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 An irradiation facility with a 10 kilocurie 

Co-60 gamma-ray source has been in operation 

at Japan Atomic Energy Research Institute 

since 19581). Although the characteristics of 

the source, especially the distribution of radia-

tion intensity around the hollow cylindrical 

source had to be measured for the public use 

of this facility, a chemical dosimeter for high 

dose, which was to be used as the standard, 

was not studied in Japan. The dose rate inside

the present source is about 2×106 r/hr.

For this purpose, the properties of various

aqueous solutions were examined to find a 
suitable chemical dosimeter for high doses. In 

general, a chemical dosimeter must have certain 
properties, namely, linearity, reliability, stability, 
easy standardization and so on2). It is con-
cluded from the present experiments that a 
chemical dosimeter for high doses must have 
the following properties in addition to the 
above ones. 
 The first conclusion is that the oxygen-

dependent reaction is not preferable, owing to 
the restriction of oxygen solubility like ferrous 
or benzene aqueous solution 3,4). That is, all 
components of the system must have great 
solubility, which determines the upper limit of 
the appriciable dose. Moreover, the product to 
be measured should have no secondary reac-
tion such as re-redox reaction and decomposition. 
Re-redox reactions are considered even for 
ferric5) and cerous6) ions, respectively. Since 
the temperature of solutions irradiated at a high 
dose rate is apt to be raised owing to the 
absorption of radiation energy, it is desirable 
for the G-value to be independent of tempera-
ture7). 

 It is difficult to find an ideal system having

all the above properties. The ceric dosimeter 

is usually recommended for this purpose, but 

demands the most careful distillation of water. 

Moreover, the reagent contains some rare 

earths occasionally. The ferrous-cupric dosime-

ter8) is another one used for high doses. This 

dosimeter can easily be made from pure and 

cheap reagents, but this matter is not being so 

exhaustively studied at present. Therefore, the 

authors studied the aqueous ferrous-cupric 

system in detail, and give the results of some 

discussions concerning it in the present paper.

Experimental 

 Triply distilled water was used as usual, but 

chemical reagents of special grade were used without 

further purification. The aqueous solutions were 

irradiated in a test tube of hard glass (Hario 

Glass) by a 10 kilocurie Co-60 gamma-ray source 

at the Irradiation Laboratory of Japan Atomic 

Energy Research Institute at room temperature (ca. 

25•Ž). The solutions were saturated with either 

oxygen or nitrogen, and sometimes irradiated 

without any treatment, which is called hereafter 

the non-treated solution. The concentration of 

oxygen in distilled water, which was treated 

similarly with the solution, was measured at 25•Ž 

by the Winkler method9) as listed in Table I. The

solubility of oxygen in water is 1.2×10-3M in the

handbook10).

 In the present experiment, as mentioned previ-

ously4), the dose was changed.not by the irradia-

tion time, but by irradiation for one hour at 

 TABLE I. INITIAL CONCENTRATIONS OF OXYGEN 

 AND FERRIC ION AT 25•Ž IN 10-3M

 Note: The concentration of cupric ion is listed 
in ()*.
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TABLE II. YIELD OF FERRIC ION IN VARIOUS SOLUTIONS

various positions, namely, various dose rates.

Therefore, the abscissa of all figures gives a value

of the dose in r as well as a value of the dose rate

in r/hr. The deviation of the observed values

from the curve is partially due to the uncertainty

of the absolute dose rate at a respective position,

for samples were not irradiated at a fixed position

as is usually done. The absolute dose rate was

determined by the ceric dosimeter, which was cor-

rected up to about 1.4×105r by the oxygen-saturated

ferrous dosimeter.

 The amount of ferric ion was measured by

optical density at 304 mμ (ε=2205 at 25℃). It

should be noticed that the ferrous ion was fairly

oxidized due to the addition of cupric ions in the

presence of oxygen without irradiation as listed

in Table I, in which the mean initial concentration

of ferric ions in the irradiated solutions is shown11).

Results 

 Ferrous Solutions.-The result of aqueous 

0.04m ferrous ammonium sulfate solution

Fig. 1. The oxidation of ferrous ion in 
 0.04 m ferrous sulfate acidic aqueous 
 solution for (a) oxygen-saturated, (b) 

 non-treated and (c) nitrogen-saturated 
cases.

containing 0.8 N sulfuric acid and 0.001 M sodium 
chloride for a) oxygen-saturated, b) non-treated 
and c) nitrogen-saturated cases are shown in 
Fig. 1. Their G-value is listed with the com-
position of the solution in Table II. 0.001 M 
sodium chloride was added as a stabilizer as 
usual. 

 Ferrous-cupric Solutions.-The results of 
aqueous 0.04 M ferrous ammonium sulfate solu-
tion containing 0.8 N sulfuric acid and 0.001 M 
cupric sulfate for the above three treatments, 
d), e) and f), are shown in Fig. 2. Moreover, 
the results of the similar solution containing 
0.01 M cupric sulfate for the same three treat-
ments, g), h) and i), are shown in Fig. 3. 
Their G-value is also listed with the composi-
tion of the solution in Table II. The data
below about 4×104r were unreliable.

The present results indicate that the non-

treated solution is useful as a chemical dosi-

meter for high doses with good accuracy at

Fig.2. The oxidation of ferrous ion in

 0.04M ferrous sulfate-0.001 M cupric sulfate

 acidic aqueous solution for (d) oxygen-

saturated (◎),(e) non-treated (●) and

(f) nitrogen-saturated (+) cases.

11) J. W. Mellor, "A Comprehensive Treatise on In-
organic and Theoretical Chemistry ", Vol. XIV. Long-
mans, London (1935), p. 267.
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Fig.3. The oxidation of ferrous ion in

 0.04M ferrous sulfate-0.01 M cupric sulfate

 acidic aqueous solution for (g) oxygen-

 saturated (◎), (h) non-treated (●) and

(i) nitrogen-saturated (+) cases.

least up to 2×106r from 4×104r. However,

the G-value is dependent on the composition

of the solution12).

 For the primary chemical effects of ionizing 

radiation on aqueous system,

(0)

the yield of the above products per eV., namely, 
their G-value by Co-60 gamma-rays in the 
0.8 N sulfuric acid aqueous system is considered 
to be G(H2)=0.39,G(H2O2)=0.78, G(H)=3.70 
and G(OH)=2.92, respectively13). The G-value 
of the following reactions, which is shown in 
parentheses at the right of each equation, is 
estimated from the above values. The suffix of 
G denotes the order of reactions included in 
the G-value. For example, G2,1 means the 
total G-value of reaction 2 and reaction 1. 

The action of OH and H2O2 in ferrous solu-
tion is

(1)
and

(2)

However, the action of the H atom is very 

different according to the condition as follows. 

Yield of Ferric Ion in the Absence of Oxygen. 
-In the absence of oxygen

, the action of the 
H atom in the acidic solution is

(3)

and then

(4)

Therefore, the total yield of ferric ion in the 
absence of oxygen is equal to G1+G2,1+G4=
8.18, as usual. In fact, the observed values at 
high dose for solutions a), b) and c) in Table 
I are in good agreement with this value. 

 In the presence of cupric ion, it reduces the 
yield of ferric ion by the reaction

(5)

and then

(6)

Reaction 5 competes with reaction 4 within G4+
G5=3.70. Even if the cuprous ion reacts with 
OH or H2O2 in addition to reaction 6, the 
effect of these reactions on the yield of the 
ferric ion is equivalent to reaction 6. There-
fore, these effect are represented by G6. 
 According to the above interpretation, the 
G5 for solutions f) and i) are 0.85 and 2.9, 
respectively. On the assumption that

(i)

as pointed out by Hart12), where k, K and paren-
theses denote rate constant, equilibrium con-
stant and concentration, respectively, the ratios 
obtained, k4K3(H+)/k5 are 0.084 and 0.069 for 
solutions f) and i), respectively. If K3 is as-
sumed to be 100l./mol. according to Hart12), 
the ratio, k4/k5 is estimated to be about 10-3. 
It is confirmed from this value that the cupric 
ion is very reactive for the H atom in com-
parison with the ferrous ion. 
 Yield of Ferric Ions in the Presence of 
Oxygen.-In the presence of oxygen, the action 
of H atom in the acidic solution is

(7)

(8)

and then

(9)

Therefore, the total yield of ferric ions in the 

presence of oxygen is equal to G1+G2,1+ 
G7,8,9,2,1=15.58, as usual. 

 In the ferrous and cupric solution, reaction 8 
competes with reaction 5 and the reaction

(10)

and the rate of the consumption of oxygen by 

reaction 8 is expressed by the equation

(ii)

as pointed out by Hart12). Therefore., the

circumstance of these reactions is complicated.

On the other hand, if ΔG is considered to be

the difference between the observed G-value,

G°, and the ideal one, G1, obtained on the

12) E. J. Hart, Radiation Research, 2, 33 (1955). 
13) A. O. Allen, 1st Intern. Conf. Peaceful Uses of 

Atomic Energy", Vol. 7, Geneva, (1956), p. 514.
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assumption that cupric ion scavenges all H 

atoms, it is expressed as

(iii)

and

Therefore, the consumption of oxygen against 
the dose in solutions d) and g) is estimated 
from Eq. iii as shown in Fig. 4. The respec-
tive G-value of the elementary reactions at the 
initial stage for both solutions is obtained from 
the initial slope in Fig. 4 as listed in Table III. 

 TABLE III. YIELD OF ELEMENTARY REACTIONS 
AT THE INITIAL STAGE FOR OXYGEN-SATURATED 

FERROUS-CUPRIC SOLUTIONS

Fig. 4. The consumption of oxygen in 
 oxygen-saturated 0.04 M ferrous sulfate 

 acidic aqueous solution containing (d) 
 0.001 M and (g) 0.01 M cupric sulfate.

 The linearity of the curve at the initial stage 
in Fig. 4 indicates that the ratios, k5(Cu2+)/ 
k7(O2) and k10(Cu2+)/k8(Fe2+) should be con-
stant at this stage in Eq. ii, that is,

(iv)

When the contribution of reaction s is assumed

to be comparatively slight, G10≒G5+10, in solu-

tion d), in which the concentration of cupric

ions is low, the ratio, k10/k8 is estimated to be

smaller than 4 from Eq. iv on using the values

in Table III. According to Hart12), the ratio,

k10/k8 is about 50 for the aqueous solution of 
10-3 M ferrous sulfate and 0.01 N sulfuric acid 
containing cupric ions between 10-6 M and 
10-1M. The disagreement between them may 
be the pH of the solution. 
 From the present experiment, 10-3 M cupric 

ion is sufficient to suppress the effect of oxygen 
dissolved naturally. However, it can not be 
concluded directly from this fact that oxygen is 
not concerned with the reaction in solution e). It 
is because the concentration of HO2 radical 
should be sufficient for a ferrous ion to react 
with this radical from the result of solution b), 
and the G-value of reaction 10 is not so great 
as to suppress reaction 8 even in solution d) 
as listed in Table III. Therefore, it can not be 
understood why there is no difference between 
solutions e) and f) in spite of the above 
condition. However, if the cupric ion scavenges 
HO2- ion by the reaction

(11)

and then HO2 radical or H2O2 molecule by 
reaction 9 reacts with ferrous and cupric ions 
as mentioned already, the effect of oxygen, 
namely, the difference between reactions 4 and 
8 can be actually disregarded. The initial 
concentration of oxygen in solution e), sup-

posed from Table I, is smaller than the con-
centration of oxygen at the bend point of solu-
tion a), supposed from Fig. 1 and Table I.

 Summary 

 The oxidation of ferrous ion in ferrous-cupric 
acidic aqueous solution by Co-60 gamma-rays 
was studied in order to find a good chemical 
dosimeter for high doses. Consequently, it is 
found that the non-treated solution containing 
the 10-3 M cupric ion is useful for this purpose, 
for this amount of cupric ions is sufficient to 
suppress the effect of oxygen, and that the 
G-value of the ferrous-cupric system is dependent 
on the composition of the solution. The sup-
pression can be explained by the scavenging 
of the HO2- ion by cupric ions. Furthermore, 
some discussions regarding the system are given 
in the present paper. 
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