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Abstract

The behaviour of helium implanted in sintered uranium dioxide disks has been investigated as a function of
annealing temperature. UO, disks have been implanted with 1 MeV *He ions at a fluence of 1x10'® 3Hecm™ using a
Van der Graaff accelerator. These implantation conditions lead to a local helium concentration of 0.2 at.% at a
depth of 1.9 um in UO,. The 3He(d,«)'H Nuclear Reaction Analysis method was used to determine the helium depth
profile after the various annealing stages. The experimental results measured after 1100 °C anneal were analy-
sed using a simple model which satisfactorily reproduces the observed helium depth profile changes. The intra-
granular helium diffusion coefficient is estimated and the result is assessed against other data published in the open

literature.
© 2004 Elsevier B.V. All rights reserved.

PACS: 66.30.h; 61.82.m; 81.05.Je

1. Introduction

The release of fission gas, mostly Xe and Kr, from UO,
and spent fuels has been extensively studied since the
middle of the 1960s due to the potential effects on the
structural and mechanical properties of the fuel [1-5].
Another rare gas that is produced in-pile, is helium, but a
much greater quantity would be produced under long term
storage by alpha decay of actinides especially in the case of
MOX fuels: the volume of fission gas generated
in-pile is around 2500 cm?*/rod STP — 1.5% at/atimy [6,7].
For comparison, the amount of helium produced in MOX
fuels after 10,000 years is evaluated at 6700 cm® STP per
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rod — which equates to 4% He atoms/initial heavy metal
atoms at/atyyy — for a burnup of 47.5 GWd/tU.

In a previous paper [8], the behaviour of He was
studied in sintered uranium dioxide disks in the 500-600
°C temperature range for a He content of 1 at.%. This
previous study showed that He was not released at low
temperature for annealing times of 1 h but that flaking
due to He bubble precipitation occurred at temperatures
as low as 500 °C.

In this paper, we present the experimental and
modelling results obtained relative to the migration of
helium in sintered uranium dioxide disks for lower He
concentrations. Helium was introduced into the UO,
disks by ion implantation. We used the 3He(d,o)'H
Nuclear Reaction Analysis method to determine the
helium depth profile after post-implantation anneal-
ing from 600 up to 1100 °C. The experimental results
measured after 1100 °C anneal were then analysed
using a simple diffusion model which satisfactorily
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Table 1
Post-implantation annealing temperatures for each UO, disk

Disk First anneal Second anneal

T (°C) T + 300 (°C)
El - -

E2 600 (1 h) 900 (1 h)

E3 700 (1 h) 1000 (1 h)

E4 800 (1 h) 1100 (15 min)

reproduces some of the observed helium depth profile
changes.

2. Experimental
2.1. Sample preparation

Sintered uranium dioxide disks (0.2 at.% 2**U) have
been used for this study. The mean grain size is § pm and
the mean O/U ratio determined by polarography is
2.0083+0.0060. The density of the material is
10.46 £ 0.03 gcm™3. The disks are 300 um thick and 8.2
mm in diameter. After polishing of one side, the disks
were annealed at 1300 °C in a H, atmosphere for 1 h to
remove polishing damages (and to bring the samples
back to a stoichiometric composition).

2.2. 3He* implantation
Four UO, disks (El, E2, E3, E4) have been im-

planted with 1 MeV *He ions using the 3.5 MV Van der
Graaff accelerator at CERI Orléans. The implantation is

(a) as-implanted

1000

(b) after annealing at 700°C

0

performed by focusing the beam (1x1 mm?) and by
sweeping it over the disk surface to ensure a homoge-
neous dose. The four disks of uranium dioxide were
implanted during the same run at a nominal fluence of
1x10' 3Het cm™2.

2.3. High temperature annealing under a H,/Ar atmo-
sphere

Anneals were performed under reducing atmosphere,
10 vol.% H,/Ar, for 1 h. The atmosphere of the furnace
was purged of oxygen before annealing by H,/Ar
sweeping for 1 h. The heating rate was approximately of
10 °Cmin~!. The annealing lasted 1 h except for the
anneal at 1100 °C which lasted only 15 min. At the end
of the heating ramp, H,/Ar was maintained in the fur-
nace approximately 15 h during the cooling of the disks
down to 30 °C in order to prevent oxidation of the disk
surface. One disk was kept as-implanted (E1). The three
other disks were annealed after implantation at a tem-
perature in the 600-900 °C range. These temperatures
are indicated in Table 1, column entitled ‘first anneal’.
The helium profile was measured by NRA and the disks
were annealed a second time at 7 + 300 °C before a
second NRA characterisation (Table 1).

2.4. Helium lateral and depth distribution

We used the 3He(d,o)'H Nuclear Reaction Analysis
method to determine the helium depth profile and lateral
distribution in the first 3.5 pm under the surface. The
measurements were performed at CERI Orléans with an

(c) after annealing at 800°C
1000
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Fig. 1. Lateral helium distribution of implanted disk using proton detection (arbitrary units). The experimental data have been ob-
tained by sweeping a 500 x 500 pm? deuteron beam on the surface of the samples with 250 pum steps in X and Y direction and plotted
using contour mode. The gray scale at X, Y position is defined by the value of Z calculated by linear interpolation between the nearest
values. (a) El as-implanted disk, (b) E3 implanted disk after annealing at 700 °C/1 h/H,, (c) E4 implanted disk after annealing at

800 °C/1 h/H.



90 S. Guilbert et al. | Journal of Nuclear Materials 327 (2004) 88-96

experimental set-up based on the detection in coinci-
dence of both reaction products, a-particles and pro-
tons, at kinematically corresponding scattering angles.
The helium profile is extracted from the alpha energy
spectrum by using the reaction cross section and the
energy-range relation for incoming and outgoing parti-

T T T
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Depth (um)

Fig. 2. Three experimental Helium depth profiles in as-
implanted E1 disk (1 MeV, 10 SHecm™2, R, = 2 pm) deter-
mined using the *He(d,)' H Nuclear Reaction Analysis.

cles. The He lateral distribution is given by the proton
yield detected in transmission geometry through the
sample. To perform the lateral distribution measure-
ments, the size of the deuteron beam was focussed to
500x 500 pm?. The proton yield was measured by
sweeping the beam on the surface of the samples with
250 pm steps in the X and Y directions. The proton yield
experimental values (Z) form matrix data which are
plotted in Fig. 1 in contour graphs where ranges of
Z values are distinguished by different gray scale. The
gray scale at X, Y position is defined by the value of Z
calculated by linear interpolation between the nearest
values.

The details of the method (experimental set-up, cross
section data, energy calibration of the detectors and
experimental data analysis) are described in [8,9].

3. Results
3.1. Lateral helium distribution

After implantation, as shown in Fig. 1(a), the helium
lateral distribution, determined by NRA can be con-
sidered as homogeneous. The proton yield varies in the
+10% range around the mean value of 1042 counts for a
total deuteron charge of 40 nC/point. The deviation to
the mean value remains in the £6% range for 95% of the
sample surface as it can be expected for such statistic
conditions.
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Fig. 3. He depth profiles in the as-implanted disk and (a) 600 and 700 °C annealed disks, (b) 800, 900 and 1000 °C annealed disks, (c)

1100 °C annealed disk, (d) 700, 1000 and 1100 °C annealed disks.
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The helium lateral distribution was measured only
after the first anneal of the E2, E3 and E4 disks.

After annealing at 600, 700 and 800 °C, the helium
lateral distribution is homogeneous, as shown for 700 and
800 °C in Fig. 1(b) and (c) respectively. No flaking was
observed, as it was the case at a higher fluence corre-
sponding to a local helium concentration of 1% [8]. The
mean proton yield is respectively 94542, 961 £ 60 and
805142 counts for a total deuteron charge of 40 nC/
point. It is worth noting that the mean proton yield after
annealing at 800 °C amounts roughly to ~80% of the
mean proton yield measured on the as-implanted E1 disk.

3.2. Helium depth profile

3.2.1. As-implanted disk

The He depth profile was measured in three different
zones in the as-implanted disk E1 with a deuteron beam
size of 500x 500 um?. Fig. 2 shows that the He profiles
measured on disk El1 are reproducible. The helium
concentration reaches a maximum of 0.20£0.01 at.%.
This maximum is located at an average depth of
1.92+0.05 um and the average full width at half maxi-
mum (FWHM) of the He peak is equal to 0.57£0.03
pm. The total helium content deduced from these pro-
files amounts to (1.06 £0.02)x 10'® 3He cm™2.

3.2.2. Implanted and annealed disks

He depth profiles measured in implanted disks after
annealing depend on the annealing temperature.
Therefore, the results are presented according to three
annealing temperature ranges.

After annealing at 600 and 700 °C, the helium profiles
are very similar to the one measured in the as-implanted
disk (see Fig. 3(a)). The maximum helium concentration
is respectively equal to 0.20£0.01 and 0.19£0.01 at.%.
The maximum helium concentration is detected respec-
tively at 1.81£0.05 and 1.73 £ 0.04 pm from the sample
surface. The FWHM of the peak is respectively 0.56
0.03 and 0.63+0.03 um and the total helium content
amounts to 1.00x 106 3He cm™ for both anneals.

After annealing at 800, 900 and 1000 °C, Fig. 3(b)
shows that the three helium depth profiles are alike. The
maximum helium concentration is respectively equal to
0.135, 0.14 and 0.14 at.%. The maximum helium con-
centration is found respectively at a depth of 1.68, 1.68
and 1.73 pm and the FWHM is respectively equal to
0.76, 0.74 and 0.71 pm. The total helium content
amounts to 0.87x10', 0.92x10' and 0.87x10'
Hecm™2.

After annealing at 1100 °C for 15 min, the maximum
helium concentration is equal to 0.1 at.% which is less
than the value found after the 1000 °C anneal. This
maximum is detected at 1.77 pm, and the FWHM is
equal to 0.81 um (Fig. 3(c)) and the total helium content

amounts to 0.71 x 10! 3Hecm—2.

4. Discussion of experimental results

In this paragraph, the He profiles in as-implanted
disks and their changes as a function of the annealing
temperature are discussed.

After implantation, the 5.5% homogeneity in the He
distribution is consistent with the method used to im-
plant the disks. It is worth noting that the measured
helium content, (1.06 +0.02)x 10'® *Hecm 2 is in good
agreement with the implantation fluence, 10'® 3He cm~2.
The experimental depth corresponding to the maximum
of the He content, 1.92+0.05 pum, is in rather good
agreement with the depth calculated using SRIM 2000
(2.08 pm). Nevertheless, the FWHM of the experimental
3He profile is larger than the one calculated using SRIM
2000, 0.57 £ 0.03 um against 0.43 pm, and the maximum
He concentration is 27% lower than the value obtained
from SRIM calculations, 0.21 £0.01 at.% against 0.29
at.%.

As a function of annealing temperature, new features
appear in the He profile pointing out a rearrangement of
He atoms in the implanted disks.

For annealing at 600 and 700 °C, the maximum He
content and the FWHM are similar to the ones obtained
in the as-implanted disk E1 (Fig. 3(a)). No He release is
observed for these annealing temperatures. However, a
change in the depth corresponding to the maximum
helium concentration and consequently in the He profile
itself can be seen. The He peak shifts towards the surface
as the annealing temperature increases: from about 100
nm at 600 °C to approximately 200 nm obtained after
annealing at 700 °C. At 700 °C the shift percentage,
calculated as the ratio of the shift value to the He peak
position in the as-implanted disk, is 11%. The shift oc-
curs with a slight broadening of the He distribution in
the 700 °C annealed specimen in comparison to the as-
implanted sample.

For annealing at 800 °C, a He peak shift of approx-
imately 200 nm is still observed. The He distribution
clearly broadens (+33%) as a result of the anneal.
Moreover, the 800 °C anneal results in a He release of
18%. This release observed from disk E4 annealed at 800
°C, was obtained using a coincidence detection of the o
and p particles and is in agreement with the low proton
yield observed in the lateral distribution measured using
proton detection. The proton yield in the E4 disk is 23%
lower than the one determined in the El as-implanted
disk.

In specimens annealed at 900 and 1000 °C, the He
depth profiles are not significantly different from those
obtained from the analysis of samples annealed at 800
°C. Furthermore, disks annealed at 800, 900 and 1000
°C show very similar helium release values (about
18%). After annealing at 1100 °C, a broadening of 42%
of the He distribution is observed compared to the as-
implanted E1 disk. The maximum He concentration is
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located at the same depth than in the disk annealed at
800 °C. A decrease of the He maximum amount is
noticed when compared to the one measured in the
disks annealed at lower temperatures. Moreover, the
He content which was 82% of the implanted fluence
in disk E4 after the first anneal at 800 °C decreases
to 67% after a 15 min anneal at 1100 °C. It follows
that the total He release is 33% for the annealed disk
E4.

To summarise experimental results, for annealing
temperatures up to 700 °C, the He profile shifts towards
the surface. The observed shift in the maximum He con-
centration depth can represent up to 11% of the as-
implanted depth. A first stage for He release occurs at
800 °C. From 800 °C up to 1000 °C, there are no sig-
nificant changes in the He concentration profiles. Finally
at 1100 °C, a second He release stage is observed.

The He shift towards the surface suggests that He
atoms are mobile at temperatures as low as 600 °C and
are trapped at implantation induced defects as has al-
ready been observed in crystalline Si [10] and also in
polycrystalline MgAl,Oy4 [11]. Corni et al. [10] observed
a forward He profile shift of 45 nm in 20 keV helium-
implanted silicon (R, =215 nm) after annealing. By
correlating ERD, PAS and DC-XRD measurements, the
authors ascribed this 14% shift to the interstitial helium
movement and trapping in the vacancy-like defects
produced by the implantation. A forward shift of the
maximum helium concentration was also observed in
polycrystalline MgAl,O, implanted with 900 keV *He*
ions [11]. The authors ascribed this shift to helium
trapping in pores.
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Fig. 4. SRIM 2000 calculations showing the distribution of
1 MeV 3He* in uranium dioxide and the total vacancy distri-
bution along the helium path. A displacement energy of 40 eV
for uranium and 20 eV for oxygen has been used [12].

We now discuss the role of He trapping at vacancy
defects in the forward shift of the He depth profile ob-
served after annealing in UO, sintered disks.

In Fig. 4, the distribution of the total vacancies and
the He profile, calculated by SRIM 2000, for a 1 MeV
*He implantation in UO, are shown. The calculated
vacancy distribution is characterised by a peak with a
maximum located at 2 pm, that is to say 80 nm before
the calculated maximum He concentration. The relative
positions of the helium and vacancy distributions
support the assumption of He rearrangement in the
cascade region and would explain the He peak shift
towards the surface observed after annealing. The 80
nm theoretical difference is however lower than the
actual peak shift observed after annealing (200 nm in
this study).

There is also an experimental argument to support
this assumption. Flaking has been observed in similar
UO, sintered disks implanted with 1 MeV *He ions at
doses 5 times greater and after annealing at 600 °C [8].
This flaking suggests that He bubbles are formed [13] at
the depth which corresponds to the thickness of the
observed flakes (i.e. ~1.6 pm). As it has been demon-
strated in Si [10], one of the processes involved prior to
He bubble formation is the He rearrangement in the
high defect concentration region which occurs when the
implanted samples are annealed. This would suggest
that the vacancy defect profile in sintered UO, disks
implanted with 1 MeV *He ions is indeed located at
approximately 1.6 pm from the sample surface. This
value is also comparable to the maximum He concen-
tration depth determined in 1 MeV 3He implanted UO,
disks after annealing at 800 °C (1.68 um). In conclusion,
the He peak shift observed after annealing in the im-
planted UO, disks can be ascribed to He migration and
trapping at vacancy defects created in the cascade region
at a depth approximately 200 nm ahead of the maximum
He concentration.

During this stage of migration, a small fraction of
He, approximately 18% at the most, escapes the UO,
disk at annealing temperatures of 800 °C.

At higher annealing temperatures (900 and 1000 °C),
helium atoms appear to lose their mobility suggesting
that trapping at bubbles that have nucleated at lower
temperatures is still efficient.

During anneal at 1100 °C, helium atoms become
mobile again, presumably because of thermal re-solu-
tion. Thermal re-solution is a phenomenon which for
many years was held responsible for fission gas release
observed in post-irradiation anneals (see for instance
[14]). There appears nowadays to be a general consensus
to the contrary, since many authors [15-17] have shown
xenon or krypton solution or even incorporation ener-
gies in the uranium dioxide lattice to be relatively high.
A solution energy is expressed as the sum of the incor-
poration energy, which corresponds to the energy
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required to insert an atom in a pre-existing lattice defect,
and the formation energy of the crystal defect in which
the solute atom is inserted. Solution energies are there-
fore necessarily greater than incorporation energies.
Recent ab initio calculations ([16] or [17]) estimate the
lowest krypton incorporation energies, i.e. the energy
needed to insert a krypton atom in one of the most
favorable pre-existing crystal defect, in this case a
uranium vacancy, to be in the 3-4 eV range in
stoichiometric UO,.

Helium on the other hand is a much ‘smaller’ atom
and theoretical solution and incorporation energies are
understandably much lower. Incorporation energies
[17] associated with larger crystal defects are reported
to be as low as ~-7 eV in stoichiometric UO,.
Solution energies are even found to be negative which
would point to helium being soluble to a certain ex-
tent. Both post-irradiation fuel rod puncturing results
and infusion experiments [18,19] are an illustration of
this. It is therefore reasonable to assume that, as the
thermal energy of helium atoms trapped in bubbles
increases, it can become sufficiently high for the atom
to ‘jump’ into an adjacent crystal defect. A slightly
different interpretation is to assume that the thermal
energy at 1100 °C (ie. E=3kT ~0.18 eV) corre-
sponds to the solution energy of helium atoms in the
sample or more probably, since crystal defects may
still exist in the vicinity of helium bubbles, to an
intermediate value between the incorporation and the
solution energy. In Ref. [16], the incorporation energy
of helium in stoichiometric UO, is quoted as having a
value of 0.1 eV.

As the threshold temperature necessary for helium
atoms to be incorporated in the crystal lattice is reached,
bubbles no longer act as helium sinks but as helium
sources.

5. Modelling the diffusion and release of He in UQ, disks
annealed at 1100 °C

This chapter concerns the modelling of the He dif-
fusion and migration in the implanted UO, sintered
disk annealed at 1100 °C, leading to He release. Two
different models have been used to describe the diffu-
sion and migration of He in UQ, sintered disks. It is
firstly shown that a simple diffusion model cannot be
used to interpret the concentration profile change ob-
served in the 1100 °C anneal. With a slightly more
complex model taking into account direct release
mechanisms and diffusion enhancement as a result of
defects induced during the implantation stage, the
comparison between the calculated and experimental
He profiles is excellent. Finally the diffusion coefficient
value determined by using this diffusion model is dis-
cussed.

5.1. Description of the models and results

The first idea that springs to mind is to model the
concentration profile change observed as a result of the
1100 °C anneal using a simple diffusion model. This
involves solving the following partial differential equa-
tion (Fick’s second law):

2
XD _p 2 (. n
where D is the diffusion coefficient at 1100 °C and x the
distance from the sample surface or depth. Initial con-
ditions C(x,0) are given by the experimentally deter-
mined helium profile following the 1000 °C anneal. The
helium concentrations at the surface and at infinity are
assumed to be zero. The modelling was performed using
the Mathematica package [20]. Calculations were run
for various values of D and the differences between the
calculated and experimental He profile indicated that the
helium profile changes are clearly not the result of simple
diffusion. A more complex model has to be used which
takes into account the direct release mechanisms dis-
cussed in the following paragraphs and the spatial dis-
tribution of defects induced during the implantation
stage.

If helium intergranular diffusion proceeds at a much
greater rate than intragranular diffusion, then gas escape
would essentially occur via grain boundaries. Release
and subsequent changes of the concentration profiles
would involve a two stage process in which helium first
migrates to the grain boundaries whence release pro-
ceeds at a quasi instantaneous rate on the scale of the
duration of the anneal. In order to model this by simply
using a one-dimensional equation, we assume that, after
the 1000 °C anneal, no helium is left at the grain
boundary. Most of the helium is assumed to be con-
tained in intragranular bubbles. As the threshold tem-
perature for thermal re-solution is reached the gas atoms
are restored to the matrix and the concentration differ-
ence between the grain interior and grain boundary
drives the gas out of the matrix. The rate of gas loss to
the grain boundary, which equates to a loss of gas from
the sample, is as in most rate diffusion models which
involve the loss of a diffusing species to a microstruc-
tural feature (e.g. bubbles) assumed to be proportional
to the difference in gas concentrations within the grain
and at the grain boundary. The loss rate is therefore
given by the following expression:

k- (C(x,t) — Ciner(x, 1)), (2)

which according to assumptions of instantaneous He
release at grain boundaries (see discussion above) can be
reduced to

k-C(x,1). (3)
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Another possibly more straightforward explanation
for this direct loss term could be the presence of pores
and surface roughness at the sample surface. The
profiles shown in Fig. 2 for instance are averaged over
500%x 500 square microns. This surface covers pitted
areas where typically micron-sized pores emerge [8].
The integral helium concentration may be a function of
depth only, but the local concentration is essentially
three-dimensional (or at least two-dimensional) around
the pore. When the sample is heated, it is reasonable to
assume that helium atoms close to the ‘sides’ of the
pores will be released by migrating directly to the pore
surface. Again, assuming the boundary condition im-
poses zero concentration at the sample surface, then
the loss rate proportional to the concentration gradient
should in effect be proportional to the concentration
further away from the pore. Fluctuations in the
integral helium concentration around the pore
should therefore appear if this interpretation is
correct.

Taking into account the direct loss term, the equation
describing the concentration profile evolution is written
as

oC(x,t) 0 (D(x)%C(L t)) — kC(x,1). (4)

o x

A first set of parametric calculations were run for
various values of D and k, initially taken to be uniform
across the sample. No values of D and k& were found to
describe the concentration profile as a whole. In par-
ticular, it appears that over the short anneal period at
1100 °C, there is very little change in the tail end of the
concentration profile. The use of constant values for D
and k over the entire He profile leads to an overesti-
mation of calculated concentration values in the region
which lies between ~0.8 pm from the sample surface and
the point at which the He profile peaks. It was therefore
decided to introduce a spatial dependence for D and &
which reflects the presence of defects created by the
initial implantation.

Any diffusion coefficient derived from such modelling
will therefore inevitably reflect the presence of oxygen,
uranium or more complex vacancy clusters and would
consequently have to be considered as an irradiation
enhanced property.

Finally a set of calculations were run and D and &
values were determined to fit the experimental profile as
closely as possible. The best fit results are shown in Fig.
6 for D and k depth variations shown in Fig. 5 and the
following maximum D and k values:
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Fig. 5. Spatial variation of functions D(x), k(x) and experi-
mental as-implanted 1 MeV *He depth profile in UO, sintered
disk, for annealing at 1100 °C.
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Fig. 6. Comparison of best-fit calculations and experimental
data obtained in 1MeV *He implanted UO, sintered disk, an-
nealed at 1100 °C during 15 min.

The calculated and experimental data are clearly in
good agreement.

It is also important to estimate the confidence one
associates with the value of the diffusion coefficient de-
rived from the modelling (~6x 10~!7 m?s~! at 1100 °C).
To this end, calculations were run using Dy,.x x 2 and
D“z‘“. Neither calculations are far removed from the best
fit results. However, the corresponding profiles lie just
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outside the +5% uncertainty range associated with the
concentration measurements. The diffusion coefficient
can therefore be regarded as lying within a factor 2 of
the diffusion coefficient which best fits the experimental
results.

We have shown from numerical studies that the
maximum values used for D and & are unique. It is quite
possible however that different spatial distributions for
the diffusion coefficient D(x) and loss rate k(x) exist,
which could fit the experimental data equally well.

Having said that, the spatial dependencies for D and
k applied to this study would indicate that as a result of
the initial helium bombardment, vacancy defects are
created in the region between the surface of the sample
and the projected range of the incident ions. These de-
fects would appear to efficiently assist the migration of
helium.

5.2. Discussion

There is little data regarding the thermal diffusion
properties of helium in UO,. The only available data
were derived from ‘infusion experiments’. These
experiments involve pressurising in a helium atmo-
sphere a uranium dioxide sample at various tempera-
tures and then after a given time, ascertaining the
amount of helium trapped in the sample by dissolving
it. The infusion results are then analysed using a time-
dependent diffusion equation. The diffusion coefficient,
assumed to be constant throughout the sample, and
the concentration of the solute at equilibrium are then
determined as those that best fit the dissolution re-
sults.

Rufeh et al. [18] thus obtained a diffusion coefficient
(1.5% 107" m? s7!) four times lower than the one derived
in the present study (6x10~'7 m?s~!) although their
experiment was conducted at 1200 °C.

The results of Sung [19] are more complex to ana-
lyse. The authors inferred from experiments run at
different helium partial pressures, a dependence of the
diffusion coefficient on the hydrostatic pressure exerted
on the sample. However, it is quite probable that
bubble precipitation may have occurred in the set of
tests run. In this case, using a simple diffusion model to
interpret the experimental data will inevitably lead to
an overestimation of the diffusion coefficient inferred.
Notwithstanding this misgiving, the diffusion coefficient
inferred (i.e. extrapolated from the temperature and
pressure dependence) at ~1 atmosphere pressure and
1100 °C is over one order of magnitude (1.2x107
m?s~') below the diffusion coefficient found in the
present study.

Both these results would confirm that the helium
diffusion coefficient inferred from the present study is
enhanced as a result of point defects introduced in the
material during the initial helium implantation.

6. Conclusions

In this work, the behaviour of He in uranium dioxide
after implantation and post-implantation annealing
was investigated using nuclear reaction analysis
(*He(d,o)'H). This study shows that helium moves in the
implanted disks at temperatures as low as 600 °C. There
appears to be combined bubble precipitation and inter-
granular diffusion (or some other means of direct gas
release) at temperatures above 600 °C and below 1100
°C. As the temperature reaches 1100 °C, bubbles appear
to act as helium sources and helium atoms appear to be
restored to the matrix, presumably as a result of thermal
resolution. A simple one-dimensional diffusion model
provides a value of ~6x107"7 m?s~! for the diffusion
coefficient of helium at 1100 °C. A direct loss term has to
be included in the model to fit the observed changes in
the helium profiles. Two interpretations can be given for
such a term. It is consistent with intergranular diffusion
proceeding at a far greater rate than volume diffusion. It
could also possibly be due to the presence of pores at the
sample surface or more generally surface roughness
whence direct gas release can proceed unhindered.

The value of the diffusion coefficient derived here is
substantially greater than previous values obtained
using ‘infusion experiments’. This is assumed to be due
to the presence of the point defects in the disk resulting
of the initial helium implantation.
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