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RADIATION CHEMISTRY OF AQUEOUS REACTOR SOLUTIONS(l)

J. W. Boyle, W. F. Kieffer(g), C. J. Hochanadel,
T. J. Sworskl and J. A. Ghormley

Oak Ridge National Laboratory

Abstract

The decomposition of pile irradiated aqueous uranium solu-
tions has been studied as a function of uranium concentration,
isotopic enrichment, temperature, anlon accompanying the uranium,
oxidation state of uranium, pH and added solutes. Except for the
nitrate, no net change of the solute 1tself was observed and the
net effect was that of water decomposition to Hp, Op and perox-
ide. The initial yleld of hydrogen decreased on lowering the
ratio of fission recoll energy to total energy and decreased on
increasing the uranium concentration or the hydrogen ion concen-
tration. The yield was independent of temperature, anion, oxil-
datlion state of uranium and the presence of some added solutes.
From results reported here, the yleld of hydrogen in the decompo-
sition of water by fission recoll particles was calculated to be

1.8 Hy per 100 ev.

(1) This study was carried out at the Oak Ridge National Labora-
tory as part of the chemistry program for the Homogeneous
Reactor Project under the general supervision of C. H. Secoy
as Project Chemist and H. F. McDuffie as leader of the Proj-
ect Radiation Chemistry Group.

(2) Research Participant at Oak Ridge National Laboratory,
Chemistry Division, on leave from the College of Wooster,
Wooster, Ohio, 1951-19%2.
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The Manhattan Project was in its Iinfancy when the development

Introduction

of an aqueous homogeneous type reactor was first considered. Much
thought and no little effort has gone into this subject during the
past seven or eight years. The advantages of such a reactor have
often been pointed out, One of the better known references on
this subject 1s the "Homogeneous Reactor Experiment Feasibility

1) Questions concerning the radiation stability of the

Report".(
solute and the extent of decompositlon of the solvent have always
been numerous and the need for accurate, well understood answvers
has been great. |

The effects of fission fregments on water 1s of prime impor-
tance in the design of any aqueous homogeneous reactor. The
physicist is concerned with the copilous amount of gas arising
from the extensive decomposition of the water present, since
numerous bubbles are formed and the safe, smooth operation of the
reactor is endangered. The engineer needs reliable values for gas
evolution so as to design off gas and recombiner systems which are
safe at all times with respect to the hydrogen-oxygen explosive
region.

To the radiation chemist the recoil particles of the fission
process become another radiation entity to be studied and com-
pared with }r—rays,fﬁg/ﬁarticles, ck particles, protons, deuter-
ons, etc, The rate of energy loss in the fisslon track 1s over

an order of magnitude greater than that for any other known

radiation. The homogeneous reactor solution is a medium for

studying the effects of fission fragments on water.




i1th £Héwfe—emphasis on homogeneous reactors at Osk Rldge
Natlonal Laboratory, a detailed, systematic study of the radiation
chemistry of uranium solutions has emerged, with the general
clarification of the "gas problem" being the goal. This goal was
twofold in nature: {1} to provide rellable values of gas yields
necessary for the reactor design group and (2) to obtain a better
understanding of the racdiation chemistry of the fission process
in water and to compare effects of fission radiation with those
of other types of radiation.

The classified literature dating back to about 1944 contains
gas ylelds covering a wide range of values. In comparing the re-
sults of the present investigation with earlier published values,
thie agreement 1s sometimes quite good, although fortuitous in
several cases, and sometimes quite poor. Often the conditions
for which the previously reported values were obtained are not
known, so that comparison of similar solutions and conditions are
difficult if not impossible. Perhaps the first study was that of
Anderson and Fermi(z) in which it was found that an aqueous uranyl
nitrate solution irradiated in the Chicago Graphite reactor gave
a linear pressure increase up to 14 atmospheres in a pyrex ampoule.
An accurate determination of the gas yleld was impossible but a
value of one molecule of water decomposed to 1ts elements was
indicated for each 100 ev of energy absorbed in the solution.

In early work at the Metallurgical Laboratory, Chicago(3),
it was found that 0.2 M UOQ(NO3)2 irradiated in CP-3 heavy water

~

moderated reactor gave a yileld of ~ 2.7 molecules of hydrogen per

100 ev. The addition of 0.3 M Fe(NCz)3 lowered this value tom~1.2.




Iﬁ another report(u) values were given for 0.2 M U02(N03)2 solu-
tions ranging from 0.7 to 3.6 (initial yield value 3.8) under
varying conditions. The yield for U0,30y was somewhat less than
for U02(NO3)».- celV increased the hydrogen yield markedly. Work
performed at the Clinton Laboratories, Oak Ridge(5), gave gas
yields of 2.08 for 0.0167 M Pu(SOy), in 1.0 N HpSOy and 2.05 for
enriched uranyl carbonate solutions irradiated in the graphite
plle. Uogsou in 1.0 or 2.0 N Ho30y irradiated in the graphite
pille gave values of 1.7, 1.8,~2 under various conditions.

This report concerns initial yields of gas production for
aqueous solutions of U0,80y, UOoFsp, UOQ(NO3)2 and U(SOy), deter-
mined as a function of uranium concentration, isotopic enrichment,
temperature and hydrogen lon concentration. Effects of the oxi-
dation state of the uranium, of different anions, and of added
solutes also have been considered in this study. Uranium concen-

tretion has been varied from 0-800 g/liter. The U232 to y238

retio has been varied from 1/2950 to 1?i2 which gives a fission
intensity factor of about 2700 for constant concentration and
neutron flux. Varying the enrichment essentlally varied the type
of radiation, since the total radiation incident on a sample in
the pile 1s composed mostly of fission fragments, fast neutrons,

X and Y rays, and /B particles.




Experimental

Materials:

Uranyl sulfate - natural, depleted, enrlched.

The solution of natural U0,S0Oy was prepared by Lietzke and
Griess(6)° Mallinckrodt U02(N03)2 was decomposed to UO3 by
heating to 2OOOC, repeatedly washed, and dissolved in the stoi-
chiometric amount of B & A. CP. H,30),. The U/804 ratio was
reported to be 0.984% !.,002. Depleted U0,80y, was prepared from
depleted uranium metal (0.031% U235) by dissolving 1n concentrated
HNO3, adding excess Ho,30), and evaporating to fumes of 503. The
product was purified by four precipitations as the acetone com-
plex. Finally the acetone was removed by repeated evaporations
with water over a period of two days. The U/504 ratio was found
to be 0.988 %.008. UO0,30y enriched to 93.2% U-235 was made from

the metal by the same method.

Uranyl fluoride - enriched, natural.

A solution of U02F2 enriched 93.19% in U-235 was obtailned
from the Chemicals Division of the Oak Ridge Y-12 plant. The
UOoF, solutions containing natural uranium were made by dissolving
the solid salt (obtained from Y-12) in water. Both natural and
enriched UOoFy solld salts were prepared by fluorination of U0y

in the presence of oxygen.

Uranyl nitrate - enriched, natural.

The 93.2% enriched UO,(NO3), solution was prepared from the

correspondingly enriched UOp30y. A sample of the U0p30, was

evaporated to dryness, roasted at 800°C to U30g and the oxide




dissclved in HNO3, Solutions of natural UOg(NO3)2 were made by

dissolving the CP Mallinckrodt solid salt in water.

Uranous sulfate.

Solutions of U(IV) in the form of U(S0y), were prepared from
U0,50) solutions of corresponding enrichment. The calculated
amount of concentrated H,30y was added to the U0p30, solutlon and
the mixture treated with zinc amalgam. Alr was bubbled through
the decanted solution to insure the oxidation of any U(III) formed
during the reduction to U(IV). The resulting solutions showed no
precipitation of U(IV) as hydroxide at low uranium concentrations
even after irradiations. The high concentrations of U(804)2 were
qQuite subject to hydrolytic precipitation. The U(IV) was found to
oxidize very slowly when open to the alr; evacuated samples were
stable. No attempt was made to remove the zinc sulfate resulting
from the reduction reaction. The U(IV)/U(VI) ratio was at least
4,0 in all samples before irradiation. The U(IV) analyses were
made by members of the Analytical Chemistry Division staff using
an automatic microtitrator(7) with ceric sulfate as the reagent.
Total uranium was measured for the same solutions by first reducing
all the uranium to U(IV) with chromous sulfate followed by titra-
tion wilth ceric sulfate.

Sclutions of different concentrations and enrichments were
made up gravimetrically by mixing solutions of known concentration
and density. Densities were measured for each solutlion with a
precision of 0.1% or better. The uranium concentration in the
samples was calculated from detailed plots of density vs. concen-

tration. These curves were obtained by choosing samples over the
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appropriate concentration range and determining the uranium con-
tent gravimetrically. This was done by taking a solution sample
of known volume, evaporating, and roasting the uranyl salt in air
to U308 at 800°C for 2 hours. The pH of solutions was measured

before irradiating by means of a Beckman pH meter.

Preparation of Samples:

The mejority of irradiations were made on 0.5 ml samples of
solution in fused silica ampoules drawn from 4-5 mm 1.d. silica
tubing. The liquid occupied about half the ampoule volume. Somne
lrradiations were made with 1.0 ml and 2.0 ml samples of the
depleted uranium solutions in ampoules allowing a similar liquid/
gas volume ratio. The irradiations of the 200 g U/1l, 93.2% en-
riched U0o30y were made in special ampoules which kept the solu-
tion in a cylindrical layer no more than 1 mm thick. This elimi-
nated any shadowing effect in these highly fissioning samples.
After being placed in the ampoules, all samples were carefully
degassed on the vacuum line before sealing. Each ampoule was
provided with a tip which could easily be broken off in the vacuum
line for gas analysis.

Some measurements were made using a special type ampoule
vhich permitted measuring total pressure in the ampoule without
opening it, thereby allowing a number of effects to be studied on
the same sample. 3Since for enriched solutions the product gases
H, and O2 were found to be present in 2/1 ratio, the hydrogen
yield could be calculated from measurement of total pressure.
These ampoules shown in Figure 1, A, were constructed of 1 or 2 mm

i.d. thick-wall silica capillary tublng and contained about 0.1 ml




of solution. The ampoule design and method of determining pressure
in the ampoule by measuring the boiling temperature of the solution
have been described previously.(B)

For gamma-irradiations a similar type ampoule (Fig. 1, B) was
used, modified to include a platinum filament for ccmbusting gases.
This allowed the composition of the hydrogen-oxygen gas, and by
difference the peroxide present in solution, to be determined &t

any time during the irradiation sequence.

Irradiation of Samples:

Samples were lrradiated in the vertical hole 12 of the X-10
graphite pile. The hole temperature was maintained at 30o by
circulsting cooling water. Sample temperatures of 120°C and above
vere maintalned during irradiation by a controlled electric fur-
nace. A Mn monitor was included with most 1lrradiations. 1In this
way any absorption of neutrons by the furnace was automstically
accounted for in calculating energy input. Gamma irradiations
were made using a Co60 source(9) at an intensity of about 4000 r

per minute.

Anelyses:

After irradiation the samples were allowed to stand for s
period of about one day to allow decay of induced radioactivity
and permit safe handling of samples during analyses.

Ampcoules were broken open in a vacuum system and evolved
gases were analyzed using the Saunders~Taylor(lo) seml-micro tech-
nique in whickh H2 and O2 were burned on a platinum filament.

Peroxide in solution was determinecd both from the stoichlo-

metric excess of Hp and also by direct analysis using a spectro-




photometric method to detect Ig formed by the oxidation of I~ by

peroxide. Thils procedure was a modification of one reported

previously(ll)o

The reagent consisted of a mixture of equal
volumes of (1) a solution containing 2 g NaOH, 66 g KI, 0.2 g
(NH4)6M0024°4H20 in 1 liter of distilled water and (2) 20 g
KH08H404 in 1 liter of distilled water. One ml of sample was
mixed with 2.5 ml of reagent, diluted to 5 ml, and the optical
density measured at 37500A using as reference the transmission
with no cell in the optical path. The blank was prepared using
unlirradiated solution and was measured 1in the same way as the
sample. The molar extinction coefficlent (£; at 3750°A and 2500
was 17,500. The absorption followed Beer's law over the forty

fold range of concentration studied from 10'4 to 4 x 10"3 M.

Radiation Dosimetry:

Flle Radiation.

The energy absorbed in uranium solutions irradiated in the
plle 1s contributed by fission recoil particles,/ér'particles,
fast neutrons and gamma-rays.

As & rough measure of relative dose, the product of pile
power and irradiastion time may be used. However, for any glven
power and poslition in the pile, the total neutron flux, the neu-
tron energy spectrum and the gamma-ray to neutron ratio may vary
from time to time. This could result from variation in plle
loading - both fuel and expesrimental facilities, and variation in
control rod position as a result of change 1in pile loading, air
temperature, etc. It was found, for example, that for a given
pile power and position in hole 12, the thermal flux as determlned

by manganess monitors, varied as much as 5% from day to
g
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ma jority of the energy sbsorbed in most samples was from fission
recoils and for each irradiation a manganese monitor (~25 mg of
0.7% Mn, Al-Mn-Co alloy) was included in order to measure relative
dose. The Mn56 actlvity was measured in a 4797 ionization chémber
after allowing short lived activities, such as 2.4 min. A128, to
decay for about two hours. In a more thorough and time consuming
study,bthe neutron energy spectrum could have been checked for
each 1rradiation using suitable monitors. It was assumed thet the
changes 1in neutron spectrum and the ratlio of neutron to gamme-ray
flux were small 1%), second-order effects, and that the activity
as measured with the manganese monitors was a relative measure of
total dose.

The absolute measure of energy absorption in soclution was
based on adiebatic calorimetric measurements of rate of energy
absorption in pure water and in uranyl sulfate solutions contain-
ing natural uranium at two concentrations.

The fission energy absorbed in solution, as calculated from
activity induced in a manganese monitor irradiated with the calo-
rimeter, was 5% lower than that obtained by the calorimetric
measurement. The values for constants used in this calculation
were Cp for U¢3> = 546 barns, g for Mn22 = 13 barns,'Tﬂ% for
Mn56 = 2.59 hr with the decay scheme proposed by Mitchell(In and
energy absorbed in solution per fission = 165 Mev. DMeking this
5% correctlon to align the monitor measurements with the calori-
metric data, thes energy absorbed in a sample was calculated from
monitor actlvity using the equation:

total ev/ml = specific monitor activity x
Eg U235/1) x 3446« 0.58014] x 1012,
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The calorimeter shown in Figure 2 consisted of a cylindrical
aluminum jacket in which was placed the water or solution contained

in a silvered, thin-welled silica bulb insulated by a vecuum. The

]

charconl getter was bsked out, the system evacuated and sealed off

immediately prior to irrsdlation. Copper-constantan thermocouples

Q

were placed in both the sample and in the aluminum jacket and
temperatures were followed with a potentiometer during irradlation.
Typical time-temperature curves for sample and jacket during
irradiation are shown in Figure 3. The rate of energy absorntion
in the sample was calculated from the heat capacity of the sample
plus silica bulb and the rate of temperature rise of the sample
when the temperstures of sample and jacket were identical. This
required 68 minutes irraciation time for 44.6 g U/1 solution and
30 minutes for the 297 g U/1 solution. The calorimetrlic data are
summarized in Table I. It was assumed that energy absorption in
the silica bulb was negligible compared with absorption in solution.
However, some gamma and neutron energy was expended in the silica
and for measurements on pure water this correction could amount
to a few percent. The result obtained for pure water is in good
agreement with that obtained by Ghormley(E), 0.020 cal, ml"l,
Mﬂ’l, min"l, using & similar method and that of Richardson(13),
0.0209 cal, ml-Y, MWL, min-', using an isothermal method. The
work of Richardson elso indicated that about 34% of the pile

eneroy absorbed in H,0 is by gamma-rays and 66% by neutron scatter-
g 5 g ¢

i

ing. In estimating the ratio of fisszion energy to total =nsrpd
lo] {an] &

sbsorbed in pile irradisted solutions, 1t was assumed that gamma

aksorption and neutron scattering was the same for solutions ac




Calorimeter Results for Rate of Energy

-

Absorption in Water and Uranyl Sulfate Solutions*

irracdiated in Hole 12 of Graphite Pille

Solutions Hatural U0~30),
o~ v

Water 4% .6 g U/1 297 g U/1
Ue3l, g, 1-1 9.0 0.321 2.1%4
¥ile Fower, MW 3.68 3.70 3.EE
Temperature, °¢ 300 370 330
Pemperature rise, °C, min"l 0.076 *.0015  0.201 #,002 0.088 *.00%
Weight solution, g. 2.0% 1.G0 2.45
Waight silica, g. 0.25 0.44 0.41
solution Cp, cal, ¢l deg~t  1.00 0.95 5. 73
Heat capacity, cal, deg-- 2.09 1.89 1.90
Energy absorbed, cel, min‘1 0.159 0.380 1.6
cal, m1~Y, min-T  0.073 0.212 0.943
cal, ml-t, MW min-1  0.0202 0.0572 0.265

nis table does not include results obtained for 40 g U/1 93% enriched
olution., PFor this experiment, the calorimeter was lowsred into the
le for a period of one minute during which tlme the potentiometer
adings were recorded vzrbally witli a tape recorder. From these
adings, by extrapolatlion, the temperature lncrease over a definite
r10¢ of time could te calculated. Unfortunately, although a good
rat= value was obtainsd in the seccond run, it was later observed thet
the uranium had deposited as percxide precipiltate. The rate was 25%
lower than that predicted from ths results listed above and the low
value coulé be attributed in part to self-siiielding by the precipita
The experiment was not repeated.

)
L
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for pure water. This assumption is obviously not strictly valid,
but for thls estimate a detailed and laborious calculation was not

warranted.

Gamma Radilation.

Yields reported for gamma-rays were based on a yleld for
ferrous sulfate oxidation of 1%5.5 Fe**‘lu) per 100 ev which had
been calibrated both by calorimeter and by ion chamber measure-

ments.
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Results

Products of Irradiation

The products found were mainly those resulting from the decomposi-
tion of water: H, and O, gases and peroxide. In all cases where the
temperature of the sample was maintalned at 100°C or above during
irradiation, the H2/O2 ratio was nearly 2/1, indicating that nearly
all of the peroxide assumed to be intermediate to 0, production had
been thermally decomposed. In one series of samples, (natural U0,S0y,
44 g U/1) direct measurement of peroxide gave a yleld within 10% of
the gas analysis yileld for Hp. This was found to be true only if the
samples were frozen immediately after irradiation and analyzed quickly
upon thawing. One hour's waiting between the thawing and analyzing
further lowered the yield by 15%, indicating the significance of the
room temperature decomposition of the peroxide.

In nearly all ampoules analyzed, a small amount of ges was found
which could be condensed by liquid nitrogen, but not by solid carbon
dioxide. This was shown to be COp, probably resulting from the oxi-
dation of traces of organic impurities in the solutions. The conden-
sable gas was collected from several ampoules to provide an amount
sufficient for the measurement of 1its vapor pressure as a function of
temperature. The range of vapor pressures covered was from 0.002 mm
Hg at -168.5°C to 0.100 mm Hg at —135.500. A thermistor gauge(l5)
was used to measure the pressures; the temperature of the sample in a
slowly warming aluminum block was measured by thermocouples. Com-
parison curves over the same range with known samples of COp showed

exact agreement.




In none of the 1nvestigations of uranyl sulfate or fluoride

solutions was any evidence found for the decomposition of the
solute specles. It has been reported that concentrated H2304 con-
taining dissolved UO3 decomposed under pile radiation to SO, and Op,
whereas there was no net decomposition of 98.6% H,30y by pile irra-
diation.(16) As a preliminary to this investigation, it was found
that during irradiation with Co60 gamma-rays, S0, could be swept
out of solution of 18 M HoSOy and 11 M H,o30y, but none could be
detected from 0.4 M H,30y or 297 g U/1 U02304 solutions. On ana-
lyzing solutions afte:r irradiation, during which there was no sweep-
ing, no 80, could be detected. These results would indicate that
back reaction (oxidation of S05) is very rapld and therefore the
steady state concentration of reduction products of the anion is
very low.

The gases found in irradiated ampoules containing uranium in the
IV oxldation state were all deficient in 0,. After the ampoules had
been opened and the gases analyzed in the usual manner, samples of
the remaining solution were removed and analyzed. By comparing the
resulting U(IV)/U(VI) ratio with the corresponding value for the
solution before irradiation, the amount of U(IV) oxidation to U(VI)
could be calculated. The values thus found for 10 samples accounted
for the difference between the observed amount of 02 gas and that
expected from the stoichiometric ratio of % the H2 gas produced.
The fact that some 0, gas was found, even in the presence of suffi-
cient U(IV) to completely remove 1t, can probably be explained by
the decomposition of the peroxlide lntermediate 1lnto Op gas end its

diffusion into the gas phase before it had opportunity to react with




the solute U(IV). This was tested by irradiating ampoules filled

with solutlon to leave a negligible amount of free gas space.

The gases from these contained only 2.2% of the stoichiometric
amount of Oo gas, whereas in ampoules where the gas volume/liquid
volume ratio was about unity, the 0o gas was 17.2% of the stoil-
chiometric amount. The solutions with little gas space showed a
correspondingly larger amount of U(IV) oxidation.

It was concluded from the stoichiometry found for H,, O, and
peroxide on irradiating uranyl solutions in the pile that U(VI)
was the stable valence state under radiation and that at the steady
state the concentrations of other valence states were very small.
These studies with U(IV) solutions confirmed this conclusion. It
was also shown that U(VI) was the stable form in irradiating solu-
tlons with gamma rays. By spectrophotometric analysis, it was
shown that 10-3 M and 10-2 M U(IV) in 0.1 M H530) irradiated with
cobalt -rays were oxidized completely to U(VI).

Two sets of ampoules containing concentrated U02(N03)2 solu-
tions were found to give other than the typical electrolytic ratio
of hydrogen to oxygen. Natural U02(NO3)o (318 g U/1) and 8.8%
enriched UOo(NO3),, (420 g U/1) were found to give relatively large
amounts of non-condensable gas which was inert to combustion with
elther added excess Op or Hp. Its identity as N, was established
by‘spectroscopic examination. Another anomalous result 1n these
cases was the presence of H2 and 02 in nearly equal amounts.
Irradiated 93% enriched U02(N03)2 solutions, 42.3 and 4.2 g U/1,
vielded only Ho and Op in stolchlometric amounts. These results

confirm the report by Mills(17) that the gases evolved during
<
Ry

&
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operé£ion of the Los Alamos HYPO consisted of 12% Hp, 24% O, and
64% No. The reactor fuel solution contained uranyl nitrate at a
concentration of about 450 g U/1, 14.5% enrichment. The report
also lists stoichiometric amounts of Ho and O, as the only gases
evolved from solutions of 2 g U/1, 50% enriched and 0.33 g U/1,
100% enriched.

These data suggest that nltrate lon was decomposed by pile
irradiation when present in concentrations of 318 g U/l or greater.
Such decomposition of nitrate ion was not unexpected since it was
known that during irradiation with X-rays or gamma-rays, both oxi-
dized and reduced forms exist at equilibrium,(18) It was surprising
tc note, however, that nitrate was reduced all the way to No. A
more thorough study of nitrate radiation stability would be

desirable.

Factors Which Determine Hpo Gas Yield

The extent of net decomposition of water by radlation 1is most
reliably indicated by the amount of H, gas produced, since the
oxidant from water decomposition is usually divided among a variety
of products. The yield of gas per energy input 1s expressed in
terms of the "G" value, defined as the number of molecules of Ho
gas produced by the absorption of 100 ev of energy. It was found
that GH2 depended on a number of variables: type of radiation,
concentration of uranium, and pH of the solution. Although the
presence of different anions accompanying the cationic uranium also
appeared to alter the yleld, the changes were in all probability
due tc differences in solution pH. Changes in temperature and the

presence of added solutes were found to have no effect on the
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initial rates of H2 production. Temperature and added solutes
did exert an influence on secondary processes such as back reac-
tions which in turn had the effect of altering the apparent Ho
yleld.

The data which are pertinent to demonstrating the effect of
variables on GH2 are summarized in Table II. These figures repre-
sent the average of from three to six determinations for each

roint. The results of individual experiments agreed within 2% or

ng

etter. In cases where H, gas yleld was not linear with doses
eriployed (as discussed in the following section), the tabulated
value 1s either for an extrapolated initial yield or for GH2

obtained from samples containing added Br~ ion.

Effect of Type of Radiation

In Figure 4, the yield of H, expressed as cc He/ml sample
solution is shown as a function of energy input per ml sample solu-
tion for various types of radiation. It is immedilately evident
that the hydrogen yield 1s less for lower ratios of fission energy
to total energy. Fission Energy as used in this paper only includes
the energy from the fissioning teking place in the sample solution.
Probably 95% of this energy comes from fission fragment recoils and
the rest from radioactive fission products, prompt neutrons, etc.
Time of exposure for any one solution is proportional to distance
on the horizontal axis., Since the amount of fission energy liberated
in a solution depends on its U-23% content, comparisons between
yielde for different solutions can be expressed reasonably only in

terms of the energy input rather than time of exposure(*). The

(*) As an approximate conversion in terms of pile power and time,
it could be stated that irradiating 1 ml of solution contaiping
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Table 1I

Initial Rates of Ho Gas Production

from Pile Irradiated Uranium Solutions

Concentration Enrichment Fission Energy

g U/1 g U235/1 Total Energy PH Gy,
U05S0 .399 .372 .638 1.61
b 4,03 3.76 957 3.26  1.66
18.6 1.63 .906 2.90 1.48
38.1 274 .619 .95
4o.7 37.9 .995 2.42 1.5
102.1 37.4 .995 2.00 1.35
105.2 38.9 .995 0.10% 1.20
108.4 40.1 .995 1.35
202.3 .063 .273 .69
202.5 37.6 .995 1.61 1.11
203.4 189.6 .999 1.11
227.0 1.63 .906 .98
310.4 .096 .364 .62
386.0 1.63 .906 .E0
431.3 37.8 .995 1.32 7
436.8 3.10 .949 .73
yrr.2 .148 L4671 .56
713.5 33.5 .995 .56
796.0 37.4 .995 1.03 49
UOoF5 4. 25 3.96 .959 4,25 1.63
) 40.1 37.3 .995 3.32 1.58
118.8 37.1 .995 2.98 1.36
272.0 37.2 .995 2.64 1.11
377.0 39.3 .996 1.35% G4
405.7 42.3 .996 2.41 .95
U05(NO3) 5 4,24 3.95 .960 1.63
42.3 39.4 .995 2.05 1.8
318.0 2.29 .932 1.03 .6
420.1 36.9 .994 .60 .55
U(soy)s 4o .,2 39.3 .995 1.95 1.4
92.5 35.1 .996 1 1.25
350.0 22,0 .99% .1 .75

*pH adjusted by adding acid.
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data chosen for Figure 4 are those for solutions in which the

total amount of uranyl sulfate is constant at approximately 200
g U/1.

For the enriched solutions, the same linear H, gas produc-
tion with energy input was found for both the 93.2% and 18.6%
enrichments. The former contained 189.6 g U235/1 for which the
energy contributed by fission within the sample was 99.9% of the
total energy input during pile irradiation. The latter contained
37.6 g U235/1 with fission contributing 99.5% of the energy. The
fact that the data for the two solutions fit the same line implies
that although the amount of energy absorbed by the 93.2% enriched
solution is about five times that for the 18.69 enrichment, the
yield per unit energy input is independent of the intensity of
this energy.

When the enrichment is lowered so that the ratio of fission
energy/total energy 1s appreciably less, the behavior is different.
The data for solutions containing natural uranium (1.63 g U235/1
with fission contributing 90.6% of the energy input), and for de-
pleted uranium (0.063 g U231 with fission contributing only 27.3%)
fit on curves which indicate a levelling off of Hp production
with increased dose. This suggests that a radiation-induced back
reaction occurred in these soiutlons. This view is also supported
by the fact that the levelling off was more pronounced for a

gseries of ampoules 1n which the relative amount of gas pdhase space

A
wad been decreased. t has Losn shown(**l that bromide icn and

some other lons effectively inibit radlation-induczd reszctions

1 mg U235 for 1 minute at a pile power of 1 megawatt the
energy absorbed in solution would be 3.5 x 1019 ev.
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inveolving H and OH free radicals. That this appears to be the
sltuation in this system is shown by the effect of the addition
of 0.02 M in Br~ to the natural and depleted uranium solutions.
The dotted line of the figure shows that the yield in the pres-
ence of Br~ does not fall off, but maintains the initial rate of
gas production up to the highest dose given. In the presence of
Br™ the levelling off will occur at much higher doses than
attained in these exposures.

When pure uranyl sulfate solutions at a concentration of 2C0
g U/1 were irradiated with Y rays from Coéo, the yield of H, gas
was so low that 1t could not readlily be shown on the same scele
as the other data of the figurs. When the solution contained
0.02 M Br~, however, a linear rate of H2 production with dose
was maintained, as shown in Figure 4. When Br~ was added to solu-
tions in which fission contributed 99% or more of the total energy,
little effect was observed. This 1s to be expected, since 1in these
solutions, the linear Hy yleld with energy implies that the radi-
cal back reaction during irradiation 1s not appreciable at these

doses.

Effect of Uranium Concentration:

Figure 5 shows graphically the dependence of GH2 on uranium
concentration for solutions of U0,30y in which the ratio of fis-
slon energy to total energy iz constant at .995 and .906. A
curve of results for pure gamne-radistion is included for compari-
son. It can be seen from the [igure that the presence of increased
emourits of uraniam in solutica lowers the GH2 for all types of

radiations here reported. The decrease 1in yield by the soluts is




greater at lower solute concentrations and also at lower fission

energy/total energy ratios.

Effect of the anion:

Figure 6 shows the comparison of GH? obtained from solutions
cf U02F2, U02(N03)2 and U(504)2 with theudata for U0pS0y. xcept
for the points at 4 g U/1, 93.2% enrichment, the cdata are all for
solutions containing about 38 g U235/l. In these flusion contrib-
utes 99.5% of the energy. The very low GH2 for UOE(NOB)2 at 420
g U/1 may reflect the fact that there was evidence for nitrate
decomposition which may have produced oxidizing intermediates.
These could have reacted with H radicals or dissolved H, gas. The
data indicate that GH2 decreased as the uranium content was in-
creased for solutions of all the uranium compounds investigated.
That this concentration effect 1s due to more than a change in the
solution pH is shown by a comparison of the GH2 for UO2SO4 solu-
tions of low uranium concentrations with those for the UOxi, solu-

tions of higher uranium concentration but simllar pH.

BEffect of pH:

The acidity of the sclution was found to have an effsct on

GH2 when uranium ccncentration and type of energy abscrbed wears
not variables. This is indicated by the two points marked witl
arrows on Figure 6. When HpSOy was added tc a U050, solution
(108 g U/1), to adjust the pH to a value egual to that for the
comparable solution of U(SOu)Q, the GHp value was found to agres
exactly with that for the lower curve. Similarly, aqueocus H£ZF was

added to a UOoF, solutlon (377 g U/1) to lower the pH to a valus
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equaf”%b that for a U0,30y solution of comparable uranium content.
Again the GH2 was found to agree with that for the lower curve.
This impllies that the difference between the GH2 for the various
solutions at the same uranium concentration is due to a pH effect
and is dependent neigher on the specles of anlion present nor the
oxidation state of the uranium. It further implies thet altera-
tions in the chemical species of uranium by the different complex-

ing tendencies of the anlions is not important.

Effect of Added Solutes:

To determine whether the change in GH2 with increasing UOx30y
concentration 1s related to mass of sclute material, two solutions
were made consisting of mixtures of UO0pS0)y and Csp30y. ngsou was
chosen because (1) cesium is an alkalil metal and would be expected
to behave as a chemically inert material; (2) its neutron capture
cross section 1is low enough not to alter the fissioning character-
istics of the solution appreciably; (3) the ratlio of Cs to SOy in
CspS0y 1is 265.8/96 and the ratio of U0y to SOy in U080, is 267.0/
96, so that in relation to S0y the cation mass 1s very nearly
equal. The results of irradiating these solutions compared with
those for pure U0p30y (calculated from the data of Tatle II) are
presented in Table II1I1.

It can be seen from the values for the observed GH2 and those
predicted from the data of Table II and Figure 5 that the addition
of cesium as a solute cation does not have the same depressing
effect on GH2 as the addition of an equivalent mass of uranium.
This experiment has a second implication. The addition of such

large amounts of sulfate ion would be expected to have considerable
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Table III

Concentration Concentration of G, Observed Gy, Calculated
of Uranium Concentration Uranium Equivalent for Solution of for Solution
(g U/1) of Cs2S0y to CsoS0y Composition of Composition
93.2% enriched (g CsoS0y/1) g U/l Column I + II Column I + III
I II I1I

4,03 Q 0 1.66 1.66

6.74 155.3 102.2 1.63 1.32

6.23 324.2 213.3 1.64 1.06
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effect on the degree of complexing of the UO,** ion at these
concentrations. That the GH2 is not thereby lowered lends further
support to the conclusion that the GH2 is virtually independent

of changes in the chemical species of the uranium present in solu-
tion.

The interest in Cu** lon as & possible pressure depressor in
homogeneous reactors by virtue of 1ts ability to catalyze the
recombination of H, and O2 gases prompted examination of solutions
of U0o30y with added Cu** to determine whether the copper would
depress the rate of gas formation. It was found that in ampoules
containing 93.2% enriched U080, at a concentration of 4o g U/
the GH2 was not depressed, but was actually increased slightly by
the addition of Cu** ion. When no Cu** was present Gy, = 1.53.
With 0.05 M CuS0y added 1t was 1.61; with 0.03 M CusOQy, GH2 was
1.56. The presence of chromate pre-treated 347 stainless steel
both in the 1liquid and gas phase was found to have no effect on
GH2. These results with added Cu** support those with added Br-
and generally confirm the conclusion of Allen et al.(ll) that
although the steady state concentrations of H, and 0, from water
decomposition by irradiation are increased by the presence of most
solutes, the initlal rate of H, formation is not appreciably

altered.

The Effect of Temperature:

The effect of temperature on determining the relative and
total amounts of radiation decomposition products was found to be
the net result of several processes. It was found that the forward

reaction (the decomposition of water by irradiation with an initial

&




-26-

rate measured as GHE) was 1lndependent of temperature effects.
Early in the course of the investigation it became apparent that
an increase in temperature over the range from 30°C to 25000 had
the following qualitative effects:
1. The thermal recombination of products Ho and Op was
increased.
2. The rate of peroxide decomposition was increased.
3. The rates of chemical reactions leading to precipi-
tation of uranium in the case of U IV solutions were
increased. Any removal of uranium from solution
resulted 1n a decrease in the effectiveness of the
fission process on water decomposition and conse-
quent lowering of GHE'
4. The rate of the radiation-induced back reaction
(presumably through reaction with radicals) was
increased.

The experimental technlique used 1n the ampoule studles was
designed to minimize the first three of these so that a more true
measure of hydrdgen yields could be made. Most of the 1rradiations
were carried out at 120°C, a temperature which was too low to
allow appreciable thermal recombination, but high enough to insure
the decomposition of nearly all the peroxide, and therefore to
keep any uranyl peroxide from precipitating at the acidity of
these solutions. In the studies with U(S0y)p, however, it was
necessary to carry out irradiations et 3OOC to keep from causing
hydrolysis and consequent precipitation of insoluble basic uranous

compounds.




The thermal recombination of the product Hp, and O, gases in
the ampoules after irradiation was shown to occur to a negligible
extent. This was to be expected, in spite of any catalytic effect
of the solutes in the aqueous phase because of the low gas pres-
sures in the ampoules and because the ampoules were cooled to room
temperature soon after irradiation. The presence of Cu** in solu-
tion has been demonstrated to show great catalytic activity for
the thermal Ho + Op recombination.(l9) Ampoules containing 0.03 M
Cu** along with 93.2% enriched U0,50y, 40 g U/1, showed no lower-
ing of the initial H, yield even when 1rradiated at 210°C. Main-
taining the ampoules at this temperature for 30 minutes after
irradiation resulted in sufficlent recombination to lower the net
ylelds by 5%.

The independence of the forward reaction and the dependence
of the 1rradiation-induced back reaction on temperature is most
clearly demonstrated by Figures 7 and 8. These show the data for
two sets of pressure-reading ampoules. Figure 7 shows that in
highly enriched uranyl sulfate, the rate of pressure increase 1s
the same at 15000 and 25000. It also demonstrates that the pres-
ence of bromide lon has only a small positive effect, where the
fission energy/total energy ratio is .995. The rate of gas pro-
duction 1is seen to be large compared with the rate of thermal
recombination. This conclusion was also confirmed by the identi-
cal Hp ylelds measured by direct analysis for ampoules filled with
93% enriched U0280y at a concentration of 40 g U/1 irradiated at
309, 120°, 190° and 210° C. Figure 8 shows the contrasting be-

havior of irradiated ampoules contalning natural uranyl sulfate




_28-

(fission energy/total energy = .925). In the Br~-containing
ampoules where the radical back reaction 1s minimized, the rate
of decomposition agaln 1s seen to be temperature lndependent.
The slope of the line for 30°C agrees with that for 150° and
250° when the precaution of decomposing peroxldes to produce
gaseous O2 was observed. The variation with temperature of the
slopes of the lines for the bromide-free ampoules indicates that
the radlation-induced back reaction does have a posltive depend-

ence on temperature.

Comparison with yields obtained from operating reactors:

The Los Alamos "Supo" water boller reactor{20) uses 88.7%
enriched UOo(NO3), at a concentration of 77.2 g U/1. The pub-
lished data on the operating characteristics of this reactor make
possible a calculation of GH2 by two methods. The value of 0.55
moles HpoO decomposed/KWH (GH2 = 1.47) cen be calculated from the
hydrogen-oxygen recombination 1in the catalytilc beds.(21) A simi-
lar calculation based on the volume of make-up water necessary to
keep the reactor operating at constant volume of solutlon ylelds
0.49 moles HpO decomposed/KWH which translates to GH2 = 1.31.

The agreement 1s very good between these values based on actual
operating data of a homogeneous reactor and the value 1ndicated
from an inspection of the ampoule data (for comparable concentra-
tions and enrichments) presented in Figure 5.

The Los Alamos HYPO used 14.5% enriched UOQ(NO3)2 at a con-
centration of 450 g U/1. Katcalf and Goldstein(22) peport gas
evolutlion data for the operation of this reactor which makes possi-

ble the estimate of GH2 = 0.5 - 0.8. The agreement is again seen

to be good with the ampoule data plotted on Figure 5.



Discussion

In the decomposition of water by ionizing radiations two
reactions are considered to occur simultaneously:
(F) 2Ho0 —> Hp + HpOp (or Hp + 30, + HpO)
(R) Ho0 —> H + OH

The molecular products (F) are presumed to be formed follow-
ing the primary process by recombination of free radicals in
regions of high radical concentrations {hot spots). The remain-
ing radicals {R) are assumed to be responsible for most of the
reactions with solutes in irradiated solutions. Adding o reactlve
solute such as Br~ or Cu*t* essentially prevents radiation induced
recombination of Hp and HpO, (through reactions with H end OH) and
allows the yield in (F) to be measured. It is known that both the
absolute and relative yilelds for reactions (F) and (R) depend upon
the type of radiation (ionization density along the particle
track). Reaction (F) is favored by high ion density (& fission-
recoil) and reaction (R) by lov ion density (fast electrons).
Since the radistion induced back reactlon of products produced in
(F) occurs through reactions with radicals produced in (R), the
steady state concentrations during irradiation also depend upon
tyre of radiation, with densely ionizing radiastions producing
hilgher stesdy states,

The effacts of the variablss on He yleld here reported are

P P 4} "y [ N - & ey gy o~
aonsiztent with this iantsrprstation of the proces

m

=

N

occurring,

O]

Verying the type nf radiation (by zltoring the U-225 content of

-

the solutions) changed the yield 25 =xpected. Whzn type of

e

1

oo
. p




-30-

radiation was not a variable, i.e., in solutions where fissions
contributed more than 99% of the total energy, the yield was in-
dependent of intensity. This 1s consistent with the interpreta-
tion, since it would be expected that the regions in which re-
action (F) occurs would not appreciably overlap until extremely
high intensities were involved. Such overlapping of "hot spots"
might be expected to alter the yield of products from (F). When
neither uranium concentration nor type of radiation was a variable,
the small differences apparently accompanying changes in anion
were traced to differences in solution pH. Such a difference in
yleld GH2 for reaction (F) has been reported previously.(23)
Using gamme rays, an 18% decrease in yleld was found on going
frdm pH 7 to pH 0.4. The mechanism of this effect is not under-
stood.

By far the most striking effect on yleld was that of decrease
in yleld with increased uranium concentration., This could not be
explained by change in pH nor by energy absorption by the mass of
solute present. From Table II it can be seen, for example, that
on varying pH in 100 g U/1 solution ( 40 g U235/1) from pH 2.0
to pH 0.1 the yleld varied only from 1.35 to 1.20 whereas for

800 g U/1 solution ( 40 g U235/1) at an intermediate pH = 1.03,
the yield dropped to 0.49. Also, the fact that adding large
amounts of cesium sulfate to the solution had no effect on the
yield, indicates that the drop in yleld cannot be explained by
energy absorption in the mass of solute present. Also, the nature
of the chemical complex containing the fissioning uranium atom in

solution does not seem to be important.
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fhe mechanism by which uranium lowers the yield (F) is not
understood, but 1t may act to dissipate energy and prevent water
decomposition, or 1t may sensitize the recombination of water
decomposition products and prevent thelr being measured.

In studies using gamma-rays it was found that although
uranium had a large effect on yileld in reaction (F), little
effect was observed in yield for reaction (R). This conclusion
was based on the fact that yilelds for HpoOp in water and uranyl
sulfate solutions both containing dissolved H, and Op during
irradiation(lu) were approximately the same. This would 1ndicate
that the action of uranium occurs only in the regions of high ion
density (hot spots).

The addition of cupric or bromide ion increased the yleld
from enriched solutions a few percent. This probably can be
accounted for by the action of fission activity in solution dur-
ing the 24 hours or more which elapsed between the time of irra-
diation and analysis, The/€>“ activity from fission products
would be absorbed in solution and produce both an increase 1in the
amount of Ho through reaction (F) and a decrease through back
reaction brought about by radicals produced in reaction (R).

With Cu** or Br- present the back reaction would be prevented
so that a net increase in yield would be observed. Values for the
other solutions may be a few percent low because the post irra-
diation back reaction induced by fission product activity would
predominate over the forwand reaction.

The fact that varying the temperature had no effect on yleld

might be explained elther by a negligible activation energy for
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the reactions involved (recombinations of free radicals) or by
the probability that temperatures in regions where reaction (F)
occurs are already extremely high.

The data obtained for the decomposition of water in fission-
ing uranium solutions reported in this investigation can be used
to estimate a Gy, for reaction (F) for fission recoil particles.
This value, 1.8, 1s compared to values reported for other types
of radiation in Table IV. The same value resulted from two
methods of estimation, both of which were designed to eliminate
the effect of the variables listed above. Extrapolating the
upper curve in Figure 5 to zero uranium concentration gives a
value of about 1.8 Ho per 100 ev. This extrapolation was made
following a curve similar to that shown for gamma-rays. In
another calculation, using the value obtained for 0.4 g U/1 (93%
U235) of G = 1.61 (See Table II), and assuming additivity of
ylelds for gamma-rays, protons and fission recoils, a yileld GH2 =
1.8 was obtained. At this concentration 1t was assumed that the
effect of solute in lowering the yield was negligible as indi-
cated for gamma-rays.

From the values listed in Table IV it can be seen that the
yleld for water decomposition in reaction (F) varies from 0.46 Hjp
per 100 ev for the least densely ionizing radiation to 1.8 to 2.0
for the most densely ilonizing radiations. Furthermore, on in-
creasing the lonization density beyond that obtained with alpha

particles, no further increase 1in yleld is observed.
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Table IV

Initial
Radiation Energ Mean Range Gy
(Mev. (cm air 2
Gamma—rays(lu) or fast
electrons 1 300 0.46
Pile recoil—protons(a) - - 1.5
Radon alpha particles(gu)(QS) 6.8 5.6 2.0, 1.8
Fission recoll particles 97. 2.5 g
1.
65 . 1.9
. (a) The yield for recoil protons was calculated assuming addi-

tivity of gamma-ray and proton yields. Values used were
the hydrogen yield for pure water irradiated in the pile
GH2 = 1.15, the gamma-ray yield given above GH2 = 0.46,
and the ratio (2.0) of neutron scattering to gamma-ray
energy absorbed in H,O 1rradiated in the plle as deter-
mined by Richardson(l3).
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