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Abstract

In a nuclear reactor, >>Cl present as an impurity in the nuclear fuel is activated by thermal neutron capture. During
interim storage or geological disposal of the nuclear fuel, *°Cl may be released from the fuel to the geo/biosphere and
contribute significantly to the ‘instant release fraction’. In order to elucidate the diffusion mechanisms, both irradiation
and thermal effects must be assessed. This paper deals with the thermal diffusion of chlorine in depleted UO,. For this pur-
pose, sintered UO, pellets were implanted with *’Cl at an ion fluence of 10'* cm ™2 and successively annealed in the 1175-
1475 K temperature range. The implanted chlorine is used to simulate the behaviour of the displaced one due to recoil and
to interactions with the fission fragments during reactor operation. The behaviour of the pristine and the implanted chlo-
rine was investigated during thermal annealing. SIMS and p-XAS (at the Cl1-K edge) analyses show that:

(1) the thermal migration of implanted chlorine becomes significant at 1275 K; this temperature and the calculated acti-
vation energy of 4.3 eV points out the great ability of chlorine to migrate in UO, at relatively low temperatures,

(2) the behaviour of the implanted chlorine which aggregates into ‘hot spots’ during annealing before its effusion is
clearly different from that of the pristine one which remains homogenously distributed after annealing,

(3) the ‘hot spot’ and the pristine chlorine seem to be in different structural environments. Both types of chlorine are
assumed to have a valence state of —I,

(4) the comparison between an U,0O,Cls reference compound and the pristine chlorine environment shows a contribu-
tion of the U,0,Cls to the pristine chlorine.
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1. Introduction

Among fission or activation products such as
1291, 133Cs, *Te, 'C and *°Cl, '*T and **Cl domi-
nate annual dose rates at the outlet in most refer-
ence and degraded scenarii of spent fuel disposal
[1]. Due to its solubility and poor retention in the
near field, **Cl is known to contribute significantly
to the instant release fraction. Moreover, due to
its volatile behaviour, it is likely to be released to
the atmosphere in case of a reactor incident. It is
therefore important to assess its behaviour during
in pile processes.

Pristine chlorine (*°Cl: 75.77% and *’Cl: 24.23%)
is present as an impurity in the nuclear fuel
(<5 ppm). During reactor operation, *°Cl is pro-
duced by neutron capture according to the *Cl(n,
7)°°Cl reaction which has a rather large cross-
section for thermal neutrons (around 33 barns).
During in pile processes, part of the *°Cl atoms will
be displaced from their original positions due to
recoil or to collisions with the fission products.
The chlorine atoms are therefore likely to occupy
different sites in the fuel structure and may have
different chemical states. In this study, implanted
37Cl was used to simulate the behaviour of the dis-
placed chlorine. The main results obtained by sec-
ondary ion mass spectrometry (SIMS) on the
thermal behaviour of chlorine are presented
together with information on the structural environ-
ment obtained by micro X-Ray absorption spectros-
copy (XAN).

In a previous paper [2], the great ability of the
implanted chlorine to diffuse was pointed out in
comparison with fission products as iodine or
xenon. Chlorine becomes mobile from temperatures
as low as 1275 K. SIMS results showed the con-
trasted behaviour between the implanted *’Cl and
the pristine one simulated by *>Cl. *’Cl diffuses to
the grain boundaries and aggregates near the sur-
face of the samples after annealing in the tempera-
ture range 1275-1475 K before its release at higher
temperatures. In this paper, complementary infor-
mation is given on the chemical state and the envi-
ronment of the pristine and implanted chlorine
obtained by p-XAS.

2. Experimental procedures

In order to simulate the thermal diffusion of chlo-
rine in UO,, sintered depleted (0.3% *°U) UO, pel-
lets of 8 mm diameter and 1 mm thickness were
used. The samples have been polished and succes-
sively annealed at a temperature of 1775 K under
H, atmosphere in order to anneal the defects result-
ing from polishing.

In order to control the surface stoichiometry of
the samples, XPS measurements have been per-
formed on the pellets before and after implantation
and annealing. The results (not shown here) indicate
a slight deviation from stoichiometry for the ura-
nium dioxide which is under the form of UO,,,.
It is to note that the initial stoichiometry of the vir-
gin pellets remains unchanged after implantation
and annealing.

The samples were implanted with *’CI" at the
Nuclear Physics Institute of Lyon (implantation
energy of 270 keV) with an ion fluence of 10'* cm 2
for SIMS analyses and 10'* cm ™ to improve the sig-
nal to noise ratio for XAS experiments. The *’Cl pro-
jected range (R,) calculated with SRIM [3]is 150 nm
and the maxima of the *’CI concentration in atomic
percent is 0.0007 (7 ppm). The implantation ion flu-
ence of 10'* cm ™2 was chosen in order to minimize
probable effects due to release and/or trapping usu-
ally observed at high ion fluences (above 10'* cm ™2
for volatile fission products (as Xe and I).

The implanted samples were then annealed in a
tubular furnace in the 1175-1475 K temperature
range under secondary vacuum (around 10~'° bar)
degraded by a H, flow (until around 1077 bar).
These conditions allow maintaining the stoichiome-
try of UO, [4].

Dynamic SIMS was carried out to study the spa-
tial distribution of *’Cl in untreated ‘virgin’ sam-
ples, in as-implanted and in annealed samples.

Moreover and, in order to obtain molecular-level
information on the speciation and the structural
environment of chlorine in UO,, p-XRF and
W-XAS experiments at the chlorine K-edge
(2.822 keV) were performed at the LUCIA beamline
at the swiss light source (SLS), Paul Scherrer Insti-
tut (PSI), Villigen, Switzerland. The beamline has
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been designed to deliver a photon flux of the order
of 10" 57" on a few pm? spot size within the energy
domain of 0.8-8 keV [5]. The pu-XRF/XAS experi-
ments were performed using the Si(111) crystal
pair in a water cooled fixed-exit double-crystal
monochromator.

The final focusing of the X-ray beam was done
using a Kirkpatrick—Baez (KB) system. In the study,
beam size used for the p-XRF/XAS investigations
was ~5 x 7 pm>.

XAS data were analyzed using the ATHENA
software [6] and XAFS 3.0 software [7]. Two to
ten spectra were averaged before being background
subtracted and then normalized using standard pro-
cedures. The inflection point of the CI-K absorption
edge for each spectrum was determined from the
energy of the maximum of the first derivative.

To understand geometric and electronic structure
effects, XAS simulations were performed using the
FEFF 8.2 code [8]. This includes the use of self-con-
sistent muffin-tin potentials, full multiple scattering
theory and Z + 1 approximation.

Continuous Cauchy wavelet transforms (CCWT)
was also computed on the normalized XAS spectra.
As compared to conventional Fourier transform
(FT) procedures, WT provides a more detailed anal-
ysis of the XAS signals, with a reciprocal space-
direct space 3D correlation [9]. Among others, this

procedure allows to discriminate the backscattering
neighbouring atoms (here: U, O, etc.) around the
central absorbing atom (here: Cl).

3. Results
3.1. SIMS results

In a previous paper, the great ability of the
implanted chlorine to migrate was pointed out [2].
Mobile anion vacancies have been suggested to pro-
vide preferential paths for anion directed migration.
After a 10 h annealing at 1475 K, most of the chlo-
rine has disappeared from the sample. At that point,
the measured ratio of the implanted chlorine (*’Cl)
versus the original one (*°Cl) is 1.2 whereas the
natural isotopic ratio is 0.3. This shows that a cer-
tain amount of the implanted *’Cl remains in the
sample. A comparison of the maps corresponding to
the ionic distributions of *’C1~, *CI~ and »%(UO)~
before and after 10 h annealing at 1475 K is pre-
sented in Fig. 1. It can be seen that the pristine
33Cl and the implanted *’Cl are homogeneously dis-
tributed in the grains before annealing (Fig. 1(a)
and (c)). After annealing, *°Cl is still homo-
geneously distributed (Fig. 1(f)) whereas 3’Cl aggre-
gates into ‘hot spots’ (Fig. 1(d)). Moreover, these

Fig. 1. Concentration maps of *’Cl, >**UO and **Cl made by SIMS on an as-implanted UO, sample (top pictures (a—)) and on an
annealed UO, sample (bottom pictures (d—f)). A relative concentration scale is indicated with dark grey standing for a high concentration.
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aggregates do not seem to be gaseous, as no ‘flash’
of chlorine was observed during analysis.

This behaviour points out the necessity to iden-
tify the structural environment and the chemical
state of the pristine, the implanted and the chlorine
in the ‘hot spots’.

3.2. u-XRF mappings and u-XAS spectra

pu-XAS experiments were performed on one hand
on ‘virgin’ and, on the other hand, on implanted
and annealed UO, samples as well as on following
reference compounds:

— NaCl and NaClO4, because of their different
valences, namely CI(—I), CI(+VII),

— LaCls, which is isostructural to UCl; (CI(—1)),

— UCly and U,0,Cls; these two last compounds
were carefully handled under an He or N atmo-
sphere because of their hygroscopicity. Uranium
occurs in two valences, +IV and +V, in U,0,Cls
[10]. This last type of compounds as well as other
uranium oxichlorides (such as UOCI, UO,CI,
UOCI;, UO,Cl,, etc.) and chlorides (such as
UCIs) or a mixture of them might be formed dur-
ing annealing. However, UO,Cl is not stable at
temperatures higher than 923 K and UO,Cl,
decomposes at temperatures higher than 773 K
[10].

The structural information and the environment
of chlorine in these samples are presented on Table

Table 1

1 (information on uranium references are taken
from the thesis of Levet [10]). The measured ener-
gies of the absorption edges (see the experimental
procedure) are shown on Table 2. Different experi-
mental sessions result in a reproducibility in edge
position of about 0.3 eV.

Fig. 2(a) presents the Cl K-edge XAS spectra
collected on U,0,Cls, UCl, and LaCl;. The shape
of the XAS spectra of U,O,Cls and UCly are quite
similar and they have the same absorption edge
position. On these compounds spectra, a more or
less pronounced shoulder is also present on the
absorption edge. This could reflect transitions to
molecular orbitals with both Cl 3p and metal char-
acter as suggested by Shadle et al. [11]. This author
has shown that pre-peak feature (not observed
here), well separated from the rising edge, is absent
in metal systems with a full d-manifold. To confirm
that, the LaCl; spectrum does not display any
pre-peak or shoulder because the La’' electronic
configuration is that of the rare gas Xe which does
not have an open shell. The ground state electronic
structure of uranium is the following: [Rn]5f*
6d'-7s%. In UO, and in the uranium reference com-
pounds, the formal charge carried by uranium ions
is between +4 and +5. This means that the configu-
ration is between [Rn}-5f° and [Rn]-5f* reflecting a
semi-conductor behaviour and an open f shell.
The shoulder displayed on the XAS spectra of the
U reference compounds could be assigned to transi-
tions to molecular orbitals reflecting bonds between
Cl and U.

Structural information of the reference compounds used for the u-XAS experiments (valence, crystallographic system and chlorine

environment in the lattice)

Compounds  Cl valence Crystallographic system Chlorine environment Distances (A)
(space group)
LaCl; -1 Hexagonal (P63/m) Cl bond to 2 Cl atoms R(CI-Cl) =2.19
UcCl -1 Tetragonal (14/amd) Cl bond to 2 U atoms R(Cl-U) =2.64
U,0,Cls -1 Orthorhombic (Cmmm) 2 different sites where Cl is R (Cl-U) = 2.68
bond to U atoms R,(Cl-U) =2.73
NaCl -1 Cubic (Fm3m) Cl surrounded by 6 Na atoms R(Cl-Na) =2.82
NaClO,4 +VII Orthorhombic (Cmem) Cl bond to 2 O atoms and to 2 R{(Cl-0) =143
others O atoms R,(Cl-0) =1.44
Table 2

Energy positions of the absorption edges of the experimental reference compounds and the UO, samples

Compound LaCl; Cl-UO, virgin

CI-UO, annealed NaCl UcCly

U202C15 NaClO4

Eo (eV) 28225 2822.5 2823.5

2824.5 2824.5 2824.5 2833.0

Different experimental sessions result in reproducibility in edge position of about 0.3 eV.
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Fig. 2. XAS spectra of several references compounds and some

of their associated FEFF simulations. (a) Spectra of LaCl;, UCly and

U,0,Cls. (b) The comparison of the XAS spectra and FEFF simulation on NaCl and NaClOy,.

Fig. 2(b) shows the NaCl and NaClO4 XAS spec-
tra and their respective FEFF simulations. NaCl
and NaClO, are well-known common reference
compounds for chlorine usually used to calibrate
FEFF simulations of chlorine XAS spectra. First
of all, FEFF simulation of NaCl was performed
with an 81 atoms lattice. The NaCl FEFF spectrum
is quite coherent with the experimental spectrum
except for the main peak after the edge which is

broader on the experimental spectrum. The NaClO4
FEFF simulation does not fit perfectly the experi-
mental spectrum but is nevertheless quite coherent
with it. This difference between the two spectra is
due to the fact that it was not possible to analyze
a pure end member as this compound contained
some impurities among them NaCl.

The comparison between the experimental NaCl
and NaClO, spectra shows that the edge energy is
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shifted from 2822.3 eV on LaCl; and 2824.5eV on
NaCl to 2833 eV on NaClOy reflecting the shift of
the formal charge of chlorine which is —I in NaCl
and LaCl; to +VII in NaClOy. This type of shift
has been used in the literature to evaluate a depen-
dence between the absorption edge energy and the
charge of the element. Some studies on other ele-
ments such as molybdenum, manganese and pluto-
nium [12-14] have pointed out a linear dependence
between the X-ray edge position and the quantity
called the ‘coordination charge’. This effect was
already observed by Shadle et al. [11] who noted a
10 eV shift in the absorption edge energies of KCI
and NaClO4. Myneni [15] also reports respective
edge energies of 2822.3e¢V and 2832eV for Cl
in —I (KCI) and +VII (NaClO,). Nefedov et al. [16]
measured ‘more realistic’ charges on Cl compounds
using Auger spectroscopy. The charge on Cl in KCl,
KClO; and KClO4 was determined to be —0.87,
+1.49 and +1.91, respectively. Shadle et al. deter-
mined a linear relationship between these realistic
Cl charges and the corresponding measured absorp-
tion edge energies [11]. According to the equation
determined by Shadle et al. (¢=-916.66+
0.32425 eV~!(x) where ¢ is the charge on Cl and x
the edge position in eV), the difference between
the absorption edges of CI(0) and CI(—I) is
around —3 eV. Chlorine in a formal charge of +I
should have an edge position around 2830 eV. How-
ever, other works of Huggins et al. [17] and Filipp-
oni et al. [18] show that the relationship between
absorption edge and charge seems not to be linear
anymore for low valences of chlorine. These
authors, investigated references such as Ca(ClO),
with CI(+I), NaClO, with CI(+III) and NaClO;
with CI(+V). Table 3 resumes the absorption edge
energies of chlorine references from the literature
and from this work for Cl charges in the range
(—=D)—(+VII). This table shows that the absorption
edge energy of NaCl is higher than that of Ca(ClO),
and that the linear relationship determined by Sha-
dle et al. cannot be used for Cl valences between
(=I) and (+10).

u-XRF maps (600 x 600 um?) at 3 keV collected
on the ‘virgin’ and the as-implanted samples

confirmed the expected homogeneous chlorine
distribution. Consequently, for both ‘virgin’ and
as-implanted samples, u-XAS spectra were collected
on random areas of the samples.

As the pristine chlorine is present as impurity at
the ppm level in UO,, several spectra were collected
on the same spot of the ‘virgin® UO, to check for
potential kinetic effects of the beam (Fig. 3). An
evolution of the spectrum under the beam can be
observed during the analysis. The edge crest of the
first scan is composed of a singlet, centered at
2827 eV. It decomposes with time after about one
hour (cf Fig. 3 — 3rd scan) into a doublet (2824.5
and 2827 eV). The last scan shows a less intense
XAS feature at 2827 eV and a shoulder at its higher
energy (2832 eV) side appears. Because of this rela-
tively slow evolution, for further interpretation,
only the first scan will be considered as representa-
tive of the pristine chlorine.

The XAS spectra for the as-implanted sample are
similar to those for the ‘virgin’. This is because the
depth probed by CI-K edge XAS in fluorescence
mode (a few micrometers) is much greater than
the actual implanted depth (400 nm). Therefore,
the main contribution to the XAS signal comes
from the pristine chlorine.

An XRF map collected on the sample that was
both implanted and annealed shows that chlorine
is heterogeneously distributed with a number of
‘hot spots’ (presented in a previous paper [2]). The
size of the chlorine-enriched hot spots strongly var-
ies from a few nm in diameter up to sizes over
100 nm. Based on more spatially resolved SIMS
maps, these ‘hot spots’ correspond to aggregates
of smaller Cl-enriched ‘clusters’.

For the annealed sample, different chlorine
enriched ‘hot spots’ were selected for p-XAS inves-
tigations.

u-XAS spectra were performed on a selected ‘hot
spot’ of the annealed sample. As it has been
observed for the virgin sample, an evolution of the
spectrum under the beam can be observed as shown
on Fig. 4. A doublet with one peak centred at
2824 eV and a more intense one centred at
2826 eV decomposes after about one hour into a

Table 3

Energy positions of the absorption edges with their associated errors of some chlorine references

Compound NaCl Cl, (gaseous) Ca(ClO), NaClO, NaClO; NaClOy4
Chlorine valence -1 0 +1 +I11 +V +VII
Reference This work [17] [17] [18] [18] This work
Ey (eV) 2824.5+0.3 2820.7+0.2 2821.9+0.2 2825.94+0.2 2830.2+0.2 2833.0+0.3
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Fig. 3. XAS spectra showing the evolution of the pristine chlorine under the photon beam.

doublet where the first peak of the doublet, which is
centred at 2825 eV, is very intense whereas the sec-
ond one centred at 2828 eV is less intense. More-
over, a pre-edge feature labelled A appears. As
previously, the first scan will be considered as repre-
sentative of the ‘hot spot’ chlorine.

The ‘hot spot’ first scan XAS spectrum of the
annealed sample is compared to the pristine chlorine

XAS spectrum of the virgin sample on Fig. 4. The
shape of the spectrum of the annealed UO, is quite
different from the ‘virgin’ one with an E, energy
shift of +1 eV of the annealed sample with respect
to the virgin UO, (Table 1).

Therefore, it can be assumed that the chlorine in
the ‘hot spots’ and in the virgin UO, have two dif-
ferent environmental configurations.

2824 | | 2826

Normalized Absorption ( -)

last scan of the "hot spot" chlorine

first scan of the "hot spot" chlorine

pristine chlorine

2810 2820 2830 2840 2850

2860 2870 2880 2890 2900

Energy (eV)

Fig. 4. Comparison of the XAS spectra of the pristine chlorine in the ‘virgin’ UO,, the first scan and the last scan of the ‘hot spot’ chlorine

in the implanted and annealed UO,.
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3.3. Wavelet transforms

Wavelets (WT) have been used in order to inves-
tigate the first neighbours and their respective dis-
tance to chlorine. WT have been computed on the
‘virgin’ and on the implanted-annealed UO, as well
as on NaCl, UCl, and U,0O,Cls to help with the iden-
tification of the next-nearest neighbours. Despite of
its limited k-range, WT of the XAS provide insights
on the local structures, particularly in highly locally
disordered system such as chlorine in UO, [9].

Fig. 5(a) shows the 2D WT picture of the NaCl
FEFF data used as a reference. NaCl is the perfect
compound for that because the two main contribu-
tions of the XAS spectrum come from simple
scattering pairs which are Na—Cl (theoretical dis-
tance = 2.82 A) and CI-Cl (theoretical distance =
3.89 A). The two intense contributions (around
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2.5A and 3.5 A) correspond to the backscattering
pairs (Na—Cl) and (CI-Cl). The comparison of these
distances with the formal ones (Table 4) allows to
deduce the phase-shift around 0.35A. The less
intense contribution (around 1.5 A) is probably an
artefact.

Similar analyses have been made for UCl, and
U,0,Cls. Fig. 5(b) and (c) shows the WT of the
two compounds. For U,O,Cls (Fig. 5(b)), the back-
scattering pair around 2.3 A (2.65 when corrected
by phase-shift) corresponds to the Cl-U bond
(2.68-2.73 10\). For UCl, (Fig. 5(c)), the backscatter-
ing pair around 2.2 A (2.55 when corrected by
phase-shift) corresponds to the CI-U bond (2.64 A).

The WT performed on the ‘virgin’ sample for the
first scan is presented in Fig. 5(d). A single backscat-
tering contribution can be observed around 2.3 A,
which could correspond to uranium first neighbours.
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1 4 2
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Fig. 5. Wavelet transforms performed on references and on the ‘virgin’ UO,. (a) FEFF NaCl spectrum, (b) U,0,Cls, (¢) UCly, (d) first

scan of the pristine chlorine in the ‘virgin® UO,.
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Table 4
Chlorine-first neighbours bond lengths in the references

Shell First next neighbour

distances (A)

Second next neighbour Third next neighbour
distances (A) distances (A)

NaCl R(CI-Na) =2.82
NaClO, R,(CL-O) = 1.43

R(Cl-0) = 1.44

U202C15 R](CI*U) = 268

R,(Cl-U) =2.73

ucy, R(CI-U) =2.64

R(CI-CI) = 3.89

R(CI-CI) = 3.21 R(CL-0) = 3.43

R(CI-Cl) = 3.10

The WT performed on the first scan of a ‘hot

spot’ is not shown due to the very noisy back-
ground.

4. Discussion and conclusion

Based on the presented SIMS, XAS and WT

data, the following has been observed:

The position of the edge energy reflects a negative
charge for the chlorine in all reference com-
pounds except for NaClOy4. Using the linear rela-
tionship of Shadle et al., pristine chlorine and
chlorine present in the ‘hot spots’ would display
a negative charge, This agrees also with the edges
of LaCls, UCl4 and U,0,Cls where Cl has a neg-
ative charge. However, according to the data
obtained by Huggins and Huffman [17] and
Filipponi et al. [18], the linear relationship
between valence and edge energy is not straitfor-
ward for low Cl valences. The assumed negative
charge of the pristine and ‘hot spot’ chlorine
has therefore to be confirmed by analysing other
references with low CI valences.

XAS spectra of pristine and hot spot chlorine
probably exhibit two distinct entities of Cl spe-
cies. Each type of chlorine seems to be in an
ordered structural environment.

Comparing the pristine and hot spot spectra to
the LaCl; spectrum, it can been deduced that
there are no species such as UCl; (as LaCls is iso-
structural to UCl;).

The differences regarding edge position and edge
shape probably reflect a change in coordination
state between the two species present in the ‘vir-
gin’ and in the implanted-annealed UO, samples.
A clear influence of the photon beam has been
evidenced on the pristine chlorine: the progres-
sive decomposition of a singlet into a doublet.
The WT performed on the first scan seems to

indicate a distance around 2.3 A (not corrected
for phase-shift) which could be a Cl-U bond. A
hypothesis can be made to explain the evolution
of the spectrum under the beam: E. M. Moujahid
et al. [19] have shown a similar spectrum (with a
doublet and a shift of —2 eV of the energy of the
absorption edge with respect to NaCl) for ZnCl,.
This evolution was interpreted by a ‘dynamic
behaviour’ of the interlayer Cl-anions (shown
by NMR spectroscopy by Kirkpatrick et al.
[20]) initiated by a thermal treatment which
could, in the present study, correspond to the
X-Ray photo-evolution.

— The influence of the beam has also been evi-
denced in the case of chlorine in the hot spots
with a clear change in the shape of the spectrum.

Following main conclusions may be inferred
from the data:

(1) The wavelet transforms (WT) of U,0,Cls and
pristine chlorine display similarities. This
could indicate that the chlorine environment
of the pristine chlorine is close to U,O,Cls.

(2) Both pristine and ‘hot spot’ chlorine display
most probably a negative valence. This fact
agrees with the hypothesis of anionic trans-
port of chlorine along mobile anion vacancies
induced by the implantation defects.

(3) A drawback of these experiments is a poor or
noisy EXAFS signal. The use of a cryostat
would allow to minimize or to avoid the evo-
lution of the spectra during beam irradiation.
It would may be allow to get a better EXAFS
signal on the chlorine in the hot spots.
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