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Abstract

The microstructure evolution of ion-irradiated UO2 was evaluated by in situ Raman spectroscopy.
Transmission electron microscopy (TEM) for selected irradiation conditions were also conducted. The
UO:2 samples were irradiated with single- (900 keV | ions) or dual-ion beam (900 keV | and 27 MeV Fe
or 36 MeV W ions) with different ratio between the high- and low-velocity ion fluxes (R). The analysis of
the damage build-up shows that the electronic excitations deposited by the high-velocity ions affect the
formation and the evolution of defects induced by the nuclear energy loss. In addition, the kinetics of
dislocations evolution are all the more advanced as the flux ratio is favourable to the electronic
excitations. Thus, the greater R is, the more electronic excitations are favoured and the more the
microstructure evolves.
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Introduction

During ion irradiations, the incident particle interacts with the nuclei and electrons of the atoms of the
matrix. Its slowing down in the matter occurs through electronic or nuclear energy losses, with a
proportion of each varying, depending on the ion velocity. As a result of these energy losses in the
material, ballistic damage and/or electronic excitations/ionizations take place. These phenomena can
thus be coupled and are not independent. The electronic excitations can influence ballistic damage
inducing an evolution of the microstructure. Depending on the material, the electronic excitations
coupled with ballistic damage lead to various phenomena. Charged particles can promote healing of
pre-existing defects in the structure or prevent the generation of defects like in SiC, Si or GaAs [1-4].
Through local heating along the ion trajectory, a significant reduction of disorder can occur, impacting
not only at the microscopic scale but also potentially influencing macroscopic properties, particularly
mechanical ones [5]. On the contrary, nuclear and electronic damages may accumulate, enhancing
disorder in the material as observed in STO, KTO or AIN [6-8]. In silicon single-crystals, it was highlighted
that the ratio of the high- to low-velocity ion fluxes induces a modification of the remaining disorder
during dual-beam irradiations [1]. In summary, the coupling between electronic or nuclear energy losses

is not a straightforward addition of the two beam effects.

In uranium dioxide (UO2), the standard fuel for pressurized water reactors, the separate effects of
nuclear and electronic energy losses were extensively studied. After irradiations in the nuclear energy-
loss regime, point defects are formed inducing, with the fluence increase, the formation of dislocation
loops and vacancy objects [9-14]. The loop then evolve into dislocation lines. High-energy ion
irradiations induces the formation of continuous ion tracks along the ion paths (between 22 and 29
keV/nm) [15-18]. The coupling between the nuclear and electronic energy losses induces a
microstructure evolution compared to the sole irradiation with low-velocity ions. Due to the electronic
ionizations, during dual-beam irradiations, the point defects could be more mobile inducing the growth
of dislocation loops through the absorption of interstitial-type defects [19-21] and a stress relaxation [21].
For an electronic energy loss close to the threshold of the track formation, a possible synergetic effect
between the ballistic damage and the intense electronic ionizations was revealed by a stress increase
[18]. The level of electronic energy loss is thus a key parameter in these energy dissipation processes
[22]. In addition, it is worth stressing that the dislocation population is different for a similar low-energy
ion fluence after a sequential or a simultaneous irradiation. Indeed, after a sequential irradiation, only
dislocation loops are observed, on contrary to, after a simultaneous irradiation, where dislocations lines
are already formed. The ratio between the implanted low- and high-energy ions is then a key parameter

in these coupling effect.

The aim of the present paper is to characterize the flux influence of the high-energy ions on the defect
evolution. For this purpose, we used a multi-beam irradiation facility coupling with in situ Raman
spectroscopy measurements. Observations with transmission electron microscopy (TEM) were also
carried out after irradiation at the final fluence step. We show that the ionizations modify the ballistically-

induced defects depending on the ratio between the electronic and ballistic energy losses.

Experimental methods



UO: polycrystalline samples with an average grain size of 7.6 um and a density of 10.74 g.cm™ were
prepared at the ‘Laboratoire UO2’ facility at CEA Cadarache. The samples were mirror polished then
annealed at 1700°C during 24 h under an Ar-Hz (5%) atmosphere. An additional polishing step was

added to remove the deepening effect of grain boundaries with colloidal silica suspension. A final

annealing step at 1400°C during 4 h under Ar-Hz (5%) was performed.

The irradiations were performed at JANNuS-Saclay facility under a vacuum lower than 107 mbar in
order to prevent any oxidation [23]. To study the synergistic effects between nuclear and electronic
energy losses, several irradiation sequences were carried out ; (1) a single irradiation with a low-velocity
(i.e., 900 keV |, referred as Sn) ion beam, (2) sequential irradiations with a low-velocity (i.e., 900 keV I,
referred as Sn) then a high-velocity (i.e., 27 MeV Fe or 36 MeV W, referred as Se) ion beams, referred
to as Sn+ Se, or (3) simultaneous irradiations with a low-velocity (Sn) and high-velocity (Se) ion beams,
referred to as Sn& Se (Tab. 1).

Sample Irradiation sequence Final | fluence Final Fe/W fluence | R = ®ele/ Pnuc
denomination (10 cm2) (10 cm-)

Sn 900 keV | 10 -

SnE13 + Se 900 keV I then 27 MeV Fe | 0.1 5

Sn e15 + Se 900 keV | then 36 MeVW | 10 5

Sn& Se Riow 0.9 MeVIiand 36 MeVW |5 2 0.4

Sn& Se Rhigh | 0.9 MeV land 27 MeV Fe | 4 8 2

Table 1: Irradiations conditions: the irradiation sequence, the final ion fluences and the flux ratio

between the high- and low-velocity ions (R) for the dual-ion beam irradiations.

For the sequential irradiations, two S, pre-damaged level were used: at a fluence of 1013 cm-2 (Sneis +
Se) and of 10 cm (Sne1s + Se). In addition, the ratio between the high- and low-velocity ion fluxes (R)
during the dual-ion beam irradiations (Sn & Se) was monitored. For all the irradiations, the high-velocity
ion flux was maintained below 1 x 10 cm=2.s7! to minimize the samples beam heating. The samples

temperature was controlled with a thermocouple and a thermal camera.

The nuclear energy loss of the 0.9-MeV | ions was calculated with the Iradina code [24] with
displacement energies of 40 eV for U and 20 eV for O atoms. The replacement energy was stated at
the lattice energy (Eiat) to compare with the data from the literature [18]. The projected range (Rp) is
estimated at 0.16 pm. The electronic and nuclear energy losses of the 36-MeV W and 27-MeV Fe ions
were also determined. At the surface, the nuclear energy loss is negligible and the electronic energy
losses, evaluated at 13.0 keV.nm™ for 36-MeV W and at 12.2 keV.nm™1 27-MeV Fe ions, are closed for
the two ions. In addition, the Rp of Se ions is estimated at 3.5 and 3.8 pm for 36-MeV W and 27-MeV Fe
ions, respectively, which is far larger than the implantation depth of 0.9-MeV | ions. Thus, in the region

where the Se and Sn ions interact, the electronic energy loss of the Se ions is predominant.



In situ Raman measurements were performed during the irradiations (experimental set up described in
[25]). Raman analyses using an Invia Reflex Renishaw spectrometer coupled with a frequency-doubled
Nd:YAG (532 nm) laser and a 2400 groove / mm grating were performed in broad wave-number range
between 200 and 1400 cm™. The effective laser penetration depth d can be estimated to ~1 um for our
analysis conditions [26]. In situ Raman spectra were recorded after the ion beam shut off during 120 s
at each step of irradiation fluence. The accuracy on band position deduced from the spectrum simulation

is estimated at + 1 cm.

Transmission Electron Microscopy (TEM) observations were performed with a Thermo Scientific Talos
F200X TEM operating at 200 kV at the LECA (Laboratoire d’Examens des Combustibles Actifs) in CEA
Cadarache. Electron-transparent cross sectional thin foils were prepared by the Focused lon Beam
(FIB) technique at CP2M (Centre Pluridisciplinaire de Microscopie électronique et de Microanalyse) in
Marseille.

Results

Sequential irradiations (Sn + Se)

The sequential irradiation (Sn + Se) consists to irradiate firstly with low-energy ions (Sn) then with high-
energy ions (Se). The damage build-up evolution during each irradiation sequence was followed by in
situ Raman measurement. Figure 1 gathers examples of in situ Raman spectra recorded during the first
sole Sn irradiation of a UO2 sample at several ion fluences. Before irradiation, the triply degenerated
Raman (T2g) active mode at 445 cm-1, typical of the fluorite-type structure, is shown [27]. A peak with a
weak intensity is also observed at ~570 cm-! associated to the Raman inactive vibration mode T1u-LO
(referred as LO) which is particularly marked due to a resonance effect with the laser used (532 nm)
[28, 29]. 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. In addition, at 1150 cm, a very
intense peak attributed to the 2 T1u LO mode (referred as 2LO) is also present on the Raman spectra
[30]. With the increase of the irradiation fluence, the T2y band broadens and its intensity decreases
correlated with an increase of the LO band intensity and a decrease of the 2LO band. In addition, two
other bands in the 500-700 cm! range denoted by Ul (~530 cm™) and U3 (~630 cm™) are observed.
The increase of U1, U3 and LO bands intensity is associated to the formation of atomistic defects in the
UO: crystal [31-35]. After an irradiation fluence of 1 x 10 cm2, no more Raman spectra evolution is

observed.
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Figure 1: In situ Raman spectra recorded on a UO; sample irradiated with S, ions (900 keV 1) at different

irradiation fluences.

To compare the different damage build-up kinetics obtained by in situ Raman, a Raman spectra fitting

was performed by using pseudo-Voight function in the range of 300 to 700 cm-. It is difficult to

decorrelate the evolutions of each band separately (U1, LO and U3) with a good precision. As all these

bands are linked to the defect formation, we have followed the evolution of band area sum (U1+LO+U3)

referred as U, highlighting a global damage evolution. The normalized U area is represented in Fig. 2

as a function of the Sn ion fluence for the low-energy ion irradiation. No significant evolution is observed

for the lower Sn fluence before 3 x 102 cm2. Then, a continuous increase of the U area occurs with the

fluence up to around 1 x 10 cm-2. For higher fluences, a signal stabilization is shown.
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Figure 2: Damage build-up kinetics obtained by in situ Raman: variations of the normalized U band area

for UO, samples during the S, irradiation.



The sequential irradiation with Se ions induces a modification of the Raman spectra for the pre-damaged
UO:2 samples irradiated at a low (Sn e13 + Se) or high (Sn e1s + Se) Sn ion fluence. This change is
highlighted by a decrease of the U area (Fig. 3). No significant evolution is observed for the lower Se
fluences up to ~ 2 x 102 cm for the both initial damage levels. Then, a decrease of the U area occurs
with the Se fluence up to around 4 x 102 and 7 x 1013 cm2 for Sne13 + Se and Sneis + Se, respectively.
For higher fluences, a signal stabilization is shown for the two irradiations. Thus, a similar global
evolution is observed as function as the Se fluence but with different level of U value stabilization at 1.2

and 2.8 for Sneis+ Se and Sneis + Se, respectively.
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Figure 3: Damage build-up kinetics obtained by in situ Raman: variations of the normalized U band area
for UO, samples during the S, + S irradiations.

Simultaneous irradiations (Sn & Se)

The different damage build-up kinetics obtained by in situ Raman for the dual-ion beam irradiations are
compared to the one determined for the sole Sy irradiation as a function of the Sn ion fluence (Fig. 4).
We observed an evolution of the U bands at a lower fluence for the samples submitted to the Sn & Se
irradiations. Indeed, the U value increases after 102 cm2for the Sn & Se (Riow and Rnigh) whereas, for
the Sn, the increase is seen at 3 x 102 cm-2, For all the conditions, the intensity of the U bands reaches
a maximum value but at different fluences. The maximum intensity of the U bands, with respect to the
uncertainty, is achieved at 3.6, 3.4 and 2.7 after a fluence of around 1 x 10, 5 x 1013 and 1 x 1023 cm-
2for the Sn, Sn& Se with Riowand Rrign irradiations, respectively. For the Sn& Se irradiations, this maximum
is followed by a U area decrease and a stabilization at lower value at around 3.1 and 1.9 for the Riowand

Ruigh, respectively.
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Figure 4: Damage build-up kinetics obtained by in situ Raman: variations of the normalized U bands
area for UO, samples during the Sy, Sh & Se Riow and Sp & Se Rnigh irradiations.

Cross-sectional TEM lamella were observed after the different irradiation sequences (Sn or Sn & Se) to
characterize the extended defects when the Raman signal is stabilized. Because of the FIB preparation,
the defects induced at low fluences, which are few in number, are not observable because the defects
induced by the preparation are more numerous. Thus, after an irradiation at 4 x 104 cm-2 with the low-
energy ion (Sn), no significant changes were observed compared to the unirradiated sample due to the
FIB lamella preparation [22]. For a higher Si ion fluence (7 x 104 cm-2), we observed the presence of
numerous small dislocation loops (Fig. 5.a-b). The Sn & Se ion irradiations (at 4-5 x 10 cm-2for the Sn
ion fluence) induce a microstructure evolution compared to the sole S irradiation (for a Sn fluence of 4
and 7 x 10*cm?) (Fig. 5.c-f). After the Sn & Se Riow irradiation, the dislocation loops grow compared to
the sole Sn microstructure which exhibits mainly smaller loops even at higher Sn ion fluence. With the
flux ratio increase, dislocation lines, induced by the larger loop interactions, start to appear [12, 36].
Note that no vacancy objet growth was observed for all the irradiations at an equivalent Sy ion fluence.
Thus, the microstructure observations by TEM highlight different dislocation populations.



Figure 5: Bright field TEM micrographs of UO, samples after the (a-b) Sy irradiation at 7 x 104 cm, the
Sh & Seirradiations with (c-d) Riow at 5 x 104 and 2 x 10 cm-2 and (e-f) with Rpigh at 4 x 10* and 8 x 104

cm-2for the low- and high energy ions, respectively. The diffraction vector is along <200>.

The dislocation loop size distribution is presented in Fig. 6 for the Sy irradiation at 7 x 104 cm2 and the
Sn & Se irradiations with Riow at 5 x 1014 and 2 x 1014 cm?, for the low- and high energy ions, as well as
with Rnigh at 4 x 101* and 8 x 1014 cm for the low- and high energy ions. The Sh & Se Riow irradiation
induces a decrease of the smaller loop population (< 3 nm) to the benefit of the loops with higher sizes
(> 3 nm). The evolution is even more pronounced for the Sn & Se Rnigh irradiation. Thus, on contrary to
the sole Snirradiation where no dislocations larger than 6 nm are formed, the Sn & Se irradiations induces
the apparition of larger loops (> 6 nm).
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Figure 6: Size distribution of the dislocation loops in the UO, samples for the sole S, irradiation at a
fluence of 7 x 10 cm, the S, & Se irradiations with Rew at 5 x 10 and 2 x 10 cm 2 and with Rnign at

4 x 10 and 8 x 104 cm2for the low- and high energy ions, respectively.

Discussion

Effect of the initial damage level on the damage build-up evolution: sequential irradiation (Sn +
Se)

The Se ions irradiation induces a modification of the Raman spectra for the pre-damaged UO2 samples.
To directly compare the U evolution for the two sequential irradiations (Sn e13 + Se and Sn e1s + Se), the
ratio between the U value before (sole Sy irradiation) and after the Se irradiation (Sn + Se) is represented

as function as the Se fluence (Fig. 7).
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Figure 7: Normalized area U bands: ratio between the U band area for UO, samples irradiated before

and after the S. irradiations (Sne13 + Se Or Speis+ Se).

This U ratio is linked to the disorder evolution induced by the electronic excitations. The two kinetics
evolve in the same way: I) up to 2 x 102 cm2, no change is observed, Il) then a decrease in the U signal
occurs and, finally, 1ll) from 4 x 1013 cm-2the signal is stable. The decrease of the U area is correlated
with an evolution of the extended defects. Indeed, after the Se irradiation of a S pre-damaged sample
at 7 x 10* cm2, the loop density decreases and their size increases, highlighting a dislocation loop
growth under electronic ionizations [22]. The Raman signal evolution is likely a consequence of the
defects, maybe related to the uranium and oxygen interstitials/point defects, recombination and/or
clustering [34]. Thus, for the step I, the electronic ionizations affect only a small part of the pre-existing
defects (for a thermal spike radius of 3 nm [22], around 25 % of the surface is irradiated by the Se ions
at 102 cm-?). With the increase of the Se fluence (ll), more thermal spikes are induced on the
microstructure, leading to a more important recombination/clustering of pre-existing defects. This results
in a decrease in the U signal, coupled with an accelerated growth of the dislocation loops. The following

signal stabilization (l11), occurring at a similar Se fluence no matter the pre-damaged level, may indicate



that, from this fluence, the defects, affected by this level of electronic excitations, have already interacted

with the Se ions.

In addition, depending on the initial level of damage, the electronic ionizations seems to be more or less
efficient. Indeed, the stabilization is achieved at a value of fractional recovery around 0.60 and 0.75 for
the SnEews + Se Or SnEeis + Se, respectively. After a Sy ion fluence of 1013 or 105 cm-?, different defect
populations, such as point or extended defects, are generated in the microstructure. For the pre-damage
level at 102 cm2, only few dislocation loops are formed, their density is very low [36]. The majority of
defects are point defects or small defect clusters. The deposited energy after the passage of the high-
energy ions on this microstructure will favour their migration. A defect recombination/clustering then
occurs inducing a loop dislocation growth and a subsequent decrease of interstitials concentration [37].
After a Snions irradiation at a fluence of 10> cm-2, more dislocations loops are formed, maybe even few
lines are already present. The Se ions will also induce a thermal spike along their path resulting to the
defect migration. However, as the dislocations growth is more advanced, less interstitials are available
for the recombination. In addition, the already formed dislocation loops may act as a sink for the
interstitials. The interstitial absorption on existing loops may then be favoured over the defect
recombination. Thus, the relative disorder evolution will be smaller for the higher level (Snews + Se)

compared to one at lower level (Sne1s + Se).
Influence of the ratio of the high- to low-velocity ion fluxes on the microstructure evolution

A significant effect of the electronic energy dissipation on the radiation-induced defect evolution was
shown with a strong dependence on the ratio between the high- and low-velocity ion fluxes (R) during
the dual-ion beam irradiations (Fig. 8). For a maximum Sy fluence of 4 x 104 cm-2, we observe that the
kinetics of dislocations evolution are all the more advanced as the flux ratio is favourable to the electronic
excitations. This observation is coupled with a greater decrease of the U signal as the flux ratio

increases.

A closer comparison of damage build-up kinetics shows different stages depending on the irradiation
conditions (Sn or Sn & Se). To compare this signal evolution, we used the Multi-Step Damage
Accumulation (MSDA) model [38]. In this model, the damage accumulation may occur in one, two or
more steps described by the following equation:

n-1 n
D :Z{Df‘“ G [1-exp(-o,(® - GDI))]I_[[exp(—O'k+1 (®- CDM))}} + D;‘"G[l— exp(—O'n (-0, ))] (o)
i=1 k=1

where D corresponds to the studied disorder parameter (U normalized) and Ds® is the associated value
at saturation, n is the number of steps, @i is the threshold S ion fluence of the it" step, and oi the
corresponding disordering cross-section. G(x) corresponds to the Heaviside function H(x) multiplied by

its argument.
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Figure 8: Damage build-up kinetics fitting by the MSDA model for UO, samples after the Sy, Sn & Se Riow
and S, & Se Rnign irradiations and correlated with bright field TEM micrographs with a diffraction vector

along <220>. Lines are fits of area data with Eq. (1).

For the sole Sy irradiation, the Raman signal increases then a stabilization is achieved requiring to used
one step for the fitting (n=1). On contrary for the Sn & Se irradiations, the Raman signal increases,
stabilizes, and then decreases again up to a lower value, requiring two steps (n=2). The U signal is the
sum of three bands area (U1, LO, and U3), so its evolution is associated with overall damage, likely
linked to the accumulation of several defects. For the S irradiation, the increase of the Raman signal is
probably linked to the small-scale defect formation. The continuous formation of point defects results in
an increase of the disorder (U area). Then, a stabilization between the defect formation and their
recombination, clustering or absorption by sinks occurs resulting to the non-evolution of Raman signal.
During the Sn & Se irradiations, the Se ions induce a thermal spike along their paths activating a short-
range migration of the defects. Displacement cascades are created by the Sy ions, while a recombination
and an agglomeration of these defects are promoted by the electronic excitations induced by the Se
ions. Thus, the first stabilization phase occurs at lower fluence for the Sn & Se irradiations compared to
the sole Sn one, as the phenomena of clustering (resulting in the dislocation loop formation) and of

recombination (reducing the local disorder) are favoured.

The second phase, only observed for the dual-beam irradiations, is more complex. Indeed, a decrease
followed by a stabilization occur. The signal decrease seems to indicate that there is no longer a balance
between the defect formation and their recombination/clustering. It likely reveals an increasing influence
of dynamic recombination during the dual-beam irradiations. The shape of the damage build-up kinetics

is similar to that obtained during a sequential irradiation (Fig. 7). In this case, electronic excitations act



on a pre-damaged microstructure (Sn+ Se). Thus, for the dual-beam irradiations (Sn & Se), beyond a
certain fluence of Sn ions, the Se ions also interact with more extended defects, as in the case of
sequential irradiation (Sn+ Se). The greater presence of extended defects coupled with the thermal spike
may favour the defects recombination and defect absorption by the sinks like existing loops. This results
in accelerated kinetics for the evolution of dislocation loops (Fig. 8). Thus, the greater R is, the more

electronic excitations are favoured, the more the microstructure evolves.

Conclusions

The coupling between the nuclear and electronic energy losses in UO2 was studied by single (Sn),
sequential (Sn+ Se) and simultaneous (Sn & Se) ion irradiations. The combination of in situ Raman
spectroscopy analysis and transmission electron microscopy (TEM) observations was used to correlate
the damage build-up and the dislocations evolution. These experiments unambiguously demonstrate
the influence of electronic energy loss on the ballistic damage. Indeed, the Se ions irradiation induces a
microstructure evolution either after sequential or simultaneous irradiations compared to the sole Snions
irradiations. During the sequential irradiations (Sn+ Se), the Se ions irradiation induces a modification of
the Raman spectra for the pre-damaged UO2 samples highlighted by a decrease of the defects bands
(U). The damage build-up during the Sn & Se irradiations is different compared to the one during the sole
Shirradiation. Only an increase followed by a stabilization is observed for the Sy irradiations on contrary
to the Sn & Se irradiations, where this evolution continues with a decrease then a final stabilization.
Depending on the ratio between the high- and low-velocity ion fluxes, the difference is more or less
pronounced. The coupling between the displacement cascades, created by the Sn ions, and the
electronic excitations, induced by the Se ions, favours the recombination and the agglomeration of these
defects. The balance between the defect formation and their recombination/clustering evolves with the
ions fluence and the defect already formed in the microstructure. The phenomena of clustering (resulting
in the dislocation loop formation) and of recombination (reducing the local disorder) are more or less
promoted depending on the ratio between the high- and low-velocity ion fluxes. As the latter increases,

electronic excitations become more favoured, leading to a greater evolution of the microstructure.
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