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Electron irradiation of UO, coupled with ex situ Raman measurements
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Abstract

In UO,, Raman spectroscopy has recently put into evidémeexistence of a specific
signature, referred to as the triplet defect bamdsch is characteristic to irradiation
damages. In this work, we perform a detailed expenital analysis to investigate how
this Raman signature can be used to charactenadiated nuclear fuels. For this
purpose, an electron irradiation experiment ofesed UQ disks coupled witlex situ
Raman and positron annihilation spectroscopy measemts were carried out. The
obtained findings showed that the Raman defect odakle their origin from the
ballistic collisions of the incident electrons witfre U and O atoms and are due to the
formation of point defects. These defects induce ri+arrangement of UQattice
atoms and give rise to domains with symmetry lothan Fm-3m with the loss of one
or more symmetry elements, such as translationansstry, centering F, mirror or

rotational symmetry operations.

Keywords:UO,; Raman spectroscopy; positron annihilation spectrpy; irradiation defects.

1. Introduction

Uranium dioxide, the main component of nuclear$ubhs received much attention for

more than 50 years. The behavior of nuclear fueldeu irradiation is rather well
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experimentally characterized [1, 2, 3, 4] and sated by numerical models [5, 6, 7, 8,
9], but the physical mechanisms that occur durirgitradiation of UQ@fuels are still
subject of intense research. One major hurdleagddv number of experimental results
relevant to the validation of point defect mod&sm which the UQbehavior could be
deduced. Raman spectroscopy offers an alterngppeach for the characterization of
irradiation-induced defects in nuclear fuels. Thecusrence of a specific Raman
signature referred to as the Raman triplet defectdb, in doped or irradiated YO
appears as a promising path for the understandingaaliation effects on U@fuels

[10, 11, 12, 13].

Irradiation damages in solids are usually assigteckither electronic or nuclear
stopping power. Guimbretieet al. [14] showed that the highest intensity of the Rama
defect bands occurs principally in areas wherdartbielent ions deposit their maximum
energy. But no definitive conclusions can be defriff®m these findings considering
that both electronic and ballistic stopping powassxist in ion irradiation experiments.
Moreover, Maslovaet al. [15] recently showed that it is difficult to studlye intensity
of the defect bands as a function of stopping powée authors reported that the
intensity of the only Raman activegimode which occurs in UQstrongly depends on
the crystallographic orientation. Most of the Randaia available in the literature were
obtained on polycrystalline samples; thus no qtfiaation of the Raman data is
possible until a well-suited method is developedt ttakes into account the grain

orientation effects.

In the present study, an electron irradiation expent of several sintered UY@isks
was performed to attribute the Raman triplet debectds to damages created either in
the electronic or nuclear-stopping power regimeassitFon annihilation spectroscopy
(PAS) was used as a complementary characterizetano support the Raman results.
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The study was extended to identify the types afdiation defects responsible for the

apparition of the Raman defect bands.

2. Experimental

2.1.Materials
Sintered UQ ceramics (8 mm diameter and 500 pum thickness) weneufactured at
the Laboratoire des Combustibles Uranium (LCU) &A&Cadarache, France. The
disks were heat-treated at 1400°C under dry Aditl mirror-polished on both surfaces
for subsequengx situRaman and PAS measurements. The measured aveaagsige
was large (typically, in the 10-30 um range) arg\tblume fraction represented by the

grain boundaries remained low.

2.2.Irradiation
The electron irradiation experiment was performesingi the SIRIUS Pelletron
accelerator at the Irradiated Solids LaboratorylYlz® Ecole Polytechnique, Palaiseau,
France. Several sintered W@isks were irradiated in the 1.6-2.5 MeV electroergy
range. The irradiation was carried out such thatelectrons are allowed to irradiate the
front UQ, surface and then emerge through the back surface.
The total electron energy loss resulting from tblisions of the electrons with U and O
atoms was estimated by the ESTAR program code 4h6]the Non-lonizing Energy
Loss (NIEL) calculator [17] respectively. The cdhltions showed that the total energy
loss (electronic + nuclear) for the different etent energies lies close to 1.04-1.08
keV/um. The 500 um thickness of the disks indic#ites the electrons lose ~500 keV
in their interactions with the U and O atoms durihg sample crossing. For instance,

electrons with an initial 2.2 MeV will reach thearesurface with an energy of ~1.7 keV.



For this study, a 1.8 Coulomb electron charge watsally aimed for the different
electron beam energies, but it was difficult tolicgte the targeted electron charge for
all the irradiation campaigns. The latter was du¢ethnical constraints related to the
functioning of the accelerator. Table 1 summarizbe different experimental

parameters that were achieved during the W@diation study.

Table 1: Summary of the electron irradiation parmmrsethat were achieved for the
different UQ disks

Disk Electron Energy Irradiation conditions
(MeV) Accumulated electron charge
(Target charge: 1.8
Coulombs)
Disk A 2.0 1.8
Disk B 2.1 1.686
Disk C 2.2 1.8
Disk D 2.3 1.8
Disk E 2.4 0.24
Disk F 2.4 1.43
Disk G 2.5 1.8

2.3.Raman characterizations
The Raman measurements of the virgin and irradidtegdisks were carried out using
a Renishaw Invia Reflex confocal spectrometer a tlonditions Extrémes et
Matériaux: Haute Température & Irradiation” (CEMHTaboratory, Orléans, France.
The spectrometer was equipped with a 632.8 nm aianit laser and a holographic
grating of 1800 grooves/mm for a spectral acquisittetween 400 and 700 ¢nirhese
configurations were sufficient to allow a 2-3 ¢rspectral resolution.
As the intensity of the only Raman-activegTmode depends on crystallographic
orientation, arex situRaman mapping of the virgin and irradiated sugaees carried
out to select the UDgrains with the maximum Raman intensity, with (L@lanes
closely parallel to the surface sample. For sucéntation, the Raman intensity will
depend on the polarization conditions in the folloyvway: in VV configuration

(parallel polarizations for incident and scatteliglit), the intensity is maximum when
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polarization is along [011] axis, and in crossedappations (VH), the intensity is
maximum for polarizations along fourfold axes (raj [010] and H along [001], and

equivalents). Our experimental device is mainlyhef VV type configuration.

2.4.PAS analysis

Depth-resolved Doppler Broadening Positron Anntlola Spectroscopy (DB-PAS) was
performed using a slow positron beam at CEMHTI-CNRSance [18]. This
spectroscopy is specifically useful to investigapen-volume defects in materials in the
near-surface region. Due to its positive chargesitpm can be trapped into nucleus
depleted regioni.e., neutral or negatively charged open volume deféldie positron
annihilates with an electron by producing two ganmangs at around 511 keV whose
energy depends on the energy of the electron-posfrir due to the Doppler effect.
Thus, the Doppler Broadening spectroscopy allovesniieasurements of the positron-
electron momentum distribution in samples. The shap the broadened Doppler
spectrum is interpreted in terms of shape parasmetailed S and W. The low
momentum parameter (S) corresponds to the fracfi@mnihilations taking place in the
low momentum range (|]-2.177| to |2.177|) %b@c mainly due to annihilations with
valence electrons. The high-momentum parameter ddfesponds to the fraction of
annihilations taking place in the high momentumgea(l-24.88| to |-9.64| and |9.64| to
|24.88|) x1G mec mainly due to annihilations with core electrofifie presence of
vacancy-type defects in a sample compared to adizée sample leads to an increase

of the S value and a decrease of the W value.

In this study, the average S and W values were unedsvith a positron beam energy
ranging from 16 to 18 keVi,e., at a mean positron implantation depth of 450-500tm

avoid any surface effect (oxidation, polishing @ese..). Approximately 8x10events



were collected in the Doppler peak at each posigmergy value to ensure a statistical
error of 0.11% and 0.26% for S and W values resgegt The S and W values
measured in the samples were respectively divige§ b= 0.3713 and W= 0.07856
values measured in a reference JUdefect-free sample obtained after annealing at

1700°C during 24 hours in Arf-atmosphere [19].

3. Reaults

3.1.Raman spectra analysis
The Raman measurements of the,d0rfaces initially irradiated at 2.0 MeV (1.8 C),
2.1 MeV (1.686 C), 2.2 MeV (1.8 C), 2.3 MeV (1.8, @)}4 MeV (1.43 C) and 2.5 MeV
(1.8 C) were conducted to study the intensity & Baman triplet defect bands as a
function of electron energy. The electrons alsadiate the U@back surfaces with
~500 keV less than their initial energy. Thus, fRaman characterization of the
irradiated back surfaces provided relevant inforomatfor low energy electrons,
namely: 1.5 MeV (1.8 C), 1.6 MeV (1.686 C), 1.7 M&V8 C), 1.8 MeV (1.8 C) and
1.9 MeV (1.43 C) respectively. Figure 1 shows tlaman spectra obtained following
the surface analysis of a virgin Y@isk and the electron-irradiated front and back, UO

surfaces.

[Figure 1 about herel]

The spectrum of the virgin UGndicates the presence of the only Raman actpge T
mode occurring at 445 ¢ The latter is referred to as the symmetry Ranianvad
phonon scattering of UQand is the signature of compounds exhibiting the-3m
space grouf0, 21, 22]. The absence of other noticeable psakgests that the YO

disks were close to stoichiometry before irradia{i3].



Figure 1 shows that electron irradiation induces #pparition of the Raman triplet
defect bands in the 500-700 ¢rapectral range, denoted by U1 (~532%nU2 (~574
cm?) and U3 (~636 ci). First of all, these spectra look rather simitar those
previously obtained under ionic irradiation [10].1The T3 mode looks only slightly
affected and the three defect lines occur. Thetspéar the irradiated disks shown in
Figure 1 are very different from what would be ai¢a on a strongly disordered
lattice, where the Raman response would be a VD@ational density of states)-
dominated one. The UWOVDOS, as reported by Dollingt al. [24], displays a small
peak at the 7; frequency emerging from a broad continuum, thatlies a By Raman
response much more affected (intensity decreasebavabening) that seen here in

Figure 1. This means that the system keeps a tinysteype order.

The intensity of the defect peaks increases asnatitn of electron energy and is

consistent with the increase defects concentratiothe UQ samples. However, the

intensity increase observed in this study is lessment compared to data reported for
alpha and heavy-ion irradiation [10, 11, 25]. ThHouge Raman defect bands appear
clearly for the 2.5 MeV irradiated disk, it is ddfilt to estimate the electron energy
threshold for the defect peaks from Figure 1. Aadatalysis strategy was adopted to
extract the relative intensities of the Ul, U2 ad8 peaks as a function of electron

energy.

The methodology consisted of an initial baselinetiction of the raw Raman data to
eliminate residual fluorescence signals and backgtonoises. The value of thegT
peak intensity (Iguax) after the baseline subtraction was then recordibd. 510-698
cm’® spectral range was selected and normalized by dhex value. These procedures
were applied to each of the acquired spectra. lyitAle Raman spectra of the irradiated

disks were subtracted with a reference virgin,WpPectrum to reveal the irradiation-
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induced modifications on the Raman spectra. Thearsaiirce of error in our approach
resides on the removal of background noises, aodrding to Lewiset al. [26], a
relative error of 10% needs to be considered basdtie signal to noise ratio following

the initial baseline subtraction.

Figure 2 illustrates the irradiation effects on t®, Raman spectra in the 509-698tm

spectral range.

[Figure 2 about herel]

As it can be evidenced in Figure 2, the intensityth® Raman triplet defect bands
appears very low for electron energy less thanN2®. However, the triplet defect
peaks become prominent as the electron energyrtisefuincreased and are seen to
occur at 532 ci, 574 cn¥, and 636 cmi respectively. A classical line fitting
procedure, previously proposed by Guimbretiétral. [14], was carried out by fixing
the positions of the defect bands. The intensityesfor the three peaks at different

electron energies were extracted and are showigurd-3.

[Figure 3 about herel]

The figure indicates that the Ul, U2 & U3 banddoiel a similar behavior under
irradiation. It can also be observed that the Ramngiet defect bands do not appear
with our error bars below 1.8 MeV, but they showradual increase in the 1.9-2.5

MeV electron range.

3.2.PAS characterizations
DB-PAS measurements were initially conducted onstiméaces of the virgin UQdisk

used in this study (referred to as “WBulk” for the PAS analysis). It is worth noting



that a UQ previously annealed at 1700°C for 24 hours undefHAreducing
environment is considered as a reference “defeef*fC; lattice (referred to as “UD
Lattice”) for the PAS measurements at CEMHTI-CNRS]| The obtained findings for
the UQ Bulk and the reference UQattice were compared to account for the effect of

annealing temperatures.

The front and back surfaces of the 3Jdisks irradiated at 2.1 MeV (1.686 C), 2.2 MeV
(1.8 C) and 2.4 MeV (1.43 C) were characterizedadleements were also performed
on the disk irradiated at 2.4 MeV (0.24 C) to imigete the effect of electron charge on
the irradiation-induced defect concentrations. Wiiwately, the disks irradiated at 2.0
MeV, 2.3 MeV and 2.5 MeV were not available for PAS8aracterizations. The
evolution of the (s.W) annihilation parameters is shown in Figure 4.

[Figure 4 about herel]

Figure 4 shows that the S(W) values for the difiemectron energies form a straight
line, also referred to as thesIne, with the UQ Lattice point. This observation
indicates that the same defect-type is formed dutime electron irradiation and
characterized by the PAS method, but only its cottaéon varies. The slope of the
line (D= 0.60) is very close to the one found by Baiheal.[19]. The authors carried
out a detailed analysis of Y@amples irradiated at 1.0 and 2.0 MeV electrorrggne
with different accumulated electron charges. Naedisf were detected by PAS for the
1.0 MeV electron irradiation leading to the conauasthat oxygen monovacancy (VO)
are positively charged preventing positron trappintg these defects. For the 2.0 MeV
electron irradiation, the S(W) values were alignadhe De-line indicating the presence
of neutral or negatively charged vacancy-type dsefeesulting from displacements in

the uranium sub-lattice. They suggested that thfectke could be uranium mono-



vacancy (VU) or vacancy complexes including VU likeO di-vacancy or Schottky
defect. Recent calculations by Wikterr al. [27] on the positron lifetime measurements
in UO, showed that the Hine corresponds to a neutral complex defect, nadene

uranium vacancy and two oxygen vacancies, whicbfesred to as Schottky defects.

From Figure 4, the S(W) point for the virgin WBulk lies on the Schottky De-line but
away from the reference UQattice point. This indicates the presence of s
defects in the virgin U@samples used in this study and can be attributedetdower
annealing temperature (1400°C) employed comparethéodefect-free U@lattice
(1700°C). Guimbretieret al.[14] evidenced a grain boundary Raman signal &tcsb
for UO, ceramics annealed at 1700°C. A lower annealing ¢eatpre was used in this
study to avoid significant contribution of the grdioundary signal because it occurs in
the same spectral range as the irradiation-induRadhan bands. However, the
concentration of intrinsic defects in the virgimgaes can be considered to be very low
because the UOBulk point appears relatively close to the refeeendQ, Lattice
point. Let us underline here that in PAS measuréspethe analyzed zone is
macroscopic compared to the size of grains, and RIS response integrates
contributions of grain cores and grain boundamesl is then completely dominated by

the cores, due to the core/boundary relative sesfac

In regards to the irradiated samples, electrordiataon causes a gradual shift of the
S(W) points from the U@Lattice, thus indicating that Schottky-type deseate created
under all irradiation conditions. The concentratafrdefects can be seen to depend on
electron energy. The effect of electron chargelmawbserved by considering the £JO
disks irradiated at 2.4 MeV with a low (0.24 C) dmdh (1.43 C) charge. Figure 4

shows that the shift of the S(W) point relativette reference U@L attice point is more
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important for the high electron charge and henadficos that the concentration of

Schottky defects also depends on the electron eharg

4. Discussion

In this section, a detailed interpretation of tixpeximental findings is carried out to
investigate the origin of the Raman triplet defbahds. An attempt is then made to
identify the defect types responsible for the apjoar of the irradiation-induced Raman

peaks.

4.1. Attribution of the Raman triplet defect bands tcclear or electronic stopping
power

The experimental results revealed that the irramhanduced Raman bands behave
identically under irradiation. It was also evidediddat the concentration of defects
depends on the electron charge. The overall chamgihe defect band intensity
(U1+U2+U3) for the different electron irradiationthat were achieved with a
sufficiently high electron charge (1.43-1.8 C) wasly considered for the data

interpretation. The obtained findings are presemdelgure 5.

[Figure5 about herel]

The intensity of the Raman defect bands remainéigiiele below 1.8 MeV but then
increases almost linearly when the electron enégwncreased up to 2.5 MeV. The
figure also shows that the electron energy thresiai the apparition of the Raman

defect bands can be estimated to be between 118\

The ESTAR program code [16] and the Non-lonizingigy Loss (NIEL) calculator
[17] were used to determine the values of the eaat and nuclear stopping of the

electrons in U@ These theoretical values were required to ingatgithe origin of the
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Raman defect bands. The calculated electronic anttar stopping powers, in the 1.0-

2.5 MeV electron energy range, are illustratedigufe 6.

[Figure 6 about herel]

From Figure 5 and Figure 6, the intensity of thenBa defect bands is observed to
follow a similar trend as the nuclear stopping pogwmth do not display significant
evolution below 1.5 MeV but are characterized bgoatinuous increase between 1.8
MeV and 2.5 MeV. On the contrary, the energy lass t the inelastic collisions of the
electrons with the U and O atoms remains almosstemi over the entire electron
energy range. These results suggest that theatraiinduced bands observed on the
Raman spectra of irradiated Wtake their origin from the elastic collisions otident

electrons with U and O atoms and are due to thmdbon of atomistic defects.

4.2. Attribution of the Raman triplet defect bands te tlefect types resulting from the
elastic collisions

Electron irradiation can induce atomic defects gitkat the energy of the incident
electrons is high enough to displace atoms fronr th@mal positions in the crystal
lattice. As previously reported in this study, PABasurements confirmed the presence
of point defects in the irradiated disks. The caorticgtion of displaced atoms was also
observed to depend on electron energy and irradiatharge. In regards to Raman
spectroscopy, the increase of the defect bandssityein the ballistic regime indicates
that they are consistent with atomistic defectas Btudy was extended to identify the
defect types that induce the apparition of the Rartiplet defect bandsi.e., to
differentiate between uranium and oxygen defects.

The concentration of uranium and oxygen point defewere calculated using

differential cross-section values for displacemdantgshe UQ lattice as reported by
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Soullard [28]. The calculated point defect concatiins as a function of electron

energy are presented in Figure 7.

[Figure 7 about here.]

Figure 7 shows that electrons with energy gredian t1.6 MeV are required to induce
displacements in the uranium sub-lattice. The coimnagon of uranium defects can also
be observed to depend on electron energy. Accotdigpullard [28], electron energies
as low as 0.5 MeV are sufficient to displace oxygeoms, but their concentration

remains unchanged between 1.4 MeV and 2.5 MeV.

The increase in the uranium defect concentratibseved between 1.8 MeV and 2.5
MeV, is consistent with the evolution of the Rantdplet defect bands in the same
energy range (Figure 5). These results indicatettteairradiation-induced Raman bands
are linked to uranium-type point defects, but tigtoan indirect mechanism; the defects
lower the local symmetry, giving rise to new alla@venodes in a lower symmetry

group. But these new modes are dominated by oxyipeations, due to their frequency

range. The Raman data are also supported by PASumanents which showed the
presence of Schottky defecisg., point defects involving uranium vacancies, in the
irradiated UQsamples. The good agreement between the DB-PAS&®pter and the

intensity of the Raman triplet defect bands for $hene electron energy and irradiation
charge can be evidenced in Figure 8. The lattezailsvthat both methods characterize

defects resulting from displacements in the uransulmlattice.

[Figure 8 about herel]

However, a slight variance in the electron enetggghold for the apparition of the

Raman triplet defect bands and the PAS (E) paramatebe observed in Figure 8. The
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minimum electron energy required to induce the Ramtniglet bands lies between 1.8
MeV and 1.9 MeV. On the other hand, PAS methoddataracterize point defects that
are generated by electrons with energy close tdMke¥. The difference in the electron
energy threshold can be attributed to the much enigdensitivity of the PAS to

characterize defects compared to Raman spectrascopy

4.3.Raman triplet defect bands: Uranium interstitilsUranium vacancies

The electron irradiation experiment allowed to gsthe Raman defect bands to
irradiation damages involving uranium-type pointfed¢s. However, additional

information is still required to differentiate began uranium interstitials and uranium
vacancies. The Raman and PAS data available initdrature were considered to

determine the exact origin of the Raman defect band

Labrim et al. [29] investigated the thermal evolution of the &daN annihilation
parameters of a 45 MeV alpha-irradiated AM{sk. The authors reported that the PAS
signals, which are relevant to uranium vacancytedladefects, are annealed at
temperatures between 800°C and 1300°C. These datanagood agreement with
studies carried out by Naka¢ al.[30] and Weber [31]. On the other hand, Desgranges
etal. [32] studied the annealing behavior of the Ramigutet defect peaks under high-
temperature conditions and showed that the defautidinduced by a 25 MeV alpha

beam are annealed between 375°C and 525°C.

The difference in the annealing temperatures inegahat these two methods
characterize different types of uranium defectghla study, the presence of irradiation-
induced Schottky defects was confirmed by PAS dudé annihilation of positrons in

negatively charged uranium vacancy sites (whialoitsthe case for oxygen vacancies).

PAS is predominantly sensitive to vacancy-type dsfethus, it can be stipulated that
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the Raman triplet defect bands are due to a comgédect that involves uranium

interstitials.

In this study, it was observed that electron im#dn induces a relatively low
concentration of point defects. It is thereforeikally that the new chemical bonds they
generate are at the origin of the triplet defeatdsa However, each point defect can
cause a re-arrangement of the atoms which surrouate located near the defect. This
results in a slight displacement of these atomsftbeir original positions and gives
rise to a domain with a specific symmetry whictdierent from that of the Fm-3m
prevailing in UQ. It is most likely that these domains have a sytnyrlewer than Fm-
3m with the loss of one or more symmetry elemesush as translational symmetry,
centering F or a symmetry operation, like for ins@mirror or rotation operations and
is responsible for the apparition of the Ramanidtidefect bands. A study is currently
underway to determine the loss of which elemergyofimetry could be at the origin of

the appearance of the defect bands.

5. Conclusions

This study was devoted to provide an in-depth amlgf the triplet defect bands that
appear on the Raman spectra of irradiated nudeds.fAn experiment was performed
whereby several sintered YJ@isks were irradiated with electrons of differenergies

and were then subjecteddr situRaman and PAS measurements.

Experimental results showed that the electron gnémgshold for the apparition of the
Raman triplet defect bands lies between 1.8-1.9 Myond which the intensity of the
defect bands exhibits a continuous increase upd2V. This observation is in good

agreement with the evolution of the nuclear stoppower in the same energy range
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and implies that the Raman defect bands are dtigetéormation of atomistic defects

resulting from the ballistic collisions of the ideint electrons with U and @toms.

A detailed Raman analysis coupled with PAS measemsnshowed that the Raman
bands occur due to displacements in the uraniumagtibe. These point defects induce
the re-arrangement of UYOlattice atoms giving rise to domains with a specif

symmetry which is different from that of the Fm-pmevailing in UQ.

6. Acknowledgements

This work was conducted and funded within the franork of the French Tripartite

Institute CEA/EDF/Framatome [Project Transport eitréposage]. The authors are
grateful to the EMIR committee for allocating LSddmtime. C. Tanguy and D. Drouan
(CEA/DEN/LLCC) are warmly acknowledged for their seéance with samples

preparations.

7. Data availability
The raw/processed data that support the findingthiefstudy are available from the

corresponding author, [R. Mohun], upon request.

8. References

[1] C. Sabathier, G. Martin, A. Michel, G. Carlot, Saitard, C. Bachelet, F. Fortur
O. Kaitasov, E. Oliviero and P. Garcia, "In-situ MIEObservation of nanweid
formation in UQ under irradiation,'Nucl. Instrum. Methods Bvpl. 326, p. 247—-
250, 2014.

[2] H. Palancher, R. Kachnaoui, G. Martin, A. Richadd,Richaud, C. Onofri, |
Belin, A. Boulle, H. Rouquette, C. Sabathier, G. CarlotPBsgardin, T. Sauva(
F. Rieutord, J. Raynal, P. Goudeau and A. Amba8train relaxation in H
implanted UQ polycrystals under thermal treatment: An in sitRIX study,"J.
Nucl. Mat.,vol. 476, p. 63-76, 2016.

16



[3] H. Chiang, T. Zweifel, H. Palancher, A. Bonnin,Beck, P. Weiser, M. Ddblinge
C. Sabathier, R. Jungwirth and W. Petry, "Evideat@morphous interdiffusic
layer in heavy ion irradiated U-8wt%Mo/Al interfa;eJ. Nucl. Mat.,vol. 440,p.
117-123, 2013.

[4] G. Carlot, C. Sabathier, S. Maillard, A. Michel, Bartin, E. Gilabert, F. Fortur
and P. Garcia, "Study of Rare Gases Behavior imiuna Dioxide," inEPJ Web ¢
ConferencesINSTN Cadarache, France, 2016.

[5] J. Crocombette, L.Van Brutzel, D. Simeone and L. Luneville, "Moleat
dynamics simulations of high energy cascade inredlalloys: Defect productic
and subcascade divisiord,"Nucl. Mat.vol. 474, p. 134-142, 2016.

[6] S. Maillard, G. Martin and C. Sabathier, "Whyteady state void size distribut
in irradiated U@? A modeling approach.Nucl. Instrum. Methods Bvpl. 374, p
58-66, 2016.

[7] G. Martin, P. Garcia, C. Sabathier, F. Devynck, Kflack and S. Maillard, "
thermal modelling of displacement cascades in urandioxide,"Nucl. Instrum
Methods B.yol. 327, p. 108-112, 2014.

[8] G. Martin, P. Garcia, C. Sabathier, L. Van Brut&l,Dorado, F. Garrido and
Maillard, "Irradiation-induced heterogeneous nuttgain uranium dioxide,Phy.
Let. A,vol. 374, p. 3038-3041, 2010.

[9] R. Skorek, S. Maillard, A. Michel, G. Carlot, E. |&ert and T. Jourde
"Modelling Fission Gas Bubble Distribution in JODefect and Diffusion Forur
Vols. 323-325, p. 209-214, 2012.

[10] C. Onofri, C. Sabathier, HPalancher, C. Carlot, S. Miro, Y. Serruys,
Desgranges and M. Legros, "Evolution of extenddeals in polycrystalline U®
under heavy ion irradiation: combined TEM, XRD aR@&man study,"Nucl.
Instrum. Methods Byol. 374, pp. 51-57, 2016.

[11] R. Mohun, L. Desgranges, J. Léchelle, P. Simon, G. Gretidre, A. Canizares,
Duval, C. Jégou, M. Magnin, N. Clavier, N. Dache(@X, Valot and R. Vauch
"Charged defects during alplvaadiation of actinide oxides as revealed by Ra
and luminescence spectroscophyicl. Instrum. Methods Bvol. 374, pp. 6770,
2016.

[12] Z. Talip, T. Wiss, P. Raison, J. Paillier, D. Mamad. Somers and R. Konin
"Raman and Xay Studies of Uranium—Lanthantihixed Oxides Before ar
After Air Oxidation,"J. Am. Ceram. Soorpl. 98, pp. 2278-2285, 2015.

[13] M. Razdan and D. Shoesmith, "Influence of TrivalBopants on the Structu

17



and Electrochemical Properties of Uranium Dioxid&¥)," J. Electrochem. Sor
vol. 161, pp. H105-H113, 2014.

[14] G. Guimbretierel.. Desgranges, A. Canizares, G. Carlot, R. Carapéll Jégot
F. Duval, N. Raimboux, M. Ammar and P. Simon, "Detmation of indeptt
damaged profile by Raman line scan in a pre-cdt Hadiated UG," Appl. Phys
Lett.,vol. 100, p. 251914, 2012.

[15] O. Maslova, G. Guimbretiere, M. Ammar, L. Desgrage. Jégou, A. Canizal
and P. Simon, "Raman imaging and principal compbraralysisbased dat
processing on uranium oxide ceramidgdt. Characterizationyol. 129, pp. 260-
269, 2017.

[16] M. Berger, J. Coursey, M. Zucker and J. Chang, "EST8®pping powers at
ranges for electrons calculator,” National Insétof Standards and Technolog
[Online]. Available: https://physics.nist.gov/PhyfRata/Star/Text/ESTAR.htn
[Accessed 24 September 2017].

[17] M. Boschini, P. Rancoita and M. Tacconi, "SReL Calculator: Screene
Relativistic (SR) Treatment for Calculating the jp&cement Damage and Nucl
Stopping Powers for Electrons, Protons, Light- ahehvy- lons in Material
(version 3.9.5)," INFN sez. MilanBicocca, Italy, 2014. [Online]. Availabl
http://www.sr-niel.org/index.php/electrons-nidiculator. [Accessed 10 Augi
2017].

[18] P. Desgardin, L. Liszkay, M. Barthe, L. Henry, JriaBdd, M. Saillard, L
Lepolotec, C. Corbel, Blondiaux, A. Colder, P. Marie and M. Levalois, 6%
Positron Beam Facility in Orléandylat. Sci. ForumVols. 363-365, pp. 52325,
2001.

[19] M. Barthe, H. Labrim, A. Gentills, P. Desgardin,@rbel, S. Esnouf and P. Pir
"Positron annihilation characteristics in klCfor lattice and vacancy defe
induced by electron irradiationPhys. Stat. Solvol. 10, pp. 3627-3632, 2007.

[20] P. Graves, "Raman microprobe spectroscopy of unadioxide single crystals a
ion implanted polycrystalsAppl. Spectroscyol. 44, pp. 1665-1667, 1990.

[21] G. Allen, I. Butler and N. Tuan, "Characterizatioh uranium oxides by micro-
Raman spectroscopy]’ Nucl. Mat.vol. 144, pp. 17-19, 1987.

[22] D. Manara and B. Renker, "Raman spectra of stambidac and hyper-
stoichiometric uranium dioxide,J. Nucl. Mat.yol. 321, p. 233-237, 2003.

[23] L. Desgranges, G. Baldinozzi, P. Simon, G. Guiniéretand A. Canizare
"Raman spectrum of U409: a new interpretation ahage lines in UQ" J.

18



Raman Specvol. 43, pp. 455-458, 2012.

[24] G. Dolling, R. Cowley and A. Woods, "The Crystal naynics of Uraniur
Dioxide," Canadian Journal of Physicsol. 43(8), pp. 1397-1413, 1965.

[25] G. Guimbretiére, L. Desgranges, A. Canizarés, Rral@alo, F. Duval, N
Raimboux, R. Omnée, M. Ammar, C. Jégou and P. Sinibn situ Rama
monitoring of He2+ irradiation induced damage U@, ceramic,"Appl. Phys
Lett.,vol. 103, p. 041904, 2013.

[26] I. Lewis and H. Edwards, Handbook of Raman Spectqmg From theResearc
Laboratory to the Process Line, New York : MarcekRer, Inc. , 2001.

[27] J. Wiktor, "Coupled experimental and DFT+U inveatign of positron lifetimes i
UQO,," PhD thesis, Aix-Marseille University, 2015.

[28] J. Soullard, "High voltage electron microscope obetgons of UQ," J. Nucl. Mat.
vol. 315, pp. 190-196, 1985.

[29] H. Labrim, M. Barthe, P. Desgradin, T. SauvageCGrbel, G. Blondiaux and
Piron, "Thermal evolution of the vacancy defectstribution in 1 MeV heliur
implanted sintered U£)' Nucl. Instrum. Methods Bvpl. 261, p. 883-887, 2007.

[30] N. Nakae, Y. Ilwata and T. Kirihara, "Thermal recovef defects in neutrc
irradiated UQ," J. Nucl. Mat.vol. 80, pp. 314-322, 1979.

[31] W. Weber, "Thermal recovery of lattice defects ipha-irradiated U@ crystals,’
J. Nucl. Mat.vol. 114, pp. 213-221, 1983.

[32] L. Desgranges, G. Guimbretiere, P. Simon, F. DuRalDmnée, C. Jégou and
Caraballo, "Annealing of the defects observed byn&a spectroscopy in YO
irradiated by 25 MeV H& ions,” Nucl. Instrum. Methods Bvol. 327, p. 7477,
2014.

19



=
fa}
1

o
~
1

S
[N]
1

Norm. Intensity (arb. units)

Virgin UO2
¥ 1 Y I g I 5 I L I % I

400 450 500 550 600 650 700
Raman Shift (cm™)

Raman spectra of avirgin UO, and the disksirradiated at different electron energy. Results shown
here were obtained following the Raman mapping of UO, surfaces using the Renishaw Invia
spectrometer with the parameters indicated in the text. The Raman spectra were then normalized by
the T,y peak intensity.



0.1

0.08
—1.5 MeV
5 0.06 1.6 MeV
£ —1.7 MeV

&

] 1.8 MeV
) E
E 0.04 1.9 MeV
z —2.0 MeV
= —32.1 MeV
s —22 MeV
—2.3 MeV
—2.4 MeV
i —2.5 MeV

0,02

509 529 549 569 549 609 629 649 669 689
Raman Shifl {em-1)

Evolution of the irradiation-induced Raman signals as a function of electron energy in the 509-698
cm™ spectral range. These results were obtained by subtracting the Raman spectra of irradiated
samples with areference virgin UO, spectrum after the initial baseline subtraction followed by the
data normalization step. (For interpretations of the referencesto color in thisfigure, the reader is
referred to the online version of this manuscript).



0.1

1 OUI {332 ¢m-1)
0.00 | AU2 (574 cm-1) ‘
X L3 (636 cm-1) ¥
0.08 ] ‘
0.07 - |
£ 0.06 - |
£ I
"/
20.05 f
£ I
E 0.4
: %
E .
Z 0.03 X X ]
0.02 - X i &
] X
0.01 - O
] é O
0 P i T T T T T
1.5 1.7 1.9 2.1 23 25

Electron Energy (MeV)

Evolution of U1 (532 cm™), U2 (574 cm™) & U3 (636 cm™) as afunction of electron energy. Findings
shown here were obtained from the line fitting procedure by fixing the positions of the defect bands.
(For interpretations of the referencesto color in thisfigure, the reader isreferred to the online version
of this manuscript).



1.08 - 2 1.6MeV (1.686C)
4 1.7MeV (1.8C)
B 1.9MeV (1.43C)
1106 x. X 2.1MeV (1.68C)
: g I 2.2MeV (1.8C)
% ¥ 2.4MeV (0.24C)
¥ 2.4MeV (1.43C)
gf 1.04 4 m
1.02 De-= 060 U02 Bulk
1.00 4
UQ, Lattice
0.98 . - r . .
0.90 0.95 1.00

WIW,

Relative low momentum fraction §/S; versus relative high momentum fraction W/W,_ for the virgin
and electron-irradiated UO,. Measurements were performed using a positron beam energy ranging
from 16 to 18 keV and the obtained S and W data were then divided by reference values (S. = 0.3713
and W, = 0.07856) corresponding to a defect-free UO, lattice. (For interpretations of the referencesto
color in thisfigure, the reader is referred to the online version of this manuscript).



& UI+U2+L3 (em-1)
0.2 4 +
Z .
— i
£ 0.15
=
¢
E 0.1 4
: ¢
g
e 4
0.05 ®
[ ]
®
‘0 ——@ 87— T
1.5 1.7 1.9 2.1 23 2.5
Electron Energy (MeV)

Overall evolution of the Raman triplet bands intensity (U1+ U2+ U3) as a function of €l ectron energy
for theirradiation charge between 1.43 C-1.8 C



1.80x10°
] —@— Electronic St.Power
1 35510° —dh— Nuclear St Power
.35x10"
p O L |
9.00x10°" H
= 1
o~ -1 _|
E 4.50x10
Q
>
m L~ L~
E - b
x
o
5 1.5910°
1.06x10°5
6 |
5.30x10 \
0.00 z T ¥ T T T : T T T T T ' T
1.0 1.2 1.4 1.6 1.8 2.0 2.2 24

Electron Energy (MeV)

Electronic and nuclear stopping power for electrons (1.0-2.5 MeV energy range) in UO,. Simulations
were performed using the ESTAR code (el ectronic stopping power) and the NIEL program code
(nuclear stopping power). For the calculations, the displacement energy (Ed) of oxygen and uranium
in UO, were considered to be 20 eV and 40 eV respectively [28].



0.00198

0.00132 +

0.00066 -

Uranium defects (cm™)

0.00000 -

&~ 0.00096

£

=

®

Q

-.g 0.00064

o

5 —o—0—0—0 0 0—0—0—0—4¢
2

>

& 0.00032

0.00000 : ; ; ; ;
14 16 18 2.0 22 24

Electron Energy (MeV)

The uranium and oxygen point defects concentration in the 1.4-2.5 MeV electron energy range.
Calculations were performed using the irradiation parameters for the considered electron energies and
the cross section values for displacements in the O and U sub-lattice as reported by Soullard [28].



| A PAS A - 0.20 ~

106 7 % Raman A * 2

1.05 ~ y'N - 0.15 E

©

5 1.03 A +r c

. " 5

1.02 * - 0 05§

1.01 4 * o UO, Bulk (defect-free) | S

' #___*__* _________________ 22T NI T L 0.00Z
1.00 T T T ' T ' T '

16 1.8 2.0 22 24 26

Electron Energy (MeV)

Comparison of the PAS (§/S,) and Raman (U1 + U2 + U3) resultsin the 1.6-2.5 MeV €lectron energy

range.



