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Abstract

Post-irradiation examinations of low temperature irradiated UO2 reveal large numbers of very small
intra-granular bubbles, typically of around 1 nm diameter. During high temperature reactor transients
these bubbles act as sinks for fission gas atoms and vacancies and can give rise to large volumetric
swellings, sometimes of the order of 10%. Under irradiation conditions, the nucleation and growth of
these bubbles is determined by a balance between irradiation-induced nucleation, diffusional growth
and an irradiation induced re-solution mechanism. This conceptual picture is, however, incomplete
because in the absence of irradiation the model predicts that the bubble population present from the
pre-irradiation would act as the dominant sink for fission gas atoms resulting in large intra-granular
swellings and little or no fission gas release. In practice, large fission gas releases are observed from
post-irradiation annealed fuel. A recent series of experiments addressed the issue of fission gas release
and swelling in post-irradiation annealed UO2 originating from Advanced Gas Cooled Reactor (AGR)
fuel which had been ramp tested in the Halden Test reactor. Specimens of fuel were subjected to
transient heating at ramp rates of 0.5°C/s and 20°C/s to target temperatures between 1600°C and
1900°C. The release of fission gas was monitored during the tests. Subsequently, the fuel was
subjected to post-irradiation examination involving detailed Scanning Electron Microscopy (SEM)
analysis. Bubble-size distributions were obtained from seventeen specimens, which entailed the
measurement of nearly 26 000 intra-granular bubbles. The analysis reveals that the bubble densities
remain approximately invariant during the anneals and the bubble-size distributions exhibit long
exponential tails in which the largest bubbles are present in concentrations of 104 or 105 lower than the
concentrations of the average sized bubbles. Detailed modelling of the bubble growth process
indicates that these distributions are inconsistent with the presence of thermal re-solution of fission
gas atoms from heavily over-pressurised bubbles. Further analysis suggests that under out-of-pile
conditions the bubble growth is severely restricted by vacancy starvation effects. A model is presented
to account for the observed behaviour.

1. INTRODUCTION

The fission gases, xenon and krypton, are produced in abundance during the thermal
fissioning of 235U, 239Pu and 241Pu and can present difficulties in fuel management whether
retained in the matrix or released to the pin free volume. The problems associated with release
involve the dilution of the helium fill gas leading to poorer heat transfer between fuel and
cladding. This, in turn, gives rise to higher fuel temperatures and escalating gas release. At
high burn-ups the quantity of gas could give rise to potential rod over-pressurisation with
respect to the coolant. Alternatively, retained gases provide the possibility of rapid swelling
during power transients and this can cause pellet-clad interaction (PCI) which can lead to rod
failure.

Two principal modes of fission gas swelling are of interest, namely, intra-granular swelling
where spherical bubbles occur within the grains and inter-granular swelling caused by gas
which has migrated to the grain boundaries. Because of the short diffusion distances involved,
intra-granular swelling provides the possibility of the extremely rapid development of large
volumetric swellings in excess often percent.
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Transmission Electron Microscope studies [1] of irradiated UO2 reveal large populations -
typically 1024 m"3 - of nano-metre sized intra-granular bubbles. Following the observation that
large numbers of these bubbles appear to lie in straight-line tracks, Turnbull [2] has suggested
that the bubbles are nucleated in the wake of energetic fission fragments. Furthermore, the
fact that the populations appear independent of burn-up led to the suggestion [2] that they
were also destroyed by impact by other fission fragments. At low temperatures these bubbles
exhibit little growth but brief excursions to high temperatures [3] reveal that a sub-population
of the bubbles grow to radii in excess of 100 nm and give rise to large volumetric swellings.

Consideration of the potential sink strength of these bubbles suggested that in the absence of
irradiation, and hence, the irradiation induced re-solution process, the fission gas release
would be minimal as the gas migrated to the predominant internal sinks rather than the grain
boundaries. These suppositions were confounded by the observation of large gas releases
during the thermal annealing of pre-irradiated fuel [4]. The subsequent proposal that thermal
re-solution of fission gas occurred from the heavily over-pressurised intra-granular bubbles
[5] provided a mechanism to avoid the total precipitation of gas into bubbles but the model
was not widely supported because of the low inherent solubility of xenon and krypton in UO2.

Recently, a series of tests has been performed under the auspices of the BVIC1 to address
specifically the issue of thermal re-solution of fission gas from intra-granular bubbles.

2. THE IMC POST-IRRADIATION ANNEALING PROGRAMME

As part of a detailed study of fuel swelling, Nuclear Electric2 performed a number of ramp
tests on pre-irradiated AGR fuel in the Halden Reactor [6]. Samples of this fuel were
subjected to detailed PIE including Scanning Electron Microscopy [3]. The SEM revealed the
presence of large intra-granular swellings in fuel ramped to temperatures in excess of 1600°C.
The concentrations of intra-granular bubbles were typically three to five orders of magnitude
lower than those of the small bubbles present in the low temperature irradiations, i.e. typically
1018tol020m-3.

As a means of addressing the issues of bubble nucleation densities and thermal re-solution, it
was decided to use unramped samples of the AGR fuel as part of a post-irradiation annealing
experiment. The fuel was transported to AEA Technology at Harwell for thermal annealing in
the transient heating furnace [6] before being returned to the Shielded Electron Optics Suite at
Magnox Electric's Berkeley Facility for a detailed SEM examination [7]. The test matrix is
shown in Table I below and was designed to provide similar temperature ramps to those
experienced in the in-pile tests but in the absence of irradiation.

Seventeen of the twenty specimens exhibited intra-granular swellings and these are shown as
shaded areas in the table above. Of the others, the lowest temperature of the low burn-up,
slow ramp rate tests may have had small intra-granular bubbles but these were too small to be
revealed by the SEM. The remaining two tests were performed at 1900°C and the measured
gas release in these was in excess of 90% indicating possible oxygen ingress into the furnace
and no bubbles were observed.

1 The IMC is the Industrial Management Committee of the United Kingdom Health and Safety Executive and
directs research funded by British Energy and BNFL.

2 Now British Energy Generation Ltd.
3 The ramping of the fuel in Halden involved the moving of the fuel from behind a neutron absorbing shield.

Parts of the fuel rods were never exposed to high powers and these are referred to as the unramped parts.
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TABLE I. TEST MATRIX FOR POST-IRRADIATION EXAMINATION ANNEALS

Burn-Up

(MWd/kgU)

9.8

20.8

20.8

20.8

20.8

Ramp Rate

(°C/s)

0.5 (slow)

0.5 (slow)

25.0 (fast)

25.0 (fast)

25.0 (fast)

Hold Time (minutes at top temperature)

1600°C

0

0

2

20

60

1700°C

0

0

2

20

60

1800°C

0

0

2

20

60

1900°C

0

0

2

20

60

The SEM study of the seventeen useable specimens involved the measurement of
approximately 26000 bubbles and bubble size distributions were obtained by use of a bubble
population de-convolution procedure [9] to correct for sectioning.

3. EXPERIMENTAL OBSERVATIONS

The total bubble concentrations measured in the fast ramp specimens are shown in Figure 1
for both in-pile and out-of-pile tests.

S

» ^ V

o

—•— Out-of-pile (fast - 2minutes)
—o- - Out-of-pile (fast - 20 minutes)
—•— In-pile (fast - 2 minutes)
—o— In-pile (fast - 30 minutes)

1700 1800

Temperature (°C)

FIG. 1. Bubble concentrations for fast ramps in and out-of-pile. Note that considerable in-pile
bubble loss occurs at each temperature between the 2 and 30 minute holds while none occurs

out-of-pile.

The key feature in Figure 1 is the reduction in bubble numbers between the 2 minute and
30 minute anneal for the in-pile test confirming the presence of irradiation induced re-
solution. If thermal re-solution were operating in the out-of-pile tests there might be expected
to be a reduction in bubble concentration in these data also but, if anything, there is a slight
increase, particularly at higher temperatures. This increase is possibly a result of more
bubbles becoming visible during the growth in the longer anneal rather than additional bubble
nucleation.
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FIG. 2. The bubble size distributions for in and out-of-pile anneals.

Comparisons of the bubble size distributions for two two-minute hold fast ramp specimens
are shown in Figure 2.

The lower temperature anneals show similarities between in-pile and out-of-pile behaviour
but the higher temperature data reveal striking differences. In both of the out-of-pile anneals,
the distributions are of an exponential nature with no well-defined maximum whereas the in-
pile data show bell-like features. There is a distinct absence of bubble growth between the
1700°C and 1800°C out-of-pile anneals in contrast to the in-pile data.

The intra-granular volumetric swelling for fast ramps followed by short and extended holds at
the target temperature are shown in Figure 3.
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FIG. 3. The temperature dependence of intra-granular swelling during fast ramps out-of-pile.

For the two-minute hold the in-pile data show an increase in swelling with increasing top
temperature while the out-of-pile data are approximately independent of temperature. Since
the diffusion rates are considerably higher at 1900°C than at 1700°C it is difficult to see why
additional growth has not occurred. The in-pile cases with a thirty-minute hold show a slight
reduction in swelling with temperature and this may be associated with irradiation induced re-
solution but the out-of-pile anneals exhibit little growth over this additional annealing period.
The overall behaviour of the out-of-pile annealed data may be summarised, as follows; there
is little or no evidence of bubble loss during annealing. Virtually all of the specimens have
total bubble numbers around (3.6 ± 2.0)-1020 m"3, a variation which is within the experimental
scatter and is indicative of conserved bubble numbers rather than evidence of a bubble loss
mechanism. There appears to be a marked reluctance for bubble growth in out-of-pile anneals
compared to similar in-pile anneals despite the presence of irradiation induced re-solution.
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4. BUBBLE GROWTH KINETICS

4.1 Diffusion control and thermal resolution

The diffusive flow of fission gas atoms to alternative sinks in the medium is given by

e D c ( 1it e-D<c> (1)

where Cg is the concentration of gas in the matrix, Df is the fission gas diffusivity and kg
2 is

the 'strength' of the relevant sink. The total sink strength for all bubbles is 4TTRCB [11] where
R is the bubble radius and CB is the bubble concentration while that for the grain boundaries is
7i2/a2 [12] where 'a' is the grain radius. Using the average concentration measured above and
an initial bubble radius of 1 nm, the bubble sink strength is equal to 4-1012 m"2 while that of 5
urn radius grains is 4-1011, a factor of 10 smaller. On this basis, the intra-granular bubbles
always present a more favourable sink for gas atoms than the grain boundaries so if Equation
1 is correct there should be no observable gas release from annealed fuel, hi practice,
fractional releases as high as 80% are not uncommon.

The concept of thermal re-solution [5] was introduced as a means of ensuring that the matrix
gas concentration could not drop to zero, that is, some gas would always remain in solution.
The mechanism plays a role in the coarsening of second phase precipitates in alloys [13] and
the rate of thermal re-solution usually depends on the curvature of the bubble/matrix or
precipitate/matrix interface, hi this way, Equation 1 would be modified to

s- = -4xRCBDf(cg - CR) where
dt

2n

r r kTR

The actual form of the solubility, CR would depend on the equation of state of the contents of
the precipitate or bubble and the form given above is typical of that of a second phase
precipitate particle. The consequence of this modified growth law is that the concentration
adjacent to a bubble of small radius is much greater than that adjacent to one of large radius
so the solute/gas tends to migrate from the small bubbles to the large ones, hi this way, large
bubbles will grow at the expense of small ones and there will be a gradual reduction in bubble
numbers as the small bubbles shrink and disappear. The process is generally referred to as
Coarsening or Ostwald Ripening. Since material/solute/gas is always being emitted from the
smaller particles/bubbles and diffusing to the larger ones, there will always be gas in transit
available for release so thermal re-solution provides a convenient mechanism to avoid the
consequence of total gas absorption.

Another consequence of thermal re-solution is that the distribution of bubbles soon
attains an equilibrium normalised shape and although the average size will grow, the
normalised distribution remains static [14]. Furthermore, for a purely diffusion controlled
mechanism, there is a maximum normalised bubble size beyond which growth becomes
unstable. This is typically one and a half times the radius of the average sized bubble/particle.
This distribution is shown in Figure 4 along with the measured distribution from a typical
post-irradiation annealed sample. The measured distributions with long exponential tails are
totally at variance with the predictions of thermal re-solution so it is hard to justify the use of
the model in the growth of fission gas bubbles.
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FIG. 4. Comparison of the measured bubble size distributions from out-of-pile anneals with
those expected from systems exhibiting thermal re-solution. The trace on the right uses the

same data but the bubble concentration is plotted logarithmically to
emphasise the experimental tails.

4.2 Selective inhibited growth

The consequence of all diffusion-based models is that the bubble-size distribution rapidly
becomes front-loaded. This arises because the bubble sink-strength is linearly dependent on
the bubble radius so the larger bubbles attract more gas atoms and in the limit all the bubbles
end up the same size and the distribution is a delta-function. The introduction of thermal re-
solution works on the smaller bubble sizes and tends to give rise to the exponential rise to the
mean shown in the left-hand trace of Figure 4. The measured distributions exhibit long
exponential tails at the large bubble sizes and these cannot be explained using standard
diffusion theory.

Conceptually, the exponential tails could be explained by invoking an interface control
mechanism on bubble growth. Diffusion theory predicts that gas will migrate from regions of
high concentration (strictly - chemical potential) to regions of low concentration. An interface
control mechanism would limit the absorption rate of gas at the bubble interface until certain
conditions were met. What these conditions are can only be guessed at but a number of
proposals have been made in the context of other growth processes. For example, Bullough &
Perrin [15] considered the example of vacancy absorption in void growth in fast reactor
cladding materials. This could only occur at certain points on the void surface where growth-
ledges existed. This may be what is happening in intra-granular bubble growth but an
argument against this is that it would also be expected to operate under irradiation conditions
and the growth process there appears to be easily explained by standard diffusion theory
approaches as long as irradiation induced re-solution is also considered [3].

An alternative approach could be based on the vacancy supply situation in out-of-pile tests.
The situation in-pile is such that the presence of fission fragments ensures an adequate supply
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of vacancies4 [16] whereas out-of-pile tests require a ready supply of thermally activated
vacancies to ensure bubble growth. The model proposed here is based on the following
assumptions:

(i) Intra-granular bubbles act as sinks for fission gas atoms and vacancies.

(ii) The bubbles are over-pressurised and act preferentially as vacancy sinks rather than
vacancy sources.

(iii) The over-pressure in the bubble is balanced by a stress field in the atomic layers
outside the bubble. This stress field can be relaxed by the presence of vacancies and
intensified by the presence of over-sized fission gas atoms. It therefore acts to attract
vacancies and to repel gas atoms.

(iv) There is a dislocation network in the fuel that can act as a vacancy sink or a vacancy
source. The equilibrium vacancy concentration is controlled by the balance of
absorption and emission by gas bubbles and dislocations.

(v) The probability, p;, of a particular bubble absorbing vacancies and gas atoms depends
on the flux of vacancies to the bubble interface.

(vi) This probability is manifested as a selective growth mechanism whereby pi of the
bubbles grow while the remainder, in seemingly identical environments, remain static.

A bubble of radius Rj consists of ng* gas atoms and nv1 vacancies. The volume occupied by a
gas atom is referred to as the Van der Waal's volume, b, while that of a vacancy is Q.

Therefore

V - n ' = nl h + ri Q (3~)

The increase in the number of gas atoms in an individual bubble of radius, Ri, is equal to

dn\
—^ = 4nDfRiCg (4)

while the absorption rate of vacancies is given by

dr± = 4nRlDvCT L _ ^ _ ^~RCB [PR _ 2yS\
dt kT {' Rt kl y R R))

under conditions where kv
2 is the total vacancy sink-strength is given by

k2
v = 4nR~CB + ZvPd (6)

and Zypd is the sink-strength of the dislocation density, pd. Pi is the pressure in the i'th bubble
and the 'barred' parameters are averages over the population.

Under extreme vacancy starvation conditions, there are no under-pressurised bubbles so the
entire bubble population acts as a vacancy sink thereby precluding Ostwald Ripening. As a
result, all bubbles are over-pressurised to the same degree and Equation 5 reduces to

4 This isn't strictly true because bubble growth still occurs at such a rate that the bubbles are over-pressurised but
growth does occur whereas growth appears inhibited out-of-pile.
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dn[.

It is straightforward to demonstrate that the vacancy flow to cavities in a vacancy-rich
medium is given by

driv

so, comparison of Equations 7 and 8 reveals that the effect of extreme vacancy-starvation is to
reduce the vacancy diffusivity by the factor Zvpd/kv

2. Since fission gas atoms migrate by a
vacancy mechanism it is reasonable to suppose that the fission gas diffusion coefficient is also
attenuated by the same factor.

It is proposed that the absorption probability is given by the vacancy gradient at the bubble
surface since it is this gradient which drives vacancies into the interfacial region. It might be
supposed that it is the vacancy concentration at the surface, which determines the absorption
probability, but this is determined by the thermodynamic stability of the bubble. In addition,
the probability will be decreased as the bubble over-pressure increases since this will lead to
increased stresses at the interface which tends to exclude over-sized xenon atoms. Solution of
the vacancy diffusion equation in the vicinity of the bubble under vacancy-starved conditions
results in an absorption probability of

, - ^ A

where Re is a constant of proportionality.

Figure 5 shows typical predictions for a post-irradiation anneal fast ramped to 1600°C and
held for 20 minutes compared with the experimental data from the actual test. The right-hand
trace shows the calculated over-pressure for the bubbles and demonstrates the validity of the
assumptions leading to Equation 7.

4.3 Simplified growth model

The model described in §4.2 is too complicated and time-consuming to be used as a sub-
model in a fuel modelling code with present hardware limitations. Instead, the validation of
the assumption that the over-pressure is independent of bubble radius means that bubble
growth can be modelled by assuming only a single bubble population of radius equal to the
average radius, hi this case, the absorption probability is re-interpreted as meaning that all of
the bubbles absorb a fraction, p, of the incident diffusive flux of gas atoms and vacancies
rather than p of them absorbing all and 1-p absorbing none. This distinction is important when
considering a population of different size bubbles but irrelevant for the delta-function
distribution considered here.

The critical component in the Selective Inhibited Growth model is the dislocation density and
its relative magnitude compared to the bubble sink-strength. When Zvpd is much less than
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FIG. 5. Comparison of the measured bubble-size distribution of intra-granular bubbles in post-
irradiation annealed fuel with predictions based on the selective inhibited growth model. The right-

hand trace shows the calculated over-pressure in the bubbles.

4TTRCB, vacancy starvation will occur and bubble growth will be inhibited. In §4.1, the bubble
sink-strength for a population of 3.5-1020 m~3 one nanometre bubbles was calculated as 4-1012

m"2 while typical measured dislocation densities in irradiated UO2 vary from 1—4.5-1013 m"2

[17]. On this basis, the bubble growth is likely to proceed normally until a radius of around 10
nm is achieved and then vacancy starvation effects are likely to be manifested. This is in
accord with the bubble size distributions which exhibit the start of the exponential tail at radii
in excess of 10—15 nm - see Figures 2 and 5, for example. The predictions of the simplified
model are given for two values of dislocation density in Table n below and demonstrate the
sensitivity of this parameter on the swelling rates.

Note also that the swelling calculations were all performed with a single bubble concentration
of 3.5-1020 m"3 for all tests despite the differences in measured values, hi most cases the
predictions bracket the experimental measurements and there is a tendency for the larger
dislocation densities to provide a better fit. The exceptions here are for the high temperature
cases, particularly the longer hold cases and this may be evidence that the dislocation density
in the fuel following irradiation is starting to anneal. Additional support for this is discussed
below.

4.4 Fission gas release during annealing

Two particular cases are of interest here. The first concerns a ramp from 1000°C at l°C/s to a
top temperature of 1900°C followed by a rapid quench, hi this case, the entire anneal was
complete in under 25 minutes. The predictions of the gas release model5 using the simplified
bubble growth model are shown in Figure 6 using three separate values of the dislocation
density, hi this case the release was small and the predictions are equally good regardless of
choice of dislocation density.

5 The gas release model incorporates a treatment of inter-granular bubble growth and grain face venting so the
total release to the boundaries is much greater than the release shown here.
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TABLE n. COMPARISON OF PREDICTED AND MEASURED SWELLINGS

Case

K2
K3
K4

K5
K6
K7
K8

K9
KIO
Kl l
K12

K13
K14
K15

K17
K18
K19

Temp.
(°Q

1700
1800
1900

1600
1700
1800
1900

1600
1700
1800
1900

1600
1700
1800

1600
1700
1800

Radius
(nm)

CB(xl02Um"
3)

AV/V (%)

Measured Values

21.8 ±3.3
17.1+3.0
17.1 ±1.3
13.1 ±1.7
15.8 ±1.4
23.1 ±3.9
25.4 ± 8.0
16.4 ±1.4
24.4 ± 2.8
33.9 ±4.7
31.2 ±3.0
19.5 ±2.5
15.9 ±1.4
17.8 ±1.4
23.4 ± 4.0
24.1 ±5.7
129 ±32

0.74
2.57
5.47

3.47
4.76
3.67
3.14

5.15
2.93
1.01
1.43

4.25
7.44
7.05

2.10
2.66
0.024

(
(

(
(

(

).32 = ().I3
) . 5 4 ••• 0 . 2 4

1.15 * 0.20
U3 ± 0.09
).78 - 0.26
1.89 ±0.88
1.15 - 0.73

).«>5 I 0.20
.79 0.29
.66 !- 0.38
.81 • 0.31

pd=M0 1 3

0.12
0.25
0.45

0.09
0.20
0.38
0.67

0.07
0.13
0.24
0.39

.32 :-0.16 0.31

.26 zi 0.4*) : 0.58

.67 r 0.25 1-01

.12.1 0.50 i 0.62

.56 r 0.64 1-14
!.14rl.O5 i 1-89

pd-4.5-1013

0.53
1.13
2.06

0.39
0.88
1.73
3.10

0.26
0.56
1.08
1.77

1.41
2.69
4.65

2.88
5.19
8.31
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FIG. 6. Comparison of the measured fission gas release during a post-irradiation anneal with
predictions for different dislocation densities.
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hi contrast, Figure 7 (see next page) shows the case of a much slower ramp at 0.2°C/s to
1650°C followed by a 30 hour hold at the top temperature, hi this case the measured release

• j o 'y

exceeds 40% but predictions with a dislocation density of 3-10 m saturate at about 20%
because most of the gas has been trapped by the bubbles. Consideration of the alternative
calculations suggests that it is possible that the dislocation density started at this high value
and gradually annealed to a final value of around or slightly less than 1013 m"2 where the
inhibition of bubble growth permits the gas release to rise to higher values.
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FIG. 7. Comparison of the measured fission gas release from a post-irradiation anneal held
at 1700 °Cfor thirty hours with predictions based on three different values of dislocation

density. The continued increase in the release may be a result of the annealing of the
dislocation density during the extended anneal.

5. CONCLUSIONS

The issue of intra-granular bubble growth in post-irradiation annealed fuel has presented an
obstacle to the understanding of fission gas release for many years. Recent experiments
conducted under the auspices of the IMC - see footnote in § 1 - in which pre-irradiated fuel
has been subjected to out-of-pile thermal annealing followed by detailed SEM of the intra-
granular bubbles6 have provided sufficient information to assist in the understanding of the
growth phenomenon. The following conclusions have been drawn:

6 Note that a full study of the inter-granular pores was also made in which over 9400 pores on 84 grain
boundaries were measured and catalogued according to morphology. These data will be published at a later date.
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(i) There is no evidence of intra-granular bubble loss during post-irradiation anneals and
although differences exist from specimen to specimen, these are probably within the
experimental scatter. The concentration of grown bubbles is around 3.5-1020 m"3 which
is much smaller than the concentration of nanometre sized bubbles present in low
temperature irradiated fuel. It must be concluded that the grown bubbles are a small
sub-population of the large low temperature seed-population.

(ii) The intra-granular bubble radii and swellings that are observed in out-of-pile anneals
tend to be smaller than those observed in-pile.

(iii) The intra-granular bubble size distributions exhibit long exponential tails in which the
largest bubbles are present in concentrations of four or five orders of magnitude lower
than the average radius bubbles. These distributions are significantly different from
those expected from a thermal re-solution mechanism. This, in conjunction with the
invariance of the bubble populations during anneals is taken as evidence for lack of
thermal re-solution of fission gas atoms from intra-granular bubbles.

An alternative model has been proposed to explain the slow growth of intra-granular
fission gas bubbles. A detailed balance of the sources and sinks for vacancies in the fuel
indicates that for most of the period of growth the intra-granular bubbles are starved of
vacancies. This has two important consequences. The first is to attenuate the vacancy and
fission gas diffusion rates. The second, and probably most important, is to create absorption
difficulties at the matrix/bubble interface whereby a certain vacancy gradient is required to
initiate absorption of vacancies and gas atoms. This mechanism operates as a selective
absorption probability and, out of a large population of bubbles, a proportion may absorb gas
and vacancies while the remainder may be unable to do so. This mechanism offers an
explanation for the exponential tails on the distributions and for the fission gas release
observed during post-irradiation anneals. The controlling parameter in this model is the
dislocation density present at the end of irradiation period and the growth and release kinetics
may change as this thermally anneals.
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