
04-01 

ATALANTE 2008 Montpellier (France) May 19-22, 2008 1 

Effect of alpha self irradiation on helium migration in (U,Pu)O2 samples 
 

Yves Pipon (1), Danièle Roudil (1), Hicham Khodja (2), Caroline Raepsaet (2), Christophe Jégou (1) 
 

(1) CEA Marcoule DEN/DTCD/SECM/LMPA, BP 171 30207 Bagnols-sur-Sèze cedex 
(2) CEA Saclay DSM/IRAMIS/LPS, Point courrier 127, F-91191 Gif-Sur-Yvette cedex 

yves.pipon@cea.fr 
 
 

Abstract – The helium behavior and its migration mechanisms in nuclear spent fuel (UOX and MOX) 
significantly impact the possible evolution of the spent fuel matrix in a closed system during interim storage 
or during a disposal repository. An experimental study has been conducted on (U,Pu)O2 samples in order 
to investigate the impact of defects created by alpha decay on helium diffusion. One large part is devoted to 
thermal atomic diffusion and applied on 3He implanted samples, annealed at 850 and 1000 °C. The He 
profiles, as implanted and after annealing, were investigated with the 3He(d,p)4He nuclear reaction. 
Another part deals with the thermal release of 4He amassed in the samples. The measured thermal diffusion 
coefficients are compared with previously published values, thereby highlighting the effect of the alpha 
self-irradiation on helium behavior. 

 
 

INTRODUCTION 
One of the consequences arising from the 

presence of actinides in the nuclear spent fuel is 
the formation of a large quantity of helium by 
alpha decay. Due to the low solubility of helium 
(below 0.5 %) in UO2 and (U,Pu)O2 matrices, 
microscopic and macroscopic swelling can 
occur. The resulting damage could lead to the 
release of radioactive elements (such as fission 
or activation products), previously confined in 
the matrix. This effect on the physical 
parameters has a direct impact on the 
radionuclide source term, which has to be 
assessed in the context of studies devoted to the 
direct disposal/storage of the spent fuels.  
One key for these researches relies on the 
evaluation of the helium migration in matrices 
similar to representative of the nuclear fuel. A lot 
of studies have been performed on UO2 matrices, 
the latest can be found in references [1-5], in 
order to determine the thermal diffusion and/or 
the athermal coefficient. These data were used to 
extrapolate the helium behavior in the spent fuel 
at temperatures below 400 °C. All of these 
experiments have shown that the thermal part of 
helium diffusion is inactive under 
disposal / storage conditions. 
However, one must take into account the damage 
level of the spent fuel in storage situation. 
Indeed, the impact of alpha decays on the helium 
mobility is still to be studied. The alpha self 
irradiation induces, mainly by the recoiled 
atoms, around 1500 defects per decay [6] which 
are not considered by the literature previously 
evoked. The evaluation of these effects is one 
goal of the French sub-program PRECCI AP2. 

The experiments performed in the present study 
have the particularity to be done on “hot” 
samples, which means UO2 samples doped with 
plutonium. The alpha decay leads actually to a 
level of damage in the matrix similar to the one 
observed in a spent fuel during the first years of 
a disposal / storage situation. 
The following paragraphs describe the 
experimental approach and the related results for 
the study of 3He (introduced by ionic 
implantation) and 4He in (U,Pu)O2 samples. 
 
 
2. EXPERIMENTAL PROCEDURE 
 

Three samples were used for the present 
experiments. Two of the three samples (PA, PB) 
were polished in order to be implanted, annealed 
and analyzed by NRA (Nuclear Resonance 
Analysis). The third one is devoted to desorption 
experiments. 
 
2.1 The samples 
 

The samples used in this investigation are 
named GIGONDAS and have been elaborated in 
1985 at CEA, Cadarache. They are UO2 samples 
doped with 24.5% (in mass) of plutonium 
(mainly 239Pu). The multi-analysis 
characterizations of the sample main properties 
were performed especially by SEM (Sweep 
Electron Microscope), micro-hardness, XRD (X-
ray Diffraction) [7] and are the following: 
- the measured average density of each sample is 

94.3 % of the theoric density (dth. = 11.054),  
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- the initial stoichiometry has been determined 
with a ratio O/M of 1.983, 

- the chemical composition is similar to a MOX 
fuel containing Pu aggregates. 

 
Alpha decay of actinides leads to an integrated 
dose of around 1.5x1019

 He.cm-3, corresponding 
to maximum sample damage estimated to around 
0.3 dpa. This is corresponding to a disposal of 
about 100 years for a UOX spent fuel with a 
burn-up of 60 GW.d.t-1 or storage around 
10 years for a MOX spent fuel with a burn-up of 
47.5 GW.d.t-1. 
 
2.2 Helium implantation 
 

Samples were implanted at the Pierre Süe 
Laboratory (CEA Saclay) nuclear microprobe [8] 
on the hot line CASIMIR, which has the unique 
feature to authorize non-contaminant radioactive 
samples. A 2.9 MeV 3He microbeam was used, 
which corresponds to a projected range (Rp) of 
6.3 µm according to the SRIM-2006 code [9]. 
The ion beam, with a size of ~20x20 µm2, was 
swept over an area of 1x1 mm2 in order to obtain 
a homogeneous implantation. PA and PB 
samples were implanted at an aimed fluence of 
5 1015 at.cm-2, resulting in a maximum 
concentration of around 1200 at. ppm at Rp (as 
predicted by SRIM).  
The vacancies induced by the implantation are 
evaluated by SRIM: 

- below 0.01 dpa in the range [0 ; 5] µm,  
- below 0.1 dpa in the range [5 ; 7] µm. 

These results show that the defects due to the 
alpha self-irradiation are predominant. 
 
2.3 Annealing conditions 
 

The implanted samples are annealed at 
ATALANTE (CEA Marcoule) in the C19-503 
shielded cell. The choices for temperature and 
annealing duration have been made on the basis 
of previous experiments performed on UO2 
samples [2] in order to get a direct comparison 
for the diffusion coefficients. The atmosphere is 
a mixture of Ar, 4% H2 which allows the 
conservation of the stoichiometry. The first 
sample (PA) is annealed at 1000°C during 
3 hours and the second one (PB) at 850°C during 
10 hours. A control of the stoichiometry is 
performed by weighting (with a 1 mg precision) 
the samples before and after each annealing. No 
significant mass variations have been observed 
during the process. 
 

2.4 NRA and helium spectra 
 

3He(d,p)4He nuclear reaction analysis, 
performed on the CASIMIR hot line, was used to 
determine helium concentrations. The deuteron 
cross-section shows a broad peak at 
(430±30) keV with a FWHM of ~450 keV.  
A thin foil of Mylar (50 µm) was set in front of 
the annular Si surface barrier detector (1500 µm 
depletion thickness) in order to stop 
backscattered deuterons. The energy resolution is 
about 25 keV at a detection angle of 170°. The 
measured solid angle was around 120 mSr. 
 
During the analysis, the incident deuteron beam 
energy was progressively reduced from 1700 to 
950 keV in variable steps to probe the entire 3He 
distribution. In the resulting proton spectrum 
(Figure 1), the ~13.2 MeV peak produced by the 
3He(d,p) reaction is totally separated from other 
deuteron induced reaction contributions. Figure 1 
displays also a background which does not 
appear on the NRA spectra measured on UO2 
samples. This contribution comes from decay 
alpha particles with an energy of 5.17 MeV 
(emitted by 239Pu and 240Pu) and 5.5 MeV 
(emitted by 238Pu and 241Am). 

 
 

Fig. 1: Example of a GIGONDAS proton 
spectrum performed by NRA (E  = 1250 keV) 

 
 
For each deuteron energy, the 20x20 µm2 beam 
was swept over an area of 50x50 µm2. The beam 
current density is quite high with a maximum 
value of 200 µA.cm-2. To limit any potential 
helium migration under beam irradiation, each 
energy step has been done on a different area 
(Fig. 2). 
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Fig. 2: Optic micrography (x10) of an irradiated 
GIGONDAS sample  

 
2.5 Desorption 
 

A system (presently named THDC) of gas 
thermal desorption coupled with a 
chromatograph was recently established in the 
C19-506 shielded cell of ATALANTE, CEA 
Marcoule,. It consists of a shaft furnace designed 
by PEKLI Hermann Moritz in which a specific 
treatment cell is inserted. This cell is equipped 
with one gas input and one gas output on which 
the pressure is measured. The maximum 
operating temperature is 1100°C. In the stopper, 
a circulation of cold water can lead to lower gas 
temperature prior to analysis. This setup is 
connected to the input of a micro gas (M200) 
chromatograph from the MTI series 
manufactured by SRA instruments. The detector 
is a Katharometer which has two filaments made 
in tungsten metal in a rhenium metal block 
thermostat. 
The samples are placed in the cell under Ar 
atmosphere. In this study, the cell is warmed by 
increasing steps of temperature. Once the 
thermal equilibrium is reached, the gas is 
collected and analyzed under the following 
conditions:  

- Ar gas vehicle, 
- Column temperature: 50°C 
- Injection duration: 30 ms 
- Detector sensitivity: high 
  

The equipment and its associated treatment 
method have been validated by analysis of He 
and H2 gas mixture in argon. Figure 3 shows the 
results for a mixture of 50 at. ppm He and 50 at. 
ppm H2. An accuracy of about ± 3.0 1015 He 
(± 6%) has been determined. The detection limit 
is about 1015 helium atoms in the pot. 
 

Gas (50 ppm He) analysis by THDC
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Figure 3 : Calibration with a gas mixture of He, 
H2 and Ar 

 
For our experiment, a GIGONDAS sample with 
a mass of 1.156g containing around 1.5 1018 He 
atoms (value obtained by alpha decay 
calculations) was used. The helium release was 
checked for 850 and 1000°C (2 days 
experiments). A third day experiment was done 
to try to release all of the He content from the 
sample. 
 
As the maximum temperature is 1100°C, the 
vaporisation of the sample cannot be reached 
and, consequently, no direct measurement of the 
total amount of He can be made. 
 
 
3. NRA DATA PROCESSING AND 
CALCULATION OF THE DIFFUSION 
COEFFICIENT 
 

There are two possible methods to determine 
the helium distribution. We can either analyze 
the proton spectrum measured for a given 
deuteron incident energy with the program 
SIMNRA [10] (or NDF [11]). Or we can use the 
excitation curve method (ECM) [12], where the 
energy of the deuteron is scanned in order to 
cover the full He distribution. In the latter case, 
only the proton spectrum integral is taken into 
account. In this paper, we will focus on the 
former method and the use of SIMNRA. 

 
In the first step of the data processing, the 

radioactive decay background is removed from 
the spectra. In a second time, energy calibration 
is performed with reference samples (carbon, 
bore, silicon and UO2).  
 
The simulation program SIMNRA [10] was used 
to reconstruct the experimental spectra. The 
nuclear reaction cross-sections used (for He, O 
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and C) are described in [13-15] with a deuteron 
stopping power in UO2 estimated from [9]. 
The calculated spectrum intensity was fitted 
using the contribution of the 16O(d,p)17O nuclear 
reaction. The distribution of He has been 
simulated by a multilayer representation, 
optimized in terms of number and thickness of 
the layers as well as the helium concentration. 
At the end, the calculated entire profile was 
approximated by a Gaussian curve as it is 
frequently done for implanted profiles. 
 
The next step consists of a comparison between 
the helium distributions, as implanted and after 
annealing. The broadening of the initial 
distribution, due to the annealing, can be 
calculated using the one-dimensional model of 
the second’s Fick law [16] (1): 

2

2

x

C
D

t

C

∂
∂

=
∂
∂

       (1) 

with C: elemental concentration of helium and 
D: diffusion coefficient. 
 
This equation has for analytical solution a 
Gaussian equation centered around xc (2). 
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The width of the Gaussian distribution is given 
by the relation (3). 

Dtxx c 2)( 2 =−   (3) 

 
The diffusion coefficient is related to the width 
of the profiles by the expression (4). 

τσσ Dif 222 +=  (4) 

Where σf is the standard deviation of the 
distribution obtained after annealing for a 
duration τ at temperature T, σi the standard 
deviation of the He distribution of the as-
implanted sample. 
 
 
4. RESULTS AND DISCUSSION 
 
4.1 Results obtained by NRA 
 

The significant drop of the maximum 
number of protons collected and the overall 
broadening of the backscattered proton profiles 
(Fig. 4) reveal the diffusion induced by heat 
treatment at 850°C and 1000°C. 

 

 
 

Fig. 4: Number of detected protons from 
3He(d,p) versus incident deuteron energy. 

 
 
To retrieve the He content and depth distribution 
in the sample, SIMNRA was used to simulate the 
proton spectrum and compare it with the 
experimental data.  
 
In the case of the as-implanted profile, the 
analysis of the spectrum measured for one value 
of the incident d energy is sufficient to cover the 
whole depth range of He. As the measurements 
at different incident energies have been 
performed on different location on the sample, 
some discrepancies, related to potential non 
homogeneities in the sample, could be observed. 
However, Figure 5 shows the resulting 
distribution of He in samples PA and PB, as 
implanted, for different values of the d incident 
energies. The resulting profiles are in a very 
good agreement for the different values of the 
energy. 
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Fig. 5: As-implanted 3He distribution for 
different deuteron energies in PA (a) and in PB 

(b) 
 
 
Two main observations can be made from Figure 
5. 
First, the local concentration of helium at Rp is 
less important than the value predicted by SRIM 
and the distribution is broader. This has been 
previously noted by Sauvage et al. [5], who 
analyzed by NRA 3He implanted at 2 µm from 
the UO2 surface. One possible interpretation, as 
given by [5] for this behavior, is that the He 
distribution evolves a little during ionic 
implantation. 
The second point is that the total area of the He 
distribution is a little higher for (a) than for (b) 
which traduces a higher helium fluence of 
implantation for the PA sample (estimated to 
around 8 1015 at.cm-2 for PA versus 
5.5 1015 at.cm-2 for the PB sample). 
 
Figure 6 shows the evolution of the He profiles 
after thermal annealing. Since the distribution is 
much broader than for the as-implanted ones, the 
analysis of the spectrum obtained for one single 
energy is not sufficient to have access to the 
entire helium depth distribution (due to the little 
FWHM value of the cross-section). Therefore, 

several energies are required to get the entire 
distribution. 
 

 
 
Fig. 6: Implanted 3He distribution after annealing 

in PA (a) and in PB (b) 
 
 
Table I shows the parameters characterizing the 
Gaussian curves which have been used to fit the 
experimental data, for sample PA and PB, before 
and after thermal treatment. 
 
TABLE I. Parameters of the Gaussian 
representation of the He profiles. 

 
PA 
0 h 

PA 
3 h 

PB 
0 h 

PB 
30 h 

Fluence 
(at.cm-2) 8.2 6.4 5.6 4.7 

xc (µm) 5.92 6.00 5.98 6.06 
σ (nm) 500 1830 510 1540 

 
A comparison between the fluence of the 
annealed implanted profiles versus the as-
implanted ones shows a release of helium of 
around 20% for both samples. This could be due 
to intergranular diffusion via the grain 
boundaries. 
 



04-01 

ATALANTE 2008 Montpellier (France) May 19-22, 2008 6 

Furthermore, a little shift (< 100 nm) of the peak 
of the distribution can be observed but the value 
is too close to the depth resolution (~150 nm) to 
conclude on a directed transport of the helium.  
 
From the broadening of the initial distribution, 
we have determined a value of 1.4 10-16 m2.s-1 at 
1000°C and a value of 9.8 10-18 m2.s-1 at 850°C 
for the diffusion coefficients. These values are 
compared to the values of [2] and are displayed 
in Table II. The values have been obtained under 
similar conditions for implantation 
(3 1015 He.cm-2 at 2.9 MeV) and for annealing 
conditions. 
 

 
TABLE II. Helium thermal diffusion coefficients 

 
D (cm2.s-1) 
 this study 

D (cm2.s-1)  
[2] 

850°C 9.8 10-14 2.4 10-14 
900°C - 4.8 10-14 
1000°C 1.4 10-12 2.3 10-13 

 
 
The value of the diffusion coefficients measured 
in this study for (U,239Pu)O2 matrices are larger 
than those measured in UO2 by a factor of ~5. 
This seems to indicate that the alpha self-
irradiation enhanced the helium atomic diffusion. 
This statement is confirmed by others values of 
diffusion coefficients found in the literature. For 
a non-irradiated UO2 sample, Guilbert et al. [3] 
measured a 6 10-13 cm2.s-1 value at 1100°C which 
is lower than our value at 1000 °C. For an alpha 
self-irradiated (U,Pu)O2 sample (three more 
times damaged than the GIGONDAS samples), a 
value of 10-10 cm2.s-1 has been found by the 
authors of reference [17]. However, in the latter 
case, this was the diffusion coefficient of 4He on 
the contrary of the others studies done for 
implanted 3He.  
 
Two points have to be underlined. The first one 
is related to the fact that most of the studies have 
been made by 3He implantation, although the 
isotope produced by radioactive decay is 4He, 
We assume that the chemical and 
crystallographic behavior of both isotopes is 
comparable, with a minor correction of  mass. 
The second one concerns the implantation. The 
study of the diffusion coefficient is made by 
introducing artificially, by implantation, a local 
quantity of 3He. The crystallographic localization 
of the atoms, their quantity and distribution 
cannot be the same as for 4He atoms, produced 
by radioactive decay in the matrix. It is therefore 

important to get some information on the 4He 
release by thermal desorption, on the helium 
naturally produced by radioactive decay. 
 
4.2 Results obtained by desorption 
 

Figure 7 shows the evolution of the helium 
release (normalized to the maximum value 
obtained at the end of the experiment) versus the 
temperature. The release appeared to be effective 
at 850 °C which corresponds to the annealing 
stage of the uranium vacancies. This behavior 
has also been observed in irradiated MOX [17]. 

 
 

Fig.7: Helium release (normalized to 1) versus 
temperature 

 
 
However, helium release after the 3rd day of 
experiment is not complete, because less than 
40% of the total amount is released from our 
sample. One possible explanation is that He is 
trapped in the sample and can be released only 
with a low-energy activated mechanism. This 
hypothesis is comforted by the results of Ronchi 
et al. [17]. They have shown that for a solid 
solution of (U,Pu)O2, 60-70% of the Helium was 
trapped and consequently hard to mobilize. 
 
The helium concentration in the GIGONDAS 
samples is low and strictly smaller than the 
values of the solubility limits found in literature, 
which would exclude the formation of helium 
bubbles, in theory. However, observations by 
TEM (Transmission Electron Microscopy) 
would be of great help to identify extended 
defects and the possible precipitation of helium 
bubbles which would appear in the sample 
sooner than expected. Another possibility is the 
use of PALS (Positron Annihilation Lifetime 
Spectroscopy). Recently, an equipment of this 
type designed for radioactive samples has been 



04-01 

ATALANTE 2008 Montpellier (France) May 19-22, 2008 7 

installed at ATALANTE [18]. It could be used to 
characterize the vacancy defects, their 
interactions with helium and the evolution of the 
defects quantity. 
 
Complementary analysis will be done in order to 
get the total amount of helium in the sample. 
Indeed, this data is important to be able to 
measure the diffusion coefficients with the Booth 
model. Some new experiments will be done, at a 
lower pressure in the cell, in order to confirm the 
helium quantity retained in (U,Pu)O2 grain. 
However, it would be better to follow this study 
with a tool allowing high temperatures (1400 – 
1500 °C). 
 
 
5.  CONCLUSION 
 

We have highlighted by NRA that the 
helium thermal diffusion coefficient seemed to 
be affected by the alpha self-irradiation. This has 
to be confirmed in the measurement of the 
helium diffusion coefficient in a GIGONDAS 
sample in which all the defects created by alpha 
decay have been removed. However, it can be 
noted that in a sample close to the chemical 
composition of a MOX fuel with Pu 
agglomerates, the diffusion of helium is still 
higher than in a UO2 matrix. Other samples, 
named ICARE, will be studied to identify a 
possible effect of the chemical composition on 
the helium migration. 
Experiment at lower temperatures are also 
planned to be sure to be closer to disposal / 
storage conditions. 
 
At last, other thermal experiments are needed to 
get the total amount of He in GIGONDAS 
samples and to check if the He is trapped. 
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