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Abstract: Cerium dioxide (CeOz2) exhibits complex behavior when irradiated with swift heavy ions.
Modifications to this material originate from the production of atomic-scale defects, which accumu-
late and induce changes to the microstructure, chemistry, and material properties. As such, charac-
terizing its radiation response requires a wide range of complementary characterization techniques
to elucidate the defect formation and stability over multiple length scales, such as X-ray and neutron
scattering, optical spectroscopy, and electron microscopy. In this article, recent experimental efforts
are reviewed in order to holistically assess the current understanding and knowledge gaps regard-
ing the underlying physical mechanisms that dictate the response of CeO2 and related materials to
irradiation with swift heavy ions. The recent application of novel experimental techniques has pro-
vided additional insight into the structural and chemical behavior of irradiation-induced defects,
from the local, atomic-scale arrangement to the long-range structure. However, future work must
carefully account for the influence of experimental conditions, with respect to both sample proper-
ties (e.g., grain size and impurity content) and ion-beam parameters (e.g., ion mass and energy), to
facilitate a more direct comparison of experimental results.
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1. Introduction

Under ambient conditions, cerium dioxide (CeO2) adopts the fluorite structure (space
group Fm-3m), common to a variety of dioxides such as UOz, ThO2, PuO:, and doped ZrO2
[1,2]. In this phase, Ce cations arrange in a face-centered cubic array on 4a Wyckoff sites
with a simple cubic substructure of oxygen anions occupying 8c sites (Figure 1). The flex-
ibility of cerium’s electronic structure allows for extensive transitions between the nomi-
nal 4f-Ce* oxidation state and a 4f'-Ce?* state without loss of the long-range fluorite
structure. This transition is so prevalent over a wide range of conditions that materials
containing cerium (including oxides) with monovalent Ce*" cations are difficult to fabri-
cate [3].

Figure 1. The cubic fluorite structure (space group Fm-3m) of CeOz, where cations (blue spheres)
occupy 4a Wykoff sites and anions (red spheres) occupy 8c sites.
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The reduction in cation charge state is coupled to the production of oxygen vacancies
(Vo) in the system; for every positively charged V;, two Ce3 cations are necessary for
charge compensation. Under reducing conditions, oxygen vacancy formation is expressed
in Kroger-Vink notation as:

1
2Cece + 0y — =0, + V; + 2e/ + 2Cec, 1)
2 “(gas)

The two excess electrons (e/) liberated by the formation of molecular oxygen can sub-
sequently be captured by surrounding cerium atoms, causing a reduction in the oxidation
state of tetravalent cations {Ce(IV) — Ce(IIl)} as expressed in:

2Cec, + Vi + 2e! - Vj + 2Cel, )

The accommodation of these V; and Ce® defects in the fluorite structure yields an
average expansion of the unit cell, due to the larger cationic radius of Ce® cations com-
pared with Ce* cations (1.14 A and 097 A, respectively [4]) and local distortions around
the Vo and aliovalent cations [5,6]. As these Cei}-V, defect complexes accumulate to suf-
ficiently large concentrations, the oxygen vacancies begin to order and arrange themselves
according to Pauling’s 1st and 2nd rules [7,8]. This leads to transformations into various
trigonal fluorite-derivative phases such as Ce11020 and CesO12 as a function of decreasing
oxygen content [9,10].

The flexibility of the fluorite structure and the complex redox behavior of cerium ox-
ide compounds make them attractive for use in a number of engineering applications,
such as oxygen sensors [11], catalysts in chemical processes [12], and electrolyte materials
in solid oxide fuel cells [13]. Being isostructural with the nuclear fuel materials UO2, ThO,
and PuO;, CeO is also an important analogue for studies of radiation effects in actinide
oxides, as it obviates the need for handling of radioactive or highly regulated compounds.
Due to these applications involving operation under extreme conditions, CeO:z has been
studied in great detail in recent decades, particularly focusing on its behavior in harsh
chemical environments, as well as during exposure to high temperature and intense irra-
diation. Perhaps the most extreme and least understood of these conditions is high energy
heavy ion irradiation.

Swift heavy ions (SHIs), having energies >0.5 MeV/u, can be produced at large accel-
erator facilities and are used for a wide range of applications. The highly transient energy
deposition associated with swift heavy ion irradiation leads to far-from-equilibrium ma-
terial conditions, similar to those induced in nuclear fuels by the slowing down of ener-
getic fission fragments. SHIs are therefore used to study radiation effects in nuclear mate-
rials under well-controlled experimental conditions [14]. SHIs are also used to mimic the
effects of galactic cosmic rays in electronic materials [15], to study degradation mecha-
nisms in accelerator components [16], and for medical treatment purposes [17]. Finally,
SHIs can be harnessed to tailor materials by inducing modifications to their structures and
properties that are not attainable by conventional processing techniques. Examples in-
clude the production of nanostructures [18-21] and the tuning of optical properties [22]
for engineering applications.

Highly energetic heavy ions deposit energy to a material’s electrons primarily via
excitation and ionization processes [23]. This energy dissipates radially in the electronic
subsystem and is then transferred to the atomic system through electron-phonon cou-
pling, leading to high energy densities on the order of eV/atom. This results in rapid heat-
ing in the material over picosecond time scales [24,25] within a nanoscale region around
the ion path (1-10 nm in the radial direction), which causes a thermal spike and possibly
localized melting, followed by rapid quenching [26]. These processes result in complex
structural and chemical modifications along the ion path, leaving behind cylindrical dam-
age zones with radii of a few nm and lengths of 10 s of pm, known as ion tracks. The type
of irradiation damage that is induced within ion tracks depends on the target material and
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can include the formation of defects [27], disorder [28], amorphization [29], and crystal-
line-to-crystalline phase transitions [30].

Fluorite-structured binary oxide materials are generally resistant to the structural
modifications induced by swift heavy ion irradiation. Irradiation-induced defect for-
mation is commonly limited to isolated point defects and extended defect clusters. This is
often accompanied by the build-up of heterogeneous microstrain and, at sufficiently large
defect concentrations, longer-range material modifications such as unit cell swelling. Still
the long-range fluorite structure is commonly maintained.

As ion tracks accumulate with increasing ion fluence, the swelling and microstrain
typically increase in a linear fashion at relatively low fluences, then saturate at higher flu-
ences when tracks eventually overlap. This behavior is described by the so-called single
impact mechanism [31]. The mathematical description of this mechanism is shown in
Equation (3) for the increase in unit cell parameter as a function of increasing ion fluence:

A_a _ a(¢) — Qo  Asqr — Qo
Qo QAo QAo

(1 -e ©)

where g is the measured unit cell parameter at a given ion fluence ¢, ao is the reference unit
cell parameter of the unirradiated material, asat is the saturation value of the unit cell pa-
rameter at high ion fluence, and ois the cross-sectional ion track area.

Understanding the intermediate mechanisms by which electronic excitation and the
subsequent atomic displacement yield changes to the long-range structure and chemistry
of CeO: is critical to its performance in various engineering applications. However, these
processes are complex, multiscale, and difficult to fully characterize. To bridge the gaps
between SHI irradiation-induced electronic excitation, atomic displacement, defect pro-
duction, and bulk material modification, we review here in detail the unique response of
CeO: to swift heavy ion irradiation, as revealed by a wide range of characterization tech-
niques. After initially summarizing the most important characterization techniques, this
article first reviews work investigating the fundamental structural and electronic modifi-
cations induced by swift heavy ions that lead to the formation of ion tracks in CeOz. This
is followed by a description of how these radiation effects are influenced by the irradiation
conditions (ion energy, ion stopping power, temperature, and pressure) and sample char-
acteristics (chemical composition and microstructure). The manuscript concludes with a
brief comparison of swift heavy ion effects in CeO: with those in related fluorite-deriva-
tive oxides, followed by a summary and outlook.

2. Methods
2.1. Irradiation Conditions

The controlled production of SHIs requires large, dedicated user facilities, rather than
the more prevalent and accessible laboratory-based tandem ion accelerators. SHI irradia-
tion of CeO2 materials has been performed at several large accelerator facilities worldwide
[23]. However, these facilities cover different ranges of ion species and energies. The en-
ergy deposited in a material per unit length (known as energy loss, dE/dx) depends on
ion mass and energy and is a key parameter in SHI irradiation experiments. For highly
energetic ions, energy is deposited primarily to a material’s electronic subsystem (elec-
tronic energy loss, dE/dx.), with only minor contributions from nuclear collisions (nuclear
energy loss, dE/dxn).

The effects of SHI energy deposition parameters on the induced structural modifica-
tions in CeO: has been investigated over a broad dE/dx range between 15 and 45 keV/nm,
as shown in Figure 2. Ions of specific energy ranging from 0.5-30 MeV/u (with u being the
number of nucleons) and species ranging from 'I-28U have been utilized in these exper-
iments [32-58]. The strong dependence of the energy loss on the ion energy leads to con-
tinuous change in dE/dx along the ion’s penetration path in the material (Figure 2), which
must be considered for characterization in order to accurately relate irradiation effects to
the specific dE/dx within the volume probed by a particular characterization technique.
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Figure 2. Energy loss profiles as a function of penetration depth determined with SRIM 2013 [57]
for the ions used in the majority of studies [32-56] on SHI irradiated CeO2, assuming 100% theoret-
ical density. The color scale corresponds to the specific energy of ions and indicates the change in
energy as ions penetrate into the material. The three ion species illustrate the range of masses and
species used in these studies.

Other experimental parameters that are typically controlled in SHI irradiation stud-
ies include the ion flux, fluence, irradiation angle relative to the sample surface, and in
situ environmental conditions (e.g., temperature and pressure). The many irradiation
studies previously conducted on CeO: differ also with respect to sample properties. For
example, various microstructures have been employed, ranging from single crystals [59]
to polycrystalline pellets [32] to loose powder compacts [14]. As this review will show, all
of these parameters greatly influence the response of CeO2 to SHI irradiation. To gain fur-
ther insight into radiation damage mechanisms, the impact of all ion-beam conditions and
sample properties on the induced structural and chemical modifications must be under-
stood at a holistic level.

2.2. Characterization

A wide range of characterization techniques have been employed to investigate the
complex structural and chemical effects induced in CeO: by SHI irradiation. Such meas-
urements are performed either ex situ (after ion irradiation) or in situ (directly at acceler-
ator beamlines with various dedicated characterization infrastructures). Analytical meth-
ods used in prior work include various forms of scattering, spectroscopy, calorimetry, and
electron microscopy. Some of these techniques provide direct insight into the damage
structure within individual ion tracks (e.g., electron microscopy), while others are based
on net damage accumulation and fluence-dependent measurements (e.g., X-ray diffrac-
tion). Characterization is commonly performed on materials after irradiation at ambient
conditions to study damage formation, yet select works on irradiation at high tempera-
tures and post-irradiation thermal annealing provide insight into damage recovery and
defect dynamics. The following section gives a brief overview of the most prevalent char-
acterization techniques used to investigate SHI irradiation effects in CeO: and other
fluorite-structured oxide materials.

Scattering techniques provide information on the short-and long-range structural
modifications to materials following SHI irradiation. Highly penetrating X-ray and neu-
tron probes are commonly used for this purpose. X-ray scattering, which is sensitive to
changes in the cation sublattice, is performed with either laboratory-based diffractometers
or at large synchrotron facilities. Neutron probes are useful for investigating the structure
of light (low-Z) atomic constituents in a material (e.g., O in CeO2) because, unlike X-rays,
neutrons scatter efficiently on atoms of low atomic mass (Z of the atomic constituent).

Two scattering techniques have been most extensively used in the study of irradiated
CeOz: diffraction and total scattering. Diffraction experiments allow for quantification of
the long-range volumetric changes (unit cell swelling) caused by the production of defects
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[14,36,38,39,41,46-48,53,55,57,60,61], as well as heterogeneous microstrain and phase
transformations, should they occur. Total scattering experiments are used to study the
local defect structure using real-space analysis. Recently, intense spallation neutrons have
become available for materials research at dedicated facilities, such as the Nanoscale Or-
dered Materials Diffractometer (NOMAD) at the Spallation Neutron Source, Oak Ridge
National Laboratory (ORNL). High-resolution pair distribution function (PDF) analysis is
utilized at NOMAD [61] to investigate short-range structural changes associated with ir-
radiation-induced defects, which are inaccessible to conventional long-range diffraction
methods [51,54].

Spectroscopic techniques provide insight into the local damage structure and
changes to the chemistry of irradiated materials. X-ray absorption spectroscopy (XAS) has
been used to probe cation oxidation state changes in irradiated CeO: and associated mod-
ifications to the local bonding environment [35,47,55,61,62]. X-ray photoelectron spectros-
copy (XPS) provides insight into the electronic structure of cations by X-ray induced elec-
tron excitation and the consequent emission of characteristic photons during de-excitation
[34,35,52,59]. Both XAS and XPS are valuable characterization tools for CeO: due to its
tendency to chemically reduce under highly ionizing irradiation. Raman spectroscopy re-
veals the impact of defects on correlated atomic vibrations [38,50,56]. Structural modifica-
tions in fluorite-structured materials lead to a breakdown of selection rules and the ap-
pearance of so-called Raman forbidden modes in the spectra. Quantitative analysis of
these forbidden modes provides information on defect concentrations. Raman spectros-
copy further reveals the formation of Ce-Vo defect complexes in irradiated CeO2 [63];
thus, this technique is also useful for studying the material’s redox response under SHI
irradiation.

Electron microscopy (EM) is a powerful tool for the analysis of radiation effects in
materials, as it provides direct imaging of the damage structure and its spatial distribu-
tion. High-resolution transmission electron microscopy (HRTEM), using state-of-the-art
microscopes, has recently provided valuable insight into the atomic-scale nature of defects
in irradiated CeO:2 [32,33,37,40,42,44,49]. This technique has provided new information on
the size and damage morphology of individual SHI tracks. In modern microscopes, imag-
ing capabilities are often coupled with other modes of operation such as electron diffrac-
tion and spectroscopy, which are utilized to determine complementary structural and
electronic defect properties. Finally, heating stages in electron microscopes are useful to
monitor changes in the damage structure and defect recovery as a function of increasing
temperature.

Thermodynamic techniques like differential scanning calorimetry (DSC) provide in-
formation on the heat capacity of a material through comparison of its thermal behavior
with that of an unirradiated reference sample under a precisely controlled high-tempera-
ture environment. With respect to irradiated samples, DSC is used to quantify the stored
defect energy [54], providing insight into the nature of the initial defects and their kinetics
during thermally induced recovery processes. When DSC is used in concert with comple-
mentary structural characterization techniques, the structure-energetics relationship of
defects can be directly established. For example, in situ scattering measurements show
how the defect structure recovers at high temperature, while DSC measurements yield the
associated energetics of these processes [54].

3. Radiation Effects in CeO: Induced by Swift Heavy Ions
3.1. Impact on Structure and Chemistry

DSC measurements on SHI irradiated CeO2 by Shelyug et al. [54] revealed that only
~1% of the energy deposited by ions is subsequently stored in irradiation-induced defects
within the structure. XRD measurements of irradiated samples display distinct changes
in Bragg peak position, intensity, and width in CeO: after SHI irradiation, indicative of
unit cell expansion and an increase in structural distortions around defects (microstrain)
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(Figure 3a) [14,36,38,39,41,46-48,53,55,57,60,61]. The original fluorite structure peaks are
retained, and no diffuse scattering is apparent, indicating a very high resistance to irradi-
ation-induced amorphization. The observed changes in the XRD patterns are consistent
with the formation of point defects and defect clusters. HRTEM measurements suggest
that oxygen Frenkel pairs are the primary defect produced following SHI irradiation [42],
a finding supported by molecular dynamics simulations [64]. Dislocation loops have been
observed in SHI irradiated CeO: above a threshold stopping power of 12 keV/nm [40].
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Figure 3. Structural and chemical changes in CeO: after irradiation with 946 MeV 1”Au ions, as adapted from Tracy et al.
[47]. (a) Relative change in unit cell parameter (red) and heterogeneous microstrain (blue) based on X-ray diffraction meas-
urements as a function of ion fluence and (b) corresponding X-ray absorption spectroscopy measurements of an unirradi-
ated (blue) sample and after irradiation to a fluence of 5 x 10%® ions/cm? (red).

XAS and XPS measurements on SHI irradiated CeO: reveal that structural changes
are accompanied by partial reduction of nominally Ce* cations to Ce® [34,39,47,52,55,59].
XAS spectra show a shift in the K-edge absorption energy of approximately -2 eV (Figure
3b), which suggests a partial reduction to the trivalent state rather than the transition of
all cerium cations to the trivalent state, which corresponds to a shift of -7 eV [65]. This
evidence of SHI irradiation-induced reduction is corroborated by magnetic measurements
that display ferromagnetism in SHI irradiated CeO, indicative of the magnetic moments
produced by the 4f electrons in Ce* cations [39,57]. Iwase et al. [34] observed a saturation
of this redox behavior at a Ce3*/Ce#** ratio of ~12% at a maximum fluence of 6 x 103 ions/cm?
using 200 MeV 32Xe ions. Coupled XRD and XAS measurements by Tracy et al. [47,60]
revealed that the observed redox changes are directly linked with unit cell swelling and
microstrain buildup, as the fluorite structure must distort to accommodate larger trivalent
cations (1.14 A versus 0.97 A of initial tetravalent cations), as well as oxygen vacancies [4].
In certain cases, irradiation induced reduction occurs to a sufficient extent that the for-
mation of a secondary phase is observed at high fluences [43,47,53]. This hypostoichio-
metric trigonal CenO2 phase consists of Ce* and Ce?* cations along with ordered oxygen
vacancies.

While changes in unit cell parameter and microstrain of CeO: (Figure 3a) follow a
behavior that is consistent with a single impact model [31,47] (Equation (3)), it remains
unclear whether or not the induced redox changes follow the same trend. XPS data from
Iwase et al. [34] suggest a single impact mechanism for redox effects, based on the increase
in Ce? cations as a function of ion fluence. Still, additional research is needed to accurately
monitor the structural and chemical changes over a range of irradiation conditions, ideally
using coupled XRD and XAS measurements to better understand the formation and
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accumulation of Frenkel-type defects (linked to structural changes) and redox-type de-
fects (linked to chemical change).

3.2. Defect Formation and lon Track Morphology

Irradiation induced unit cell expansion and the accumulation of heterogeneous mi-
crostrain are typically studied with XRD experiments designed to track net damage accu-
mulation in a series of samples irradiated to increasing ion fluences. This is useful for the
determination of ion track cross sections and effective track diameters, but provides no
direct insight into the morphology of individual ion tracks. Electron microscopy, on the
other hand, allows for direct imaging of tracks.

A recent HRTEM investigation by Takaki et al. [42] provided detailed insight into the
size and damage morphology of 200 MeV 132Xe ion tracks in CeOz. This provides the basis
for more fundamental understanding of the defect mechanisms leading to the formation
of SHI tracks. A core-shell track morphology was observed, wherein the interior of the
track is oxygen deficient and the annular shell oxygen rich (Figure 4a). This suggests that
SHI traversal and associated energy deposition causes the radial expulsion of oxygen from
the ion path region. Since cerium’s electronic structure is flexible, the oxygen vacancies
within a core region are stabilized by charge compensation from partial cation reduction
(Ce* to Ce?*). These measurements also showed that oxygen anions are displaced up to
17 nm from the center of the ion track [42]. Neutron total scattering measurements of CeO:
irradiated with 2000 MeV ' Au ions showed that a fraction of the displaced oxygen atoms
form peroxide-like defect clusters (Figure 4b) [51]. These defect clusters may act as a struc-
tural and chemical compensation mechanism to balance the oxygen interstitials with their
counterpart oxygen vacancies stabilized through cation reduction.

[200] —— Unirradiated <O-0> in peroxide-like defect (b)
5x 10" ¢cm™
1x10" cm™
——5x10"2cm™

[020]

r[A]

PDF [A79)

o

r[A]

Figure 4. (a) HRTEM image of a single 200 MeV 132Xe ion track in CeO2 with a core-shell damage
morphology, consisting of an oxygen depleted core (red) and oxygen interstitial rich shell (blue). (b)
Neutron pair distribution functions (PDFs) of CeO: before and after irradiation with 2000 MeV 7Au
ions up to 5 x 102 ions/cm?. A loss of structural order is indicated by the symmetric peak broadening
and the decrease in the intensity of correlation peaks. A structural feature at ~1.45 A is observed
after irradiation (inset) indicative of the formation of peroxide-like defects. Adapted from (a) Takaki
et al. [42] and (b) Palomares et al. [50].

A combination of the results from XRD and EM measurements provides more com-
prehensive information on SHI tracks in CeO, including size, morphology, and internal
damage structure. The areal extent of changes in unit cell parameters and microstrain
within a single ion track can be deduced from the fitting of fluence-dependent XRD data
(single-impact model, Equation (3)). The comparison of effective track diameters reveals
a systematic discrepancy between those determined from unit cell expansion (3.9-5.8 nm)
and microstrain (4.6-10.5 nm) over a range of irradiation conditions (*2Xe and *”Au ions
of 167 and 946 MeV energies) [47,53]. Relating these XRD-based results with diameters
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obtained by HRTEM investigation of SHI tracks (core diameter: ~4 nm and core + shell:
~17 nm) suggests that most of the swelling induced in CeO: occurs in the core region, since
this matches well with the track diameter determined from analysis of unit cell expansion
data. Thus, the unit cell expansion can be attributed to defects within the track core, which
are predominantly oxygen vacancies and reduced Ce* cations. Microstrain can instead be
attributed to distortions arising from all defects within the core and shell, such that the
effective diameter associated with the region of increased microstrain represents the total
ion track size, including both the core and shell periphery.

Besides complex ion tracks, SHIs have been shown to also induce interesting surface
damage morphologies in CeO, as described by Ishikawa et al. [44]. For ions incident in
oblique directions relative to sample surfaces, the formation of hillocks was observed.
These hillocks are spherical in shape and crystalline, with an ideal fluorite structure of
similar atomic spacing to that of the unirradiated matrix. The spherical hillocks are located
above ion tracks and have a mean diameter of 10.6 + 1.3 nm for irradiation with 200 MeV
197 Au ions. Currently, CeO:z and Gd2Zr207 are the only materials in which SHI irradiation-
induced hillocks have been shown to exhibit a fully crystalline structure with no amor-
phous component [44,46]. This is consistent with the exceptionally high radiation toler-
ance of CeQOs.

The spherical, droplet-like shapes of these hillocks imply the influence of surface ten-
sion in a liquid phase, such that the observation of hillocks on the surface of SHI irradiated
CeO: supports the conclusion that a thermal spike and localized melting occur within ion
tracks. In this scenario, all atoms are displaced from their original sites over picosecond
time frames, with oxygen anions moving further away from the location of the original
ion path than cerium cations. Rapid quenching restores the initial crystal structure, but
some defects and defect clusters remain. The core-shell damage morphology is therefore
a remnant of these highly transient processes, and the separation of oxygen anions from
the track core and incomplete recovery result in the observed oxygen defect clusters and
cation oxidation state reduction. This is supported by the molecular dynamics modeling
of Devanathan et al. [64], who showed that the rapid increase in temperature within ion
tracks in CeO: and the subsequent quenching process do not result in complete restoration
of the initial atomic arrangement.

4. Effects of Varying Irradiation Conditions

The types of modifications that are induced in CeO: by SHI irradiation depend on a
number of parameters that are individually adjusted in each irradiation experiment. These
can be grouped into (i) ion beam settings: ion species, energy, energy loss, fluence, and
flux; (ii) environmental conditions: irradiation temperature and pressure; and (iii) sample
properties: grain size and impurity content. The following sections briefly summarize the
effects that each parameter can have on the radiation response of CeQOs.

4.1. Ion Beam Conditions

The irradiation response of CeO: has been studied using a wide range of ion species
(*77I->%8U), energies (0.5-30 MeV/u), dE/dx (~15-45 keV/nm), ion fluxes (10-10'* ions/cm?s),
and ion fluences (10"-10' ions/cm?) [32-56]. The ion energy and energy loss strongly in-
fluence the induced structural damage as seen in unit cell parameter changes with increas-
ing fluence for various irradiation conditions (Figure 5a). For SHI irradiations within the
electronic dE/dx regime, there typically exists a material dependent energy loss threshold
above which ion tracks will form [23]. Track formation has been documented by TEM in
SHI irradiated CeO:2 for an energy loss of ~16 keV/nm [37], which suggests a lower thresh-
old when compared with other fluorite-structured materials. For example, UO: exhibits a
threshold between ~22-29 keV/nm [66]. However, the dE/dx threshold for track formation
has not been accurately determined for CeO: over a wide range of ion species and ener-
gies; this should be the subject of future research.
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Figure 5. (a) Relative change in unit cell parameter based on XRD pattern analysis as a function of fluence for CeO: irra-
diated with 200 MeV 2Xe (green, dE/dx = 27 keV/nm), 946 MeV Au (red, dE/dx = 44 keV/nm), and 167 MeV 32Xe (blue,
dE/dx =27 keV/nm). (b) X-ray absorption spectra of the cerium K-edge in CeO2 before irradiation (blue) and after irradia-
tion to a fluence of 5 x 10'® ions/cm? (red) with 167 MeV 132Xe (top) and 946 MeV 7Au (bottom). (c) Relative change in the
unit cell parameter, determined by XRD pattern analysis, for CeO2 irradiated with 1694 MeV 7Au ions at ion fluxes of
~10° ions/cm?/s (red) and ~10' jons/cm?/s (blue). Dashed lines in (a) and (b) are fits based on a single-impact model. These
data are based on work published by Tracy et al. [46] (a,b) and unpublished work (a,c).

The energy loss governs the nature and extent of the radiation damage induced in a
material. In most cases, a higher energy loss induces a higher energy density within the
track region, which produces more defects and results in the formation of defect clusters
[54]. Sonoda et al. [37] demonstrated that the track size increases with increasing dE/dx in
CeOz, which agrees well with thermal spike calculations [67] based on the Szenes model
[68], indicative of a quadratic relation between track diameter and dE/dx value. While the
amount and type of defects, as well as track size, show a clear dependence on energy loss,
redox changes of the cerium cations appear to be only weakly dependent on the dE/dx
(Figure 5b). This behavior is not well understood, and it remains unclear if cation reduc-
tion also has a critical dE/dx threshold akin to track formation and whether or not they
are the same.

The energy loss alone cannot fully explain the observed radiation behavior, as
demonstrated by the large change in unit cell parameter values in CeO: (Figure 5a) in-
duced by two different ion irradiation experiments using nearly the same dE/dx (~27
keV/nm for both 167 MeV 32Xe and 200 MeV 32Xe ions). This is explained by the addi-
tional impact of ion energy, also known as the velocity effect [23,69]. SHIs lose their energy
to the electron subsystem by collisions with electrons, exciting them to high-energy states
that are sometimes sufficient for ionization from the target atoms. The maximum energy
imparted to these so-called delta electrons is determined by the ion velocity: higher veloc-
ity ions yield electrons with higher kinetic energies, allowing them to travel further away
from their initial positions. For irradiations with comparable energy loss values, ions with
higher velocities (kinetic energies) will deposit their energy over a larger volume. This
results in larger ion tracks, but lower energy densities within those tracks, yielding less
pronounced in-track material modifications (Figure 5b) [47,55].

Differential scanning calorimetry measurements by Shelyug et al. [54] further illus-
trated this velocity effect. A comparison of the enthalpy of radiation damage (the energetic
difference between pristine and irradiated samples) in CeO: irradiated with 1100 and 2200
MeV 7Au ions revealed that the higher velocity ions produced tracks with lower defect
concentrations, although the track diameters were larger than those produced by the
lower velocity ions. These results were corroborated by neutron total scattering measure-
ments and fitting of a single impact model to the measured damage accumulation. To
date, no dedicated studies of the velocity effect have been performed on CeO:. Future
research should further investigate the influence of SHI velocity on the induced damage
structure.
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In addition to ion mass and energy (i.e., dE/dx), as well as ion velocity, the ion flux
on the sample has a substantial effect on the observed radiation response. Irradiation-in-
duced material modifications are often studied in CeO: by irradiation to high fluences, at
which ion tracks overlap (e.g., ~10® ions/cm?). To reach these fluence values within rea-
sonable irradiation times, high ion fluxes (fluence per unit time, given in ions/cm?/s) are
often used. The flux used in a given experiment also depends on the accelerator and the
beam mode utilized (e.g., pulsed versus continuous); these can vary greatly among facili-
ties.

During irradiation with a high ion flux, relatively large amounts of energy are depos-
ited in the sample over a short time interval. For sufficiently high fluxes, the resulting
increase in thermal energy can outrace its dissipation, yielding high sample temperatures.
As shown in Section 4.3, the irradiation temperature can influence the radiation behavior
in insulators like CeOz. In contrast, a lower ion flux allows more time for the dissipation
of thermal energy, and therefore produces less bulk sample heating and reduced mobili-
ties of irradiation induced defects. This impedes the recovery processes, yielding higher
defect concentrations and more extensive material modifications. This is demonstrated by
the swelling behavior of CeO: irradiated with 1694 MeV Au ions at two different fluxes
but otherwise identical irradiation conditions (Figure 5c). The higher flux irradiation leads
to a faster unit cell parameter increase as a function of ion fluence, consistent with a larger
ion track (ion track size is proportional to the slope of the initial linear region). However,
the saturation value of swelling, which is caused by the concentration of defects within
tracks, is greatly reduced compared to the low-flux irradiation (Figure 5c). This shows that
the ion-beam flux is an important parameter that must be considered when comparing
results from different irradiation experiments. It remains unclear how ion-matter interac-
tions are impacted over a large range of fluxes, whether there is an effect beyond the in-
crease in temperature, and whether or not there is a critical flux value below which ther-
mal effects can be neglected. Systematic studies are needed to quantify the effect of ion-
beam flux on defect formation and recovery processes.

4.2. Sample Microstructure

Swift heavy ion irradiation of CeO: has been performed on samples produced by
various synthesis and processing procedures, resulting in a range of microstructures with
grain sizes from the nm-scale to bulk. The microstructure of a material influences its prop-
erties, including mechanical behavior, transport properties, and radiation response. For
example, grain boundaries serve as defect sinks during irradiation with low-energy ions,
leading to an enhanced radiation tolerance of nanocrystalline materials due to their high
grain boundary densities [70]. This is in contrast to the reduced stability of nanocrystalline
CeOz reported for SHI irradiation experiments [43]. Tracy et al. [47] and Cureton et al. [53]
have shown that upon irradiation with 946 MeV 7Au ions, nanocrystalline CeO: (grain
size: 20 nm) exhibits greater unit cell swelling [53] (Figure 6a) and redox changes [47]
compared with microcrystalline CeO: (grain size: 2 um).
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Figure 6. (a) Fluence-dependent change in unit cell parameter based on XRD pattern analysis for microcrystalline CeO:
(blue, grain size =2 um), nanocrystalline CeO: (red, grain size =20 nm), and the Ce1102 phase produced in nanocrystalline
samples (black), all relative to the unit cell parameter of unirradiated CeOs. (b) X-ray diffraction patterns of irradiated
nanocrystalline CeO: as a function of fluence, displaying the emergence of new peaks corresponding to the Ce11O20 phase,
as indicated with arrows. (c¢) X-ray absorption spectra of the cerium K-edge in CeO2 before irradiation (blue) and after
irradiation to a fluence of 5 x 10'® ions/cm? (red) in nanocrystalline (top) and microcrystalline (bottom) samples. (d) Phase
fraction of Ce11Ozx relative to the fluorite phase as a function of ion fluence for microcrystalline (blue) and nanocrystalline
(red) CeOs. Irradiation was performed with 946 MeV Au ions. These data were adapted from Cureton et al. [53] (a,b,d)

and Tracy et al. [47] (c).

The grain size also has an influence on the phase stability of ceria. The irradiation-
induced formation of hypostoichiometric Ce11Ox has been observed for both micro- and
nanocrystalline materials, but to a much larger extent for the latter (Figure 6b,d) [43,47,53].
This phase transition is linked to the reduction of cerium cations and associated oxygen
expulsion processes described in Section 3.2 [53]. The unit cell parameter in Ce11Ox is
larger than that of the initial fluorite phase and further increases with ion fluence, indicat-
ing that defects continue to accumulate in this hypostoichiometric phase (Figure 6a). The
phase transition is apparent in nanocrystalline CeO2 at much lower fluences, and CenO2o
grows at a faster rate compared with microcrystalline CeO: (Figure 6d).

The greater unit cell swelling in nanocrystalline CeO: (Figure 6a) can be explained by
the ion-track formation mechanism discussed in Section 3.2. SHI tracks form in CeO: via
expulsion of oxygen anions in the radial direction, away from the ion path. This causes
reduction of cerium cations in the track core where oxygen is depleted, while the track
shell is enriched with oxygen point defects and small defect clusters. As shown by Takaki
et al. [42], oxygen can be expelled by tens of nm, which corresponds to the grain size of
samples used in the study shown in Figure 6. During quenching of the excited track re-
gion, some of the oxygen will diffuse back to the core and recombine with oxygen vacan-
cies, eliminating defects and decreasing the number of reduced cerium cations. In nano-
ceria, however, the fraction of oxygen that diffuses back can be assumed to be reduced
due to losses to grain boundaries. For a given fluence, this leads to a larger unit cell in-
crease as compared with microcrystalline CeOz. This scenario is supported by previous X-
ray absorption measurements (Figure 6c¢) [47], revealing increased redox changes in nano-
crystalline ceria (edge shift of 4.3 eV compared with 2.0 eV in the microcrystalline mate-
rial). It further explains the enhanced formation of hypostoichiometric Ce1102 in nano-
ceria. This discussion shows that the microstructure of CeO2 must be considered when
comparing results from different SHI irradiation experiments. Systematic research is
needed to quantify the swelling and redox changes of CeO:2 as a function of grain size,
particularly in the 1 nm-1 um range, for which oxygen diffusion may control the radiation
response.
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4.3. High-Temperature Conditions

Irradiation temperature is a key parameter to consider for cerium dioxide as an ana-
logue for nuclear fuels. Nuclear light water reactor (LWR) fuel operating conditions range
from room temperature at reactor startup to a typical maximum of ~1200 °C under normal
operation. In general, increased temperature enhances defect recovery due to higher de-
fect mobility, but it might also enhance defect production and promote more complex
defects due to higher initial temperatures within an ion-induced thermal spike. The pro-
found effect of irradiation temperature on defect production in CeO: is demonstrated by
the flux effect discussed in Section 4.1 (Figure 5c). During ion-beam experiments, high
temperatures are typically achieved by mounting samples on stages with resistive coils
that heat the material.

Prior SHI irradiation studies of CeO2 have demonstrated a systematic decrease in the
saturation level of swelling [54] and the ion track diameter [32,33] with increasing irradi-
ation temperature (Figure 7a,b). Both changes are consistent with thermally-driven defect
recovery due to enhanced defect mobility; however, a more comprehensive understand-
ing is provided by consideration of the thermal-spike model of track formation. This
mathematical model describes the interaction of swift heavy ions with a material in terms
of a rapid increase in temperature over picosecond timescales induced by the high energy
deposition within a nm-sized track region, followed by rapid quenching that freezes in
structural damage [67,71]. The initial sample temperature is an input parameter in the
thermal-spike model [50] that is added to the transient temperature spike and affects the
final track diameter; higher temperatures typically yield larger ion tracks.
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Figure 7. (a) Change in unit cell parameter from XRD pattern analysis as a function of irradiation
temperature for CeOz irradiated with 200 MeV '32Xe ions, relative to unirradiated reference samples
heated under identical conditions [55]. (b) Ion track diameters determined by inelastic thermal-spike
calculations [55] (red) and measured based on TEM images [32,33] (black) as a function of irradia-
tion temperature. (c) Effect of thermal annealing on the relative change in unit cell parameter in
CeO: previously irradiated with 946 MeV ’Au ions [46]. Dashed and solid lines are to guide the
eye. This figure was adapted from (a,b) Cureton et al. [55], (b) Sonoda et al. [32,33], and (c) Palo-
mares et al. [46].

In CeOy, the thermal spike model predicts an increase in track diameter as a function
of increasing irradiation temperature up to 700 °C [55] (Figure 7b). This prediction is not
supported by TEM characterization, which shows an opposite trend [32,33]. This discrep-
ancy either indicates that the thermal-spike model does not fully capture all aspects of
ion-matter interactions at elevated temperatures, or that the model and experiment de-
scribe two different track regions. The thermal spike approach accounts for the entire track
region (i.e., the full range of delta electron pathways and associated electron-phonon cou-
pling), and the deduced track diameter represents the size of the track core plus the shell
(see Section 3.2). TEM characterization, on the other hand, is sensitive to changes in elec-
tron density, and the measured track diameter mostly represents the smaller track core,
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which is enriched in (high-Z) cerium cation defects [32,33]. Under these assumptions, the
discrepancy between TEM data and thermal spike calculations could indicate that the
track core shrinks with increasing irradiation temperature, while the shell thickness in-
creases. This is consistent with XRD results and the reported reduced unit cell expansion
at higher irradiation temperature, since the track core is primarily responsible for ion-
induced swelling (oxygen vacancies and associated Ce3 cations). Systematic ion-beam
studies over a range of temperatures (including cryogenic) are required to gain further
insight into the manner in which track formation is modified by increases in the irradia-
tion temperature. For example, conventional scanning transmission EM imaging (which
is more sensitive to changes at cation sublattice) coupled with annular bright-field (ABF)
imaging (which more sensitive to changes at anion sublattice) could reveal changes in ion
track core and shell sizes at various irradiation temperatures.

In addition to the in situ heating experiments described above, where temperature is
applied during ion-beam exposure, samples can be thermally annealed after irradiation
to elucidate defect kinetics and damage recovery mechanisms [46]. Synchrotron XRD
measurements of CeO: irradiated with 946 MeV ”Au ions and subsequently annealed
within a hydrothermal diamond anvil cell revealed a two-step defect recovery mechanism
with corresponding activation energies of 1.0 and 2.1 eV (Figure 7c) [14]. These activation
energies were attributed to O-interstitial migration and Ce-vacancy migration, respec-
tively, but the reoxidation of Ce3 to Ce* after oxygen vacancy annihilation was not con-
sidered [72]. Unlike isostructural ThO, the damage recovery in ceria remained incomplete
up to 800 °C, with a unit cell parameter increase of ~0.03% relative to an unirradiated
reference sample remaining at this highest achieved temperature [72]. This suggests that
defect clusters with relatively high binding energies, such as 2Ce*-Vo? complexes, are
stable up to 800 °C and require higher annealing temperatures for recovery [14].

High-temperature calorimetry measurements of previously irradiated CeO2 (using
1100 MeV and 2200 MeV ¥7Au ions) revealed that defect recovery is enhanced within an
oxygen atmosphere compared with heating in an inert environment [53]. This suggests
that recovery processes related to the reoxidation of ion induced Ce?* cations to Ce* play
an important role in the annealing of SHI damage in CeO:2 and must be considered [54].
Thus, ex situ annealing experiments are useful for identifying and characterizing the dif-
ferent defects that form in CeO: during SHI irradiation.

4.4. Combined Pressure and lon Irradiation

Pressure is another parameter which can be adjusted during SHI irradiation. While
irradiation is typically carried out in vacuum conditions, a limited number of investiga-
tions have focused on the combined effects of ion irradiation and high pressure. The use
of SHIs, as opposed to ions of lower energies, is essential in such efforts, as energies on
the order of 200 MeV/u are required to penetrate the mm-thick anvils of a conventional
high-pressure cell. The synergistic effects of pressure and ion irradiation often yield ma-
terial modifications that cannot be obtained otherwise [73].

The high-pressure response of CeO, in the absence of irradiation, is characterized by
a sluggish phase transformation above ~30 GPa to the PbCla-type cotunnite phase [74,75].
This transformation is typical of fluorite-structured materials, and in ceria it reaches com-
pletion at ~50 GPa. When irradiation is conducted at high pressure, this transformation is
modified. Figure 8 illustrates the effects of separate and coupled pressure and irradiation,
revealing that pressure significantly modifies the response of CeO: to SHI irradiation and
vice versa.
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Figure 8. X-ray diffraction patterns of CeO: exposed to 4 x 10'2 946 MeV 7Au ions/cm? at ambient
conditions (blue), pressurized to 21.7 GPa in a diamond anvil cell (DAC) in the absence of irradiation
(red), and exposed to a combination of pressure and irradiation, utilizing compression in a DAC to
21.8 GPa and irradiation with 7100 MeV 28U ions to a fluence of 4 x 102 ions/cm? (violet).

Irradiation with 7100 MeV 28U ions to a fluence of 4 x 10'2 ions/cm? at a pressure of
only 21.8 GPa (roughly 10 GPa below the typical transformation onset pressure) triggers
a complete fluorite-to-cotunnite transformation. The highly localized and dense electronic
excitations produced by SHIs provide a means of overcoming the energy barrier for co-
tunnite high-pressure phase formation. According to ab initio calculations, hyper- and
hypo-stoichiometry increase and decrease, respectively, the critical phase transition pres-
sure in fluorite-structured oxides [76,77]. The hypostoichiometry observed in CeO: ion
track cores might therefore explain the transformation to the cotunnite phase at a lower-
than-expected pressure. Moreover, the formation of the cotunnite phase is proposed to
proceed through buckling of the (111) cation planes into adjacent anion planes in the
fluorite structure, effectively increasing cation coordination [76]. Expelling anions from
the track core during SHI irradiation at high pressure should reduce the resistance of cat-
ion-plane buckling and enhance the efficiency of cotunnite formation. An interplay of
thermal and dynamic pressure effects during the highly transient ion irradiation process
could also play a role in the observed transformation behavior. This was supported by
compression experiments on pre-irradiated ceria samples that did not find any evidence
of an accelerated fluorite-to-cotunnite transformation. More systematic research is needed
to fully understand the effects of coupled extremes of irradiation, pressure, and tempera-
ture.

5. Effects of Chemical Composition

This review has so far focused on SHI irradiation effects in pure CeO: having ideal
or near-ideal stoichiometry. However, the study of related materials that deviate from this
ideal composition can also provide valuable insight into its radiation response. First, swift
heavy ion irradiation has been shown to induce local nonstoichiometry in CeO, such that
later ion impacts will interact not with ideal CeO:, but rather with a nonstoichiometric
phase. Second, since CeO: is used as a surrogate for nuclear fuel materials, doping with
different atomic species (mimicking the accumulation of fission products) is an important
aspect to consider in SHI irradiations. Finally, because the redox chemistry of Ce appears
to play a key role in the radiation response of CeOz, a comparative study of structurally-
related materials featuring cations with distinct redox behavior can help to isolate the ef-
fects of cation chemistry on the response of this material to SHI irradiation.
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5.1. Effects of Doping

In addition to trivalent cerium cations, CeO: can incorporate a number of dopant
species while maintaining the fluorite structure [78]. To date, only a few studies have fo-
cused on the effects of doping on the response of CeO: to ion irradiation. These studies
investigated CeO:2 doped with trivalent lanthanide cations, given their similarity to the
lanthanide Ce. Doping with the lanthanide sesquioxides Gd20s3 and Er20s: has been shown
to enhance irradiation-induced swelling and structural disorder in CeO: irradiated with
200 MeV 132Xe ions, compared with an undoped reference sample [61,79-81]. This was
explained in terms of defect stabilization by localized strain fields around the dopant cat-
ions, but changes to the redox behavior of the cerium cations by chemical doping were
not considered.

Ab initio modeling by Lucid et al. showed that incorporation of dopants alters the
energetics of cerium cation redox processes in CeO2, with certain dopants inhibiting re-
duction (e.g., Sm) while others (e.g., Eu) facilitate it [82]. Since redox behavior plays a
crucial role in SHI induced material modifications (particularly in nanocrystalline ceria),
doping with certain lanthanide sesquioxides may provide a means of tuning ion-matter
interactions and radiation stability. This should be addressed in future studies by com-
paring, for example, SHI induced unit cell changes in CeO2 containing a range of dopant
species (e.g., varying dopant sizes, masses, charge states, and redox energetics).

5.2. Dependence of Radiation Response on the A-Site Cation Species

As CeO2is utilized as an analogue to study radiation effects in nuclear fuel materials
(e.g., UOz and ThOy), it is particularly important to compare the SHI irradiation responses
of these materials. Despite all three having the same fluorite structure, each A-site cation
has a distinct electronic structure, resulting in varying behavior under highly ionizing ir-
radiation. As mentioned previously, the track formation is very different between CeO:
and UQOz, with the latter exhibiting no observable ion tracks after irradiation with fission
fragments (dE/dx ~18-22 keV/nm) [66]. This suggests that UO: is able to dissipate the en-
ergy deposited by a SHI much more efficiently than CeO: under similar irradiation con-
ditions. This behavior may be related to differences in the types of defects formed, as sug-
gested by a molecular dynamics (MD) investigation [64]. In MD simulations 99% of SHI
irradiation-induced defects were produced on the oxygen sublattice in UO, in contrast to
CeO2, where cerium and oxygen defects are produced in stoichiometric quantities after
ion impact (redox changes not considered). The production of appreciable quantities of
both cation and anion defects in CeO2 led to a larger quantity of surviving defects after
track quenching [64].

While the radiation responses of ThO:2 and CeO: are more similar, with both exhibit-
ing a core-shell type track morphology, the extent of structural changes within individual
ion tracks differs between these materials due to the accessible cation valence states (mon-
ovalent Th* versus Ce#/Ce?*) [83]. The formation of Ce3 cations with larger ionic radius
and the correspondingly complex oxygen defect structure in CeO: yields more pro-
nounced swelling and microstrain build-up in this material, relative to ThO:, for which
this redox-driven defect mechanism is inactive (Figure 9) [47,51,83]. Instead, the SHI radi-
ation response of ThO: appears to be based solely on the accumulation of point defects
and small, simple defect clusters [83]. The situation is more complex in UO;, given its
multiple accessible U cation oxidation states (U3, U#, U, and U¢*), enabling cation reduc-
tion or oxidation. Raman spectroscopy and XRD measurements have shown that UO2 un-
dergoes some oxidation during SHI irradiation, which causes minor unit cell contraction
(Figure 9) [53].
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Figure 9. Relative change in unit cell parameter from XRD measurements as a function of fluence
for microcrystalline (squares) and nanocrystalline (circles) UO: (green), ThO:2 (red), and CeO: (blue)
irradiated with 946 MeV Au ions. The shading displays the variation in irradiation-induced unit
cell parameter changes between microcrystalline (2 um) and nanocrystalline (20 nm) samples for
each material. Adapted from Cureton et al. [53].

Changes in radiation behavior among CeO2, ThO2, and UQO: are particularly evident
when structural modifications are compared between microcrystalline and nanocrystal-
line materials. As shown in Figure 6c, ion-induced redox processes are more efficient in
nanocrystalline CeO: (as discussed in Section 4.2), leading to a larger saturation level of
swelling at high ion fluences (Figure 9). Since such redox effects are absent in ThO, its
overall swelling behavior is very similar for both nano- and microcrystalline materials.
The largest discrepancy in unit cell parameter changes after SHI irradiation is found in
microcrystalline and nanocrystalline UO: (Figure 9). The former oxidizes under SHI irra-
diation, yielding unit cell contraction, while the latter exhibits a significant degree of
swelling. Characterization by X-ray diffraction and Raman spectroscopy suggest that the
increase in structural disorder in nanocrystalline UO: results from oxygen loss to grain
boundaries, implying that pronounced redox changes are induced during SHI irradiation
[53].

These results highlight the manner in which the electronic structure of the cation dra-
matically changes the response of fluorite-structured oxides to swift heavy ion irradiation.
This raises concerns about the use of CeO: as an analogue material for UO: in radiation-
damage studies, at least for swift heavy ion (or fission-fragment) irradiation. The data
shown in Figure 10 again emphasize that the grain size of a material plays a crucial role
in ion-matter interactions, with its specific effects showing a strong dependence on com-
position.

5.3. Radiation Effects in Structurally-Related Lanthanide Oxides

If aliovalent dopants are added to CeO: in sufficiently high concentrations, ordering
of these new cations can occur alongside ordering of the defects produced on the anion
sublattice to maintain charge neutrality. Even in undoped CeO, defects can order and
change the symmetry of the material if they accumulate in large quantities. Thus, dopant
and defect ordering can yield new fluorite-derivative structures [84], with bixbyite-struc-
tured lanthanide sesquioxides and pyrochlore-structured lanthanide/transition metal ox-
ides being two commonly-studied examples. These materials can be considered as defect-
rich (sesquioxides) and heavily doped (pyrochlores) variants of CeO:, and both exhibit
anion-deficient fluorite-derivative structures (Figure 10) [85]. The following section
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summarizes the main SHI irradiation effects observed in these materials, which provide
further insight into the radiation response of CeOQ:..
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Figure 10. Ce-bearing oxides with fluorite, bixbyite, and pyrochlore structures viewed along the
(100) direction (top) and the corresponding (222) plane anion layers (bottom). Blue and green
spheres represent cations, while red spheres represent oxygen anions. Unit cells are delineated with
black lines. The bixbyite structure can be characterized as a fluorite-derivative with 1/8 of the anions
replaced by constitutional vacancies, while the pyrochlore structure is a fluorite-derivative with or-
dering of two cation species and % of the anions replaced by constitutional vacancies.

The bixbyite structure is characteristic of most lanthanide oxides for which the lan-
thanide element is in the trivalent oxidation state (Ln3"). This structure is a derivative of
the fluorite structure, but with ordered constitutional vacancies replacing % of the anion
sites and the remaining atoms relaxed towards these vacant sites (Figure 10) [86]. The re-
sponses of bixbyite materials to SHI irradiation have been characterized using a range of
ion energies and masses [30,87-90]. This prior work revealed a strong dependence of the
radiation response on the cation ionic radius. The magnitude of the induced structural
changes generally increases with cation size (and therefore decreases with cation mass,
due to the contraction that occurs across the lanthanide series). Sesquioxides with small
cations tend to retain their bixbyite structures under swift heavy ion irradiation, those
with medium cations tend to undergo transformations to high temperature polymorphs,
and those with large cations tend to amorphize. These modifications, which are generally
proportional in magnitude to dE/dx, are attributed to the displacement of anions into con-
stitutional vacancies which, when sufficiently extensive, can yield collective atomic relax-
ation to form accessible polymorphic or amorphous structures [30].

These processes provide insight into the likely behavior of anion-deficient CeOz-» ma-
terials under irradiation. While Ce20s preferentially adopts a hexagonal structure, unlike
most of the lanthanide sesquioxides, it is stable in cubic bixbyite-like phases starting at
slightly higher oxygen contents [91,92]. Radiation damage mechanisms similar to those
observed in the lanthanide sesquioxides have been reported for CeOz, with the displace-
ment of oxygen being a dominant mode of defect production (see Section 3.2) [51]. To
date, the response of Ce20s to swift heavy ion irradiation has not been characterized. How-
ever, based on the ionic radius of Ce, which is large among the lanthanides, amorphization
is expected to be the dominant response of this material. This suggests that cerium reduc-
tion and the concomitant introduction of oxygen vacancies will reduce the radiation
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tolerance of CeO:2 by making possible the oxygen displacement-driven transformation
mechanisms previously observed in several lanthanide sesquioxides. To clarify this be-
havior, a detailed study of the swift heavy ion irradiation response of CeO:-x materials as
a function of x would be useful.

Like the bixbyite-structured oxides, the responses of pyrochlore-structured materials
to SHI irradiation have been extensively studied, due in large part to their potential ap-
plications in the immobilization of nuclear wastes [93]. These materials exhibit the general
formula A2B207, where A is a large trivalent cation and B is a smaller tetravalent cation
[94]. While Ce most often occupies the A-site position due to its relatively large ionic ra-
dius, it can occupy the B-site if paired with a larger A-site cation such as La [95]. Pyro-
chlore materials adopt a fluorite-derivative superstructure, differing from the fluorite
structure in that two cations are ordered on the face-centered cubic cation sublattice, while
1/8 of the anions are replaced with constitutional vacancies, and the remaining anions are
relaxed towards these vacant sites (Figure 10). The potential utility of these materials for
nuclear waste immobilization arises, in large part, from their chemical flexibility, since a
wide range of aliovalent cations of various sizes can be incorporated onto the two cation
sites. Due to this compositional variability, research on the radiation responses of pyro-
chlore materials proves instructive with respect to the possible effects of extensive chem-
ical doping on the radiation responses of cerium oxides.

Pyrochlore materials show clear compositional trends in radiation tolerance. Like the
lanthanide sesquioxides, cation ionic radii are the primary determinant of these trends
[28,96-99]. For pyrochlore materials the ratio of the A- and B-site cation radii, ra/rs, gov-
erns radiation tolerance. When this ratio is large, due to the inclusion of relatively large
A-site cations or small B-site cations, the energy of cation antisite defect formation is large
and the irradiation-induced disorder on the cation sublattice cannot easily be incorporated
into the material’s crystalline structure [100]. This typically yields amorphization in re-
sponse to SHI irradiation. In contrast, for materials with small cation radius ratios, cation
antisite defects are relatively easily accommodated by the structure and disordering to a
highly radiation tolerant defect-fluorite structure is typical [100]. This order-disorder
transformation entails the mixing of A- and B-site cations onto a single face-centered cubic
cation site and the mixing of oxygen and constitutional vacancies onto a fluorite-like anion
sublattice.

Since Ce is relatively large among the lanthanides, pyrochlore materials that include
this element on the A-site usually feature large cation ionic radius ratios, making amor-
phization a likely response to swift heavy ion irradiation. This indicates that doping of
CeO: with additional cations, particularly smaller transition metal elements, such as the
fission fragments found in nuclear fuels and nuclear wastes, might reduce the radiation
tolerance of this material. This doping, if sufficiently extensive, could make accessible ir-
radiation-induced phase transformation pathways to amorphous phases, as well as short-
range structural modifications resulting from local defect ordering [98,101,102]. Thus, de-
viation from the ideal CeO: chemical composition due to the introduction of other atomic
species appears likely to have a deleterious effect on radiation tolerance in this system.

5.4. Implications for CeO:

Comparison of the SHI irradiation response of CeO: to those of closely-related
fluorite and fluorite-derivative materials suggests that deviation from the ideal fluorite
chemistry and crystallography tends to reduce the radiation tolerance of cerium oxides.
Both Ce-bearing, bixbyite-structured materials (which can be considered anion-deficient
fluorite derivatives) and Ce-bearing, pyrochlore-structured materials (which can be con-
sidered heavily doped, anion-deficient fluorite derivatives) are susceptible to irradiation-
induced amorphization, a radiation response that has not previously been observed in
pristine CeOz. Likewise, doping with relatively low levels of lanthanide cations has been
shown to reduce the radiation tolerance of CeO:..
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Substantial alterations in chemistry and crystallography are likely to occur in many
of the harsh nuclear environments in which the use of CeO: has been proposed. For ex-
ample, use of this material as a nuclear fuel matrix will necessarily entail the introduction
of new cation species, including a diverse array of fission fragment elements. The accom-
panying exposure to highly ionizing radiation of fission fragments will induce redox
changes and modification from ideal stoichiometry. As discussed in Section 5.2, substitu-
tion of Ce with Th or U greatly alters the redox response under SHI irradiation, and there-
fore impacts the induced structural changes. Similarly, doping with cation species that
modify the energetics of redox processes [82] may yield a radiation response that is
strongly dependent on the electronic structure of the dopant element.

6. Summary and Outlook

Fluorite-structured CeO: is generally resistant to structural modification by SHI irra-
diation. Defect production accompanied by unit cell expansion and microstrain constitute
the dominant observable radiation responses. Ion tracks with core-shell morphologies are
observed in this material, a remnant of the induced atomic-scale structural and chemical
changes. The highly transient conditions along the SHI path lead to oxygen movement in
radial directions. This results in an oxygen-depleted core region, where Ce* cations are
partially reduced to Ce®. This core is surrounded by an oxygen rich shell that contains
small peroxide-like oxygen defect clusters.

These redox driven processes under SHI irradiation are an important characteristic
of CeO2 and are very sensitive to alterations in sample microstructure and chemistry
(grain size, stoichiometry, and dopants), as well as ion-beam parameters (ion mass, en-
ergy, fluence, flux, irradiation temperature, and pressure). This makes CeQO: a suitable
model material to study fundamental aspects of ion-matter interactions over a wide range
of conditions. On the other hand, this complex behavior poses a challenge in terms of
disentangling the individual contributions of each parameter and comparing results from
different research groups and experiments.

Future ion irradiation studies should systematically examine the radiation response
of CeOz under a wide range of experimental conditions, including coupled effects that are
of relevance for nuclear applications. Such efforts should also cover the mostly unex-
plored irradiation regime between low energy ions (predominately nuclear dE/dx) and
swift heavy ions (predominately electronic dE/dx) to gain insight into the material re-
sponse under simultaneous contributions from both types of energy deposition.
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