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ABSTRACT

Ceramic oxides offer a range of advantageous characteristics for withstanding intense mixed radiation fields, and consequently, interest has
grown in exploring their behavior for nuclear applications such as fuel matrices and waste forms. In this study, magnesium oxide (MgO) !
was irradiated with ions of varying species, energies, and fluences, and the resulting structural modifications were characterized using syn- :
chrotron-based x-ray diffraction (XRD) combined with grazing-incidence XRD. Across all irradiation conditions, unit-cell expansion was
observed, increasing with fluence. The magnitude of expansion was most significant for ions that primarily lose energy through nuclear
interactions and lowest for those dominated by electronic excitations, spanning nearly two orders of magnitude. Under highly ionizing con-
ditions, lattice swelling was reduced, but microstrain accumulation was enhanced, suggesting that defects are more localized and contribute
less to long-range structural changes. These findings reveal the distinct roles of nuclear and electronic energy loss in defect formation and
provide mechanistic insight into radiation-induced modifications in MgO, with implications for the design of radiation-tolerant materials
for advanced nuclear technologies. Finally, the framework we present—incorporating an irradiation matrix that spans both nuclear and elec-
tronic energy loss dominated regions, strengthened by advanced quantitative XRD characterization—is widely applicable to the study of
defect physics in polycrystalline materials.
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I. INTRODUCTION reactive environments, and intense particle irradiation.”
Ceramics exhibit a range of excellent physical and chemical Understanding the mechanism by which harsh environments

properties, making them essential for energy technologies requiring induce structural modifications in oxide materials is essential for

a specific function (e.g., dielectric properties) and/or the ability to the continued development and optimization of advanced nuclear

withstand extreme environments. Ceramic oxides play a crucial role energy systems.”

throughout the nuclear fuel cycle, serving as fuel forms (e.g., UO,) In the nuclear fuel cycle, actinides undergo radioactive decay

and waste forms (e.g., pyrochlore-structured complex oxides or and nuclear fission, generating energetic particles that modify the

borosilicate glasses).'” These technologies are operated under surrounding matrix—whether it be a fuel or waste form. Alpha

extreme conditions, including elevated temperatures, chemically decay is especially detrimental to waste form durability,’ yielding:
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(i) a heavy recoil nucleus (<1keV/u) that travels ~20 nm and (ii)
an energetic helium nucleus (“alpha particle” with >1 MeV/u) that
travels ~20 um, over three orders of magnitude further than the
heavy recoil nucleus.””* These two particles deposit energy via fun-
damentally different mechanisms. In case (i), the low-energy heavy
recoil nucleus (for instance, 86 keV 35U in the alpha decay of
>*Pu) directly displaces target atoms through ballistic collisions
with nuclei. These energetic displaced nuclei themselves produce
additional recoil nuclei, generating a displacement cascade.
Although many displaced atoms recombine with their vacant sites,
a fraction remains permanently displaced. In case (ii), alpha parti-
cles (e.g., with 5.2 MeV in the alpha decay of >*’Pu) transfer energy
primarily through electronic excitation and ionization. These pro-
cesses take place over femtoseconds, creating a state of warm dense
matter”'” far-from-equilibrium. The promotion of valence elec-
trons to the conduction band modifies the local potential energy
landscape while the subsequent electron-hole recombination gener-
ates a thermal spike, which drives the material through ordinarily
unavailable structural pathways, quenching in defects, crystalline-
crystalline transformations,'' or even amorphization. In many insu-
lators, these structural modifications remain permanently within
nanometric cylindrical damage zones (ion tracks), concentric to the
ion path.'” Electronic interactions are also the mechanism by
which large atomic fragments (~1 MeV/u) generated from nuclear
fission deposit most of their energy.'’

Magnesium oxide (MgO) has been studied for over 60 years
as a radiation-tolerant material "~ for inert matrix fuel applica-
tions'®"” and fusion reactor environments’’~** including recent
work on its development as shielding materials.”** Early studies
investigating the response of MgO under irradiation focused on
neutron bombardment,'””>*® revealing that MgO does not
amorphize under directly displacing radiation conditions, like case
(i) above. In fact, subsequent research has demonstrated that MgO
remains crystalline at temperatures as low as 20 K,”>?"7?7 with its
critical amorphization temperature (T.) often taken to be 0K.
Electron spin resonance experiments identified the primary
radiation-induced point defects to be F-centers, oxygen vacancies
occupied by single electrons.'” Transmission electron microscopy
studies further revealed interstitial dislocation loops.”””*"*’! Tench
and Duck'’ irradiated MgO with 20 MeV protons and observed
that the number of post-irradiation stabilized vacancies to be an
order of magnitude lower than expected for primary knock-on
damage, without even accounting for further displacements from
damage cascades. These results indicate that vacancy production is
inefficient, and that interstitial-vacancy recombination is highly
effective in MgO, either during the initial athermal process or via
subsequent interstitial diffusion. Supporting this, Zinkle and
Snead” observed only dislocation loops and network dislocations
in MgO exposed to low-energy ion irradiation, attributing this to
high interstitial mobility and rapid recombination. Molecular and
temperature-accelerated dynamics simulations conducted by
Uberuaga et al.'” revealed that collision cascades at 300 K produce
interstitials and interstitial clusters, which diffuse quickly while
vacancies and vacancy clusters remain sessile over century time-
scales, supporting prior experimental studies. Additional atomistic
simulations of alpha-recoil-type collision cascades performed by
Trachenko et al.”® demonstrated that the vast majority of defects

ARTICLE pubs.aip.org/aip/jap

produced by alpha-recoil-type irradiation (40keV U) recover
within several picoseconds. They attributed this extraordinary resil-
ience to lasting radiation-induced damage to the highly ionic
nature of MgO; strong ionic bonds between Mg and O lead to a
post-irradiation landscape dominated by electrostatic forces. This
leads to fewer potential energy minima and a reduced ability to
form disordered short-range networks,” unlike in covalently
bonded systems.

MgO is also highly resistant to damage from electronic excita-
tions and ionizations [as in case (ii) above]. It shows remarkable
resilience to the photochemical effects of electron-hole recombina-
tion, unlike alkali halides such as LiF and NaCl, which share the
same rock salt structure.'® One of the earliest studies of MgO
under ionizing radiation was conducted by Chen and Sibley,'*'®
who observed that exposure to electrons and gamma rays produced
a 2.3 eV optical absorption band associated with V; centers, mag-
nesium vacancies containing trapped holes. However, they found
that this absorption band correlated strongly with impurity concen-
trations in MgO and was negligible compared to damage from
elastic collisions in high-purity samples. MgO also exhibits weak
electron-phonon coupling, resembling metals and semiconductors
with its high electron and hole mobilities.” While energetic ions
may excite electrons across the bandgap, charge neutralization
occurs rapidly due to efficient electron-hole recombination.
Consequently, the formation and trapping of holes or excitons, and
their associated structural distortions, are unlikely, if not impossi-
ble, in bulk MgO.33 By contrast, self-trapped excitons are common
in other insulators such as SiO,, and both excitons and holes
readily self-trap in alkali halides.’* Ionizing radiation can also gen-
erate peroxy radicals, defects composed of bound oxygen atom
pairs. In close-packed oxides like MgO, the dense structure typi-
cally prevents the formation of these defects.”” In contrast, peroxy

radicals form more readily in materials such as SiO, or CeO,, :

36

where greater structural flexibility permits their accommodation.

While ionizing radiation often generates damage in insulators,
it can also promote defect recovery by enhancing point defect
mobility and enabling recombination through electronic
processes.'”**For example, electron irradiation of MgO at 4K
produced F-centers at low fluences, but at higher fluences, defect
concentrations  saturated due to long-range, uncorrelated
interstitial-vacancy recombination,”® suggesting that oxygen inter-
stitials can diffuse even at cryogenic temperatures with minimal
thermal activation. This diffusion behavior can be explained by the
Bourgoin—-Corbett mechanism,” in which periodic modulation of
the oxygen charge state drives defect mobility. A site that is stable
for a neutral oxygen atom becomes an energetic saddle point for an
oxygen anion and vice versa.”®

Despite extensive studies on the structural effects of both ion-
izing and ballistic radiation in MgO,*>***>***>*! understanding
how radiation-induced defects contribute to strain accumulation
and unit-cell expansion remains an open and important research
challenge. Although MgO is often considered a simple model
oxide, recent studies have revealed complex behavior at high tem-
peratures and under far-from-equilibrium conditions, including
differences in the defect accumulation behavior of vacancies and
interstitials'® as well as strongly correlated phonon behavior and
breakdown of the phonon band theory.”” This underscores the
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TABLE . Irradiation conditions used in this study.
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Electronic ion energy Nuclear ion energy

Energy and ion species (MeV) Velocity (c) Flux (ions/cm®s) Fluence (ions/cm?) loss at surface (keV/nm) loss at surface (keV/nm)

4 MeV Au® 0.007 <5x10° 4% 10", 7.8 x 10" 3.601 3.045
198 MeV Xe 0.057 <5x10% 8x10'"-8x 10" 23.770 0.081
946 MeV Au 0.101 <2x10° 8x10'"'-8x 10" 34.570 0.061
1.46 GeV Au” 0.125 <5x10% 8x 10" 33.820 0.042

“Irradiation condition performed only on the fine-grained MgO samples.
PFollows the procedures described in O’Quinn et al.*

need to rigorously assess how MgO responds to extreme energy
densities, such as those induced by ion irradiation. Such insights
are essential for designing materials for advanced nuclear systems,
where long-range structural changes arise from complex defect
dynamics. In this study, we probe irradiation-induced structural
modifications in MgO using energetic ion beams from multiple
accelerator facilities, combined with synchrotron x-ray diffraction.
To isolate the role of nuclear interactions, we irradiated samples
with 4 MeV Au ions, which deposit a high fraction of their energy
via elastic collisions, like alpha-recoil nuclei in waste forms. To
examine the effects of electronic excitation and ionization, addi-
tional samples were exposed to 198 MeV Xe, 946 MeV Au, and
1.46 GeV Au ions.

Il. METHODOLOGY
A. Sample synthesis

Fabrication of monolithic MgO compacts was accomplished
using a SinterLand LABOX- 3010KF field assisted sintering
system. Two MgO powder feedstocks with different average particle
size (APS) distributions were used to produce coarse-grained
(American Elements, 99.99% purity, APS <10 um, average coher-
ent domain size 145nm) and fine-grained (US Research
Nanomaterials, 99.95% purity, APS 50nm, average coherent
domain size 45 nm) MgO samples. Each MgO powder was blended
with 1wt.% LiF powder (Sigma-Aldrich, 99.98% purity,
APS <100 um) using a speed mixer (FlackTek DAC-1100). LiF
serves as a fugitive sintering aid to suppress the sintering tempera-
tures through diffusion of Li to interfaces and surfaces, where
charge balance necessitates the formation of excess oxygen vacan-
cies and leads to enhanced surface diffusion.”’ The LiF completely
decomposes during the sintering process such that the resulting
MgO compact is free of impurity phases.**

Green bodies were produced from the respective powder mix-
tures through cold pressing into a 25 mm hardened steel die at a
pressure of 100 MPa for 5 min. The green bodies were subsequently
loaded into a 25mm graphite die with graphite foil liners and
wrapped with carbon felt to reduce thermal losses during the
heating cycle. The graphite die assembly was heated to 1100 °C
using a rate of 50 °C/min, where it was held for 10 min followed by
controlled cooling at 50 °C/min to 400 °C. The slow heating rate
was selected to minimize the effective temperature gradients that
form within the green body during heating and cooling. A uniaxial
pressure of 10 MPa was applied to facilitate the densification while

sustaining electrical contact during displacement of the die assem-
bly. The chamber was maintained under vacuum during sintering
with pressures not exceeding 10 Pa.

B. Irradiation experiments

Samples were exposed to a variety of ion species, energies, flux,
and fluences described in Table I. Coarse- and fine-grained MgO-LiF
samples were ground into powders and pressed into custom-milled
chambers drilled into 25 um thick molybdenum foil strips adhered by
the ends to a rectangular aluminum bracket. Ten such brackets were
prepared identically and each exposed to a broadly defocused beam of
946 MeV ' Au ions at the M-branch of the GSI Helmholtz Centre’s
universal linear accelerator (UNILAC) in Darmstadt, Germany. Each
bracket was irradiated under identical conditions at room temperature
to a different fluence ranging from 5x 10" ions/cm*> on the first
bracket to 8 x 10" ions/cm” on the last. Initial flux conditions are pro-
vided in Table I with the 5x 10®ions/cm”s selected based on prior
1.46 GeV Au irradiations described in O’Quinn ef al;* the other irra-

diations employed the same initial flux condition to limit sample .
heating except for the 946 MeV Au, which had a slightly higher initial

flux of 2 x 10° ions/cm*s. According to calculations performed with
the SRIM software package,” the ions penetrated the sample fully
and deposited 33(2) keV/nm along their path (Fig. 1), almost exclu-
sively in the form of electronic excitations and ionizations. For this
condition, nuclear interactions accounted for less than 0.4% of all
energy transfer at all penetration depths. More details on this experi-
mental setup can be found elsewhere.” ™"

Using an identical sample holder setup, an additional series of
coarse- and fine-grained samples were exposed to a broadly defocused
beam of 198 MeV '*'Xe ions at the DC-60 cyclotron at the Astana
Branch of the Institute of Nuclear Physics in Kazakhstan. These ions
also fully penetrated the samples (Fig. 1), depositing 20(3) keV/nm
along their path with nuclear interactions accounting for, at most, 2%
of energy transfer at all penetration depths. Coarse- and fine-grained
MgO samples were also exposed to 1.46 GeV AU ions at the X0
beamline of the GSI Helmholtz Center for Heavy Ion Research in
Darmstadt, Germany. For this condition, the powders were pressed
into 10 mm diameter cylindrical indentations milled into aluminum
plates. The mass of samples prepared in each chamber was deter-
mined by the thickness through which the ions would homogeneously
deposit energy through electronic interactions [34.4(3) keV/nm with
nuclear interactions accounting for ~0.1% of the energy transfer]. The
holders were then mounted in a 3 x 3 grid on a thick aluminum plate
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946 MeV Au

1.46 GeV Au

198 MeV Xe

4 MeV Au...

]

107" 100

107 102

ion penetration depth (micron)

FIG. 1. Energy loss profiles of the four ions chosen for this study. The magnitude of energy loss through electronic interactions is shown as solid lines, while dashed lines
denote energy loss through nuclear interactions. The thick vertical lines that intersect the data sets corresponding to 1.46 GeV Au, 946 MeV Au, and 198 MeV Xe indicate

the sample thickness that was exposed to the ion beam.

and simultaneously irradiated with a broadly defocused beam to a
single fluence of 8 x 10'? ions/cm”. Finally, a 1 mm thick pellet of fine-
grained MgO-LiF was partially covered with 50 um thick steel foil and
irradiated with a beam of 4MeV '“AU ions at the Centro de
Micro-Analisis de Materiales (CMAM) in Madrid, Spain. The sample
was exposed to a fluence of 7.8 x 10'* ions/cm?, which corresponds to
12 displacements per atom (dpa). In contrast with the irradiation con-
ditions described above, nuclear interactions play a significant role in
the energy loss profile (Fig. 1) of 4 MeV Au ions.

C. X-ray diffraction

Samples that were irradiated in molybdenum chambers to a
series of fluences (946 MeV Au and 198MeV Xe) were

characterized with synchrotron x-ray diffraction (XRD) at the
16-BM-D beamline (HPCAT sector) of the Advanced Photon
Source at Argonne National Laboratory. Angle-dispersive XRD was
performed using a monochromatic beam of 30.000keV
(0.413 28 A) x rays in the Debye-Scherrer (transmission) geometry
with a 5x4um beam spot and a sample-to-detector distance of
220mm. A Pilatus3 X CdTe 1M detector image plate detector
recorded the Debye rings with a collection time of 180s.
Subsequent two-dimensional diffraction images were integrated
into one-dimensional x-ray diffraction patterns using Dioptas’’
covering a reciprocal space range up to 7.87 AL

For samples irradiated with 1.46 GeV Au ions, x-ray diffrac-
tion experiments were performed at the National Synchrotron
Light Source-II (NSLS-II) at Brookhaven National Laboratory using
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beamline 28-ID-1 (Pair Distribution Function beamline).”’ The
samples were removed from their aluminum chambers with a blunt
tip needle and placed in a 0.6 mm diameter Kapton capillary with a
foam seal at both ends. LaBs and CeO, calibration standards along
with empty sample containers were collected to ensure correct
sample-to-detector distance, and instrument contribution to the
XRD patterns were effectively captured during analysis. Powder
x-ray diffraction data was acquired with an exposure time of 60 s
under a monochromatic beam of 74.465 keV (0.1665 A) x rays and
a sample-to-detector distance of 1050 mm. Two-dimensional
diffractograms were produced using a PerkinElmer XRD 1621
detector and subsequently integrated into one-dimensional patterns
using Dioptas’’ over a reciprocal space range up to 10.18 AL

Grazing-incidence x-day diffraction (GIXRD) was required to
sample the shallow implantation damage surface for the 4 MeV Au
(low-energy) irradiated specimens. These GIXRD patterns, opti-
mized to enhance the irradiated surface (as shown below), yield
XRD patterns that allow for the quantification of the average
damage (i.e., irradiation depth-averaged) state. GIXRD measure-
ments were conducted at Stony Brook University using a Bruker
D8 Advance (Bruker, GMBH) with a Cu source (Kol =1.5406 A,
Ka2 = 1.5444 A) operating at a voltage of 40kV and a current of
40 mA. After positioning and alignment of the specimen within the
incident x-ray beam (and correcting for any specimen height/tip/
tilt corrections), the samples were subsequently positioned with a
1-degree glancing angle (Omega, ®), and GIXRD patterns were col-
lected from Q=2.45280 to 524309 A™' in the Bragg-Brentano
(reflection) geometry. Patterns were refined in TOPAS (Bruker) to
quantify the unit-cell parameters of the irradiated surfaces. An
unirradiated MgO GIXRD pattern was collected as a reference.

All diffraction patterns were analyzed using Rietveld refinement
and the Williamson-Hall (W-H) method. Refinements were per-
formed with GSAS-II"” using a Fm-3m rock salt model (Wyckoff
sites 4a and 4b occupied by Mg and O, respectively) with six variable
parameters: the global scale factor, unit-cell parameter, heteroge-
neous microstrain, coherent domain size, and two isotropic atomic
displacement parameters (Mg and O). However, the coherent
domain size and heterogeneous microstrain were more accurately
determined through the conventional W-H approach. Eight MgO
diffraction peaks (111, 200, 220, 311, 222, 400, 331, and 420)
between Q =2.5-6.7 A™! were selected for each data set and fit with
pseudo-Voigt peak profiles [linear combination of Gaussian and
Lorentzian profiles” in the Fityk program™ to extract their peak
positions (6) and widths [Bsample = (B2l — Brastrament) ). We note
that the XRD-based microstrain increases with increasing density of
two-dimensional defects, such as dislocations, grain boundaries,
stacking faults, and defect clusters, that effectively cause nonuniform
lattice distortions within crystallites.”>® Similarly, the coherent grain
size from XRD is different from the grain size measured by scanning
electron microscopy (SEM). While microscopy-based techniques
resolve morphological grains defined by high-angle grain boundaries,
XRD is sensitive to the internal crystalline coherence of the material.
As such, a single grain observed by SEM may contain multiple
coherently diffracting domains separated by low-angle boundaries,
dislocation networks, or internal strain gradients, each of which
limits diffraction coherence and reduces the apparent XRD coherent
grain size.

ARTICLE pubs.aip.org/aip/jap

I1l. RESULTS

Synchrotron XRD patterns for the 946 MeV Au irradiated
samples shown in Fig. 2 indicate that the coarse- and fine-grained
MgO samples are consistent with the rock salt structure (face-centered
cubic space group 225 Fm-3m), as expected. There is another set of
reflections present in the XRD pattern that arises from the molybde-
num sample chamber (space group 229 Im-3m, a~ 3.147 A, Mo at
Wryckoff site 2a) in which the sample was exposed to the x-ray beam.
Diffraction peaks in the pattern of the coarse-grained sample are gen-
erally narrower than those in the fine-grained sample, consistent with
either larger coherent domain sizes,”” reduced heterogeneous strain,
or a combination thereof. The most apparent effect of increasing radi-
ation fluence is diffraction peak broadening in Fig. 2, particularly at
higher scattering vectors [for example, the (420) peak at Q ~ 6.7 AT,
No other effects such as a change in the distribution of diffraction
peaks (indicating phase transformations) or the elimination of diffrac-
tion peaks accompanied by an increase in diffuse background signal
(indicating amorphization) are observed.

Quantitative analysis of the most intense (200) peak shown
was performed using pseudo-Voigt fitting. In the coarse-grained
sample with the patterns shown in Fig. 3(a), the (200) peak shifted
to smaller Q-values with increasing fluence, from 2.983 38(2) A
before irradiation to 2.98237(8)A™! after 8x 10'%ions/cm?.
Concurrently, the full width at half maximum (FWHM) increases
from 0.006 34(2) to 0.011 63(10) A™". These trends reflect unit-cell
expansion accompanied by either microstrain accumulation,
reduced coherent domain size, or both. In the fine-grained sample
with the patterns shown in Fig. 3(b), the (200) peak initially shifted
to higher Q-values, from 2.98245(3) to 2.98287(12) A" at
8 x 10"* ions/cm?, before shifting to lower values at higher fluences,
reaching 2.98023(3) A™" after 8 x 10'? ions/cm®. Peak broadening

increased throughout, with FWHM increasing from 0.0168(1) A~" !
before irradiation to 0.0362(2) A™' at the highest fluence.

Therefore, while peak broadening trends were similar in both
samples, the fine-grained sample exhibited an initial unit-cell con-
traction followed by expansion at higher fluences. Rietveld refine-
ments were used to quantify the change in lattice parameter, which
is shown in Fig. 3(c) as a function of irradiation fluence. Prior to
irradiation, the unit-cell parameters were determined to be 4.212 09
(3) A and 4.21335(7) A for the coarse- and fine-grained samples,
respectively, closely matching reported values for MgO under
ambient conditions.”>” In the coarse-grained sample, the unit cell
expanded by approximately 0.02% at the lowest evaluated fluence
(5x 10" ions/cm?). No clear trend was observed with further
increases in fluence, with the total change reaching only ~0.027% at
the highest fluence of 8 x 10" ions/cm’. In contrast, the fine-grained
sample initially exhibited a slight contraction of ~0.01% before
expanding at higher fluences. At 8 x 10'®ions/cm? the unit-cell
volume stabilized at an overall increase of approximately 0.06%.

In the samples irradiated with 198 MeV '*'Xe ions, XRD analy-
sis confirmed phase purity in both coarse- and fine-grained MgO
samples with reflections from only the rock salt MgO phase and the
molybdenum sample chamber observed in the patterns shown in
Fig. 4. No significant differences in diffraction peak widths were
observed prior to irradiation. Upon irradiation, diffraction peaks in
both samples broaden and shift to smaller Q-values as evidenced in
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FIG. 2. X-ray diffraction patterns of (a) coarse- and (b) fine-grained MgO before and after exposure to indexed fluences of 946 MeV Au ions. The pattern is scaled with Q,
the scattering vector, to offset the damping effect of the x-ray form factor. The asterisks in (a) denote peaks arising from the Mo sample chamber, which are also present

in (b).

Figs. 5(a) and 5(b), indicating unit-cell expansion accompanied by
increased microstrain, reduced coherent domain size, or a combina-
tion thereof.

Rietveld refinement of diffraction patterns revealed that expo-
sure to the 198 MeV Xe ions produced unit-cell expansion in both
the coarse- and fine-grained MgO samples in Fig. 5(c). Both
samples, prior to irradiation, have nearly identical unit-cell parame-
ters, 4.211 89(12) A and 4.211 92(8) A, respectively. At low fluences,
unit-cell expansion is approximately linear with fluence. At higher
fluences, the trend becomes sublinear and eventually saturates at an
expansion of 0.07%-0.08%. The magnitude of lattice swelling
under 198 MeV Xe irradiation therefore exceeded that observed for
946 MeV Au exposure, consistent with a direct impact mecha-
nism,”” where each ion produces a cylindrical damage zone that
contributes to unit-cell swelling. At higher fluences, these zones
accumulate and eventually overlap, leading to saturation. The direct
impact model is given by the relation

Aa($) = Aas[1 — exp(—o )], 1

where q, is the unit-cell parameter prior to irradiation, Aa(¢) is the
change in unit cell after exposure to a given fluence, ¢, Ag is the
unit-cell parameter change in the saturation regime, and o is the
damage area per ion. For a cylindrical geometry, the fitted damage
cross sections, 17(3) nm? for fine- and 19(2) nm? for coarse-grained
MgO, correspond to damage zone diameters of 4.7(4) nm and 4.9
(2) nm, respectively.

XRD patterns for coarse- and fine-grained MgO samples irra-
diated with a single fluence of 1.46 GeV Au ions (8 x 10'%ions/
cm?) are shown in Fig. 6 for the pristine and irradiated samples.
The results are broadly consistent with those observed under lower
energy irradiation, with one notable exception. All Bragg peaks are
retained, with no change in their positions or distribution, indicat-
ing neither amorphization nor phase transformation. Both samples
exhibit peak broadening following irradiation; however, the absence
of peak shifts indicates minimal change in the unit-cell dimensions.
Rietveld refinement confirmed this result, revealing a unit-cell
expansion of 0.0081(5)% in coarse-grained MgO and 0.0041(1)%
in the fine-grained sample. These values are approximately an
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FIG. 3. Enlarged view of pseudo-Voigt fits to the (200) XRD peak in the (a) coarse- and (b) fine-grained MgO samples before and after exposure to indexed fluences of
946 MeV Au to display peak shift (dashed vertical lines) and broadening (dashed horizontal lines). (c) Unit-cell change induced by 946 MeV Au ions as determined by a
Rietveld refinement. Uncertainties in (c) correspond to propagation of uncertainties arising from (i) the Rietveld refinement of each pattern and (ii) the consideration of multi-

ple patterns for each fluence.

order of magnitude smaller than the lattice swelling observed
under 198 MeV Xe irradiation.

The final set of irradiations employed 4 MeV Au ions on the
fine-grained MgO to two fluences of 4.0 x 10'* and 7.8 x 10'° ions/
cm?, corresponding to 6 and 12 displacements per atom (dpa),
respectively. Because the damage region is more localized to the
surface, GIXRD was employed to measure changes in the irradiated
surface layer post-ion exposure with the pattern for the sample
exposed to 7.8 x 10" ions/cm* shown in Fig. 7(a). Patterns from
the irradiated surface and underlying bulk are overlaid in Fig. 7(b)
for comparison. The surface layer exhibits clear peak shifts to lower
scattering angles, consistent with unit-cell expansion. The refined
unit cell expands by 0.3773(4)% after irradiation to 4.0 x 10" ions/
cm? and by 0.3640(3)% after 7.8 x 10" jions/cm?. These values are
approximately five times greater than those observed for high-
energy ion irradiation yet are similar across the two dose levels.
These results suggest that at the 4 MeV Au fluences used here,
lattice swelling reaches a saturation point. The higher fluence
(7.8 x 10"* ions/cm?) appears sufficient to induce overlapping cas-
cades and steady-state defect production and recovery.

To quantify the fluence dependence of peak broadening and
separate contributions from microstrain and coherent domain size
reduction, a W-H analysis was applied to samples irradiated across
multiple fluences from the 946 MeV Au and 198 MeV Xe ion irra-
diation experiments. Figure 8(a) shows a representative example of
this analysis for the coarse-grained sample irradiated with 946 MeV

Au jons. Both the slope and y-intercept increase with fluence, indi-
cating a rise in microstrain and concomitant reduction in coherent
domain size. The coherent domain size, D, and microstrain, €, were
extracted using the following relation:

0.914

0 =¢€(4sinf) + —. 2
ﬁsample cos 6( sin )+ D ()

Prior to irradiation, both coarse-grained samples exhibited com-
parable coherent domain sizes with some sample-to-sample varia-
tion. Irradiation with 946 MeV Au ions reduced the domain size
of the coarse-grained sample in Fig. 8(b) followed by saturation at
approximately 35nm with increasing fluence. The fine-grained
sample also exhibited a reduction in domain size, though with a
smaller overall change than the coarse-grained counterpart. The
fine grain coherent domain size stabilized near 20 nm across the
full range of fluences studied. Saturation was also observed during
irradiation with 198 MeV Xe ions in Fig. 8(d) but with a subtle
increase relative to the pristine samples at fluences of
<2 x 10" ions/cm”.

Heterogeneous microstrain values were extracted from the
slopes of the W-H plots shown in Fig. 8(a). For 946 MeV Au
ion irradiation in Fig. 8(c), microstrain in both the coarse- and
fine-grained samples increased by more than an order of
magnitude from initial values of 0.026(2)% and 0.035(14)%,
respectively. Microstrain peaks at over 0.3% in both samples at
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FIG. 4. X-ray diffraction patterns of (a) coarse- and (b) fine-grained MgO before exposure to indexed fluences of 198 MeV Xe ions. The pattern is scaled with Q, the scat-
tering vector, to offset the effect of the x-ray form factor. The asterisks in (a) denote peaks arising from the Mo sample chamber, which are also present in (b).

2 x 10" ions/cm?, followed by a slight decrease to approximately
0.2% at the highest fluence evaluated. This initial linear increase,
followed by sublinear growth and eventual saturation, is consistent
with the direct impact model [Eq. (2)]. Fitting this model to the
microstrain data yields interaction damage diameters of 2.6(6) nm
for the coarse-grained sample and 3.6(7) nm for the fine-grained
sample. Although these samples were only exposed to a single
fluence of 1.46GeV Au ions (8% 10'?ions/cm?), the resulting
microstrain values—0.15(1)% and 0.29(3)%, respectively—are con-
sistent with those measured in samples irradiated with 946 MeV Au
ions at similar fluences. Irradiation by 198 MeV Xe ions produced
a more subtle increase and saturation threshold in the microstrain
shown in Fig. 8(d), consistent with coherent domain size evolution
under these conditions.

IV. DISCUSSION

The comprehensive XRD analysis presented herein confirmed
that MgO exhibits unit-cell expansion under all irradiation condi-
tions evaluated, regardless of whether damage is driven primarily

by electronic excitation and ionization (198 MeV Xe, 946 MeV Au,
and 1.46 GeV Au) or by elastic collisions and atomic displacements
(4 MeV Au), with results compiled in Table II. The largest expan-
sion was observed following exposure to 4 MeV Au ions, whereas
the smallest increase was measured after 1.46 GeV Au ion irradia-
tion. Across all irradiation types, the extent of lattice swelling
appears inversely correlated with ion energy. However, this trend
alone obscures the underlying mechanisms of ion-matter interac-
tions. High-energy ions primarily deposit energy through
Coulomb interactions with the electronic subsystem, while low-
energy ions lose energy mainly via elastic collisions with atomic
nuclei. By selecting ions that span this spectrum, we varied the
relative contributions of electronic and nuclear stopping, enabling
us to probe their individual effects on structural modification in
MgO. Shown in Fig. 9(a) is the relative contribution of nuclear
interactions to ion energy loss with each ion type and energy
matched on the various curves for Au and Xe. The maximum
unit-cell expansion under each condition is plotted as a function
of this nuclear stopping fraction (S,,/Siota1) in Fig. 9(b) and reveals
a direct correlation: greater lattice swelling corresponds to a
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FIG. 5. Enlarged view of pseudo-Voigt fits to the (200) x-ray diffraction peak in the (a) coarse- and (b) fine-grained MgO samples before and after exposure to indexed flu-
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higher fraction of energy deposited through nuclear interactions.
This indicates that elastic collisions with nuclei, rather than elec-
tronic excitation, are the dominant driver of radiation-induced
lattice swelling in MgO.

In ion irradiation regimes dominated by intense electronic
ionizations and excitations, another mechanism may influence the
magnitude of unit-cell expansion. Although the transfer of energy
from ions to matter depends nonlinearly on ion energy, the spatial
distribution of that energy is strongly affected by ion velocity.
Specifically, the range of liberated J-electrons increases with ion
velocity, dispersing energy over a larger volume and thereby reduc-
ing the local energy density. As a result, higher velocity ions may
induce less structural modification despite higher absolute energies.
This phenomenon, often referred to as the “velocity effect,”*** can
be approximated by scaling the electronic stopping power (dE/dx)
by the ion velocity . When applied to our irradiations (Table I), it
is clear that 198 MeV Xe induces the highest energy density,
followed by 946 MeV Au, with 1.46 GeV Au producing the lowest.
This trend aligns with our observed lattice swelling behavior, sup-
porting the idea that local energy density, not total deposited
energy, may also contribute to the structural modification trends
observed within this regime.

The comparison between coarse- and fine-grained MgO
reveals subtle differences in both wunit-cell expansion and

microstrain accumulation under identical irradiation conditions.
In general, the fine-grained material exhibits larger maximum
lattice expansions [Fig. 9(b)] and lower maximum microstrain
(Fig. 10) than their coarse-grained counterparts. This behavior is
generally attributed to the higher grain boundary density in the
fine-grained MgO, which can modify the final defect microstruc-
tures post-irradiation.>* The 1.46 GeV Au irradiations show
subtle exceptions to this trend with the maximum lattice swelling
in both fine and coarse MgO being identical, while the micro-
strain in the coarse-grained sample is lower than the fine-grained
(as described above). These observations underscore that the irra-
diation response of MgO is not solely determined by defect pro-
duction rates, but also by the microstructural length scales over
which defects accumulate and relax. The distinction between
nuclear and electronic stopping contributions in the fine- and
coarse-grained MgO specimens is based on the nature and spatial
distribution of the damage inferred from the XRD patterns. In the
nuclear stopping-dominated region, collision cascades generate
point defects, which manifest as larger apparent lattice parameter
changes. At high fluence, these defects can cluster to form two-
dimensional defects such as dislocation loops and clusters. In
contrast, we observe that electronic stopping-dominated irradia-
tion introduces localized disorder leading to increased microstrain
without a proportional increase in average lattice parameter and
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FIG. 6. X-ray diffraction patterns of (a) coarse- and (b) fine-grained MgO before and after exposure to 8 x 102 1.46 GeV Au ions/cm?.

quantify a narrow region in S,/S. that leads to appreciable
electronic-dominated defects (Fig. 10).

Our high-throughput irradiation approach for two ion condi-
tions (198 MeV Xe and 946 MeV Au) enabled XRD analysis of
MgO over a broad fluence range, capturing both the magnitude
and fluence dependence of unit-cell expansion. At low fluences,
lattice swelling increases proportionally with ion exposure, consis-
tent with defect accumulation. At higher fluences, defect creation
and recovery enter a steady-state regime, leading to saturation in
unit-cell expansion. This behavior, observed in many irradiated
insulators such as CeO,,"" ™" reflects a direct impact mechanism.®’
For MgO, the saturation lattice swelling under high-energy, highly
ionizing conditions remains below 0.1%, similar to other simple
oxides.” Fitting the direct impact model to our lattice swelling data
yields damage diameters of 4.9(2) nm and 4.7(4) nm for coarse-
and fine-grained MgO, respectively. These values are comparable to
those reported for CeO, and ThO, under 167 MeV Xe irradiation,

where synchrotron XRD analysis revealed damage diameters of 3.9
(3) nm and 3.0(1) nm, respectively.69

Unlike the clear fluence-dependent lattice swelling observed
for 198 MeV Xe irradiation, MgO samples exposed to 946 MeV Au
ions exhibit more complex behavior. The coarse-grained sample
experienced modest unit-cell expansion to approximately 0.02% at
the lowest fluence tested, with no clear trend at higher fluences. In
contrast, the fine-grained sample initially contracted, a rare
response for oxides under swift heavy ion irradiation. This initial
contraction may reflect the annealing of pre-existing defects, poten-
tially related to the smaller grain size or synthesis conditions. This
interpretation is supported by the slightly larger unit cell observed
in the fine-grained sample before irradiation. At higher fluences,
unit-cell expansion is observed, suggesting defect accumulation.
Alternatively, the fine-grained sample may follow a two-stage
response to irradiation. Similar behavior has been reported in
monocarbides such as ZrC and HfC under 946 MeV Au
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. .. 48,70 . . . . . .
irradiation,” ™" where an initial direct impact-like expansion is

followed by a linear increase beyond fluences of 1-2 x 10"? ions/
cm?, a range consistent with our data. A third possibility involves
surface-specific and grain boundary effects.””** The high grain
boundary density in the fine-grained material potentially pro-
vides a network of efficient sinks for mobile point defects. Under
these conditions, irradiation initially promotes the removal of
pre-existing defects and residual strain introduced through pro-
cessing, resulting in a lattice compaction. This effect is expected
to be less pronounced in coarse-grained MgO, where the lower
grain boundary area reduces sink efficiency and limits defect
annihilation.

The consistent observation of unit-cell expansion under all
irradiation conditions confirms that both nuclear and electronic
interactions induce defects in MgO. However, unit-cell swelling
reflects long-range, homogeneous structural changes, while the
same defects may also cause short-range, localized distortions.
These localized distortions introduce heterogeneity in interplanar
spacing, manifesting as peak broadening rather than peak shifts in
XRD patterns. As peak broadening can also result from reduced
coherent domain size, the W-H analysis was conducted to disen-
tangle size and strain effects. Interestingly, under 946 MeV Au irra-
diation, the unit-cell expansion in MgO does not follow a direct
impact behavior, whereas the microstrain accumulation does. The
inverse is observed for 198 MeV Xe irradiation: lattice swelling
follows direct impact behavior, but microstrain does not. This con-
trast may indicate that under irradiation conditions where nuclear

energy deposition is minimal (e.g., 946 MeV Au), the resulting
defects are more dilute and contribute primarily to localized distor-

tions, leading to elevated strain but minimal volumetric expansion. ;

In contrast, conditions with a higher contribution from nuclear
interactions (e.g., 198 MeV Xe) may produce more uniformly dis-
tributed damage, resulting in greater lattice swelling but less accu-
mulated strain. This interpretation is supported by the analysis in
Fig. 10, which like Fig. 9(b), relates maximum microstrain to the
partitioning of energy loss. The microstrain increase in MgO under
946 MeV Au irradiation is approximately an order of magnitude
greater than that observed under 198 MeV Xe and 4 MeV Au con-
ditions, both of which show only modest strain increases. For
1.46 GeV Au irradiation, the microstrain increase is also lower—
possibly due to its reduced nuclear energy loss, the lower energy
density from higher ion velocities, and/or the limited single-fluence
data point (8 x 10'* ions/cm?), which may not capture the full satu-
ration behavior.

The most pronounced lattice swelling observed in this study
occurred under irradiation conditions dominated by nuclear energy
loss, consistent with the expectation that displacement cascades
promote the formation and growth of extended defect structures
such as vacancy and interstitial loops.””*® This observation aligns
with prior work linking nuclear stopping to defect clustering and
long-range volumetric expansion in oxides. In contrast, irradiation
conditions characterized by higher electronic stopping led to com-
paratively smaller increases in unit-cell size but greater accumula-
tion of microstrain. This may reflect a defect population dominated
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TABLE Il. Summary of the maximum observable lattice swelling identified, through
Rietveld refinement of x-ray diffraction patterns, in all irradiated MgO samples.

Maximum
Ton irradiation MgO fluence Maximum lattice
conditions specimen (ions/cm?) swelling (%)
4MeV Au Fine-grained 7.8 x 10" 0.3640(3)
40x 10" 0.3773(4)
198 MeV Xe Fine-grained 8x 10" 0.0797(4)
Coarse-grained 8 x 10" 0.0705(4)
946 MeV Au Fine-grained 8x 10" 0.0618(4)
Coarse-grained 8 x 10" 0.0376(11)
1.46 GeV Au Fine-grained 8x 10" 0.0041(1)
Coarse-grained 8 x 10" 0.0081(5)

by isolated Frenkel pairs or point-like disorder, where high-density
energy deposition causes localized distortions but does not effi-
ciently drive defect aggregation. Moreover, the more diffuse nature
of electronic energy deposition may suppress dynamic annealing,
enabling strain to persist. Together, these results suggest a diver-
gence in how nuclear and electronic stopping mechanisms influ-
ence structural modification in MgO: nuclear interactions appear
to promote lattice swelling through defect coalescence and long-
range distortion, whereas electronic interactions predominantly
induce microstrain via short-range, localized damage. While both
regimes produce defects, the spatial distribution, recovery dynam-
ics, and aggregation behavior differ, contributing to the distinct
structural responses observed across the irradiation conditions.
While aspects of the fluence dependence observed in this
work resemble phenomenology often described using direct impact
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or cascade overlap terminology, it is important to note that MgO
does not form stable ion tracks. Numerous experimental and
modeling studies have shown that interstitials in MgO exhibit
high mobility even at room temperature, enabling rapid recombi-
nation with vacancies, migration to sinks, and the formation of
extended defect structures such as dislocation loops rather than
persistent cascade remnants. Consequently, the physical meaning
of cascade overlap in MgO differs substantially from that in mate-
rials where tracks or amorphous zones are stable. In this context,
the evolution of lattice expansion, microstrain, and coherent
domain size observed here can be interpreted within a defect pro-
duction-migration-accumulation framework. Such approaches
explicitly account for the balance between defect generation,
recombination, clustering, and annihilation at sinks, and have
been applied to MgO over a wide range of temperatures and irra-
diation conditions.

Debelle et al.”' demonstrated that the fluence dependence of
defect accumulation in MgO can be explained by defect mobility-
controlled kinetics, without invoking persistent damage zones or
track overlap, and highlighted the central role of migration rates in
determining steady-state behavior. Earlier experimental work by
Kinoshita’' similarly emphasized the high mobility of defects in
MgO and reported the formation of extended defects such as

dislocation loops even at irradiation temperatures near 300K,
underscoring the dynamic nature of defect evolution in this mate-
rial. The apparent saturation in the microstrain and lattice expan-
sion quantified here after high fluences does not uniquely imply a
direct impact or cascade overlap mechanism but may instead
reflect a steady state in which defect production is balanced by
recovery processes governed by defect migration and sink interac-
tions where dose rate effects are negligible. Differences between the
nuclear- and electronic-stopping-dominated irradiations can thus
be understood in terms of defect production bias and spatial corre-
lation, consistent with models in which clustered defect production
in displacement cascades leads to larger, longer-range strain fields
than the more diffuse defect generation associated with electronic
energy loss. This interpretation is aligned with the production bias
concept introduced by Woo and Singh,”> while remaining fully
compatible with the high interstitial mobility in MgO. Accordingly,
the use of direct impact terminology in this work should be viewed
as a phenomenological description of the observed accumulation
behavior rather than as evidence for the formation of stable ion
tracks. The XRD results are equally consistent with a defect accu-
mulation picture, where the irradiation response is controlled by
the interplay between defect generation rates, migration kinetics,
and microstructural sinks.
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V. CONCLUSIONS

X-ray analysis revealed consistent unit-cell expansion in MgO
across a range of ion irradiation conditions: 4 MeV Au (dominated
by nuclear stopping), and 198 MeV Xe, 946 MeV Au, and 1.46 GeV
Au (dominated by electronic excitations). The most pronounced
lattice swelling was observed after exposure to low-energy 4 MeV
Au ions, while high-energy 1.46 GeV Au irradiation-induced
minimal expansion, differing by nearly two orders of magnitude.
This inverse relationship between lattice swelling magnitude and
ion energy suggests that displacive, knock-on damage is signifi-
cantly more effective at inducing volumetric changes than
ionization-driven processes. Moreover, under highly ionizing con-
ditions, the extent and nature of damage appear to depend on the
spatial distribution of energy deposition. Higher energy density
conditions (such as 198 MeV Xe) lead to more homogeneous, long-
range distortion manifesting as unit-cell expansion, whereas lower
energy density conditions (such as 946 MeV and 1.46 GeV Au)
result in more localized damage, reflected in increased microstrain.
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These findings provide critical insight into the mechanisms by

@® 4 MeV Au in MgO (fine) which radiation modifies MgO, highlighting the distinct structural
@ 198 MeV Xe in MgO (coarse) responses induced by nuclear vs electronic interactions. The results
¢ 198 MeV Xe in MgO (fine) serve as a valuable benchmark for understanding radiation effects
1400¢ i ® 946 MeV Au in MgO (coarse) 1 in simple oxides and informing the design of radiation-tolerant
:‘. § 946 MeV Auin MgO (fine) materials for advanced nuclear energy systems and the broader
il @® 1.46 GeV Au in MgO (coarse) nuclear fuel cycle.
¢ 1.46 GeV Au in MgO (fine)
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