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Abstract

The behavior of helium and its diffusion mechanisms in uranium dioxide significantly impact the possible evolution
of the spent fuel matrix in interim storage or in a disposal repository, and are therefore an essential aspect of the R&D,
regarding fuel matrix behavior in a closed system. A specific experimental study has been conducted, the first part being
devoted to thermal diffusion and applied on implanted samples. The analysis procedure used is based on the spreading
(under thermal annealing conditions) of a helium-3 profile initially created in the material. The profile is investigated by
the resonant nuclear reaction *He(d,p)*He. The measured helium-3 diffusion coefficients obtained indicate two types of
behavior between 1123 and 1273 K, depending on the fluence, with a common activation energy of 2 eV. The values
determined experimentally demonstrate that the thermal component of helium diffusion in spent fuel will not be sig-
nificant over the time/temperature range of interim storage and disposal. Vacancy defects can lead to changes in the

behavior and in the diffusion of helium. They will be quantified in the second part of this study.

© 2003 Elsevier B.V. All rights reserved.

1. Introduction

The issues of high-level radioactive waste manage-
ment are extensively investigated throughout the world
and notably in France by the Commissariat & I' Energie
Atomique (CEA). Long term interim storage and geo-
logical disposal of spent nuclear fuel is being investi-
gated within the framework of the December 1991
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radioactive waste management act for the management
of spent fuel in the back-end of the cycle. One of the
major operational R&D questions concerns the moni-
toring of spent fuel packages in storage and the appli-
cability of potential reconditioning processes. Studying
the long-term behavior of UO, and (U, Pu)O, matrices
in a closed system should allow us to identify a radio-
nuclide source term whose variations raise a major
operational safety problem in dry interim storage.

One of the consequences arising from the presence of
actinides in these materials is the formation of a large
quantity of helium produced by o disintegration. The
solubility of helium is generally limited in many ceram-
ics. Although it exceeds that of the fission gases Xe and
Kr in UQ,, it is still below 0.5%. The solubility limit
determined under gas pressure has been estimated as less
than 6.7x107* cm?® (STP) (gUO,)'atm™! [1] and only
2.4x 107 cm?® (STP) (gUO»)~" atm™! in monocrystals [2].

This phenomenon leads in particular to microscopic
and macroscopic swelling that may result in cracking
of the material. A review of the damage induced by
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irradiation in nuclear ceramics [3] showed the extent of
the physical modifications in the matrix.

This effect is generally detrimental to the leaching
behavior of nuclear waste containment matrices because
it increases the surface area in contact with water. In the
case of spent fuel, this phenomenon is accompanied by a
significant variation in the source term that must be
taken into account to evaluate the radionuclide balance
liable to be released if the containment is breached. This
study is the first step in an experimental program to
determine the behavior of helium in the uranium dioxide
matrix, based on characterization and analysis of he-
lium-implanted or actinide-doped materials. The helium
diffusion coefficients can be used to quantify the helium
fraction that would be released according to the dura-
tion of the storage period.

Little published data is available concerning helium
diffusion in waste containment matrices, but diffusion
coefficients have been reported for UO, and PuO, by
Stark and Rufeh [1,4], nuclear glass [6] and britholite [5].
Our study following the same procedure as [5] consisted
of three steps:

e implantation of helium-3 in UO, samples,
annealing of samples at various temperatures to in-
duce helium diffusion,

e measurement of the helium profile in the material by
the resonant *He(d,p)*He nuclear reaction.

Applications of micro-nuclear reaction analysis
(NRA) and its potential for analyzing helium-3 profiles
in nuclear ceramics were recently described [7,8]. This is
a local nondestructive technique recommended by Paszti
[9] using one of two nuclear reactions: *He(d,p)*He or
3He(n,p)*He; it has been widely used — particularly with
the first reaction — in a variety of solids and has a sat-
isfactory detection limit, as shown by the work reported
in [10,11]. Depending on the depth and desired resolu-
tion, the backscattered high-energy proton or the recoil
“He nucleus can be detected.

More recently [12], a similar study was undertaken
with samples of zirconolite, a ceramic matrix under con-
sideration for specific conditioning of minor actinidesas an
alternative to transmutation after enhanced separation.

In the following paragraphs we describe the sample
characteristics, the experimental approach, and the re-
sults obtained.

2. Experimental
2.1. Sample characteristics
Depleted (0.2% in 2*U) polycrystalline UO, pellets

were fabricated by the CEA at Cadarache as represen-
tative samples of the UOX fuel matrix. As in the

Table 1

Test pellet characteristics
Mean diameter (mm) 8.197
Mean geometric density 10.3

Mean geometric density (% theoretical density) 94%

industrial process, the pellets were sintered for 4 h at
1700 °C in controlled atmosphere: 95% Ar+ 5%
humidified H,. The resulting pellets were then cut into
thin disks (about 400 pm thick) and polished.

The disks were heat treated in dry hydrogen for 4 h at
1500 °C followed by 2 h at 1000 °C with the following
objectives:

e restore the material stoichiometry (O/M=:2),
eliminate any impurities due to polishing,
eliminate surface defects induced by cutting and pol-
ishing.

The characteristics of the test pellets are indicated in
Table 1. SEM observation of these samples showed a
mean grain size about 10 um (Fig. 1). The disks were

Fig. 1. SEM images of uranium dioxide sample after grain
development.
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polished on both faces (rugosity lower than 1 pm) and
cut into four equal portions.

2.2. Helium-3 implantation and sample annealing

Helium-3 ions were implanted in the materials at
room temperature with an energy of 2.9 MeV for the
UO, samples with fluence values near 3x10" and
3x10'® He* cm~2. The dose rates were identical for each
implantation. Under these conditions, the implantation
depth calculated by SRIM2000 was about 6.5 pum; the
maximum concentration of the implantation peak was
about 0.06 and 0.6 at.%, respectively. Helium concen-
trations of this magnitude would be obtained after
several hundred years of storage in UOX or MOX fuel
(Fig. 2).

The implantation was performed using a Van de
Graaff accelerator that was unable to cover the full
sample surface. Nevertheless, the beam provided a
homogeneous flux over a zone 3 mm in diameter at the
center of the pellets, and the nuclear microprobe analysis
was performed in this zone.

One-fourth of each pellet was reserved as a control
specimen to determine the standard deviation of the
helium-3 distribution in the untreated sample. The other
three fragments were annealed under variable time
and temperature conditions to induce helium diffusion
(Table 2).

The diffusion coefficients are significantly affected by
any deviation from UO, matrix stoichiometry; a specific
annealing system under neutral atmosphere with an

UOX 47 GWj/TMLI
UOX 33 GWj/TMLI

—— Implanted 3.0 E16/cm?

- = Implanted 1.0 E15 /cm?

B MOX 47.5 GWj/TMLi
= Implanted 3.0 E15 /cm?
® UOX 60 GWj/TMLI

1E+21

1E+20 |

7 1E+19 | .."_I |
-. T m L T I I e L]
1E+1ST é° -

1E+17 7.

g")

Helium ( at.

1E+16

10 100 1000 10000 100000

Time (y)
Fig. 2. Comparison between helium generated in spent fuel and

the implanted samples studied.

Table 2
Experimental heat treatment conditions

Fig. 3. Schematic view of controlled atmosphere annealing
device.

imposed oxygen concentration was therefore used. The
annealing furnace scavenged by a gas mixture of
N, + 1%H, included online oxygen partial pressure
measurement provisions to monitor any stoichiometric
deviation versus the temperature. The deviations were
calculated on the basis of published work in this area,
notably [13,14]. The oxygen partial pressure was im-
posed by the water dissociation reaction, according to
the principles and model discussed in [15]. The process
(Fig. 3) was used to apply the annealing conditions
shown in Table 2, clearly indicating the very limited
deviation from the stoichiometric ratio.

2.3. Determination of the helium 3 profiles

The helium-3 profile was measured by the
SHe(d,p)*He nuclear reaction using the nuclear micro-
probe in the CEA’s Pierre Stie Laboratory at Saclay.
This reaction has a maximum cross section for a deu-
teron energy of 450 keV. During the analysis, the inci-
dent deuteron beam energy was progressively reduced
from 1500 to 900 keV in variable steps to probe the
entire helium-3 profile. The energy step amplitude n, for
each acquisition, was adjusted based on the value mea-
sured at step n — 1. The beam intensity was 8 nA and the
scanned surface measured 50 x 50 pm?; these parameters
were optimized to avoid overheating the sample. The
protons produced by the *He(d,p)*He reaction had an
energy of about 13.5 MeV and were collected by a

Temperature (°C) Duration (H) P(O,) (Pa) Initial mass (g) Mass after annealing (g)
1000 4 1.1x1071 0.0554 0.0555
850 48 7.0x10718 0.0624 0.0623
900 30 7.0x107Y7 0.0684 0.0685
950 8 5.5%x10°16 0.0621 0.0620
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detector comprising three superimposed silicon wafers,
each of 500 pm thick, placed on the deuteron beam
centerline, and energy resolution of 30 keV. A 25 um
thick mylar energy filter was used to stop the backscat-
tered deuteron and « particles from '°O(d,) reaction.

The total number of protons received by the detector
for each deuteron energy level was therefore

T pds, (1)

N,(Eq) = N4(Eq)Q 40

where Ey, is the deuteron energy; Nyg, number of deute-
rons of energy Eq4 reaching the sample; Q, solid angle of
proton detector; dgg”, differential cross section of the
SHe(D,p)*He reaction in the test configuration; Eq —
g(x), deuteron energy of interaction at depth x; g(x),
deuteron deceleration in the material; p(x), helium-3
concentration profile (assumed to follow a normal dis-
tribution).

Before analysis, all the samples were coated with a
25-30 nm graphite layer.

The analysis method used consists in plotting the
curve of the number of protons collected versus the
incident deuteron energy for a fixed charge.

2.4. Digital processing of spectral data

Two methods were used to determine the diffusion
coefficients and the corresponding activation energy.

A mathematical treatment discussed in [5] for brith-
olite and based on a least-squares refinement of the
curve convoluting the helium-3 implantation profile with
the *He(d,p)*He reaction cross section was used to ob-
tain the characteristics of the helium-3 profile in ura-
nium dioxide: integrated profile area, depth and width at
half maximum.

The incident deuteron stopping power in UO, was
estimated using SRIM2000 with the data from [16] to
establish a polynomial representation used to integrate
Eq. (1) numerically as shown in Fig. 4.

The backscattered protons spectra were also ana-
lyzed using simulation software (SIMNRA) developed
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Fig. 4. Modeling of deuteron stopping power in UO, by SRIM
2000.

by Matej Mayer and described in [17]. The nuclear
reaction cross section was determined by [18] with a
deuteron stopping power in UO, estimated as above
from [16]. After modeling the experimental configura-
tions of the sample and detector, the theoretical overall
spectrum was established by superimposing the ele-
mentary spectra obtained for each material layer. The
contribution of each isotope was calculated in each shell.
The calculated values were fit to the experimental spec-
trum by optimizing the sample representation in terms
of the number and thickness of the layers as well as the
helium concentration.

Energy calibration, i.e. converting the detection chan-
nel number into the deuteron energy, is performed on
reference pellets using the '*O(d,p)'’0 and '>C(d,p)"3C
nuclear reactions generating low-energy proton peaks.

The entire profile was thus approximated by a
Gaussian curve as is frequently done for implanted
profiles ([19,20]):

(x—xq)?
Clx) = g e, 2)

where ¢ is the standard deviation and x, the distribution
centroid.

The diffusion coefficients were calculated from the
spreading of the experimental profiles. The diffusion
coeflicient is related to the profile width by the following
expression:

o2 = o} + 2Dt, (3)

where o7 is the standard deviation of the distribution
obtained after annealing for time ¢ at temperature 7, gy
the standard deviation of the distribution on the unan-
nealed implanted sample, and D the diffusion coefficient.

2.5. Results

The significant drop in the maximum number of
protons collected and the overall broadening of the
backscattered proton profiles at low fluence (Fig. 5) re-
veal the diffusion induced by heat treatment at 1000, 900
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Fig. 5. Number of deuterons collected versus incident deuteron

energy for a fluence of 3.0x 10'* ionscm 2.
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Fig. 6. Number of deuterons collected versus incident deuteron
energy for a fluence of 3.0 x10'® ionscm™2.

and 850 °C. At higher fluence the curves in Fig. 6 also
indicate a drop in the maximum number of backscat-
tered protons but much less profile spreading for the
same annealing time and temperature.

Furthermore, a shift of the entire profiles towards the
surface was always observed on annealed samples. The
average value of this shift is about 200 nm.
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SIMNRA allows discrete modeling of the sample
composition by fitting the number of protons collected
per detection channel on the experimental data. These
calculations (see examples of results in Fig. 7) are then
converted to variations in the helium concentration
profiles versus the depth in the material as shown at each
fluence in Fig. 8 for all the samples analyzed.. The curves
clearly show two different diffusivity behaviors accord-
ing to the fluence. The effective diffusion constant, de-
duced from those experiments, according to the relation
(3), are presented in Tables 3 and 4.

Thermal diffusion appeared to be significantly affected
by the concentration: the diffusion coefficients drop by
half an order of magnitude as the concentration increases.

Moreover, after annealing, the remaining >He con-
tent decreased and appeared to be both temperature and
time dependant. At low fluence we noted a relative re-
lease of about 10% after annealing for 4 h at 1000 °C
and a maximum release of 19% after 30 h at 900 °C.

At high fluence, the observed relative release is sim-
ilar but the fraction values are lower, measured between
5% (1000 °C for 4 h) and 10.3% (850 °C for 48 h). A
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Fig. 7. Helium profiling in samples simulated with SIMNRA and fit to experimental spectra obtained with an incident deuteron energy
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He profiles at 3.0x10"%/cm?
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Fig. 8. Implanted helium profile variation after heat treatment versus fluence.

Table 3

Helium diffusion coefficient in UO, evaluated by excitation curve method
F (10" He cm™2) T (°C) Duration (H)  C, (10" He cm™2) X, (um) o (um) D (m?s7!)
0.3* - - 0.56 6.5 0.54 -
0.3 1000 4 0.46 6.47 0.93 2.9%x10°"7
0.3 900 30 0.44 6.29 1.07 3.8x10°'8
0.3 850 48 0.48 6.12 1.03 22x10°'8
3 - - 4.6 6.06 0.48 -
3 1000 4 4.38 6.01 0.58 3.7x10°18
3 850 48 4.14 6 0.61 4.2x107"°
3 - - 4.4 6.04 0.46 -
3 950 8 4.06 5.9 0.61 2.8x10°18
3 900 30 4.07 5.9 0.615 7.8x10°"

#Indicates reference sample, as implanted and without annealing.

slight difference is nevertheless noticed, depending on
the implanted helium quantity.

One experiment was conducted on a sample im-
planted with a fluence of 3.0x10' He cm™? after
annealing for one hour at 1000 °C. The result showed
profile broadening, but with an unusual flat shape. The
diffusion coefficient values calculated by the two meth-

ods were not in agreement depending on the energy of
the incident deuteron (between 1270 and 1500 keV).
Moreover, the profile shift began but perhaps appeared
to be still in progress. Extended tests were not conducted
at this temperature.

For NRA, the depth resolution limit is lower than
100 nm. Because the *He(d,p)*He is a resonant nuclear
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Table 4

Helium diffusion coefficient in UO, evaluated by the SIMNRA code
F (10" He cm™2) T (°C) Duration (H)  C, (10" He cm™2) X, (um) o (um) D (m?s7!)
0.3? - - 0.37 6.3 0.45 -
0.3 1000 4 0.34 6.1 0.9 2.3x107Y
0.3 900 30 0.33 6.2 1.1 48x10°18
0.3 850 48 0.3 5.8 1 2.4x10718
32 - - 33 6.15 0.5 -
3 1000 4 2.5 5.95 0.56 22x10°18
3 850 48 2.56 6.15 0.55 1.6x10°"
3 — - 2.2 6 0.45 -
3 950 8 1.8 5.9 0.51 1.0x10°'8
3 900 30 2.2 5.95 0.52 3.0x107"

#Indicates reference sample, as implanted and without annealing.

reaction, a value of 10 nm is considered. Helium depth
profiles were then obtained by numerical simulation in
which the integral is discretised with a 20 nm depth step
[5]. This resolution limit on ¢ leads, by differentiating
equation (3), to a relative error on D ranging from 3% to
10%, depending respectively on low and high fluence
values namely high and small broadening profile.

Similar experiments conducted at a fluence of
1.0x 10> He cm™? allow us to examine the detection
limit of our measurements. The number of collected
protons was very low and cannot lead to accurate dif-
fusivity measurements. At 1000 °C we estimated the
value of the diffusion coefficient to be 1.0x10~17 m?s~!,
close to the value obtained before. For the other samples
after annealing, the profile broadening and the helium
release were too great for the NRA technique.

Nevertheless, these findings indicate that, for an en-
ergy of implantation of about 3 MeV, a dose of about
10" He cm™2 corresponds to the lower limit for He
depth profiling by NRA in UO,.

3. Discussion
3.1. Thermal diffusion
Considering the grain size (about 10 micrometers)

and the relatively narrow distribution of helium ions
(about 400 nanometers after implantation) the grain

boundaries diffusion phenomenon has a low influence on
the global diffusion measured. Nevertheless, peak area
measurements compared with the unannealed implan-
tation profile indicate that between 5% and 19% of the
total quantity of implanted helium is released; this
phenomenon already reaches for the lower temperature
and longer treatment duration. It could arise from in-
tergranular diffusion via the grain boundaries, according
to processes similar to the release of fission gases [21].

With the release fraction values Re, using the Booth
model [22], we can approximate the effective diffusion
coefficient D/a?, where D is the diffusion coefficient and
a the radius of the grain (equivalent sphere), during
isothermal annealing for a time ¢, as:

Dt 6 Dt

Results evaluated by this method are presented in
Table 5. Despite the limited analysis zone size, two sets
of values are again obtained, versus implanted dose.

The decrease of the diffusion coefficients while
increasing helium dose was clearly deduced from both
numerical data processing methods. This is a significant
result considering the measurement sensitivity. The
deviation could be related to different mechanisms:

e the precipitation of helium in the material structure,
according to helium behavior in UO, study at a con-
centration of 1 at.% presented in [23],

Table 5

Fractional release of helium during isothermal annealing
F (10'® He cm™2) T (°C) Duration (H) Re (%) D/a? (s71)
0.3 1000 4 10.4 1.1x1077
0.3 900 30 19 3.4x1078
0.3 850 48 13 9x10~°
3 1000 4 5 1.6x1078
3 950 8 7.7 1.9%1078
3 900 30 8.4 6x107°
3 850 48 10.3 5.7x107°
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o the effect of defect induced by ions implantation in
the material.

Nevertheless, we had never observed increase nor
sharpness of the profiles, giving evidence of bubbles.
This hypothesis could be validated by TEM observa-
tions of this type of sample. Nanometer size bubbles can
not be easily detected by the depth profiling method
implemented here.

The diffusion coefficient values presented in Tables 3
and 4 concern apparent diffusivity in the matrix, induced
by volume diffusion but possibly modified by implan-
tation defects, as discussed later (see Section 3.3).

3.2. Activation energy

The diffusion coefficient is plotted versus the tem-
perature in Fig. 9. The following expression for the he-
lium-3 diffusion coefficients in uranium dioxide was
obtained by linear regression:

D=D,-e® for 1123 < T <1273 K, (5)

where D is the diffusion coefficient (m?s~'); Dy, pre-expo-
nential factor (m?s™'); E,, atomic activation energy (eV);
K, Boltzmann constant (eV K~!); T, temperature (K).

This linear regression with a constant slope indicates
an activation energy of about 2 eV, depending on the
treatment methods (Table 6) and a different Y-intercept
depending on the fluence:

Dy =8.0x 107> cm?s™" at a fluence of 3 x 10" He cm 2,

Dy=4.0 x 107 cm?s™! at a fluence of 3 x 10" He cm 2.

Table 6
Activation energy of helium thermal diffusion in UO,
Method 3.0x10'° 3.0x 10"
He cm? He cm?
Excitation curve [5] 1.9 2.1
SIMNRA (Eq = 1270 keV) 2.2 2
SIMNRA (E4 = 1300 keV) 2 2.2

These values are 2.5 and 5.5 orders of magnitude
lower than the results measured in zirconolite [12] or
britholite [5], respectively.

This value is fully comparable to the values previ-
ously obtained by release measurements or by thermal
desorption experiments.

The linear regression used to determine the activa-
tion energy is characterized by a coefficient of determi-
nation R? between 0.95 and 0.989 for both curves.
The activation energy is thus estimated within 0.1 eV.

The activation energy for PuO, has been estimated as
2.38 eV [1], based on release measurements between 600
and 1900 °C. Extrapolating the preceding data shows
that the diffusion value at 1200 °C is slightly higher than
determined for UO, [3], i.e. 5.2x 107" m?s~! compared
with 1.5x 10717 m?s~! obtained by pressurized helium
gas infusion.

This similarity is shown in Fig. 10, after mass cor-
rection on the diffusion coefficients, because radiogenic
helium is “He, according to Eq. (6) often cited in the
literature ([5,20]):

D(*He) = D(*He) x \/g. (6)

Helium diffusion in UO,

-37.00
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Fig. 9. Diffusion coefficient variation versus temperature in UO,.
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Experimental data comparison
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Fig. 10. Comparison of results obtained with published reports.

The thermal diffusion coefficients are very low com-
pared with other matrices and particularly with nuclear
glasses [6] for which the difference is nearly 10 orders of
magnitude; these measurements also confirm the greater
mobility of helium compared with fission gases and
volatile fission products in the spent fuel matrix: the
difference is two orders of magnitude compared with
xenon diffusion [24]. Moreover, the activation energy is
significantly lower for thermal diffusion of helium.

It may be of interest to note here that this value,
about 2 eV, is close to the activation energy value of the
migration of vacancies in UO,. Further experiments are
needed to understand the full mechanism implemented
there.

3.3. Effect of implantation defects

When the helium ions were implanted a zone of va-
cancy defects was created preceding the peak, as simu-
lated by SRIM2000. We attribute the shift in the
implantation peaks toward the surface to the presence of
these defects. This damage zone also enhanced diffusion
via the defects: the diffusion coefficient was linked to the
concentration of vacancy defects in the material. At the
higher fluence, the concentration of implantation defects
increases while a significant drop is observed in the
measured diffusion coefficients; this can be attributed
either to bubble formation or to a trapping/detrapping
mechanism by interactions between He' ions and
atomic defects, because of the uncertainty of the solu-
bility limit value for helium in uranium dioxide.

Nevertheless, studies of the effects of ion implanta-
tion in UO,; [25] show that at high doses the implanta-
tion of rare gas (Xe or Kr) results in gas trapping related
to a strong interaction with the defects. Complete
recovery is obtained only at high temperatures (above
1500 K). Conversely, for low doses thermal recovery is
possible at temperatures below 870 K.

The activation energy found (about 2 eV) corre-
sponds to vacancy-assisted diffusion. The measured
diffusion coefficient D may be considered as an apparent

diffusion coefficient including both diffusion and trap-
ping processes. If @ is the fraction of vacancies that are
occupied and N, the molar fraction of vacancies, and
considering that trapping and detrapping follow first-
order kinetics with rate constants k and &’ respectively,
we can write [26]:

D,

D=——o—0, (7)
1+ KN,(1 — ©)

where K = £.

Assuming that within the experimental temperature
range, the same mechanisms occur in terms of trapping
and detrapping, Eq. (7) may explain the decrease in D
with the fluence, i.e. with increasing N,. This assumes @
is very small, i.e. that the system is far from saturation.

So, TEM observations of samples implanted at high
doses with or without annealing will provide conclusive
evidence of the origin of the differences in helium dif-
fusion observed in the two types of implanted samples.

It should be noted, however, that helium implanta-
tion creates relatively minor damage in the matrix
compared with Xe bombardment or with the damage
that would be arise with the same helium concentration
by disintegration (recoil nucleus and He** particle) in

Vacancies profile (SRIM 2000)
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Fig. 11. Estimated vacancy defects created by ion implantation
(SRIM 2000).



D. Roudil et al. | Journal of Nuclear Materials 325 (2004) 148—158 157

spent fuel. Furthermore, the results shown in Fig. 11, in
terms of amount of atomic defects created, more than
102 cm™3, are overestimated by the SRIM 2000 code,
not taking into account the vacancy-interstitials recom-
bination.

At high fluence and for temperature of 1100 °C we
thus deduced by extrapolation a diffusion coefficient of
about 2.0x 1077 m?s~!. This value is slightly lower but
still in good correlation with the value determined by
[27] using a more accurate numerical solution of Fick’s
equation based on NRA spectral data for samples im-
planted at a depth of about 2 pum.

4. Conclusion

This study has determined the thermal component of
the helium-3 diffusion coefficient in uranium dioxide. It
provides experimental confirmation that thermal diffu-
sion is negligible within the time/temperature range of
interim storage and disposal. After 2 billion years, this
thermal migration under repository conditions should
not exceed 10 pm (mean grain size).

Extrapolating data determined by other techniques at
high temperature correlates well with the results ob-
tained. So, at room temperature, the value of the diffu-
sion coefficient is close to 107 m?s!.

The subsequent work in this study will consist in
determining this coefficient under o self-irradiation,
particularly the acceleration of diffusion by atomic de-
fects generated by o disintegrations. Actinide-doped
specimens are now being characterized for this purpose.
Helium produced by o disintegration could be analyzed
by a *“He(p,p)*He reaction if this method provides suit-
able performance, or local *He implantation in damaged
materials.

Release experiments such as those described in [28]
show that helium is released above 800 °C from actinide-
doped UO, pellets. Formation of nanometer size bub-
bles is observed. Several experiments have shown similar
behavior in spent fuel. Considering the diffusion coeffi-
cients determined here, the thermal component cannot
account for this mobility. Additional experiments are
planned with UO, pellets doped with ***Cm, 2**Pu and
21 Am. Migration will be analyzed according to the
quantity of helium generated and the damage level
reached in the matrix.

Supplementary transmission electron microscopy
observations will be carried out to determine whether
or not helium precipitates in the form of bubbles,
depending on the concentration and temperature.

Together, these studies will provide an overall
assessment of helium behavior in the spent fuel matrix.
Based on the repository characteristics (package
dimensions and temperature), this parameter will allow
us to estimate the quantities of helium released by

packages under interim storage and disposal conditions,
and to estimate the variation in the occluded helium
fraction likely to induce physical and mechanical mod-
ifications in the matrix.
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