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a b s t r a c t

Microcrystalline CeO2, ThO2, and UO2 were irradiated with 198MeV 132Xe ions to the same fluence at
temperatures ranging from 25 �C to 700 �C then characterized by synchrotron X-ray diffraction and X-ray
absorption spectroscopy. All samples retain crystallinity and their nominal fluorite-type phase at a flu-
ence of 1.5� 1013 ions/cm2. Both CeO2 and ThO2 display defect-induced unit cell expansion after irra-
diation at room temperature (~0.15% and ~0.10%, respectively), yet as irradiation temperature increases,
the maximum swelling produced decreases to ~0.02%. Alternatively, UO2 shows an initial contraction in
unit cell parameter (approximately �0.05%) for room temperature irradiation, most likely related to
irradiation-enhanced annealing or irradiation-induced oxidation. At higher temperatures (above 200 �C)
UO2 begins to swell, surpassing its unit cell parameter prior to irradiation (~0.05%), an effect which could
be attributed to minor reduction in uranium oxidation state in vacuum. However, while CeO2 irradiated
at room temperature undergoes partial reduction, both UO2 and ThO2 exhibit no measurable change in
cation oxidation state as evidenced by X-ray absorption spectroscopy. All samples display a decrease in
irradiation-induced heterogeneous microstrain as a function of increasing irradiation temperature.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Nuclear fuels are subject to extreme conditions including high
temperatures, large temperature gradients, evolving chemical
composition, and intense irradiation fromneutrons, alpha particles,
and energetic fission fragments. Such exposure leads to the accu-
mulation of defects that eventually manifest themselves in the
microstructure and lead to material degradation, limiting the life-
time of the fuel in the reactor. Due to the difficulty of handling
irradiated fuel from reactors and the wide variety of coincident
radiation effects (i.e., neutron damage, fission-fragment ionization
effects, fission-product accumulation, and fission gas bubble
formation), characterization and decoupling of the effects of indi-
vidual damage processes are complex. The use of ion accelerators
provides a valuable tool for the simulation of select radiation effects
in fuel materials in order to study, in isolation, the mechanisms of
one type of damage by maintaining well-controlled experimental
conditions, such as irradiation temperature.

The use of swift heavy ions can specifically simulate the effects
of electronic energy deposition from energetic fission fragments,
which have kinetic energies of approximately 100MeV, masses in
the approximate range 80e150 u, and initially deposit energy to
electrons at a magnitude of 18e22 keV/nm [1]. Swift heavy ions
deposit energy primarily via electronic excitation and ionization
processes, and their generation by particle accelerators allows for
precise control of irradiation conditions. This energy deposition is
localized near the relatively straight ion path and causes electron
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Fig. 1. Electronic Stopping Power profiles as a function of depth for 198MeV Xe ions in
CeO2, ThO2, and UO2 determined by the SRIM-2008 code. Extent of shaded region and
dashed line represent sample thickness and signify that all ions completely penetrated
samples.
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cascades, followed by the thermalization of electrons. Excited
electrons then deposit energy to atoms in the system via electron-
phonon coupling causing local heating known as a thermal spike
[2]. This rapid heating can lead to local melting over short time
scales before heat is quickly dissipated, inducing rapid quenching in
the structure [3,4]. Atoms are hypothesized to be partially or
entirely freed from their sites during the rapid heating, and their
subsequent reordering during the quench is kinetically-limited,
which causes the formation of cylindrical damage zones along
the paths of ions known as ion tracks. In ceramics, rapid quenching
can cause the formation of point defects [5], formation of extended
defects [6], amorphization [7], order-to-disorder phase trans-
formation [8], or crystalline-to-crystalline phase transformation [9]
within the track or in the bulk at sufficiently high ion fluences.

Fluorite-structured (Fm3m) oxides with compositions of CeO2,
ThO2, and UO2 are important nuclear fuel and non-radioactive
analogue materials and have been studied in detail under swift
heavy ion irradiation at room temperature [1,10e18]. The three
materials’ radiation response is heavily dependent on their redox
behavior [16,17,19]. CeO2 tends to reduce [16,20] under swift heavy
ion irradiation, while UO2 is prone to oxidation under many con-
ditions including under swift heavy ion irradiation [21,22]. Thorium
typically remains in the tetravalent state in the oxide form, such
that its oxide maintains stoichiometry under irradiation [14,16,23];
therefore, ThO2 is a good control when investigating the redox
response. While higher temperature irradiations are necessary to
compare results with reactor-relevant conditions, studies of how
temperature (intimately tied to redox behavior) affects the swift
heavy ion radiation response are much more limited [24,25].
Temperatures at the centerline of UO2 fuel pellets approach
~1200 �C (and higher in some applications) and decrease parabol-
ically along radial directions outward to temperatures as low as
~500 �C. At the outer periphery of the fuel pellet, an increase in
resonance absorption and decrease in self shielding causes higher
fission rates. At high burnup levels, this causes important effects,
such as the so-called “rim effect” wherein extensive fission frag-
ment damage, coupled with relatively low temperatures (less
annealing), induces grain fragmentation and leaves behind a
porous morphology at the periphery of the fuel pellet [26e28]. In
addition, most of the observed unit cell swelling in fuel occurs at
fractional radii (from pellet center to the edge) between 0.5 and 0.9
[29].

Here, we report the response of common nuclear fuel materials
and analogues to irradiation with a typical fission fragment (Xe) at
temperatures relevant to fuel pellet rim regions at normal oper-
ating conditions. The structural stability (resistance to swelling/
contraction or phase transformation) and the induced defect
structure were probed with synchrotron X-ray diffraction, while
the redox response was investigated with X-ray absorption
spectroscopy.

2. Experimental

2.1. Irradiation

Polycrystalline powders of CeO2, ThO2, and UO2 (~2 mm grain
size [19]) obtained from commercial vendors were uniaxially
pressed into holes of 120 mm diameter drilled into 12.5 mm thick
molybdenum sheets, explained in detail elsewhere [30]. The
resultant compacts were determined to be ~50% of theoretical
densities, in agreement with [31]. Samples of each compound were
irradiated in Kazakhstan at the Astana branch of the Institute of
Nuclear Physics, Cyclotron DC-60 with 198MeV 132Xe ions. Stop-
ping powers and ion ranges were calculated using the SRIM-2008
code [32]. Density-corrected electronic stopping profiles as a
function of sample depth are shown in Fig. 1 and confirm that all
ions completely penetrate the 12.5 mm thick sample pellets,
avoiding implantation effects or significant changes in the energy
loss. The nuclear energy loss was greater than two orders of
magnitude lower than the electronic and can be thus neglected.

Samples were placed on stages with heating coils and were
irradiated in vacuum at controlled temperatures ranging from
room temperature to 700 �C to a fluence of 1.5� 1013 ions/cm2. In
order to isolate the effects of irradiation at high temperature from
just thermally-induced modifications, control samples were heated
in vacuum under identical conditions, but in the absence of irra-
diation. The temperature profiles during the experiments for each
sample, including dwell time at the irradiation temperature, are
shown in Fig. 2. Heating ramp times ranged between 10 and 20min,
and cooling time between 150 and 240min.

2.2. Characterization

After irradiation, atomic structural modifications were probed
by synchrotron X-ray diffraction (XRD) at Argonne National Labo-
ratory, Advanced Photon Source, beamline 16BM-D (HPCAT sector)
[33]. Angle dispersive X-rays were utilized in transmission geom-
etry with a monochromatic 29.2 keV (l¼ 0.4246 Å) beam selected
by a Si (111) double-crystal monochromator with a focused beam
spot size of 12 mm (vertical) by 5 mm (horizontal). Resulting Debye-
Scherrer rings were captured with a MAR345 image plate detector
with a collection time of 300 s. The beamline's switchable
diffraction-absorption setup allowed for collection of transmission
X-ray absorption spectroscopy (XAS) at the cerium K-edge
(~40 keV) and at the thorium and uranium LIII-edge (~17 keV) at the
same sample location.

Radially integrated diffraction patterns were obtained using
Dioptas [34]. The patterns were analyzed via Rietveld refinement
methods performed using Fullprof [35]. Analysis of XAS spectrawas
performed using the Athena software for normalization to pre- and
post-edges, while OriginLab was used in order to locate inflection
points (edges), utilizing the first derivative maxima and/or second
derivative zeros.

3. Results

At each temperature, all three materials were irradiated simul-
taneously under identical conditions. Upon irradiation at room



Fig. 2. Temperature profiles as a function of time for irradiation experiments.
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temperature, all diffractionmaxima of CeO2 and ThO2 shift to lower
2q values, yet an increase in peak positions of UO2 occurs (not
shown). This behavior is indicative of unit cell swelling due to
accumulation of point and extended defects [14,17]. For all mate-
rials, concurrent peak broadening and a decrease in peak intensity,
compared to diffraction patterns from unirradiated samples, occurs
during irradiation at room temperature, an effect attributed to local
structural distortions and heterogeneous microstrain that accom-
pany the presence of point defects and defect clusters. After irra-
diation at higher temperatures, the shift and broadening in 2q
becomes less as irradiation temperature increases for CeO2 and
ThO2. The evolution of the diffraction maxima position and
broadening for UO2 as irradiation temperature is increased is more
complex. Diffraction maxima initially shift to higher 2q values for
room temperature and 200 �C irradiation, but this reverses at
higher irradiation temperatures.

Rietveld refinement was used to quantitatively analyze the unit
cell behavior as a function of increasing temperature. Each irradi-
ated sample's unit cell parameter was compared with its respective
unirradiated reference material's unit cell parameter for each
temperature using the relation (Da/a0), where Da is the difference
in unit cell parameter and a0 is the unit cell parameter of the un-
irradiated reference material (Fig. 3). For CeO2 and ThO2, the data
reveal that the magnitude of unit cell expansion is inversely pro-
portional to irradiation temperature for the same irradiation flu-
ence. Swelling is lower at higher temperatures due to a reduced
concentration of defects or the formation of more complex defects,
which is attributed to the thermal annealing of irradiation-induced
defects at high temperature [15].
Fig. 3. Normalized unit cell parameter of irradiated fluorite oxides relative to unirradiated
indicate changes of unit cell parameter with temperature and serve to guide the eye. Error
CeO2 and ThO2 show the same trend of divergence from the
unirradiated unit cell parameter (0.15% and 0.08%, respectively)
following room temperature irradiation and decrease toward, yet
never fully return to the unirradiated value (Da/a0¼ 0%) as the
irradiation temperatures increases. The reduction in unit cell
parameter implies a lower concentration of defects at higher
temperatures due to higher recombination rates as point defects
become more mobile. In CeO2, an approximately linear decrease in
the extent of swelling, as a function of temperature, occurs initially
with a more pronounced reduction of unit cell parameters between
300 �C and 500 �C. For ThO2, due to scatter in the data, a monotonic
decrease toward the pristine unit cell values between 200 �C and
700 �C is inferred. The overall trend is most likely a step-wise
reduction in unit cell parameter with increasing temperature,
similar to CeO2, yet these details cannot be extracted from the data
for ThO2. The source of this scatter is unclear, as samples were
irradiated simultaneously and measured under identical condi-
tions. In contrast to CeO2 and ThO2, UO2 shows a small unit cell
contraction between 25 �C and 200 �C (Da/a0¼�0.05 to �0.07%).
The unit cell contraction behavior at room temperature has been
observed previously in swift heavy ion irradiated UO2 [19]. After
200 �C, UO2 samples revert to swelling, increasing in unit cell
parameter to the unirradiated value between 200 �C and 400 �C
(Da/a0¼ 0%) and exceeds the pristine value at 600 �C (Da/
a0¼ 0.05%).

Heterogeneous microstrain, quantified by broadening of X-ray
diffraction peaks, serves as an additional characterization metric of
irradiation-induced changes in materials. Williamson-Hall analysis
[36] allows for X-ray diffraction maxima broadening to be sepa-
rated into contributions from the accumulation of microstrain and
changes in grain size. X-ray diffraction maxima were fit with
Pseudo-Voigt peaks in order to obtain accurate peak positions and
widths. Based on this analysis, no significant crystallite size change
occurs in any of the three oxides, which seems reasonable taking
into account the fluence applied [19]. The irradiation-induced
microstrain, present in all three oxides, decreases as a function of
increasing irradiation temperature (Fig. 4).

Local distortions are highest in CeO2 for room temperature
irradiation, thenmonotonically decrease as a function of irradiation
temperature at a rate that is slowed after 300 �C. In ThO2, micro-
strain decreases between 25 �C and 700 �C, with the most signifi-
cant decreases occurring between 25 �C and 200 �C and between
600 �C and 700 �C. UO2 exhibits a decrease in microstrain between
25 �C and 200 �C, then remains relatively constant as a function of
increasing irradiation temperature. In all materials, the maximum
irradiation temperature was insufficient to fully suppress micro-
strain, which is consistent with the remaining defect-induced
swelling at these temperatures (Fig. 3).
reference samples as a function of increasing irradiation temperature. Dashed lines
bars derived from Rietveld refinement.



Fig. 4. Microstrain of irradiated oxide materials obtained from Williamson-Hall plots as a function of increasing irradiation temperature. Dashed lines serve to guide the eye. Errors
determined from weighted linear fit during Williamson-Hall analysis based on peak fitting uncertainties.
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XAS allows for analysis of irradiation- or temperature-induced
redox behavior by probing changes in the electronic structure of
cations. CeO2 irradiated at room temperature showed a negative
shift in the position of the ceriumK-edge of approximately 2.2 eV at a
fluence of 1.5� 1013 ions/cm2 (Fig. 5a), indicating partial irradiation-
induced reduction of Ce4þ to Ce3þ. A shift of 7 eV correlates to a
complete reduction of all cerium cations [37]. Similar irradiation-
induced reduction of CeO2 irradiated with 200MeV [20,38] and
167MeV [16] Xe ions has been previously observed at room tem-
perature. X-ray absorption spectra obtained from CeO2 after irradi-
ation at higher (200 �C and above) temperatures showed no shift in
the K-edge position, nor inpost-edge shape, indicating no detectable
changes in valency of the Ce cation. ThO2 and, surprisingly, UO2
showedno shift in their cation L-III edges andno change inpost-edge
shape, regardless of irradiation or temperature (Fig. 5b).
4. Discussion

The observed decrease in swelling with increasing irradiation
Fig. 5. (a) XAS cerium K-edges normalized to pre- and post-edges (offset for ease of viewing)
of 1.5� 1013 ions/cm2. Dashed lines indicate edge energy and show a shift of �2.2 eV upo
trivalent electronic state. (b) XAS uranium L-III edges for (red) before and (blue) after irradia
peak height are attributed to varying sample thickness, affecting photon attenuation. (For int
Web version of this article.)
temperature is a well-documented behavior for electron and low-
energy ion irradiations. It is attributed to thermally initiated
defect recovery mechanisms that are common to most materials
[39]. Damage observed in swift heavy ion irradiated fluorite-type
structured oxides is mostly attributed to defects and clustering on
the oxygen sublattice. According to a recent high-resolution
transmission electron microscopy (TEM) study on CeO2, the
cation sublattice remains largely intact after irradiation; however,
the oxygen sublattice displays more defects [40]. Thus, the damage
observed in this study as increased unit-cell swelling and micro-
strain is primarily attributed to oxygen defects and defect clusters.
This is further supported by a recent neutron total scattering study
which evidenced the formation of small peroxide-like defect clus-
ters in swift heavy ion irradiated CeO2, which was a major
component of the radiation damage in this material [17]. Molecular
dynamic simulations corroborate these results by suggesting that
the formation of cation defects is energetically unfavorable [41,42].
Therefore, the observed decrease in swelling and microstrain is
assumed to be annihilation of oxygen defects and defect clusters.
measured before (red) and after (blue) ion irradiation at room temperature to a fluence
n irradiation corresponding to partial reduction of cerium from the tetravalent to the
tion at various temperatures, normalized to pre- and post-edge intensities. Changes in
erpretation of the references to colour in this figure legend, the reader is referred to the
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The onset temperatures of the major recovery stages are material
and defect species dependent, arising from unique characteristics
of thermally activated point defect motion and defect cluster
mobility. Each stage typically correlates well with a specific fraction
of the absolute melting temperature of the material (Tm¼ 2400 �C,
2850 �C, and 3350 �C for CeO2, UO2 and ThO2, respectively [43,44]).
For example, in CeO2, oxygen interstitials become mobile at around
325 �C [45]. This agrees well with the sharp decrease in unit cell
parameter observed in the range of irradiation temperatures from
300 �C to 500 �C.

In order to provide a more detailed explanation of the observed
behavior in CeO2, the ion-matter interaction was described as a
transient thermal process, where ion-induced excited electrons
thermalize and deposit their energy to atoms through electron-
phonon coupling, as previously described. This causes localized
heating within the path of the ion and a rapid quench, often
resulting in a cylindrical region of defects (or even amorphization
in some materials) known as the ion track. The theory that aims to
characterize this ion-induced effect is known as the thermal spike
model [2,3], describing the process with two coupled differential
equations [46]:
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vr

¼ 1
r

v

vr

�
rKeðTeÞ vTe

vr

�
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where Eqn. (1) describes the electronic system and Eqn. (2) de-
scribes the atomic system (i.e., subscripts e and a, respectively). Te,a
are the temperatures, Ce,a are the heat capacities, and Ke,a are the
thermal conductivities of the respective systems and are all a
function of radial distance r and time t from the incident ion pas-
sage. A(r) is the energy deposited to the electronic system as a
function of radial distance to the incident ion path. The parameter g
describes the electron-phonon coupling strength and is the only
free parameter. In the case of insulators, this electron-phonon
coupling is linked to the electron-phonon mean free path l via
the relation l2¼ 2/g [47,48], which is experimentally determined by
fitting the observed ion track size of several insulating ceramics
that can be amorphized or not [3], assuming tracks result from the
quench of a molten phase appearing along the ion path. Track di-
ameters decrease monotonously with the band gap energy of in-
sulators. In CeO2, the band gap energy is 6.0 eV, which yields an
electron-phonon mean free path estimation of l¼ 4.5 nm [43]. The
inelastic thermal spike (i-TS) model uses a numerical method
approach [49] to solve the system of coupled differential equations
(1) and (2) and has been iteratively developed for ceramics
[3,50,51]. A more detailed description and discussion of the current
implementation of the calculation can be found elsewhere [47,48].

After performing the i-TS calculation with the specific beam
energy and electronic energy loss for this study, resultant ion track
sizes in CeO2 from the calculation show a diameter of
8.8± 0.2 nm at room temperature, which agrees well with previous
studies with similar ions and energies [16,25,38]. As temperature
increases, track size increases linearly at a rate of 0.27± 0.02 nm/
100 �C (Fig. 6a). In this case, ion tracks would overlap at lower ion
fluences for irradiation at higher temperatures (assuming a single-
impact damage trend based on previous studies [13,14,52,53]),
causing a decrease of fluence needed to reach the saturation
damage. Due to the decrease in unit cell swelling and microstrain
observed in CeO2 and ThO2 with increased irradiation tempera-
tures, the defect density within an individual ion track must
decrease with the increasing track size. Assuming the same energy
deposition by the ions at each temperature a similar number of
excited electrons would be most likely produced, regardless of
temperature. With increased matrix energy at higher ambient
temperatures, the extent of electronic excitation would increase
due to greater diffusion of the delta electrons, decreasing the en-
ergy per area within the track. This would cause an ion track that is
larger, although with less damage per unit area with increasing
irradiation temperature, thus reducing damage. Nevertheless,
considering the linear behavior of the track size as compared with
the non-linear trend observed in the swelling and local distortion
data in CeO2 (and all materials), a more complete description of the
behavior involves the synergism of other processes such as the
thermally-induced onset of defect mobility and subsequent
recombination with the increase in track size.

However, two of the few studies of swift heavy ion irradiation of
CeO2 at high temperature using similar ions and energy (210MeV
Xe) and temperatures as this work observed a decrease in ion track
size a function of increasing irradiation temperature by means of
TEM [24,25] (Fig. 6a). Another recent high-resolution TEM study of
swift heavy ion tracks in CeO2 irradiated at room temperature re-
ported observation of an oxygen vacancy-rich track core with an
oxygen interstitial-rich track periphery [40]. Together, these results
suggest that many oxygen interstitials at the periphery of ion track
are mobile at high temperatures and are annihilated, shrinking the
effective track size and reducing the amount of corresponding
structural swelling. As structural swelling decreases continuously
with increasing irradiation temperature, it is expected that local
distortions due to accumulated defects will decrease as well,
explaining the accompanying decrease in microstrain. The
discrepancy between the i-TS calculations presented in this study
and the aforementioned TEM results could be explained as follows:
(i) TEM is showing an incomplete picture of the true extent of ion
tracks, only displaying certain defect types due to the configuration
of the instrument (i.e., bright field images), and the track sizes
derived from the i-TS calculations are an accurate portrait of the
observed behavior or (ii) the TEM results accurately display the
shrinking of the effective track size as a function of increasing
irradiation temperature, while the i-TS calculation's description of
the physics is incomplete.

Alternatively, and most likely, both track sizes could be an ac-
curate portrayal of two individual, coupled phenomena. The first,
represented by the i-TS calculations, describes solely the area of
initial energy deposition and possible melting which produces
defects after the quench from thermal spike to ambient tempera-
tures. The second describes the remaining defects after the sub-
sequent defect recombination annihilation. At room temperature,
the i-TS and TEM track sizes are extremely similar, suggesting
minimal temperature induced defect mobility and annihilation.
Previous studies have proposed that the density of energy depo-
sition is radially dependent, highest at the center of the ion path
and decreasing with distance [54]. This implies defect density
would be subject to the same radial dependence as a function of
perpendicular distance from the incident ion path. At higher tem-
peratures, an increase in defect recombination could leave defect
density at outer track radii negligible or below the detection limit of
TEM, leading to smallermeasured track radii. The area of this region
would most likely increase with increasing temperature due to
more thermally activated defect mobility. Based on the i-TS model,
the same ion energy is deposited over a larger volume at higher
temperatures, which leads to a decrease in defect density radially
from the incident ion path. The smaller number of defects per unit
volume and associated reduction in strain contrast directly impacts
the track size observable by TEM, leading to a decrease in effective
track diameter as a function of increasing temperature.

While future studies utilizing complementary experimental



Fig. 6. (a) Ion track diameters as a function of temperature derived from i-TS calculations and TEM analysis of ion tracks produced from similar ion and energy irradiations by
Sonoda et al. [24,25]. Error for i-TS data determined from the radial step-size of the calculation. (b) Single-impact model curves calculated based on unit cell swelling at each
respective temperature (Da/a0(f)) for fluence (f¼ 1.5� 1013 ions/cm2) and track diameters converted to track cross sections (s). Circles indicate swelling data at respective
determined by XRD in this study.
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techniques (e.g., TEM with small angle X-ray/neutron scattering) to
determine the track size as a function of irradiation temperature
are needed to elucidate this discrepancy, these results mainly
suggest that the track size has little influence on the microstruc-
tural modifications. Rather, the density and type of defects pro-
duced within the tracks that survive temperature-induced
annihilation drive material swelling, microstrain, and chemical
changes. In order to illustrate this, a single-impact behavior [52,53]
for swelling was assumed and is described by Eqn. (3):

Da
a0

ðfÞ ¼
�
Da
a0

�
sat

ð1� e�sfÞ (3)

where Da
a0
ðfÞrepresents the relative change in unit cell parameter as

a function of fluence,
�
Da
a0

�
sat

represents the saturation value of the

relative change in unit cell parameter, s represents the ion track
cross section. For data at select temperatures, both track sizes from
i-TS and Sonoda et al. [24,25] were converted to cross sections and
relative change in unit cell parameter determined by XRD in this
study were input into the equation at the fluence value of f ¼ 1:5�
1013[ions/cm2]. Single impact behavior for damage accumulation
caused by swift heavy ions is well documented for CeO2 [16,19].
Curves were generated for both cases and are presented in Fig. 6b,
which shows that the discrepancy in track size has little influence
on the shape of the curve. More importantly, the saturation value in
the single-impact curve (ion-track overlap regime) is reached with
the fluence used in this study, as suggested by previous studies [16].
Instead, the material modifications induced by the energy deposi-
tion is primarily influenced by the type and density of defects
produced which is largely dependent on the respective cation's
electronic structure and redox response (e.g., reduction in CeO2).

Partial oxidation state reduction of cations in CeO2 under swift
heavy ion irradiation at room temperature is well-documented
[16,19,20,40] and is highly dependent on projectile ion type and
energy [55]. At a certain ion fluence, CeO2 becomes severely oxygen
deficient and forms a second, hypo-stoichiometric phase [16,19], a
process that dramatically increases with reducing grain size of the
material. The expulsed oxygen may not necessarily leave the
sample but may instead produce complex peroxide defects as
shown by Ref. [17]. No phase separationwas observed in this study,
however, partial reduction occurred for room temperature irradi-
ation. To maintain charge neutrality, the configuration of oxygen
anions must change as does the oxidation state of cations. This
produces oxygen vacancies and potentially small vacancy clusters,
primarily at the core of the ion track as suggested by high-
resolution transmission electron microscopy studies [39]. Such
vacancy clusters could contribute to additional volumetric swelling
that is not fully accessible by long-range diffraction techniques. As
mentioned previously, small peroxide-like defects have been
observed by probing the local atomic structure in swift heavy ion
irradiated CeO2 by neutron probes [17]. Reduction of CeO2 when
heating in vacuum is well documented [56], however, the hypo-
stoichiometric material will typically reoxidize when exposed to air
[57] particularly the loosely pressed powder used in this study. The
samples in this study were exposed to and stored in air between
irradiation and characterization. Our results on swelling and
microstrain suggest that irradiation at room temperature stabilizes
the CeO2-x material, yet as oxygen becomes more mobile at higher
temperatures, these anions become more likely to recover their
initial configurations, prompting a reoxidation process analogous
to point defect recombination. The lack of change in the X-ray ab-
sorption spectra of ThO2 is expected given the monovalency of the
Th ions. Thus, redox effects play no role for ThO2 and previous post-
irradiation thermal annealing studies reported a single major
defect recovery stage at ~325e675 �C [15] and ~275e425 �C [18] in
swift heavy ion irradiated ThO2. This was primarily attributed to the
annihilation of oxygen point defects and small oxygen defect
clusters. Because ThO2 has the highest melting temperature of the
three materials studied here, and the onset of defect mobility
typically occurs at a specific fraction of the absolute melting tem-
perature [39], it is expected to only undergo one overall stage of
defect mobility onset (most likely O2� interstitials) for irradiation
temperatures used in this study. This explains the behavior
observed regarding the change in unit cell parameter and micro-
strain as a function of irradiation temperature. Simple point defect
accumulation, without any contribution of redox behavior, and
increased point defect recombination at higher irradiation tem-
peratures are expected in ThO2.

Defect formation and recovery behaviors of CeO2 and ThO2 after
irradiation at all temperatures can be primarily attributed to point
defect accumulation on the oxygen sublattice, in agreement with
prior study [13e18]. However, at similar fluences, UO2 exhibits
different behavior as oxygen defects are known to strongly cluster,
altering defect accommodation mechanisms compared with CeO2
and ThO2 [58]. In most past swift heavy ion irradiation studies, UO2
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typically exhibits no unit cell expansion and only swells at
extremely high fluences [10]. This behavior is has been associated
with a multiple-impact model [10] requiring substantial ion track
overlap for swelling to occur, which contrasts to the single-impact
trends observed in CeO2 and ThO2. Irradiation-induced unit cell
contraction of UO2 has been previously ascribed to limited oxida-
tion of uranium [19]. Because the samples used here were prepared
and stored in air, moderate hyperstoichiometry, particularly near
sample surfaces, is likely. Upon irradiation in vacuum at room and
slightly elevated temperatures, UO2 becomes increasingly oxidized
homogenously throughout entire grains by driving excess oxygen
from the surface into the bulk of the sample by irradiation-
enhanced diffusion mechanisms. This oxidation process could
explain the contraction in unit cell parameter observed for the
room temperature irradiation since an increase in excess oxygen
content translates to a contraction in unit cell parameter [59e63].
At each temperature, the unit cell parameters of irradiated UO2 are
indicative of slight oxidation (x< 0.05 in UO2þx). Evidence of
irradiation-enhanced inward oxygen diffusion has been previously
observed in swift heavy ion irradiated UO2 [19,22]. This inward
diffusion could be enhanced at slightly elevated temperatures
evidenced in increased contraction at 200 �C. At higher tempera-
tures, the vacuum environment inwhich irradiationwas performed
likely hinders oxidation and over-compensates inward diffusion of
excess oxygen leading to reduction towards stoichiometry, which
could explain the observed swelling of UO2 at irradiation temper-
atures above 200 �C.

Oxygen interstitials inpolycrystallineUO2 are liberated at ~100 �C
and become fully mobile at ~300 �C [45,64]. The largest source of
local distortions come from interstitials due to the large perturbation
in the structure [65]. This explains the increase in unit cell parameter
back to the unirradiated value between 200 �C and 400 �C and the
decrease in heterogeneous microstrain between 25 �C and 200 �C.
Based on this behavior, the interstitial's effect manifests itself locally
as microstrain before long range periodicity begins to change (i.e.,
unit cell parameter). However, it is also possible that swift heavy ion
irradiation caused annealing of defects that existed prior to irradia-
tion, causing the unit cell contraction observed following irradiation
at room temperature. Similar behavior has been previously observed
in other ceramic materials [66]. In contrast to CeO2 and ThO2, the
microstrain in UO2 irradiated at and above 200 �C remains relatively
constant (~0.3%). This implies that the mechanism causing the
relative unit cell parameter in UO2 (slightly negative for Tirr¼ 25 �C
and 200 �C) to increase, surpassing Da0¼ 0 at 600 �C, prevents the
release ofmicrostrainwith increasing temperature as it was the case
in CeO2 and ThO2. In addition to increased annihilation of irradiation
induced defects, the reduction of UO2 at temperatures around200 �C
may initially decrease microstrain only by the elimination of oxygen
interstitials. With increasing temperature, oxygen vacancies are also
produced, which cause an increase of microstrain; thus, the combi-
nation of both processes creates an equilibrium of microstrain.
Therefore, at higher temperatures, it is likely that the observed ef-
fects in UO2 are primarily influenced by redox effects with little
impact of irradiation.

For UO2, the absence of an absorption edge shift or change in
post-edge features at any temperature for both irradiated and un-
irradiated samples (Fig. 5b) is inconsistent with prior speculation
that redox effects might be enhanced at higher temperatures. Based
on the unit cell data, it was expected that samples irradiated at
room temperature would be slightly oxidized. Tracy et al. [16] re-
ported a significant change in the shape of the uranium L-III post-
edge feature of UO3 (containing U6þ) following irradiation with
swift heavy ions, which accompanied irradiation-induced reduc-
tion to UO2þx (primarily U4þ). Irradiation-induced oxidation of UO2,
as previously observed [19,22], would also yield changes to the
post-edge shape. However, no substantial change in the XAS
spectra, corresponding to either reduction or oxidation, are
observed in the present study, as shown in Fig. 5b. It may be that
UO2 is subject to redox effects which are occurring related to the
changes observed in the unit cell parameter, but the chemical
changes were below the detection limit of the XAS measurements
performed in this study. Alternatively, due to the relatively small
magnitude of unit cell parameter change observed (~�0.05 to
0.05%), it is possible that the observed changes are merely lost in
the statistical background, and the XAS results are an accurate
portrayal of a lack of radiation response in UO2 under the irradia-
tion conditions utilized in this study.

These results, combining a number of different analytical tech-
niques, provide a unique insight into electronic energy loss for ions
approximately midway through their range when electronic stop-
ping has dropped from 18 to 22 keV/nm just after fission to
8e15 keV/nm at temperatures relevant to fractional fuel pellet radii
greater than approximately 0.5r0 depending on reactor operation
parameters. In addition, due to the qualitative similarity of the
annealing behavior of swift heavy ion irradiated fluorite-structured
materials displayed in previous studies [15,18], as compared to the
reduction of damage during high temperature irradiation behavior
in this study, these results suggest that the ex situ and in situ defect
recovery mechanisms are similar.

5. Conclusion

Irradiation of CeO2, ThO2, and UO2 with 198MeV 132Xe ions
results in the accumulation of point defects and defect clusters,
causing changes in their unit cell parameters and inducing local
distortion (heterogeneous microstrain). These effects are minor
relative to that commonly induced in ceramics by lower energy
irradiations, for which nuclear stopping dominates, and are effi-
ciently annealed at elevated temperatures. Irradiation at 25 �C in-
duces unit cell swelling in CeO2 and ThO2 yet contraction in UO2. At
elevated temperatures, the swelling is reduced for CeO2 and ThO2,
and the behavior is much more complex in UO2. Only room tem-
perature irradiation of CeO2 yields a measurable change in cation
oxidation state (partial reduction) indicating that for these irradi-
ation conditions, temperature does not enhance irradiation-
induced redox response. The damage behavior observed as a
function of increasing irradiation temperature is primarily attrib-
uted to the enhancement of point defect mobility, which occurs at
an onset temperature that is typically proportional to the melting
temperature of the material. This study of the high temperature
response of nuclear fuel materials to swift heavy ion irradiation
provides insight into the source of the exceptional radiation toler-
ance exhibited by many fluorite-structured nuclear materials.
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