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INVESTIGATION OF THE RADIOLYTIC OX-
IDATION OF FERROUS IRON AT HIGH IR-
RADIATION DOSE RATES

(Presented by Academician V. I. Spitsyn, September 28, 1959)

There are almost no data in the literature concerning the influence of high dose
rates, over a wide range, on radiolytic transformations in aqueous solutions,
although this question is of considerable scientific interest. Even the radiolytic
oxidation of ferrous iron in dilute aqueous sulfuric-acid solution, which is one
of the most widely used dosimetric systems, has been studied relatively little in
this respect. It is known only (!) that at high dose rates (beginning with 102!
eV/ml - sec) there occurs a noticeable decrease in the ratio G(Feg+)/G(Ce3+)
(in the case of dilute aqueous solutions of Fe’" and Ce'" salts). In addition,
there is a study (2) determining the value of G(Fe*") at a dose rate of ~ 5-10%3
eV/ml - sec. In that work it was found that G(Fe3+) at such a dose rate differs
hardly at all from the value of G (Fe3+) in the case of the dose rates usually used
in radiation chemistry.

In the cited works, the high dose rates were produced by pulsed electron radi-
ation. For this purpose, linear electron accelerators were used that had a high
repetition frequency of pulse delivery (50 pulses per second and higher). In
work (?), individual pulses were selected by a mechanical selector, which, how-
ever, could not completely exclude the effects of the “dark” current. In another
work (1), it is not stated at all what devices were used to eliminate the influence
of the “dark” current.

Earlier (%), we determined the value of G(Fe®") at a dose rate of 102! eV /ml -
sec. Solutions of ferrous sulfate in sulfuric acid were irradiated with single mo-
noenergetic electron pulses generated in a high-voltage direct-acceleration elec-
tron tube powered by a cascade valve-capacitor voltage multiplier at 1.0-1.2 MV.
The use of a special device made it possible to reduce the action of the “dark”
current to 3-5% of the total effect of the pulse. The value of G(Fe*") found
by us was 15.0-15.1 ions/100 eV. It was of undoubted interest to determine the
value of G (Fe‘3+) at higher dose rates. First, such an investigation is of consider-
able importance for the chemical dosimetry of ionizing radiation. Second, it will
provide some information on the behavior of the products of water radiolysis
under conditions in which the tracks of ionizing particles overlap.
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Fig. 1. Circuit of the pulse modulator

Figure 1: Fig. 1. Circuit of the pulse modulator

For this purpose, we improved the methods for generating electron pulses in a
direct-acceleration tube. As a result, we succeeded in studying the radiolytic
oxidation of ferrous iron in sulfuric-acid aqueous solutions at dose rates up
to 1023 eV/ml - sec. As before (*), pulsed electron radiation was obtained by
modulating a rectangular pulse of the accelerating voltage of the electron-gun
injector tube. In order to reduce the pulse duration (to 1-5 usec) and eliminate
from the modulator circuit the pulsed step-up transformer (inevit—

of the source (distortion of the pulse fronts), a pulse modulator with two artificial
forming lines in the discharge circuit was used, making it possible to obtain at
the load a voltage equal to the charging voltage. The charging voltage of the
forming line was 16 kV.

As the discharger in the modulator, a high-voltage thyratron was used. The
discharger was controlled by a trigger-pulse generator assembled according to
the circuit of a blocked blocking oscillator, with an FEU-19 photoelectric device
for remote starting of the modulator. The photoelectric device was controlled
by means of a time relay by a light pulse produced by an IS-50 flash lamp. A
rectangular pulse of negative voltage (16 kV) is applied to the cathode of the
electron gun, which injects an electron-current pulse into the accelerating field
of the tube. An increase in the emission of the tungsten cathode was achieved
by activating it with thorium dioxide.

Fig. 1. Circuit of the pulse modulator

However, increasing the dose power per pulse to 10?2 eV /ml - sec led to a con-
siderable increase in the magnitude of the “dark” current (up to 15-25% of
the total pulse effect), which, naturally, could distort the results of determining
G (Fe3+). For this reason, a special device was used that completely eliminated
the influence of the “dark” current. The circuit of this device included the appli-
cation of a blocking positive potential to the gun cathode through the matching
resistance of the artificial line and the decoupling element DGTs-27 (see Fig. 1).

Previously® | the energy of pulsed electron radiation absorbed by the irradiated
system was measured by us using a ballistic galvanometer. However, when
working with a ballistic galvanometer there is a considerable objective error,
and calculation of the measurement results takes much time. In this connection,
we developed an integrator that records the absorbed energy for each pulse and
sums it over the entire series of pulses. The integrator operates according to a
circuit that converts the quantity of electricity in the current pulse into a signal
whose duration is a function of the current amplitude.

The principle of operation of the integrator is as follows. The pulse of accelerated
electrons absorbed in the reaction cell is led, by means of a platinum probe, to
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Fig. 2. Diagram of experiments for determining G(F63+).

Figure 2: Fig. 2. Diagram of experiments for determining G<F63+).

a capacitance C', discharged through a resistance R. The sig-

the discharge signal is amplified and phase-inverted by a phase-inverter amplifier
and is fed to the next relay—a Schmitt trigger. The Schmitt trigger produces
a rectangular signal whose duration is a function of the amplitude of the pulse
charging the capacitance C. This signal is fed to a gate circuit, which passes
signals from the fixed-frequency generator for a time interval equal to the du-
ration of the rectangular signal coming from the Schmitt trigger. The pulses
of the fixed-frequency generator that have passed through the gate circuit are
recorded by a PS-10000 counting device. In addition, the circuit provides for a
counter of the number of current pulses arriving at the integrator. The pulse
parameters were: shape—rectangular, duration—5 usec, current per pulse—100-
120 mA, dose rate—up to 1023 eV /ml - sec (at an energy of 0.9 MeV). Variation
of the dose rate of the pulsed radiation was achieved by varying the cathode
heating.

In determining the value G(Fe3+), twice-distilled water was used; the reagents
were of sufficient purity. A 3-1073 M solution of Mohr’ s salt in 0.8 N H,SO,,
without addition and with the addition of 103 M NaCl, was irradiated. Triva-
lent iron was determined spectrophotometrically. The value of the molar extinc-
tion coefficient of Fe*" in 0.8 N H,SO, at 304 my was taken to be 2170 (at 24°)
(5). In the calculations, the change of the extinction coefficient with tempera-
ture (0.7% per degree) was taken into account. The solutions were irradiated in
a glass cell with a glass membrane (membrane thickness about 100 pu).

Fig. 2. Diagram of experiments for determining G(Feg+).

1—glass cell with membrane, 2—beryllium exit window of the accelerator tube,
3—cathode-filament circuit and contacts for starting the pulse circuit, 4—phase-
inverter amplifier, 5—Schmitt trigger, 6—gate circuit, 7—fixed-frequency gener-
ator, 8—counting circuit, 9—mechanical pulse counter, 10—PS-10000 counting
unit.

The scheme of the experiments for measuring G(Fe?’+) at various dose rates is
shown in Fig. 2. The amount of energy absorbed by the ferrous sulfate solution
was determined by measuring the electron current in the solution by means of a
platinum probe soldered into the cell, and by the integrator and counting device
described above. An accurate estimate of the energy losses during passage of
the electron beam through the cell membrane was carried out by the method
described by us earlier (3). The magnitude and shape of the pulses were also
monitored by the oscillographic method.

Table 1
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Dose rate, G(Fe*™), Dose rate, G(Fe*™),

eV /ml - sec ions/100 eV eV /ml - sec ions/100 eV
102! 15.0—15.1 + 1.6* 4.7-10%2 10.8 £0.9
8-10%! 14.2+1.5 7.6-10%2 10.34+0.5
1.1-10%2 13.440.6 1.5-10%3 10.1+0.5
2.7-10%2 11.7+ 1.0

* G(Fe®") at this dose rate was determined by us earlier (3).

Table 1 gives the values of G(Fe3+) determined by us at high dose rates. Each
value of G(Fe3+) is the mean of 8-20 measurements. Depending on the dose

rate, the solutions were irradiated with 1-10 electron pulses (with an energy of
0.9 MeV).

As the data of Table 1 show, the value of G(Fe3+) decreases markedly with
increasing dose rate, beginning with dose rates of ~ 10?2 eV /ml - sec. The value
reported in (2), G(Fe’™) = 14.3 ions/100 €V at

dose rate of ~ 5-10%% eV /ml-sec is apparently somewhat overestimated (perhaps,
as noted above, owing to large “dark” currents). Therefore, when carrying out
chemical dosimetry with the aid of the ferrous-sulfate dosimetric system, it is
necessary to take into account the appreciable decrease in the value of G (FeSJr)
in the case of very high dose rates.

At present it is generally accepted (°) that, because of the extremely low concen-
tration of ferrous iron in the dosimetric system and the high radiation-chemical
stability of sulfuric acid, the direct action of radiation on the dissolved substance
is negligibly small, and therefore the oxidation of Fe?" occurs at the expense of
the products of water radiolysis. These products interact with ferrous iron and
molecular oxygen present in the solution in the following manner:

Fe’t + OH — Fe*' + OH ™, (1)
H+ 0, — HO,, (2)

H,0, + Fe*" — Fe*" + OH+ OH ™, (3)
H* + Fe’" + HO, — Fe*™ 4+ H,0,. (4)

Hence G(Fe’™) = 3Gy + Gon + 2Gy,0,, where Gy, Goy, and Gy, o, are the
yields of the corresponding products of water radiolysis.
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With increasing dose rate, the probability of recombination of the radicals H
and OH formed as a result of water radiolysis increases, owing to overlap of the
tracks of ionizing particles: H+ H — Hy; H+ OH — H,0; OH + OH — H,O0,.
This should lead to an increase in Gy, and Gy, o, and a decrease in Gy and

Gom, i-e., to a decrease in the value of G(Fe’™").

As the results of the present work show, G(Fe“) decreases beginning at a
dose rate of ~ 10?2 eV/ml - sec. In this connection it may be supposed that,
in aqueous solutions at such dose rates, effects associated with overlap of the
tracks of ionizing particles become appreciable.

The possibility is not excluded that high dose rates influence reaction (2). How-
ever, to resolve this question, as well as for a quantitative estimate of the mag-
nitude of the decrease in G and Gy at high dose rates, further investigations
are necessary.
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