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Abstract: Towards disposal problematic, fine understanding of the α aging of UO2 and (U, Pu)O2 remains a 
fundamental challenge for the prediction of  the potential increase of the radionuclide source terms in 
presence of water. The intrinsic evolution of the matrix is closely related to the behavior of radiogenic 
helium produced by actinide decay. Interactions between helium atoms and vacancy defects are involved in 
these mechanisms. Positron Annihilation Spectroscopy is also an appropriated method owing to its 
sensitivity to the vacancy–type defects in solid materials. It is a non destructive technique with a remote 
acquiring data possibility. Because positron implanted in the material is sensitive to the electronic density, 
the positron lifetime method allows the characterization of the vacancy defects namely size and 
concentration. Such equipment has been implemented in the L30 laboratory of the DHA facility in Atalante 
and will be applied on doped actinides samples, simulating α aging. This article presents, the analytical 
protocols and validation results on depleted UO2 samples and highlights the perspectives on (U, Pu)O2 for 
the investigation of different stages of self irradiation  matrices and  helium behavior 
 

INTRODUCTION 
Alpha decrease of actinides present in 

nuclear spent fuel during storage and disposal 
periods is the major source of intrinsic 
evolutions, without mass transfer with the 
surrounding media. More, for specific zones 
such as RIM peripheral zone in UOX type fuels 
and plutonium aggregates in MOX type fuels, 
these evolutions should be more important and 
faster because of their high actinide content and 
their restructured microstructures. 

To investigate physical and structural 
properties changes under self radiation an 
experimental study based on α ageing by short-
live actinides doping was conducted in the 
DHA facility of Atalante [1]. α decay defects 
interaction with helium and their impact on 
helium mobility are also the subject of specific 
studies, notably under the PRECCI-II program 
[2-4].  

The doped specimens were characterized 
by measuring volume expansion, 
microhardness, and thermal diffusivity, all of 
which demonstrate rapid changes in the 
physical and structural parameter values up to a 
saturation value. A resumption of this evolution 
remains possible due to the production and 
possible effects of helium at concentrations 
exceeding the solubility limit. In most cases, 
high-temperature helium releases are strongly 
dependent on the uranium sublattices in the 
UO2 matrix. 

A better understanding of these phenomena 
requires additional data on variations in the 
population of vacancy defects. Positron 
annihilation spectroscopy (PAS) is a suitable 

technique for this purpose. It provided 
considerable data in various materials (UO2, 
metal alloys, SiC, SiO2) concerning the 
existence, nature and evolutions of native 
defects as well as those created by implantation 
and/or external irradiation . 
It has been successfully applied on different 
nuclear matrices such as SiC ([5],[6]), UO2 
([7],[8]) and metallic alloys ([9],[10]).  
Theoretical basis were developed since the 
1970’s years and the principles are described 
comprehensively in [11],[12],[13]. 

Thanks to a two years collaboration 
between CNRS/CEMHTI (Orleans, France) and 
CEA/DTCD/SECM (Marcoule, France) a 
Positron Annihilation Lifetime Spectrometer 
(PALS) was nuclearized and implemented in 
2007, within the scope of a project supported by  
the Nomade and Matinex research groups. It is 
devote to doped actinide samples and other 
radioactive samples analysis. This project was 
supported  

The CEMHTI laboratory gave to this 
development in Atalante hot laboratory the 
benefit of its past and actual experiences, 
specially for UO2 and SiC matrices ([6],[7]).  
Also it is based on a passed development of this 
technique in the CEA VALDUC site. In this 
case vacancy defect formations and helium 
location under α self radiation were 
investigated in metallic Pu alloys by PAS 
([15]). This method contributes widely to the 
understanding of radiation damage effects and 
mechanisms. 

This article presents first the implemented 
equipment with the specific associated 
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protocols for doped samples analysis and 
second the validation conducted on different 
UO2 samples. 

  
NUCLEARISATION 
Principles 
The PALS is a widely used spectroscopy 
method for the investigation of defects and 
nanovoids in solid materials. This technique 
uses 22NaCl salt (period 2.6 years) enveloped in 
two metallic foils (Al or Ni) maintained in a 
ring as positron source. During 22Na decrease a 
the positron (0.54 MeV maximum) and a 1.28 
MeV gamma ray are quasi simultaneously 
generated. Then the positron annihilation leads 
to the generation of a 511 keV gamma ray. 
Once the positron is implanted in the material, 
after a short period of thermalisation, it is 
sensitive to the electronic density and hence to 
the presence of vacancy-type defects which 
traps the positrons and strongly affect their 
lifetime. The PALS technique can associate a 
given measured lifetime component τi to a 
defect size or type i, with a contribution Ii 
proportional to this defect concentration. The 
mean lifetime positron is generally defined as  

∑=
i

iimean I ττ   (1) 

A positrons lifetime spectrum is obtained for a 
studied material. The right part of the peak 
corresponds to the convolution of positrons 
annihilation probability with the resolution 
function. This probability is thus obtained by 
lifetime spectrum derivation.  
ANAPCER1, a resolution code, branched-off 
Kirkegaard’s program developed in 1972 [16], 
is used to process spectrum and extract 
experimental positrons lifetime with their 
corresponding intensities.  
The recorded experimental spectrum is the 
addition of two spectra: one is revealing 
annihilations occurring in the analysed sample 
and the other revealing annihilation produced in 
the source and in the deposit foil. 
For that reason, it’s necessary, before every 
analysis, to take into consideration the 
annihilations occurring into the source and deduct 
them from the experimental spectrum on each 
undamaged material 
Fraction of annihilations taking place in the source 
and in the deposit film depends on the nature, the 
thickness as well as the atomic number of samples 
analysed, according to Bertoluccini and Zappa’s 
formula:  

41.0/45.393.031024.3 Z
S SZI ×××= −        (2) 

Where: Is: Fraction of annihilations, 
  Z: Atomic number, 
  S: Source’s surface density [mg.cm-2]. 
 

Implementation and protocols 
A standard “sandwich” configuration was 
utilised namely the positron source is inserted 
between two sample slices. 
Our spectrometer allows a remote detection of 
gamma photons resulting both from positron 
generation and its annihilation. The different 
operations for the sandwich mounting were 
done in Sorbonne or glove box. 
Radioprotection regulations impose the adaptation 
of the spectrometer in controlled areas.  
The sandwich, two identical samples and the 
source, is maintained in an aluminium sample-
carrier, enclosed in a Plexiglas case and the whole 
is penned in a vinyl envelope. The entirety is then 
put into the detection chain between two photo 
multiplicators. Moreover, in order to protect the 
operator against γ-rays, emitted by the 22Na source, 
some elements of protection, made with 
appropriate materials, have been added to the 
spectrometer equipment. Indeed, a specific lead-
box has been fabricated, enclosing both the 
detection system and the radioactive source (see 
figure 1). 
 

Figure 1: Spectrometer’s detection system 
 
In addition, many steps are necessary to realize the 
preparation of each spectroscopic analysis. These 
operations are made easier by manufacturing 
specific tools (figure 2) such as: 
- Tongs to assure an adequate distance between 

operator and radioactive source, 
- Different supports to accelerate handling time, 
- Lead brick installed between the operator and 

the source in order to minimize the γ-rays 
effects on the organism. 
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Figure 2: Specific tools and sample-carrier  
 
VALIDATION ON UO2 
Doped samples  
Our first main objective is to characterize the 
vacancy type defects induced by actinide 
decreases. Considering the different damaged 
level reached in our old doped samples, 
operating instruction evolutions needed to be 
validated.  Available samples are 20 or 30 years 
old and will be now prepared, cutting and 
polishing, for PALS analysis. Two different 
kinds of experimental studies are in progress: 

- Direct analysis of doped slices versus level 
damaged reached, 

- Thermal annealing of most active sample 
and periodic slice analysis to access to the 
population defect changes versus time (dpa). 

 
Inactive medium simulations 
Polished depleted UO2 sintered pellets (0.2 at. % 
235U), elaborated at CEA Marcoule, have been 
characterized by using Positron Annihilation 
Spectroscopy (PAS) in the CNRS/CEMHTI 
laboratory. 
In fact, during polishing operation, a thin layer is 
created on the surface of samples whose 
characteristics are different from those of the 
origin material. In order to eliminate, partially or 
totally the defects created on the surface, an 
annealing at defined temperatures can be 
realized.  
Thus, the necessary temperature used to calibrate 
the nuclearized spectrometer was determined by 
carrying experiments on UO2 sintered disc pellets. 
Moreover, annealing conditions available in the 
DHA facility are 1400°C under a mixture of 
hydrogenated argon (ArH2) gas. The aim of the 
study was to test these annealing conditions in 
order to verify the feasibility of the analysis after 
these treatments. 
Four sintered samples (called Ya1/Ya2 and 
Ya3/Ya4) occurring from the same set have been 
respectively annealed at 1400°C and 1500°C, 4 
hours under ArH2. First, surface samples were 
analysed by Doppler broadening spectroscopy, 
along with a slow positrons beam [17]. In this case, 
measures were realized versus energy of incident 
positron. Second, the sintered pellets have been 
characterized in depth by using positrons lifetime 
spectroscopy [17]. 
The remaining surface defects, resulting of the 
1500°C/4 hours/ArH2 annealing tests, were 
revealed by using the Doppler broadening 
spectroscopy results [17]. Therefore, it was 
necessary to estimate the influence of these defects 

on the quality of the future positrons lifetime 
measures realized in controlled area. Table I 
summarizes positron lifetime analysis results: 
 

Table 1: Positron lifetime experiment results (1) 
Lifetime components Source / samples 

Annealing temp. 
τmean 

(ps) τ1 
(ps) 

I1 
(%) 

τ2 
(ps) 

I2 
(%) 

τ3 
(ps)

I3 
(%) 

UO2 / Al15 / UO2  
168.7 
± 1.1 

168.
7 ± 
1.1 

100     

No 
anneal. 

Ya3/Al15
/Ya4 

187.1 
±  1.6 

165.
2 ± 
1.3 

87.3 307 12.3 
± 1.1

1326  
   ± 
330 

 0.4 

1500 °C Ya3/Al15
/Ya4 

169.2 
± 0.3 

169.
2 ± 
0.3 

100     

1400 °C Ya1/Al15
/Ya2 

169.0 
± 0.4 

169.
0 ± 
0.4 

100     

 
By deduction: 
- For the non-annealed samples pair Ya3/Ya4, 

the analysis allows the extraction of 3 
positrons lifetime components. 
The first (τ1=165.2ps/I1=87.3%) is roughly 
equal to positrons lifetime in UO2 network. 
Second component (τ2=307ps/I2=12.3%) is 
about positrons lifetime in a defect existing in 
samples previously identified in CNRS/CEMHTI 
inside the same material [8]. Finally, the last 
component (τ3=1326ps/I3=0.4%) is originated 
from a porosity defect, 

- Annealed at 1500°C/ 4 hours/ArH2, this 
samples pair leads to a single lifetime 
component(τ=169.2ps/I=100%) close to 
positrons lifetime values obtained on 
references samples (τ=168.7ps/I=100%), 

- The Ya1/Ya2 analysed pair which was 
annealed at 1400°C/4 hours/ArH2, showed an 
only lifetime component estimated at 169 ps 

Finally, positrons lifetime spectroscopy analysis 
have underlined that polishing defects, remaining 
inside annealed samples, did not show any 
influence on the realization of reference samples 
for the future lifetime experiences. 
    Nevertheless, Ya3/Ya4 samples were 
extracted from old depleted UO2 pellet and the 
second component (307 ps before annealing), 
should also attests of α defect presences due to 
U decrease. According to the experimental 
study [18], the polishing process induces 
defects localized in the first ten-micrometers of 
thickness, where positron annihilation 
probability is low. 
 
First results of nuclearised spectrometer 
calibration in controlled area 
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In this case, the radioactive source is a 22NaCl 
deposit on a 1µm thickness Ni foil. 
Some analysis were realised on GaAs reference 
samples allowing comparison with earlier 
results obtained in inactive area at the 
CNRS/CEMHTI. Then, two depleted UO2 sintered 
pellets, firstly analysed in CNRS/CEMHTI, have 
been characterized in Atalante. 
 Results are summarized in table II. 
 

Table II: First results of reference sample 
analysis 

Lifetime comp. 
 Source / 

Samples 
τµεαν 
(ps) τ1 (ps) I1 (%) 

UO2: Ya3/Ni2/Ya4 186.8 186.8 ± 
0.6 100 CEA 

Marcoule GaAs: 
GaAs/Ni2/GaAs 232.9 232.9  ± 

0.4 100 

UO2: Ya3/Ni2/Ya4 185.2 185.2 ± 
0.8 100 

CEMHTI 
Orléans GaAs: 

GaAs/Ni2/GaAs 232 232.0  ± 
0.7 100 

 
The variations between expected and obtained 
values are currently explicated by the difficulty 
of the determination of positrons source 
annihilation components in the recently 
fabricated source with nickel deposit-film. 
Nevertheless, equivalent results were obtained 
in inactive area with the same radioactive 
source and reference samples. 
 
CONCLUSIONS 
Our implanted equipment is now validated 
thanks to inter-comparisons on depleted UO2 
samples both analyzed at CEMHTI and LMPA, 
with identical positron source. 
At the same time, the dose cartography 
validated also the operating instructions for 
experimentation putting in. 
Despite some differences between lifetime 
absolute values and literature data’s, this 
equipment is from now operational for relative 
measurements, as planned here on doped 
samples. 
But tests and experimentations still in progress 
for a precise lifetime characteristic value 
determinations in UO2 matrices. 
The overall protocols defined and validated in 
this study will be afterwards adapted and can be 
applied to nuclear matrices for defect impact 
analysis, such as:  

- Inert matrices, SiC or ZrC type 
- Metallic alloys for  F.P. confinement, 
- Future doped actinide nuclear fuels. 

 
 
 

REFERENCES 
[1].  D. Roudil, X. Deschanels, C. Jégou, MRS   
Gent (B) Sept 2005 - Mat. Res. Soc. Symp. 
Proc. Vol 932 pp 529-536 (2005) 
[2]. Y Pipon , D. Roudil , H. Khodja, C. 
Raepsaet, C. Jégou , Effects of α self irradiation 
on helium migration in (U,Pu)O2 samples 
Atalante 2008  
[3]. D. Roudil, B. Folch,  R.Pik , M.Cuney , C. 
Jegou,  F.Gauthier-Lafaye Old natural uranium 
oxide spent fuel surrogates contribution study 
to the impact of helium production on long term 
evolution of UO2 matrix Atalante 2008 P4-21 
[4]. . J. Bonhoure ; R. Pik ; D. Roudil ; M. 
Cuney ; C. Jegou ; F. Gauthier-Lafaye, 
radiogenic helium diffusion in natural uranium 
oxides submitted to the Journal of Nuclear 
Materials (2007) 
[5]. W. Anwand, G. Brauer, P.G. Coleman, W. 
Skorupa, Mat. Res. Symp. Proc, vol 504 (1998) 
[6]. L. Henry, M.F. Barthe., C. Corbel, P. 
Desgardin , G. Blondiaux, S. Arpiainem, L. 
Liszkay, Physical Review B 67 (11) pp15210-
1-10(2003) 
[7]. M.F. Barthe, S. Guilbert, H. Labrim, P. 
Desgardin, T. Sauvage, G. Blondiaux, G. 
Carlot, P. Garcia, J.P. Piron, Materials Science 
Forum Vols 445-446 pp 48-50 (2004) 
[8] H. Labrim, PhD thesis of the University of 
Orleans (2006) 
[9]. Z. Zhiong, J Yunafan, L. Changlin, S. 
Youmei, Z. Chongchong, M. Qinghua, Nucl. 
Instr. and  Meth. In Phys. Res. B 146 pp 445-
461 (1998) 
[10]. A.P. Druzhkov, V.L. Arbuzov, Perminov 
D.A., J. of Nucl. Mat 341 pp 153-163(2005) 
[11]. B. Oudot, N. Baclet, L. Jolly, B. Ravat, C. 
Valot, P. Julia, M. Grivet Plutonium Futures 
CP673 the Science, ed G.D. Jarvinen- (2003) 
[12]. M.F. Barthe, C. Corbel, G. Blondiaux; 
Techniques de l’Ingénieur, P3 (P145) p.2610.1-
.23 (2003) 
[13]. R.N. West, positrons in solids P Hauhjarvi 
Springerverlag edn 1979 
[14]. A. Dupasquier, A.P. Mills (eds) Positron 
spectroscopy of solids - North-Holland 
Amsterdam 1994 
[15]. B. Oudot, PhD thesis university of 
Franche Comte - 2005 
[16] P. Kirkegaard, N.J. Peterson, M. Eldrup; 
Riso-M-2, p.740 (1989) 
 [17] F. Vella ; Mémoire Master 2, (2007) 
[18]. Hj. Matzke, A. Turos, JNM 114 pp 349-
352(1983) 


