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Abstract

An inter-laboratory comparison has provided enhanced confidence in a novel out-reactor method that has been developed for inves-
tigating the migration behaviour of fission products in oxide nuclear fuels. Changes in the distribution of ion-implanted fission products
caused by thermal annealing or radiation damage are precisely determined using high-performance secondary ion mass spectrometry.
Accurate measurements of iodine thermal diffusion in stoichiometric UO2 – on single-crystal as well as polycrystalline ceramic samples
over the temperature range 1200–1650 �C for periods ranging from 1 h to 24 h – have yielded a refined Arrhenius relationship. An
increase in both the solubility and diffusion rate of iodine by two orders of magnitude compared to stoichiometric fuel was found when
the annealing was performed at 1400 �C under slightly oxidizing conditions sufficient to achieve a nominal O/U ratio of 2.02. These
effects are consistent with the increase in the population of uranium lattice vacancies predicted by a thermodynamic model for the defect
structure of UO2+x.
� 2007 Elsevier B.V. All rights reserved.

PACS: 66.30.�h; 66.30.Jt; 82.80.Ms; 85.40. Ry
1. Introduction

Segregation of fission products with low solubility in
uranium dioxide is a determining factor for performance
and safety throughout the nuclear fuel cycle [1–4]. At high
burnup, release of inert fission gases from the fuel matrix
can be sufficient to cause overpressure strain of the fuel
sheath (cladding). Several volatile fission products, most
notably iodine, have been implicated in fuel failures caused
by stress-corrosion cracking (SCC) of the zirconium alloy
sheath [5]. Moreover, release of radionuclides from
defected fuel elements during reactor operation contributes
to activity transport and occupational radiation exposures
[3]. Accumulation of segregated fission products at the fuel
grain boundaries and at the fuel–sheath interface also
enhances the potential for release of radioactivity to the
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environment in the event of an accident and from spent fuel
during storage or after permanent disposal [2–4]. Despite
the significant progress that has been achieved over the past
half century in understanding the properties of oxide
nuclear fuels, there is still considerable uncertainty in the
migration behaviour of several key fission products [1–4].

The first stage, and normally the rate-determining step,
in segregation and release of fission products is diffusion
to the fuel grain boundaries [3]. During reactor operation,
three distinct regimes have been recognized, which are
dependent upon whether the two processes necessary for
diffusion – formation of vacancies and migration of vacan-
cies – are predominantly controlled by thermal activation
or radiation [6]. Migration of lattice atoms and fission
products has been shown to be athermal and directly
proportional to the fission rate at temperatures below
�1000 K. This radiation-induced diffusion (RID) has been
interpreted as resulting from transient thermal-spike and
pressure-gradient effects that occur along fission tracks
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[6–8]. At higher temperatures, fission products can move by
thermally activated jumps between lattice vacancies created
by radiation damage – providing radiation-enhanced diffu-
sion (RED) [6,8]. The formation of lattice vacancies, as
well as the movement of fission products between them,
becomes thermally controlled above �1600 K, although
thermal diffusion (TD) is usually fast enough to allow sig-
nificant segregation to the fuel grain boundaries only at yet
higher temperatures [6,9]. Because the concentration of
uranium lattice vacancies in UO2+x increases rapidly as a
function of x, any appreciable degree of hyperstoichiome-
try would provide a greatly enhanced population of sites
that can be occupied by migrating fission products, in both
the RED and TD regimes [9–12]. If the solubility limit of a
particular fission product in the fuel matrix is exceeded,
precipitation as microscopic intragranular particles or bub-
bles may occur. These sites can act as effective traps or
sinks for that fission product, thereby inhibiting its migra-
tion through the fuel matrix, unless they are disrupted by
fission spikes or displacement cascades – radiation-induced
re-solution [13,14].

Information on the diffusion of fission products in oxide
nuclear fuels has been derived historically from measure-
ments of the release of radiotracers; however, the correct
interpretation of such data can be very difficult and results
spanning many orders of magnitude have been reported
[6,9,10,15–19]. Furthermore, the Booth model, which has
been used to analyze the release data, yields an effective dif-
fusion coefficient, D/a2, where a is the radius of a hypothet-
ical sphere equivalent to the diffusion volume [20]. For
experiments on polycrystalline ceramic fuel samples, evalu-
ating the appropriate value of this sphere radius introduces
considerable further uncertainty into the final result
[15,18,21]. Direct measurement of the diffusive spreading
of a concentrated source, such as a deposited film, is gener-
ally recognized as the only reliable approach for determin-
ing diffusion coefficients [16,17,19,22]. Over the past few
years, an improved method for investigating the migration
behaviour of fission products in oxide nuclear fuels has
been developed [23,24]. Tailored fission-product distribu-
tions are first created in the near-surface region of polished
wafers by ion implantation; subsequently, changes arising
from thermal annealing or radiation damage are precisely
determined by depth profiling using high-performance
secondary ion mass spectrometry (SIMS) [23,24].

A joint program to investigate the migration behaviour
of fission products in fuel using the ion-implantation/SIMS
method has been undertaken by Atomic Energy of Canada
Limited, Chalk River Laboratories (hereafter CRL) and
Commissariat à l’Énergie Atomique, Cadarache, France
(hereafter CEA). The objective of this collaboration is
not only to leverage the resources and capabilities of the
individual organizations but also to provide further confir-
mation of the results through comparison of different ana-
lytical procedures. Recent studies of the solubility and
thermal diffusion of iodine in stoichiometric UO2 and
hyperstoichiometric UO2+x (in the form of single crystals
as well as polycrystalline ceramic) are the subject of this
paper.

2. Experimental procedures

A majority of the experiments were performed using
polycrystalline ceramic UO2 wafers �2 mm thick, although
a few measurements were also made on thin slices cut from
a UO2 single-crystal for comparison. The polycrystalline
samples prepared at CRL had been sintered to �97% of
the theoretical density, with polygonal, equiaxed grains
mainly 5–15 lm in size, whereas all of the samples prepared
at CEA had achieved �98% of the theoretical density, with
grain sizes in the 5–20 lm range. Mechanical damage cre-
ated by polishing [25] one face of each sample to a
0.05 lm finish was removed by annealing at 1500 �C in
Ar–4%H2 (at CRL) or at 1400 �C in Ar–5%H2 (at CEA).
Tailored concentration profiles of iodine were then intro-
duced just below the surface of the polished face by ion
implantation; near-Gaussian distributions of 127I, with
mean projected ranges from �20 nm up to �150 nm, were
created by employing different ion-implantation energies
between 100 keV and 930 keV. The implantations were per-
formed using tandem accelerators operated by Interface
Science Western at the University of Western Ontario
(UWO) in Canada and the Institut de Physique Nucléaire
de Lyon in France. A uniform concentration was ensured
by rastering a focussed ion beam across an area larger than
the wafer, which could be subsequently divided into two or
more pieces to obtain identical duplicate samples. Different
wafers were implanted to iodine fluences spanning
four orders of magnitude, from 1 · 1015 ions/m2 to
1 · 1019 ions/m2.

Diffusive spreading of the implanted-iodine layer was
induced by annealing at peak temperatures between
1180 �C and 1650 �C for periods ranging from 1 h to
24 h, either in a high-density alumina tube furnace (at
CRL) or in a molybdenum sintering furnace (CEA). A type
B thermocouple was used to monitor the in-situ tempera-
ture. The oxygen potential within the furnace was normally
controlled by a flowing gas mixture of Ar–4%H2, which
should preserve a nearly stoichiometric UO2 composition
[18]. A few thermal anneals were intentionally performed
under slightly oxidizing conditions to achieve a nominal
O/U ratio of either 2.01 or 2.02; for this purpose, a coulo-
metric titration system was used to control the oxygen
potential within the alumina tube furnace (at CRL) [26].
A gas mixture of 1300 ppm H2 in argon was passed
through a combination electrolysis and measurement cell,
where a controlled amount of oxygen was added to it,
before entering the tube furnace. After being exposed to
the sample at high temperature, the gas mixture then
passed through a second electrolysis and measurement cell
where the amount of oxygen absorbed by the ion-
implanted sample was measured. In order to ensure that
the desired O/U ratio was achieved, the system was cali-
brated using a standard UO2 sample, of a similar weight
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and shape to the ion-implanted sample, before each exper-
iment [26].

The iodine distributions within both diffused and as-
implanted samples were measured by secondary ion mass
spectrometry using Cameca IMS 6f SIMS instruments at
three different locations: at CRL and CEA, where the
instruments have been customized for the safe handling
of radioactive materials and irradiated fuels respectively
[23,27], and at the Centre d’Informatique et de Géologie
(CIG) of the Ecole des Mines in Fontainebleau, France.
A double-focussing magnetic-sector mass spectrometer
provides high throughput for secondary ions, which are
detected with an electron multiplier operated in the sin-
gle-ion counting mode. The pressure inside the sample
chamber was <10�7 Pa during the analyzes. At CRL,
iodine was detected as I� and a Cs+ primary-ion beam
was used to enhance the yield of negative secondary ions
[28]. A focussed 10 keV Cs+ beam, with a diameter of
�30 lm and a current of �25 nA to �65 nA, was rastered
over an area of 250 lm by 250 lm on the sample surface.
Secondary ions were efficiently collected, using a 5 kV
extraction field, from a smaller region (60–100 lm in size)
located in the centre of the sputtered area in order to min-
imize crater-edge effects; comparable results were obtained
using both optical and electronic (raster) gating [28]. At
CEA and CIG, iodine was also detected as I�, but a
12.5 keV Oþ2 primary beam was used for sputtering. In this
case, the focussed primary beam, with a current of
�300 nA, was rastered over a 150 lm by 150 lm area on
the sample and the signal was extracted from a �60 lm
region (optical gating).

The depth scale for every profile recorded at CRL was
subsequently determined by measuring the depth of the
sputtered crater using a Tencor Alpha-Step 500 stylus pro-
filometer, which was routinely calibrated against a thin
step-height standard (450 ± 3 nm) purchased from VLSI
Standards Inc. Significant roughness developed in the bot-
tom of craters sputtered in polycrystalline samples, because
of differences in sputtering rates for the various UO2 grain
orientations [23]. An average crater depth was then derived
from eight line scans recorded across the central region of
each crater in two orthogonal directions; since between 50
and 100 grains are included in the analysis area, the effects
of different grain orientations should be largely averaged
out. The single-crystal samples invariably yielded craters
with a smooth, flat bottom, which allowed their depth scale
to be accurately determined. Calibration of the depth scale
on the profiles recorded at CEA or CIG was based upon
SRIM calculations [29], which can be used to obtain a good
estimate of the mean projected range of the iodine atoms
implanted into the sample. The sputtering rate, which is
assumed to be constant throughout the experiment, was
then obtained by dividing the mean projected range by
the sputter time required to reach the maximum iodine
concentration in the profile.

Depth profiles were always recorded in pairs – one from
a diffused sample and the other from its as-implanted
duplicate – under identical instrument operating condi-
tions. In a few cases, both reference and annealed samples
were coated with a very thin film of gold before the SIMS
analysis to mitigate potential surface charging. The concen-
tration scale for the as-implanted sample could be deter-
mined from the integrated area under the profile and the
known implantation fluence [28]. A relative sensitivity fac-
tor (RSF) for I� normalized to a matrix species could then
be derived for these analytical conditions [28]. Finally,
application of this RSF to the profile for the ‘diffused’ sam-
ple allowed its concentration scale to be calibrated – inde-
pendent of any loss due to volatilization from the surface.
Generally good agreement was obtained using U, UO and
UO2 as the matrix species for the RSF normalization.

Thermal annealing experiments were performed under
reducing conditions on ceramic UO2 wafers that had been
ion-implanted with 127I at 800 keV to a low fluence
(1 · 1015 ions/m2) by CEA at five different temperatures
for various periods as follows: 1180 �C for 8 h, 1280 �C
for 24 h, 1370 �C for 4 h and 7 h, 1450 �C for 3 h and
5 h, and 1550 �C for 1 h and 2 h. Duplicate samples pre-
pared in France were sent to CRL for analysis to facilitate
an inter-laboratory comparison of results obtained using
different instruments and analytical techniques. Additional
samples (both ceramic and single-crystal UO2) were pre-
pared and analyzed at CRL to complement the above suite
of experiments as follows: implants of 127I at 100 keV to
1 · 1015 ions/m2 were annealed at 1200 �C for 24 h and at
1300 �C for 5 h under reducing conditions; an implant of
127I at 930 keV to 1 · 1017 ions/m2 was annealed at
1465 �C for 2 h under reducing conditions; implants of
127I at 440 keV to 1 · 1017 ions/m2 or 1 · 1019 ions/m2 were
annealed at 1200 �C or 1400 �C for 2.5 h under slightly
oxidizing conditions.

Accurate diffusion coefficients have been derived from
the measured diffusive spreading of the iodine distributions
by numerically solving the one-dimensional partial
differential equation that represents Fick’s second law
using the Mathematica software package (from Wolfram
Research, Champaign, Illinois) [24,30–32]. An initial esti-
mate of the diffusion coefficient for each experiment was
normally obtained using a relationship derived by applying
random-walk theory to the individual jumps over atomic
distances [33]:

D ¼ ðhX iÞ2=ð2 � tÞ; ð1Þ

where D is the diffusion coefficient, hXi is the mean diffu-
sive spreading and t is the annealing time (at peak temper-
ature). These estimates provided a useful starting point for
the detailed numerical analysis of the entire profile and typ-
ically agreed reasonably well with the final result.

Aside from the differences in the analytical techniques
(SIMS operating conditions and depth-scale calibration)
between CRL and CEA described above, different
approaches were also taken to derive diffusion coefficients
from the numerical analysis of the altered profiles. At
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CRL, the numerical analysis was optimized to provide the
best overall match to all of the available data for each
experiment, yielding a single value for the diffusion coeffi-
cient. Conversely, at CEA, each pair of reference and
annealed profiles was analyzed separately and the results
from multiple analyzes (for the same experiment) were then
combined to obtain an average value for the diffusion coef-
ficient with a standard deviation.

3. Results and discussion

3.1. Thermal diffusion of iodine in stoichiometric UO2

The effects of thermal annealing at 1180 �C for 8 h on
the depth distribution of iodine ion-implanted in polycrys-
talline UO2 at 800 keV to a fluence of 1 · 1015 ions/m2 are
illustrated in Fig. 1 (sample prepared (implanted and
annealed) at CEA but analyzed at CRL). Because diffusion
of iodine under these conditions is extremely slow [24], this
represents a severe test of the sensitivity of the method. The
maximum iodine concentration at the peak of the as-
implanted reference profile (about 6 · 1021 atoms/m3) is
well below the �1022 atoms/m3 threshold level previously
identified for defect trapping [24]. Duplicate profiles
recorded from the as-implanted as well as the annealed
samples demonstrate excellent reproducibility except in
the tail of the annealed distribution, and provide clear evi-
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Fig. 1. Depth profiles of 127I as-implanted in polycrystalline UO2 at
800 keV to a fluence of 1 · 1015 ions/m2 and after a thermal anneal at
1180 �C for 8 h under reducing conditions (sample prepared (implanted
and annealed) at CEA but analyzed at CRL). The calculated (model-
prediction) distribution is indicated by the solid line.
dence of a small degree of iodine migration into the bulk
matrix as well as some reduction in the peak concentration.
A simple diffusion analysis, with a constant diffusion coef-
ficient of 3.5 · 10�20 m2/s over the entire depth (depicted
by the solid curve), provided a reasonable fit to the altered
distribution.

The impact of thermal annealing at 1200 �C for 24 h on
the depth distribution of iodine ion-implanted in polycrys-
talline UO2 at 100 keV to a fluence of 1 · 1015 ions/m2 is
illustrated in Fig. 2 (sample prepared and analyzed at
CRL); the longer annealing time and shallower initial dis-
tribution have caused a larger relative change in the iodine
distribution here. A simple diffusion analysis, with a
constant diffusion coefficient of 9.3 · 10�21 m2/s, which is
almost a factor of four smaller than the value derived from
Fig. 1, provided the best fit to the altered distribution.
Deviations between the measured and calculated iodine
distributions in the tail of the profiles in both figures, which
are emphasized by the logarithmic concentration scale,
could arise from artefacts of the SIMS depth profiling
and/or faster migration along grain boundaries. Migration
of iodine at shallow depths, near the peak in the initial dis-
tribution, might also be influenced by trapping effects or
radiation damage created during the implantation [24].

The migration of iodine (ion-implanted in polycrystal-
line UO2 at 800 keV to a fluence of 1 · 1015 ions/m2)
caused by a 24 h anneal at 1280 �C is illustrated in Fig. 3
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Fig. 2. Depth profile of 127I as-implanted in polycrystalline UO2 at
100 keV to a fluence of 1 · 1015 ions/m2 and after a thermal anneal at
1200 �C for 24 h under reducing conditions (sample prepared and
analyzed at CRL). The calculated (model-prediction) distribution is
indicated by the solid line.
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Fig. 3. Depth profile of 127I as-implanted in polycrystalline UO2 at
800 keV to a fluence of 1 · 1015 ions/m2 and after a thermal anneal at
1280 �C for 24 h under reducing conditions (sample prepared and
analyzed at CEA). Model calculations are depicted as solid lines.
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1300 �C for 5 h under reducing conditions (sample prepared and analyzed
at CRL). The calculated (model-prediction) distribution is indicated by the
solid line.
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for a sample prepared and analyzed at CEA (see Section 2
for differences in analytical procedures from CRL). Repre-
sentative duplicate profiles of the annealed sample are dis-
played here, together with the corresponding best-fit
calculations, and one as-implanted reference profile. An
average diffusion coefficient of (6.8 ± 5) · 10�20 m2/s was
derived from all of the data collected for this experiment
(multiple analyzes combined as described above).

The impact of thermal annealing at 1300 �C for 5 h on
the distribution of iodine ion-implanted in a UO2 single-
crystal at 100 keV to a fluence of 1 · 1015 ions/m2 is shown
in Fig. 4 (sample prepared and analyzed at CRL). A simple
diffusion analysis, with a constant diffusion coefficient of
4.4 · 10�20 m2/s, again provided a reasonable fit to the
altered distribution (aside from the deviations at the lead-
ing and trailing ends as discussed above). Comparison of
Fig. 4 with Fig. 3 further illustrates the potential advantage
of using shallower implants for measuring slow diffusion at
relatively low temperatures. Nonetheless, the diffusion
coefficients derived for iodine lattice migration in polycrys-
talline UO2 at 1280 �C (above) and in single-crystal UO2 at
1300 �C (here) agree within the estimated uncertainty in the
former.

The impact of thermal annealing at 1370 �C for 7 h on
the distribution of iodine ion-implanted in polycrystalline
UO2 at 800 keV to a fluence of 1 · 1015 ions/m2 is shown
in Fig. 5 (sample prepared at CEA but analyzed at
CRL). As expected, the changes in the depth distribution
of iodine are more pronounced here than those observed
at the lower temperatures above (compare Figs. 1–4 with
Fig. 5). A simple diffusion analysis, with a constant diffu-
sion coefficient of 2.8 · 10�19 m2/s, again provided a rea-
sonable fit to the key portion of the altered distribution.
Selected results from another experiment performed on a
duplicate sample at the same temperature (1370 �C) but
for a shorter period (4 h) are displayed in Fig. 6 (sample
prepared and analyzed at CEA). The average diffusion
coefficient derived from combined analyzes of multiple
depth profiles, (3.7 ± 1) · 10�19 m2/s, agrees with the pre-
ceding measurement (within the estimated uncertainty).
Previous experiments on single-crystal and polycrystalline
UO2 ion-implanted with iodine to the same fluence and
annealed at 1400 �C under reducing conditions have
yielded diffusion coefficients in the range (1.7–
3.3) · 10�19 m2/s [24,30]. The internal consistency of all
of these measurements, despite the many differences in
the experimental procedures, provides enhanced confidence
in the overall reliability of the method. Furthermore, the
present results are also entirely compatible with diffusion
coefficients derived from in-reactor measurements of iodine
release from small UO2 single crystals at 1400 �C under
reducing conditions [6].

Significant migration of iodine, which had been ion-
implanted in polycrystalline UO2 at 800 keV to a fluence
of 1 · 1015 ions/m2, after thermal annealing at 1450 �C
for 5 h is shown in Fig. 7 (sample prepared at CEA but
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analyzed at CRL). Three profiles recorded from the
annealed sample again demonstrate excellent reproducibil-
ity, whereas all of the as-implanted reference profiles were
virtually superimposed (only one shown in Fig. 7). The dif-
fusion coefficient derived from these data, 1.2 · 10�18 m2/s,
is about a factor of four greater than the values obtained
above at 1370 �C, which is qualitatively consistent with
the expected temperature dependence [24]. Essentially the
same result was obtained from a duplicate experiment con-
ducted entirely by CEA using a shorter annealing time of
3 h at 1450 �C – an average diffusion coefficient of
(1.1 ± 0.2) · 10�18 m2/s was determined from multiple
analyzes.

As illustrated in Fig. 8, even more pronounced diffusive
spreading of iodine (ion-implanted in polycrystalline UO2

at 800 keV to a fluence of 1 · 1015 ions/m2) was caused
by a thermal anneal at 1550 �C for 2 h (sample prepared
at CEA but analyzed at CRL). A simple diffusion analysis,
with a constant diffusion coefficient of 4.3 · 10�18 m2/s,
provided a reasonable fit to the altered distribution over
the entire profile, except right near the surface.
For comparison, an average diffusion coefficient of
(4.6 ± 1.2) · 10�18 m2/s was derived from multiple analyzes
of a duplicate experiment in which the sample was
annealed for only 1 h at 1550 �C (sample preparation and
analysis at CEA). The increase in the measured diffusion
coefficients between 1450 �C and 1550 �C is again qualita-
tively consistent with the expected temperature dependence
[24].

All of the samples that were thermally annealed at CEA,
regardless of the analysis conditions (I�/Cs+ versus
I�=Oþ2 Þ, show an apparent accumulation of excess iodine
right at the surface. The magnitude of this effect appears
to increase with the anneal temperature (most pronounced
in Fig. 8 and only just evident in Fig. 1). A similar behav-
iour has not been found for any of the samples prepared at
CRL – including previous high-temperature anneals of dee-
per implants (at 440 keV and 900 keV) [24,30] as well as the
results presented in Figs. 2 and 4. These observations sug-
gest that subtle differences in the conditions during the
thermal annealing could influence the release of iodine
from the surface of the sample. The general agreement
between the various measurements of the diffusion coeffi-
cient at 1370 �C and 1400 �C (above) indicates that there
was negligible impact on migration of iodine into the
matrix (in this temperature range). Conversely, the values
that were previously determined for the iodine diffusion
coefficient at 1520 �C (6.3 · 10�19 m2/s) and 1650 �C
(5.0 · 10�18 m2/s) from polycrystalline UO2 samples
annealed at CRL [24,30] fall slightly below the trend estab-
lished by the higher temperature measurements above (on
samples annealed at CEA). Whether these discrepancies
are a direct consequence of the apparent differences in
the iodine concentration at the surface or simply reflect
the overall precision of the method has not been estab-
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M. Saidy et al. / Journal of Nuclear Materials 372 (2008) 405–415 411
lished; further studies that might resolve this issue seem
warranted.

The more limited data from previous experiments (sam-
ples prepared and analyzed at CRL) were just sufficient to
derive an Arrhenius relationship for iodine thermal diffu-
sion in UO2 as follows [30]:

Dðm2=sÞ ¼ 4:75� 10�9 e�3:44 eV=kT ; ð2Þ

where k is the Boltzmann constant and T is the absolute
temperature. This relationship has been graphically de-
picted in Fig. 9, together with the previous data (red and
black points) used to derive it and the in-reactor release
measurements on small UO2 single crystals (blue points)
discussed above [6]. Extensive out-reactor measurements
of fission-gas release from irradiated-fuel samples have
yielded Arrhenius relationships that span about five orders
of magnitude roughly centred on Eq. (2) [9,16,30]. A new
Arrhenius relationship for iodine diffusion in stoichiome-
tric UO2, which is also shown graphically in Fig. 9, was ob-
tained from the best fit to all of the existing data derived
from ion-implantation experiments (except that in Fig. 1)
as follows:

Dðm2=sÞ ¼ 2:04� 10�8e�3:6 eV=kT : ð3Þ

Symbols for the new results in Fig. 9 are colour-coded pur-
ple (sample prepared and analyzed by CEA), green (sample
prepared by CEA but analyzed at CRL) and orange or
gray (sample prepared and analyzed at CRL), whereas
the older measurements (red, black and blue) were identi-
fied above. The diffusion coefficient derived from the shal-
low (100 keV) implant annealed at 1200 �C (solid orange
diamond) is clearly in much better agreement with the
higher temperature measurements (both new and old) than
that obtained from the deeper (800 keV) implant annealed
at 1180 �C (open green symbol); whether this reflects better
measurement precision for the shallow implant at low tem-
peratures or just an aberration in one experiment near the
limit of the method remains to be confirmed.

After submission of the manuscript, an additional
experiment was performed on a polycrystalline UO2 wafer
(ion-implanted with iodine at 900 keV to a fluence of
1 · 1015 ions/m2) that provides further confirmation of
the results presented above. The sample was annealed at
1700 �C for 2.5 h in a single-crystal alumina furnace tube
under flowing Ar–4%H2 and the composition of the efflu-
ent gas was monitored throughout by coulometric titration
to confirm that there had been no change in the stoichiom-
etry. A good fit to the entire diffused profile was obtained
with a constant diffusion coefficient of 1.7 · 10�17 m2/s,
which has been depicted in Fig. 9 by a solid orange circle.
This point is in excellent agreement with the solid blue line,
despite the fact that it was not included in the analysis used
to derive Eq. (3).
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3.2. Effects of stoichiometry on the solubility and diffusion

of iodine in UO2+x

Previous studies of polycrystalline UO2 that had been
ion-implanted with iodine to higher fluences (1017 or
1019 ions/m2) revealed only limited evidence of thermal dif-
fusion, even after annealing at high-temperatures (up to
1650 �C) for extended periods (up to 24 h) under reducing
conditions [24]. These results were interpreted in terms of
iodine trapping at relatively immobile defect sites, likely
intragranular particles or bubbles in the nanometre size
range. An illustrative example of the effects of thermal
annealing at 1465 �C for 2 h on the distribution of iodine
ion-implanted in a UO2 single-crystal at 930 keV to a flu-
ence of 1 · 1017 ions/m2 is presented in Fig. 10. Aside from
a slight decrease in the maximum iodine concentration,
there has been negligible change in the iodine distribution
over the peak of the profile. Conversely, diffusive spreading
in the tail of the distribution below 3 · 1022 atoms/m3 is
comparable with that observed for polycrystalline UO2
and consistent with the estimated threshold concentration
for iodine trapping [24]. A threshold of �1022 fissions/m3

has also been found for trapping of xenon during post-irra-
diation thermal anneals of trace-irradiated fuel samples
[15,17].

During irradiation of fuel within a reactor, the impact of
trapping on the mobility of fission products with low solu-
bility in the fuel matrix can be largely mitigated through
re-solution caused by thermal spikes and displacement cas-
cades associated with energetic fission fragments [13,14].
Although radiation damage can also directly enhance diffu-
sion rates (RED) below �1300 �C through creation of
excess lattice vacancies, the vacancy population is main-
tained near equilibrium at higher temperatures [6,8]. The
lowest energy site for both iodine and xenon atoms in the
UO2 lattice is a uranium vacancy combined with one or
two oxygen vacancies, and a second adjacent uranium
lattice vacancy is thought to be required for a single-step
migration event [34–36]. Furthermore, the population of
uranium lattice vacancies increases rapidly as a function
of the degree of hyperstoichiometry [11,12]. Because the
combined average valence of the fission products is slightly
less than four (plutonium fission is more oxidizing than
uranium fission), an incremental excess of oxygen can
develop within the fuel matrix as a function of extended
burnup [1,37], whereas any failure of the sheath would lead
to significant oxidation of the fuel [1–3].
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The impact of thermal annealing at 1400 �C for 2.5 h
under slightly oxidizing conditions, sufficient to produce
UO2.02, on the distribution of iodine ion-implanted into
polycrystalline UO2 at 440 keV to a fluence of
1 · 1017 ions/m2 is illustrated in Fig. 11. Duplicate profiles
recorded from the as-implanted reference as well as the
annealed and oxidized sample demonstrate excellent repro-
ducibility. Pronounced migration of iodine into the bulk
matrix has clearly been achieved here over the entire
implanted-ion distribution. The maximum concentration
at the peak of the as-implanted reference profile in
Fig. 11 (�8 · 1023 atoms/m3) is well above the threshold
level identified for defect trapping of iodine in stoichiome-
tric UO2 [24,30]. A good fit to the altered distribution over
the entire profile was achieved with a constant diffusion
coefficient of 2 · 10�17 m2/s, which is two orders of magni-
tude greater than the narrow range of values determined
for diffusion of iodine in stoichiometric UO2 at 1400 �C
(above). This also suggests that even a very slight departure
from optimum conditions during the 1180 �C anneal could
explain the larger than expected diffusion coefficient
derived from the data in Fig. 1.

A thermodynamic model of the defect structure of the
fluorite lattice predicts equilibria between the various types
of defects (oxygen interstitials, uranium lattice vacancies,
etc.) [12]. The fraction of uranium lattice sites that are
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vacant in UO2+x can then be directly related to the degree
of hyperstoichiometry by the following expression:

V U ¼ x2 � exp½�ðDGS � 2DGFOÞ=kT �; ð4Þ

where DGS is the free energy of formation for a Schottky
trio (a neutral trivacancy consisting of one uranium va-
cancy and two oxygen vacancies), DGFO is the free energy
of formation for an anti-Frenkel defect (an oxygen vacancy
plus an oxygen interstitial), k is the Boltzmann constant
and T is the absolute temperature. Thermodynamic data
taken from the literature (DGS = 6.3 eV and DGFO =
3.0 eV) [33,38,39] were used to calculate VU for the condi-
tions of the experiment in Fig. 11 (x = 0.02 and
T = 1673 K). The absolute number density of uranium lat-
tice vacancies, NVU, could then be estimated (from NVU = -
VU Æ NU where NU is the number density of uranium atoms
in UO2) to be about 1024 vac/m3, which is just above the
peak concentration of the as-implanted iodine distribution
in Fig. 11. A similar calculation for pure, stoichiometric
UO2 (without implanted iodine) yielded a much smaller
concentration of uranium lattice vacancies at 1400 �C
(NVU � 1019 vac/m3) [12].

The effects of thermal annealing at 1400 �C for 2.5 h
under slightly oxidizing conditions, sufficient to produce
UO2.02, on the depth distribution of iodine ion-implanted
into polycrystalline UO2 at 440 keV to a fluence of
1 · 1019 ions/m2 revealed much less diffusive spreading of
iodine than was observed for the lower fluence case above
(Fig. 11). Instead, trapping effects predominated over the
peak of the distribution consistent with the fact that the
solubility limit for iodine in UO2.02 estimated above had
been exceeded by two orders of magnitude.

Thermal diffusion of iodine, ion-implanted into poly-
crystalline UO2 at 440 keV to a fluence of 1 · 1017 ions/
m2, at 1200 �C for 2.5 h under slightly oxidizing conditions,
sufficient to produce UO2.01, is illustrated in Fig. 12. Dupli-
cate profiles recorded from the as-implanted reference as
well as the annealed and oxidized sample again show excel-
lent reproducibility. Diffusive spreading of the iodine is less
pronounced here than was observed after the 1400 �C
anneal of an equivalent sample oxidized to UO2.02 (com-
pare Figs. 11 and 12). Furthermore, there are some indica-
tions of trapping effects over the peak of the distribution,
which suggests that the solubility limit was just exceeded
at the maximum iodine concentration. This would be consis-
tent with the fact that the number density of uranium lattice
vacancies estimated using Eq. (4) for the present conditions
(1200 �C and x = 0.01) is about a factor of five smaller than
the value derived above (�1024 vac/m3 for 1400 �C and
x = 0.02). An approximate fit to the backside of the profile
yielded a diffusion coefficient of 3 · 10�18 m2/s, which is two
orders of magnitude greater than the value determined for
stoichiometric UO2 at 1200 �C.

Because the diffusion rate of oxygen through the UO2+x

lattice is many orders of magnitude faster than that of
iodine [12,16,17], the stoichiometry within the shallow layer
containing the implanted-ion distribution should remain
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uniform throughout the anneal at peak temperature. How-
ever, there could be some increase in the O/U ratio over the
isothermal stage as well as during the initial upward ramp,
if the kinetics for reaction of oxygen at the surface are suf-
ficiently slow [40]. Further evaluation of the oxidation pro-
cess is warranted, which could lead to refinement of the
coulometric-titration strategy to optimize this experiment.
4. Conclusions

An inter-laboratory comparison has provided enhanced
confidence in the ion-implantation/SIMS method for inves-
tigating the migration behaviour of fission products in
oxide nuclear fuels. New measurements of iodine diffusion
in stoichiometric uranium dioxide – using different thermal
annealing furnaces, different SIMS instruments and differ-
ent analytical strategies – have yielded internally consistent
results that are also in reasonable agreement with several
previous experiments. A refined Arrhenius relationship
for iodine thermal diffusion in stoichiometric UO2 has been
derived from a best fit to fourteen independent measure-
ments spanning the temperature range 1200 �C to 1650 �C.

The combination of coulometric titration and ion-
implantation/SIMS analysis has been shown to offer great
potential for quantitatively determining the impact of
hyperstoichiometry on iodine migration in fuel. Pro-
nounced changes in iodine solubility as a function of the
population of uranium lattice vacancies are clearly as
important as enhanced thermal diffusion rates for influenc-
ing overall mobility and segregation tendency. This
approach should also be readily applicable to a number
of other fission products for which there is limited informa-
tion on either solubility or diffusion in oxide fuels.
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