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Polycrystalline ThO2 was irradiated with 2.2 GeV Au ions and characterized by synchrotron X-ray diffrac-
tion, X-ray absorption spectroscopy, and Raman spectroscopy. The diffraction measurements indicated an
increase in the unit cell parameter and the accumulation of heterogeneous microstrain with increasing
ion fluence, both of which are consistent with a single-impact model of damage accumulation. An ana-
lytical fit of the data to a single-impact model yielded a saturation unit cell expansion of
0.049 ± 0.002% and a saturation strain of 10.4 ± 0.2%. Cross-section data determined from the model val-
ues yielded effective ion track diameters of 1.9 ± 0.2 nm and 3.2 ± 0.3 nm for the two modifications,
respectively, indicating that the tracks consist of a core region in which swelling and strain have occurred
and a defect-rich halo in which microstrain is present but the initial unit cell parameter has not changed
significantly. The spectroscopic analysis revealed the presence of significant local structural distortion in
the irradiated material, but no evidence of systematic modification to the electronic state or chemical
environment of the cations. This indicates that swift heavy ion irradiation of ThO2 primarily produces
simple point defects or defect agglomerates.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction (dE/dx), provides an appropriate simulation of fission fragment
ThO2 exhibits the fluorite crystal structure ðFm�3mÞ and has
applications as a nuclear fuel material, either alone or in a ThO2–
UO2 mixture, with safety and waste management advantages over
conventional UO2 fuels [1,2]. However, its response to radiation
damage, an important property for a nuclear fuel, is poorly charac-
terized. Few radiation damage studies of this material have been
performed and much of the available data is of a qualitative nature
[3–5]. This is in contrast to related lanthanide and actinide oxides,
such as CeO2 and UO2, for which a great deal of systematic irradi-
ation data are available [6–8]. Quantitative, systematic investiga-
tion of radiation damage in ThO2 is necessary in order to assess
its performance as a nuclear fuel and to provide insight into the
fundamental processes that govern the radiation response of fluo-
rite-structured oxides.

Irradiation of insulators with swift heavy ions, which have ener-
gies greater than approximately 1 MeV per nucleon and deposit
energy in a target material primarily through electronic energy loss
damage in nuclear fuels. Fission fragments are heavy atomic
species with specific energies similar to those of swift heavy ions
and for which electronic energy loss is the dominant stopping
mechanism. The electronic excitation of the target material result-
ing from swift heavy ion irradiation can induce complex modifica-
tions to the atomic and electronic structures of the material which
are often distinct from those induced by irradiation in the nuclear
energy loss regime [9]. These modifications are generally attrib-
uted to either the production of Frenkel pairs during the decay of
irradiation-produced self-trapped excitons [10] or to intense heat-
ing of a nanometric ionized region caused by electron–phonon
coupling [11]. Previous investigation of ThO2 [12] shows that it
may exhibit self-trapped excitons, making this a possible mecha-
nism for irradiation-induced damage creation in this material. Both
effects are generally localized to an ion track, a cylindrical region
along the trajectory of an impinging ion. By probing the crystallo-
graphic and electronic structures of an insulating material over a
range of ion fluences, insight into the radiation response and the
mechanisms by which defects accumulate in individual ion tracks
can be obtained. This paper examines the damage produced by
swift heavy ion irradiation of ThO2 and, using synergistic diffrac-
tion and spectroscopic techniques, investigates the character and
distribution of the resulting defects.
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Fig. 1. Representative XRD patterns of irradiated and unirradiated ThO2. Peak shifts
to lower 2h values, peak broadening, and a decrease in the intensity of all peaks
occur with increasing ion fluence. The dotted lines show both the peak shifts,
indicating an increase in unit cell parameter, and broadening, indicating the
accumulation of heterogeneous strain.
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2. Experimental procedure

Polycrystalline ThO2 was prepared by pressing powder, exhibit-
ing crystallite sizes on the order of 1 lm, into 200 lm diameter
holes drilled in 50 lm thick stainless steel sheets. Compact densi-
ties are typically lower than 60% theoretical density [13]. Irradia-
tion of these samples was performed at beamline X0 of the
UNILAC linear accelerator at the GSI Helmholtzzentrum für Schwe-
rionenforschung in Darmstadt, Germany using 2.2 GeV 197Au ions.
The irradiation was carried out at room temperature and under
vacuum to fluences of up to 5 � 1013 cm�2, with the ion flux lim-
ited to �109 cm�2 s�1 to avoid heating of the samples. The thick-
ness of the samples, assuming 60% theoretical density, is less
than the projected ion range obtained from calculations using the
code SRIM-2008 [14] of 70.7 lm, indicating that all incident ions
passed completely through the targets with a relatively constant
electronic energy loss of 31.8 ± 1.7 keV/nm. The calculated nuclear
energy loss is, for the entire ion path, always at least two orders of
magnitude less than the electronic energy loss and is assumed to
be negligible.

Modifications to the crystallographic and electronic structure of
the irradiated samples were investigated by means of synchrotron
X-ray diffraction (XRD), synchrotron X-ray absorption spectros-
copy (XAS), and Raman spectroscopy. Angle dispersive XRD was
performed at beam line HPCAT 16BM-D of the Advanced Photon
Source at Argonne National Laboratory. A monochromatic beam
of 25 keV (k = 0.4959 Å), selected using a Si (111) double crystal
monochromator with a focused spot size of 12 lm (v) � 5 lm (h)
in the full width at half maximum, was used in transmission geom-
etry and diffraction rings were recorded with a Mar345 image
plate detector. Integrated two-dimensional patterns were pro-
duced with the software Fit 2d [15]. A collection time of 300 s
was used for all diffraction patterns, which were fit with Pseudo-
Voigt peaks to obtain individual peak widths. Unit cell parameters
were determined by Rietveld refinement [16]. XAS at the Th LIII-
edge was measured semi-simultaneously, immediately after the
diffraction measurement without changing the beam spot on the
sample. HPCAT 16BM-D’s fixed-exit beam monochromator (Si
(111) double crystals in pseudo channel cut mode) and switchable
diffraction–absorption setup allowed consistent measurement of
the two properties at an identical sample condition. Raman spectra
were recorded in backscattering geometry on a Horiba Jobin Yvon
(HR800) micro-Raman spectrometer with a 20 mW HeNe laser
excitation source (k = 632.82 nm), using a collection time of 10 s.
Further details of the sample preparation, irradiation, and charac-
terization are given elsewhere [17].
3. Results and discussion

Three modifications to the ThO2 XRD patterns (Fig. 1) were ob-
served following irradiation: shifts of all fluorite-structure diffrac-
tion maxima to lower 2h values, peak broadening, and a reduction
in the intensity of the diffraction maxima. No additional peaks
were observed at any fluence, confirming that the fluorite structure
is maintained under irradiation and further illustrating the excep-
tional stability of ThO2 and similar fluorite-structured oxides under
irradiation [17]. Additionally, no evidence of amorphization, in the
form of broad, low-intensity X-ray scattering, was evident. This is
in contrast to many oxide materials that exhibit phase transforma-
tions, amorphization, or both under swift heavy ion irradiation
[18]. The peak shifts indicate an increase in the average unit cell
parameter, while the intensity reduction suggests a decrease in
the number of scattering atoms occupying the ideal fluorite struc-
ture atomic positions, resulting in a partial loss of coherent Bragg
X-ray scattering. Both effects are attributed to irradiation-induced
defect accumulation and the accompanying structural distortions
over long- and short-range length scales, respectively [18]. In order
to ascertain the source of the observed diffraction peak broadening,
Williamson–Hall plots [19], as shown in Fig. 2(a) for Lorentzian
peak shapes, were constructed from the XRD patterns obtained
at each irradiation fluence. In this XRD analysis technique, the
dependence of the peak broadening of individual diffraction max-
ima on the diffraction angle is studied. The tan(h) dependence of
strain-induced peak broadening is distinguished from the cos�1(h)
dependence of crystallite size-induced peak broadening. By plot-
ting sin(h), for each peak against bcos(h), where b is the induced
peak broadening, a line is produced for which the slope depends
on the material’s microstrain and the y-intercept is inversely pro-
portional to its grain size. This analysis showed that the irradia-
tion-induced peak broadening in ThO2 is due primarily to the
accumulation of localized, heterogeneous strain with increasing
ion fluence. No systematic change in the measured grain size,
shown by the y-intercepts in Fig. 2(a), is evident. Such local strain
in non-amorphized irradiated materials is commonly attributed to
structural distortions near point defects or defect clusters [20].

Williamson–Hall analysis of the diffraction peak widths facili-
tated the extraction of average microstrain values as a function
of fluence (Fig. 2(b)), while refinement of the peak shifts yielded
the evolution of the material’s unit cell parameter as a function
of fluence (Fig. 2(c)). Both show an initial period of linear increase
followed by saturation, indicating a single-impact mechanism for
damage accumulation [21] in which the first ion to traverse a cer-
tain volume of the material fully modifies that region and subse-
quent ion impacts or track overlaps yield no further
crystallographic alterations. As such, the data for both strain and
unit cell parameters were fit with a single-impact model following
the equation:

A ¼ Að Þsat 1� e�Ur� �
ð1Þ

where A is the change in the parameter being modified, in this case
Da/a0 and e, (A)sat is the saturation value of the parameter, U is the
irradiation fluence, and r is the ion track cross-sectional area, defin-
ing an ion track as the region in which the modification of interest
occurs. This fitting procedure gives a maximum strain value of
10.4 ± 0.2% and a maximum unit cell parameter increase of
0.049 ± 0.002%. The latter unit cell swelling value is approximately
one order of magnitude less than those obtained by Weber [6] for



Fig. 3. Raman spectra of irradiated and unirradiated ThO2. A pronounced decrease
in the intensity of the T2g mode at approximately 465 cm�1 is observed with
increasing fluence, indicating the presence of structural distortion resulting from
defect accumulation.

Fig. 2. (a) Williamson–Hall plots of representative XRD data collected from
irradiated ThO2. Straight lines were fit to the peaks for each fluence such that
their slopes are proportional to the amount of heterogeneous strain present, while
their y-intercepts are inversely proportional to the average grain size. Little change
in grain size is evident, but there are significant increases in strain with increasing
fluence. This indicates that the XRD peak broadening is primarily due to strain,
rather than a reduction in grain size. (b) Heterogeneous strain, determined using
Williamson–Hall plots, as a function of fluence. A single-impact model, Eq. (1), is fit
to the data, yielding values for the strain at saturation and the diameter of the ion
track in which this strain occurs. (c) Changes in the unit cell parameter of ThO2 as a
function of fluence. A single-impact model, Eq. (1), is fit to the data, yielding values
for the swelling at saturation and the diameter of the ion track in which this
swelling occurs.
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alpha-particle irradiations of the similar fluorite materials CeO2,
UO2, and PuO2, suggesting that damage production by swift heavy
ions in fluorite oxides is much less efficient than that of alpha-
particle irradiation, which includes a significant nuclear energy loss
component. It is, however, similar to the swelling of 0.06% observed
by Ohno et. al. in fluorite CeO2 irradiated with swift heavy ions [22].
Assuming cylindrical ion tracks, effective track diameters of
3.2 ± 0.3 nm and 1.9 ± 0.2 nm are determined for strain and unit cell
expansion, respectively. The single-impact behavior of the micro-
strain accumulation differs from the linear behavior seen in Wil-
liamson–Hall analysis of oxides that are amorphized by swift
heavy ions [23], suggesting a different mechanism, defect produc-
tion, is responsible for this irradiation effect.

While the abovementioned benchmarks of swift heavy ion irra-
diation damage are useful for the quantification of the radiation
tolerance of ThO2, study of the defects produced in this material
is necessary in order to fully understand its radiation response.
To this end, spectroscopy techniques can provide valuable infor-
mation regarding short length-scale atomic configurations. Raman
spectroscopy of the unirradiated material (Fig. 3) shows only a sin-
gle vibrational mode at approximately 465 cm�1, in agreement
with previous measurements [24]. This band is attributed to the
triply degenerate T2g vibration. Its intensity is significantly reduced
with increasing ion fluence, indicating a breakdown of the selec-
tion rules accompanying the displacement of atoms from their
equilibrium lattice sites and heterogeneous microstrain caused
by defect production. The only other observed modification to
the spectra is the growth of a broad band or of multiple overlap-
ping bands in the range �500–660 cm�1. Guimbretière et. al. [25]
observed similar Raman signals in approximately this range for
fluorite-structured UO2 irradiated with 25 MeV He ions, for which,
as with the ions used in this study, the energy loss is primarily
electronic. They differentiate the region into three distinct peaks
at �530, �575, and � 635 cm�1 and attribute the low and high
wavenumber peaks to hypo- and hyper-stoichiometric regions,
respectively, and the middle peak to the Raman-forbidden LO
mode [26]. This latter optical phonon mode has previously been
observed in UO2 irradiated with 200 keV Kr ions and has been
shown to indicate a breakdown in the selection rules of fluorite
materials due to structural damage accompanying irradiation-
induced defect production [27]. Therefore, the appearance of a
broad band in the Raman spectra of irradiated ThO2 centered
around 575 cm�1 and the reduction in the intensity of the T2g

mode both confirm the accumulation of structural distortion, or
microstrain, with increasing fluence, resulting from the production
of point defects or defect agglomerates.

In contrast to other f-block oxides, which are easily oxidized or
reduced, thorium oxide is likely stable only as a dioxide. Very few
trivalent thorium materials have been observed [28], none of
which are oxides, and the element lacks pentavalent or higher
oxidation states. Because oxidation and reduction from the
Th4+ valence state are thus precluded, extended non-stoichiometric
regions are not expected to form under irradiation. Cuboctahedral
arrangements of anion defects, as are commonly observed in non-
stoichiometric UO2 [29], and similar charge-modified defect clus-
ters were proposed by Guimbretière et. al. for the new low and
high wavenumber bands, but are unlikely to occur in ThO2. Instead,



Fig. 4. XAS spectra of the Th LIII-edge of irradiated and unirradiated ThO2. No
change in the shape or position of the absorption edge is observed, suggesting that
the electronic structure of ThO2 is not significantly modified by swift heavy ion
irradiation.
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smaller regions of localized non-stoichiometry (e.g. hypo-stoichi-
ometry around anion vacancies and hyper-stoichiometry around
anion interstitials) might occur around defects, giving rise to the
radiation-induced Raman modes at approximately 530 and
635 cm�1. However, the weak Raman signal obtained from the
irradiated samples precludes detailed analysis of the band or bands
in this region. At the highest fluence achieved, 5 � 1013 cm�2, the
broad signal in the �500–660 cm�1 region appears to decrease in
intensity along with the T2g mode, suggesting that a threshold de-
gree of lattice distortion may exist above which these potential
selection rule breakdown- and non-stoichiometry-induced modes
are suppressed. Despite uncertainty in the attribution of the
observed peaks, the T2g mode decrease apparent in the Raman
spectra of swift heavy ion irradiated ThO2 shows strong agreement
with the XRD results, confirming the production of extensive
structural distortion, or heterogeneous strain, due to irradiation-
induced defect formation.

The XAS results (Fig. 4) confirm that no systematic change in
the electronic structure of the material or in the local bonding
environment of the Th cations occurs after ion irradiation. This
technique is sensitive to the valence state of the cation and its elec-
tronic configuration. The lack of modification to the Th LIII-edge in
the form of either an energy shift or a change in the edge shape
indicates that its chemical state is maintained despite the produc-
tion of defects. This would not be the case if large concentrations of
complex charge-coupled defect clusters, such as cuboctahedral an-
ion interstitial complexes, were to form, as this would require a
modification of the Th charge state in the non-stoichiometric
region in order to maintain charge neutrality. Therefore, we pro-
pose that any modification to the electronic structure that results
from changes in the local environment of the cations, as might
occur by the production of Frenkel defects, is accommodated by
long-range ionic interactions, rather than by short-range phase or
chemical changes. The complementary Raman and X-ray spectros-
copy results suggests that only simple point defects or defect
aggregates, such as dislocation loops, are formed by swift heavy
ion irradiation of ThO2. Similar damage consisting of isolated and
aggregated Frenkel pairs has been identified in non-amorphizable
alkali halide ionic crystals due to swift heavy ion irradiation [10].

The difference in the ion track radius as determined from strain
measurements compared with that determined from unit cell
parameter measurements indicates a core–shell track morphology.
Schwartz et al. [10] attribute similar core–shell morphology in
fluorite-structured alkali halides to a central track region contain-
ing defect aggregates surrounded by a halo of isolated point de-
fects. Thus, we conclude that, for ThO2, the irradiation-induced
strain measured by XRD and suggested by the observed breakdown
of the Raman selection rules is due to the formation of Frenkel
pairs and possibly defect agglomerates in the track cores. The mea-
sured increase in unit cell parameter as a function of fluence arises
from swelling due to the presence of a certain saturation defect
concentration, possibly accompanied by defect agglomeration,
which, as per the single impact model, is achieved in an ion track
after the first ion impact. The core is fully modified, such that a sat-
uration defect concentration is achieved and a larger unit cell
parameter is exhibited, while the shell is defect rich, such that het-
erogeneous strain occurs there, but does not contain a sufficient
defect concentration or the required extent of defect agglomera-
tion to exhibit an increase in the average unit cell parameter. In-
stead, only local atomic distance fluctuations due to compressive
and tensile strains around interstitials and vacancies, respectively,
are present. For this track morphology, microstrain, which is pro-
duced in both the core and shell track regions, accumulates more
rapidly with ion fluence than swelling, which only occurs to a large
extent in the track core. It is unlikely that distinct interfaces be-
tween the two regions are present, so the measured track radii
should instead be taken as approximate values corresponding to
a gradual decrease in defect concentration in the radial track direc-
tion. Core–shell track morphologies, in which a highly defective
core is surrounded by a shell having a lower defect concentration,
have also been posited by Lang et. al. [30] to occur in fluorite-
derivative pyrochlore-structured complex oxides. In some such
materials, swift heavy ion irradiation produces an amorphous track
core surrounded by a fluorite-structured, antisite defect-rich shell
and a pyrochlore-structured point defect-rich halo. While, in the
case of pyrochlore, phase transformations accompany track
formation, this result is consistent with those presented here in
that concentric track regions are evident with decreasing defect
concentration in the radial track direction, assuming the amor-
phous regions of the pyrochlores to be highly defective.
4. Conclusions

Irradiation of ThO2 with swift heavy ions causes point defect
formation through a single-impact mechanism. Spectroscopic
analysis showed no evidence of complex defect clusters or of any
change in the cation valence state. An increase in the unit cell
parameter of the material and the accumulation of heterogeneous
strain are exhibited with increasing ion fluence, both of which are
attributed to structural distortion by the accumulated defects. The
cross-sectional area per ion impact in which swelling occurs is
smaller than that for which microstrain is present, indicating that
the ion tracks consist of a central core region in which the average
unit cell parameter has increased, due to the presence of a satura-
tion defect concentration and possibly defect agglomerates, sur-
rounded by a point defect-rich halo in which the average unit
cell parameter change is small despite the presence of significant
heterogeneous strain.
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