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背景
原子力では放射線は必ず付随 -> 放射線効果の発現
多くはプロセスに悪影響 -> 放射線効果の研究が重要

本発表の内容 : 水の放射線分解の歴史 他

1. 水の放射線分解と線質効果の発見
Ra による水の放射線分解 : 水素の発生
X 線照射では水素発生が見られない ?
Ra 照射と X 線照射 : 線質効果

2. 10B(n,α)7Li による水分解の水素発生を水素で抑制
PWR 水素注入、水素抑制機構
BNCT、 10B(n,α)7Li による水分解G値

3. 沸騰水の放射線分解: F1事故との関連
沸騰条件下の水素の挙動
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X 線照射では水素発生が見られない ?
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C. R. Acad. Sci. Paris, 129, 823 (1899)
活性なラジウム塩からの放射線が酸素をオゾンに変換する。

C. R. Acad. Sci. Paris, 132, 768 (1901) 
ラジウム塩水溶液からの水素と酸素の発生観測: 
Pierre Curie & Andre Debierne.

H2
+O + OH- = H2O + OH

H2
-O + H+ = H + H2O 2OH = H2O2

水の放射線分解の
最初の観測 !!

各種放射線効果

(1)各種ガスのイオン化、
(2)飽和水蒸気からの霧の発生、

(3)ガラスや磁器の着色、
(4)食卓塩の着色、

(5)紙の劣化、
(6)パラフィンや有機物の結晶の低下、など

Ra の発見と分離: キュリー夫妻 (1898)

Ra による水の放射線分解 : 水素発生



X 線照射では水素発生が見られない ?

Ra は高価

強力な X 線源の開発と利用 (1920 年代)
Ｘ 線照射よる水分解実験(脱気純水)

(1) ガス発生は観測できない

O. Risse; in Z. Phys. Chim., 140A, 133 (1929)
(2) 確認報告

H. Fricke and E. R. Brownscombe
“Inability of X-rays to Decompose Water”
in Phys. Rev., 44, 240 (1933)



1920年代後半
水溶液のX線照射ではガス発生は
観測されず。
水の分解はない

異なる放射線により異なった
水の放射線効果: 線質効果

1901 Curie & Debierne
Ra塩水溶液の連続的ガス発生
水の分解

G-
values -H2O e-

aq OH H H2O2 H2 HO2

g -ray 4.1 2.7 2.8 0.56 0.68 0.45 ~0.01

a -ray 2.65 0.06 0.24 0.21 0.985 1.3 0.22

実験的な大きな
矛盾

Ra 照射と X 線照射 : 線質効果



水素発生を水素添加で抑制する
水素抑制機構

BNCT(Boron Neutron Capture Therapy)
10B(n,α)7Li による水分解



10B(n,α)7Li 反応

活用例

n PWR 原子炉 水素添加運転
n 中性子捕捉療法: BNCT
boron neutron capture therapy

Int. Conf. on the Peaceful Uses of Atomic Energy, Geneva, 8 - 20 August, 1955

E. J Hart, 
W. R. McDonell & S. Gordon 

H3BO3 添加量による
水素発生量の水素添加依存性

H3BO3 濃度増加により水素ガスの発生率は増大する。とこ
ろが、これに水素添加すると発生量が抑制され、ある濃度

(臨界濃度 CHC) 以上では水素発生は完全に抑えられる。

水素発生を水素添加で抑制する

No H2 formation
above CHC !!



Edwin D. Hart 1910 –1995
Argonne National Laboratory: 

1948 ⼊所 (Fricke の弟⼦)、1975 退職
⽔和電⼦の発⾒ (1962)

J. Am. Chem. Soc., 84, 4090-4095 (1962)
⽔和電⼦温度変化 (1967)

J. Phys. Chem. 71, 2102-2106 (1967)
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水素抑制機構
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Table 3. List of competitive radical species reactions and chain reactions at room temperature and 300 !C. (1f) and (1r) indicate
the forward and reverse reactions for OH + H2 " H + H2O, respectively.

Rate constant (M#1 s#1) Rate constant
No. Reaction at room temperature [19] M#1 s#1) at 300 !C [21]

(1f), (1r) OH + H2 "H + H2O 3.74$ 107/0 k1f/k2 = 0.98 7.80$ 108/2.1$ 103 k1f/k2 = 1.84
(2) OH + H2O2 "HO2 + H2O 3.80$ 107 4.23$ 108

(3) H + H2O2 "OH + H2O 3.44$ 107 k3/k4 = 1.72$ 10#3 2.15$ 109 k3/k4 = 3.55$ 10#2

(4) H + O2 "HO2 2.00$ 1010 6.06$ 1010

(5) e#
aq + H2O2 "OH + OH# 1.14$ 1010 k3/k4 = 0.59 2.85$ 1011 k3/k4 = 1.31

(6) e#
aq + O2 "O2

# 1.94$ 1010 2.18$ 1011

(7f), (7r) HO2 "H+ + O2
# 7.00$ 105 s#1/5.17$ 1010 1.55$ 105 s#1/5.71$ 1011

(8) O2
# + H2O2 "O2 + OH# + OH 16 –

Figure 3. (a) Schematic of the chain reactionmechanism based on the competitive reaction of radical species toward themolecular
products as listed in Table 3 and the branching ratios for each reaction during !-radiolysis (b) without and (c) with H2 addition
above the THC. The !rst and second columns from the left of the chain reaction mechanism are the initial species while the third
column includes the products, excluding water.
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水素注入の原理

H2

H2O

OH

H H2O2

H2O

H2 + OH ® H + H2O
H + O2 ® HO2
H + HO2 ® H2O2
H + H2O2 ® OH + H2O
H + OH ® H2O

水素注入で酸化性

生成物を水に変換

酸化雰囲気から還元雰囲気へ

水素注入で
酸化生成物を

水に変換

酸化雰囲気から
還元雰囲気へ

詳細は P. Lertnaisat, et al. J. Nucl. Sci. Technol., 51, 1087 (2014)



10B(n,α)7Li による放射線治療

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 su!cient 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 e!ciency for tumors treated by BNCT in
vitro and subsequently implanted in mice.8,9 Although the full
clinical application of BNCT presents several di!culties,
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

radiation !elds (which have characteristically di"erent 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 di!cult 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 di"usion 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

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 !rst 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 RSC Adv., 2017, 7, 10782–10790 | 10783

Paper RSC Advances

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 di!erent radiolytic species di!use randomly
at rates determined by their di!usion coe"cients 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 e"cient stochastic simulation
technique that is used to simulate reaction times without
having to follow the trajectories of the di!using 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 di!erent 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 e"ciently 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
di!usion coe"cients, 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 e!ects 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 di!erence
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

used to calculate the “e!ective 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

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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4He イオン

7Li イオン

4He イオン

7Li イオン

高LET

短い飛跡

n 中性子捕捉療法: BNCT (boron neutron capture therapy)
10Bを含む薬剤をガン組織に選択的に吸収させ、熱中性子との反応で

高LET放射線の4Heイオンと7Liイオンでガン組織を照射 (高LET & 短い飛跡)

低LET放射線

LET: 0.23 eV/nm



10B(n,α)7Li による水の放射線分解

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 e!ective 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)

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

G#Xi$ %
G#Xi$He EHe & G#Xi$LiELi

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 %
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.

Fig. 3 G-values (in molecule per 100 eV) for the 10B(n,a)7Li radiolysis of pure, deaerated liquid water as a function of temperature in the range of
25–350 'C: (a) G(eaq

"); (b) G(cOH); (c) G(Hc); (d) G(H2O2); and (e) G(H2). Our simulated results, obtained at 10"7 and 10"6 s, are shown as solid,
blue and red lines, respectively. Symbols are the water decomposition yields induced by the 10B(n,a)7Li reaction estimated by Cohen (ref. 15) at
20 'C (based on the approximate relationship between LET and G-values given in Fig. 5.3 of Allen (ref. 43), using an average initial LET of 240 eV
nm"1) (B) and by Christensen (ref. 19) at 289 'C (C). The primary (or “escape”) yields for the low-LET (!0.3 eV nm"1) radiolysis of water (ref. 29)
obtained using our previously calculated spur lifetimes between 25–350 'C (ref. 44) are also given (black dashed lines) for comparison purposes.
Note that all yield curves shown in this !gure were obtained under exactly the same conditions as in ref. 29 as far as the temperature depen-
dences of the di"erent parameters intervening in the early physicochemical stage (e.g., the electron thermalization distance– called rth in ref. 29)
and in the subsequent chemical stage [e.g., the (eaq

" + eaq
") reaction rate constant, represented by the non-Arrhenius black dashed line k% ka in

Fig. 4(a)] of the radiolysis are concerned.
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○ A. O. Allen, The Radiation 
Chemistry of Water and Aqueous 
Solutions, D. Van Nostrand Co., 
Princeton, NJ, 1961. 

● H. Christensen, Fundamental 
aspects of water coolant radiolysis, 
SKI Report 2006:16, Swedish Nuclear 
Power Inspectorate, Stockholm, 
Sweden, April 2006. 

実験に基づく水分解G値の報告はない。

上記は Monte Carlo Simulation による評価である。
詳しくは、M. M. Islam, et al. RSC Advances 7, 10782 (2017)



沸騰水の放射線分解
F1事故との関連

沸騰条件下の水素の挙動



total doses of 6 and 2.5 kGy for the A and B positions, respectively.
Following 15 min of irradiation, the gas inside the reactor was
sampled and the concentrations of H2, O2, and N2 gases were
determined by gas chromatography (Shimadzu 5G, calibrated with
standard gases). The concentration of H2O2 was determined by the
Ghormley method (Hochanadel, 1952).

2.4. Simulation

The FACSIMILE code (MCPA Software Ltd., UK) was used for
simulating water radiolysis. Previously measured parameters were
applied to boiling water: the established G-values of water de-
composition (Spinks and Woods, 1976) and the reaction set with
room-temperature rate constants that were reported by Ershov
and Gordeev (2008). Simulations were carried out for the radi-
olysis of water in the liquid phase in the presence of two gas
phases: the gas directly above the liquid and the gas in the upper
space of the vessel that was used for sampling. This enabled us to
reproduce the movement of the evolved gases (H2 and O2) in the
reaction vessel (see Section 3). Radiolysis of gas-phase water was
neglected due to its small contribution.

3. Results and discussion

3.1. Calibration of H2 and O2 concentrations over boiling water

A control experiment was performed without irradiation to
measure the movement of H2 and O2 in the irradiation setup and
to correlate the amount of gas evolved with the gas concentration
measured at the sampling point. We injected 1 mL of H2 through
the lower sampling port into boiling water and measured the
concentration of H2 at the upper sampling point as a function of
time after the injection; typical results are shown in Fig. 2. The H2

concentration at the sampling point increased very quickly and
reached a steady-state value within 5 min. On the other hand, the
concentration of O2 took longer, over 30 min, to approach a stea-
dy-state value, as seen in Fig. 2. The steady-state concentrations of
H2 and O2 are nearly identical; these values are directly propor-
tional to the amount of gas injected, which enables us to de-
termine the absolute amount of each evolved gas. For comparison,
we injected H2 into the gas phase above non-boiling room-tem-
perature water. The concentration of H2 increased very slowly and
reached steady state 20–30 min after the injection. The steady-

state concentration was very low: 0.12% for a 1 mL injection. This
indicated that the H2 was homogeneously distributed throughout
the free space in the irradiation setup. The total volume of the gas
phase in the equipment was determined to be 842 mL from this
data. In the presence of boiling water, both H2 and O2 were dis-
tributed non-homogeneously; they were present in the upper
space of the setup at a concentration 16 times higher than that
corresponding to a homogeneous distribution.

The water sample boils during normal operation: water vapor
continuously rises in the vessel, condenses on the inner surface of
the cooler, and drips back down into the vessel. When gas is in-
jected at the lower sampling point, the injected gas molecules are
convected upward by water vapor. H2 is convected more ef!ciently
than O2 because it is lighter (H2: 2 g mol!1, O2: 32 g mol!1, and
H2O: 18 g mol!1). The time-dependent concentrations of H2 and
O2 at the upper sampling point can be written as CSS[1!exp
(!0.683t)] and CSS[1!exp(!0.154t)], respectively. CSS is the
steady-state concentration (1.9%) for a 1 mL gas injection and t is
the elapsed time after injection in minutes. As mentioned above,
CSS is directly proportional to the amount of gas injected; these
correlations enable us to determine the absolute amount of gas
evolved during the experiments.

H2O2 is very stable in an aqueous solution at room tempera-
ture; however, it decomposes at elevated temperatures. For ex-
ample, at the operation temperature of the boiling water reactor
(285 °C), thermal decomposition is very sensitive to the surface
material of the reactor; metals and alloys are more reactive than
polytetra"uoroethylene (Elliot and Bartels, 2009). We evaluated
the thermal stability of H2O2 at 100 °C in boiling water. The con-
centration of H2O2 did not change at all for several hours, so we
concluded that the thermal decomposition of H2O2 in boiling
water can be neglected under the present experimental
conditions.

3.2. Gas evolution due to the radiolysis of boiling water and its dose-
rate dependence

Gas evolution was measured from the radiolysis of boiling
water. Initially, the evolution of H2 varied from sample to sample;
the experimental data exhibited signi!cant scatter. In addition, no
O2 in the gas phase and no H2O2 in the liquid phase were detected.
These experimental results did not satisfy the material balance of
H2O degradation: our measured yield was larger than the primary
yield of GH2"0.45, which had been previously reported for room
temperature conditions (Spinks and Woods, 1976). We found that
longer pre-irradiation times effectively reduced H2 formation and
increased O2 formation. With further experimentation, we con-
cluded that the results were extremely sensitive to the purity of
water. Trace amounts of organic impurities remained in the water
processed by the water puri!cation system; the purity was not
suf!cient for this experiment. OH radicals scavenge the organic
impurity and form organic radicals via H-atom abstraction. The
organic radicals react with O2 in the liquid, strongly suppressing
the evolution of O2. When our dosimetric-grade water was in-
troduced, the experimental results became reproducible. Typical
H2 and O2 concentrations measured at position A at a dose rate of
67 Gy/min are shown in Fig. 3. After the !rst 15-min irradiation
cycle, the concentration of H2 was much greater than that of O2.
After several cycles of irradiation, the concentrations of both H2

and O2 increased linearly with time; the ratio of H2 to O2 was al-
most 2:1 in production rate, as shown in Fig. 3. We suspect that a
trace amount of organic impurities was effectively consumed
during the !rst 15 min of irradiation, resulting in the initially low
concentration of O2. In order to evaluate the dose-rate depen-
dence, measurements were also performed at position B, which
experienced a dose rate of 15 Gy/min, less than one-fourth of the

Fig. 2. The “H2 (boiling)” and “O2 (boiling)” indicate the change of the H2 and O2

gas concentrations measured at the upper sampling. Port: septum (2) after injec-
tion of 1 mL H2 and O2 gas, respectively, under boiling condition. The “H2 (non-
boiling)” indicates the concentration change measured after 1 mL H2 injection
under non-boiling condition.
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formed from boiling water (Yamashita et al., 2011; Katsumura
et al., 2011, 2012). Unfortunately, our experiment was qualitative,
not quantitative, and we were unable to determine the G-values of
gas formation.

Gas evolution from the radiolysis of boiling water would de-
pend on many factors such as the degree of boiling, heating rate of
the sample, the surface area-to-volume of the sample, the volume
of the sample, etc. In this study, we quanti!ed the G-values for the
evolution of gas and the formation of H2O2 in boiling water. We
also investigated the effects of interface between liquid and gas,
and NaCl addition. In addition, we performed the deterministic
chemical kinetics simulations with FACSIMILE software that re-
produced the experimental results and elucidated the mechanism
of radiolysis in boiling water.

2. Experimental

2.1. Sample preparation

Water treated with commercial puri!cation equipment re-
tained trace amounts of organic contaminants; it was not pure
enough to obtain reproducible experimental results. A protocol
was developed to further purify the water for dosimetric experi-
ments: the feed water was passed through !lters and ion-ex-
change columns, distilled twice, and then introduced to the Mil-
lipore Reagent Water Systems. Water prepared by this procedure
was pure enough for the experiment described herein; it provided
reproducible results when used with aqueous dosimeters, e.g.,
Fricke and Cerium types (Katsumura et al., 1992).

2.2. Irradiation equipment

A still pot !tted with a re"ux condenser for irradiation setup is
shown in Fig. 1. The equipment comprised a 1 L reaction vessel,
placed in a heating mantle, and a cooler, in which isothermal
water (30 °C) was circulating. The lower and upper sampling ports
in the radiolysis reactor, sealed with silicone rubber septa, were
used for injecting and sampling the gases, respectively. In general,
the space of the inner tube of the condenser would be open to
outside during operation; however, in the present experiment, the
space was closed to the outside environment. The glass branch on
the cooler was extended with silicone rubber tubing, which was
immersed into a water reservoir in a closed measuring cylinder, as
shown in Fig. 1(a). This setup contained the gas that evolved
during the experiment. During boiling experiments, the heater
power and the temperature of the cooling water were set to
450 W and 30 °C, respectively, to ensure reproducible experi-
mental conditions. We veri!ed that the silicone rubber did not
produce a detectable amount of H2.

In order to evaluate the effect of interface between liquid and
gas, the water radiolysis during Ar gas bubbling was also done
with another equipment composed of a sample vessel and a dia-
phragm pump, as shown in Fig. 1(b). The vessel and pump are
connected with stainless tubes having a sampling port at the
outlet tube of the pump. The volumes of gas phase in the equip-
ment and water sample in the vessel were 1007 and 500 mL, re-
spectively. The gas was injected into the water sample through a
glass ball !lter to make !ne bubbles and circulated with a "ow
rate of 1090 mL/min.

2.3. Irradiation and gas analysis

Irradiation was carried out at the Co-60 !-irradiation facility in
the Takasaki Advanced Radiation Research Institute, which is part
of the Japan Atomic Energy Agency (JAEA). Prior to irradiation, the

equipment and water sample were "ushed completely with Ar gas
through the lower sampling port; then the sample was heated.

Dosimetry was performed with Fricke and Cerium aqueous
dosimeters (Matthews, 1982) and an alanine dosimeter (Kojima
et al., 1993). Dose rates of 67 and 15 Gy/min were determined for
the higher and lower dose rate positions, which are hereafter
called positions A and B, respectively. Cycles of 15 min of irradia-
tion followed by 15 min of measurement were repeated to obtain

Fig. 1. (a) The irradiation setup with two sampling ports: Septum (1) and (2) for
the experiment. The branch of the cooler is extended with silicone rubber tube and
its end is immersed into the water in a measuring cylinder in order to keep the
evolved gas inside the equipment separated from outer environment. (b) The ir-
radiation setup composed of a sample vessel and a diaphragm pump for water
radiolysis during Ar gas bubbling. The volumes of gas phase in the equipment and
water sample in the vessel were 1007 and 500 mL, respectively. The gas was in-
jected into the water sample through a glass ball !lter to make !ne bubbles and
circulated with a "ow rate of 1090 mL/min. The size is in mm unit.
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dose at position A. The gas yields were clearly enhanced by lower
dose rates, as shown in Fig. 4. Apparent respective G-values of H2

and O2 evolution were determined to be 0.2 and 0.09 at position A
and 0.28 and 0.13 at position B.

3.3. Effect of NaCl addition

In the Fukushima Nuclear Accident, seawater was injected as an
emergency coolant; it is interesting to compare the gas evolution
in seawater with that in pure water. The gas evolution was mea-
sured from a 0.5 M NaCl aqueous solution as a model for seawater;
results are shown in Fig. 5. Surprisingly, the gas evolution nearly
doubled when NaCl was added to pure water. The G-values of H2

and O2 formation were determined to be 0.48 and 0.21, respec-
tively, at position A. G(O2)!0.21 is less than that expected from
the previously measured ratio of H2/O2 (2:1), i.e., 0.48/2!0.24;
this is due to the slower movement of O2 in the gas phase. The
results satisfy the stoichiometric evolution; the mechanism is
discussed below. The Cl" ion is a powerful scavenger for OH ra-
dicals; this effect appears to have suppressed the reaction between
OH and H2. The simulations discussed below con!rm this
mechanism.

3.4. Gas evolution in the presence of bubbling Ar gas

Gas evolution measurements were performed while Ar gas was
bubbled through the water at room temperature. This experiment
investigated the effect of the surface area (between the liquid and
gas phases) on gas evolution. Ar bubbles were introduced into the
irradiation vessel using a ball !lter; the vessel was "ushed with Ar
gas, which was circulated with a diaphragm pump. A typical ex-
perimental result is shown in Fig. 6. The concentration of H2 gas
increased linearly, but no O2 evolved. The lack of O2 is probably
due to the contamination of the water sample. Metal tubes were
employed as a component of the gas circulation line; contamina-
tion was unavoidable. Furthermore, the G-value of H2 evolution in
H2O, G(H2)!0.80, is larger than that, G(H2)!0.63, in 0.5 M NaCl
solution, which is opposite to the !nding under boiling condition.
Further experiment is needed to clarify this contradiction. Never-
theless, this result indicates clearly that increasing the interface
between water and gas enhances the gas evolution, because gas
evolution from the irradiation of still water is very slow and small
as already shown in Fig. 3.

3.5. Modeling the radiolysis of boiling water

The deterministic chemical kinetics simulation was used to
reproduce the experimental results and clarify the mechanism of
gas evolution. Three spatial regions were de!ned: liquid water (L),

Fig. 3. The evolution of H2 and O2 gases measured at the upper sampling port as a
function of irradiation time under the dose rate of 67 Gy/min. The cycle of irra-
diation for 15 min and the measurement for 15 min was repeated. The “H2 (boil-
ing)” and “O2 (boiling)” are the results measured with boiling water and “H2 (non-
boiling)” is the results measured with non-boiling still water.

Fig. 4. The evolution of H2 and O2 gases measured at upper sampling point as a
function of dose under different dose rates of 67 and 15 Gy/min at A and B position,
respectively. It is noted that both data measured at A and B positions were plotted
after the second 15-min irradiation. The data of the !rst 15-min irradiation was
removed due to the effect of impurity. Simulation curves with the FACSIMILE code
by using a value of 0.10 s"1 for kLG1 are also !tted.

Fig. 5. The evolution of H2 and O2 gas in boiling 0.5 M NaCl aqueous solution
measured at upper sampling point as a function of dose under the dose rate of
67 Gy/min. For comparison, the gas evolution data obtained in pure water are also
shown.

Fig. 6. The evolution of H2 gas during Ar bubbling of pure water and 0.5 M NaCl
aqueous solution at room temperature under the dose rate of 67 Gy/min.
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this is due to the slower movement of O2 in the gas phase. The
results satisfy the stoichiometric evolution; the mechanism is
discussed below. The Cl" ion is a powerful scavenger for OH ra-
dicals; this effect appears to have suppressed the reaction between
OH and H2. The simulations discussed below con!rm this
mechanism.

3.4. Gas evolution in the presence of bubbling Ar gas

Gas evolution measurements were performed while Ar gas was
bubbled through the water at room temperature. This experiment
investigated the effect of the surface area (between the liquid and
gas phases) on gas evolution. Ar bubbles were introduced into the
irradiation vessel using a ball !lter; the vessel was "ushed with Ar
gas, which was circulated with a diaphragm pump. A typical ex-
perimental result is shown in Fig. 6. The concentration of H2 gas
increased linearly, but no O2 evolved. The lack of O2 is probably
due to the contamination of the water sample. Metal tubes were
employed as a component of the gas circulation line; contamina-
tion was unavoidable. Furthermore, the G-value of H2 evolution in
H2O, G(H2)!0.80, is larger than that, G(H2)!0.63, in 0.5 M NaCl
solution, which is opposite to the !nding under boiling condition.
Further experiment is needed to clarify this contradiction. Never-
theless, this result indicates clearly that increasing the interface
between water and gas enhances the gas evolution, because gas
evolution from the irradiation of still water is very slow and small
as already shown in Fig. 3.

3.5. Modeling the radiolysis of boiling water

The deterministic chemical kinetics simulation was used to
reproduce the experimental results and clarify the mechanism of
gas evolution. Three spatial regions were de!ned: liquid water (L),

Fig. 3. The evolution of H2 and O2 gases measured at the upper sampling port as a
function of irradiation time under the dose rate of 67 Gy/min. The cycle of irra-
diation for 15 min and the measurement for 15 min was repeated. The “H2 (boil-
ing)” and “O2 (boiling)” are the results measured with boiling water and “H2 (non-
boiling)” is the results measured with non-boiling still water.

Fig. 4. The evolution of H2 and O2 gases measured at upper sampling point as a
function of dose under different dose rates of 67 and 15 Gy/min at A and B position,
respectively. It is noted that both data measured at A and B positions were plotted
after the second 15-min irradiation. The data of the !rst 15-min irradiation was
removed due to the effect of impurity. Simulation curves with the FACSIMILE code
by using a value of 0.10 s"1 for kLG1 are also !tted.

Fig. 5. The evolution of H2 and O2 gas in boiling 0.5 M NaCl aqueous solution
measured at upper sampling point as a function of dose under the dose rate of
67 Gy/min. For comparison, the gas evolution data obtained in pure water are also
shown.

Fig. 6. The evolution of H2 gas during Ar bubbling of pure water and 0.5 M NaCl
aqueous solution at room temperature under the dose rate of 67 Gy/min.

S. Yang et al. / Radiation Physics and Chemistry 123 (2016) 14–19 17

沸騰水放射線分解による H2 と O2 発生

the space above the water sample (G1), and the space at the gas
sampling point (G2). The !rst order rate constants, kLG1(H2) and
kLG1(O2), were applied to the expressions for gas transport from L
to G1 at the liquid/gas interface for both H2 and O2. Both rate
constants are adjustable parameters and were assumed to be the
same for simplicity. The !rst order transport from G1 to G2 is
described by kG1G2(H2) and kG1G2(O2), and the respective values,
1.14!10"2 and 2.57!10"3 s"1, were derived from the experi-
ment explained in Fig. 2 (for boiling water). Since kLG1 was as-
sumed to be the same for H2 and O2, there is only one adjustable
parameter. A value of 0.10 s"1 for kLG1 was determined from the
calculations. A typical simulation for the temporal change in gas
concentration for the rate constants described above is shown in
Fig. 7. Both H2 and O2 increased with irradiation, and the O2 yield
was slightly lower than half of the H2 yield due to the relatively
slow convection of O2. The steady-state concentration of H2O2 was
negligible in the liquid. These simulated results agree with the
experimental results as shown in Fig. 4, where the same kLG1 of
0.10 s"1 was employed. Step increases of O2 concentration at each
measurement points in the simulation curves indicate that the
concentration of O2 is increasing during measurement.

Radiolysis of liquid water yields primary products such as !eaq,
H# , OH, H, H2, and H2O2. H2 is a primary product and can only
react with OH radicals. Therefore, H2 concentration in liquid is
predominantly controlled by three processes: production of H2 via
radiolysis, H2 decomposition by reaction with OH, and H2 removal
via its transportation from liquid to gas bubbles, as shown sche-
matically in Fig. 8(a). The reaction of H2 with OH is second order;
the reaction rate is signi!cantly reduced at lower dose rates due to
the lower steady-state concentration of OH. However, H2 removal
from the liquid to gas phase is !rst order and independent of dose
rate. H2 transport to the gas phase is faster at low dose rates
(compared to higher dose rates), leading to a higher yield of H2. In
contrast, O2 is not a primary product; several reactions in the li-
quid phase affect the production of O2 in the gas phase. The me-
chanism is multi-step. H2O2 is produced from water radiolysis. It
can react with either OH or !eaq to form HO2#H2O or OH#OH" ,
respectively. HO2 is quickly converted into !O2 via an acid–base
reaction, and then !O2 reacts with OH, forming O2. The O2 either
reacts with !eaq and H, reproducing !O2 and HO2, respectively, or
transfers to the gas phase. These reactions are summarized sche-
matically in Fig. 8(a). The steady-state concentration of O2 is
stoichiometrically balanced by the above reactions.

In a 0.5 M NaCl solution, OH reacts selectively with Cl" , leading
to the formation of ClOH" and then !Cl2 . In brief, according to a

report by Kelm and Bohnert (2004), OH will react towards
Cl" with a rate constant of 4.3!109 M"1s"1 and ClOH" is formed
with a time scale of 5 ns. However, the formed ClOH" is quickly
decomposed back to OH and Cl" within 150 ps, because the rate
constant is reported to be 6.1!109 s"1. Therefore, equilibrium
between OH and ClOH" is shifted to OH. On the contrary, ClOH" is
gradually converted into !Cl2 via a reaction toward Cl" with a rate
constant of 9.0!104 M"1s"1, having a time scale of 22 !s. This
reaction is rather slow compared to other reactions in early pro-
cesses but can be effective in the case of steady state irradiation.
This is because ClOH" can exist due to continuous production of
OH during steady state irradiation. As a result, some of OH is
converted to !Cl2 during steady state irradiation. At longer time
region further reactions take place. Although Kelm and Bohnert
summarized a reaction set with corresponding rate constants in
chloride solution in 2004 (Kelm and Bohnert, 2004), the set is not
complete to explain the experimental results.

Although one more possible process of the !Cl2 production is a
reaction of Cld#Cl"- !Cl2 , where Cld is formed via a direct action
of radiation to Cl" , Cl" Cld#e" , the contribution would

be negligibly small (Balcerzyk et al., 2011).
As a result, the steady-state concentration of OH radicals is

much lower in 0.5 NaCl aqueous solution than that in pure water,
and radiation-induced H2 transfers to the gas phase without re-
acting with OH. The value of G(H2) is equal to the primary yield of
H2 at 100 °C. According to recent evaluations of G(H2), the primary
yield of H2 at 100 °C is 0.47 (Elliot and Bartels, 2009) 0.50 (San-
guanmith et al., 2011) and 0.49 (Sternizuk et al., 2016); these va-
lues are consistent with the value of 0.48 obtained in this

Fig. 7. The simulated data of gas evolution of H2 and O2 at G1 and G2 under the
dose rate of 67 Gy/min for successive measurement for 15 min after irradiation of
15 min.

Fig. 8. The scheme of H2 and O2 evolution in the radiolysis of boiling water;
(a) boiling pure water, and (b) boiling 0.5 M NaCl aqueous solution.
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(B) 線量率: 15 Gy/min
G(H2) = 0.28, G(O2) = 0.13
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G(H2) = 0.2, G(O2) = 0.09
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実験結果
非沸騰下では，上部と底部の，各々①と⑭のサンプリン
グポイントで12-13分経過すると0.1 % 濃度に到達し，
全空間に均一分布した水素濃度に対応している。
一方，沸騰下では，側壁から5 cm 程度はなれた部分で
サンプリングした結果，注入30 秒後には2-3 倍，60 
分後は2-6倍程度に濃縮していることが判った。

100 L（50×50×40 cm）
のアクリル容器

実験
非沸騰下と沸騰下で，水槽に
100 mL の水素を注入した
時の濃度変化を測定

アクリル箱を用いた水素注入実験

非沸騰下注入
水素の均一化

3 L
800 W
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鉄箱を用いた水素注入実験

実験
沸騰下で，水槽に100 mL の水素を注入後の濃度変化
を測定
実験結果
サンプリングポイント②, ⑤,⑧での水素濃度の経時変化
初期60分間程度は②,⑤での濃縮が進行するが、それ以
降は⑧での濃縮が著しく、均一分布の90倍以上となる。

⑧

⑧

⑤

②
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まとめ

•線質効果
低LET放射線 G(e-aq, H, OH)> G(H2, H2O2)
高LET放射線 G(e-aq, H, OH)< G(H2, H2O2)

• 水素添加効果
連鎖反応で高LET放射線のガス発生を水素添加で抑制

• 沸騰水の放射線分解
G(H2) : G(O2) ~ 2 : 1
H2 & O2 ガス発生: 低線量率の方が発生 G 値は大きい
NaCl 水溶液: H2 & O2 ガス発生量増大
蒸気中の H2 挙動: 濃縮の可能性 / 事故時の挙動
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