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EVALUATING FUEL BEHAVIOR DURING IRRADIATICL
BY FISSION-GAS RELEASE

R M. Csrroll and 0. Sisman

ABSTRACT

If a niwciear fuel is being irraciaied where evolved
fission gas can be measured, consiacerable information
about the physi.cal condition of the fuel can be obtain-
ed from observations of how the fission-gas release
rate responds to different irradiation conditions of
the fuel. The uvnchanging release of fissicn ges 28
burnup progresses cen assure the experimenter that the
fuel has not changed physical characteristiecs. Alter-
natively, a vsriable behavior of gas release rate can
imply & cracking fuel, irradiation sintering of poros-
ity, chemical reactions, grain growth, bregskaway swel-
ling, or surface changes.

INTRODUCTION

In the past decade 8 model for the release of fission gas from re-
actor fuel material has evolved, which has now been fairly universally
accepted. This model, which we call the "defect-trap” model, postulates
the movement of fission gas through a combination of diffusion end trap-
ping processes. There appears now to be nc¢ argument about the general
principles of this model, although different investigators may have
slight dif’erences in the details of the process.1’2’3 Other models are
discussed in reviews of the literature.%s’

This report will deal with the physical changes in the fuel which
can be inferred from changes in the release rate and composition of the
fission gas. Examples of how these changes are evaluated are illustrated
with dats from our past experiments, some of which have already been pub-
lished. This report is, however, not a review but rather a summary of
the use of an evaluation technique, which we have found to be most use-
ful.

In our experiments we have monitored the fisrsion-gas release rate
and composition, the temperature, an? the nentron flux continuously dur-
ing the irradiation of various fuel materisls. Furthermore, we have the

capability of chenging the fissiou rete within the specimen and the
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specimen temperature independently. The discussion which follows assumes
this capability, but much can ke inferred about the condition of the fuel
even if only the gas release and tempcrature are monitored. The defect-
trap model was developed for UO? but will apply to any fucl with similar

properties.

GAS RELEASE BY SURFACE FISSIONS

Fission-gas release from fuel materials can be divided into two por-
tions, release from the body of the fuel and release caused by fissions
on the surface of the fuel. If fission occurs witnin about 10 microns of
a surface it is possible for one of the fission fragments to recoil free
of the fuel. Almost always, the fission fragment leaving the surface
will emerge with considerable energy remaining. Thus, if the surface is
part of & narrow crack or small pcre, the fission fragment will likely
reenter the fuel.

The emount of free surface (i.e., surface connected to the exterior
of the specimen) of & ceramic specimen is usually much greater than the
gecmetric surface area. However, because of the reembedding process, the
release of fission gas ty direct fission recoil is governed by the geo-
metric surface area. Moreover, if the fuel is held in a close-fitting
solid holder, a large proportion of the recoiling fission fragments will
embed in the holder. The net result is that only a very small propor-
tion of the fission fragments recoiling from the fuel surface will escape
from the immediate vicinity of the fuel.®

When a fission fragment passes through 8 surface some of the surface
molecules will be "knocked out." If the surface contains fission gas,
then some of the fission gas will be liberated by the knockout process.
The number of molecules knocked out of the sirface depends on the energy
of the fission frasment and the condition of the fuel surface. The
fission-gas atoms liberated by the knockout process will have little
energy and will not be embedded in nearby surfaces. 'This means that the
knockout release will be related to the geometric surface area.®

During fissioning, some isotopes of fission zas are produced which
have half-lives in the order of hours. For these isotopes, an equilib-

rium will soon be reached where the ercape rate plus the radjosctive



decay rate will equal the production rate. The production rate of iis-
sion gas is directly proportional to the fission rate and thc equilibrium
amount of short-lived isotopes of fission gas within the fuel is also
directly proportional to the fission rate (if *he escape rate is much
smeller than the production rate). The knockout release rate for a
given surface depends on both the r~te of surface fissions and on the
fission-gas concentration at the surface. Since both of these processes
are directily proportional to the fission density, it follows that the
knockout release is proportional to the sguare of the fissicn rete. In
contrast, the direct recoil release is directly proportioral t» the fis-
sion rate.®

An important exception occurc when the surface of the fuel specimen
becames saturated with fission products. At that time an increase in
fissicn rate will increase the surface fission rate but cannot increase
the amount of fission products in tae saturated surface iayer. Under
these conaitions, the knockout release will increase directly with an in-
crease ii: fission rate.” However, the knockout release can still be dis-
tinguished from the direct-reccil release by comparing the relative

amounts of the different isotopes, as described below.

GAS PELEASE FROM THE FUEL BODY

The isolated xenon and n—vpton atoms, created within the U0, struc-
ture by fission, a:e too large to fit into interstitial nositions with-
out lattice straining. These atcms a.lffuse repidly but tend to cluster,
to form bubbles, or to become trapped at .mperfections within the ruel
structure. 1In our model,a’8 the traps 2re div'ded into three categcries:
(1) intrinsic treps, which are voids, grain bounds."ies, or other large
defects in the fuel caused by the manufacturing proces.: (2) point de-
fects, which are formed in the wake of a fission fragment; eond (3) clus-
ters of point defects. Th2 second and third types of defects .ve formed
by irradiation, whereas the first is an inherent property cf the m. terial.

The surfrce of the specimen may be considered to be a giain bounacry,
and ges is trapped there, producing a high concentration rather “han the
depleted surface region expected froam recoil and diffusion prccesses.

Gas bubbles collect at grain bourdaries and, with sufficient burnup, cer
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generate 2ncugh pressure to cause cracking or swelling. The release of
gas frow the boly of the fuel, then, is either by a coupled diffusion-

trapping process or by escape from a ruptured gas pccket.

EXPERTMENTAL METHOD

Some means must be provided for obtsai ning samples of fission gas for
analysis. We uvse a continuous sweep of purified helium to transpcrt the
evolved fission gas outside the reactor. OSamples of gas are obtained at
intervals and the activity of the gas stream is measured continuously.
In our case, the fuel specimen is heated by its own fission heat, which
is regulated vy moving the snmecimen capsule to different neutron flux
levels.? The temperature of the specimen is controlled, independent of
the fission power, by air-cooling the outside of the spe :imen cepsule
(see Fig. 1).

INTERPRETATION OF ISOTOPIC RATIOS

Assuming that different isctopes of the same element behave in the
same manner, considersble information can be obtained by comparing the
reletive amounts of the different isotopes of fission gas. The isotopes
of xenon and krypton differ in tkeir precursors, their fission yield,
g9nd their rate of radiocactive decsy. All of these factors can he used
in evaluating the physical condition of the fuel.

I¢ the escape rate of a short-lived radiocactive isctope is small
compared to the production rate, equilibrium will be reached when the

1]
death rate,~%% , is equal to the birth rate.

-‘;l: = NG + ad) = v b (1)
where:
N = npumber of atoms of the isotope.
? = decay constant of the isotope,
¢ = mneutron flux,
Zf = the fission cross-section of the fuel,

~
1]

the fiesion yield of the isotope, and

0 = the absorption cross-section ot the isotope.
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Since }, ¢, Zgy 7, 8nd 0 are known, then N, the amount of isotope
trapped in the fuel, can be calculated.

_birth rate = vZ¢d
N = > +0 T + od )

Except for 135Ye, for which 7 is high, » + 7 s X .
The ratio of two different isotopes trapped in the fuel is

N o_xis X2 2 )
No 72k ™M1 72 M )

wvhen the isotopes are at radiocactive equilibriu.

The amount of isotopes released by direct recoil from a given fuel
surface will be directly proportional to the fission rate. Isotopes re-
leased oy recoil will have retios in direct prcportion to their fission
yields.

N_nE _n %)
N,  ».leb 72

Isotopes released by the knockout process will have a ratio some-
vhat between that for direct recoil and that for trapped gas.

Isotopes which are released by diffusion follow the general relation

f=C\/i-) (5)

where

fractional release (rate of release/rate of Fformation),

diffusior coefficient for the isotope, and
C

Tae ratio of the amounts of two isotopes escaping the fuel by dif-

a constant which depends upon the diffusion model used.

fusion will be,

Dy —
L. ___:._C\/: _ e (6)
@) C\AEZ D223

’2




If the diffusion coefficients are egqual,

- \/iz (7)
The fractional release f ='—£L- H R = release rate
72f¢

and

f1 _ Ryroied
) B Rz?lzf@

The ratio for the equilibrium release rates of iwo isotopes with the seme

diffusion coefficients is then

-g-‘; 23 \ﬁﬁ : ®)
In mo=t fuels which we bhave examined the xenor and krypton behave
inthe same manner, zonsistent with a trapping process. It is erroneous,
however, to suppose that xenon and krypton will have the same behavior
in el1) materials. For example, in pyrolytic-carbon-coated fuel particles
(U0, or UC,) we Tound that krypton had a proportionally much greater es-
cape rate than xenon.l® (See Fig. 2) This is apparently caused by the
easier diffusion of the smaller sized krypton stom through the carbon
coating, since the effect of the smaller mass on tne diffusion rate can-
not account for the magnitude of the difference. We knew the coating
was not broken, because, when ihe coating did bresk, the ratio of the
xenon to Krypton emerging from the fuel vecame the same as that for un-~

coated fuel particies.®

Thus the failures of the coatings were detected
first by bursts of fission gas released at the moment the particle rup-
tured, and coating failure wes confirmed by the subsegueiit highner steady-
state release rate and the different ratisc of the ..enci to krypton. In
addition, an analysis of the isotopes of the fission gas comprising the
bursts showed the {sotopes to be in the ratio given in Eq. (3), indicating

stored gas.
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INTERIRPTATTON OF CHANGE IN STEAD:-STATE GAS RELEASE
Turing irradiation, steady-state fission-gacs release is attained
when the soecimen has been irrasdiasted at constant conditions long enough
to establish redioactive equilibrium for the isotopes being measured
(Eq. 1). Equilibrium is assumed when the release rates of the isotopes
are not changing significantly over 8 period of time equal to several
half-lives. When the specimen has been at constanrt fission rate and tem-

perature long enough to establish radiocactive equilibrium but the fission-

@as release is variable, then the physical characteristics of the speci-
men are changing. Listed below are some interpretations of the signifi-
cance of variabtle gas release while the specimen is being irradiated

under steady-state conditions.

Gas Release Rate Decreasing

Steady decrease in gas release caun e czused by two fectors; surface
fissioning causing a cgpnge in the specimen surface, or by tiny cracks
or pores in th: fuel specimen being sintered closed by fissicn-spike
welding.

The observation that the knockout release rate appears to decrease
with time has been explained with three different theories.%s>
(1) Irradiation is smoothiiig the microscopic irregularities in the sur-
face, thus decreasing the surface area. (2) An equilibrium between ejec-
tion and redeposition of the surface molecules is occurring. (3) Pess-
age of the fission fragments thrcugh the surface causes recrystalliza-
tion, which reduces the ejection rate of molecules from the surface.
In any event, only tt2 surface of the specimen is affected.® Any escap-
ing g@s must, nhcwever, pass through this surface; thus, the high-
temperature gas release rate is affected in the same manner as the knock-
out release rate. An extreme example of a decrease in 8%Kr by knockout
relesse with irradiation time is illustrated in Fig. 3. Although each
specimen hehaves in a8 different manner, the decresse is usually not sig-
ni1i1 nt after about 30 days of irradiation and the subsequent gas re-
lea .8 sbout 1/3 to 1/2 the starting release; by contrast, the example
in . .. 3 declines an order of megnitude over a 200-day period.
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The decline in steady-state gas release because of surface changes
is tc be expected. Athough the extent of the decline cannot be preaicted
accurately, it is 8 smooth exponential function of irresdiaiion time, or
buranup, and apparently is little affected by the temperature of the speci-
men. This decline does not mean that the body of the specimen is charg-
ing.

Crack hesling, or the irradiatior sintering cf inte:connected porcs-
ity, car occur during fissioning at much lower temperatures than required
for sintering during manufacturing. This can be distinguished from the
surface change procesc described above because the irradiat:on sintering
is strongly temperature dependent; whereas, the surface change process
is not. An example of 8%Kr relesse from (Pu,U)O,, as interconnected
porosity was sintered closed, is shown ir Fig. 4. Crack healing usuelly
does not produce & smooth exponential function of gas release vs time for
very long. In Fig. 4, after 1.8 x 10'% fissions/cm®, new cracks caused
an increased gas release rate and the cracks healed rapidly only to crack
again. The points show measured valves with the line segments showing
the activity trend. It should be noted that this and subsequent figures
invilve toth continuous and grab-sample measurements with the points in-
dicating grab-sample data. Temperature perturbations will cauce stress
cracking which alsc heals rapidly. Crack healing progresees mcie rapidly
at higher temperatures.

In Fig. 4, as in some subsequent figures, the data were normelized
to some specific temperature. This means that some of the data were mea-
sured at some other temperature and then, since the temperature depen-
dence of the gas reiease was known, the dats values were adjusted for the
selected temperature. The standardi temperature was selected so that mini-

mum ad justments were necessary.

Gas Release Rate Increasing
Cracking of the specimen will produce a8 smsll burst of fission gss
and then a subsequently higher fission-gas release rate because of the
incressed surface area. Fission-ges pressure within grain boundaries and
closed pores can produce cracking efter the accumulation of enough burnup.

As an example, the steady-state gas release from fused-crystal spheres of
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U0, is shown in Fig. 5. The initial decrease in 88Ky release rate is
caused by changes in the specimen surface. Tae abrupt increase st 1.9%
burnup is caused by the continued breaking of the spheres into even smeller
particles €s a result of the buildup of fission-gas pressure.l!

Increasing gas relesse can also be caused by a chemical reaction cf
the fuel with some portion of its environment.l? Unless the reection
causes the fuel to crack, the gas release will increase smocthly as the
regsction progresses. Cracking causes an irregular incresse.

Equiaxed grain growth will cause increased fission-gas release dur-
ing grain growth. This is illustrated in Fig. 6, where a UC, specimen
vas irradiated at 17C0°C for 5 days.*! Apperently ges trapped at grain
boundaries can escape along the mobile grain boundaries during grain
growth. This type escape can be confirmed by lowering the tempersture of
the fuel belcw the grain growth temperature. If the gas release at lower
temperatures is the same as before, then grain growth has caused the in-
crease in release rate. In the example shown in Fig. 6, existing zracks
were healed, resulting in a8 lower release rate after grain growtkh hsd
occurred. A measurement of knockout release will confirm whether or not
the surface area of the specimen has changed.

If the gas release raste increases rapidly in an exponential fashion
it is most likel:r caused by breakaway gas release; where the pressure of
the trapped gas exceeds the fuel-mstrix strength and the fuel begins to
swell. The bubbles of trapped gas pushing their way to the surface will
produce pips of gas release and the resulting porosity will increase the
steady-state release rate.

The breakaway gas release can be distinguished from equiaxed grain
growth becasuse grain growth does not affect the subsequent gas release
rate ;1! breaskaway gas release will occur at lower and lower temperatures
as burnup progresses because of the accumulation cf fission gas. An ex-
ample of this is shown in Fig. 7, where the temperature of spherical
(U,Pu)0, specimens was maintained just around the breakaway gas release
point as irradiastion progressed. This experiment was performed after a
cylindrical specimen of the same meterial had shown almost explosive re-
lease of fission gas when the specimen tempcrature wes suddenly increased

O a0 12
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INTERPRETATTION OF FISSION-GAS RELEASE WHEN THE
SHECIMEN IS COOLED

During irradiation some of the iodine precursors of xenon will es-
cape from the fuel and deposit on cooler surfaces outside the fuel. If
the fuel is withdrawn from the neutron flux, it will cool rapidly and
the release of fission gas will stop. However, the deposited iodine will
continve to decay into xenon. An example of the behavior of U0, !n good
condition during such a cooling period is shown in Fig. 8.

There are three ways to confirm thet the scurce of the xenon is the
decay of icdine outside the fuel specimen. (1) The krypton release ceases
while the xenon release continues (if the xenon were ewmergine from the
fuel, so would the krypton). (2) The emission rate of xenon decreases
with the decay rate of the iodine precursor. (3) The isomer, 135%e,
which has only a 15-minute half-life, is etrongly present in the sweep
gas. (if the xenon were diffusing from the fuel, most of the 135Tye
would have decayed before being released.)

Rapid cooling of ceramic fuel creates thermal stresses. If the fuel
is in good condition, the fission-gas release will respond as illusirated
in Fig. 8. If the Pfuel contains microcracks in the surface or grair
boundaries strained by trapped fission-gas bubbles, then cracks will open
during the cooling periol and release trapped fission gas. Such a cool-
ing burst is shown in Fig. 9, where a fine-grain specimen of K, was
quickly coolzd from 1700°C to about 258°C.11 In this escoling burst it is
obvious that iodine was &l1so releaseil since the 13° Xe is emitted in
greater amounts after the burst thsu before.

A spontanecus burst is ahown in Fig. 9. Thermsl stresses were not
responsibie for the spontenecus burst becszuse the specimen had been cool
for more than two hours. The ratioc of 33Xe to 13%%e in the spontenzous
burst show:d that a store of trapped gas (Eq. 3) was relessed. Agsin,
gome iodine was released in this spontaneous burst. It seems most likely
that the spontaneous burst was caused by trapped iodine which built up
pressure as it decayed into xencn until a microcrack was opened in the
fuel specimen, releasing the accumuleted xenon.

Although uwicrocracks cpened and closed during the cooling stresses
as the U0, specimen of Fig. 9 was withdrawn from the flux, the specimen
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did not have interconnected porosity or a n=twork of large crecks. This
is shown by the clean relation of the emitted xenon to the half-life of
the iodine precursor.

The response to cooling stresses is sho#n in Fig. 10 for & UN speci-
men vhich has interconnected porosity. Here the cooling stresses caused
a lsrge cooling burst, and several burets in the ast phase of the cooul-
ing. The interconnected porosity sllowed the fission gas to dribble out
over a period of hours @s shown by the constant ratio of the 33Xe to
135Ye. The major source of the fission gas is & result of the lesking of
gas from the porous specimen. Gas from iodine decay is a minor portion
of the total released, as shown by the absence of dependence on precursor
decay.

The character of the release from the UN specimen of Fig. 10 cbanged
during irradiation, beginning with the type release associated with clean
U0,, end then early in the irrad:iation changing to a larger steady-state
release accompanied by pips of gas. Knockout release indicated an in-
crea3ing surface area. From cooling curves, such as Fig. 10, we were
able to conclude that a chemical reaction was occurring, ceusing pene-
trating cracks in the specimen surface. Postirradiation examination con-
firmed that there had been & reecticn between the UN specimen and an Al,0,
holder.1? Our cbservetions showed that the reaction started at tempera-~
tures uncer 600°C.

In contrast, gas release from some (U,Pu)0, specimens indicated in-
terconnected porosity at the very beginning of irradiation. As shown in
Fig. 4, the amcunt of porosity was reduced by fission sintering, showing

‘ that it consisted of small passages, since large cracks are not sintered
by fission spikes. Therms]l stresses during cooling, as shown in Fig. 11,
cpened surface cracks or greain boundsries, and secondary bursts occurred
after the specimen was cooled. Gas dribbling from the specimen showed
some porosity remaining, with scxme dependence on iodiune decay also ap-
parent. By compering Fig. 11 with Pigs. i0, 5, and 8, one can see that
the amount of open porusity of the (U,Pu)O2 specimen wes less than that
of the UN spzcimen (after the clemical reaction) but more than that for
W, specimens in good condition.
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SUMMARY

Because of the difference in properties of the various Xe ard Kr
isotopes and their precursors, the physicel cordition of the fuel can be
ifairly accurately deduced by studying the megnitude and isotopic ratios
of the fission gas released. This technique can be especially useful in
showing changes in the physical condition of the fuel.

For best results a sweep gas system is used to carry the fission ges
from the fuel to a monitoring station, and the fuel temperature and fis-
sioning rate are continuously monitored and controlled. However, it is,
often possible tc infer the condition of the fuel from fission-gas re;
lease data and 8 guess at the temperature and power density. This can
be a very useful tool for in-pile experiments and for reactor monitoring.
A summery of the interpretation of the ges-release rate, temperature, and
burnup data is given in Table 1.

One importart usc of fission-gas monitoring is to ensure that the
physical condition of a fuel specimen has not changed. If you wish to
measure 2 physical property, such as thermal diffusivity, during irradia-
tion, then the observation that the fission-gas release rate has not
changed during the time interval of the tests will confirm that the speci-
men remained intact during the tests.

It should be noted that it is seldom possible to fully evaluate the
condition of the fuel by a single observation. The irradiation condi-
tions and the time-dependent behavior must be considered as well as the
retio of the isotopes of the fission gas and the emission rate as a func-
tion of temperature. Fcr examile., the ges release characteristics of
grain growth and breakaway swelling are very similer, regquiring gas-
release measurements et lower temperatures to determine which has happen-

ed.
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Table 1. Changes in Fission-Gas Release Caused by Changes in Physical Properties in the Fuel
Observation Irradiation Burnup level Interpretation Confirming Tests
Condition
Slow decrease in Steady state Initial to Surface fissions Change in gas release rate inde-
ga8 release rate Auy temperature small causing change in pendent of ‘emperature.
furl surface. No cooling bursts and only xenon
release after reactor shutdown.
Isotoplc composition constant.
Slow decrease in Steady state Initial to Interconnected Change rate depends on tempers-
gas releasge rate Moderate to high poroslty is sin- ture.
high temperature tering closed by Frequent spontaceous bursa:s.
fission spikes [arge heating and cooling bursts.
and heat. Rate of relesse nas some depen-
dence on ‘mmediate irradiation
history.
Isotope composition constant
except during bursts.
Fate of gas re- Steady state or Any Specimen cracked Low-i1enperature irradiation
lenge increases variable shows greater release rete.
in a step manner. Any tenperature Isotopic composition constant
except at moment of cracking.
Rate of ges re- Steady statie Any Grain grow:h When returned to lower tempera-

lease increases
Quickiy, accom-
panied by small
bursts of gas.

High tempevature

ture, the gas release rate is no

higher than it was before.
During the event the isotopi
position vas shifted toward
longer-lived isotopes.
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Table

1 (Cont'd)

Observation

Irradiation
Condition

Burnup lLevel

Interpretation

Confirming Tests

Rate of ges re-
lease increases
Quickly, accom-
penied by small
bursts of gas.

Same as above

* Rate of gas re-

| lease increases
in rapid exponen-
tial manuer.

Steady state
Any temperature

Steady state
Any temperature

Steady state
Felatively
high temperature

High

High

Fission-gas pres-
sure breaking the
gpecimen.

Chemical reaction

Fission-gas pres-
sure exceeding
the strength of
the matrix,
causing break-

awvay gas
release.

Low-temperature irradietion shows
greater surface ares.

Small bursts composed of long-
lived fisslion gases.

Rate of breaking increased by
thermal shock.

Low-temperature irradiatioin shows
greater surface areu

Higher temperature accelerates
effect, which is irreversible.
Only a small shift in isotopic
composition toward longer-1lived
isotopes.

Slightly lower temperature will
stop the increase in gas release
rate, but the steady-state level
will be ‘ncreased compared to
established levels.

During the time of increased re-
lease rate the gas shows a large
shift in composition toward
long-lived isotopes.
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Table 1. {(Cont'd)

[ TR PR BT et Wva S U APS S S AP

Observation

Irradiation
Condition

Burnup Level

Interpretation

Confirming Trsts

Gas release rate
constant but large
burst when speci-
men 138 cooled
rapidly.

Momentery burst
of gas when
specimen is
heated rapidly.

After irradiation
stops, the xenon
release continues
at a decreasing
rate.

After irradiation
stops the xenon
and krypton re-
lease continues at
8 decreasing rate.

Rapid cooling
from moderate
or high
temperature

Start of
irradiation

Specimen cool

Reactor down

Specimen cool
Reactor down

Any

Any

Any

Any

Specimen is crack-
ing because of com-

Pination of thexrmal

end fission-gas
stresses.

Normal response
of fuel

Jodine released

during irradiation
end plated out on-
to the walls of
the sweep system
is decaying into
xenon.

Xenon and krypton
diffusing through
interconnected
porosity in the
specimen.

Ilater lrradiation shows higher
release rates from the same
conditions.

Jow-temperature irradietion shows
increase in surface area.

Will heppen always in about the
same manner.

Xenon dies off with the half-life
of the iodine precursor.
Xenon-135m {8 present.

Krypton isotopes are not present.

Ratio of fission gas isotopes
nrontinually changing as short-
lived isotopes decay away.
Xenon isotopes do not decrease
as the half life of the iodine
precursor
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Table 1. (Contid)
. Irradiation . . Nanf rm
Ot servation Condition Burnup level Interpretation Confirming Tests
Pip or burst of Reactor down Medium to Iodine collected Pip contains mostly xenou |so-
fission gas after and specimen high into a closed “opes in the ratio of trapped

the irradiation
has stopped and
the specimen has
cooled.

cocl for some
lime.
Speci.men has
previously
been :rradi-
ated a“ high
temperature.

pocket at the
surface of the
specimen during
the high-tempera-
ture irradiation.
Decay of iodine
into xenon caused
pressure Lo
rupture pocnet.

gas.
Inter irradiation shows no
surface area change.
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