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Highlights:

* Induced mechanisms under dual-beam ion irradiation were studied in UO..
» Electronic ionizations lead to an accelerated defect rearrangement in UO-.
» Fission fragments could generate partial recovery of the damage in nuclear fuel.



Abstract

A coupling between the nuclear and electronic energy losses occur in the nuclear fuel (UO2)
during in-reactor operations. However, the underlying mechanisms involved are still to be
investigated. In this work, synergistic effects of nuclear and electronic energy losses have
been investigated by irradiating crystals with single (900 keV | ions or 27 MeV Fe ions) and
dual (900 keV lions and 27 MeV Fe ions, simultaneously) ion beams at the JANNUS-Saclay
facility. The damage build-up kinetic was in situ characterized by Raman spectroscopy. The
microstructure evolution was determined by transmission electron microscopy (TEM)
observations and by X-ray diffraction (XRD) analysis. Results show that both crystalline
disorder and strain level are lower under dual-beam compared to the single-beam ion
irradiations. Indeed, the dual-beam irradiation induces a transition from the formation of
dislocation loops to dislocation lines. This result can be explained, in the framework of the
thermal spike model, by a local increase of the temperature along the high-energy ion path.
This temperature increase likely induces an enhanced defect migration leading to defect

rearrangement.



1. Introduction

Uranium dioxide (UQO2) is the common fuel used worldwide in pressurized water reactors.
Due to the fission chain reaction during the in-reactor operations, the UO, matrix is exposed
to the simultaneous irradiation of neutrons, fission fragments, gamma, alpha and beta
particles and alpha recoils. Fission fragments (FF) are the most damaging irradiation source.
The FF have a kinetic energy ranging from 70 to 100 MeV. These high energy particles lose
their energy via ionizations and electronic excitations in the fuel [1,2]. When the FF velocity
decreases, these projectiles interact with matrix atoms by elastic collisions generating atomic
displacements [3,4]. This particle-matter interaction induces a microstructure evolution with
the formation of extended defects such as cavities, dislocation loops or lines in the UO»
matrix. At a macroscopic scale, these evolutions can result in a swelling or a fuel
restructuration.

In the past several decades, studies have been carried out to understand the fuel behaviour
under irradiation. One way to investigate the involved mechanisms without dealing with
highly radioactive matter is to perform ion beam irradiations of UO2 depleted pellets. To
identify the role played by either the nuclear or the electronic energy losses, the effect of
each interaction has been separately investigated. Low-energy ion irradiation leads to point
defect formation from the early stage of irradiation [5—7]. They rapidly grow into dislocation
loops which evolve into dislocation lines after a few displacements per atom (dpa) for room-
temperature irradiations [8—12]. Cavities are simultaneously formed and increase in size until
a stabilized value of a few nanometres at about 0.3 dpa at room temperature [13—15]. These
microstructural evolutions induce a significant modification of the strain level in the irradiated
layer [16—18]. High-energy ion irradiation in UO2, for electronic stopping power of 29 keV/nm,
induces the formation of continuous ion tracks along the ion paths [19-22]. In the spent UO>
fuel, tracks of fission products have never been observed. We can then supposed that the
threshold value for the track formation occurs only for high electronic energy loss regime
(between 22 and 29 keV/nm) [21]. However, to the best of our knowledge, no ion irradiation
has been performed for stopping power range below 29 keV/nm.

Sequential irradiations of low-energy ions and high-energy ions were performed in UO>
samples to determine the behaviour of implanted Xe ions under the effect of high-energy
ions ionizations [23,24]. However, no information was reported regarding the microstructural
evolution of the predamaged UO: lattice. Dual ion beam irradiations with low- (0.9 MeV |) and
high-energy (36 MeV W) ions revealed a strain relaxation upon ionization induced by high
energy ions as compared to low-energy irradiation. This result indicates that there is an
ionization-induced change in the ballistic defect spectrum (both point and extended defects)
[25]. It appears that a coupling between both stoppings - nuclear and electronic energy



losses - occurs in UO2. However, the mechanisms behind this phenomenon remain
unknown. In other materials, the effect of electronic excitations on the generated ballistic
damages has shown different phenomena [26—33]. High-energy ion irradiation could either
induce damage recovery as in SiC, MgO or borosilicates glasses [26—29] or enhance the
damage production in the irradiated crystal as in KTaOs or ¢c-ZrO; [30-32].

In the present work, our aim is to provide a better understanding of the interaction between
nuclear and electronic energy losses in UO». For that purpose, single and dual-beam ion
irradiations have been carried out, at room temperature (i.e. 298 K) in polycrystalline UO2
discs with low- (0.9 MeV |) and high-energy (27 MeV Fe) ions separately, or simultaneously.
The damage build-up was monitored by using the in situ Raman spectrometer [34].
Transmission electron microscopy (TEM) observations and x-ray diffraction (XRD) analysis
were also performed on the UO»> samples. The unified thermal spike (u-TS) model was
applied to evaluate the temperature increase induced by electronic energy loss during high-

energy ion irradiation [35].



2. Experimental details

Polycrystalline UO- pellets, with a mean grain size of 7.6 um and a density equal to 97%
of the theoretical one (i.e. 10.95 g.cm™), were cut into discs using a saw equipped with a
diamond wire. Discs were further polished on one side down to a thickness of 500 um and
then annealed under an Ar-Hz (5%) atmosphere at 1973 K for 24 h. They were mirror-
polished with colloidal silica suspension and finally annealed under the same Ar-H: (5%)
atmosphere at 1673 K for 4 h in order to maintain their stoichiometry (O/U = 2.00) [36].

UO: discs were irradiated at the JANNuUS (Joint Accelerators for Nanoscience and Nuclear
Simulation) Saclay facility [37]. Three experiments were performed: (1) single irradiation with
0.9 MeV I ion beam to a fluence of 8x10'* cm; (2) single irradiation with a 27 MeV Fe ion
beam to a fluence of 5x10' cm; (3) dual ion beam irradiation with 0.9 MeV | and 27 MeV
Fe ion beams at the same fluences as in the single beam experiments. The low-energy | and
high-energy Fe beams were delivered by the JAPET and EPIMETHEE accelerators,
respectively, with ion fluxes limited to 10'" cm®s™ in order to have a surface target heating
smaller than 90 K during irradiation.

Irradiation parameters calculated using the SRIM code via the full cascade calculations mode
are plotted in Fig.1 [38]. The threshold displacement energies for U and O were set to 40 and
20 eV, respectively [39,40]. As it can be seen in Fig.1, the electronic energy loss ((dE/dX)elec)
is predominant for 27 MeV Fe ions and the nuclear energy loss ((dE/dX)nuc) is predominant
for 0.9 MeV | ions over the thickness probed by the characterization techniques (i.e. ~1 um).
Thereafter the irradiation with the 27 MeV Fe ion beam will be referred to as Se, the
irradiation with the 0.9 MeV | one as S, and the dual ion beam irradiation as S,&Se. In other
words, S, designates the ballistic regime and S, the ionizing one.
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Fig. 1: Electronic and nuclear energy-loss depth distributions in UO: irradiated with 0.9 MeV |
(referred as S,) or 27 MeV Fe (referred to as Se), as calculated with the SRIM software in full
cascade mode. A density of 10.74 g.cm® was used and threshold displacement energies
were set to 20 and 40 eV for the O and U sublattices, respectively [39,40]. The electronic
energy-loss is represented by straight lines, named (dE/dx)eiec and the nuclear energy-loss
by dotted lines, named (dE/dx)n.c. The vertical dashed line at 1 um represents the mean
depth probed by XRD and Raman for the surface analysis.

Irradiated samples were characterized using three complementary techniques: XRD, to
measure the lattice parameter and evaluate the strain and stress levels, Raman
spectroscopy, to follow the damage accumulation and TEM, to characterize extended
defects.

XRD measurements were performed with a D8 Advance Bruker Diffractometer equipped with
a copper source (Cu,Kq1 and Cu,Kq2). The XRD scans were recorded at a fixed incidence
angle of 10° over a broad 26 angular range (25°-110°). This incidence angle corresponds to
an X-ray penetration depth of ~1.5 um, considering an attenuation factor of 90 % [41].
Raman measurements were performed in situ during irradiation with the experimental setup
described in [34]. Raman analyses were carried out using an Invia Reflex Renishaw
spectrometer coupled with a Leica microscope with a frequency-doubled Nd:YAG (532 nm)
laser and a 2400 groove / mm grating. A laser power less than 1 mW was used to avoid UO>
oxidation. In situ Raman spectra were recorded for 120 s after beam shut-off at each step of
irradiation fluence in the wave-number range from 180 and 850 cm. In order to perform
Raman measurements along the incident ion path, UO- cross-sections were prepared. The
Raman spectrometer was calibrated with silicon single crystals. The effective laser

penetration depth d, evaluated by d = i with a the absorption coefficient, can be estimated

to ~1 um for our analysis conditions [42]. The fitting module of the WiRE Raman
Spectroscopy software (Renishaw) was used for the spectra simulation with Voigt profiles.
The accuracy on band position deduced from the spectrum simulation is estimated at £ 1 cm-
1.

The UO:; irradiated samples were also observed by TEM. Electron-transparent thin foils were
prepared by the Focused lon Beam (FIB) technique at CP2M (Centre Pluridisciplinaire de
Microscopie électronique et de Microanalyse) in Marseille, France. Cross-sections
perpendicular to the implanted surface, protected by a platinum layer, were prepared to
observe the microstructure after irradiation. The UO: thin foils were characterized with a FEI
TALOS TEM operating at 200 kV at the LECA (Laboratoire d’Examens des Combustibles
Actifs) in CEA Cadarache, France.



3. Results

The results are divided into two parts. First, a surface analysis (XRD and Raman
spectroscopy) is presented to estimate the mean damage evolution over the probed depth
(i.e. ~1 um). Then, characterization of the samples cross-sections are displayed to evaluate
the damage as a function of the probed depth by using TEM observations and Raman
cartographies.

3.1 Surface analysis : evolution of the average disorder
3.1.1  XRD measurements

The sin?y method was implemented following the procedure extensively described in [25] to
determine the strain/stress state of the irradiated crystals. However, as we performed 26-
scans, we implemented the multiple hkl reflection method so that the y angle varied with the

Bragg angle of the probed reflections: { = 8f,, — w with w the incident angle and

05,044 the Bragg angle [43]. As w is fixed, an advantage of this method is that the

penetration depth is kept constant.

Previous work showed a maximum average compressive in-plane stress of ~ -1 GPa
(corresponding to an out-of-plane strain of about 0.6 %) for the 0.9 MeV | irradiated crystal.
For the dual-beam irradiated crystal (0.9 MeV | and 36 MeV W, i.e. very similar to the present
experiments), a lower stress level was observed (~-0.35 GPa), putting forward an effect of
the dual-beam irradiation on the disorder build-up. A similar analysis was carried out for all
the irradiated UO: polycrystals of the present study. A zoom of the 26-scans on the 331 and
420 reflections is displayed in Fig.2. The diffraction peaks of the crystal irradiated with S, are
split into two components [18,44]. On the high-angle side, two peaks (corresponding to Kas
and Kq. of the copper source) appear at the same 26 value as for the unirradiated UO-
crystal. They are associated with the unirradiated part of the crystal. Two additional peaks
are observed at lower 206 values, coming from the irradiated layer. After the dual-beam
irradiation, only the two peaks from the irradiated layer are visible, because the unirradiated
part is not probed. These two peaks are essentially due to the nuclear energy loss
contribution of the high-energy Fe ions (as already suggested in [26] for instance). However,
they exhibit tails that extend significantly and they are particularly asymmetric in the low-
angle side. These features are likely related to the S, effect, but clearly, the effect is different
from that observed upon the single S, irradiation. To more easily visualize this discrepancy,
we plotted the peaks of the crystal irradiated with | ions along with those corresponding to the
sample irradiated in the S,&S. regime, but we shifted these later so that they match those of
the pristine material (see Fig. 2b). It is then more apparent that the asymmetry is related to
the S, effect, but the associated disorder must be drastically different to that created during



the S, irradiation. This result provides another evidence that the S,-generated defect
spectrum has been modified upon the simultaneous ionization processes induced by Se.

1 @ —s,
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Fig. 2: (a) Two diffraction peaks, 331 and 420, taken from the full XRD pattern of irradiated

UO:samples with S, (black line) or with S,&Se (red line) recorded at a fixed incidence angle

of 10°. (b) The same two peaks of the crystal irradiated with S,&Se, but shifted to match

those of the pristine material.

Lattice parameters of the irradiated layers were determined by fitting all diffraction peaks
(see Appendix, Fig.1) with pseudo-Voigt functions. They are plotted as a function of sin?y in
Fig. 3
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Fig. 3: Evolution of the lattice parameter, anq, as a function of siny of irradiated UO::
sample irradiated with S, (black squares); sample irradiated with S, (blue stars) and sample
simultaneously irradiated with S,&S. (red diamond-shape symbols).

The negative slopes of the sin? y lines indicate a compressive in-plane stress experienced by
the irradiated layers, as it was expected. All stress levels, along with strain levels (i.e. relative
lattice parameter change) are reported in Table 1. The slope of the Se-irradiated sample is
very low. A very low-stress level is thus highlighted. This finding indicates that electronic
excitations, at least in this energy-loss range, induce only a little disorder in UO,. On the
contrary, as expected, the stress estimated for the Sy-irradiated sample is high, ~ -1.1 GPa
(in agreement with [25]). An intermediate stress is determined for the S,&Se irradiation,
indicating that the stress generated by ballistic collisions has been either partially relaxed or
its build-up has been prevented. This conclusion is in agreement with the previous statement
of a change in the defect spectrum upon combined S,&S. irradiation.

In summary, it is shown that S,&S. irradiation induces a decrease of the measured strain and
stress levels in comparison with S, irradiation. Raman spectroscopy is then used to
investigate the modification of the local disorder under Sy&Se irradiation.

3.1.2 In situ damage build-up kinetics by Raman spectroscopy

Raman spectra were recorded in situ on the UO. samples during irradiation. As mentioned in
[45], the spectrum of the unirradiated UO- exhibits the Toy band at 445 cm™, corresponding to
the triply degenerated Raman active mode, typical of the fluorite-type structure. The
evolution of the Tog bandwidth with the increase of the irradiation fluence is monitored step by
step for the Sy irradiation in Fig.4(a). We observe a T»g band broadening up to a value of 9
cm, but no band shift occurs.
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In addition to the T2y band, the spectrum of the irradiated UO- exhibits three other bands in
the 500-700 cm' range, namely U1, LO, and Us (see Appendix, Fig.2). These three bands,
associated with the local disorder in the UO2 crystal, are referred to as the “triplet band” and
are described elsewhere [45—48]. The LO band is a Raman-forbidden mode in the perfect
fluorite-type structure becoming active with the presence of defects due to a breakdown in
the selection rules. Because of a resonance effect in our analysis conditions, the LO band is
much more intense as compared to the Uy and Us bands. The LO band area has been
normalized to avoid the discrepancies coming from the changes in the experiment conditions
(laser focus and power, grain orientation distribution...). The evolution of the normalized LO
band area is reported in Fig.4(b). After irradiation, an increase of the LO band area is
observed from the first irradiation steps. It is followed by a stabilization occurring after a
fluence of 5 x 10** cm (corresponding to about 1 dpa) as already report in [45] for similar
value of damage level (few dpa) and even at higher damage level (up to 90 dpa for 4 MeV Kr

ion irradiation).
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Fig. 4 : (a) Variation of the T2y bandwidth and (b) the normalized LO band area for UO:
irradiated samples with S, up to 8x10'* cm. The data are fitted with the MSDA model [49].

A similar analysis has been performed for Se and S,&Se irradiated samples. For an easier
comparison of all the UO, samples, Fig. 5(a) presents the saturation level of the damage
kinetics (i.e. the value at the signal saturation) for the various irradiations performed (Se, Si,
and S,&Se). The Se irradiation does not induce a large modification of the Raman spectrum
neither for the Txy band (broadening and position) nor for the LO band (area). Contrary to
nuclear energy loss, electronic energy deposition induces little disorder in UO», but once
again, as mentioned in the XRD section, at least in the electronic stopping amounts to 12
keV.nm™, far below the threshold for track formation. A T4 band broadening is observed
after the Sn,&S. irradiation (Fig.5(a)). In contrast, a large decrease of the LO band area of 39
* 4 % is measured after the S,&S. irradiation as compared to the sole S, irradiation.
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Fig. 5: Final (i.e. at the highest fluence of the damage build-up) (a) Ty bandwidth and (b)
normalized LO band area for a UO:> sample irradiated in S, and Se regimes and for a UO:
sample irradiated with the corresponding dual beam.



3.2 Cross-section analysis: depth distribution of damage

3.2.1

Raman line scans

13

In order to determine the depth profiles of the two disorder parameters obtained from Raman
measurements, we performed a depth mapping of the S, and S.&S. irradiated samples.

From these maps, we extracted line scans every 0.2 um and for each one, we determined

the variation of the Ty bandwidth (Fig.6(a)) and of the normalized LO band area (Fig.6(c)) as
a function of the probed depth. The Raman spectra recorded at three different depths
characteristic of the disorder profile (i.e. 0.7 um, 5 um and 7.5 um) are shown in Fig.3 of the
Appendix, for both S, and S,&S. irradiated samples.
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size, i.e. about 0.8 um in our analysis conditions. To simplify the figure, only one X and Y
error bars are represented.

After S, irradiation, a maximum broadening of the T4 band correlated with a maximum of the
LO band area is observed at a depth range between 0.3 and 0.8 um, in agreement with the
maximum dpa calculated by SRIM for | ions at 900 keV (respectively, fig.6(b) and 6(d)). At
greater depth, the two parameters decrease down to values similar to those of the
unirradiated UO2 samples, in accordance with the absence of radiation-induced damage in
that area.

In the range between 0 and 0.3 um that is affected by | ions, S,&S. irradiation has the same
effect on the To4 broadening as that induced by the sole S, irradiation. However, the LO band
area shows a strongly reduced intensity in comparison to the case of the sole S, irradiation,
revealing a modification in the local disorder.

We can note that, at a depth corresponding to the ballistic damage created by Fe ions (i.e. a
depth higher than 2 um), a broadening of the T»4 band coupled with an increase of the LO
band area occur. However, the slight in depth discrepancy between the calculated dpa and
the Raman signal may be assigned to the underestimation of the projected range of ions by
the SRIM code and to the Raman depth resolution.

3.2.2 Microstructural evolution investigated by TEM

Fig.7 shows the cross-sectional TEM micrographs of the different irradiated samples. The
arrows show the samples surface and the dotted lines represent the projected range of |

ions.
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100'nm

100 nm (a) unirradiated sample

21.00inm

Fig. 7: Bright field TEM micrographs of (a) an unirradiated UO- sample, and samples
irradiated (b) with Fe ions at a fluence of 5x 10" ecm? (Ss), (c) with | ions at a fluence of

8x 10" cm™ (S,), and (d) simultaneously with | and Fe ions (S,&Se). Arrows and black
dashed lines represent the implantation surface and the projected range of 0.9 MeV | ions,
respectively. The red dashed curve in Fig.7(c) corresponds to the SRIM-predicted damage
profile of I ions (S,). The insets show the electron diffraction patterns. The diffraction vector is
along <200>.

Fig. 7(a) presents the FIB lamella of an unirradiated sample. Dislocation loops are observed,
indicating a significant defect formation induced by the preparation method. The micrograph
of the S. irradiated sample (Fig.7(b)) displays a higher defect density, but yet the disorder
remains weak. This finding is consistent with the XRD and Raman results. In contrast, for S,
and S,&S; irradiations, we clearly observe significant changes in the image contrasts that
reveal an important microstructural evolution. After the low-energy ion irradiation (S»), a large
density of dislocation loops are shown as black contrasts over a layer thickness of about 0.35
um (Fig.7(c)), in good agreement with the ion projected range calculated by the SRIM code
(Fig. 1 and red curve in Fig.7(c)). The sample subjected to the S,&S. irradiation (Fig.7(d)) still
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exhibits some dislocation loops but it shows in addition many dislocation lines. We can notice
that, at larger depth compared to | ions projected range, only FIB preparation defects are
observed for both S, and Sn&S. irradiations.



17

4. Discussion

The S, irradiation leads to an important microstructural modification. From the low fluence
range, the disorder as probed by Raman spectroscopy increases. Indeed, it reveals the
formation of point defects in the uranium sub-lattice as demonstrated by Mohun et al. [50].
The defect accumulation induces point defect clustering leading to the formation of extended
defects, primarily dislocation loops as observed by TEM [8,25,45,51]. These microstructural
changes induce a high strain measured by XRD, in agreement with previously reported
results [16,18,25,44].

To explain the material modifications under dual beam irradiation, the inelastic thermal spike
(iITS) model was applied in order to estimate the temperature increase in UO; after the
passage of 27 MeV Fe ions for which the electronic stopping power is predominant. The iTS
model was developed to estimate the ionization-induced temperature increase in insulators
irradiated with Swift Heavy lons (SHI) [52]. The atomic motion is assumed as a result of a
transient thermal process [35,53]. Two steps are considered in the loss of the incident ions
energy through the target material [54-56]. First, the incident ions transfer their energy to the
electrons. This energy is transmitted to other electrons by electron-electron interactions.
Then, the lattice is heated up by electron-phonon coupling. The electronic (e) and atomic (a)
temperatures are governed by a set of coupled equations (eq. 1 and eq. 2) which describes
the thermal energy deposited in a cylindrical slice of radius r as a function of time [21].

dTe d dTe

Ce(Te) & = 11 [Ke(T) G2| — 8(Te — T) + A D) Eq.1
dT, d dT,

Ca(Ta) G2 = 7 [rKa(T) 52| + 8(Te = To) Eq.2

Where C and K stand for the specific heats and thermal conductivities which are known for
the UO: lattice [57]. A(r,t) corresponds to the distribution function of the incident ion energy
deposition to the electronic sub-system [58]. As the hot electrons in the conduction band will
behave like in metals, Ce and K. are kept constant [21]. The parameter g, which is the
electron-phonon coupling constant, is linked to the electronic mean free path (A) chosen to
be 4.5 nm [21]. The thermodynamic parameters of UO: used to calculate the deposited
energy along the ion path are given in Table 2.

Table 2: Thermodynamical properties for UO..

Thermal properties Value Ref.
Thermal conductivity (W/K.cm)
Solid (298 K) 0.076 [59]
Liquid (3121 K) 0.025 [60]
Specific heat Cp (J/g.K) 61]
300 0.24
700 0.30

1000 0.31
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1500 0.32

2000 0.37
Melting temperature (K) 3120 [62]
Vaporising temperature (K) 3815 [57]
Optical gap (eV) 2 [63]
Latent heat of fusion (J/g) 259 [57]
Latent heat of vaporisation (J/g) 1530 [57]
Mean specific mass (g/cm3)

Solid 10.63

Liquid 8.86 [64]

Calculations for 27 MeV Fe ion beam are displayed in Fig. 8 where the energy deposited on
atoms is plotted for different distances from the projectile trajectory (radii).

30 ] R R | LR § L LA § LA § LA LB AL 6 LR R L
27 MeV Fe

25 ] (AE/dX)ge = 11.9keV.nm-]

2.0 ]

radius (nm)
~a

1.0 4

0.5

deposited energy (eV/at) on the atoms
on
1

0.0 R

time (s)
Fig. 8: Deposited energy as a function of time for 27 MeV Fe ions in a UO: target (Se).

A maximum energy of ~1.4 eV is reached at about 10-'® s within a cylinder of radius of 1 nm.
This energy surpasses the melting energy (1.31 eV.atom™ [65]) but is far lower than the
energy needed to reach the vaporization phase (2.68 eV.atom™ [65]). Exceeding the
vaporization energy is usually considered to be required to form tracks in these materials,
which is not the case here. In contrast, this criterion might have been satisfied in [19-21,66]
where the authors performed irradiations with a much larger Se value. In our study, the
calculated deposited energy on the atoms is not high enough to form observable latent tracks
in UO2. Only limited damage can be created because of the melting/quenching process in the
vicinity of Fe ion path in the UO2 matrix. This is correlated with the TEM observations for the
Se irradiation where no track has been revealed. In addition, we determine by XRD some
weak, but measurable strain and, by Raman, the appearance of the triplet bands.

Whereas no significant damage creation is observed under S irradiation, the coupled effect
of electronic excitations on the ballistic damages has been clearly highlighted under the
Sn&S:e irradiation. The deposited energy by the Se ion, calculated with the iTS model, is
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sufficient to induce in a 10 nm radius the mobility of all the point defects. Indeed, both U and
O lattice point defects in polycrystalline UO2 become fully mobile at 973 K [2,67]. The local
heating generated by the high-energy ions can lead to a recombination of point defects
produced by low-energy ions and thus to a decrease of the local disorder. In addition, this
defect migration during the Sy&Se irradiation can induce a dislocation loop growth due to
defect trapping at these dislocation loops. This growth leads to an early formation of
dislocation lines compared to the S, irradiation. Similar observations were made after
irradiations at moderate temperature (from 773 K) where the transformation of dislocation
loops into lines occurred at lower damage level [51,68]. However, the thermal spike occurs in
a very short time (less than 1 ps) and may be less effective than an irradiation at high
temperature due to the time factor limitation.

Thus, the local increase in temperature due to the electron-phonon coupling after the
electronic energy deposition most likely leads to an accelerated defect rearrangement.
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5. Conclusions

lons beams irradiations were used to investigate the interaction between low- (S,) and high-
energy (Se) ions. A clear effect of the electronic energy deposition on the generated ballistic
damages was evidenced in UO- polycrystals simultaneously irradiated with a dual ion beam
(Sn&Se). XRD, Raman and TEM measurements presented in this work provide
complementary information on the behaviour of the generated ballistic damages under
electronic excitations. Although a decrease of the point defect density and a lower strain level
are observed under dual beam irradiation, TEM observations indicate that electronic
ionizations modify the defects generated by nuclear collisions. Indeed, an evolution from
dislocation loops, generated by single S, irradiation, to dislocation lines is highlighted for a
similar S, fluence under dual beam irradiation. By electron-phonon coupling, the lattice
seems sufficiently heated up in the S¢ ion path to induce a locally increased defect mobility.
Dislocation loops may then act as traps for the smaller defects inducing their growth up to the
formation of dislocation lines. All these results demonstrate that the electronic energy loss
interact synergistically with the defects created by nuclear energy loss to modify the UO»
matrix. This phenomenon depends on the irradiation parameters such as the irradiation
temperature and the dose-rate of the high-energy ion beam. Future works will aim at

characterizing the influence of these parameters on the microstructural evolution.
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