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5.7 Radiolysis of Water at Elevated Temperatures with r-rays 
and Fast Neutrons 
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Determination of G-values of water decomposition products in neutral water 
produced by irradiation with gamma-rays and fast neutrons at elevated temperatures up to 
250°C was carried out by a combination of NaNC>2, acetone + methanol, and HCIO4 + 
methanol solutions. In the gamma-radiolysis, the G-values obtained in the present 
experiment are in good agreement with recently reported ones except GOH and GH202- In 
the fast neutron radiolysis, although a similar change of the G-values with temperature 
was observed, the higher molecular yields of GH2 and GH202 and lower radical ones of GH 
and, especially, Gc.aq were determined. It was made clear that the LET effect still remains 
even at elevated temperatures. It suggests that the spur size would expand at higher 
temperatures and the fraction of the intraspur reactions decreases. Furthermore, in order 
to clarify the characteristics of the determined G-values, computer simulations under the 
simplified conditions in nuclear reactors have been carried out. The G-values for fast 
neutron radiolysis give a significant influence to the result. It was pointed out by the 
simulations that reverse reactions for H2 + OH -* H + H2O and e-aq + H+ -*• H, which can 
be neglected at room temperature, become important at higher temperatures. 

Introduction 
The radiolysis of water at elevated temperature is practically important from the view 

point of the quality control of the coolant in the nuclear power reactors, where the chemical 
condition of the coolant is predominantly controlled by the radiolysis of water not only with 
7 rays but also with fast neutrons up to 300°C. Quality control of the coolant is highly 
required in order to avoid radiation accumulation of the primary circuits and to keep integrity of 
the reactor operation. The temperature dependence of the G-values of water decomposition 
and the change of spur structure at elevated temperatures are also interesting from the point 
of radiation chemistry. Over these ten years much work has been made and several sets of 
G-values for water decomposition at high temperatures have been determined and reported in 7 
radiolysis of acid and neutral aqueous solutions (Burns, 1981a, b; Elliot etal., 1993; Kabakchi 
and Lebedeva, 1989; Katsumura etal., 1989,1992; Kent and Sims, 1992a,b). 

In the present experiment, a combination of three kinds of aqueous solutions have 
been employed to determine the G-value for the decomposition products of neutral water up 
to 250°C in both 7 and fast neutron radiolysis. It was found that there remained a big LET 
effect of the water decomposition in fast neutron radiolysis not only at room temperature but 
also at high temperature. The temperature dependencies of water decomposition products 
indicate that spur size would be expanded with increasing temperature, which was confirmed 
by an additional experiment. By using the values determined in the present experiment, 
several computer simulations were made to characterize the values and compared with 
reported G-values. It was noticed that the dose evaluation in the reactor is inevitably 
important. It has been revealed that the simulation of the radiation induced reaction at elevated 
temperature needs much more reliable rate constants for the reactions of H2 + OH -»• H + H2O 
and e-aq + H+ -» H, which can be neglected at room temperature. 

Experimental 
In the present experiment, G-values are expressed in the unit of molecules formed or 

destroyed per 100 eV energy absorbed. The primary yield of water decomposition is 
expressed by G with a subscript, such as GH and Ge-aq and, on the contrary, the yields 
experimentally determined are expressed by the G-values with brackets, such as G(H2) and 
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G(H202). 

Samples: 
Three kinds of aqueous solutions were taken: (a) 2mM NaN02 , (b) 1mM acetone + 

10mM methanol, and (c) 1mM HCI04 + 10mM methanol solutions. After irradiation, H 2 
evolution for all solutions, the formation of H2O2 in (a) and the formations of H2O2, 
ethyleneglycol and formaldehyde in (c) were measured. The yields of H2 evolution is 
proportional to GH2, GH2 + GH and GH2 + GH + Ge-aq in (a), (b) and (c) solutions, respectively. 
From the H2 evolution, the GH2, GH and Ge.aq are derived and the total water decomposition is 
also calculated based on the material balance relation. For the separation of GOH and GH202, 
calculations were fitted to the experimental results of the yields for H202 (a) and H2O2,' 
ethyleneglycol and formaldehyde obtained in solutions of (c), respectively. Thermal stability 
of the solutes and products were checked by an independent experiment. All the solutes 
except proton are stable up to 250°C and the proton concentration is decreasing at elevated 
temperatures probably due to the exchange reaction of the proton with ampoule surface. The 
ethyleneglycol is slowly decomposed into formaldehyde by first order at 250°C. It is known 
that H2O2 is decomposed into H2O + O2 /2 at elevated temperatures and, in fact, the H2O2 
was not detected at elevated temperatures. These were taken into consideration for the 
simulation. 

Irradiations: 
Sample solutions were prepared using the ultra pure water provided through a 

Millipore equipment and sealed into glass ampoules with a breakable seal under Ar 
atmosphere. The samples were irradiated with 7 ray source under the dose rate of 0.5 - 0.25 
kGy/hr, which were calibrated by a Fricke dosimeter. Irradiation at elevated temperatures were 
done with oil bath and in a specially designed pressure vessel. In fast neutron radiolysis, a 
fast neutron source reactor named "YAYOI" was taken and dose rate was set as 1.9 kGy/hr. 
More than 95% of the total dose comes from fast neutrons. Concerning the recoil protons, the 
average LET in the reactor for water was calculated as 6 eV/A. The dosimetry for the fast 
neutron radiolysis was reported elsewhere (Katsumura era/., 1989). 

Simulations: 
Simulations of chemical reactions induced by irradiation were made by using 

FACSIMILE calculation code developed at Harwell. The reactions and their rate constants at 
room temperature and elevated temperatures were taken from the references (Buxton et al. 
1988; Buxton and Elliot, 1989). The rate constants unknown at elevated temperatures were 
estimated by using the activation energy of 12.6 kJ/mole. 

Details of the procedures are reported elsewhere. 

Results and Discussion 

Room temperature radiolysis: 

As a first step, room temperature radiolysis was done. In Fig.1, H2 evolution as a 
function of irradiation dose at room temperature is shown. As expected, the yield increases 
linearly with dose and from the slopes, the values of GH2. G H and Ge-aq were derived. For 
the separation of GOH and GH202. the calculations were fitted to the experimental results of the 
yield of H2O2 in the NaN0 2 solution and H202 , ethyleneglycol and formaldehyde in the 
HCIO4 + methanol solution. Final evaluation of the G-values are summarized in Table together 
with the established reported values. It is clear that the values of GH2. G H and Ge-aq 
evaluated in the present experiment are in excellent agreement with established values. But 
the values for OH are slightly higher than the expected due to the higher concentration of the 
OH scavengers, methanol and NaN02, than recommended (Draganic and Draganic, 1973). 
The experimental limitations forced us to take higher concentration of methanol and NaN02 , 
and this affects the spur reactions partially. During the evaluation, the rate constants for the 
reactions of (1): 2(«CH2OH) -*(CH2OH)2, (2): 2(-CH2OH) — CH20 + CH3OH and (3): 
•CH2OH + H 2 0 2 — CH20 + H20 + «OH were determined as 2.25x109, 1.5x108 and 5x104 
M-1s-i, respectively. 

The method was directly applied to the fast neutron radiolysis and the data is also 
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involved in the Table. Unfortunately, there exists no experimental evaluation of the fast 
neutron radiolysis and the data was compared with those obtained by ion beam radiolysis. It 
is surprising that there are a few reports on the radiolysis of neutral water with ion beam in 
spite of much accumulated data for 0.4M H2SO4 solutions (Allen, 1961; LeVerne and Schuler, 
1994). The data evaluated in the present study is parallel to the ion beam radiolysis data 
reported by Appleby and Schwarz (1969). The larger yield of molecular products and smaller 
yield of radical products, especially for hydrated electron, characterize the fast neutron 
radiolysis. This is the first experimental evaluation of the fast neutron radiolysis of water. 

3S0 250 

(B) $ Fig. 1 
The H2 yields produced by 
irradiation with y -rays (A) and 
fast neutrons (B) at 25°C in # 
(a ) ; A (b); and • ( r e 
solutions (see text). 
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TABLE: G-vaiues of water decomposition by irradiation with 
Y -rays, fast neutrons and ion beams at room temperature. 

sources 

Y rays 

0.023 eV/A 

fast 
neutrons 

present 

Elliot eta/. (1990) 

Spinks&Woods(1976) 

present 6eV/A 

Burns & Moore (1976) c 

Gordon era/.(1983) = 

GH2 

0.45 

0.45 

0.43 

1.07 

0.88 

0.85 

GH 

0.63 

0.60 

0.61 

0.58 

0.50 

0.41 

Ge-aq 

2.75 

2.7 

2.7 

0.43 

0.93 

0.15 

GoH 
(3.12)a,b 

-
2.86 

(0.86)a 
(0.70)b 

1.09 

0.37 

GH202 
(0.58)a.b 

-
0.61 

(1.14)a 
(1.22)b 

0.99 

0.95 

G-HZO 

4.28 

4.20 

4.14 

3.15 

3.15 

2.27 

ion beams Appleby & Schwarz (1969) 

18MeVD+ 0.50 eV/A 

32MeVHe2+ 2.3eV/A 

12MeV He2+ 4.8eV/A 

Elliot (1992) 

23MeVD+ 0.42 eV/A 

0.68 

0.96 

1.11 

0.57 

0.64 

0.42 

0.27 

0.51 

1.48 

0.72 

0.42 

1.55 

1.66 

1.00 

0.75 

-

0.91 

1.00 

1.08 

0.75 

3.48 

3.06 

2.91 

3.2 

a: the values derived from NaN02 solutions 
b: the values derived from HCIO4 + methanol solutions 
c: theoretical estimation d: average LET e: initial LET 

High temperature radiolysis: 
The method confirmed its validity at room temperature was extended to higher 

temperature radiolysis. Although the slopes obtained at higher temperatures are different from 
the data at room temperature, linear increases of the evolution with dose were again 
observed. On the other hand, the H202 yields were much smaller at elevated temperatures 
due to the thermal degradation. The change of the yield of formaldehyde and ethyleneglycol in 
HCIO4 + methanol solution with dose were used as the reference for the simulation. The sum 
of the rate constants for the reaction of (1) + (2) were assumed to increase with the activation 
energy of 12.6 kJ/mol and ratio of these rates were varied. The rates of thermal degradation of 
the H202were taken as 9.3x10-3 and 0.05 s-1 at 200 and 250°C, respectively (Hiroishi and 
Ishigure, 1989). Among the sets of the rate constants, a certain set which could reproduce 
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both 7 and fast neutron radiolysis data was selected. Finally, The primary yields of GH2. 
GH. Ge-aq, GOH and G H202 for 7 and fast neutron radiolysis were shown in Figs. 2. All the G-
values tend to increase with temperature except OH and H2O2. Up to now, there are a few 
reports on the G-values of water decomposition products at elevated temperatures in neutral 
pH. The Ge-aq value with temperature was evaluated and reported up to the highest 
temperature of 300"C. They all increase linearly with temperature and our evaluation gives 
almost the same trend. However, at ftigher than 200°C, the increase saturates and it seems 
that the water decomposition does not increase anymore. The increasing yield of H radical 
with temperature is not significant, which is in agreement with recent Elliot's evaluation 
(1993) .The H2 increases slightly, again, similar to the recent reports by Elliot, and Kent and 
Sims (1992a, b). The pair of OH and H 2 0 2 appears to be different from the reported and 
simulated ones. The present GOH increase only slightly with temperature, which is contradict 
to the big increase reported by Elliot, and Kent and Sims. 

In fast neutron radiolysis, the tendency of the change is similar to that observed in 7 
radiolysis in spite of the values are much smaller. It is surprising that, even at 250°C, there 
exists a significant LET effect remained; Ge.aq is much less than unity. This is confirmed by the 
recent evaluation using four different ion beams at elevated temperatures and extrapolation of 
the LET values to the fast neutron radiolysis (Elliot, 1994). However, again our temperature 
dependence of OH is much smaller, as compared with Elliot's. This may be caused by the 
derivation method; simulation in the present and direct measurement for Elliot. Temperature 
dependence of other products are similar. Anyway, this measurement is the first experimental 
evaluation for the fast neutron radiolysis. 
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Spur and Track structure at elevated temperatures: 

From the increase of water decomposition with 
temperature in both 7 and fast neutron radiolysis, it is 
strongly suggesting that the spur might expand at elevated 
temperature. In order to check this hypothesis, an additional 
experiment was made. We took the solution containing 1mM 
HCIO4 + methanol solution and H2evolution was measured 
by changing the concentration of methanol. As expected, 
concentration effect of methanol on the hydrogen evolution 
at 250°C is much smaller than at room temperature (Fig. 3). 
Recent spur diffusion kinetic study also supports this 
picture (LeVerne and Pimblott, 1993). However, in fast 
neutron radiolysis, it was found that observed H2 yields are 
much lower than in 7 radiolysis because fast neutrons, 
namely recoil protons have high LET. Since the distance 
between the spurs formed in fast neutron radiolysis are 
significantly shorter, an experimental finding indicates that 
the effect of intra spur reactions still much larger than in 7 
radiolysis, even the spur expands at high temperatures. 

Fig . 2 
The temperature dependence of 
the G.H20; A , GH2; • . GH ;H 

Geaq-; • . GOH; I and GH202; 
J in y -radiolysis (A) and fast 

neutron radiolysis (B). 

1 0 ' 
-1 

o2 1 0 3 

[CH3OH]/10-3molkg-

Fig . 3 Tha yields of GH2 in 
10-3 mol • kg-i HC104 at various 
concentration of CH3OH 

irradiated at 25°C (open) and 250°C 

(closed) with v -rays (O, • ) and 
fast neutrons (A, A) . 
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Characteristics of the G values of water decomposition at elevated temperatures: 

In order to clarify the characteristics of the G values of water decomposition at 
elevated temperatures, simulations of the chemical reactions induced by irradiation under 
various conditions imitated the nuclear reactors at 250°C were carried out. Dose rates, fraction 
of fast neutron dose to total absorbed one, concentrations of oxygen remained and hydrogen 
injected etc. were changed. For comparison, G-values reported by Elliot for 7 (1993) and 
Burns for fast neutron radiolysis (1981a, b) were also taken for calculation. It was found that 
both sets of G-values evaluated by Elliot and in the present experiment for r radiolysis is 
almost equivalent from the view point of simulation. But, for fast neutron radiolysis, 
calculations with the set reported by Burns give significant different results from that with G-
values determined in the present experiment. In addition, much higher steady state 
concentrations of the decomposition products are obtained in fast neutron radiolysis than in 7 
radiolysis under the same dose rate due to the smaller yield of radical products and larger yield 
of molecular products. These concentrations are easily reduced by the contamination of 7 ray 
to fast neutron dose. It indicates not only the importance of the experimentally determined G-
values for fast neutron radiolysis but also the necessity of the precise evaluation of the 
neutron dose at the reactor core. 

Through the simulations, it was found that some reactions normally negligibly small at 
room temperature become important at higher temperatures and the results are strongly 
effected by the values of their rate constants. The first reaction is a reverse reaction of H2 + 
OH -»H + H2O and its rate constant was estimated before by Hartig and Getoff (1982). From 
the thermodynamical consideration, the rate would be 20 s-1 at 250°C and this affects strongly 
the steady state concentrations, especially in the presence of hydrogen: under hydrogen 
injection. Another one is a reverse reaction of e-aq + H+ -* H, the equilibrium of which is shifted 
to H at room temperature, but the value of 1x105 s-1 for H -» e-aq + H+ at 250°C was 
determined recently by Shiraishi et al. (1994). Both are key reactions for the hydrogen 
injection condition, further study would be expected. 

This paper is a summary of the series of the papers (Sunaryo et al., 1994,1995a, b) 
accepted in Radial Phys. Chem. We wish to thank the staff of the reactor "YAYOI", Nuclear 
Engineering Research Laboratory, The Uinversity of Tokyo, who operated the reactor. 
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