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k chemistry simulations of the
radiolysis of water induced by the recoil ions of the
10B(n,a)7Li nuclear reaction. 1. Calculation of the
yields of primary species up to 350 �C
Muhammad Mainul Islam,a Phantira Lertnaisat,b Jintana Meesungnoen,a

Sunuchakan Sanguanmith,a Jean-Paul Jay-Gerin,*a Yosuke Katsumura,†*b

Satoru Mukai,c Ryuji Umehara,d Yuichi Shimizud and Masashi Suzukic

Monte Carlo track chemistry simulations were carried out to predict the yields (G-values) of all primary

radical and molecular species produced in the radiolysis of pure, neutral water and 0.4 M sulfuric acid

aqueous solutions by the recoil ions of the 10B(n,a)7Li nuclear reaction as a function of temperature from

25 to 350 �C. The calculations were performed individually for 1.47 MeV a-particles and 0.84 MeV

lithium nuclei with “dose-average” linear energy transfer (LET) values of �196 and 225 eV nm�1 at 25 �C,
respectively. The overall yields were calculated by summing the G-values for each recoil ion weighted by

its fraction of the total energy absorbed. In the calculations, the actual effective charges carried by the

two helium and lithium ions (due to charge exchange effects) were taken into account and the (small)

contribution of the 0.478 MeV g-ray, also released from the 10B(n,a)7Li reaction, was neglected.

Compared with data obtained for low-LET radiation (60Co g-rays or fast electrons), our computed yields

for the 10B(n,a)7Li radiolysis of neutral deaerated water showed essentially similar temperature

dependence over the range of temperatures studied, but with lower values for yields of free radicals and

higher values for molecular yields. This general trend is a reflection of the high-LET character of the
10B(n,a)7Li recoil ions. Overall, the simulation results agreed well with existing estimates at 20 and

289 �C. For deaerated 0.4 M H2SO4 solutions, reasonable agreement between experiment and

simulation was also found at room temperature. Nevertheless, more experimental data for both neutral

and acidic solutions would be needed to better describe the dependence of radiolytic yields on

temperature and to test our modeling calculations more thoroughly. Moreover, measurements of the

(eaq
� + eaq

�) reaction rate constant in near-neutral water would help us to determine whether the

predicted non-monotonic inflections above �150 �C in G(H2) and G(H2O2) are confirmed.
1. Introduction

Boron-10 is one of the stable isotopes of boron with a natural
abundance of �20%. It is known to exhibit a high propensity to
absorb thermal neutrons with a neutron-capture cross-section
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of 3835 barns (1 barn ¼ 10�28 m2), which is about six times
greater than that of uranium-235 and three orders of magni-
tude greater than that of the nuclei of living tissues.1 On
absorption of a slow neutron, a ssion reaction occurs with the
release of two energetic heavy ions: an a-particle (1.47 MeV)
and, in�94% of all reactions, a 7Li3+ nucleus in its rst excited
state (0.84 MeV) which quickly returns to its ground state (half-
life of �10�13 s) by releasing a low-energy g-ray (478 keV).2

These heavy charged particles have path lengths in the range
of �5–8 mm in water or biological tissues and exhibit high
linear energy transfer (LET, or energy loss per unit path length
�dE/dx, in units of eV nm�1) characteristics, as shown in
Fig. 1.3,4 Because of this high energy deposition to the
surrounding environment and the a and Li recoils' short travel
distances, which are typically of the order of a cell diameter,
the 10B(n,a)7Li nuclear reaction has been used in clinical
studies of biochemically targeted radiotherapies for cancer
This journal is © The Royal Society of Chemistry 2017
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treatment known as “boron neutron capture therapy”
(BNCT).1,5

BNCT is a potentially ideal radiotherapy modality for glio-
blastoma, which is a type of brain tumor that is rarely removed
surgically. When a cancer cell is allowed to take up preferen-
tially a sufficient concentration of 10B, it can be selectively
irradiated by the very densely ionizing ion recoils from the
10B(n,a)7Li reaction without damaging the surrounding normal
tissue. This basic idea was rst proposed by Locher in 1936,6

shortly aer the discovery of the neutron by Chadwick.7 Interest
in BNCT was spurred by Kruger's study in 1940, who reported
a low transplantation efficiency for tumors treated by BNCT in
vitro and subsequently implanted in mice.8,9 Although the full
clinical application of BNCT presents several difficulties,
including the inadequate selectivity and toxicity of 10B delivery
agents and the poor distribution of neutron ux, clinical trials
of BNCT are still under way and new neutron irradiation facil-
ities continue to be developed in Japan, the United States,
Finland, and several other countries.1,5,10–12

Apart from BNCT, the unique properties of boron-10 have
also been extensively applied in the eld of nuclear industry. For
example, boron carbide (B4C), enriched in 10B, is used as
a control-rod material (neutron absorber) in boiling water
reactors (BWRs). In addition, boron as boric acid (H3BO3) is
generally added as a water-soluble neutron poison in the
primary coolant of pressurized water reactors (PWRs) to control
the neutron ux and the reactivity in the core.13–16 However,
recoil ions arising from the 10B(n,a)7Li reaction act as sources of
high-LET radiation in the primary coolant of PWRs, thereby
leading to the formation of oxidizing species, such as hydrogen
peroxide and oxygen, due to the radiolysis of water.17,18

The radiolysis of water is closely linked to the corrosion of
structural materials. Water, which is used as the neutron
moderator and the reactor coolant, is unavoidably exposed to
extreme conditions of high temperature (�275–325 �C), pres-
sure (�7–15 MPa), and intense mixed neutron and b–g
Fig. 1 Scheme of the nuclear reaction resulting from the low-energy
(<0.5 eV) thermal neutron capture by a 10B atom. After absorption, 94%
of the reactions leave the 7Li ion in its first excited state (7Li*) which
rapidly de-excites to the ground state by releasing a 478 keV g-ray. For
the remaining 6% of the reactions, the 7Li ion is left directly in its
ground state resulting in the emission of a 1.78 MeV a-particle and
a 1.02 MeV 7Li ion. Note that the 4He and 7Li recoil ions are in opposite
directions (i.e., at a 180� angle), away from the site of the compound
nucleus, and hence they form one straight track.

This journal is © The Royal Society of Chemistry 2017
radiation elds (which have characteristically different LET
values). Under these conditions, the radiolysis of water results
in the formation of free radical (eaq

�, Hc, cOH, and HO2c/O2c
�)

and molecular (H2, H2O2, and O2) species which alter the
chemical environment of the coolant.18–20 The presence of the
oxidizing species H2O2 and O2 can signicantly increase the
corrosion potential of coolant water in BWRs.16,21,22 In PWRs, the
presence of boron-10 results in high-LET recoil ions and
complicates the radiolytic process. Although 10B has been
widely studied both in nuclear technology and clinical research,
little attention has been devoted to 10B-induced reactions. In
particular, data on the formation of primary products and their
yields (G-values) for 10B(n,a)7Li recoil irradiation of neutral
water are scarce and uncertain.15,19 In fact, the only reported
measurements at room temperature were made in acid (0.4 M
H2SO4) solution.23–25 Similarly, the G-values at reactor temper-
atures are not well known. To the best of our knowledge, there is
only one report19 that estimated a complete set of water
decomposition yields induced by the 10B(n,a)7Li reaction at
289 �C.

Understanding the radiation chemistry of the coolant water
in reactors is important for maintaining the proper chemical
environment that will minimize the degradation of materials.
Recently, computer simulations have played a substantial role
in evaluating the concentrations of oxidizing species produced
from coolant-water radiolysis, which is difficult to observe
directly because of the extreme operating conditions involved.
In this current work, Monte Carlo track chemistry simulations
were undertaken to predict the G-values for the various primary
radical and molecular products formed from the radiolysis of
pure, neutral water and 0.4 M H2SO4 aqueous solutions by the
10B(n,a)7Li reaction as a function of temperature from 25 to
350 �C.

The paper is organized as follows. The main features of our
simulation approach are given in the next section. Sections 3
and 4 present, respectively, the results of our simulations of the
10B(n,a)7Li radiolysis of water at neutral pH and of 0.4 M H2SO4

aqueous solutions at 25 �C and as a function of temperature up
to 350 �C, and their discussion. Conclusions are drawn in the
nal section.

A brief preliminary report of this work has been presented
elsewhere.26
2. Monte Carlo track chemistry
simulations

The entire sequence of events generated in the radiolysis of
liquid water by 10B(n,a)7Li recoil ions was modeled using our
Monte Carlo track chemistry simulation code called IONLYS-
IRT. This computer program simulates, in a 3D geometrical
environment, the highly nonhomogeneous distribution of
reactive species initially produced by the absorption of incident
radiation and all of the energetic secondary electrons, as well as
the subsequent diffusion and chemical reactions of these
species. A detailed description of the current version of the code
at both ambient and elevated temperatures and under low- and
RSC Adv., 2017, 7, 10782–10790 | 10783
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Fig. 2 SRIM simulation of the penetration of the recoil helium and
lithium ions of the 10B(n,a)7Li reaction into liquid water at room
temperature: (a) simulated ion trajectories; (b) and (c) variations of the
energy and LET of the two ions as a function of penetration depth,
respectively (the points selected in this study are indicated by arrows).
Total ions calculated: 1000.
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high-LET irradiation conditions has been reported previ-
ously.27–30 In brief, the IONLYS step-by-step simulation program
models all of the events of the early “physical” and “physico-
chemical” stages31 of radiation action up to �1 ps in the track
development. The complex, highly nonhomogeneous spatial
distribution of reactants formed at the end of the physico-
chemical stage [eaq

�, H+, OH�, Hc, cOH, H2, H2O2, HO2c/O2c
�,

cOc(3P), O(1D), O2,.], which is provided as an output of the
IONLYS program, is then used directly as the starting point for
the subsequent “nonhomogeneous chemical” stage31 (typically,
from �1 ps to the ms time scale at 25 �C). This third stage,
during which the different radiolytic species diffuse randomly
at rates determined by their diffusion coefficients and react with
one another (or with dissolved solutes, if any) until all track
processes are complete, is covered by our IRT program. This
program employs the “independent reaction times” (IRT)
method,32–34 a computationally efficient stochastic simulation
technique that is 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. Its ability to give accurate time-
dependent chemical yields under different irradiation condi-
tions has been well validated by comparison with full random
ights (or step-by-step) Monte Carlo simulations, which do
follow the reactant trajectories in detail.35,36 This IRT program
can also be used to efficiently describe the reactions that occur
in the bulk solution during the “homogeneous chemical”
stage,31 i.e., in the time domain beyond a fewmicroseconds. The
model assumptions and procedures employed to carry out the
Monte Carlo simulations of the radiolysis of aqueous 0.4 M
H2SO4 solutions (pH � 0.46) with IONLYS-IRT have already
been given.37,38

In the current version of IONLYS-IRT, we used the self-
consistent radiolysis database, including rate constants and
diffusion coefficients, recently compiled by Elliot and Bartels.20

This new database provides recommendations for the best
values to use in high-temperature modeling of water radiolysis
over the range of 20–350 �C.

Pre-simulations were performed using the SRIM simulation
program39 to calculate 1000 tracks of 1.47 MeV a-particles and
0.84 MeV lithium nuclei emitted from the 10B(n,a)7Li reaction,
and the energies and LET values of the 2 recoil ions as a func-
tion of penetration depth in water (Fig. 2). As shown, the initial
LETs of helium and lithium ions were �193 and 304 eV nm�1,
respectively. The LET of 1.47 MeV 4He2+ ions calculated using
our Monte Carlo simulations agreed very well with the SRIM
simulation results. Since the SRIM program incorporates the
change of charge state of the moving ion as it goes into and
through the target (due to the effects of electron capture and
loss by the ion), this agreement indicates that the helium ion,
when it travels with this energy, is fully stripped of its electrons.
However, for 0.84 MeV 7Li3+ ions, our calculations gave a LET
which is more than twice the expected value. This difference
was explained as being caused by a change in the charge state of
the lithium ion, which always acts to reduce its LET relative to
the LET of the bare nucleus. Our Monte Carlo simulations were
10784 | RSC Adv., 2017, 7, 10782–10790
used to calculate the “effective charge” (Z*) of a 0.84 MeV
lithium ion in water that was required to reproduce the SRIM
LET value of 304 eV nm�1. A value very close to +2 (instead of +3)
was actually obtained, clearly indicating a partial neutralization
of the lithium ion at this energy.

The above results conrm the importance of making charge-
state calculations for each recoil ion in this study. In this work,
however, to avoid complexity arising from energy-dependent
charge exchange processes, simulations were performed
under the simplifying approximation that the energies of the
two recoil ions remained constant when passing through the
water medium. These constant average energy values EHe and
This journal is © The Royal Society of Chemistry 2017
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ELi were chosen according to the following procedure: (1)
Watt's compilation of quantities for radiation dosimetry in
liquid water3 was rst used to determine the “dose-average”
LET values for both 1.47 MeV helium and 0.84 MeV lithium
ions. The values thus obtained were �196 and 225 eV nm�1,
respectively; (2) using Fig. 2(c), these two LET values were then
related to the corresponding penetration depths of the two
recoil ions in water, namely, �5.5 and 1.5 mm, respectively;
and (3) EHe and ELi were nally deduced from Fig. 2(b) as being
equal to the energies of the two ions at these penetration
depths, namely, �0.3 and 0.4 MeV, respectively. Once these
two energies known, the actual effective charges carried by the
two helium and lithium ions having these energies were
determined as described above by using our Monte Carlo
simulations and by adjusting Z* so as to reproduce the ex-
pected LET values. Z*

He and Z*
Li were found to be about +1.6 and

+1.7, respectively.
All calculations were performed by simulating short (typi-

cally, �1–5 mm) ion track segments, over which the energy and
LET of the ion are well dened and remain nearly constant.
Such model calculations thus gave “track segment” yields40 at
a well dened LET. The number of individual ion “histories”
(usually �2–100, depending on the irradiating ion and energy)
Fig. 3 G-values (in molecule per 100 eV) for the 10B(n,a)7Li radiolysis of p
25–350 �C: (a) G(eaq�); (b) G(cOH); (c) G(Hc); (d) G(H2O2); and (e) G(H2).
blue and red lines, respectively. Symbols are the water decomposition yi
20 �C (based on the approximate relationship between LET and G-values
nm�1) (B) and by Christensen (ref. 19) at 289 �C (C). The primary (or “esc
obtained using our previously calculated spur lifetimes between 25–350
Note that all yield curves shown in this figure were obtained under exac
dences of the different parameters intervening in the early physicochemic
and in the subsequent chemical stage [e.g., the (eaq

� + eaq
�) reaction rate

Fig. 4(a)] of the radiolysis are concerned.

This journal is © The Royal Society of Chemistry 2017
was chosen to ensure only small statistical uctuations in the
computed averages of chemical yields, while keeping acceptable
computer time limits.

Finally, the yields of primary free radical or molecular
products of water radiolysis induced by the recoil ions of the
nuclear reaction 10B(n,a)7Li were calculated by summing the G-
values for each recoil ion (obtained from our Monte Carlo
simulations) weighted by its fraction of the total energy absor-
bed according to38,41

GðXiÞ ¼ GðXiÞHe EHe þ GðXiÞLiELi

ET

; (1)

where G(Xi)He and G(Xi)Li are the yields of species Xi associated
with the recoil helium and lithium ions, respectively, and ET ¼
EHe + ELi is the sum of the initial energies of the ion products of
the reaction (i.e., 2.31 MeV).

Absorption of the accompanying 0.478 MeV g-ray in the
aqueous solution (see Fig. 1) is small in our area of interest.
Indeed, the range of an electron of this energy is �1 mm in
liquid water at 25 �C;42 this is more than 100 times larger than
the penetration ranges of the He and Li ions, which are only 5–8
mm. Thus, its contribution to the overall chemical reaction was
neglected in this study.
ure, deaerated liquid water as a function of temperature in the range of
Our simulated results, obtained at 10�7 and 10�6 s, are shown as solid,
elds induced by the 10B(n,a)7Li reaction estimated by Cohen (ref. 15) at
given in Fig. 5.3 of Allen (ref. 43), using an average initial LET of 240 eV
ape”) yields for the low-LET (�0.3 eV nm�1) radiolysis of water (ref. 29)

�C (ref. 44) are also given (black dashed lines) for comparison purposes.
tly the same conditions as in ref. 29 as far as the temperature depen-
al stage (e.g., the electron thermalization distance– called rth in ref. 29)
constant, represented by the non-Arrhenius black dashed line k¼ ka in

RSC Adv., 2017, 7, 10782–10790 | 10785
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Throughout this paper, G-values are quoted in units of
molecules formed or consumed per 100 eV of radiation energy
absorbed. For conversion into SI units, 1 molecule/100 eV ¼
0.10364 mmol J�1.
Fig. 4 (a) Rate constant for the self-reaction of two hydrated elec-
trons as a function of temperature (ref. 49). The black dashed line
(denoted ka) shows the (eaq

� + eaq
�) reaction rate constant measured

under alkaline conditions (ref. 20). The symbols (-) are experimental
data. The red solid line (denoted kb) shows the (eaq

� + eaq
�) reaction

rate constant obtained by using an Arrhenius extrapolation procedure
above �150 �C (ref. 50–52). (b) and (c) The red solid lines show our
Monte Carlo simulation results for G(H2) and G(H2O2) (in molecule per
100 eV), at 10�6 s, as a function of temperature, when kb was used. A
comparison is made with the corresponding yields of H2 and H2O2

obtained when ka was used [represented here by the black dashed
lines, which are the same as the red solid lines in Fig. 3(e) and (d)]. The
symbols (B) (ref. 15) and (C) (ref. 19) are the same as in Fig. 3(e) and (d).
3. Results and discussion

The temperature dependences of our computed yields of eaq
�,

cOH, Hc, H2O2, and H2 in pure, deaerated liquid water irradiated
by the 10B(n,a)7Li recoil ions from ambient up to 350 �C are
shown in Fig. 3 along with estimated G-values at 20 �C (ref. 15)
and 289 �C.19 For the sake of comparison, our G-values were
calculated at two different times, namely 10�7 and 10�6 s aer
energy deposition at all temperatures (solid, blue and red lines
shown in Fig. 3, respectively). Compared with the data obtained
for low-LET radiation (g-rays from 60Co or fast electrons), our
computed yields for 10B(n,a)7Li recoil irradiation show essen-
tially similar temperature dependences over the range of
temperatures studied, but with much lower values for yields of
free radicals and higher values for molecular yields. This is
particularly true for the yields of eaq

� and Hc atoms, which
remain extremely small at the microsecond time scale even at
high temperatures [Fig. 3(a) and (c)]. This general trend is
a result of the high-LET character of the 10B(n,a)7Li recoil ions.
Indeed, upon increasing the LET of the radiation, there is an
increased intervention of radical–radical reactions as the local
concentrations of radicals along the radiation tracks are high
and many radical interactions occur before the products can
escape into the bulk solution. This allows fewer radicals to
escape combination and recombination reactions during the
expansion of tracks and in turn leads to the formation of more
molecular products.28

A striking feature of our simulated results is the marked
downward inection that is observed above �150 �C in the
yields of H2 and H2O2. This is in contrast to the corresponding
estimates of Christensen19 at 289 �C, which seem to indicate
a rather monotonic variation of G(H2) [Fig. 3(e)] and G(H2O2)
[Fig. 3(d)] with temperature. Similar non-monotonic behavior
in the temperature dependence of the yields of primary
products in low-29,45,46 and high-47,48 LET irradiated water has
already been predicted, and is due to the fact that the rate
constant for the bimolecular self-reaction of the hydrated
electron (k2):

eaq
� + eaq

� (+2H2O) / H2 + 2OH� (2)

drops sharply between �150 and 200 �C.20 This non-Arrhenius
behavior of reaction (2) above �150 �C readily explains the
sharp decrease in H2 yields in Fig. 3(e). Moreover, as a conse-
quence of the drop in k2, more and more eaq

� are available as
the temperature increases to either react in other intra-track
reactions, such that20

eaq
� + cOH / OH� (k3 ¼ 3.34 � 1010 M�1 s�1, 20 �C), (3)

or escape into the bulk solution. As hydrogen peroxide is
formed predominantly by the reaction20
10786 | RSC Adv., 2017, 7, 10782–10790
cOH + cOH / H2O2 (k4 ¼ 4.54 � 109 M�1 s�1, 20 �C), (4)

the increased occurrence of reaction (3) above 150 �C also leads
to a downward inection in G(H2O2), as shown in Fig. 3(d).
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 G-values (in molecule per 100 eV) for the 10B(n,a)7Li radiolysis
of deaerated 0.4 M H2SO4 aqueous solutions (pH 0.46 at 25 �C) as
a function of temperature in the range of 25–350 �C. Note that, at this
high concentration of H2SO4, the H+ ions very rapidly (<10�9 s) scav-
enge most, if not all, of the eaq

� radicals in the tracks to form Hc atoms
(ref. 37). Note also that, in our simulations, the direct action of ionizing
radiation on the sulfuric acid anions (mainly HSO4

�) has been
neglected. The solid curves represent the results of our Monte Carlo

This journal is © The Royal Society of Chemistry 2017
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In connection with these predicted non-monotonic varia-
tions of G(H2) and G(H2O2), we should briey mention here the
current controversy concerning the temperature dependence of
k2 (Fig. 4). In this work, we adopted the values of k2, including
the drop between 150 and 200 �C, recommended by Elliot and
Bartels20 as the “best values to use to model water radiolysis at
temperatures up to 350 �C” [represented by the black dashed
line, denoted ka, in Fig. 4(a)]. However, this drop in k2 has been
measured only under alkaline conditions. Its applicability to
neutral or slightly acidic (as the pH of water at 150–200 �C is
about 5.7–6)15 solution remains uncertain because it could be
a function of the pH of the solution.50

Until recently, most computer modelers of the radiolysis of
water at elevated temperatures have employed, in neutral
solution, an Arrhenius extrapolation of the values of k2 below
150 �C to 200–350 �C, as proposed previously by Elliot50 and
Stuart et al.,51 and recently by Hatomoto et al.52 This approach
assumes that such an abrupt change in k2 does not occur and
that reaction (2) is diffusion controlled at temperatures greater
than 150 �C. This assumption was originally justied by the
good agreement between models and experiments.45,46

To show the sensitivity of G(H2) and G(H2O2) to k2, our
simulations were carried out for the temperature dependence of
k2 obtained by using an Arrhenius extrapolation procedure
above �150 �C (ref. 49–52) [represented by the red solid line,
denoted kb, in Fig. 4(a)]. The red solid lines in Fig. 4(b) and (c)
display our calculated H2 and H2O2 yields at 10�6 s aer the
ionizing event over the temperature range of 25–350 �C. A
comparison with our results obtained using the temperature
dependence of k2 measured in alkaline water (ka) [black dashed
lines in Fig. 4(b) and (c)] clearly indicates that G(H2) and
G(H2O2) are strongly affected by the choice of k2. In particular,
the sharp downward inections predicted for G(H2) and
G(H2O2) above �150 �C no longer appear. Considering the
importance of the self-reaction of eaq

� in high-temperature
water radiolysis, further measurements of its rate constant in
near-neutral water are obviously highly desirable.

Turning now to the 10B(n,a)7Li radiolysis of deaerated 0.4 M
sulfuric acid aqueous solutions, we present in Fig. 5 the results
of our Monte Carlo simulations showing the variations of the G-
values for Hc (considering the conversion of eaq

� to Hc in the
tracks in acidic solution),55 cOH, H2O2, and H2 (at 10�6 s) as
a function of temperature over the range of 25–350 �C. As can be
simulations for (a)G(Hc), (b)G(cOH), (c) G(H2), and (d) G(H2O2) at 10
�6 s

after the initial energy deposition. The yields of primary species
induced by the 10B(n,a)7Li reaction measured by Barr and Schuler (ref.
23) in acidic solutions at 25 �C are given by (C). The primary (or
“escape”) yields for the low-LET (�0.3 eV nm�1) radiolysis of 0.4 M
H2SO4 aqueous solutions (ref. 53) obtained from our previously
calculated spur lifetimes between 25–350 �C (ref. 44) are also shown
(dashed lines) for the sake of comparison. Finally, in all calculations, the
reaction of the Hc atom with water: Hc + H2O / H2 + cOH was
assumed to follow an Arrhenius temperature dependence over the
25–350 �C range studied, with a rate constant of 4.6 � 10�5 M�1 s�1 at
25 �C and 104 M�1 s�1 at 300 �C, in agreement with recent muon spin
spectroscopy experiments using muon as an analogue of a hydrogen
atom (ref. 54).
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Fig. 6 Yields of H2 (panel a) and H2O2 (panel b) (in molecule per 100
eV) formed during the 10B(n,a)7Li radiolysis of deaerated 0.4 M H2SO4

aqueous solutions as a function of temperature over the range of 25–
350 �C. The black dashed lines show our Monte Carlo simulation
results for G(H2) and G(H2O2) at 10

�6 s when the (eaq
� + eaq

�) reaction
rate constant k2¼ ka [see Fig. 4(a)] was used (note that these curves are
the same as the lines in Fig. 5(c) and (d)). A comparison is madewith the
corresponding yields of H2 and H2O2 obtained when k2 ¼ kb [see
Fig. 4(a)] was used (represented by the red solid lines).
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seen, the simulations agree reasonably well with the experi-
mental data of Barr and Schuler23 at 25 �C, which are also shown
in the gure for the sake of comparison. Compared with the
primary (or “escape”) yield data obtained for low-LET radiation
(60Co g-rays or fast electrons) (shown as dashed lines in Fig. 5),
it is seen that, as in neutral water, our computed G-values for
the 10B(n,a)7Li radiolysis of deaerated 0.4 M H2SO4 aqueous
solutions show essentially similar temperature dependences
over the 25–350 �C temperature range studied. The same
general trend is observed, but with much lower values for yields
of radical species and higher values for molecular yields,
reecting again the high-LET character of the 10B(n,a)7Li recoil
ions.

For the sake of completeness, we show in Fig. 6 the sensi-
tivity of G(H2) and G(H2O2) to the temperature dependence for
the (eaq

� + eaq
�) reaction rate constant k2 chosen in the simu-

lations. Compared to the results obtained in near-neutral water
and shown in Fig. 4(b) and (c), the choice of k2 [namely, ka or kb
in Fig. 4(a)] in acidic solution is relatively unimportant. Indeed,
as can be seen from Fig. 6(a) and (b), the H2 and H2O2 yield (red
10788 | RSC Adv., 2017, 7, 10782–10790
solid) curves obtained using k2 ¼ ka differ only slightly from the
corresponding (black dashed) curves calculated for k2 ¼ kb and
the downward inections predicted for G(H2) and G(H2O2)
above �150 �C are practically no longer apparent. This is easily
understandable since in 0.4 M H2SO4 solutions, hydrated elec-
trons are very rapidly (<10�9 s) transformed into Hc atoms in the
tracks,37 thereby making reaction (2) quickly inoperative in
contributing to these yields whatever the temperature. Removal
of this reaction thus prevents the possibility of observing any
clear difference in the temperature dependence of G(H2) and
G(H2O2) above�150 �C when either ka or kb is used for the (eaq

�

+ eaq
�) reaction rate constant.
4. Conclusion

In this work, Monte Carlo simulations were used to calculate
the G-values for the primary species of the radiolysis of neutral
liquid water and 0.4 M H2SO4 aqueous solutions by the recoil
ions of the 10B(n,a)7Li nuclear reaction at temperatures between
25 and 350 �C. Overall, the simulation results for neutral dea-
erated water agreed well with existing estimates at 20 and
289 �C. For 0.4 M H2SO4 solutions, reasonable agreement
between experiment and simulation was also found at room
temperature. Compared with the data obtained for low-LET
radiation, our computed yields showed essentially similar
temperature dependences over the range of temperatures
studied, but with lower values for yields of free radicals and
higher values for molecular yields, which reect the high-LET
character of the densely ionizing 10B(n,a)7Li recoil ions. More
experimental data are required for both neutral and acidic
solutions to better describe the dependence of radiolytic yields
on temperature and to test our modeling calculations more
thoroughly. Moreover, measurements of the (eaq

� + eaq
�) reac-

tion rate constant in near-neutral water would help us to
determine whether the predicted non-monotonic inections
above �150 �C in G(H2) and G(H2O2) are conrmed.
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Sherbrooke”. P. L. thanks the Ministry of Education, Culture,
Sports, Science, and Technology (MEXT) of Japan for nancial
support through a MEXT scholarship. The research of J.-P. J.-G.
is supported by the Natural Sciences and Engineering Research
Council of Canada (NSERC) Grant No. RGPIN-2015-06100.
Notes and references

1 Neutron Capture Therapy. Principles and Applications, ed. W.
A. G. Sauerwein, A. Wittig, R. Moss and Y. Nakagawa,
Springer, Berlin, 2012.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra28586d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 3

/2
3/

20
26

 7
:3

8:
11

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2 G. F. Knoll, Radiation Detection and Measurement, Wiley, New
York, 3rd edn, 2000, p. 507.

3 D. E. Watt, Quantities for Dosimetry of Ionizing Radiations in
Liquid Water, Taylor & Francis, London, 1996.
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