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The production of Hin the y-ray and 5 MeV helium ion radiolyses of water adsorbed on 0.4 apthl
particles of UQ has been examined. The yields of fetermined with respect to the total energy deposited

in the oxide-water system is 0.016 molecule/100 eV, which is about the same as similarly sizegp&aces.
Radiation chemical yields of Hncrease substantially with decreasing number of adsorbed water layers when
the yield is determined with respect to the energy deposited directjyrays in the water. A yield of about

40 molecules of KHper 100 eV energy directly absorbed by four layers of water on titnhpared to 0.45
molecule/100 eV in bulk liquid water strongly suggests that energy is being transported from the oxide through
the water interface. The results with W@®ave been combined with data on Zréhd CeQto give H; yields

for a wide range of water loading.,Hs mainly produced from chemisorbed water in theadiolysis of

ZrO,, and its yield decreases in the presence gtdvalues comparable to those for bé@nd CeQ. The

yields of H; in the 5 MeV helium ion radiolysis of water on YOCeQ, and ZrQ are similar, indicating that
these materials may be suitable for estimatingpkbduction in transuranic waste.

Introduction to give a yield of H of about 1.2 molecules/100 €¥2° For
comparison, the yield of Hfrom the y-radiolysis of water

The radiolytic decomposition of water adsorbed on oxide adsorbed on BeO is as high as 4.4 molecules/100 eV energy

surfaces has many significant applicatiérsjt knowledge on adsorbed by the entire systémvore recently, the yield of ki
the fundamental effects is difficult to obtain because of several has been determined to be as high as 15(') molecules/100 eV

factors assouateq.wnh the presence of t.he heterogeneousenergy absorbed directly by the water layers adsorbed opZ2rO
boundary. In addition to the standard radiolytic processes, Clearly, one or more processes can lead to an enhanced

energy, charge, or matter can be transferred through the int‘?r.facq‘ormation of H from water irradiated on or near oxide surfaces.
while catalytic or steric effects can also alter the decomposition The exact mechanism for the enhanced yield ofiirthe

or reactivity of adsorbed molecules. The challenge is to ) . e
determine if the radiolytic decomposition of water at or near radiolysis of adsorbed water is still unknown. Excess electrons
in the water phase are observed in the pulsed radiolysis of

the surface of an oxide is different from that in the bulk, and to ) X o o i
understand the mechanisms responsible. While the basic radia@dueous dispersions of Si9"* Combination reactions of these
excess electrons are suggested as a source of exgeds H

tion chemistry is very interesting, the practical aspects of the =’ e
radiolysis of water on or near solid interfaces are equally Dissociative electron attachment of low-energy electrons,
important. Water chemistry at surfaces in the radiation fields fécombination of electronhole pairs, and exciton reactions are
of nuclear reactors can be different from that in the bulk liquid, &/l Possible mechanisms for excess Hroduction in the
and the self-radiolysis of water adsorbed on nuclear waste 2dioysis of adsorbed waté¥243%% All of these processes and
materials in sealed storage containers can lead to the formatiorPthers can be contributing in various magnitudes to the radiolytic
of potentially explosive gases. The production efislespecially ~ formation of i from adsorbed water. The results reported in
important because enhancement of its yield can cause serioudhis work will give a littte more information toward solving
engineering and management problems. the mechanism of 'Hprolductlon in the radiolysis of water
Some of the earliest radiation chemistry literature report an adsorb.ed on ceramic Ox'd,e surfa(fes. ) )
enhancement in the radiolytic decomposition of adsorbed In this work, the formation of blin the radiolysis of water
molecules compared to the liquid or gas stafeSeveral recent ~ adsorbed on U@ CeQ;, and ZrQ particles is examined. The
and more detailed studies have focused on the production ofamount of water loading and the atmospheric gas were varied
H. in the radiolysis of water adsorbed on different surf&c@s. to determine their effects on,Hormation. The results in an
The mechanism for the production of kh bulk liquid water ~ inert argon atmosphere are compared with recently published
has recently been proposed to include a mixture of intra-track data on Ce@and ZrQ particles in similar environment8.The
radical and ionic processés?® Intra-track processes are im-  Present work extends the data to a new oxide\#@d increases
portant up to about Ls following the passage of gray in the range of water loading by examining a sample £eh
liquid water, and the yield of pat this time is 0.45 molecule/ ~ @ large surface area. Experiments were performed with water
100 eV of total energy absorb&d2° The high local density in ~ adsorbed on Ug) CeQ;, and ZrQ in an oxygen atmosphere to

thea-particle radiolysis of water increases intra-track processes help elucidate reaction mechanisms. Oxygen is a very good
radical and charge scavenger. From a practical point of view,

T University of Notre Dame. the presence of Hand Q at certain ratios can lead to
*Los Alamos National Laboratory. deflagration of sealed waste storage contaiftefse irradiations
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were performed with botly-rays and 5 MeV helium ionsof

LaVerne and Tandon

oxides and detailed elsewhéefe’? Energy loss of the helium

particles) in order to examine the effect due to the linear energy ions in passing through all windows was determined from a

transfer (LET= stopping power;-dE/dx) of the radiation. LET
has a significant influence on the production ofibl bulk water

standard stopping power compilatith.The samples were
irradiated with completely stripped ions at a charge beam current

by varying the concentration of precursors and thereby any of about 2 nA. Sample cells similar to those in a previous study

second-order reactions involving théfThe results reported

were used and the range of the helium ion®.013 mm) is

here give fundamental knowledge related to the mechanism forsmaller than the sample thickness, so the ions are completely

the formation of H from the radiolysis of water adsorbed on

oxide surfaces and provide useful information for the manage-

ment of nuclear waste materials.

Experimental Section

Two lots of isotopically depleted (99.8 wt %88U) uranium
oxide powder were obtained from Los Alamos National

stopped in the sample. The radiation chemical yields represent
all processes from the initial particle energy to zero and are
therefore track-averaged yields. However, only a small portion
of the total sample is actually irradiate¢g & 6.4 mm,L ~
0.013 mm), so the local dose rate is about 2 kGy/s. The use of
absolute dosimetry directly gives the total energy deposited in
the entire sample. The particles are small relative to the beam
diameter and randomly distributed, so the partition of energy

Laboratory and assayed to be 99.9% pure. Oxide compositioneyeen the oxide and the adsorbed water is assumed to be

was determined to be 87.9 wt % U; that is, the oxide is
predominately U@ The CeQ (99.9%) powder was obtained

from Alfa Aesar. Particle area measurements were determined

equal to the relative electron densities as determined by the
weight fraction of each compound and its total number of
electrons. Irradiations were performed at room temperature (23

on a Quantachrome Autosorb 1 surface area analyzer using thecy and the dose rate was sufficiently small so that no significant

BET (Brunauer-Emmet-Teller) method of surface area cal-

macroscopic heating was observed.

culation. Specific areas of the powders were determined to be Radiolysis withy-rays was performed using a Shepherd 109

0.51 and 1.24 g for UO, and 8.07 g for CeQ. The
densities of the oxides are 10.96 gfcior UO; and 7.13 g/cr
for CeQ. Perfect spheres have a specific area equal gd, 6/
wherep is the oxide density andis the diameter. The estimated
particle diameters are 1073 and 442 nm forA#Dd 104 nm
for CeQ, respectively. The other Ce@2.92 and 4.18 #ig)
and ZrQ (1.99 nt/g) powders examined here are from the same
manufacturing lots as used and characterized previasly.
The CeQ and ZrQ powders were normally baked at 500

60Co source at the Radiation Laboratory of the University of
Notre Dame. The sample cell and dosimetric technique are the
same as in the previous stu#yThe dose rate was about 150
Gy/min as determined using the Fricke dosimétérhe Fricke
dosimeter gives the amount of energy deposited per gram of
each target material relative to that for water. Energy absorbed
by the water is directly obtained from the dosimetry and weight
of the water in the sample. Energy absorption by the total sample
was estimated from the weight of both the oxide and water using

°C for 48 h to remove adsorbed water and any hydrocarbon 3 109 higher dose rate than given by the Fricke dosimeter to
contaminates. In a few specific cases discussed below, the ZrO gjjow for effects due to higld material® Total sample weights

was baked for longer periods of time. The YJ@wders were

dried at 100°C for 48 h under vacuum. A relatively milder
condition for drying the U@Qwas chosen in order to minimize
oxidation of the oxide to U@or U3Og. The oxides were cooled

were typically -2 g. The production of kiwas below the lower
detection limit in the self-radiolysis of the U@amples on the
time scale of a typical experiment.

Hydrogen was determined using an inline technique with an

under vacuum, weighed, and placed in a constant humidity SR| 8610C gas chromatograph with a thermal conductivity
chamber. Several different relative humidity chambers were getector. Certain experiments monitored the formation gf O
used, and each was maintained at a constant humidity using &y sampling some of the effluent from the thermal conductivity

salt slush® The salts used in this work and their relative
humidity at 25°C are the following: LiCl, 11.30%; Mg(N§€),,
52.89%; NaCl, 75.29%; and KClI, 84.34%Water was from a
Millipore Milli-Q UV system, and water alone was used to
obtain a relative humidity of about 95%. The oxides were
periodically removed from the constant relative humidity

detector with a quadrupole mass spectrometer (Balzers, QMA140
analyzer with axially mounted secondary electron multiplier)
through a capillary tubeg(= 25 um, L = 20 cm). Ultrahigh
purity argon or oxygen was used as the carrier gas with flow
rates of about 50 mL/min. The sample and chromatographic
configuration were as previously described, including using a

chambers and weighed to determine total water adsorbed. Theoyr-way valve for sample purging and isolati#rCalibration
average area of a water molecule was assumed to be 0.22 mghf the detector was performed by injecting pure gases with a

m? based on studies with Pyu@® This value is not expected to
be significantly different for the oxides examined here. The

number of water layers on the particle surface was determined

from the fraction of water loading as determined by weight and

gastight microliter syringe. The estimated error in gas measure-
ment is about 5%.

Results and Discussion

the average area covered per water molecule. For example, a Water Adsorption on the Oxides.Moisture and any residual

0.27 wt % water loading on a 0.512g UQ, particle
corresponds to 24 water layers (0.27 g ofdA100 g of UQ
x 0.51 nt/g of UO, x 0.00022 g of HO/m?). Water probably

hydrocarbons were removed from the oxides by baking. The
CeQ; and ZrQ are stable and could be baked to 5@ for
days. Milder conditions, 100C for 48 h in a vacuum, were

does not adsorb monolayer by monolayer in an orderly manner, used for UQ in order to prevent oxidation of the oxide to YO
but the calculations give useful mean values that can be usedor UsOg. The lack of a color change and no variation in the

as guides.

surface area suggested that the U@as not oxidized under

The heavy ion radiolysis experiments were performed using these conditions, but a small amount of chemisorbed water could

the facilities of the Nuclear Structure Laboratory of the

remain on the oxide surface. The oxides were cooled in a

University of Notre Dame Physics Department. The 10 MeV vacuum, weighed, and transferred to constant humidity chambers
FN Tandem Van de Graaff in this facility was used to accelerate to allow water to adsorb on the surfaces. Periodically, the oxides
4He ions to an energy of 5 MeV incident to the sample. Absolute were removed from the chambers and reweighed to determine
dosimetric techniques were used as in the previous study onwater adsorption from the weight gain.
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30 —— @ ————————1——————1——— —.— although other processes such as dissociative electron attachment
may also be importar:33-34The time scales of these reactions
251 4 are very dependent on the nonhomogeneous distribution of
—e—UO _rea_ct_ive spe_cigs, i.e_., their concentratio_n, produced b)_/ the
20| +Zr02 i ionizing radiation. Time scales of reaction can be shifted
g —O—CeOZ considerably with different types of radiation, but by about 1
§ 5L e Pu02 ] us following the passage ofjaray, the track or string of spurs
= 2 induced by the radiation has dissipated and the radiolytic
2 10l ] products are homogeneously distributed in the medilimthe
= y-radiolysis of water, the microsecond radiation chemical yield
sl Y /‘_ of H, is about 0.45 molecule/100 eV of energy absorbed.
o—_—o/f—-:;”’ Radiation chemical yields(-values, are expressed as the
0 [ e number of molecules of H(or other product) formed per 100
10 20 30 40 50 60 70 80 90 100 eV of energy adsorbed in the region of interest.
Relative Humidity (%) The main oxidizing product in the-radiolysis of liquid water

i 29,47 i
Figure 1. Number of water layers as a function of relative humidity: 1S N0t @, but HO,. Only H, was observed in the
() UO; at 0.51 mg, this work; @) ZrO, at 1.99 ni/g, ref 25; @) y-radiolysis of UQ in agreement with earlier studies on GeO
CeQ at 4.18 nd/g, ref 25; @) PuQ, at 9.5 nd/g, ref 45. and ZrQ.25 Any O, produced in the radiolysis of these oxides

has a yield at least an order of magnitude less than that.of H

Previous experiments have shown that the rates of adsorptionA high ratio of H, to O, was similarly observed with Cefand
and desorption of water on Ce@nd ZrQ are relatively slow® Zr0,,%5 Pu,,26 and wet UQ.*8 The stable oxidizing product
and similar results are found with the Y@ this work. Several in the radiolysis of bulk water is $D,; however, it is difficult
days are required for adsorbed water to reach equilibrium andto imagine HO, being solvated in the few water layers available.
several hours for that water to be desorbed. Equilibrium betweenSeparate experiments have found that the addition of ZoO
adsorption and desorption is assumed to occur when the weightH,0, solutions results in rapid peroxide decomposition to give
of the oxide and adsorbed water remains constant. Figure 10,49 The rate of HO, decay is dependent on the relative amount
shows the equilibrium number of water layers adsorbed on the of solid oxide surface present, but the decay should be within
different oxides as the relative hUmIdlty varies from 11 to 95%. the irradiation time period in the experiments performed here.
All the values for UQ and the data at the lowest relative Therefore, HO, is highly unlikely to be formed in conjunction
humidity for CeQ and ZrQ are from this work, while the PuD it H, from the radiolysis of water adsorbed on b&s well
and other data are from the literatdp€>For conversion to other 55 ce@and zrQ. Studies on the low-energy electron radiolysis
units, 100% relative humidity at 25C corresponds to a vapor ot ice find O atoms and this species could be produced in the
pressure of 23.75 mmHg or about 3.1% of the atmosphere. Theyesent situatiof® The self-radiolysis of water adsorbed on
lowest water loading could be in error by 30% because of the PuQ; is proposed to incorporate oxygen into the bulk oxide

Emlall sample size~2 g) and the accuracy of the analytical o5ging to the oxidation of Pu(IV) to Pu(VI); oxygen could also
alance. be bound to the particle surface in these studfiéchere have

The equilibrium number of water layers at low relative peen several studies suggesting the oxidation of tdeither
hu_rmdny is nearly independent of the relative humidity for each UO; or U;Os following a- or y-radiolysis of water in contact
oxide and varies from about 1 water layer for Ge®4 water with nuclear fuel85257 peroxides are found in natural YO

Iayclersl for UQ.|Very high humidlity 9852/0)(2;5 requi(;ed for deposits and are thought to be formed by self-irradiation in the
multiple water layers to accumulate on Ge@rQ,, and UQ. presence of waté® Any of these oxidation processes or others

One r?qtuld)t/i onn tpr?] igsfrs\s'iﬂﬁf wa:tertornllatuﬂsiv g smhic;vi\;s tkl])ev could be responsible for the lack of observablepBoduction
accu46ua lon of muitiple water layers at refative hu Y aDOVE 4 the radiolysis of water adsorbed on kJ®ut further analysis
85%3% This high humidity region probably represents the .

. X is beyond the scope of the present study.
adsorption of water in macropores on the surface. The results i ) ) )
suggest that for practical applications associated with the An understanding of the processes occurring with the different

management of waste materials a working environment of a 0Xides can be obtained by examining theields relative to
few percent to 85% relative humidity will result in a relatively ~the total energy loss in the oxide and water system. For particles
constant number of water layers being formed. In opposite terms, of the sizes examined here, almost all of the energy is deposited
the weight percent of water gain can be used to give a rough in the oxide. The observed;yields with respect to the energy
estimate of surface area. A few water layers correspond to lessabsorbed by both the oxide and water are shown in Figure 2 as
than 0.1% of the total weight for particles of the size examined @ function of the weight percent of water on ki@revious
in this work so that the initial deposition of energy by ionizing daté&® for ZrO, and CeQ are included in Figure 2 along with
radiation is predominately in the solid oxide in these systems. new data for Ce@with a large surface area and water loading.
y-Radiolysis. The formation of H induced by the passage It should be stressed that tevalues of Figure 2 are determined
of ionizing radiation in bulk water is still not completely relative to the total energy deposited in the system (oxide and
understood, but scavenging experiments show that the hydratedvater). Above about 0.5% water loading, theyields steadily
electron and its precursors have a dominant¥eDissociative ~ increases with the addition of water, giving a near universal
recombination of the water molecular cation and the precursor response for several sized particles ofd#@d CeQ. The results
to the hydrated electron occurs on the order of a few hundred for Hz production from UQ at very low water loading seem to
femtoseconds and is responsible for a large fraction gf H be slightly higher than suggested by the results for £eO
production?® Reactions of hydrated electrons and H atoms However, the U@ was dried under relatively mild conditions
occurring from a few hundred picoseconds to aboutslare to avoid oxidation of the uranium. Residual water, especially
responsible for most of the rest o Hroduction iny-radiolysis, chemisorbed water, probably remains on the oxide surface and
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Figure 2. Production of H relative to amount of total energy deposited
by y-rays as a function of the weight percent of water on the oxides:
(®) UO,, this work; @) CeQ,, this work and ref 25; anda() ZrO,, ref
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tion.85 Chemisorbed water could have different radiolytic
properties than bulk water, and it should be able to react with
transients from the solid oxide that migrate to the interface, but
not through it into the outer water layers. An attempt was made
to measure klyields with only chemisorbed water by controlled
drying of the oxides. Experiments found that Zr€ould be
dried at 500°C for up to 48 h to give a Hyield of 0.076
molecules/100 eV, shown by the dotted line in Figure 2. This
result agrees well with the extrapolated results from higher water
loading. These drying conditions are likely to leave only
chemisorbed water and indicate that these molecules are
responsible for most of theHn the radiolysis of Zr@. On the
other hand, all water was driven from Cg@ith relatively mild
drying conditions. No Hwas observed in the radiolysis of CeO
heated to 500C for 24 h, or ZrQ heated to 500C for 72 h
corresponding to the complete loss of all water. Low relative
humidity gives a fraction of a water monolayer on Geénd

H, yields were determined to be 0.011 molecule/100 eV from

25. Closed symbols are for an argon atmosphere, and open symbolg¢he oxide in equilibrium with water at 11% relative humidity.

are for an oxygen atmosphere. The dotted line is the limiting yield for
chemisorbed water on ZgOand the dashed line is the limiting yield
for less than a monolayer of water on GeO

the measureds-values correspond to slightly higher water
loading than plotted in Figure 2.

The H yields from they-radiolysis of water on Zr@are
about 8 times larger than those for Wénd CeQ at low water
loading. A strong argument has been made that some, but no
all, oxides with a band gap at about 5 eV exhibit an excess in
H. production over that observed with oxides having different
band gap energ’* The proposed mechanism is the formation
and migration of an exciton in the bulk oxide, which couples
in a resonant process with the adsorbed water to give “excess
H,. This “excess” H is observed in the-radiolysis of water
on ZrQ, and gives yields above that due to the transfer of energy
from the oxide to water at the interfaces of J&nhd CeQ; see

Figure 2. Reports in the literature suggest that the band gap for

UO, and oxides of other actinides are more similar to €eO
than to ZrQ, which is supported by the Hyields given

here®%-64 The radiation yields of klobserved here support the
conclusion that CePand UQ are good surrogates for oxides

This G-value probably represents the limiting lield at the
lowest water levels on most oxides. The relatively poor precision
in the data is due to the uncertainties in water levels, and the
extremely smallG-values.

Water is strongly chemisorbed on ZiCand the radiolytic
decay of that water produces significantly more tHan the
other two oxides examined here. Previous work suggested that
excitions are responsible for;hbroduction in ZrQ.2* There is
[the possibility that the higher Hyields with ZrG, are due to
exciton formation and migration to the oxidevater interface,
where strongly chemisorbed water is more likely to decompose
to Hy than loosely bound or physisorbed water. This work does
,not preclude that other species besides excitons can leag to H
formation. The decomposition of water bound at the interface
would probably result in oxygen species attached to the oxide
surface. This binding would explain the negligible production
of O, in these systems. The identification of radiolytically
produced species on the oxide surface and the use of selective
surface probe molecules will be required to further resolve the
radiation chemistry occurring at these surfaces.

The production of K from the radiolysis of water adsorbed

of transuranic elements with respect to the radiolysis of adsorbedon the surface of Upwas also examined as a function of the

water.

An attempt was made to probe the identity of the reactants
passing through the oxidavater interface that lead to the
formation of H. Excitons, electrons, and other energy carriers

energy directly absorbed in the water layer. Energy deposited
directly in the water layer should give@value for H of 0.45,
and any significant deviation in this value would be due to the
heterogeneous effect of the oxide boundary. Giealue for

can be scavenged by the presence of suitable solutes in théhe formation of H from water in equilibrium with UQat 95%

liquid. However, the addition of solutes to water adsorbed on relative humidity is about 5.5 when determined with respect to
the surface would be difficult and they would certainly alter the amount of energy directly deposited in the adsorbed water.
characteristics of the system. One of the simplest methods forMore than 20 water layers are present at this relative humidity,
modifying the system is to change the inert argon atmosphereand the radiolytic H yield is an order of magnitude greater
to (:)2 Molecular oxygen is a good scavenger of electrons and than in bulk water. The Iarge increase in erId over that eXpeCted
excitons. No effect was observed on the Helds in the from bulk water agrees well with many of the other studies on
radiolysis of UQ and CeQ systems in an @atmosphere  Hzformation from adsorbed watét-2>32Clearly, the increase
compared to an argon one. However, G@alue for H in the in H, formation can be significant at the heterogeneous interface
y-radiolysis of water on Zr@in an Q atmosphere decreased of water and some solid ceramic oxides. The enhanced yield of
to about the value expected for U@nd CeQ; see Figure 2. H, observed here is solely due to a radiolytic effect. Successive
The species responsible for the “excess’grbduction in ZrQ irradiations of the same dose produced identical amounts,of H
reacts with Q, giving a little more knowledge on its identity. ~ suggesting the yield is linear up to doses of about 50 kGy.
Another method to characterize the nature of the transientsAdsorbed water left in contact with UQwithout external
leading to H formation is to determine if reaction is occurring  irradiation did not produce any detectable gaseous product,
predominately in relatively free physisorbed water, or at the suggesting that self-radiolysis can be ignored with these oxide
water—oxide interface with chemisorbed water. Water chemi- samples because they are isotopically depleted.
sorbed on oxide surfaces will decompose to form surface The dependence of4bn the fraction of water loading was
hydroxides because of the more favorable energy configura- determined in they-radiolysis of UQ. H, yields determined
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Figure 3. Production of H relative to amount of energy directly
deposited by-rays in the water adsorbed on W&s a function of the
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Figure 4. Production of H relative to amount of total energy deposited
by 5 MeV “He ions as a function of the weight percent of water on the
oxides: @) UO, this work; @) CeQ, this work and ref 25; anda()
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and CeQ. On the other hand, the Hsields for ZrQ, show a
marked decrease in helium ion radiolysis compared to the
y-radiolysis. The results for the three different oxides of various
sizes suggest thatHyields in the 5 MeV helium ion radiolysis
of adsorbed water are independent of the type of particle. Such
a result justifies the use of Ce@nd UQ as surrogate materials
for the prediction of H yields from radioactive waste.
Experiments were performed in an oxygen atmosphere instead
of the inert argon one. The presence off@ad very little effect
on H, yields from Ce@, but did decrease the;Hields from
ZrO,. There results are similar to that observed wittadiolysis
and indicate that the precursor to “excess’ frbm water on
ZrO; is slightly different than the other oxides. Frenkel defects
due to the displacement of an atom to form an interstitial/
vacancy pair are especially common with heavy ions because
of the large relative momentum transfer possible in nuclear
collisions®-67 The local density of Frenkel defects in a heavy
ion track is much greater than found jaradiolysis and leads
to considerable self-trapping of excitions, the potential precursor
to H,.8824 A further characterization of the surface of these
oxides will be required to resolve the mechanism of H
formation. Information on the binding of £and other oxygen
species at the oxide surface will be especially useful.

Conclusions

These experiments have examined the production yihH
the radiolysis of water adsorbed on up to micron-sized particles
of UO,. Radiation chemical yields of Hncrease substantially
with decreasing number of adsorbed water layers when the yield
is determined with respect to the energy deposited directly by
y-rays in the water. These ;Hyields reach values of 40
molecules/100 eV for four water layers on klO'he corre-
sponding yield for Hin liquid and gaseous water is only about
0.45 molecule/100 eV, indicating that energy is being transferred
through the oxide-water interface. This transfer of energy
through phases implies that simple dosimetry based on direct
energy deposition in the different phases is not appropriate. For
instance, an estimation of ;Hproduction in sealed waste

Zr0O,, ref 25. Closed symbols are for an argon atmosphere, and opencontainers will be grossly underestimated based on calculations
symbols are for an oxygen atmosphere. The solid lines are the of energy deposition directly in the water phase alone.

y-radiolysis results from Figure 2.

The yields of H determined with respect to the total energy

relative to the energy absorbed directly in the water are found deposited in both the oxide and water were found to increase
to increase with decreasing number of water layers. Figure 3 with increased water loading, and they are virtually the same

shows the results for Hyields as a function of the number of
water layers in the/-radiolysis of UQ. The H; yield of about
40 molecules/100 eV for four water layers is 2 orders of

for UO, and CeQ. At very low water loading, the radiolysis of
ZrO, with y-rays produces about 8 times morgtHan UQ or
CeQ does. In all of the experiments, the @ield was at least

magnitude greater than that found in bulk water. Experiments an order of magnitude less than that of. Hlost of the H
with two sizes of particles show no apparent difference due to produced in radiolysis of water on Zg@ppears to come from
the oxide surface area, only on the amount of water loading. A chemisorbed molecules, and the transients are sensitive to the

G-value of 50 corresponds to 2 eV per molecule gfétmation,

presence of excess,OTlhe yield of H in the 5 MeV helium

which is energetically impossible. Clearly, a mechanism exists ion radiolysis of water on UPand CeQ is the same as with

for the transport of energy from the bulk oxide to the water
layer leading to an apparent increase inyi¢lds whenG-values

y-rays, but the results with ZrQare substantially lower and
similar to that of the other oxides. A change in LET affects

are calculated according to the energy directly absorbed by thesecond-order reactions, so these results suggest that such

water.
5 MeV He lon Radiolysis. The results for the 5 MeV helium
ion radiolysis of water on Ug) CeQ, and ZrQ are shown in

Figure 4 as a function of the percent water loading. The solid

processes in the bulk oxide can quench the precursor responsible
for the large H yields from water on Zr@
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