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Abstract  The escape behavior of - Xe from irradiated U0, particle
was studied by linear-temperature-rise and isothermal heating methods at
temperatures below 1700°C. The results obtained were interpreted by Primal's
analysis, and the activation energy spectrum,ldistributing in a wide rangé

33

of the activation energy, for the release of Xe from traps was obtained.

A unspecified process, which plays an important role in the initial short
period-of the isothermal heating, is involved in the transfer of the 133Xe
released from traps.

A simple methou for estimating the escape fraction of 133Xe in tke
isothermal heating is proposed, assuming an exponential distribution of
the spectrum with activation energy. The nmethod gives a fairly good esti-

mation from only one datum of the escape.



JAERI-M 4500

ﬁ%%mﬁﬁwuogmb&ﬁ?%xe@ﬁﬁ@~9@ﬁﬁ

g &FE FAOFRRFEERAIANTET
BEEE, FHES
(197157 A%H)

BB HHEUOKRFRLDXe DAGED rEEREMBELSEMRAELCLIST
1 700C LFOBE CHE~ko TORERE Primak OEHTIC L »>THR Liktcs. Xe
Db F oy T b ORE OEMEL T F A ¥ —BHEWERCAKLTHnEC ERbl »ko 27,
Loy FALEERE P Ke DT F ) v2 AROBEIICHE, FEMMAODIIC DLEBLTR
Hfﬁﬁﬁﬁinfwac&ﬁbmoﬁoébm,ﬁﬁmi$»¥#ﬁ%ﬁﬁ§%Kﬁﬁ?é
by g T, SEIREO ®Xe OXABEERETIMELFECHOE, COTE
m;b1¢@f;¢wxof§#&9%§01hﬁﬁﬁfé6:&&%Lﬁo



H & 7% L



JAERI-M 4500

1. Introduction

The escape of fission~gas from fuel material has been extensively
investigated by many workers, but these studies have not explained the
detailed mechanism of the escape process. It has been established that
figsion~gas escape is not & gimple diffusion process following well-known
matheratical laws. The model commonly accepted at present for fission-gas
migration through az fuel involves the trapping of gas at imperfections and

1)-3) made a study on the escape of

the release from them. Yajima et al.
1%5%e and 1317 from graphite inte which fission products had receiled, and
their experimental resulis were explained qualitatively by their trap model
in which the 133Xe and_lBlI were assumed to be trapped before annealing.
Carroll and Sisman4} made in-pile measurements on single-crystal U0y and
proposed a defect-trap model in which the fission-gas atoms were assumed to
be diffusible at first and then trapped on way of diffusion. MacEwan and
StevensS) suggested a trap mechanism, and MacEwan and Morel6) asgumed thet
up to 70 % of the zenon was in traps at the étart_of an annesl and used
Hurst's analysisT) to explain the results. Auskerna) tried to interprét
experimental results on the escape of xenon from UC at temperatures below
about 1000°C by the analysis of Primakg) for a process occuring over a range

10) also interpreted the results of

of activation energies. Gauntsch et als
krypton escape from thin layers of UO2 by the Primak's anglysis. TFor the
escape of fission products introduced into natursl graphite by recoil, one
of the present authors proposed an escape mechanism, consisting of three
successive processes; release from trapping sites, diffusion of the released
fiésion.products, and desorption from the surface., The validity of this
mechanism was substantiated by analysing the observed data for 133Xell)’12)
and other non-gasecus figsion productslB), in which the release from the
trapping sites was trested kinetically by Primsk's analysis. Farthermore,
the escape rate of figsion gas from fuel during irradistion was similarly
analysed, and experimental data were explained satisfactorily, including
the dependence of escape rate on decay constant, the contribution of
precursor, and the change of escape rate with irradiation time14). Yajima
et a1.15) measured a 127Xe escape from UO2 powder or pellet at temperatures
up to 2025°C, and concluded that an annealing of trap might control the
escape process below the temperature at which grain growth in U0, commenced,
and diffuesion might control above that temperafure.

In the present study, the escape of 153%e from UCGo particles below

1700°C ia measured and the results are discussed in relation to a mechanism
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controlling the escape.
2., Ezperimental
2.1, BExperimental Hethod

Two kinds of fused U0z each of which was prepared by a different
manufacturer, were ground manually into -325/+40C mesh particles. These
two powdered U0's, each with an O/U ratio of about 2.003, are designated
U05(I) and U0,(IT). They were irradiated in JRR-2 for 10 min. at a neutron
Tlux of about 3 X 1013 n/sz-sec. After cooling 1 to 2 wesks, the irra-
diated UOp was heated in a furnace {see Fig. 1). In the isothermal heating,
the irradiated U0, sample in a small boat (an alumina boat if the tempera~
ture were to reach 1700°C, otherwise a platinum boat) was first placed in
the top portion of a furnace tube, and the interior of fthe tube was
evacuated to below 10~% mm Hg pressure. Then, continuing the evacuation
the furnace temperature was raised to any desired value in the range from
300° to 1400°C, Purified He was then passed and the boat was lowered till
i1t touched the top end of the thermocouple. In the linear-temperature-
rige heating, a UO» sample was placed in the same thermocouple position,
and the tube evacuasted. Then He gas was passed and the temperature was
raised at 5°C/min from room temperature to 1100°C for U0, (I) and to 1700°C
for UG,(I1), For UOo(II), the heating was done twice. That is, after
reaching 1675°C in the first heating the sample was cooled down to room
temperature (the firat cooling), and then heated again in the same manner
to 1690°C {the second heating), followed by cooling down to room tempera-
ture (the gecond cooling). ‘

The He gas was purified by passing through a cold trap cooled with dry
ice, and through a bed of Ti heated at 800°C and ancther of Ca at 700°C, in
that order. The gss flow rate was set at 100 ml/min, Escaped 133%e was
collected by a charcoal trap coocled with dry ice, after pessage through a
KOH ved snd a cold trap cooled with dry ice, The charcoal trep wes replaced
by a new one at appropriate intervals in order to follow the amount of
133%e escape as a function of heating time. After completion of the heat-
ing, the U0, sample was dissolved in concentrated HNO3 and the 133Xe
evolved was collected on charcoal to obtain the residual amount of 133%e
in the hested U0~. The gamms activity of 133%e in the charcoal traps was

nmegasured,
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2.2, Experimental Hesultis

(1) Lineaeremperature—Rise Heating

The experimental restults for the linear-temperature-rise heating are
shown in Pig. 2; the change in the fractional escape rate is plotted
against the average temperature during the sampling interval. The fraction

of 133xe eséaped from UOZ(I) after the heating was C.00133., The fractions

| ezscaped from UOZ(II) were 0.0778 in the first heating, 0,0112 in the first

cooling, 0.0529 in the second heating, and 0,0262 in the second cooling.
Figure 2 shows that: 1) The eacape rate for UOE(II) was about five times
larger than that for U0O5(I), 2) The rate increased remarkably with increase
of the temperature, %) The rate passes through maxima at certain tempera-
tures, at Tajima et a1.15) observed, 4) For U0,(II), the rate in the second
neating was negligible below about 1300°C; while, the rate below 1300°C
guring the first heating was considerably large. The rate in the second
heating increased exponentially with temperature zbove 1300°C, the rate

at 1650°C being nearly egual to that in the first heating, 5) In both first
and secend coolings of the UOQ(II) sample, the escape rate decreased

rapidly, and the phenomenon of a cooling burst did not occur.

(2) Isothermal Heating

The results for U0,(I) in the temperature range of 400° to 1022°C and
for U0, (II) at 300°C are shown in Fig. 3, where the fraction of 177Xe
remaining in the UCp is plotted against the logerithm of annealing time.
The point of origin in time marking the practical initiation of the iso-
thermal annealing was determined counventionally in a manner similar to
that for 133Xe escape from graphitelz), as described belows When the dample
ig inserted into the furnace center, the temperature measured just beiow
the sample boat rezisters a small dip followed by a rise to regain the
preset value, and in the meantime the 133%e fraction remaining starts to
fall off gradually at first, then more steeply during the period of tempe-
rature rise. This sequence of events is shown schematically in Pig. 4.
Thus neither the”instaﬁf of the sample insertion nor that of any refereable
point in the temperature recor@'can be regarded as the point of annealing
initiation. This poiﬁt was determined as & conventional method by plotting
the remnant +30Xe fraction on a iogarithmic scale against time and extra-
polating the initisl portion of the decrease branch to the ordinete value

of unity (see Fig. 4). Thus the point of annealing initiation may be
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determined by giving consideration to the temperature increase of a gample

after insertion and to the time lag from the escape of 133%e from the

sample to the collection by charcoal trap. The fraction of 1535%%e remaining
in U0,(I) after heating at 1400°C for 3 hrs was 0.9825. In this case, time
dependence of fthe emcape was not followed and the annealing was regarded to
start from the instant of the sample insertion into the furnace, since the
heating time was long enough net to be influenced markedly by the correction
of the annesling initiation described above.

Tt is seen from Fig., 3 that a heating burst occupies a short initial
pericd, followed by slower escape rate. The Fractior remaining during the
slower step seems to be related linearly to the logarithm of annealing
time except for heating at 1022°C, The temperature~dependence of 123%e
escape does not appear gimple, and at present it can only be gqualitatively
stated that it shows an inereasing tendency with increasing temperature,
These results are quite similar to those of fission product escape from

graphitelz)’ 13).

3, Discussions
5,1, Interpretation of 13JXe Escape

Although it is established that fission-gas escape is not a simple
diffusion processs this is clearly demenstrated by the experimental results
indicating that maxima in the escape rate appeared in the first linear-
temperature-rise heating and they disappeared in the second heating. In
the escape of 13%3%e from graphite intc which figsion products had been
introduced the mazima in the escape rate were observed, and the escape was
explained as being controlled by the release Ifrom trapsll)’12). Therefore,
as one of the methods tc interpret the ezperimental results, it may be
pernitted to assume that the escape is controlled by the mechanism similar
0 thaet for the escape from the graphite. Then, for the release process
from traps, the analysis of Primak, which will be briefly described in
Appendixz I, may be used in order to obtain the activation energy spectrum.
The spectra obtained is shown in ¥ig. 5. The.value of 5, was determined as
1010 min=l by applying the relation given by Ba. (42) both to the observed
isothefmal data and the step~-heating data at the end of the heating run
for U02(I), snd the same velue was assumed for U02(II). Tt is seen that

the spectra for_UOE(I) obtained from both the linear-temperature-rise and
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isothermal heatings show a falr sgreement, except the portions of the
spectrum shown by dotted lines which were obtained from the data for the
initial short period of the isothermsl heating. This agreement shows
clearly thai the Primak's analysis can be applied to the 155%e escapée during
the postirradiastion heating.

The existence of dotted portions in the spectrum suggests that a
certain kind of resistance to the transport of 133Xe in U0s is involved,
dand this resistance played an unimportant role in the slower step. This
kind of resistance was also observed in the escape of 153%%e from graphite,
and it was regarded that the resistance was caused by the diffusion of the
xenon released from traps through interlsminar spaces of the graphite
crystal. One of the interpretations for the above resistance is shown in
Appendixz II, where the diffusion of the 133¥e released from traps in s
gpherical U02 matrix ls assumed. The activation energy for diffusion was
obtained as 0.047 eV/atom, which is, however, too small to depict a volume
diffusion in the U0p matrix, unless a transport in an interconnected pore
or a grain boundary occurs. Another interpretation arises from the assump-
tion that all the 133%e escaped during the heating originsted on or near
the surface of the U0> and the resistance stated above was caused by a
diffusion through the mairiz near the surface. The analysis of the data by
this assumption would give also & small value of activation energy for
diffusion, probably close to the value given above. Therefore, in order to
interpfet the observed resistance properly, further work will be necessary

on the nature of the traps and the U0, surface in conrnection with radiation

damege of the UOs matrix.

3.2, Simple Method for Fstimating the Escape Fraction of 137Xe during

Pogtirradiation Heating

The results shown in Fig., 2 indicate that the escape rate can be
regarded to increase exponentially with temperature if the maxima are
ignored. The same tendency will be found in the reported data shown in
Fig. 6, in which results of Yajima et a1.15), Booth and Rymerl6);'and
Parker et al.lT) are reproduced, The temperature dependence of the escape
rate by Yajima et al. may be taken as nearly the same as that in Fig. 2, if
the maximsg are ignored, The results, cbtained by the isothermal heating
for constant'period, of the latter fwb regsearchers indicate that the escépe

fraction is considered to increase expornentially with tempersturs. Since
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the differencistion of the escape fraction with temperature at constant

time of the heating may be regarded, as = first approximation, to correspond
to the escape rate in the linear-temperature-rise heating, the éséape rate
expected from the agbove two results may be regarded to increase exponentially
with temperature holding the same slope as appeared in the plots of the
escape fraction against temperature. Hefe, it iz to be noted that the slope
in the plots of the escape fraction againsg'temperature is regarded to be
nearly same to that of Yejima et al. (see Fig. 6) or of the present study
{see TFig. 2).

Since the escape of 133%e from U0, at temperatures below ebout 1500°C
could be mathematically described by Primak's analysis, as in the preceding
section, except the initial burst, the above consideration may permit us
to agsume that the escape of 133%e from other U0, is also described by
Primak's analysis. Then the activation energy spectrum may be regarded to
be exponentially increasing with activation cnergy ¢ if the %alue of B,
is taken as constant and the maxima in the spectrum are ignored. Then the

distribution of the spectrum, ple,0), is expressed by
P( Er{)) = A Pt ] (1)

where A and B are constants inherent to a kind of UC, sample, and e is
defined between the winimum e, and the maximum €, . When the escape of
13%%e is limited only by the release from the traps, the fraction, F(r,t),
of 13%%e remaining in U0, at ¢ and t (definition is given in Appendix 1)

is expressed by
S(e,6) = [7o(e,00ae = A(eB - &%), (2)
[
Putting Eq. (A2) into this egquation,
w(e,1) = g™ - (%)) | ()
ig obtained. Since F(T,O) = 1, Eg. (3) is written finally as
Plr,t) =1 -—%—(ﬂot)B’ | (4)

This equation enzbles us to estimate F(r,t) if the values of A, B, and 5o

are known from, at least, three values of P{r,t),
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When the valves of B and # are known, only one value of F{r,t) is
enough to estimate P{r,t), The value of R may be obtained from the
gpectium shown in Fig., 5 and from the results given in Fig. & by agsunming
B, as 1010 min=! ag in the present study. Then the valu¢ of B is deter-
mind a2s 1.90 eV™1 for the UQs samples discussed. Thus Eg. (4) can be

written as

#(r,t) = 1 i (10101190 (5)

Examples of the calculation are given below. From Fig, 3, F(r,t) =
0.99867 at 850°C and t = 140 min was chosen, and estimated values of F(r,t)
are shown in Fig, 7. It is seen that the estimated and observed values
agree fairly well at temperatures from 400°C to 1400°C, except the observed
values at 1022°C. Another example of the estimation was done for the data
of Booth and Rymer. The observed data and esiimated vslues using the data
at 1200°C are compared in Fig., 6, in which an agreement is seen to be
fairly well. These results suggest that the assumptions involved in deriv-
ing Eg. (5) are adequate and ths estimation of F(T;t) in the glower escape
step of the isothermal heating can be done with a fairly good approzimation,
without complicated calculation, by the above method. The result that the
Primak's asnalysis could he applied to the escape process of 13%%e from 70,
during the postirradiation hesting will be considered as a proof to the
agssumption taken into the mathematical treatment for fission gas escape

during the isothermal irradiation reported beforel4).
4, Conclusion

Dats obtained for 133Xe escape from UG, during a linear-temperature-
rise and an isothermal heatings indicated definitely thet the escape was
not controlled by a simple diffusion below temperature at which grain
growth in U0, might occur. Fzperimental results on the linear~temperature-
rige and iscthermal heatings were interpreted by the Primsk's analysis, and
the activation energy spectrum, distributing in a wide range of the acti-
vation energy, for the release of 153%e from traps could be obtained.

It was pointed out that a certain process which played an important role in
the initial burst process wag invelved in the transfer of the 133Xe
released from traps. Interpretation for this process suggested that the

transfer resistance of the released 133Xe in the U0, was not large.
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4 simple method for estimating the escaped fraction of 153%e in the
isothermal heating was proposed, assuming an exponential distribution of
the spectrum with sctivation energy. 1t was made clesr that the escape
fraction could be roughly estimated at temperatures below about 1500°C when

a single datum of the isothermal heating was given.
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Appendix I. Heleasse from Trapping Sites

The mathematicel treatment for the relesse process, based upon Primgk's
anslysis, was reported previouslyll)'13). Here, only the result for
igothermal annealing is briefly reprcduced. The release rate from trapping
sitesy -dp(t)Adts 18 given by

_dpP(1)

T
1 Pele) (41)

where P(t) is the gquantity of 133Xe trapped at an annealing *time ¢ in
the trapping sites, ¢ 1is the product of the Boltzman's constant and the
absolute temperature, and p,(s)de is the concentration of 13336 trapped
in the sites with activation energy between ¢ and e-de before annealing
occurs. The characterigtics activation energy e 1s expressed by

g, =7 en(ft) - (42)
where #, is a constant having the dimension of frequency. A plot of p,(e)
against ¢ is termed an initial activation energy spectrum, and is given
withfgood approximation by a plot of pule) against ey . The method for

determining g, is written in the previous reportla).
Appendix II, Analysis of Diffusion of the Heleased 135Xe

The basic diffusion equation for the 135%e atoms released from

trapping sites granted that the diffusion occurs radizlly in

ia

sphere of radiug a

bc _ 8% | 2 dc ,_ dpP(t)
2 —n( g+ R G vl (43)

or? r or

where ¢ is the concentration of diffusing 133Xe; r the radial distance and

D the diffusion coefficient. The initial and boundary conditions are:

-
]
je]
g}
il

' < P < :
0 at 0&xr=sa } B (a4)

t = 0; ¢c =0 a8t r=a

It is assumed that all the 177Xe atoms are trapped at t = 0, and there is

ne resistance to the transport of 133Xe at the surface.
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A general solution for Eg.(A3) can not be derived unless the release
rate ~dP(t)7dt, which depends upon the initial activation energy spectrum,
is given explicitly. Hewever, when the distribution of the spectrum is
assuned to be uniform as éhown in Fig. Al, that is, the spectrum distributes
uniformly with the value ﬁﬂ over a range of activation energies from e to
e, » the solution of Bg.(A%) may be obtained as described below. The b
agd ( b+ t, ) are the heating times corresponding to e, and e respectively,

and are given by

=14 (4b), . {25)
€,=T;Ul[ﬁﬂ(b+t2)], {a6)

The relesse raie in this case is given approximately by R 7 (b+1t) since
b is regarded as much smaller than t%. The solution of Eq.(AS) is
(-1) nwp  -DEmt( bt )’

>
c = E Sin e AEI{nyb,t} ] (A7)
=1 n a .

where

£, {nb,t)} =E,(Da®7* (b+1)/a') —&,(Dn*wb /2" )

(28)
x g
E;(X) :f —— du
seo U
Then the fraction F of 13%%e remaining in the UG, is
b+t
() +X
b+t
F= ; (49)
T\
where
o i Dnimibet) A .
x=-23 e () " AE, (bt} (A10)
g2 n=l nz

Tt is seen from Eg.(49) that I coneists of a release reaction term F,

and = diffusion term F,:

¥ The actual value of b was 0.0%2 min at 400°C and 0.24 min at 750°C
in this sfudy. ' o

i e m RS i e St o 0 3sret v o A b i T S LD S B o
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ST
F, = ST , (a11)
Ln ~—7;m~)
P, o= A '
2 bt ) (a12)
en (=)

The situation can be represented ag in Fig, A2, in which F is shown
against znlb+t). The values of b and (b%—ﬁ) are obtained from the linear
relationship between F| and &n(b+t), Then the value of D can be determined
from the relationship between the observed value of Fy and £nb+t) if the
escape mechanism is valid.

The experimental results shown in Fig. 3 indicate that the fraction
remzining during the élower step is proportional to the logarithm of the
annealing time, ag a first approximation, This linear relationship was
considered to he expressed by Eq.(All) and the values of b and (b+t,) were
determined. Then, by application of Eg.(A12) to the data observed in the
initial short period et a specified temperature the value of D./a’ was
determined. The values of D/a° obtained were found to be independent of
the time, and its temperature dependence is shown in Fig., A3, which can be
expressed by

D

T
A

= 6x10° ST (413)

It is seen that D/a° has a fairly large value, the activation erergy for
diffusion being 0,047 eV/atom. The value of D/a® thus determined will be
somewhat larger than the true value of D/a°, since the actual distribution
of the sgpectrum was not uvniform but it increased rapidly with increasing

activation energy.
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Fig., 2
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Fig. 7 Comparison of Estimated Data with Observed Ones
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Fig. A1 The Initial Actiyation Energy Spectrum Having Uniform
Distribution (Ml indicates the amount of '**Xe trapped,
n! that diffusing, M, that escaped).
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Fig. A2 Relation between F and £n(b+t)
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Fig. A% Dependence of D/a2 upon Temperature
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