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Effect of ballistic damage in UO 2 samples under ion beam irradiations studied by in situ Raman spectroscopy

The damage induced in uranium dioxide (UO 2 ) during ion irradiation at low energy was studied by micro-Raman spectroscopy. Polycrystalline UO 2 samples were irradiated by 0.9-MeV I, 2-MeV Au at 25°C and by 4-MeV Kr ions at -160°C in a wide range of fluence. In situ Raman measurements reveal similar spectra evolution no matter the ion beam used. The T 2g band centred at 445 cm -1 related to the fluorine structure reveals a broadening with the irradiation damage increase. In addition, several bands ranging from 500 to 700 cm -1 , which are attributed to sub-or sur-stoichiometric structural defects, are observed at the first time of irradiation. Their intensities rise up with the irradiation fluence increase to a similar asymptotic relative values for all the irradiation conditions. The obtained Raman kinetics are compared with data from the literature on the microstructure evolution observed by Transmission Electronic Microscopy (TEM) and on the fraction of displaced atoms determined by Rutherford Backscattering Spectroscopy in channelling mode (RBS-C).

Intro

Raman spectroscopy is an efficient technique to determine the structural evolution in materials under irradiation. Nuclear fuel [1], cladding materials [2] or matrices for high level nuclear waste management [3] have been successfully characterized by this technique. Radioactive fuel samples [4,5] as well as ion beam irradiated uranium dioxide (UO 2 ) samples [6,7] can be studied and compared.

Several papers have investigated the Raman spectra evolution of UO 2 after ion beam irradiation [1,6,7]. In addition to the standard T 2g band, additional bands in the range of 500 to 700 cm -1 are observed after sample oxidation or are induced by ion irradiation performed under vacuum [1,[4][5][6][7]. At 575 cm -1

, the LO Raman-forbidden mode in the perfect fluorite structure becomes active by the presence of disorder in the crystal due to a breakdown in the selection rules [1,8]. Two other bands at around 520 and 630 cm -1 denoted as U1 and U3 could be associated with sub-stoichiometry UO 2-x and with structural defects in the cuboctahedral symmetry of the interstitial oxygen in hyper-stoichiometric UO 2 , respectively [7,9,10].

The present study aims to investigate the effect of ballistic damage generated by ion beam irradiations in UO 2 . The damage kinetics of polycrystalline samples under ion beam irradiation was monitored in real time by using the JANNuS (Joint Accelerators for Nanoscience and Nuclear Simulation) platform in Saclay, France. In situ Raman setup with a frequency-doubled Nd: YAG (532 nm) laser is coupled with a triple beam chamber [11]. Samples were irradiated with low energy ions in order to determine the Raman spectra evolution under ballistic damage. Experiments have been performed at room temperature (25°C) with I ions at an energy of 0.9 MeV and with Au ions at 2 MeV. A complementary irradiation at low temperature (-160°C) has been also carried out with Kr ions at an energy of 4 MeV.

To follow in real time the radiation damage evolution, in situ Raman spectra have been recorded for different irradiation fluences.

Experimental procedures

UO 2 polycrystalline pellets with an average grain size of 7.6 µm were cut in discs (thickness: 500 µm) and polished on one side. An annealing at 1400°C during 4 h under an Ar-H2 (5%) was performed in order to remove the damage induced by polishing. Pellet density has been measured to be around 10.74 g.cm -3 (∼98 % of densification).

The irradiations were carried out at JANNuS-Saclay facility with 0.9 MeV I ions and 2 MeV Au ions at a controlled temperature of 25°C and with 4 MeV Kr ions at -160°C. The irradiations were performed under a vacuum lower than 10 -7 mbar in order to prevent any oxidation. Irradiation conditions and parameters calculated using the SRIM code are reported in Tab.1 [START_REF] Ziegler | The Stopping and Range of Ions in Solids[END_REF].

The JANNuS facility also includes the possibility of in situ Raman monitoring during irradiation. The experimental set up is described in [11]. Raman spectra were recorded in broad wave-number range between 200 and 900 cm -1 for virgin and irradiated samples using an Invia Reflex Renishaw spectrometer coupled with a Leica microscope. A laser power lower than 1 mW was used in order to avoid oxidation during the analysis. In situ Raman measurements after beam shut off were carried on irradiated samples with a frequency-doubled Nd:YAG (532 nm) laser and a 2400 groove/mm grating.

The Raman spectrometer has been calibrated by using silicon monocrystalline samples. Raman spectra were recorded during 120 s at each step of irradiation fluence. Raman spectrum can be recorded during ion irradiation but, in order to obtain representative data avoiding any additional evolution of the microstructure, the ion beam is stopped during the acquisitions.

The fitting module of the Wire Raman spectroscopy software (Renishaw) was used for the spectra simulation. A combination of Lorentzian (often used for crystal) and Gaussian line shape (expected for disordered materials) called Voigt profiles was used. The accuracy on band position deduced from spectrum simulation is determined at ± 1 cm -1

.

Results

The figure 1 presents the Raman spectra between 300 and 900 cm -1 in situ recorded on UO 2 samples irradiated with 2 MeV Au ions at 25°C for fluences ranging from 4.7×10 12 to 1.2×10 16 Au.cm -2

. Before irradiation (spectrum 0 in black), we observed a band centred at 445 cm -1 assigned to the triply degenerate Raman active mode (T 2g ) commonly Raman active for all the fluorine structures [14]. This band is relied to the breathing vibration of oxygen atoms around the uranium atoms in the crystalline structure. In the 500 and 700 cm -1 range, we also remark one intense band at 575 cm -1 and two bands with a smaller intensity at 520 and 630 cm -1

. The band at 575 cm -1 is associated to the first order T 1U LO scattering mode [8]. This mode is Raman-forbidden in the perfect fluorite structure and becomes active by the presence of disorder in the crystal due to a breakdown in the selection rules [1,8]. The assignment of 520 and 630 cm -1 bands is less obvious. The first one denoted as U1 is associated with sub-stoichiometry UO 2-x [1]. The third band denoted U3 is assigned to structural defects in the cuboctahedral symmetry of the interstitial oxygen in hyper-stoichiometric UO 2 [7]. This triplet band (U1, LO, U3) is already observable before irradiation highlighting the presence of defect in the virgin samples due to the preparation or to a surface oxidation [15]. As shown on Fig. , the intensity of T 2g band decreases and a broadening is observed.

In addition, the triplet bands in the range of 500-700 cm -1 increases. The U1 and U3 bands less marked on the virgin samples are more intense after irradiation. Then, from an irradiation fluence of

10 14 Au.cm -2
, the Raman spectra do not seem to evolve any more. We must note that our Raman measurements have been performed with a 532 nm wavelength laser. In these analysis conditions, the LO band is much more intense compared to the U1 and U3 bands due to a resonance effect [16].

The U1 and U3 evolutions is more difficult to follow especially for low damage level. For that reason, in the following part, the triplet band in the 500 and 700 cm -1 range will be discussed together and referred as the defect massif.

The Raman spectra have also been in situ recorded for UO 2 samples irradiated at 25°C with 0.9 MeV I ions and at -160°C with 4 MeV Kr ions. We observed a similar evolution with an increase of the defect massif area at first step of irradiation and a decrease of T 2g band with a broadening. In order to compare the results obtained from the different irradiations, the line width (FWHM) of T 2g band, characteristic to the undisturbed fluorite lattice, is reported on Fig. 2.a as a function of the maximum displacement per atoms (dpa). It exhibits similar evolution for all the irradiated samples. Below 0.03 dpa, no significant linewidth evolution is observed. After an irradiation inducing 0.03 dpa, a broadening occurs and increases linearly with the damage. Then a stabilization at an asymptotic relative value of around 30 cm -1 is shown. In addition, a small T 2g shift (<1.5 cm -1

) to the lower frequencies is noticed for all the irradiations.

Since the defect massif is associated to the structural disorder, the ratio between its area and T 2g band area describes the damage build-up kinetics in UO 2 for different irradiation conditions. Fig. 2.b presents this ratio as a function of the maximum dpa. We observed that, as soon as the UO 2 samples are submitted to irradiation damage (first step at 0.001 dpa), the band intensity increase for all the curves. We notice a shift of massif defect evolution between the samples irradiated at 25°C and the one at -160°C. It indicates that the area increase occurs in a faster way for the irradiation performed at low temperature (Kr) than for the ones at room temperature (I, Au). A similar asymptotic relative value is achieved for all the irradiation conditions but at different damage level according to the irradiation temperature. The evolution of defect massif area is well reproduced by the multiple step damage accumulation (MSDA) model [17]. The evolutions inducing during I ions irradiation at 25°C and Kr ions irradiation at -160°C have been fitted by the following equation (Fig. 3):
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where f D,i sat is the level of damage at saturation, n is the number of steps required for the achievement of the total disordering process, Φ i is the threshold ion fluence of the i th step, and σ i the disordering cross-section at the i th step. G corresponds to the Heaviside function H multiplied by its argument. In the MSDA model, the damage accumulation results from atomic rearrangements steps induced by microscopic and/or macroscopic events [17]. Each step is correlated to a new defect configuration, which is generated by the damage accumulation. In our case, the damage build-up is accumulated via a two-step mechanism (n = 2 in Eq. ( 1)): the first step up to 0.065 and 0.0054 dpa at an irradiation temperature of 25°C and -160°C, respectively, and the second for higher value. The first step occurs for a very small amount of damage level and is shorter for the lower irradiation temperature.

Concerning the second step, it is interesting to note that a higher disordering cross-section (σ 2 ) is determined for an irradiation at a temperature of -160°C (12.7 nm

2

) than at 25°C (3.7 nm 2

). These results indicate a faster increase of level damage for an irradiation temperature of -160°C. The level of damage at saturation (f D,2 sat ) decreases from 5.3 at 25°C down to 4.8 at -160°C. However, due to our resolution limit, this difference is not quite significant. Thus, the first step observed for very low damage level, should be, for example, the consequence of point defect evolving in clusters on the Raman spectra. However, complementary experiments are required to conclude on this point.

Discussion

The results from the different irradiation experiments highlight that, during an irradiation favouring the ballistic damage at 25°C, one damage level (dpa) seems to induce one Raman spectra. Indeed, we have observed that a broadening and an intensity decrease of T 2g band occur for all the performed irradiations. The intensity loss of the T 2g band indicates deviations from the perfect cubic fluorite structure [9]. In addition, the disorder arising from irradiation induces the relaxation of selection rules allowing a greater range of vibrational modes to contribute to Raman scattering. This could be experimentally observed by an asymmetrical broadening of the Raman band [18,19]. We do also measure a shift to lower frequencies with a value closed to our resolution limit (<1.5 µm). Similar T 2g red-shift was reported for UO 2 samples irradiated with He 2+ at 25 MeV and in self-irradiated samples [7,5]. It could highlight the defects formation (point defects, dislocations or voids) and a lattice swelling. This point will be discussed in the following part by comparing the evolution kinetics of different defects obtained by other characterizations (TEM and RBS-C).

In addition, the defect massif area, correlated with the damage build-up, increases with the irradiation doses and then reaches saturation at the dose of around 0.2-0.4 dpa (Fig. 2). The cross section analysis of an irradiated samples with He ions at 25 MeV by Raman spectroscopy highlights also a T 2g broadening correlated with a grow up of U1, LO and U3 bands area when the ballistic stopping power becomes predominant compared to the electronic one [7].The Raman spectra comparison between the irradiations performed at 25°C and -160°C indicates a faster increase of level damage for an irradiation at -160°C. It could be explained by the freezing of generated defects at low temperature and a higher recombination during the irradiation at 25°C [20]. However, a stabilization at a closed asymptotic value of T 2g linewidth and defect massif area were observed. This increase of defect massif was also reported in literature after irradiations with Kr ions at an energy of 0.2 MeV [6] and of 4 MeV [21].

Indeed, after an irradiation at 500°C with Kr ions at an energy of 4 MeV, Onofri et al. reported an increase of defect massif area up to 6 times higher than for the virgin one after an irradiation fluence of 3.10 16 Kr.cm -2 (i.e. 90 dpa) then a saturation is reached for higher fluences [21]. This ratio difference is closed to the one obtained in our study (around 5 times compared to the virgin samples). It seems to show that no matter the irradiation temperature the area ratio between defect massif and T 2g band stabilizes at a quite similar value indicating a similar measured disordered level or saturation of Raman signal. However, as no Raman measurement has been performed at lower Kr irradiation fluence by [21], we cannot conclude if this saturation is achieved for a higher damage level at a higher irradiation temperature.

Point defects generated by irradiation can cluster forming extended defects such as voids and dislocation loops. Several studies report the nucleation of dislocations loops at very low damage level [22][23][24][START_REF] Onofri | Influence of exogenous xenon atoms on the evolution kinetics of extended defects in polycrystalline UO2 using in situ TEM[END_REF][26]. For instance, Onofri et al. have in situ observed the first dislocation loops nucleation under irradiation at -180°C with 0.39 MeV Xe ions from a damage level of around 0.008 dpa [START_REF] Onofri | Influence of exogenous xenon atoms on the evolution kinetics of extended defects in polycrystalline UO2 using in situ TEM[END_REF] (Fig. 4.a).

The loop density increases with the irradiation fluence up to a saturation value, which depends on the temperature [22,23,[START_REF] Onofri | Influence of exogenous xenon atoms on the evolution kinetics of extended defects in polycrystalline UO2 using in situ TEM[END_REF]. Then, a decrease occurs due to the formation of dislocation line. Lastly, the loop density remains constant. Thus, the evolution kinetics of dislocations is very different from the one observed in the current work (Fig. 4.a). Simultaneously to the dislocation formation, voids nucleation was observed at low damage level too [27][28][29]. The bubble/cavity density increases in the first time of the irradiation and then reaches a constant value of 2 -4 × 10 24 m -3

. The voids generated in UO 2 samples under irradiation with Au ions at 4 MeV at 25°C and observed in situ by Sabathier et al. [27] were compared to our Raman spectra change. Fig. 4.b gathers the value of defect massif area during the 0.9 MeV I ions irradiation at 25°C and the void density as a function of the generated dpa.

Quite similar evolution is shown by the both techniques. The first voids observation is noticed at low damage level (0.03 dpa) which is correlated with the increase of massif defect area at our first irradiation step (0.001 dpa). Then, no significant evolution of the defect massif or of the void density was observed after an irradiation inducing around 0.3 dpa.

Lastly, Rutherford Backscattering Spectroscopy in Channelling mode (RBS-C) can characterize the fraction of displacement atoms (f D ) during irradiation. Fig. 5 presents the damage kinetics obtained by RBS-C during 0.5 MeV La ions irradiation at 25°C as function as the maximum dpa [30]. The damage fraction increase occurs for values higher than 4 dpa whereas the value of defect massif area during the 0.9 MeV I ions increases after a radiation damage of 0.03 dpa. It clearly indicates that the two evolutions are not similar. However, for UO 2 samples, ion channelling is able to measure disorder on the U sub-lattice and O sub-lattice but with different cross section. Indeed, by using the 

Conclusions

In situ Raman coupled with ion irradiation at low energy have been carried out on uranium dioxide.

The results confirmed that polycrystalline samples were not amorphized by nuclear damage even for very high defect level (200 dpa). Quite similar maximum asymptotic value of the defect massif area and of T 2g band width was found for all the investigated projectiles. Only the shape evolution of defect massif area change with the irradiation temperature. Indeed, the saturation is achieved at a smaller defect level for low temperature (-160°C) than at 25°C. The study of the damage kinetics evolution induced by ion irradiations shows a good match between voids nucleation and Raman spectra changes (massif of defects). On the contrary, the evolutions kinetics of dislocations and of damage fraction obtained by RBS-C are very different from the one observed in the current work. It should indicate that the defect massif increase is linked to the formation of point defect and defect cluster evolving in the void nucleation. Future work will aim at correlating the microstructural evolution by TEM and the Raman spectra change in uranium dioxide.
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16 O 2 ,

 162 resonant reaction with He ions at an energy of 3.085 MeV, the backscattering event of4 He on O sub-lattice is increased by a factor of 15 compared to standard Rutherford elastic backscattering[31]. However, the backscattering event of4 He on U sub-lattice, proportional to Z remains around 7 times higher than for O sub-lattice. The damage evolution obtained by RBS-C analysis is more sensitive to the U than to the O sub-lattice disorder. As we clearly observed different evolution with Raman kinetics, the changes on Raman spectra seems to be more sensitivity to damage on the O sub-lattice in good agreement with the literature where the U1 and U3 bands are correlated with oxygen sub-or sur-stoichiometry, respectively[7,10, 32].
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 1 Fig. 1: In situ Raman spectra on UO 2 samples irradiated at 25°C with Au ions at an energy of 2 MeV.
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 2 Fig. 2: (a) The T 2g width evolution and (b) the ratio between defect massif area and T 2g band area after irradiation with 0.9 MeV I ions and 2 MeV Au ions at 25°C. The hatched rectangles represent the reference T 2g width of virgin UO 2 before irradiation and the initial ratio.
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		Energy ( MeV)	Irradiation temperature (°C)	Flux (at.cm	-2 .s	-1 )	R p (nm)	Maximum dpa at 10 15 at.cm -2
	I	0.9	25	1×10 11	150	7.5
	Au	2	25	5×10 11	210	11.5
	Kr	4	-160	5×10 11	420	3