
with the experimental data for all cases studied
except for the acid solution with 0.8 MeV fast
neutron irradiation. Except for g(H2O2), all the
radicals and molecular products increase with the
temperature rises. Fast neutron irradiation gives the
higher molecular products and lower radicals
than that for 60Co γ-ray irradiation. In 60Co
γ-radiolysis, except for g(H2) that gives lower value
at 25οC and higher value at 325οC, the presence of
acid gives the higher values for radicals and g(H2O2)
at 25οC and lower values at 325οC, compared
with that for neutral water. The fast neutron
radiolysis on acidic solutions was demonstrated by
the simulation, that gives similar tendencies with
that for 60Co γ-radiolysis. More experimental data
under fast neutron irradiation are needed for better
understand the behavior of radiolytic product,
especially under acidic conditions.
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