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Background 

In 1993 SKI published a state of the art report in Swedish on radiolysis in nuclear power 
reactors (SKI Teknisk Rapport 93:21). The author, Hilbert Christensen, is a world renowned 
expert on the topic and since he is approaching retirement, SKI commissioned him to write an 
update on his earlier report. This coincided with an invitation for him to give a keynote lecture 
at a seminar on high temperature electrochemistry and radiation chemistry in connection with 
the 2006 conference “Water Chemistry of Nuclear Reactor Systems” in South Korea. 

Results

The available values of important parameters for computer simulation of the radiolysis 
processes have been compiled and assessed. It is pointed out that there are still large 
discrepancies in many of these values at temperatures of interest for power reactors. 

Experimentally determined activation energies have also been compiled and are discussed. 
Activation energies are in most cases extrapolated to reactor temperatures from ambient 
temperature measurements. 

Sensitivity analyses of the parameters have been performed and are discussed. It is noted that 
some reactions which are unimportant at ambient temperatures can be important at reactor 
temperatures. In particular this may be true for reactions with a low rate constant at ambient 
temperatures combined with a high activation energy. It is also possible that unidentified 
reactions could influence the calculations. 

In conclusion it is considered that the important parameters for simulation of radiolysis of 
water are relatively well known and radiolysis is well understood and gives valuable 
information on the radiolysis process. However if more precise calculations are to be made for 
power reactors the author recommends that more data should be obtained at operating 
temperatures. There are still some uncertainties pertaining to the effect of physical parameters 
on radiolysis, for example the transfer of gases from the liquid to the gaseous phase and flow 
characteristics. 

Effect on SKI:s work 

The existing computer codes use data extrapolated from ambient temperatures, but the 
conclusions SKI draws from this report indicate that parametrical measurements at high 
temperatures will not radically improve the accuracy of the codes. SKI has for the present 
therefore no plans to pursue further work in this area. 

SKI Project Manager: Karen Gott 
Project Identification Number: 200541009 
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Summary 
The current state of knowledge of radiolysis in Light Water Reactors (LWR) is pre-
sented in this report. High-temperature data for rate constants and primary radiolysis 
yields have been collected and are shown in Tables. Data from different sources have 
been compared and based on this recommended values have been selected. There is 
generally a good agreement between g-values for gamma-radiation at ambient 
temperature from different sources. There are larger discrepancies between results for 
primary yields from fast neutrons and also for g-values at reactor temperatures.  

Complete reaction mechanisms, including rate constants at reactor temperatures, from 
different sources are discussed and shown in Tables. Experimentally determined 
activation energies are also shown, including the temperature range within which they 
have been determined. In normal cases rate constants at high temperature have been cal-
culated from the rate constant at ambient temperature and the activation energy. 
Exceptions from this rule are shown and uncertainties have been discussed. The results 
of a number of radiolysis calculations, carried out for reactor temperatures, are also 
shown.

The results of some sensitivity analyses are discussed. It has been shown that results 
from radiolysis calculations are rather sensitive to the rate constant ratio  
k(OH + H2)/(k(OH + H2O2). The first reaction leads to recombination, whereas the last 
reaction leads to decomposition. In some cases reactions which are unimportant at 
ambient temperature may play a role at reactor temperatures. This may be the case for 
reactions with a low rate constant at ambient temperature in combination with a high 
activation energy. 





Sammanfattning
En översikt over ämnet radiolys i reaktorvatten har sammanställts. Högtemperaturdata 
för hastighetskonstanter och primära utbyten av radiolysprodukter har sammanställts. 
Resultaten redovisas i tabeller. Data från olika forskningsgrupper har jämförts sins-
emellan och baserat på detta har rekommenderade värden utvalts. Det finns en god 
överensstämmelse mellan olika grupper för g-värden av gammastrålning vid rumstem-
peratur. Överensstämmelsen är sämre för g-värden för strålning från snabba neutroner 
och ännu sämre för resultaten vid reaktortemperatur. 

Kompletta reaktionsmekanismer med tillhörande hastighetskonstanter vid reaktortem-
peratur från olika källor har jämförts och redovisats i tabeller. Experimentellt bestämda
aktiveringsenergier har redovisats, inklusive det temperaturområde, där experimenten 
har utförts. Hastighetskonstanter vid reaktortemperatur har beräknats från hastighets-
konstanten vid rumstemperatur och aktiveringsenergin. Undantag från giltigheten för 
denna metod och andra osäkerheter har diskuterats. Resultat från ett antal beräkningar 
har redovisats. 

En känslighetsanalys har genomförts och de viktigaste reaktionerna vid olika för-
hållanden har på detta sätt dragits fram. Det har visats att resultaten från beräkningar är 
särskilt känsliga för förhållandet mellan hastighetskonstanterna 
k(OH+H2)/k(OH+H2O2). Den förste reaktionen ledar till rekombination och den andra 
till sönderdelning. I några fall har reaktioner som inte har någon betydelse vid rums-
temperatur visats vara av betydelse vid reaktortemperatur. Detta har förklarats bero på 
en låg hastighetskonstant vid rumstemperatur kombinerat med en hög aktiveringsenergi. 
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Introduction 
Radiolysis in reactor water is important for the operation of power reactors. The pro-
ducts of radiolysis are strongly oxidizing and can cause problems with corrosion of 
reactor materials. In BWR oxidizing radiolysis products have caused intergranular stress 
corrosion cracking (IGSCC) of stainless steel. In PWR stress corrosion cracking of the 
Inconel material of steam generator tubes has often been related to large concentrations 
of hydrogen. In order to mitigate or at least decrease these problems it is important to 
acquire a better knowledge of radiolysis at the operational temperatures of BWR and 
PWR. In the last 25 30 years a lot of fundamental data have been obtained, enabling a 
more reliable modelling of radiolysis in light water reactors.  

In order to mitigate IGSCC of stainless steel materials HWC (hydrogen water 
chemistry) has been introduced, at first in the Oskarshamn-2 reactor in 1979 (Fejes, 
1980). Today most BWR´s are operated with HWC in order to reduce the concentration 
of oxidants below a critical level, corresponding to a corrosion potential of -230 mV. 
Modelling of radiolysis in PWR has shown that the amount of added hydrogen can be 
considerably reduced without causing unacceptable levels of oxidants in the water. 

Another problem is connected with the radiolytic production of hydrogen and oxygen in 
BWRs. In normal operation this mixture is removed through the condenser evacuation 
system and the off-gas system. But in some instances radiolysis gas may accumulate 
when stagnant steam condenses and after ignition the result may be a pipe burst or other 
damage. In 2002 a Swedish BWR was shut down because of such an incident (Ullberg, 
2003). This subject is not discussed further in the present report. 

In connection with LOCA and other reactor accidents the iodine chemistry, including 
radiolysis reactions, becomes of interest. This subject is not discussed in the present 
report.

The thermal decomposition of hydrogen peroxide has been discussed previously 
(Christensen, 1993) 

In the present report rate constants, g-values, reaction mechanisms and calculations, all 
at reactor temperatures, are discussed. 
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Rate constants 
Rate constants at ambient temperature are generally well known. A critical review has 
been performed and recommended values have been selected (Buxton et al, 1988). 
Updated versions of rate constants and other radiation chemical data can be found in 
net-based lists from The Radiation Chemistry Data Center of the Notre Dame Radiation 
Lab. (RCDC: www.rcdc.nd.edu) and Natl. Inst. Standards & Technology (NIST: 
www.kinetics.nist.gov). High-temperature data are included in these lists. 

Already in 1965 Jenks set up a mechanism for radiolysis in reactor water (Jenks, 1965; 
Jenks and Griess, 1967). Rate constants at ambient temperature were given together 
with assumed activation energies. For diffusion-controlled reactions an activation 
energy of 3 kcal/mole was assumed. For slower reactions higher activation energies 
were assumed. However, in order to be able to make more reliable calculations of 
radiolysis in the coolant it is necessary to determine rate constants in experiments at 
reactor temperature. Therefore, in 1979 the author started radiolysis experiments using a 
high-pressure high-temperature (http) cell (Christensen and Sehested, 1980), see 
Figure 1. In these experiments, carried out using the Linac at Risoe, at first the rate 
constant was determined for the reaction 

 OH + Cu2+ = Cu2+(OH) (1) 

The cell has been tested up to a temperature of 320 oC and a pressure of 20 MPa. 

In connection with the experiments in the Oskarshamn-2 reactor on mitigation of SCC 
in BWR by the introduction of H2 (Fejes, 1980) it was realized that it would be 
interesting to determine the rate constant of the key reaction 

 OH + H2 = H + H2O (2) 

at reactor temperatures. The rate constant for this reaction was consequently determined 
in pulse radiolysis experiments by Christensen and Sehested (1980) in the temperature 
range 20 230 oC. Later, a number of rate constants of reactions important for the 
radiation chemistry in reactor coolants have been determined at the Linac facility at 
Risoe, see Table 1. References are given in papers by Sehested and Christensen (1987), 
Lundström, Christensen, and Sehested (2004), Lundström (2003), and in Christensen 
(1993).
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Figure 1: The high-temperature, high-pressure(http) cell. 
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Table 1: Activiation energies, EA, measured at high temperatures. 

  E 
kJ mol-1

Tmax
oC

OH + Cu++  Cu(OH)++ 13.3 220 

OH + Fe++  Fe(OH)++   9.2 220 

OH + OH  H2O2   8 200 

OH + H2  H+H2O 19.0 230 

OH + H2O2  HO2 + H2O 14.0 160 

e-aq + e-aq  (e-aq)2 + H2 23.0 300 

HO2 + HO2  H2O2 + O2 20.6 285 

HO2 + O-2  HO-2 + O2   7.6 285 

O-2 + O-2 + H+  HO-2 + O2 80 320 

OH + O-2  O2 + OH- 17.6 285 

H + H  H2 14.7 250 

Fe2+ + H2O2 + H+  Fe3+ + OH + H2O 42 300 

e-aq + OH  OH- 14.7 175 

e-aq + H + H+  H2 14.0 250 

e-aq + H2O2  OH + OH- 15.6 150 

H + H2O2  OH + H2O 10.7 120 

H + OH  H2O   8.2 233 

HO2 + OH  H2O + O2   7.4 296 

HO2 + H  H2O2 17.5 149 

HO2 + Fe2+  Fe3+ + HO-2 36.6 118 

HO2 + Cu2+  Cu+ + H+ + O2 14.9 211 



 5 

McCracken and Buxton (1981) reported on a determination of the rate constant for the 
reaction between hydroxyl radicals and bicarbonates at temperatures up to 200 oC. The 
experiments were carried out at the Cookridge Radiation Research Centre, Leeds. 
Facilities for high-temperature pulse radiolysis experiments have also been built at 
Tokyo University (Ishigure et al, 1987, and references therein) and at the AECL Chalk 
River Laboratories (Elliot et al, 1992). Many rate constants at high temperatures have 
been determined at these laboratories, e.g. Elliot et al (1990) for the reactions 
E + O2 (E=e-

aq), E + H+, E+H2O2, OH+OH, H+O2, + other reactions. In these reactions 
diffusion rate constants were given together with reactions and calculated rate constants 
(kcalc = kdiff/(1 + kdiff/kreact)). Other reactions studied were E+OH, H+OH, H+H, 
OH+OH, OH+O2

-, and OH+HO2 (Elliot and Buxton, 1992, Buxton and Elliot, 1993, 
Elliot and Oullette, 1994). In some cases their results differed from the authors’s, e.g. 
their rate constant for E+OH at 150 oC was 7.2 x 1010 M-1 s-1. At this temperature the 
author’s value was 2 x 1011  M-1 s-1. In Tables 2 and 3 complete mechanisms with rate 
constants given by Buxton and Elliot (1991) and by Christensen (2002), respectively, 
can be compared. It can be seen that there is a fair agreement between the results at 
300 oC given by Buxton and Elliot (1991) and the results at 288 oC given by 
Christensen (2002). Another list of rate constants has been given by Elliot (1994). 
However, in this list k(E+E) was very high (3.3 x 1011 M-1 s-1). It has been shown that 
the rate constant for this reaction has a maximum at about 150 oC. The rate constant at 
300 oC is about the same as the value at ambient temperature (Christensen and Sehested, 
1986). This unusual appearance of the Arrhenius plot, see Figure 2, was explained by 
the mechanism: 

 E + E = X (3) 

 X       = E+ E (4) 

 X       = H2 + 2OH- (5) 

with a high activation energy for the back reaction (4). 
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Figure 2:Arrhenius plot of the overall rate constant for the second-order decay of 
hydrated electrons in H2O: final pH > 10; ( ) 6 12 MPa H2, ( ) 6 12 MPa H2, 50 mM 
sodium silicate added, (+) ph 10.9, 10-2 mol dm-3 tert-butanol. 
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Table 2: Mechanisms and rate constants (dm3 x mol-1 x s-1) of Buxton and Elliot 
(1991). 

No. Reactions k20 k300

1 e-aq + H2O  H + OH 1.9E+1 6.9E+2 
2b e-aq + e-aq  H2 + 2OH- 5.2E+9 7.5E+9 
3 e-aq + H  H2 + OH- 2.5E+10
4 e-aq +OH  OH- 3.0E+10
5 e-aq + O-  2OH- 2.2E+10
6 e-aq + H+  H 2.3E+10 3.6E+11 
7 e-aq + H2O2  OH + OH- 1.2E+10 1.3E+11 
8 e-aq + HO-2  OH + 2OH- 3.5E+9  
9 e-aq + O2  O-2 1.8E+10 2.6E+11 
10 e-aq + O-2  O2-2 1.3E+10
11 H + H2O  OH + H2 1.0E+1  
12 H + H  H2 5.5E+9 9.4E+10 
13 H + OH  H2O 1.5E+10 5.9E+10 
14 H + OH-  e-aq 2.4E+8 4.2E+10 
15 H + H2O2  OH + H2O 5.0E+7 1.2E+9 
16 H + O2  HO2 1.2E+10 8.6E+10 
17 H + HO2  H2O2 Ca. E+10  
18 OH + OH  H2O2 4.5E+9 1.8E+10 
19 OH + O-  HO-2 7.4E+9  
20 OH + H2  H + H2O 4.2E+7 1.3E+9 
21 OH + OH-  O-+ H2O 1.3E+10
22 OH + H2O2  O-2 + H2O 3.0E+7 3.7E+8 
23 OH + HO-2  O-2 +OH- 7.4E+8  
24 OH + H2O+2  O2 + H3O+ 1.2E+10
25 OH + HO2  O2 + H2O 9.0E+9 2.3E+10 
26 OH + O-2  O2 + OH- 1.1E+10 3.4E+11 
27 O- + H2O  OH + OH- 1.7E+6  
28 O- + O-  O2-2 1.3E+8  
29 O- + H2  H + OH- 1.1E+8 1.6E+9 
30 O- + H2O2  O-2 + H2O < 5E+8  
31 O- + HO-2  O-2 + OH- 4.0E+8  
32 O- + O2  O-3 3.7E+9 3.0E+10 
33 O- + O-2  O-2 + 2OH- 6.0E+8  
34 O-2 + HO2  O2 + HO-2 2.0E+8 Ca. 1E+10 
35 HO2 + HO2  O2 + H2O2 8.4E+5 4.4E+7 
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Table 3: Reaction mechanism and rate constants k, dm3 x mol-1 x s-1 (Christensen, 
2002). 

No. Reactions k22 EA
J x mol-1

k288

1 OH + OH  H2O2 5.5000E+9 7.90E+3 2.540E+10 
2 OH + E-  OH- 3.100E+10 1.47E+4 5.345E+11 
3 OH + H  H2O 9.300E+9 8.20E+3 4.553E+10 
4 OH + HO2  H2O + O2 7.100E+9 1.42E+4 1.111E+11 
5 OH + O-2  O2 + OH- 1.000E+10 1.76E+4 3.024E+11 
6 OH + H2O2  HO2+ H2O 2.700E+7 1.42E+4 4.225E+8 
7 OH + H2  H + H2O 3.4000E+7 1.92E+4 1.401E+9 
8 OH+ OH-  H2O + O- 1.200E+10 1.42E+4 1.878E+11 
9 OH + HO-2  HO2 + OH- 7.500E+9 1.42E+4 1.174E+11 
10 OH + O-  HO-2 1.800E+10 1.42E+4 2.817E+11 
11 O- + H2O  OH + OH- 1.700E+6 Na 1.500E+8 
12 E- + E-  H2 + OH- + OH- 5.500E+9 Na 5.500E+9 
13 E- + H  H2 + OH- - H2O 2.400E+10 1.40E+4 3.613E+11 
14 E- + O-2  HO-2 + OH- - H2O 1.300E+10 1.42E+4 2.034E+11 
15 E- + HO2  HO-2 2.000E+10 1.42E+4 3.130E+11 
16 E- + H2O2  OH + OH- 1.200E+10 1.56E+4 2.463E+11 
17 E- + O2  O-2 1.900E+10 1.36E+4 2.647E+11 
18 E- + H+  H 2.300E+10 1.26E+4 2.640E+11 
19 E- + H2O  H + OH- 1.900E+1 1.42E+4 2.973E+2 
20 E- + HO-2  O- + OH- 3.500E+9 1.42E+4 5.477E+10 
21 H + H  H2 5.500E+9 1.46E+4 9.301E+10 
22 H + O-2  HO-2 2.000E+10 1.42E+4 3.130E+11 
23 H + HO2  H2O2 2.000E+10 1.42E+4 3.130E+11 
24 H + H2O2  H2O + OH 5.100E+7 1.07E+4 4.052E+8 
25 H + O2  HO2 2.100E+10 1.03E+4 1.544E+11 
26 H + OH-  E- + H2O 2.200E+7 3.76E+4 3.201E+10 
27 HO2 + HO2  H2O2 + O2 8.400E+5 2.06E+4 4.541E+7 
28 HO2 + O-2  O2 + HO-2 9.600E+7 7.60E+3 4.184E+8 
29 HO2  H+ + O-2 8.000E+5 Na 3.900E+5 
30 H+ + O-2  HO2 5.000E+10 1.42E+4 7.825E+11 
31 H2O2 + OH-  HO-2 + H2O 5.000E+8 1.88E+4 1.907E+10 
32 HO-2 + H2O  H2O2 + OH- 5.700E+4 Na 1.200E+7 
33 H2O2  H2O + O 4.000E-8 6.30E+4 3.000E-2 
34 O + O  O2 5.000E+9 1.42E+4 7.825E+10 
35 H2O  H+ + OH- 2.599E-5 Na 1400E-1 
36 H+ + OH-  H2O 1.430E+11 1.42E+4 2.238E+12 
37 O-2 + O-2  HO-2 + O2 – H+ 1.770E+9 8.00E+4 9.497E+15 
Na  = Not applicable. 
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The mechanism and rate constants used by Ishigure, Takagi and Shiraishi (1987) are 
shown in Table 4. 

Table 4: Mechanism and rate constants, dm3 x mol-1 x s-1 (Ishigure, Takagi and 
Shiraishi, 1987). 

No. Reactions k280

1 e-aq + H2O  H + OH- 1.65E+2
2 e-aq + H+  H 2.48E+11
3 e-aq + OH  OH- 3.10E+11
4 e-aq + H2O2  OH + OH- 1.34E+11
5 H + H  H2 1.03E+11
6 e-aq + HO2  HO-2 2.06E+11
7 e-aq + O2  O-2 1.96E+11
8 2H2O + 2 e-aq  H2 + 2OH- 3.00E+7
9 OH + OH  H2O2 4.65E+10
10 OH- + H  e-aq + H2O 6.63E+8
11 H2O + e-aq + H  H2 + OH- 6.22E+9
12 H2O + e-aq + HO-2  OH + 2OH- 8.70E+8
13 H + OH  H2O 2.06E+11
14 OH + H2  H + H2O 4.82E+8
15 H + H2O  H2 + OH 8.14E+2
16 H + OH  HO2 1.96E+11
17 H + HO2  H2O2 2.06E+11
18 H + O-2  HO-2 2.06E+11
19 H2O + e-aq + O-2  HO-2 + OH- 1.04E+10
20 H + H2O2  OH + H2O 1.13E+9
21 OH + H2O2  HO2 + H2O 1.03E+8
22 OH + HO2  O2 + H2O 1.24E+11
23 OH- + H2O2  HO-2 + H2O 5.97E+0
24 HO-2 + H2O  OH- + H2O2 1.89E+7
25 H+ + O-2  HO2 5.16E+11
26 HO2  H+ + O-2 3.40E+7
27 HO2 + O-2  O2 + HO-2 4.97E+8
28 2H2O + 2O-2  H2O2 + O2 + 2OH- 3.27E+5
29 HO2 + HO2  H2O2 + O2 8.95E+7
30 H+ + OH-  H2O 1.49E+12
31 H2O  H+ + OH- 1.33E-1
32 OH + O-2  O2 + OH- 1.24E+11
33 H2O2  2 OH 1.26E-1*
*  = Pseudo first order s-1.
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A compilation of about 3 000 rate constants for reactions between primary radiolysis 
species and organic and inorganic compounds has been given by Pikaev and Kabakchi 
(1982).

The dissociation constants of some of the radiolysis products have been determined at 
high temperatures: for HO2/O2

- (Christensen and Sehested, 1988), and in reviews for a 
number of radiolysis products (Buxton and Elliot, 1991, Elliot, 1994). Elliot (1994) has 
presented a figure showing pK of water, OH, H2O2, H, and HO2 as a function of tem-
perature up to 300 oC. In the author’s experiments buffer systems have occasionally 
been used, even outside the temperatures for which literature data were available. For 
this purpose Figure 3 was constructed (Sehested and Christensen, 1982). Almost all data 
fall on a unified curve, when suitable pH and temperature displacements are applied. 
However, the model fails for water at temperatures above 300 oC.

Obviously it is preferable to use experimentally determined rate constants in radiolysis 
calculations at high temperatures only in the temperature range in which the experi-
ments were carried out. However, in some cases it is necessary to use the experimental 
activation energy in order to extrapolate rate constants outside this range. This is the 
case for experiments with added H2O2, because of the low thermal stability of H2O2 in
the small experimental cell. In one case the rate constant of the reaction 

 Fe2+ + H2O2 = Fe3+ + OH +OH-   (6) 

was determined by using the H2O2 produced in the pulse and in this way the rate 
constant was determined in the temperature range 5 300 oC, see Table 1. 
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    Temp (oC) 

Figure 3: pK-values as a function of temperature. 

  Displacement of 
  pH Temp, oC

Water 0 0 
+ Acetate 6.45 225 

Si (OH)4 2.37 63 
Phosphate 3.9 200 

 HO2/O-2 6.5 230 
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Discussion 

As can be seen from Tables 2 4 there are considerable differences in the rate constants 
used at reactor temperaturess. There is a general agreement about the mechanism and 
rate constants to be used at ambient temperature. However, there is a lack of experi-
mental data for the high-temperature rate constants of a number of reactions. Normally 
an activation energy for diffusion controlled reactions of 12.6 14.2 kJ/mole is assumed, 
when no experimental data exist. In Table 3 an activation energy of 14.2 kJ/mole has 
been assumed, when the activation energy is unknown. However, this is an uncertain 
assumption. For the fast reaction 1, Table 3, the experimental activation energy was 
determined to be only 7.9 kJ/mole, see Table 1, although the reaction is close to being 
diffusion controlled. This uncertainty in basic data results in an uncertainty in the results 
of modelling of radiolysis in the water coolant, see the section “Discussion of errors”, 
p. 29. 

The values of Table 3 are recommended values as they are based on experimentally 
determined activation energies, when they can be found and assumed activation 
energies when no experimental values can be found. Additional uncertainties arise when 
rate constants are used outside of the temperature range in which they were determined 
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g-Values 
Another important parameter in the modelling of reactor coolant radiolysis is the 
g-value at high temperatures. g-Values at high temperatures have been determined both 
for gamma and fast neutron radiation and even for radiation with higher LET at ambient 
temperature. For gamma radiolysis the g-values are well-known at ambient temperature. 
Even for radiolysis with fast neutrons the g-values at ambient temperature are known. 
g-Values for both gamma and fast neutrons have been determined in recent years in 
experiments as a function of temperature by several groups. The results of various 
groups are discussed below. The results are shown in the summary Tables 5 9 for 
primary g-values for gamma radiation at ambient temperature, for fast neutrons at 
ambient temperature, for gamma radiation at high temperature, for fast neutrons at high 
temperature and for -radiation, respectively.  

In a number of journal articles and reports from Chalk River Laboratories McCracken 
and Elliot and co-workers have reported determination of g-values for gamma radiation, 
fast neutrons and a number of particles with various energies as a function of tempera-
ture (Elliot et al, 1989, 1992,1993, 1996a, 1996b, Buxton et Elliot, 1991, Elliot, 1994, 
McCracken et al, 1998, Stuart et al, 2002). McCracken et al (1998) have compared a 
number of calculated and experimental results for g-values of E, OH, and H-atoms as a 
function of LET (up to about 3 keV/ m). They all decrease with increasing LET, 
whereas g-values of H2O2 increase with increasing LET. A number of figures are shown 
in the report of McCracken et al (1998). Yields for PWR and Candu reactors at appro-
priate temperatures are also shown. They have compared yields for neutron radiolysis 
from their own work with literature data, all at temperatures around 285 oC
(Table 7.14.6 in the reference). There is a considerable variation between the values 
from different sources.  

Elliot and Buxton (1991) have published a table of low-LET g-values at different tem-
peratures between 20 and 300 oC. Elliot (1994) has published a table for g-values for 
radiation with different LET (between 25 and 70 eV/nm), including fast neutrons at 25 
and at 300 oC, see Tables 6 and 7. It can be seen that the yield decreases for E, OH, and 
H with increasing LET, whereas the yields of H2, H2O2, and HO2 increase. They have 
also published a table with equations for the variation of yields with temperature for 
gamma-radiolysis. Elliot et al (1992) have determined g-values at elevated temperatures 
using irradiation with a 23 MeV deuteron beam in order to simulate fast neutron 
radiolysis. In the report Elliot gave a value for LET of a 23 MeV deuteron of 4.2 eV/nm. 
Normally the LET of fast neutrons in a reactor is given as 40 eV/nm, see Table 10. The 
g-values are quite different from the g-values given by Elliot (1994) for fast neutrons 
and 0.46 MeV proton beam, e.g. g(E) = 1.9 according to Elliot et al (1992) and 0.34 
according to Elliot (1994) for 0.46 MeV proton beam. Elliot et al (1996), have studied 
the temperature dependence of g-values for aqueous solutions irradiated with 23 MeV 
2H+ and 157 MeV 7Li+ ion beams. For the Li beam g(E) and g(H2) at 180 oC were 0.86 
and 0.95, respectively, whereas the values for the 2H+ were 1.8 and 0.67, respectively. 
They concluded that for increasing LET g(E)/dT decreases, g(H2)/dT increases. For OH 
and H2O2 similar parameters remain almost constant. g(OH), g(E) and g(H2) increase 
with temperature, whereas g(H2O2) decreases with temperature. 
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Table 5: Primary g-values for gamma radation at ambient temperature. 

Ref.  E H H2 OH H2O2 HO2

Kent & Sims (1992) 2.5 0.54 0.47 3.1 0.75  
Buxton & Elliot (1991) 2.65 0.56 0.42 2.58 0.7 0.74
Ellliot et al (1992) 2.65 0.59 0.42 (2.78) 0.69  
Ruiz et al (1987) 2.7 0.66 0.43 2.86 0.61  
Sunaryo et al (1994) 2.75 0.63 0.45 3.12 0.58  
Bjergbakke (1984) 2.66 0.55 0.45 2.67 0.72  
Elliot (1994) 2.63 0.57 0.44 2.78 0.65  
Elliot (1993) 2.6 0.57 0.43 2.7 0.65  
La Verne & 
Pimblott

(1993) 2.5 0.66 0.44 2.4 0.75  

La Verne (2004) 2.5 0.56 0.45 2.5 0.70 0.02 
Christensen (2002) 2.65 0.55 0.45 2.80 0.65  

Mean value*  2.61 0.59 0.44 2.75 0.69 0 
Redox
balanced** 

 2.62 0.59 0.44 2.75 0.67 0 

* Neglecting highest and lowest value. 
** Recommended values. 

Table 6: Primary g-values for fast neutrons at ambient temperature. 

Ref.  E H H2 OH H2O2 HO2

Elliot (1994) 0.55 0.34 0.97 0.72 0.98 0.05 
Elliot et al (1996a) 0.52 0.34 0.97 0.72 0.92 0.05 
Ruiz et al (1987) 0.93 0.50 0.88 1.09 0.99 0.04 
Sunaryo et al (1994) 0.43 0.58 1.07 0.7 0.86 1.14 1.22
La Verne+ (2004) 0.48 0.31 0.94 0.67 0.91 0.06 
Katsumura (1991) 0.34 0.29 0.97 1.10 0.74 0 
Christensen (2002) 0.50 0.41 1.02 0.74 1.03 0.05 

Mean value*  0.50 0.37 0.96 0.83 0.96 0.05 
Redox
balanced** 

 0.50 0.39 0.96 0.74 0.96 0.05 

+ 1 MeV H beam. 
* Neglecting highest and lowest value. 
** Recommended values. 
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Table 7: Primary g-values for gamma radiation at high temperature. 

Ref.  Temp
oC

E H H2 OH H2O2 HO2

Kent & Simms (1992) 270 3.6 0.68 0.70 5.7 0.28  
Buxton & Elliot (1991) 300 4.15 1.08 0.62 3.9 1.32  
Elliot et al (1993) 300 2.6 0.87 0.66 4.6 0.27  
Sunaryo et al (1995) 250 3.54 0.94 0.56 3.32 3.66 0.96 1.16
La Verne & 
Pimblott

(1993) 300 3.5 0.8 0.2 4.2 0.3  

Christensen (2002) 289 3.51 0.91 0.60 4.52 0.55  

Mean value*   3.55 0.87 0.61 4.23 0.55  
Redox
balanced** 

  3.54 0.87 0.60 4.51 0.55  

* Neglecting highest and lowest value. 
** Recommended values. 

Table 8: Primary g-values for fast neutrons at high temperature. 

Ref.  Temp
oC

E H H2 OH H2O2 HO2

Simms (1988) 280 0.9 0.3 1.2 2 0.7  
Elliot (1994) 300 0.61 0.34 1.26 2.02 0.65 0.05 
Elliot et al (1996a) 300 0.61 0.34 1.21 2.76 0.19 0.05 
Mc Cracken (1998) 285 1.0 0.49 1.08 1.8 2.7 0 1.2 0.05
Sunaryo et al (1995) 250 0.77 0.64 1.49 1.6 1.74 1.24 1.33
Ruiz et al (1987) 290 0.93 0.50 0.88 1.09 0.99 0.04 
Katsumura (1991) 250 0.19 0.70 1.04 2.85 0.03  
Christensen (2002) 289 0.65 0.45 1.26 1.79 0.84 0.05 

Mean value*   0.76 0.46 1.16 2.08 0.52 0.05 
Redox
balanced** 

  0.65 0.46 1.17 2.00 0.65 0.05 

* Neglecting highest and lowest value. 
** Recommended values. 
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Based on the experiments, Elliot et al (1996), calculated g-values for fast neutrons 
(2 MeV) as a function of temperature.They have compared their values with those of 
Sunaryo et al (1994, 1995a). Sunaryo found higher g-values for H2O2 and their g-value 
increased with increasing temperature. Stuart et al (2002) have made pulse radiolysis 
studies of heavy water at temperatures up to 250 oC. They found that the heavy water 
rate constants were slightly lower than the corresponding light water rate constants. 

Ishigure, Katsumura, Shiraishi and Sunaryo et al at the University of Tokyo have made 
intensive studies of the variation of g-values with temperature, both for gamma- and fast 
neutron radiolysis (Shiraishi et al, 1994, Katsumura et al, 1988, 1989, 1989, 1992 
Shiraishi et al, 1989, Sunario et al, 1994, 1995a, 1995b, Ishigure et al, 1995). 

Ishigure et al (1995) have determined yields of primary species in the temperature range 
25 250 oC for both gamma and fast neutron radiolysis using three chemical systems. 
The g-values for E, H, H2, OH increased with increasing temperature. Even the g-value 
for H2O2 in their experiment increased with temperature, in contrast to the results of 
Elliot et al (1996a). Ishigure et al found that g(H) was almost constant for irradiation 
with fast neutrons in the temperature range 25 250 oC. Steady state concentrations were 
calculated  for both aerated and deaerated solutions for irradiation with gamma and fast 
neutrons. Figures of g(E) and g(H2) for different temperatures and for radiation with 
different LET was compared with similar results of Elliot et al. At the 1991 JAIF 
International conference in Fukui City Katsumura et al (1991) presented results of g-
value determinations for fast neutrons in the temperature range 25 250 oC. Here they 
found that both g(E) and g(H2O2) decreased with temperature, g(H) and g(OH) 
increased and g(H2) was almost constant. Katsumura et al (1991) also compared their 
results at 25 oC with those of Jenks (1965), Schwartz (1969) for 32 MeV and 12 MeV 
He2+ beams, Burns (1976) and Gordon (1983). There was a considerable difference 
between the different references, especially for g(OH) and g(E).  

Kent and Sims (1992) have determined g-values for gamma radiation as a function of 
temperature up to 270 oC. Curves are shown as a function of temperature for the yields 
of H2 (monotonic increase), H (monotonic increase up to 150 oC, then constant values), 
E (monotonic increase), OH (monotonic increase up to 200 oC, then a large increase 
(thought to be spurious), H2O2 (monotonic decrease). A summary table with values at 
25, 145 and 270 oC is given in the reference. Sims (1988) has determined fast neutron 
yields at reactor temperaturess and has compared his values with other data. The values 
from different sources vary quite considerably, in some cases by a factor of two and 
even more, reflecting the difficulty of such determinations. A list of calculated g-values 
for 10B(n, )7Li radiation is also given. 

Burns and Marsh (1981) have determined g-values for gamma radiation at 300 and 
410 oC. The g-values at 400 oC were 2.0, 0.3 and 0.4 for H2, H and E. The values seem 
to be rather unlikely, when compared with more recent results. 

Kabakchi and Lebedeva have determined the temperature dependence of the yields of 
reducing, g(red), and oxidizing, g(ox), species during the radiolysis of water (1984, 
1987). g(red) and g(OH) increased with increasing temperature, whereas g(H2O2)
decreased. 
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Gordeev et al (1992) have determined energy absorption rates for gamma-, alpha- and 
neutron radiation in the WWER-440 reactor. Based on this they calculated g-values 
applicable in the WWER coolant. The yields for H, E, H2O2 and HO2 were calculated at 
different boron concentrations. 

LaVerne et al (1993, 1994, 2005), LaVerne (2004), Stefanic and LaVerne (2002), 
LaVerne and Schuler (1987a, 1987b), LaVerne and Pimblott (1993) have published a 
large number of studies of water radiolysis using different radiation sources, in some 
cases with very high LET (58Ni ions). From a study using 6C ions (LaVerne and 
Schuler, 1987b) they found that g(H) increased from small values at low energies to 2 at 
1 000 MeV. g(-H2O) increased from 2.5 at low energies to 3.3 at 1 000 MeV. In 
diffusion-kinetic modelling of the electron radiolysis of water at elevated temperatures 
LaVerne and Pimblott (1993) found that the yields of OH and E increased with tem-
perature to values of about 4.2 and 3.5, respectively, and the yields of H2 and H2O2
decreased to about 0.2 and 0.3, respectively, all at 300 oC. The corresponding values 
used by us (see Table 7) at 288 oC are 4.5, 3.5, 0.6 and 0.55, respectively. An excellent 
review of radiation chemical effects of heavy ions has been given by LaVerne (2004). 
In his Table 1 g-values are given for different kinds of radiation. The values for 5 MeV 
4He ions are shown in Table 6 of the present report. The temperature dependence of 
g(H2O2) in gamma radiolysis has been determined to be 0.74 2.4 x 10-3 T oC using a 
bromide system (Stefanic and LaVerne, 2002). This would give a g-value of 0.02 at 
300 oC. Using another scavenger the g-value would be 0.05 at the same temperature. 
g(E) has been determined for different radiation types. The values at 5 ps were 4.1, 3.9, 
3.4 and 2.6 for gamma, 5 MeV H+, 5 MeV He++, and 10 MeV C ion, respectively 
(LaVerne et al, 2005). LaVerne and Schuler (1987b) have studied the oxidation of 
ferrous ions in aqueous solutions, irradiated with various heavy ions: 4He, 7Li, 9Be, 
11Bo, and 12C ions. The LET varied from maximum 230 eV/nm for He ions (1 MeV) to 
maximum 1 000 eV/nm for 12C ions (6 MeV).  It is outside the scope of this report to 
refer to all the studies (19 references from 1987 2005) of LaVerne et al.  

Taguchi and Kojima (2005) have determined differential G values of the OH radical at 
ambient temperature as a function of LET using C and Ne ions with various energies. 
The LET was varied in the range 110 to 1 100 eV/nm. The value for LET = 220 eV/nm 
was 0.19. However, this value cannot be directly compared with the values shown in 
Table 8. The mean value over the whole track should be lower than the differential 
value at LET = 220 nm. 

For modelling of radiolysis in PWR it is important to know not only the primary yields 
of radiolytic species for gamma- and fast neutron radiation, but also for radiation from 
the reaction 10B(n, )7Li with an LET of 220 eV/nm, see Table 10. g-values for alpha 
radiation have been determined at ambient temperatures (Jenks, 1965, Bibler, 1974, 
Burns and Sims, 1981, Lefort, 1981, LaVerne, 2004). By comparison of these values 
Christensen (in Poinssot, 2005) has selected “preferred values”, see Table 9. A quite 
different list of g-values has been given by Lundgren et al (2004), see Table 9. The 
corresponding values at reactor temperatures are not well-known. Lundgren (2004) has 
calculated g-values at 286 oC, see Table 9. Christensen (1987) has estimated g-values at  
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289 oC, see Table 9. It is likely that the 10B(n, )7Li irradiation could be simulated by 
using an ion beam with a similar LET. G-values could then be determined at high 
temperature. 

Table 10: LET of different types of radiation. 

Radiation source LET 
eV/nm 

1 MeV gamma 0.2 
1 MeV electron 0.24 
23 MeV 2H+ 4

10 MeV 2H+ 10

1 000 MeV 6C+ 20
Fast neutrons (reactor) 40 
0.46 MeV 60
5.3 MeV 136
3 MeV 180
10B(n, )7Li 220

The standard potentials of radiolysis products are given in Table 11. 

Table 11: Standard potentials of radiolysis products. 

No. Reaction Standard potential 

1 e- + H2O  e-aq -2.7

2 e- + H+  H -2.1
3 e- + O2 (g)  O-2 (aq) -0.19

4 e- + H+ + O2 (g)  HO2 -0.07

5 2e- + 2H+ + O2  H2O2 0.682

6 e- + H+ + HO2  H2O2 1.5

7 e- + H+ + CO-3  HCO-3 1.5

8 e- +2H+ + O-2  H2O2 1.75

9 2 e- + 2H+ + H2O2  2H2O 1.7

10 e- + OH  OH- 1.8
11 e- + OH + H+  H2O 2.7
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Discussion 
In Tables 5 9 g-values from different research groups can be compared. In Table 5 the 
g-values for gamma radiation at ambient temperature are shown. It can be seen that 
there is a good agreement between the different results. Disregarding the highest and 
lowest value for each species, mean values have been calculated. The values of 
Christensen are not included in the calculation of mean values, as they are based on a 
previous estimation of preferred values. In order to use the data in calculations, a perfect 
redox balance of the g-values must be established, see Table 5. The different results 
vary less than 10 % from the mean value. There is a larger variation in the g-values for 
fast neutrons at ambient temperature, see Table 6. Again, mean values, disregarding the 
lowest and highest values, have been calculated and these values have been brought in 
redox balance.  The different values may in some cases vary more than 20 % from the 
mean value. This reflects the larger uncertainty of these values.  

At reactor temperaturess the g-values become more uncertain. In Table 7 g-values for 
gamma radiation at reactor temperatures (250 300 oC) are shown, including redox 
balanced mean values. The variation between different results is quite large, but when 
the highest and lowest values are disregarded, the variation is acceptable, with exception 
for the values of g(H2O2). The g-values for fast neutrons at reactor temperatures are 
shown in Table 8. Again redox balanced mean values have been calculated neglecting 
highest and lowest values. These values are probably correct within about 25 %, see 
Table 8. 

From Tables 5 8 it can be seen that there is a general agreement that the radical yields 
and the yield of H2 increase with increasing temperature. Most results show that the 
yield of H2O2 decreases with increasing temperature. Generally the yields of radicals 
decrease with increasing LET of the radiation, whereas the opposite is the case for 
molecular yields. 

In PWR g-values for -radiation has some importance for modelling of radiolysis in the 
coolant. The degree of importance depends on the flux of thermal neutrons and the 
boron concentration. It is the g-value for the total dose from the reaction 10B(n, )7Li 
that is important. g-values for both -radiation and radiation from the boron reaction are 
given in Table 9. It can be seen that there is quite a variation of the different values even 
at ambient temperature. No experimental data have been found for g-values at reactor 
temperatures. Experimental data, especially at reactor temperatures, are needed in order 
to make reliable calculations for PWR. 
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Reaction mechanism and calculations 
In order to predict the chemical conditions of the water coolant it is important to have a 
reliable radiolysis model for computer calculations. In addition to high-temperature data 
for rate constants and g-values, as discussed above, it is also necessary to have a reliable 
reaction mechanism. 

In the sixties Jenks (1965)and Jenks and Griess (1967) presented a mechanism for 
calculation of radiolysis in reactor water. Ibe and Uchida from Hitachi have presented a 
model and made calculations of radiolysis in BWR (1985a, 1985b, 1987). In this model 
reactions for transfer of gases between water and vapour phases were included. In 1988 
Cowan and co-workers presented results of calculations of radiolysis in various parts of 
GE-BWR reactors (Cowan et al, 1988). They found a good agreement between cal-
culated and measured results in recirculation water as a function of feed water hydrogen 
concentration. They used a model developed in cooperation with UKAEA, Harwell.  

Ishigure et al (1983, 1987) and Takagi et al (1983) have developed a model for the 
calculation of radiolysis in reactor water and made calculations using the computer code 
“Facsimile” (Chance et al, 1977). The effect of hydrogen injection in BWR feedwater 
was calculated for various parts of the reactor system. Sensitivity tests were performed 
(Takagi et al, 1983). It was shown that the results were sensitive to the following two 
key reactions: 

 OH + H2 = H2O + H (2) 

 OH + H2O2 = H2O + HO2 (6) 

The agreement between experimental and calculated results was improved when k2 was 
decreased. A decrease of k2 results in increased radiolysis. The experimental values of 
k2 and k6 at 288 oC are 1.4 x 109 and 4.2 x 108, respectively (Christensen and Sehested, 
1983, Sehested and Christensen, 1987, Christensen, 1993). The values used by Ishigure 
(1987) were 4.8 x 108 and 1.03 x 108, respectively, see Table 4. A conclusion from the 
calculations was that approximately 300 ppb of H2 in the feedwater was necessary to 
reduce the oxygen concentration in the recirculation lines to a negligible level, while 
one order of magnitude higher a level of H2 was necessary to suppress oxygen in the 
reactor core. In Figure 4 some results of the calculation of radiolysis concentrations in 
various parts of a BWR are shown. 
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Figure 4: Calculated levels of O2, H2 and H2O2 at each portion of a 1 100 MWe BWR. 
(Data from Ishigure et al (1987). Reprinted with permission from K. Ishigure.) 

Ishigure and co-workers have suggested the introduction of two new reactions, which 
are the reverse reactions of reaction 2 and the reaction 

 E + H+ = H (7) 

The rate constant of the reverse reactions were determined by thermodynamic cal-
culations (Ishigure et al, 1995) or experimentally (Shiraishi et al, 1994). The values 
were: k-7 = 1 x 105 at 250 oC and k-2 = 1.1 x 103 at 250 oC. From the work of Swiatla-
Wojcik and Buxton (2001) a value of k-2 = 1.97 x 104 could be calculated. Ichikawa 
(1999) has made calculations including these reactions and found (as may be expected) 
that the introduction of reaction -2 hinders the recombination, thus increasing radiolysis 
and reaction -7 enhances recombination, thus decreasing radiolysis. In our experiments 
on the forward reaction 2 (Christensen and Sehested, 1983) we could not observe a 
deviation from a straight line for the Arrhenius curve as may be expected if a reverse 
reaction took place. 

Lundgren and Christensen (1996) have developed a model for calculations in BWR, 
BwrChem 1. The reactor system was divided in a large number of compartments (in 
series and parallel) and a radiolysis calculation was carried out in each compartment,  
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using the Maxima-Chemist computer program (Carver et al, 1979). The mechanism is 
the same as in Table 3 (Christensen, 2002). However, the rate constant of reaction 8 was 
decreased by a factor of 2 and k9 was increased by a factor of 5, compared with Table 3. 

 OH + E = OH- (8) 

 OH + H = H2O (9) 

The effect of these changes should be increased radiolysis as the hydrated electron 
reacts faster than the H atom. 

In a sensitivity analysis it was shown that radiolysis in the down-comer was sensitive to 
the modelling of the mixing of the flow in the down-comer. By fine-tuning of some g-
values and rate constants a good agreement between measured and calculated results 
was obtained. The original model, presented in 1995, has later been modified a number 
of times (Lundgren et al, 2004 and references therein). The improved model, 
BwrChem6, was presented in 2002. A model, modified for use in PWR and including 
effects of added noble metal and improvements of down-comer radiolysis, was 
presented in 2004 (Lundgren et al, 2004). 

Elliot (1994), and McCracken et al (1998) have presented a model for calculation of 
radiolysis in reactor systems and carried out a number of calculations. McCracken 
(1998) has given results of radiolysis calculations for different radiation types (gamma, 
fast neutrons and gamma + neutron) at a pH of 10.3 (measured at 25 oC), of light water 
at 300 oC.

Calculations of radiolysis of reactor water have also been carried out at Harwell using 
the computer program “Facsimile” (Burns and Moore, 1976, Ruiz et al, 1989). The 
computer program “Chemsimul”, developed at the Risoe Research station, has also been 
used for modelling of radiolysis in water coolant (Bjergbakke et al, 1984). 

Some years ago there was an interest in a reduction in the amount of hydrogen added to 
PWRs. This interest arose because of problems of PWSCC of steam generator tubes 
(alloy 600). As a result of radiolysis calculations under PWR conditions it was con-
cluded that the H2 addition to PWRs could be reduced from the normal range, 
25 50 cm3 per kg (STP) to about 5 cm3/kg (Christensen, 1995) without causing 
unacceptable concentration of oxidants. This conclusion was corroborated by experi-
ments of McCracken (1992), where a critical H2 concentration of 0.3 to 0.4 cm3/kg was 
found. In experiments in the Belleville PWR in France (Brun, 1994) it was found that 
even at hydrogen concentrations as low as 5 cm3/kg the production of oxidants was 
negligible. Calculations simulating the conditions of the Japanese reactor Tsuruga-2 
(Hisamune et al, 1988 and references therein) also indicated that the hydrogen addition 
could be reduced considerably. The original choice by Westinghouse of the amount of 
hydrogen to be added to PWR was based on low-temperature experiments by Hart et al 
(1956) and Mackintosh et al (1967). However, due to the different activation energies of 
reaction 2 and 6, shown above, (see Table 1) radiolysis decomposition of the reactor 
water decreases with increasing temperature. According to recent information 
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(Andersson, 2006) Ringhals is not any longer considering a decrease in the hydrogen 
addition to PWR, with the argument that although a decreased hydrogen concentration 
decreases the PWSCC initiation reaction, it increases the propagation reactions. 

A number of radiolysis experiments in the Studsvik In-Core-Assemble (INCA-loop), 
see Figure 5, accompanied by radiolysis calculations, have been carried out 
(Christensen et al, 1996, Takiguchi et al, 2000). In Figure 6 the electrode potential, 
measured in the in-core part of the INCA-loop, is shown together with measured and 
calculated concentrations of radiolysis products during radiolysis of deaerated water at 
150 oC.

Figure 5: Principle flow-chart of the INCA loop in once-through operating mode. 

By radiolysis modelling the hydrogen and oxygen behaviour in PWR primary coolant 
has been calculated (Garbett et al, 2000). At 300 oC the critical hydrogen concentration 
was less than 0.1 cm3(STP)/kg.  

Swiatla-Wojcik and Buxton (2001) have analysed diffusion kinetic calculations to 
determine the isotopic effect in the radiolysis of water with radiation of LET from 0.2 to 
60 eV/nm and at temperatures up to 300 oC . 

Ishigure (2005) has reviewed the chemistry in nuclear reactors. In the review models for 
calculation of radiolysis and ECP were discussed. 



 25 

[H2]in ( M)
Figure 6: Oxidant concentration and corrosion potential as a function of inlet hydrogen 
concentration at 150 oC.

As a part of a study on radiation enhancement of zircaloy corrosion in BWR, Burns and 
Moore (1978) made calculations of radiolysis under reactor conditions. In the cal-
culations the effect of stripping of gases from the reactor water was included. 

Dickinson et al (2002) have studied radiolysis effects in sub-cooled nucleate boiling and 
found that a hydrogen depleted region may be formed in the water during bubble 
formation when boiling occurs in a PWR, due to stripping of gases into the steam phase. 
The depleted water may then become oxidizing. This could explain deposits formed in 
axial offset anomalies (AOA).  
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Urquidi-Macdonald et al (2005) and Kim et al (2005) have included a model for cal-
culation of radiolysis in their model for calculation of ECP in reactors and carried out a 
number of ECP calculations. In the paper Macdonald writes “We end with a strong 
recommendation for additional experiments to more accurately determine primary 
species, the rate constant of the reactions, and the radiolytic yields”. The present author 
agrees with this statement. 

Radiolysis of supercritical water has been studied by Katsumura et al (2000, 2002) and 
Wu et al (2000) up to 400 oC using pulse radiolysis technique (51 53).

Discussion  
It can be seen from Table 3 that for some reactions the rate constant at high temperature 
cannot be calculated using the activation energy. This is the case for reaction 12, as 
discussed above.

 E +E = H2 + OH- + OH- (12) 

The same is the case for the dissociation reactions of the (weak) acids: OH, H2O, and 
H2O2. Instead the rate constants at high temperature have been calculated using pK 
values from Figure 3.  

It is possible that the agreement between experimental and calculated results of radio-
lysis in reactor radiolysis can be improved by the introduction of the two back reactions  

 H + H2O = OH + H2   (-2) 
and
 H             = E + H+     (-7) 

as studied and suggested by Ishigure, Takagi and Shiraishi (1987). This should be 
studied in detail in a number of comparisons of experimental and calculated results of 
radiolysis for different reactors. 

For results from one reactor it is normally always possible to obtain a good agreement 
between measured and calculated results by adjustment of some parameters (rate 
constants, g-values, mechanism etc.) But in order to get a universal model it should be 
tested with success in a number of reactors, preferably both BWR and PWR.  
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Sensitivity analysis 
The mechanisms shown in this report contain a large number of reactions, generally 
more than 30. An attempt has been made to determine the most important reactions 
under different conditions (Christensen, 1987). A summary of the most effective 
parameters for determination of the final concentrations in the down-comer is shown in 
Table 12.

Table 12: The most effective parameters for the determination of final concentrations of 
radiolysis in the downcomer. 

Conditions Change of When k for the 
following reaction 
is increased 

Increased or 
decreased 
radiolysis 

OH + HO2 

OH + O-2

OH + H2

OH + H2O2

E + H2O2

NWC H2-conc. 

E + O2

E + H2O2

E + O2

A + O-2

AO-2 + O-2

NWC Ratio H2O2/O2

OH + H2O2 ( )
H + H 

H + H2O2HWC H2O2

E + H2O2

 Laminary flow 
changed into mixed 
flow

( )

A is an impurity and ( ) means that the effect is relatively small 

In addition to the effect of variation of the rate constant for the reactions, different sets 
of  g-values were tested. When limited mixing was assumed in the downcomer the 
concentration of radiolysis products increased compared with results when complete 
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instantaneous mixing was assumed. The results also depend on the dose rate and dose 
rate distribution in the downcomer, i.e. whether a radial variation of the dose rate in the 
downcomer is assumed or not. The following two reactions are responsible for the 
recombination between H2 and H2O2, which take place for example in the downcomer:   

 OH + H2  = H2O + H (2) 

 H + H2O2 = H2O + OH (10) 

Thus, the calculated concentrations of radiolysis products are sensitive to the rate con-
stant ratio for these two reactions. Another important pair of reactions are the reactions 
(2) and (6). 

 OH + H2O2 = H2O + HO2 (6) 

Reaction 2 leads to recombination, whereas reaction 6 leads to decomposition. There-
fore, the calculated results are sensitive to the rate constant ratio of these two competing 
reactions. Furthermore, as the activation energy for reaction 2 is higher than for 
reaction 6, see Table 1, recombination becomes more important with increasing tem-
perature. As a result there is less radiolytic decomposition with increasing temperature. 
The calculated concentration of radiolysis products is, of course, also sensitive to the 
choice of g-values (Christensen, 1987) 
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Discussion of errors 
In the previous section an analysis pointed out the most sensitive reactions in the 
calculations of radiolysis in the downcomer. In a number of reports results of cal-
culations under various reactor conditions have been made in order to determine the 
possible errors in the calculated results: 

Lundgren and Christensen (1995) have calculated the effect of neutron radiolysis 
(1 w/g) at 285 oC under BWR conditions and studied the effect of varying some rate 
constants. When k(OH + H2O2) was increased by 20 % and k(OH + H2) was decreased 
by 20 % the concentration of radiolysis products was increased by a factor of 1.6. A 
decrease of k(OH + HO2) by a factor of two decreased the radiolysis by about the same 
factor. A change of k(H + H2O2) by a factor of 1.3 did not change the results. These 
results indicate that the concentrations of radiolysis products could have an error of a 
factor two. Christensen and Pettersson (1997) have made calculations under PWR 
conditions (with 1 200 ppm boron and a low H2 concentration of 50 ppb) and have 
studied the effect of various parameters. When the ratio k(OH + H2O2)/k(OH + H2) was 
increased by a factor of 4 the concentration of (O2 + H2O2) was increased by a factor of 
2.4. Subcooled boiling in the last 3rd of the fuel channel with a ratio of V/L = 1/9 
resulted in an increase by a factor of 1.9. (V = Vapour, L = Liquid). Calculations 
simulating irradiation conditions in the Studsvik INCA loop (288 oC, no vapour phase, 
initial O2 and H2 concentrations = 0) have been carried out (Christensen, 2002). When 
the n/  was increased from 0.8 to 1.0 the concentration of H2O2 increased about 6 %; 
when the temperature was decreased to 275 oC the concentration of H2O2 was increased 
by about 10 %. When k(OH + H2O2)/k(OH + H2) was increased by a factor of 4 the 
concentration of H2O2 increased by a factor of 2.4. When the ratio was decreased by a 
factor of 4 the concentration was decreased by a factor 1.6. The concentration unit is in 
all cases molar.  

Although the rate constants for the reactions discussed above have all been determined 
in experiments they are connected with some error. The error for rate constants of 
reactions with H2O2 may be as high as a factor of 2-4. Probably the error in the rate 
constant of OH + H2 is less than a factor of two. The analyses show that the calculated 
concentrations could have an error by a factor of two and in some cases even higher. 
Thus, each calculation should be accompanied with a sensitivity analysis. The variation 
of the g-values in different experiments under various conditions can be seen in 
Tables 5 9. The errors in basic parameters may have different consequences for 
different cases: For calculations of PWR with H2 concentrations of 15 cm3/kg (STP) or 
higher the concentration of radiolysis products is very low, so an error of a factor of two 
would not be important. For BWR conditions with low or no H2 added the consequence 
could be the actual concentrations in the reactor water were a factor of 2 3 higher or 
lower than the calculated values.  
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Future research 
As mentioned above, accurate determinations of the activation energy for a number of 
important reactions should be carried out. Although a number of data have been 
collected there is still a lack of experimental data. Also more accurate determinations of 
g-values need to be carried out, especially for fast neutrons at high temperatures. Deter-
mination of g-values for -radiation as a function of temperature should be carried out. 
This could have some significance for modelling of radiolysis in PWR and it might be a 
suitable subject for a Ph. D. research project.  

It is suggested that a comprehensive analysis of the model presented here should be 
undertaken. The sensitivity of each reaction should be studied under various reactor 
conditions and also the sensitivity to variation of various rate constant ratios. A similar 
analysis should be made for the g-values. The reactions in the mechanism should be 
reconsidered and the effect of introduction of the reactions suggested by Ishigure et al 
(1987) and by Shiraishi et al (1994) should be studied under various reactor conditions. 

Even the effect of various physical parameters of the reactor system should be in-
vestigated, such as transfer of gases between water and vapour phase, mixing of water 
in the down-comer and in other parts of the coolant system. A more detailed sensitivity 
study could be used as a guide for selection of the most important area of research.  

It is suggested that a group of specialists be selected to evaluate important research 
areas. The group should suggest which data are most urgent in order to make a  more 
reliable characterisation of reactor water radiolysis. 
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Conclusions
From the present investigation it may be concluded that 

There is a good knowledge of radiolysis of pure water at ambient temperature: Rate 
constants, g-values and mechanism are quite well-known. 

More experimental data are needed in order be able to make more precise cal-
culations at power reactor conditions. This is the case for rate constants which still in 
many cases have to be calculated from assumed activation energies. Also the experi-
mentally determined g-values vary between different sources and there is a lack of 
data for alpha-radiolysis at reactor temperatures. New reactions, unknown at ambient 
temperature, may play a role at reactor temperatures. 

Additional uncertainties are connected with the effect of physical parameters, such as 
flow characteristics and transfer of gases from liquid to vapour phase. 

Despite of these uncertainties radiolysis calculations on the existent basis has given a 
new, valuable understanding of the effect of radiolysis in reactor water coolants.  
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