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ABSTRACT

A combination of 300 keV ®Kr ion implantation and Time-of-Flight Elastic Recoil Detection
Analysis is utilised to investigate the diffusion of Kr in UO, and ADOPT™ fuels. Composition
depth-profiles on the nanometer scale were obtained, both for as-implanted samples and after
annealing at 800°C for 1 h. Observed drifts in the 3*Kr profiles could be associated with short-
range diffusion mechanisms. The approach employed here provides the possibility to make
direct comparisons with atomistic scale modelling data, and can be of service as a separate
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effect test in line with the Accelerated Fuel Qualification initiative.

The diffusion of gaseous fission products such as Xe
and Kr in nuclear fuel represents a significant perfor-
mance and safety parameter due to their high fission-
yields, high neutron absorption cross-sections and the
potential to create pressure build up within fuel clad-
ding, reducing the efficiency of heat rejection from the
fuel, as well as potentially contributing to fuel frag-
mentation in high burnup fuel [1-3]. The study of the
diffusion behaviour of these noble gas species, how-
ever, is an experimental challenge due, firstly, to diffi-
culties in adding the gas species to the fuel matrix
without causing additional modifications such as
defects and, secondly, in accessing techniques which
can monitor gas concentrations and diffusion on
ultrashort-length scales. To date, the majority of diffu-
sion parameters employed for UO, fuel performance
analyses have been derived from irradiated material
[4,5] either through measurements in the plenum, or
by the annealing of fuel samples in a Materials Tests
Reactor (MTR) or Post Irradiation Examination (PIE)
facility, both of which require significant infrastruc-
ture and resources to operate and maintain, which
have historically limited the number of samples avail-
able to establish correlations.

Nevertheless, these methods have contributed sig-
nificantly to improving fuel performance, although
bulk and grain-boundary thermal and athermal diffu-
sion, as well as radial and axial temperature-variation
in the fuel, are highly approximated and variable due
to inherent differences in irradiation histories.

Consequently, these methods do not produce the opti-
mal benchmarking data for validation of low-scale
atomistic models, such as Density Functional Theory
(DFT) and Molecular Dynamics (MD), which contri-
bute significantly to the Accelerated Fuel Qualification
(AFQ) initiative [6]. AFQ relies strongly on physic-
based models, such as the Simple Integrated Fission
Gas Release and Swelling (SIFGRS) model integrated
for UO, [7,8]. This model relies on low-length vari-
ables to physically describe the behaviour of gas spe-
cies in the matrix (intragranular diffusion) and grain
boundaries (intergranular diffusion) and has ther-
mally-dependent variables such as D, (diffusion coef-
ficient), activation energy, etc. [8]. Therefore, separate
effect-tests that can validate the values obtained for
such parameters are highly preferred over integral
irradiation experiments due in no small part to dra-
matically reduced costs and delivery timescales [9].
Dedicated experimental work to decompose diffu-
sion coefficients, has been undertaken by the nuclear
fuel community [10,11]. The use of ion implantation
at medium energies, followed by annealing and the
detection of the implanted gas, has been performed
using techniques such as Thermal-Desorption
Spectrometry (TDS) [10] and Secondary Ion Mass
Spectrometry (SIMS) [12]. Even though TDS has pro-
vided excellent results, it requires a highly sensitive gas
measurement system and is limited by the detection of
gases released during annealing only, these being sub-
jected to trapping by defects and grain boundaries.
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Although TDS does allow for a detailed evolution of
the gas species distribution in a material to be deduced
[13], this evolution is inferred rather than directly
measured. SIMS has indeed been used to provide
direct measurements of Xe depth-profiles in UO,
[14], but is a strictly destructive method ablating the
sample during measurement. SIMS also suffers from
a reliance on accurately known sputter-yields to be
quantitative, and depth information must be obtained
by independent measurement; optical interferometry,
for example. An alternative, and until this time
untested, method for measuring elemental depth-
profiles in nuclear fuels, is Time-of-Flight — Elastic
Recoil Detection Analysis (ToF-ERDA) [15]. Unlike
SIMS, ToF-ERDA utilises a high-energy primary-ion
beam, in the range of 10’s of MeV, which makes
sputter yields negligible and results in the technique
being non-destructive. As the information provided
by ToF-ERDA can be interpreted purely from the
perspective of non-relativistic ion scattering, quantita-
tive depth-profiles of all sample constituents can be
obtained in a single measurement.

In this rapid communication, the use of ToF-ERDA
is presented as an alternative method for tracking the
gas mobility in the fuel matrix. For the first time, UO,
and ADOPT™ samples were tested, and measure-
ments of the **Kr depth-profiles were performed on
samples, both as-implanted and after annealing at
800°C for 1h. Ultimately the induced changes in the
measured depth profiles of **Kr, in different fuel types,
can provide a more fundamental understanding of the
diffusion mechanisms. It is worth noting that UO, and
ADOPT™ were selected as part of a comparative
study, due to interest from the nuclear community to
understand the gas release properties of ADOPT™,
The addition of Cr,0; and Al,O; at ppm levels [16] in
ADOPT™, results in a significant increase in self-
diffusion and there is an ongoing discussion over the
full consequences of this for the diffusion of gaseous
species [17,18]. Notable differences in fission gas
release have been observed for ADOPT™ in compar-
ison with UO, specifically in Reactivity-Initiated
Accidents (RIAs) scenario [19].

All samples used were discs, 8.6 mm in diameter,
cut from fuel pellets provided by Westinghouse
Electric Sweden AB. A simplified representation of
the sample preparation and experimental set-up used
in this work is illustrated in Figure 1. The surface of
each disc was ground and polished following 280, 360,
600, 1200 mesh in SiC abrasive paper followed by 9, 6,
3, 1 and 0.25 um diamond solution with TexMet® (up
to 3 um) and MicroCloth® (Buehler) polishing cloths.
The microstructure of UO, and ADOPT™ can be
seen in the upper section of Figure 2, in which
Electron Backscatter Diffraction (EBSD) results are
presented. These EBSD data give an average grain
size of 8 um and 30 um for UO, and ADOPT™
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Figure 1. Simplified representation of the sample preparation
and experimental sequence.

respectively, with the latter containing enlarged grain
size due to the dopants added in fabrication. To pre-
dict the depth profile of the implanted **Kr, the
damage to the sample matrix induced by the implan-
tation and the proportion of backscattered **Kr, simu-
lation was performed using SRIM [20]. This
simulation used the detailed calculation with full
damage cascades performed on 99,999 ions with nor-
mal incidence; the results being presented in the lower
section of Figure 2. The simulation predicted the pro-
portion of **Kr backscattered during implantation to
be 3.7%. It should be noted that the predicted radia-
tion damage is mainly concentrated within 50 nm of
the surface of the samples, which is deeper than the
predicted peak in the implanted **Kr. Diffusion of Kr
inward may therefore be less influenced by point
defects [21], while Kr diffusing toward the surface
may interact with such features.

Ion implantation and ToF-ERDA were performed
at the Tandem Laboratory, Uppsala University [22].
All samples were loaded together in the implantation
chamber, with the polished surface of each exposed to
a beam of **Kr*' ions at 300 keV. The beam config-
uration was set such that the full surface of each was
implanted. Implantation was performed for a period
of 5hours, with the total dose estimated to be
8.5x 10'® ions/cm®. The sample holder was water
cooled during implantation and did not exceed
a temperature of 129°C. First-order calculation
shows that, with the implanted fluence used here, Kr
atoms will represent more than 10% of the atoms in
the sample at the peak of the distribution. In practice,
this concentration is never reached due to saturation
effects, but as these effects were difficult to predict
prior to the experiment, the high fluence was chosen
to ensure a significant amount of Kr was retained in
the sample. It is important to stress that the peak
concentrations of implanted Kr are not representative
of typical fission gas concentrations, and should not be
regarded as such. The primary goal of the implanta-
tion was to create a Kr distribution, over a sufficient
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Figure 2. Pre-characterisation and simulation results. Top: EBSD maps of the sample surfaces before ion implantation, from which

average grain sizes of 8 um and 30 um was obtained for UO, and ADOP

T™ respectively; bottom: simulation results obtained using

SRIM2013 [16], showing the predicted depth profile of #Kr in UO,, implanted at 300 keV (blue), and the predicted depth profile of

the atomic displacements, induced by the implantation (red).

depth range, that could be easily measured with ToF-
ERDA and thus verify the depth-profiling methodol-
ogy. After implantation, samples of both specimens
were subjected to annealing at 800°C for 1 hour. A gas
atmosphere of 90%Ar + 10%H, was used during the
full annealing process, to inhibit UO, surface oxida-
tion and deviation from initial stoichiometry.
A heating profile of 20°C/min was used for both heat-
ing and cooling stages, meaning that the samples spent
an additional 80 minutes experiencing a steadily ele-
vated temperature outside of the one-hour annealing
time. An approximation for the overall time associated
with the diffusion process is therefore inherent to the
method used. ToF-ERDA measurements were per-
formed using a beam of 44 MeV'*’T*® primary ions,
incident at 67.5° with respect to the sample surface-
normal and recoils were detected at an angle of 45°.
The measured surface area of each sample was
approximately 1 x 3 mm, the elongation being due
to the angle of incidence of the primary-ion beam. The
beam current used for the measurements was on the
order of 1 nA, and each measurement took ~20-
minutes to complete. The ToF-ERDA detector con-
sisted of a time-of-flight telescope followed by a gas

ionisation chamber, so that both the energy and time-
of-flight of the recoiled particles were recorded [23].
Composition depth profiles from ToF-ERDA mea-
surements were calculated using the CONTES soft-
ware package [24].

An example ToF-ERDA coincidence spectrum is
presented in the top section of Figure 3, with each
track in this time-energy plot representing a recoiled
or scattered particle mass. It should be noted that the
scale of the ToF axis in Figure 3 is inverted, effectively
expressing particle velocity. The cut-off of each track
at high energy and flight time represents the sample
surface, while low energies and flight times for a given
track represent recoil events originating from deeper
in the sample. For low-mass recoils, close to the sur-
face of the sample, mass separation is at its best and
here even isotopic separation is possible. As the mass
of the recoils increases, the difference in flight time of
similar masses with the same energy reduces and, as
such, so does the ability to separate the masses. For
recoils originating deep in the sample, significant
energy loss occurs and the resulting tracks from
nearby masses begin to overlap in the coincidence
spectrum, again hindering mass separation. In
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Figure 3. ToF-erda results. Top: ToF-E coincidence plot obtained with ToF-erda, using 44 MeV primary iodine ions for ADOPT™
implanted with 3*Kr at 300 KeV. One track is observed for each element detected and one additional track from the scattered
primary ions. The “virtual surface” of the sample is marked, events further from this originate from deeper in the sample. Bottom:
depth profiles obtained from the ToF-E data, in which the apparent reduction in U concentration with depth is an artefact, caused

by multiple scattering in the sample matrix.

Figure 3, the tracks for uranium and oxygen can be
clearly distinguished. A track for Al can also be seen,
but due to the very low concentrations of Al in
ADOPT™ (i.e. tens of ppm), it is likely that this
track originates from the primary beam halo imping-
ing on the Al sample holder, the detection limits of the
system used being on the order of 0.1 atomic%.
Significantly, an isolated band can be seen for **Kr.
The localised concentration of **Kr, closer to the sur-
face of the sample, can be read from the decreasing
intensity of the track at lower energies, relative to the
intensity of the track from oxygen, demonstrating the
capability of ToF-ERDA to directly measure the ele-
mental depth-profiles of the implanted ions. The

elemental depth-profiles, resulting from the analysis
of the data in the upper part of Figure 3 are presented
in the lower part of Figure 3, in which the depth axis
has been scaled to units of nm assuming a constant
density of 10.97 g/cm®. It can be seen from Figure 3,
that the majority of as-implanted **Kr is in the range
of approximately 150 nm from the sample surface, this
being in agreement with the SRIM simulation results
presented in Figure 2 despite the approximation in the
conversion of the depth scale. For matrices containing
species of high-mass relative to the primary ions, such
as U in this case, the primary ions are also scattered
into the detection system. This results in the strong
track of '*’I seen in Figure 3. The scattering of primary



ions into the detector limits the analysis to elements
with masses well separated from that of the ion used to
probe the sample. If Xe was to be measured for exam-
ple, this element also being of interest for nuclear fuel
performance, an ion beam of Ag or Au would be
required to avoid a signal overlap. The apparent
reduction in the concentration of U with depth, that
can be observed in the lower part of Figure 3 is an
artefact, introduced by multiple and plural scattering,
of the ion beam and in particular heavy recoiling
particles, in the high-mass sample matrix [25,26].
Due to the resulting path length enhancement and
additional energy losses, the signals from high-mass
recoils are more extensively stretched over a large
depth range in the employed evaluation algorithm.
This stretching leaves the near-surface signal (~30%)
most accurate for the present case. When interpreting
the results presented in Figure 3, it should be noted
that the artificial reduction in U concentration with
depth also artificially inflates the concentrations of all
other elements. As this phenomenon is of very similar
effect for samples with similar composition however,
even subtle changes can be detected when comparing
the two different samples. ToF-ERDA is considered to
be a non-destructive technique, in that samples do not
undergo significant compositional changes and can
thus be remeasured and the same results obtained.
An exception to this non-destructiveness is when sam-
ples containing a significant fraction of light elements
(masses less than C) are analysed [27]. Although Kr is
far from the mass range that would usually be

SRIM peak position
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considered problematic in terms of mass loss during
measurement, the list-mode data obtained in this
study was analysed to look for systematic changes in
the rate Kr ions were registered by the detection sys-
tem: No such changes were observed.

Figure 4 shows the 3*Kr depth-profiles for all sam-
ples implanted, both before and after annealing. The
differences between the pre- and post-annealed data
sets, presented in Figure 4, can be seen to be on
a similar order to the statistical uncertainties for each
data bin, and as such the present dataset is not suffi-
cient to elucidate a detailed mechanistic understand-
ing of Kr diffusion in each material. Such efforts will
be reserved for more extensive future studies.
Nevertheless, the variations between and within these
data sets are sufficient to be indicative of the possible
mechanisms at play. The near-surface portion of
the®*Kr profiles, in front of the peak in the distribu-
tions, is reasonably constant for all three samples
before and after annealing. For UO,, the major shift
in the distribution is seen to result from the movement
of Kr from deeper within the sample, at greater than
150 nm. Given the smaller grain size and consequently
shorter diffusion lengths of UO, relative to
ADOPT™, it is probable that a tendency of UO, to
vent is being observed. For the ADOPT™ samples,
there is no significant movement of the **Kr observed
deeper than 200 nm, the only notable change in dis-
tributions being a flattening from the peak down to
around 200 nm. This flattening points to limited vent-
ing of the implanted Kr. When integrating across the

—a— pre-anneal
—s— post-anneal

Kr concentration [arb.]

150

200 250 300

depth [nm]

Figure 4. A comparison of the 3*Kr depth-profiles in each sample, both before and after annealing. Fits to the data were made with
a modified Gaussian function. The maxima of the as-implanted 3*Kr concentration predicted by SRIM is indicated. Although
arbitrary Kr concentrations are indicated on the main-figure axis, no normalisation has been applied between the data within each
subplot, and the differences shown between the pre- and post-anneal Kr profiles for each sample are absolute.
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distributions for each sample, the total reduction in
areal density of **Kr following annealing, is found to
25% for UO,, while just 13% and 10% for ADOPT-1
and ADOPT-2 respectively. It is notable that great
consistency is observed in the Kr distributions in the
two ADOPT™ samples, which then show a marked
difference to the distributions seen in UQO,. It is there-
fore likely that two distinct behaviours are observable
in these data: enhanced venting in UO,, stemming
from smaller grain size, and enhanced diffusion in
ADOPT™ offset by larger grain size and longer path
lengths. These observations therefore correlate with
the consensus on the diffusion of Kr in standard
UO, vs doped UO, fuels such as ADOPT™
[16,18,28,29]. When considering the possible diffusion
mechanisms at play in this study, it is important to
note the high microstructural damage induced by the
implantation procedure. This damage is predicted, as
shown in Figure 2, to be around 5 dpa/A-ion at peak
or, considering the implanted fluence of 8.5 x 10"°
ions, around 500 dpa. Such damage could potentially
lead to enhanced diffusion caused by microstructural
and crystalline defect repair during annealing.
However, given the identical implantation and anneal-
ing conditions for all samples, and in particular the
relatively low temperatures used in the latter, it is
considered that these experimental artefacts have not
affected one sample over the others.

Using a combination of noble-gas ion implantation
and ToF-ERDA, it was possible to resolve differences
in the outgassing behaviours between UO, and
ADOPT™ fuels when subjected to implantation and
annealing. While the present study lacks a sufficient
breadth and scale to provide a clear mechanistic
understanding of the observed differences, the results
obtained stand in agreement with the current consen-
sus on the behaviour of the fuels studied. Furthermore,
the approach taken in this work represents a novel
technique for the direct measurement of noble-gas
diffusion in unirradiated nuclear fuel. The use and
continued development of such a technique promises
the ability to dramatically increase the throughput of
measurements at a significantly reduced costs and
timescale compared to traditional methods, such as
base irradiation, test irradiation, MTR, and Hot-cell-
based methods. To enable this, work is already under-
way [30] to optimise ToF-ERDA measurement para-
meters, such as type and energy of the primary ion
used, for these very heavy sample matrices. Future
measurement campaigns on reactor fuels will focus
on the collection of greater statistics, both in terms of
individual measurements and the number of samples
analysed. These future campaigns will also include:
varying concentration of the implanted ions; varying
the depth of the implanted ions; implantation at dif-
ferent temperatures; annealing samples under various
temperatures, up to 1600°C; and ultimately in situ

studies, in which elemental depth-profiles will be mea-
sured during annealing. These broadened methodolo-
gies will be further employed for the collection of
similar data on other elemental species of interest,
such as semi-volatile fission products like Cs, I, as
well as solid fission products like Mo, Ru, Pd. These
methodologies will then be readily applicable to stu-
dies of novel fuel matrices such as UC, UN, and other
ATF and Generation IV materials, and can therefore
significantly aid in improving the mechanistic under-
standing of fuel performance, material development
and qualification.
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