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Abstract

The coupled effects of nuclear and electronic energy losses were investigated in uranium dioxide (UO2).
Single and sequential ion irradiations were carried out with 92 MeV Xe ions and 0.9 MeV | ions. Raman
spectroscopy and X-ray diffraction analyses were combined with the inelastic thermal spike (iTS) model
to investigate the effect of electronic ionizations on the ballistic damage. It appears that the high-energy
ions induce a significant change in the defect distribution with an amplitude that depends on the level of
pre-existing disorder. This change essentially consists in an acceleration of the dislocation loops into
dislocation lines, a process that is accompanied by a stress relaxation. Surprisingly, with the fluence
increase of 92 MeV Xe ions, the stress starts to increase again, highlighting a possible synergetic effect
between the pre-existing defects and those generated by the 92 MeV Xe ions irradiation.
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INTRODUCTION

Fluorite-type oxides such as CeOz, ZrO2 and UO: crystalline compounds are very radiation resistant.
Indeed, even after ion irradiations at high doses, no amorphisation was observed in these materials [1-
3]. This is one of the reasons why UO: is the main compound of the nuclear fuel worldwide. During the
in-reactor operations, the fission chain reaction induces the formation of fission fragments (FF) with a
kinetic energy ranging from 70 to 100 MeV, corresponding to a maximum electronic stopping power (Se)
of around 22 keV.nm™1. The FF lose firstly their energy by inelastic collisions with the target electrons
inducing electronic ionizations and excitations. Studies of high-energy ion irradiations in UO2 have
revealed a track formation process along the ion path for an electronic stopping power above 20 keV.nm-
13, 4]. These tracks are the signature of complex defect formation phenomena materialized by
microstructural distortions and deformations [5-7] and atomic displacements [8]. During the FF slowing
down, the electronic energy loss decreases while the nuclear counterpart (Sn) increases, leading to
atomic displacements via simple (ballistic) collision cascades, a process much more investigated and
understood. Studies of low-energy ion irradiations in UO2 revealed the formation of dislocations [9-12]
and small vacancy clusters [13, 14]. Interestingly, the microstructure after low- or high-energy ion
irradiation appears to be very similar in UO2 (and ZrO: as well), despite the completely different energy

transfer processes involved in the two cases.

If the separate effects on the microstructure of Se and Sn type irradiations in UO:2 are relatively well
established, coupled effects received much less attention and are hence only weakly documented. The
coupling between the nuclear and electronic energy (below 12 keV.nm1) losses has yet been shown to
have a significant impact on the defect evolution [15-17]. Depending on the deposited electronic energy
level, the defect mobility seems to be more or less activated, affecting the disordering rate process and
inducing an acceleration of the dislocation evolution kinetics [18]. This work seeks to address the
influence of a higher (i.e., > 12 keV.nm) electronic energy loss level. For this purpose, pre-irradiated
UO: samples with low-energy ions were exposed to 92 MeV Xe ions having a Se of 23 keV.nmL. The
separated effects of each ion (low- and high-energy) was firstly investigated. The influence of electronic
excitations was then determined by performing a sequential irradiation. The experimental results
obtained by using Raman spectroscopy and X-ray diffraction (XRD) were combined with simulations

using the inelastic thermal spike (iTS) model.

EXPERIMENTAL METHODS

Sample preparation

UO: polycrystalline pellets with a density of 98% of the theoretical one (i.e. 10.952 g.cm3) were cut to
discs (thickness: 500 ym) and polished on one side. To remove the damage induced by polishing and
maintain their stoichiometry (O/U = 2.00), several steps were successively carried out. The discs were
first annealing at 1973 K for 24 h under an Ar-Hz (5%) atmosphere, then mirror-polished with colloidal
silica suspension and annealed under the same Ar-Hz (5%) atmosphere at 1673 K for 4 h. The average

grain size of polycrystalline UO: pellets was estimated at 7.6 um. The lattice parameter of those crystals



is 0.5473 £ 0.0002 nm, in agreement with the commonly admitted value for stoichiometric UO2 (0.5471
nm) [19, 20].

Irradiation experiments

To study the effect of ballistic damage, irradiations at low-energy with 0.9 MeV | (Sn) ions are performed
at the JANNuS-Saclay facility at ion fluences of 101* and 105 cm=2 using the JAPET accelerator [21]. In
order to determine the influence of electronic excitations, irradiations at high-energy with 92 MeV Xe
(Se) ions were carried out on the GANIL platform on the IRRSUD beamline. The irradiation sequences

are summarized in table 1.

Sample denomination | Irradiation sequence Fluence (cm?)

Sh Single-beam: 1013 - 101 -10%5
900 keV |

Se Single-beam: 1013 - 10
92 MeV Xe

SntSe Sequential irradiation: 104 (900 keV ) and 1013 or 1014 (92 MeV Xe)
0.9 MeV | and 92 MeV Xe

SntSe Sequential irradiation: 1075 (900 keV 1) and 1013 or 1014 (92 MeV Xe)
0.9 MeV | and 92 MeV Xe

Table 1: lon irradiation parameters for single (Snor Se¢) and sequential (Sh+Se) ion irradiation conditions:

the irradiation sequences and the corresponding high- (Se) and low-energy (Sn) ion fluences.

The separated effect of ballistic and electronic energy losses were studied by single ion beam irradiation
with low (Sn) or high (Se) energy ion irradiation. The influence of electronic energy loss on ballistic
damage was investigated by performing high energy irradiation on pre-damaged sample at low energy.
Different ion fluences were used.

Figure 1 presents simulations performed with the BCA code Iradina using the full-damage cascade
mode for the 0.9 MeV | and 92 MeV Xe ions [22]. The threshold displacement energies of 40 and 20 eV
were used for U and O, respectively. The 0.9 MeV | ions (Sn) are implanted on the first micrometer (<
0.5 um) and generated a maximum of 0.7 dpa for a fluence of 104 cm. In the first micrometer
corresponding to the region affected by the two beams (Sn and Se), the Se irradiation induces mostly
electronic ionizations. Regarding the high energy ion (Se), the energy loss is mainly electronic over the
first micron reaching 23 keV.nm at the surface. The maximum displacement per atoms (dpa) on 1 um

for an ion fluence of 10 cm-2 is 0.04 dpa for the Se ions.
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Figure 1: (a) Damage ion profiles for a fluence of 104 cm2 vs depth for UO; irradiated with 0.9 MeV |
(Sn regime) and 92 MeV Xe (Se regime) ions and (b) electronic energy loss vs depth for UO irradiated

with 92 MeV Xe (Se regime) ions. Calculations were performed using the Iradina code.
Characterization methodology

Raman analyses using an Invia Reflex Renishaw spectrometer coupled with a Leica microscope (x 100)
with a frequency-doubled Nd:YAG (532 nm) laser and a 2400 groove / mm grating were carried. A laser
power less than 1 mW was used to avoid the UO2 oxidation. The Raman spectrometer was calibrated
with a silicon single crystal. Raman mapping of the samples surface were performed for 30 grains to
determine an average spectrum independent of the grain orientation. The fitting module of the WIRE
Raman Spectroscopy software (Renishaw) was used for the spectra simulation assuming Voigt profiles.

The accuracy on band position deduced from the spectrum simulation is estimated at £ 0.5 cm-L.

XRD measurements were performed with an INEL set-up that includes a Ge(111) monochromator to
select only the CuKq1 radiation, and a fixed 120° 26-range curved position sensitive detector (PSD). The
incidence angle of the X-rays was set at an angle «=2 °, and 20-scans were hence recorded over the
entire angular range covered by the PSD. Note that this incidence angle corresponds to an X-ray probed
depth of ~280 nm considering an attenuation factor of 90 % [23]. The spinning mode was used to limit
texture effects and to increase the statistics that is limited by the large grain size. In order to determine
the strain/stress state of the irradiated crystals, we used the sin? ¥ method described in details in [24,
25]. The exact method and procedure used in the current work are described in our previous study [17].

Note yet that, as we performed 20-scans, we implemented the multiple hkl reflections method so that
: : . hkl
the angle ¥ varied with the Bragg angle of the probed reflections: Y= HBragg —®@ [26]; an advantage of

this approach is to keep constant the X-ray penetration depth.

It is important to mention that these two techniques, owing to the physical phenomena they rely on,
provide somehow different and complementary information on the irradiation effects. First, the probed
thickness for XRD is here limited to less than 300 nm, which corresponds only to the Iradina-predicted
damage region. In contrast, with Raman, a 1-um thickness is analyzed in our analysis conditions [36],

which includes both a pristine region for the sole Sy irradiation and part of the sole Se-affected region for



the corresponding irradiation. Second, as we are monitoring the strain and stress levels with XRD, we
are sensitive to long-range effects, i.e., to the presence of defects (and hence, disorder) that lead to
correlated atomic displacements; in other words, the local disorder such as that studied by following the
XRD peak width is not considered here. In contrast, the Raman signal is more sensitive to the local
disorder which is affecting both the intensity and the width of the T2g and LO bands (note that the Tzg
peak shift is related to long-range effects and can provide information on the lattice strain).

RESULTS
Decorrelated effect of nuclear and electronic energy losses

The local disorder induced either by the Sn or Se ions as function of the ion fluence was investigated by
Raman spectroscopy (Fig. 2).
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Figure 2: Raman spectra of a UQ; irradiated with 0.9 MeV | (S;) ions at fluences of 1013, 1014 and 10%°
cm2 and with 92 MeV Xe (Se) ions at an ion fluence of 102 and 10'* cm2. The considered Raman

spectra correspond to the average spectra measured in a Raman map of 30 grains.

For the pristine sample, one band with a high intensity is exhibited at 446 cm corresponding to the
triply degenerated Raman active mode, typical of the fluorite-type structure (Tzg) [27]. Two other bands
with a smaller intensity at ~ 574 cm™! associated to the longitudinal optical (LO) phonon peak and ~
636 cm™labeled U3 band are also shown. The LO band is particularly intense due to a resonance effect
with the 532 nm wavelength laser. After the Sn irradiations, the Tzg band shifts slightly to the lower
frequencies. In addition, one band denoted by U1 (~ 532 cm™1) is revealed (Fig. 2.a) and the LO as well
as U3 bands intensity increases. These three bands are associated to the formation of atomic-scale
defects in the UO: crystal and their intensity is linked to the U/O ratio [28-33]. With the Sn ion fluence
increase, the T2g band broadens up to 10 cm-! and downshifts (-1 cm-1). This evolution is coupled with
the U1, LO and U3 bands intensity increase. The Se irradiation also induces a modification of the Raman

spectra (Fig. 2.b). A T2g band broadening up to 2 cm- occurs. In addition, the area of LO and U3 bands

also increases.



The Raman spectra were fitted with pseudo-Voight functions to compare the local disorder after each
irradiation. The evolution of the LO band, associated to the point defect formation, normalized by the Tzg
band (linked to the fluorite structure), is reported in figure 3.
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Figure 3: Ratio between the LO and the Ty band areas for the S, and Se irradiations as a function of
the ion fluence. The considered Raman spectra correspond to the average spectra measured in a
Raman map of 30 grains.

For the Sy irradiations, the ratio increases up to 2.4 for the highest fluence highlighting an increase of
the local disorder with the Sn fluence increase. After the Se irradiations, the ratio first increases up to 1
then to 1.2 with the ion fluence. For the two energy-loss regimes, a similar behavior is observed but the
ratio is more important for the Sn than for the Se irradiations.

XRD analysis was also performed. Fig. 4 shows full 26-scans recorded on irradiated UO2 samples with
Snions (Fig. 4.a), and with Se ions (Fig. 4.b).
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Figure 4: 2@-scan, recorded at an incidence angle o = 2°, of UO; irradiated with a) 0.9 MeV | ions at
fluences of 10%3, 104 and 10> cm2 and b) 92 MeV Xe ions at fluences of 102 and 10'* cm. In insets

are shown the 111 diffraction peaks.



For pristine as well as irradiated crystals, all diffraction peaks ascribed to the UO: structure are observed,
but their relative intensity does not fit with the theoretical one, which is most likely related to texture and
grain-size effects despite the use of the spinning mode. If the peak positions are those expected for the
pristine crystal, there is a clear peak shift towards lower 26 angles for irradiated ones. This feature is
more easily visible in inset of Fig.4.a that shows a zoom in the 27-30 degrees 20-range, where the 111
reflection occurs. It can be seen that the diffraction lines for irradiated crystals are also slightly
asymmetric, with a low intensity registered at the peak reference position. This signal originates from
the buried un-irradiated region that is little probed. The main peak comes from the damaged layer and
this latter exhibits a tensile elastic strain [34, 35]. To evaluate this strain, peak positions are needed,
which were determined by fitting the XRD lines, individually, with a Pseudo-Voigt function. We also
considered a triaxial stress state, and the Voigt-Reuss-Hill (VRH) approximation [36] to describe UO:2 as
a pseudo-elastically isotropic medium. In this framework, the elastic strain is related to sin? ¥ according
to Equation (1) [26]:
e=1Y 1 sin’ ¥)o,
E (1)

In Eqg. (1), oy is the in-plane stress experienced by the irradiated layer, and E and v are the Young
modulus and Poisson ratio, respectively. Values of 232 GPa and 0.3 were selected, based on the VHR
approximation grounded on elastic properties calculations at the density functional theory level [37]. The
plot of the strain as a function of sin2% should hence follow a line whose slope is proportional to the
stress. The result of this analysis is presented in Fig.4 (see solid lines). For the three irradiation fluences,
the strain level is maximum at the lowest ¥ angles, and it decreases to reach zero at ¥=90 °, i.e., for
atomic planes perpendicular to the surface normal. This finding first indicates that the irradiated layers
experience a compressive in-plane stress, as the line slopes are negative. Second, the crystalline
coherence between the irradiated layer and the unirradiated thick material underneath is maintained, as
the in-plane lattice parameter is unchanged (the strain is null); this property was already observed [17,
35]. A maximum strain level of ~0.85 % is measured for the sample irradiated with | ions at 10> cm-?
(i.e., a dpa of 7), in agreement with previously reported values [34, 35, 38]; the corresponding in-plane
stress reaches ~-1.7 GPa. Expectedly, the strain and stress levels decrease with decreasing the |
fluence; the corresponding values are reported in Table 2. Regarding Xe irradiation, the effect is much
less than that observed for | irradiation. Indeed, the maximum strain is found to be ~0.2 %, and, given
the data point dispersion, discriminating the two ion fluences is hardly possible. Yet, Xe irradiation does
lead to the development of a (small) tensile strain (and hence, a low compressive stress); corresponding

values are listed in Table 2.

Sh (10%9) Sn (10%%) Sh (10%3) Se (1019) Se (1019
Ema (%) ~0.85 + ~0.6+0.1 ~0.40 + ~0.2+0.1 | ~0.2+0.2
max 0.05 % % 0.05 % % %
oyGPa) | ~-1.7+02 | ~11+02|~08+01|~04+01]|~05+0.1




Table 2: Maximum lattice strain as well as in-plane compressive stress levels experienced by the
different UO; irradiated crystals.
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Figure 5: Sin2¥ plots of UO, samples irradiated with a) 0.9 MeV | ions and; b) 92 MeV Xe ions at the
fluences indicated in the legend.

Combined effect of nuclear and electronic energy losses

Raman spectra of a UO2 pre-irradiated with 0.9 MeV | ions (Sn) at fluences of 10'* or 10® cm2 then
irradiated with 92 MeV Xe ions (Se) at an ion fluence of 102 or 104 cm-2 were carried out (Fig. 6). The
Se irradiation induces a significant Raman spectra evolution. The T24 band appears less broad (- 6 cm™1).
Concerning the defect bands (U1, LO, U3), a qualitative change in the peak shape is observed. Indeed,
the LO and U3 band areas are less important. In addition, the U1 band is not observed anymore.
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Figure 6: Raman spectra of a UO, pre-irradiated with 0.9 MeV | ions (Sy) at fluences of (a) 104 or (b)
10?% cm2 then irradiated with 92 MeV Xe (S¢) ions at an ion fluence of 103 or 104 cm-2. The considered

Raman spectra correspond to the average spectra measured in a Raman map of 30 grains.

The average Raman spectra were fitted with pseudo-Voight functions. To observe the Se ion effect on

the local disorder for the pre-damaged samples, we show the normalized LO / T4 ratio (divided by the



initial LO / Tzq ratio for the pre-damaged sample) as function of the Se ion fluence. Note that the ratio

value for the Sn pre-irradiated sample (Se fluence equal to 0) is 1.

The subsequent Se irradiation induces a ratio decrease but with a higher magnitude for the Sn fluence
of 10% cm-2. For a higher Se irradiation fluence, a slight decrease is observed for the Sn fluence of 1014
cm-2linked to a small increase of the T2c area (Fig. 6.a). Concerning the pre-damaged sample at a
higher Sn fluence, the Se fluence increase induces a ratio rise mostly due to a slight LO area increase
(Fig. 6.b).
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Figure 7: Normalized ratio between the LO and the T, band areas for the samples irradiated with Sy, ion
(at 0) and Sy then Se ion as a function of the high energy ion fluence. The normalized ratio corresponds
to the LO/Tyq ratio for each condition divided by the corresponding S, pre-damaged sample. The

considered Raman spectra correspond to the average spectra measured in a Raman map of 30 grains.

As explained above, the Sy irradiation leads to the development of a tensile strain localized along the
surface normal of the irradiated crystals, associated with a compressive in-plane stress whose
magnitude is proportional to the slope of the sin?¥ line plot; this is shown in Fig.8.a for the 1015 cm=2 S,
fluence. This slope, despite some uncertainty due to the data point dispersion, clearly decreases after
the subsequent Se irradiation at 102 cm-2. It hence comes out that this irradiation leads to a significant
decrease in the strain (from maximum ~0.6 % to ~0.2 %) and stress levels; all values are provided in

Table 3.
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1014 cm=2.

14
S, (10%) + Se (109) | Sy (10%5) + Se (104) | S (%fol)g)* Se |, (101 + S (10%)
Emax (%) ~0.2+£0.2% ~0.30 + 0.05 % ~0.2+0.2% ~0.40 £ 0.05 %
o,(GPa) ~0.3+0.15 ~-0.70+ 0.15 ~05+0.1 ~0.7+0.1

Table 3: Maximum lattice strain as well as in-plane compressive stress levels experienced by the

different UO; irradiated crystals.

A similar result, that is, a strain and stress relaxation, was previously observed in dual-beam (Sn
concomitant to Se) irradiation experiments [17]. It is here demonstrated that this phenomenon also takes
place for sequential irradiations. Yet, contrary to simultaneous irradiations, the relaxation does not
continue when increasing the high-energy ion fluence, since the slope of the sin2 ¥ plots increases after
the Se irradiation at 1014 cm-2. This difference might be related to the fact that, as shown in Fig.5, the Se
irradiation induces a slight, but measurable strain level. The very same behavior is observed for the UO2
crystal irradiated at the 10 cm<2 (Fig.8.b). Furthermore, the same strain and stress levels are

determined after the Se irradiation, although the initial one was lower.

DISCUSSION

Respective effects of huclear and electronic energy losses
In the nuclear energy-loss regime, both the local disorder (evaluated by Raman) and the stress level
(determined by XRD) increase with the ion fluence. The corresponding microstructural modification is
due to defect formation, in good agreement with previous results [16, 17, 39]. More precisely, for this
fluence range (10 and 105 cm-2), dislocation loops are formed [15, 16]. At the highest fluence, the
dislocation density and/or dislocation size are larger. As the stress is still increasing from 104 to 10°
cm2, it is likely that only few dislocation lines are present. Indeed, the transformation from dislocation
loops to dislocation lines is correlated with a strain and stress relaxation [38, 40, 41], which is not

observed here.

10



The sole Se irradiation induces a local disorder coupled with a slight stress increase. The contribution of
the nuclear energy deposition is very low on the first micrometres for the Se ion: less than 0.05 dpa is
generated by the 92 MeV Xe ions at 10> cm (Fig. 1.a). For low-energy ions, in ballistic regime, only a
small increase of the local disorder and the stress state was revealed for this damage level [39, 42].
Thus, the observed evolutions after the Se irradiation can likely be ascribed to the contribution of the
electronic energy deposition. The inelastic thermal spike (iTS) model was applied to estimate the
deposited energy after the passage of the Se ions [43, 44]. The calculation details and used parameters
can be found in [18]. The energy deposited by the 92 MeV Xe ions on the matrix atoms is shown in
figure 9 for different distances from the projectile trajectory (radius).
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Figure 9: Deposited energy as a function of time for 92 MeV Xe ions in a UO target.

A maximum energy of 2.7 eV.atom-! within a radius cylinder r = 0.4 nm is reached during about 0.2 ps
(two atomic vibrations). This energy surpasses the energy needed to reach the vaporization of UO2 [45].
Thus, the appropriate conditions for forming tracks in UOz in terms of energy are fulfilled. The deposited
energy on the atoms could then be high enough to induce the formation of latent tracks. The
accumulation of ion tracks can lead to the formation of open pores at the surface for a similar electronic
energy loss, as shown in [46]. However, we did not observe a surface morphology change after the Se
irradiations (see supplementary materials); this discrepancy can be explained by the lowest ion fluences
in the current work as compared to the one used in Ref. [46], and hence, not enough ion tracks are
formed to be observed at the surface. lon track formation in UO:2 induces structural distortions and
deformations [5-7] in agreement with our results. CeO2 and ZrO: share the same crystallographic
structure and many physical properties than UOz, and are hence frequently used as surrogates for this
compound. In these materials, it was revealed that dislocation loops are also formed around high-energy
ion tracks [2, 47]. The lower density inside the tracks is linked to the oxygen atom ejection induced by
the Se ions [47]. The O atoms are then located in an interstitial position and cluster to form dislocation

loops [48]. Thus, the current Se irradiation may probably lead to track formation, which would explain

11



the Raman and XRD results. Besides, no evolution with the increase of Se fluence is observed by XRD
analysis, and only a small evolution is measured by Raman spectroscopy. The fraction of irradiated
surface (Firadiated) Can be correlated to the ion fluence (¢) via a Poisson distribution: Firadiated = 1- €Xp (-
o*¢) with o the surface of the ion impact on the crystal, i.e., nr? (Fig. 10). For r = 0.4 nm, the deposited
energy is larger than the vaporization energy corresponding to the appropriate conditions for forming
tracks. For the low Se fluence, 4 % is affected by an energy higher than Evaporization, and with the fluence
increase, the ion track number increases as well, leading to a surface coverage of 39 % for the high Se
fluence. In addition, in the vicinity of the ion track, the deposited energy remains higher than the melting
energy (1.31 eV.atom [42]) within a radius cylinder of 2.8 nm. For this level of deposited energy, no
significant damage creation, such as ion tracks, is observed but in contrast, the induced electronic
ionizations can favour defect recombination/clustering processes [41]. As shown in Fig. 10, Emelting (r =
2.8 nm) is achieved on 90 % of the surface at 102 cm-2. From 3 x 1012 cm-?, this energy level is achieved
on the entire surface. Thus, the defect processes are also amplified with the fluence increase. Despite
a significant track overlapping, between 1012 and 10%** cm-?, no significant change in the lattice parameter
is observed, which could be due to a partial disorder annealing in the core of the ion tracks; indeed, with
swift ions, competing processes of ionizations and displacement events can occur simultaneously [49].
In [6], a clear increase in the lattice parameter was reported in the same fluence range. This discrepancy
with our results most likely comes from the difference in the electronic energy-loss level: a higher Se
induces higher radii of ion tracks, as the vaporization energy is reached over a larger area. Thus, the
competing process between track formation and defect recombination is probably in favour of the former
process with the increase of the electronic energy loss.
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Figure 10: Fraction of irradiated surface by Se ions (Xe 92 MeV) where the deposited energy is higher
than the vaporization energy (r = 0.4 nm) and the melting energy (r = 2.8 nm).
Combined effects of nuclear and electronic energy losses

To investigate the influence of intense electronic energy deposition on the ballistic damage in uranium
dioxide, pre-irradiated samples with low-energy ions were subsequently irradiated with high-energy ions

(Sn + Se). As clearly demonstrated by the experimental results, the intense electronic ionizations have
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an influence on the pre-existing defects. First, for both 1014 and 10%° cm-? S, fluences, after a Se fluence
of 1012 cm?, the stress level and the local disorder decrease. As simulated by the iTS calculations, in
the vicinity of the ion track, the deposited energy is lower than the vaporization energy but remains
important (Fig. 11). Indeed, as above-described, the melting energy (1.31 eV.atom! [45]) is achieved
for a time of 1.8 ps within a radius cylinder of 2.8 nm (see the large, yellow disk in Fig. 11). For other,
less energetic conditions, like with 27 MeV Fe ions (with Se ~ 12 keV/nm), the melting energy is reached
in a smaller cylinder of 0.6 nm during a shorter time, 1 ps (as illustrated by the small yellow cylinder Fig.
11). For this level of electronic ionizations, it was shown that the defects created by nuclear energy loss
are affected by the ionizations leading to an accelerated defect rearrangement [18].

Xe 92 MeV Fe 27 MeV [29]

an BEE
.« —
[CE>E melting

Figure 11: Schematic view of the deposited energy for 92 MeV Xe and 27 MeV Fe ions in a UO; target.
The red and the yellow colors illustrate the cylinders where the vaporization and the melting energies

are deposited.

In the current case of the 92 MeV Xe ion irradiation, for a radius of 2.8 nm, a similar energy is deposited,
inducing a significant change in the defect distribution, particularly in the dislocation loop population, as
already observed in [18]. Based on our previous works, such a change most likely includes both the
development of dislocation lines that explains the stress relaxation, and the recombination/clustering of
point defects that leads to a decrease in the LO band intensity. In addition to this latter feature, another,
notable change in the Raman spectra is observed after the Se irradiation: the disappearance of the Ul
band. During the sole Sn irradiation, the three U1, LO and U3 bands exhibit a very similar increase in
intensity; upon thermal annealing (at 300°C), U1 and U3 bands disappear while the LO band is still
observed [33]. During both processes, the three bands have a characteristic behaviour that is not the
one here evidenced after the Se irradiation where a complete disappearance of the sole Ul band is
noticed (and LO and U3 bands become less intense). This finding has never been reported so far. It is
likely the signature of a reduction in the defect density (decrease of all bands intensity) as well as a

change in the defect population (U1 disappearance).

A significant decrease (after the Se irradiation at 102 cm2) in the local disorder and in the stress level is
hence noticed for both Sn pre-damage ion fluences, but the magnitude of this change, calculated for the

stress for instance, is 75 % larger for 101% cm than it is for 1014 cm2. As the effect of ionizations on the
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ballistic disorder is to accelerate the defect transformation sequence from point defects to dislocation
lines through dislocation loops, it is expected that this sequence is more advanced at the highest Sn
fluence, and therefore, the stress relaxation related to the development of dislocation lines is more

pronounced at this fluence.

With the increase of the Se fluence, the stress starts to notably redevelop, while the Raman signal only
slightly evolves (a small LO intensity increase at 105> cm-?). This difference may be, as explained in
section II, due to the different thicknesses probed by the two techniques: XRD is limited to the Sn ion
range, while Raman probes deeper than the Sp-affected region. But more important is the fact that the
stress increases after the Se fluence of 104 cm-2. Indeed, for the sole Se irradiation, almost no change
was observed between the two fluences (1012 and 10'* cm-2). Our results therefore strongly suggest a
synergetic effect between pre-existing defects and subsequent inelastic energy loss. The pre-existing
defects may have an influence on the material response during the thermal spike process. Such a
synergistic effect was observed on pre-damaged SrTiOs samples where the threshold for the track
formation is lowered due to a decrease of the electronic and atomic thermal conductivities increasing,
thereby diminishing the electron-phonon coupling [50]. The minimum deposited energy required to
induce the track formation may then decrease in the pre-damaged samples. More investigations are
required to conclude on this point, but irrefutably, it is shown here that the UO2 response to electronic
energy loss is a complex phenomenon that includes both defect creation and defect annealing, and that

depends not only on the level of deposited energy but also on the local defect distribution.

CONCLUSIONS

Pristine and pre-damaged UO: pellets were irradiated in the electronic energy loss regime using 92 MeV
Xe ions for which Se~23 keV.nm-! in the surface region. Irradiation of pristine samples induce a local
disorder coupled with a slight strain and stress level. As the deposited energy surpasses the energy
needed to reach the UO: vaporization, this damage is likely due to track formation. In pre-damaged UO:>
samples, the intense ionization events, in addition to inducing a slight disorder, also modify the pre-
existing defect distribution. Indeed, after a low Se irradiation fluence, this change is manifested by a
significant stress relaxation and by a local disorder decrease. The former observation is related to the
formation of dislocation lines promoted by the electronic energy deposition while the latter finding comes
from a decrease in the point defect density (either by recombination or by clustering). At higher Xe
fluence, the change in the defect distribution is almost finished, and only the track-induced disorder is
observed, as revealed for instance by the stress re-development. The magnitude and the ratio of both
processes (i.e., change in defect distribution and track-induced disorder) are shown to depend on the
initial microstructure that most likely affects both the way the electronic energy is transferred to the
atomic network, and the probability of an interaction between this energy and a pre-existing defect. In
summary, intricate synergistic effects take place when both nuclear and electronic energy losses are

involved.
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Figure S1: Scanning electron microscopy (SEM) micrographs of a UO, sample irradiated with 92 MeV
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Xe ions at an ion fluence of 104 at.cm2 obtained in backscattered electrons (BSE) mode.
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