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Isochronal annealing, neutron total scattering, and Raman spectroscopy were used to characterize the
structural recovery of polycrystalline ThO2 irradiated with 2-GeV Au ions to a fluence of 1 � 1013 ions/
cm2. Neutron diffraction patterns show that the Bragg signal-to-noise ratio increases and the unit cell
parameter decreases as a function of isochronal annealing temperature, with the latter reaching its
pre-irradiation value by 750 �C. Diffuse neutron scattering and Raman spectroscopy measurements indi-
cate that an isochronal annealing event occurs between 275–425 �C. This feature is attributed to the anni-
hilation of oxygen point defects and small oxygen defect clusters.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

ThO2 is isostructural with UO2 and can be used as a nuclear fuel
in which the 232Th breeds fissile 233U [1]. Thorium-based fuels offer
several advantages over conventional uranium-based fuels. Exam-
ples include a high chemical durability, improved thermophysical
properties, and competitive neutronic properties [2]. Despite these
advantages and international interest in thorium-based fuels, there
exist only few data on the structural stability of ThO2 under the
high-temperature irradiation conditions encountered in nuclear
reactors. In order to better understand the evolution of important
physiochemical properties and the performance of potential
advanced nuclear fuels under these operational conditions, it is
important to understand the stability and kinetics of irradiation-
induced defects in ThO2.

Swift heavy ion irradiation is a valuable tool for investigating
the behavior of materials in response to highly ionizing radiation,
such as from fission-fragment irradiation, which occurs
continuously in nuclear fuels during use. Unlike low energy
ions and neutrons, swift heavy ions with specific energy
>1 MeV/nucleon generate dense electronic excitations in target
materials via inelastic electronic energy loss [3]. Electronic excita-
tions can yield a variety of permanent material modifications. In
ThO2, dense electronic excitation typically results in the formation
of isolated point defects and small defect clusters [4] as is typical of
other fluorite-structure oxides, such as CeO2 [5–7]. Studies have
also shown that ThO2 exposed to energetic ion irradiation can
undergo dramatic color changes from white to blue [8,9]. The pres-
ence of these unique modifications, attributed to radiative
electron-hole recombination [9] and the subsequent formation of
color centers [8,10], suggests that electronic structure modifica-
tions, such as self-trapped exciton formation and decay, may play
an important role in the damage accumulation process under swift
heavy ion irradiation.

In ThO2, the charge state of thorium is predominantly fixed in
the Th4+ state. The absence of multiple oxidation states for Th,
which is not the case for cations in UO2 and CeO2, is thought to
improve its radiation tolerance by eliminating redox-enhanced
disorder [11]. However, it remains unclear how ThO2 accommo-
dates irradiation-induced defects without exhibiting geometric
frustration as a result of charge balance constraints of the fixed
tetravalent state. This study investigates the annealing
mechanisms that occur during isochronal annealing of ThO2

irradiated by swift heavy ions. Neutron total scattering and Raman
spectroscopy measurements provide insights into the structural
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features that distinguish the defect structure of ThO2 from
isostructural CeO2 and UO2.
Fig. 1. Temperature profiles used for the neutron total scattering and Raman
isochronal annealing experiments. The slopes of the lines in the heating and cooling
stages are for illustrative purposes only and are not representative of the actual
temperature ramp and quench rates. One-hour measurements, denoted by filled
circles, were only performed after quenching from high temperatures.
2. Experimental methods

Neutron total scattering measurements often require a large
sample volume as compared with X-ray scattering measurements
because of the lower fluxes typically associated with neutron
sources. This is challenging for investigating ion irradiation effects
because the penetration depth of MeV ions is typically only a few
tens of microns. In order to obtain sufficient homogenously-
irradiated sample for neutron total scattering measurements,
pressed powder was irradiated by using specially designed alu-
minum powder sample holders with circular indentations that
are 75 lm thick and 1 cm in diameter. Additional details regarding
these holders and the ion irradiation sample preparation are
provided elsewhere [12]. Microcrystalline ThO2 powder was
irradiated at the X0 beamline of the Universal Linear Accelerator
(UNILAC) at the GSI Helmholtz Center for Heavy Ion Research in
Darmstadt, Germany. The irradiations were performed at room
temperature and under vacuum with 2-GeV Au ions to a fluence
of 1 � 1013 ions/cm2. The ion energy loss in this energy regime is
primarily electronic with negligible nuclear energy loss. Energy
loss calculations were performed using the SRIM-2008 code [13]
assuming 60% theoretical density of solid ThO2 (q0 = 10 g/cm3), fol-
lowing the method of Lang et al. [14]. The SRIM results indicate
that for the given experimental parameters, the mean ion range
in the low-density powder ThO2 samples is about 89 mm. This value
exceeds the thickness of the pressed powder samples (�75 mm)
meaning that the ions penetrated the entire sample volume with-
out being implanted. The linear electronic energy loss calculated
using SRIM and averaged over the entire sample thickness is
42 ± 7 keV/nm. The uncertainty in this value represents the upper
and lower bounds to the electronic energy loss in the sample.
The calculated nuclear energy loss is negligible within the material.

After irradiation, the compacted powder was removed from the
sample holders using a blunt tipped needle. Approximately 100 mg
of irradiated powder was recovered. The powder was loaded into a
thin-walled (0.38 mm) quartz NMR tube, which was placed inside
a vanadium can coupled to an ILL-type vacuum furnace. The air
was not evacuated from the sealed sample can prior to loading it
into the furnace; therefore, the annealing was essentially
performed in an air atmosphere. The irradiated sample and an
unirradiated reference sample were annealed and measured at
the Nanoscale-Ordered MAterials Diffractometer (NOMAD)
beamline at the Spallation Neutron Source (SNS) at Oak Ridge
National Laboratory [15]. The temperature profile used for the
isochronal annealing experiment is illustrated in Fig. 1. In short,
each annealing temperature was maintained for 20 min and the
ramps/quenches to/from the target annealing temperatures were
performed as rapidly as possible (�10 �C/min ramp). After quench-
ing from each temperature step, neutron scattering data were col-
lected for 1 h at 80 �C. Sluggish cooling rates associated with the
vacuum furnace precluded the collection of data at temperatures
much lower than 80 �C.

The NOMAD detectors were calibrated with diamond powder,
and a silicon standard was utilized to derive the instrument
parameters for Rietveld refinement. Rietveld refinement of diffrac-
tograms was performed with GSAS-II [16] using only data from the
highest resolution detector bank. The diffractograms were fit with
the fluorite structure model (space group Fm-3m). In order to
derive the pair distribution functions (PDFs), data from all detector
banks were combined. The structure factors, S(Q), were obtained
by normalizing the sample scattering intensity to the scattering
from a solid vanadium rod and subtracting background scattering
obtained by measuring an empty NMR tube inside a vanadium
can at 80 �C. The PDFs, G(r), were calculated by Fourier transform
of the S(Q) functions with Qmin = 0.1 Å�1 and Qmax = 25 Å�1:

GðrÞ ¼ r A
Z Qmax

Qmin

Q ½SðQÞ � 1� sinðQrÞdQ
 !

where Q is the scattering vector defined as Q = 4p/ksinh, r is the
real-space distance in angstroms, and A is an arbitrary scaling
factor.

The PDFs were analyzed by means of small-box refinement per-
formed with PDFgui [17]. Small-box refinement is a Rietveld-type
method in which the properties (e.g., position, atomic displace-
ment parameters, etc.) of atoms in a box the size of one or more
unit cells are adjusted to reproduce the experimental PDF [17]. A
small amount of parasitic scattering from SiO2 was unavoidable
because the sample volume was so small compared to the quartz
NMR tube. This resulted in SiO2 peaks appearing at low r (r < 3 Å)
in the PDFs of the irradiated sample. The peaks are attributed to
the first nearest-neighbor (1-NN)<Si-O> correlation at �1.6 Å and
the 1-NN<O-O> correlation at �2.6 Å. In order to take these peaks
into account, the PDFs were analyzed with a two-phase refinement
consisting of crystalline ThO2 (Fm-3m) and amorphous SiO2. The
amorphous SiO2 was modeled using the PDF of crystalline quartz
SiO2 that was truncated at low r (3–10 Å). The best results were
obtained when the SiO2 PDF was truncated at 3 Å. This indicates
that the SiO2 contribution to the higher r regions is negligible
and the unit cell parameters derived from full-profile (1–50 Å)
small-box refinement are accurate.

Micro-Raman measurements were performed using a Horiba
LabRAM HR Evolution instrument equipped with a 532 nm excita-
tion laser source and a liquid nitrogen-cooled charge coupled
device detector. The laser power was maintained at 0.05 mW
throughout the experiment in order to avoid heating and laser-
induced defect annealing of the irradiated sample. Several particles
of the irradiated ThO2 powder were sampled prior to annealing in
order to verify that the measured spectra were representative of
the entire sample. The isochronal anneal was performed ex situ
in an alumina furnace in air, with the temperature profile shown
in Fig. 1. After quenching from each annealing temperature, the
samples were left to cool for at least 15 min prior to collecting
the Raman spectra. All spectra were collected from an identical



Fig. 3. Relative change in unit cell parameter derived from Rietveld refinement of
the neutron diffraction (ND) patterns and small-box refinement of the neutron pair
distribution functions (NPDF). The data are compared to the X-ray diffraction (XRD)
results from Ref. [21]. The XRD values exhibit a similar trend (i.e., plateau below
�300 �C and decreasing trend above �300 �C), but with different relative magni-
tude. Therefore, the XRD data points were all multiplied by a constant (2.8) along
the vertical axis in order to highlight the similarity in trend between the two data
sets. The shaded region is used to guide the eye.
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spot on the sample using the same measurement conditions. This
ensured that the spectra collected were directly comparable. Peak
fitting of the Raman spectra was performed with Pseudo-Voight
peak profiles using DatLab [18]. Prior to peak fitting, the back-
ground was subtracted and the spectra were normalized to the
intensity of the main F2g peak. The reported peak position values
represent the average of 10 peak fits and the reported uncertainty
represents the standard deviation of the mean.

3. Results

3.1. Unit cell parameter

Neutron total scattering measurements provide information
about the structure over multiple length scales. This includes infor-
mation from both crystalline domains with long-range ordering
(Bragg scattering) and non-periodic features, such as defects (dif-
fuse scattering). Prior to analyzing the diffuse scattering, the evolu-
tion of the unit cell parameter was analyzed in order to
characterize the average structure of the irradiated sample. Riet-
veld refinement of the neutron diffraction patterns confirmed that
ThO2 maintains the fluorite structure after irradiation (Fig. 2). This
is consistent with X-ray diffraction (XRD) studies showing that
ThO2 does not undergo amorphization or phase transformations
under swift heavy ion irradiation [11,19–21].

The accumulation of ion-induced defects in radiation tolerant
fluorite-structured materials typically results in a decrease in
Bragg peak intensities and an increase in the unit cell parameter
(i.e., swelling) [11]. These effects are attributed to the displacement
of some atoms to interstitial positions, which results in the forma-
tion of defects and the expansion of the structure to accommodate
the extra volume occupied by these defects. Thermal annealing of
an irradiated sample typically induces structural recovery, revers-
ing these effects. As the irradiated material is annealed, the unit
cell parameter recovers as a function of isochronal annealing tem-
perature. This decrease in unit cell parameter is driven by the anni-
hilation of irradiation-induced defects. Fig. 3 shows the relative
change in the unit cell parameter for irradiated ThO2 as a function
of isochronal annealing temperature, as determined from neutron
diffraction, neutron PDF analysis, and XRD (see Fig. 3 caption).

The unit cell parameter of the irradiated sample prior to anneal-
ing (a = 5.6003 Å) shows a volume increase of � 0.055% relative to
Fig. 2. Rietveld refinement of the neutron diffraction pattern for the irradiated ThO2

sample prior to annealing. The diffraction pattern of the irradiated sample (blue
circles) was fit using a fluorite-structure model (red line). The background (black
line) is high because of the small sample volume. The difference curve (green line)
illustrates the difference between the data and the fit. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
the unirradiated sample (a = 5.5971 Å). This is in close agreement
with the value of �0.045% reported by Tracy et al. for ThO2 irradi-
ated with 945-MeV Au ions to the same fluence [11]. The unit cell
shows little change between 25–100 �C, but begins to decrease
monotonically after annealing at 275 �C. After heating the irradi-
ated sample to 750 �C, the unit cell recovers to the pre-irradiation
value. The overall recovery trend is similar to that reported for
ThO2 irradiated with 945-MeV Au ions and characterized by XRD
[21], also shown in Fig. 3, especially near the initial and end points.
Assuming that 2-GeV Au and 945-MeV Au irradiations yield similar
types of defects in ThO2, both data sets should exhibit similar iso-
chronal defect annealing behavior. There is larger scatter in the data
from the 2-GeV Au irradiations for the temperature steps between
275 and 575 �C; however, this may be attributed to the lower num-
ber of data points and the lower neutron diffraction signal-to-noise
ratio that resulted from the small irradiated sample volume, rela-
tive to the volumes typically required for neutron scattering exper-
iments. The trend derived from small-box refinement of the PDFs
shows better agreement with the XRD data.

Fig. 4 shows the small-box refinement results for unirradiated
and irradiated ThO2, as well as irradiated ThO2 after annealing
for 20 min at 750 �C. After irradiation, the peaks in the PDF broaden
and shift. The peak broadening is attributed to the accumulation of
heterogeneous microstrain, atomic disordering, and the accumula-
tion of point defects. The peak shifts are caused by changes in the
unit cell parameter. The PDFs were all fit well with the fluorite
structure, as indicated by the small intensities of the difference
curves. This shows that the structural changes occurring after irra-
diation and during annealing are subtle. The PDF analysis did not
show any systematic changes in atomic displacement parameters.
However, the derived unit cell parameters yield a trend similar to
the trend determined from neutron diffraction Rietveld refinement
(Fig. 3). The unit cell parameters from diffraction and PDF analyses
typically differ because of the finite measurement range and the
resolution of the instrument [22].
3.2. Diffuse scattering

Further analysis of the Bragg scattering data can be performed
by taking the derivative of the Da/a0 vs. temperature curve shown
in Fig. 3. This ‘‘derivative function” will typically exhibit peaks,



Fig. 4. Small-box refinements of the pair distribution functions (PDFs) of unirra-
diated ThO2, irradiated ThO2 before annealing, and irradiated ThO2 after annealing
at 750 �C for 20 min. The PDFs (colored circles) were fit with a fluorite-structure
model (red lines). The difference curves (green lines) illustrate the difference
between the data and the fit. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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which correspond to distinct annealing stages [23]. These anneal-
ing stages represent intrinsic defect recovery processes with
unique activation energies [24]. However, such analysis requires
the collection of numerous data points in order to be reliable,
which was unfeasible considering the slow cooling rate of the
ILL-type vacuum furnace installed at the neutron beamline. In
order to circumvent this issue, the identification of distinct recov-
ery processes was instead performed by monitoring the intensity
of the diffuse scattering, which is representative of atomic disorder
[25].

Fig. 5 shows the total scattering function, S(Q)-1, for the
irradiated sample in the range 1 < Q < 4 Å�1 for various annealing
temperatures. The Q-range was cropped to highlight the region
with the largest change in diffuse scattering. Anomalous diffuse
scattering in the range 1 < Q < 4 Å�1 has previously been observed
in isostructural CeO2 [26] and compounds with the fluorite-
derivative pyrochlore structure [27,28]. After irradiation and prior
to annealing, the level of diffuse scattering is high. The diffuse scat-
Fig. 5. Total scattering function, S(Q)-1, for irradiated ThO2 as a function of
isochronal annealing temperature in the region 1 < Q < 4 Å�1. The black arrows
point to the diffuse scattering referred to in the text.
tering suggests that the sample has considerable atomic disorder
and/or a large concentration of defects. Upon heating, the diffuse
scattering decreases. Between 25–275 �C there is negligible change
in the diffuse scattering, but between 275–425 �C the diffuse scat-
tering abruptly decreases indicating that ThO2 has a distinct
annealing stage between 275–425 �C. Further annealing to 575 �C
decreases the diffuse scattering even more. However, it is unclear
if the second decrease is indicative of a second annealing stage,
or if the diffuse scattering decreases linearly after 425 �C. Heating
up to 750 �C subsequently raises the diffuse scattering to the level
observed after the 425 �C temperature step.

Similar to the unit cell behavior, the temperature-dependence
of the diffuse scattering is qualitatively in agreement with prior
observations. Prior work has shown that ThO2 irradiated with
945-MeV Au ions exhibits at least one annealing stage (i.e., a peak
in the derivative function) beginning around 200–300 �C [21]. The
large width (i.e., wide temperature range) of the annealing peak in
that study suggests that the recovery peak was a superposition of
several distinct annealing processes rather than a single process.
Furthermore, Palomares et al. showed that most of the structural
recovery in swift heavy ion irradiated ThO2 was completed by
�650 �C [21]. The trend shown in Fig. 5 is consistent with both
of these results. Most defects anneal between 275–575 �C, and
the diffuse scattering reaches a minimum after 575 �C. The unit cell
parameter recovers to the pre-irradiation value after annealing at
750 �C. Regarding the anomalous increase in diffuse scattering
after 750 �C, this may be a result of sample heating. The sample
was left to cool for at least 15 min prior to measurement. However,
it is possible that the sample required a slightly longer cooling time
after quenching from 750 �C. Analysis of the total scattering func-
tions of the unirradiated sample showed that increasing the tem-
perature causes the diffuse scattering to increase, and a broad
band to appear between �1–2 Å. The increase in diffuse scattering
observed after the 750 �C annealing step is therefore attributed to
an increase in intrinsic thermal disorder and is not related to defect
annealing.
3.3. Raman spectroscopy

In order to better resolve the observed annealing stage(s), the
sample was further characterized by Raman spectroscopy. Raman
spectroscopy is a powerful method for probing the local structure
of both ordered and disordered materials. Thus, insights gained
from Raman spectroscopy are complimentary to the atomic struc-
ture information obtained from neutron total scattering. Fig. 6
shows the Raman spectra of ThO2 before and after irradiation,
and after annealing at 750 �C. The Raman spectrum of the unirradi-
ated sample has a single peak at 465 cm�1, in agreement with prior
studies [19,29,30]. This feature corresponds to the triply-
degenerate F2g Raman-active optical phonon, which represents
the symmetric breathing mode of the oxygen cage around each
cation [30].

Swift heavy ion irradiation results in the formation of defects
that distort the local structure causing the breakdown of the
Raman-active selection rules [19]. A comparison of the unirradi-
ated and as-irradiated (pre-annealing) spectra shows that the irra-
diation decreases the signal-to-noise ratio and modifies the F2g
peak properties. The F2g peak of irradiated ThO2 is red-shifted
and broadens asymmetrically to the lower-frequency side. Similar
asymmetric broadening of the F2g peak has been observed in swift
heavy ion-irradiated CeO2 [31] and ThO2-UO2 solid solutions [29],
and is indicative of a disruption of translational symmetry. The
shift of the F2g band to lower frequencies also suggests an elonga-
tion of the <Th-O> distance, which is consistent with volumetric
swelling measured by XRD [11,19] and the results obtained from



Fig. 6. Normalized Raman spectra of unirradiated ThO2 (black), and irradiated ThO2

(2-GeV Au ions, 1 � 1013 ions/cm2) collected prior to annealing (red) and after
annealing at 750 �C for 20 min (blue). The Raman spectra collected for the other
isochronal annealing temperatures are omitted for clarity. The insets show the
position of the F2g band as a function of isochronal annealing temperature. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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pair distribution function analysis of swift heavy ion irradiated
ThO2 [12].

In addition to the modifications to the F2g band, the spectrum of
the irradiated sample also exhibits a broad band centered at
�600 cm�1. This peak, or superposition of peaks, was previously
observed in the spectra of ThO2 irradiated at higher ion fluences
with 945-MeV Au ions [19]. Similar features have also been identi-
fied in oxidized [32] and ion irradiated [33] UO2. In the case of UO2,
this feature was attributed to the nondegenerate F1u LO mode,
which becomes Raman-active as a result of increased atomic disor-
der. However, Mohun et al. have shown that the intensity of the
band at �600 cm�1 in energetic ion irradiated ThO2 depends on
the excitation wavelength (532 nm vs. 633 nm) [9]. Therefore, it
is likely that the feature is caused by defect-induced photolumi-
nescence. Varying the excitation wavelength from 532 nm to
473 nm did not yield any noticeable change in the satellite peak
intensity and position. However, it is possible that the use of an
excitation source with a longer wavelength is needed in order to
reproduce the photoluminescence-related variation.

Isochronal annealing of the irradiated sample results in sharp-
ening of the F2g peak and an increase in the Raman signal-to-
noise ratio. The width of the F2g peak decreases continuously as a
function of isochronal annealing temperature. This is in contrast
to the position of the F2g peak maximum, which shows a disconti-
nuity between 275 and 425 �C (Fig. 6 inset). The discontinuity in
peak position can be attributed to the first annealing event that
was observed in the diffuse scattering data in the same tempera-
ture range. Further annealing after the 425 �C temperature step
does not yield any noticeable change in the F2g peak position.
Unlike the unit cell parameter, the position of the F2g peak does
not recover to the pre-irradiation value (465 cm�1) after annealing
at the highest annealing temperature, 750 �C. This suggests that
some local structural distortions persist in the material up to the
highest temperature achieved in this study.

4. Discussion

The evolution of the unit cell parameter, the diffuse scattering,
and the Raman spectroscopy data all indicate the presence of an
annealing event between 275 and 425 �C. In order to ascertain its
origin, it is important to consider the defect structure that is pre-
sent in ThO2. Swift heavy ion irradiation of ThO2 results in the for-
mation of cylindrical damage zones along the trajectories of
individual ions, called ion tracks. These features have been
observed in ThO2 directly with transmission electron microscopy
(TEM) [34] and indirectly with XRD [11]. Ion tracks in ThO2 exhibit
a relatively disordered core region and a halo region, near the cir-
cumference of the track cross-sections, with fewer defects, but sig-
nificant microstrain [19]. Tracy et al. [19] proposed that defect
clusters in these tracks exhibit a radial size distribution, based on
similar track structures that have been observed in fluorite-type
alkali-halides [35]. In both ThO2 and alkali-halides, it is expected
that larger defect aggregates are concentrated at the core of the
ion track whereas more isolated point defects and/or color centers
populate the halo region.

The first annealing stage (275–425 �C) is characterized by sev-
eral features: a noticeable change in the unit cell parameter, a dis-
crete drop in diffuse scattering, and a shift in the F2g peak in the
Raman spectrum. Irradiated ThO2 often exhibits large concentra-
tions of color centers. Therefore, it was considered that the anneal-
ing stage is caused by the thermally-induced annihilation of these
color centers at high temperature [8,36]. The color center concen-
tration has been shown to have a significant effect on the unit cell
parameter in alkali-halides, such as LiF [37,38]. However, the effect
of color center annihilation in the present study is likely negligible
because the ThO2 sample showed minimal coloration after irradia-
tion. It is possible that coloration was limited by the large concen-
tration of grain boundaries in the loosely compacted samples
(�60% theoretical density).

The Raman spectrum of ThO2 is highly influenced by the oxygen
sublattice and less so by the cation sublattice. This is evidenced by
the similarity in the Raman spectra of the various fluorite struc-
tures (e.g., CeO2, ThO2, PuO2, and NpO2) [39]. As such, the discrete
shift of the F2g peak observed here suggests that the first annealing
event is associated with the annihilation of oxygen-type defects,
such as oxygen Frenkel-type and/or oxygen cluster defects. The
annealing stage (275–425 �C) is close in temperature to the oxygen
migration regime in similar fluorite-structure oxides. Madier et al.
have shown that oxygen becomes mobile in isostructural CeO2 at
�400 �C [40]. Moreover, the fixed valence of thorium [41] com-
bined with the low formation [42,43] and migration [44] energies
of oxygen defects make anion disorder the preferred mode of
defect incorporation in ThO2. In addition to smaller point defects,
such as anion Frenkel pairs, ThO2 exhibits a tendency to accommo-
date charged defects [44] and oxygen defect agglomerates, such as
dimers and peroxide ions [44–46]. Peroxide ions are bound states
of two oxygen interstitials with an overall charge state of -2 [47].
These defects were experimentally identified in swift heavy ion
irradiated CeO2 [12], and are predicted to exist in non-
stoichiometric ThO2 [46].

Numerous studies on isostructural actinide oxides (UO2, PuO2)
irradiated with neutrons [48–52] and alpha-particles [53,54]
recorded similar isochronal annealing trends consisting of two
prominent annealing stages. The first stage typically occurs
between �200–400 �C whereas the second stage occurs above
�500 �C. Weber compared the behavior of alpha-particle irradiated
fluorite-structured materials and attributed these stages to the
annealing of oxygen interstitials and cation vacancies, respectively
[53]. This interpretation was corroborated by Matzke and collabo-
rators for ion implanted UO2 (see Ref. [55] and references therein).
The first event observed between 275 and 425 �C is therefore
attributed to the annealing of oxygen point defects and small oxy-
gen defect aggregates, such as dimers and peroxide ions. The disso-
ciation of larger interstitial-type defect clusters within the swift
heavy ion track core between 275 and 425 �C is considered unli-
kely because these defects show evidence of high temperature sta-



Fig. 7. Raman spectra of irradiated ThO2 in absolute scale before and after
annealing. The Raman spectra were collected from an identical spot on the sample.
The inset shows the relative change in the F2g peak maximum intensity as a
function of isochronal annealing temperature.
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bility. For example, Douglass et al. have shown that black-dot
defects (ascribed to defect clusters and unresolvable loops) in
alpha-irradiated ThO2 are stable even after heating to 900 �C for
8 h [4]. At higher temperatures (�1300 �C), the black-dot defects
act as nucleation sites for the coalescence and growth of larger
defect clusters and dislocation loops [4,56].

Interestingly, the shift of the F2g peak does not show evidence
for the second annealing event at higher temperatures, as the
wavenumber position of the F2g peak does not shift significantly
following annealing at temperatures above 425 �C. The only
change in the Raman spectra is a �80% increase in the F2g peak
intensity between the 575 �C and 750 �C temperature steps
(Fig. 7). For comparison, the change in F2g peak intensity from
25–575 �C was only about 50%. The notable change in F2g peak
intensity between 575 and 750 �C may be attributed to the second
annealing stage of cation vacancy migration and recovery, as sug-
gested byWeber [53] and Matzke [55]. Following these studies, the
large change in the F2g peak intensity between 575 and 750 �C is
tentatively attributed to the annihilation of cation vacancy defects
considering that the maximum F2g peak intensity likely increases
as cation defects are annealed and ThO8 polyhedra recover to
near-pristine arrangement. The change in the Raman signal-to-
noise ratio in this temperature regime is in agreement with the dif-
fuse scattering and unit cell parameter data, which show continued
annealing up to 750 �C. However, further experiments are needed
to unequivocally confirm the cation vacancy annealing stage. Anal-
ysis of the ion track structure in ThO2 using high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) [6] can provide further insight for determining the extent
of disordering on the cation sublattice in order to further elucidate
the defect structure of swift heavy ion irradiated ThO2.
5. Conclusions

The structural recovery of ThO2 irradiated with 2-GeV Au ions
was investigated by means of isochronal annealing, neutron total
scattering, and Raman spectroscopy. Rietveld refinement of the
neutron diffraction patterns shows that the unit cell parameter
monotonically decreases as a function of isochronal annealing tem-
perature, recovering to the pre-irradiation value by 750 �C. The
neutron total scattering functions also indicate that the Bragg scat-
tering from crystalline domains in the irradiated ThO2 sample
increases, relative to the diffuse scattering, as the sample is
annealed to higher temperatures. The diffuse neutron scattering
and Raman spectroscopy measurements indicate that a substantial
isochronal annealing stage occurs between �275–425 �C. The
annealing event is attributed to the annihilation of oxygen point
defects and small oxygen defect clusters.
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