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ABSTRACT
For th� first tim� at th� SOLEIL synchrotron facility's MARS b�amlin�, UO2 singl�-crystal-lik� sampl�s
und�rw�nt charact�rization, and strain d�pth profil�s w�r� �stablish�d. Singl� crystals ori�nt�d along
(110) and (111) w�r� submitt�d to ion irradiation in th� nucl�ar �n�rgy-loss r�gim� (Sn) using 900 k�V
I2+ ions, and also with concomitant �l�ctronic �n�rgy d�position (S�) using 27 M�V F�9+ ions. X-ray
diffraction m�asur�m�nts w�r� conduct�d at th� MARS b�amlin�, sp�cializ�d for radioactiv� mat�rial
analysis. High-angular-r�solution r�ciprocal spac� maps around asymm�trical r�fl�ctions and conv�n-
tional symm�trical θ/2θ scans w�r� r�cord�d. Analysis with th� RaDMaX softwar� allow�d r�tri�ving
th� strain d�pth profil�s. R�sults r�v�al that th� Sn-irradiat�d surfac� lay�r �xhibits t�nsil� strain along
its normal with no in-plan� strain, that this normal strain is partially r�lax�d by S�. Both crystal ori�n-
tations display similar b�havior, but not with th� sam� magnitud�. Comparison with polycrystals in-
dicat�s a mor� pronounc�d strain r�laxation in th� latt�r cas�.
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I� Introduction
In a nucl�ar r�actor, mat�rials ar� inh�r�ntly submitt�d to �n�rg�tic particl� irradiation, which

includ�s n�utron, fission fragm�nts, alpha particl�s, and r�coil atoms. During this proc�ss, th� �n�r-
g�tic particl�s int�ract with solids, th�r�by progr�ssiv�ly losing th�ir �n�rgy according to two distinct
proc�ss�s that d�p�nd on th�ir v�locity. Th�s� proc�ss�s ar� d�scrib�d in d�tails in s�v�ral books (s��
[1, 2] for instanc�), and w� thus only r�call h�r�aft�r th�ir charact�ristics r�l�vant for this work. A
proj�ctil� with a low v�locity (as compar�d to th� v�locity of its own �l�ctrons) �ss�ntially int�racts
with cond�ns�d matt�r through �lastic - also call�d nucl�ar or ballistic - collisions with th� nucl�i of
th� targ�t atoms. If th� transf�rr�d �n�rgy is gr�at�r than a thr�shold displac�m�nt �n�rgy (Ed), th�
knock-on atom is �j�ct�d from its lattic� sit�, pot�ntially inducing a collision cascad� [2, 3]. Th� as-
sociat�d slowing-down proc�ss is d�scrib�d by th� nucl�ar stopping pow�r (Sn); h�nc�, Sn h�r�aft�r
d�not�s th� ballistic collision r�gim�. Swift ions �ss�ntially int�ract with �l�ctrons of th� targ�t atoms,
inducing �xcitation and ionization �v�nts, and this slowing-down is d�scrib�d by th� �l�ctronic stop-
ping pow�r (S�); h�r�aft�r, w� us� S� to r�f�r to th� ionization r�gim�. A significant amount of this
�l�ctronic �n�rgy can b� transf�rr�d to th� atomic n�twork through an �l�ctron-phonon coupling,
which may produc� atomic displac�m�nts, but thos� latt�r do not n�c�ssarily add up to th� ballistic
d�f�cts. Ind��d, syn�rgistic �ff�cts, wh�r� both Sn and S� ar� involv�d (�ith�r subs�qu�ntly or simul-
tan�ously), rar�ly ar� th� simpl� r�sult of th� alg�braic sum of th� two contributions wh�n it com�s to
lattic� disord�r. Th� mat�rial can h�nc� b� driv�n to diff�r�nt microstructural stat�s spanning from
l�ss to mor� disord�r�d on�s, d�p�nding on th� consid�r�d mat�rial (s�� [2, 4-6] as a f�w �xampl�s
of th�s� coupl�d Sn-S� �ff�cts). In any cas�, th� mat�rial microstructur� is significantly modifi�d (as
compar�d to an irradiation with a sol� Sn b�am), and th� int�nsity of this chang� d�p�nds on th� dis-
ord�r l�v�l and typ� pr�s�nt wh�n th� Sn and S� coupling tak�s plac� and on th� magnitud� of th� S�
compon�nt [2, 4, 7]. Th�r�for�, g�tting a b�tt�r knowl�dg� of th� �ff�cts on th� microstructur� of th�
�n�rgy partitioning b�tw��n th� �l�ctronic and atomic n�tworks constitut�s an important issu� to
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addr�ss. B�sid�s, coupling th� two �n�rgy d�position proc�ss�s pr�s�nts th� advantag� of b�tt�r
r�producing actual in-s�rvic� conditions, particularly r�garding th� nucl�ar fu�l.

Uranium dioxid� (UO2) is th� bas� compound of th� most us�d nucl�ar fu�l worldwid�. It has
cons�qu�ntly b��n th� focus of a hug� amount of both �xp�rim�ntal and computational studi�s d�al-
ing with radiation �ff�cts. It is not in th� scop� of this pap�r to pr�s�nt a r�vi�w of thos� �ff�cts; th�
r�ad�r can r�f�r to [8] and r�f�r�nc�s th�r�in for this purpos�. W� simply want to r�call h�r� that
r�garding coupl�d Sn-S� �ff�cts, only a f�w works hav� b��n carri�d out in UO2, and th� vast majority
of th�m ar� �xp�rim�ntal on�s [9-14]. Th� major r�sult r�c�ntly r�port�d is that th� kin�tics of th�
d�f�ct transformation s�qu�nc� (i.e., point d�f�cts, dislocation loops and finally, dislocation lin�s, as
d�scrib�d in th� abov�-m�ntion�d pap�rs) is drastically modifi�d by an �l�ctronic �n�rgy d�position.
Th� magnitud� of this chang� d�p�nds on th� curr�nt disord�r l�v�l, on th� amount of d�posit�d
�n�rgy and on th� t�mporality of th� d�position, i.e., subs�qu�nt to Sn irradiation (Sn+S�) or concomi-
tant to Sn (Sn&S�) [9, 14]. Ind��d, s�qu�ntial irradiation �xp�rim�nts (Sn+S�) w�r� conduct�d on poly-
crystals. A growth of dislocation loops was obs�rv�d, but to a l�ss�r �xt�nt than with simultan�ous
dual-b�am irradiations. This r�sult was �vid�nc�d in irradiat�d UO2 p�ll�ts and put forward using s�v-
�ral charact�rization t�chniqu�s such as Raman sp�ctroscopy, transmission �l�ctronmicroscopy (TEM)
and/or X-ray diffraction (XRD). R�garding this latt�r t�chniqu�, th� first work cl�arly showing coupl�d
Sn&S� �ff�cts was carri�d out using a laboratory XRD d�vic� and focus�d on d�t�rmining th�
strain/str�ss stat� of irradiat�d polycrystallin� sampl�s using an approach known as th� sin2Y-m�thod
[15, 16]. It was d�monstrat�d that th� strain/str�ss l�v�l in th� surfac� r�gion (that is aff�ct�d by th�
�n�rg�tic ions) of Sn&S�-irradiat�d p�ll�ts was significantly diff�r�nt from th� on� d�t�rmin�d aft�r
th� sol� Sn irradiation [12]. Y�t, th� m�thodology us�d in [12] r�li�s on som� limiting assumptions
inh�r�nt to th� m�thod its�lf and to th� polycrystallin� natur� of th� sampl�s (s�� [17] for a r�vi�w of
th� diff�r�nt approach�s of th� sin2Y�m�thod). First, th� sampl� b�ing of polycrystallin� natur�, no
information r�garding a pot�ntial �ff�ct of th� crystallographic ori�ntation could b� d�t�rmin�d, al-
though it is not absurd to �nvision that diff�r�nt ori�ntations, i.�., �xhibiting diff�r�nt �lastic con-
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stants, would �xhibit diff�r�nt b�havior r�garding strain/str�ss d�v�lopm�nt. S�cond, no strain/str�ss
d�pth profil� could b� obtain�d (th� information was av�rag�d ov�r th� X-ray prob�d thickn�ss), but
it is highly �xp�ct�d that, with th� us�d irradiation conditions, a flat strain profil� would not d�v�lop,
as alr�ady broadly r�port�d in th� lit�ratur� [18].

In th� curr�nt work, to go furth�r into th� und�rstanding of this Sn&S� syn�rgistic �ff�ct, and
to provid� additional information about it, w� continu�d th� study on UO2 irradiat�d in �ith�r th� Sn
or in th� coupl�d Sn&S� r�gim�s, but with thr�� major diff�r�nc�s in th� approach: (i) w� inv�stigat�d
singl�-crystal-lik� sampl�s (s�� s�ction II for th� m�aning of this t�rm) to limit th� �ff�cts of �lastic
anisotropy (du� to random crystallin� ori�ntation inh�r�nt in polycrystals) on th� d�v�lopm�nt of
strain and th� associat�d d�f�ct �volution, w� �xamin�d both (110)- and (111)-ori�nt�d crystals to put
forward any crystallographic dir�ction influ�nc� on th� syn�rgy �ff�ct, and (ii) w� p�rform�d high-
r�solution XRD m�asur�m�nts (at th� MARS b�amlin�), coupl�d with XRD signal r�fin�m�nt, to �s-
tablish th� strain/str�ss d�pth profil�s.

II� Experimental details
II.1. UO2 sampl�s
(110)- and (111)-ori�nt�d UO2 (0.3% 235U) sampl�s, coming from th� Joint R�s�arch C�nt�r

(JRC-K) in Ispra (Italy), w�r� us�d in this study. Th�s� crystals ar� call�d “singl�-crystal-lik�” b�caus�
th�y ar� high quality multi-crystals, as �xplain�d in [19] and furth�r justifi�d in this pap�r. Bri�fly, thos�
sampl�s ar� compos�d of a 2 to 3 v�ry larg� (i.e., mm siz�) crystals, �xhibiting th� sam� (hkl) ori�n-
tation with r�sp�ct to th� sampl� surfac�, with slight angular misori�ntations with r�sp�ct to �ach
oth�r (typically low�r than 1 d�gr��). Th�s� crystals w�r� slic�-shap�d, th�n m�chanically polish�d
until mirror-lik� finish with diamond past�s down to 0.5 µm, and finally ann�al�d at 1700 °C to r�mov�
any damag� cr�at�d during th� polishing proc�ss, in a mixtur� of H2/Ar gas�s containing 5 vol. % of H2
to assur� th� stoichiom�tric ratio of O/U = 2. Th� lattic� param�t�r of pristin� sampl�s was m�asur�d
by XRD, as for irradiat�d sampl�s (s�� S�ction II.2.), and found to b� 0.5472 nm [19].

II.2. Irradiation conditions
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Ion irradiations w�r� carri�d out at th� JANNuS-Saclay facility [20]. Two diff�r�nt ions w�r�
us�d, s�parat�ly and simultan�ously: 900 k�V I2+ ions (to a flu�nc� of 5.5x1014 cm-2) for th� Sn r�gim�
and 27 M�V F�9+ ions (to a flu�nc� of 1.1x1015 cm-2) for th� S� r�gim�. Th� flux of th� I2+ ion b�am was
4x1010 cm2.s-1, and that of th� F�9+ ion b�am was 2 tim�s high�r to maximiz� th� Sn&S� syn�rgy �ff�ct.
It was tak�n car� that no macroscopic incr�as� in t�mp�ratur� abov� 25 °C occurr�d during th�s�
irradiations (as controll�d by th�rmocoupl�s). Using th� commonly admitt�d thr�shold displac�m�nt
�n�rgi�s of 20 and 40 �V for th� O and U sub-lattic�s, r�sp�ctiv�ly [21], th� disord�r induc�d by I2+ ion
irradiation p�ak�d, for a 5.5x1014 cm-2 flu�nc�, at 4 dpa, and at 1.6 dpa for a 1.1x1015 cm-2 F�9+ flu�nc�
(with a U:O ratio of 2 for both). Th� �n�rgy-loss d�position profil�s, which ar� of primary int�r�st in
this work as our main purpos� is to show a syn�rgy b�tw��n th� �n�rgy d�position proc�ss�s, ar�
pr�s�nt�d in S�ction III.1.

II.3. XRD m�asur�m�nts
High-r�solution X-ray diffraction (HR-XRD) m�asur�m�nts w�r� carri�d out at th�MARS (Multi

Analysis of Radioactiv� Sampl�s) b�amlin� of th� SOLEIL synchrotron facility, d�dicat�d to radioactiv�
mat�rial analys�s [22, 23]. As this is th� first tim� that th� r�sults of such m�asur�m�nts on this b�am-
lin� ar� r�port�d in th� lit�ratur�, w� provid� in th� App�ndix substantial d�tails about th� s�tup and
th� proc�dur� that w� us�d. In th� curr�nt S�ction, w� pr�s�nt only th� major information. Th� X-ray
wav�l�ngth l was s�t to 0.1537591 nm (s�� suppl�m�ntary mat�rial). A point scintillation d�t�ctor
locat�d b�hind a G�(111) analyz�r crystal mount�d on th� 2q arm was us�d to r�cord th� diffract�d x-
rays. Sp�cifically, r�ciprocal spac� maps (RSMs) w�r� r�cord�d in th� vicinity of 424 and 006 r�fl�c-
tions of th� (110)- and (111)-ori�nt�d UO2 crystals, r�sp�ctiv�ly, with a st�p siz� of 0.008 ° for both ω
and 2θ scanning motors (s�� app�ndix). In addition, conv�ntional q-2q 1D scans w�r� acquir�d around
th� 220 and 222 r�fl�ctions, for �ach of th� two crystal s�ts, r�sp�ctiv�ly, using a 0.002 ° st�p siz�. Th�
RSMs ar� plott�d h�r�aft�r in (Qx, Qz) fram�s wh�r� Qx and Qz ar�, r�sp�ctiv�ly, th� in-plan� and out-
of-plan� coordinat�s of th� scatt�ring v�ctor Q (of amplitud�𝑄 =  4 𝜋 sin 𝜃 𝜆 , θ b�ing half th� scat-
t�ring angl�); sp�cifically, 𝑄𝑥 =  𝑄 sin (𝜔 −  𝜃) and 𝑄𝑥 =  𝑄 cos (𝜔 −  𝜃), wh�r� ω is th� incid�nc�
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angl� of th� X-ray b�am on th� lattic� plan�s parall�l to th� surfac�. Th� symm�tric 1D scans ar� plot-
t�d as a function of th� opposit� th� strain -ε[hkl] = -(d – dB) / dB ≈ (Q - QB)/QB wh�r� dB is th� lattic�
spacing corr�sponding th� Bragg p�ak with position QB, and ε[hkl] is th� strain along th� [hkl] dir�ction
(that is p�rp�ndicular to th� crystal surfac� in th� pr�s�nt cas�). Th�s� 1D XRD scans w�r� simulat�d
with th� RaDMaX softwar� [24] to �xtract th� strain d�pth profil�s in th� irradiat�d r�gion.

III� Results
III.1. Irradiation-induc�d �n�rgy-loss d�pth profil�s
Th� Sn and S� d�pth profil�s w�r� calculat�d, using th� Iradina cod� [25], and ar� plott�d in

Fig.1. Thos� profil�s ar� th� obj�ct of a d�dicat�d s�ction b�caus� th�y allow to cl�arly �xplain which
part of th� bulk sampl�s must b� consid�r�d for �ach irradiation s�qu�nc�. Th� maximum of Sn(I)
r�ach�s 4 k�V/nm at ~80 nm, a valu� which is suffici�nt to induc� in UO2, via collision cascad�s, sig-
nificant damag� in th� form of d�f�ct clust�rs. S�(I) do�s not �xc��d 3 k�V/nm, a low valu� that is
admitt�d to only slightly aff�ct th� microstructur� in UO2. Mor�ov�r, this compon�nt is always pr�s�nt
(i.e., for both Sn and Sn&S� irradiations), so that its pot�ntial �ff�ct on th� disord�r l�v�l is includ�d in
all �xp�rim�nts and it will thus not hamp�r th� monitoring of th� �xp�ct�d �ff�ct of S�(F�). R�garding
this latt�r compon�nt, it is almost constant ov�r th� �ntir� I2+ ion rang�, wh�r� it r�ach�s 12 k�V/nm,
a valu� that has b��n shown to b� suffici�ntly high to induc� a chang� in th� d�f�ct distribution cr�-
at�d by �lastic collisions in UO2 polycrystallin� p�ll�ts [9, 12, 14, 26]. Sn(F�) is low�r than 0.1 k�V/nm
ov�r th� �ntir� I2+ ion rang�; this valu� incr�as�s to 0.8 k�V/nm in th� �nd-of-rang� of th� F�9+ ions. In
both r�gions, this �n�rgy d�position can l�ad to d�f�ct cr�ation; this latt�r point will b� discuss�d
h�r�aft�r.



7

Fig. 1: Nuclear (Sn, solid lines) and electronic (Se, dashed lines) energy-loss depth distributions of 900 keV
I2+ and 27 MeV Fe9+ projectiles, as calculated using the Iradina code [25]; depth is in logarithmic scale.

III.2. Strain stat� of irradiat�d crystals
Fig.2 pr�s�nts r�ciprocal spac� maps r�cord�d in th� vicinity of th� 424 r�fl�ction of two

(110)-ori�nt�d UO2 crystals: th� sampl� irradiat�d in th� sol� Sn r�gim� (Fig.2a) and th� on� submitt�d
to th� coupl�d Sn&S� r�gim�s (Fig.2b). It is worth noting that this r�fl�ction (with hkl diff�r�nt from th�
crystal ori�ntation) is s�nsitiv� to th� pr�s�nc� of strain in th� dir�ction normal to th� sampl� surfac�,
so that, if such strains d�v�lop in th� mat�rial th�y would b� imm�diat�ly d�t�ct�d in th� data (s��
b�low). Such r�fl�ction is commonly r�f�rr�d to as an “asymm�tric” r�fl�ction. A f�w charact�ristic
f�atur�s in th� maps ar� important to m�ntion; not� that thos� f�atur�s w�r� also pr�s�nt on th�
maps (not shown h�r�) r�cord�d for th� (111) crystallographic ori�ntation. First, in Fig.2a (Sn r�gim�),
a high-int�nsity signal is r�cord�d at coordinat�s Qx = -48.714(5) nm-1 and Qz = 48.715(5) nm-1 which
corr�spond to thos� of th� 424 r�fl�ction with th� lattic� param�t�r of pristin� UO2 crystals (th� digit
in brack�ts corr�sponds to unc�rtainty). This signal h�nc� aris�s from th� unirradiat�d part of th�
sampl�s that is prob�d by th� X-rays. Th� additional str�ak that spr�ads, with continuous oscillations,
towards low Qz valu�s is du� to th� irradiat�d lay�r; it signs th� pr�s�nc� of a t�nsil� strain profil�
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along th� surfac� normal of th� sampl�s [27-29] which will b� r�tri�v�d by simulating th� 1D symm�t-
ric lin� scans pr�s�nt�d in S�ction III.3 Fig.3. This signal is confin�d in a v�ry narrow Qx r�gion (s�� r�d-
y�llow color in Fig.2a), with a low int�nsity diffus� scatt�ring signal spr�ading along th� Qx dir�ction
(light blu� color); both f�atur�s indicat� th� pr�s�nc� of small d�f�ct clust�rs, lik� small dislocation
loops, as pr�viously obs�rv�d in polycrystallin� UO2 irradiat�d in v�ry similar irradiation conditions [9,
26]. S�cond, th�s� f�atur�s s��m to b� duplicat�d, y�t with a much low�r int�nsity, on th� right-hand
sid� of th� map; this doubl� signal com�s from th� pr�s�nc� of two larg� crystals, slightly misori�nt�d
on� from th� oth�r, b�caus�, as m�ntion�d in S�ction II, th� crystals w� us�d ar� in fact multi-crystals,
or singl�-crystal-lik� crystals. It is worth �mphasizing that this charact�ristic do�s not hamp�r th� anal-
ysis of th� XRD signal, as alr�ady d�monstrat�d in [19, 30].

Fig. 2: XRD reciprocal space maps recorded in the vicinity of the 424 reflection of (110)-oriented UO2

single crystals irradiated in the Sn regime (a) and in the coupled Sn&Se regime (b). Intensity is plotted in
log-scale with the common rainbow color-code (low to high intensity from blue to red).

Th� ov�rall d�scription of th� RSM of Fig.2a (for th� Sn-irradiat�d crystal) holds for th� RSM of
Fig.2b, i.e., for th� Sn&S�-irradiat�d sampl�. F�w diff�r�nc�s can y�t b� notic�d. First, though this has
no cons�qu�nc�s on th� following, mor� mosaic blocks (i.�., mor� int�ns� p�aks) can b� d�t�ct�d in
th� data. S�cond, th� Qz-coordinat� of th� p�ak in th� high Qz r�gion diff�rs from th� on� m�asur�d
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for th� Sn cas�, 48.655 vs 48.714 nm-1. This diff�r�nc� (of ~0.12 % as d�pict�d in Fig. 2b) can b� �x-
plain�d by th� fact that with an incid�nc� angl� around 12 °, th� unirradiat�d part of th� sampl�s is
not prob�d by th� X-rays for th� dual-b�am irradiat�d crystals. Ind��d, 99 % of th� X-ray b�am is ab-
sorb�d within a thickn�ss not larg�r than 3 µm as calculat�d with th� m�thodology pr�s�nt�d in [31],
a thickn�ss that is shallow�r than th� F�9+ ions �nd-of-rang� r�gion. H�nc�, a larg� part of th� F�9+ ion
path is sampl�d (s�� Fig. 1). Th� corr�sponding high-int�nsity signal aris�s at a low�r Qz-valu� as com-
par�d to that r�cord�d for th� pristin� part of th� Sn-irradiat�d sampl� (s�� whit� dash�d lin�s in Fig.2),
indicating that this r�gion is �xp�ri�ncing a t�nsil� strain along th� surfac� normal. As it will b� shown
h�r�aft�r, this r�gion corr�sponds to part of th� Sn(F�) profil� along which th� formation of d�f�cts
has occurr�d (s�� Fig. 1). Third, and mor� important is th� fact that th� signal arising from th� surfac�
lay�r (aff�ct�d by both Sn and S�) spr�ads much l�ss towards low Qz valu�s (as compar�d to th� sol� I2+
ion irradiation); in addition, it is also l�ss confin�d in th� Qx r�gion, m�aning that th� diffus� scatt�ring
compon�nt is mor� int�ns�. Th�s� two charact�ristics constitut� an �vid�nc� of a chang� in th� sp�c-
trum (natur� and/or d�nsity) of th� Sn-induc�d d�f�cts, and most lik�ly indicat�s a transformation
from small dislocation loops to �xt�nd�d dislocation lin�s producing significant lattic� disord�r. In-
d��d, th�s� latt�r do�s not induc� a lattic� sw�lling (h�nc�, th� strain d�cr�as�s [32]), but th�y do
induc� a significant diffus� scatt�ring [30]. This modification in th� d�f�ct sp�ctrum was put forward
in polycrystallin� UO2 sampl�s [9, 13, 26] with a combination of XRD m�asur�m�nts and TEM imaging;
th� curr�nt HR-XRD data sugg�st that this ph�nom�non also tak�s plac� in singl�-crystal-lik� UO2. To
finish with th� RSMs, th� RSM of th� asymm�tric 424 r�fl�ction display�d in Fig. 2, hav� both an in-
plan� (Qx // [001]) and an out-of-plan� (Qz // [110]) scatt�ring v�ctor compon�nt. As such, th�y ar�
s�nsitiv� to strain d�v�loping both in th� in-plan� and out-of-plan� dir�ction. As alr�ady notic�d
abov�, th� fact th� RSM �xhibit an int�nsity str�ak along th� Qz dir�ction indicat�s th� pr�s�nc� of a
strain variation in th� dir�ction normal to th� surfac�. Conv�rs�ly, th� lack of Qx variation along this
str�ak, i.�. th� str�ak is p�rf�ctly v�rtical (including th� pristin� part of th� crystal), d�monstrat�s that
both th� pristin� part and th� irradiat�d r�gion of th� crystal shar� th� sam� lattic� param�t�r in th�
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dir�ction p�rp�ndicular to th� surfac� normal, and that no in-plan� strain variations occur in th� ir-
radiat�d r�gion.

This strain stat� can b� �xplain�d consid�ring that th� thick, rigid part of th� unirradiat�d sam-
pl� constrains th� irradiat�d lay�r to k��p its lat�ral dim�nsion upon irradiation-induc�d sw�lling, and
h�nc�, a biaxial, compr�ssiv� in-plan� str�ss (sxx=syy=s//) d�v�lops to pr�v�nt th� in-plan� lattic�
param�t�r chang�, which giv�s ris� to an additional out-of-plan� strain via Poisson r�action (s�� S�c-
tion III.4) [29]

An analogy with a thin film d�posit�d on a substrat� can b� mad� consid�ring this syst�m
mad� of a thin irradiat�d lay�r at th� surfac� of a bulk sampl�. This analogy with an �pitaxial lay�r
d�posit�d onto a substrat� holds �v�n wh�n r�laxation ph�nom�na tak� plac� to r�li�v� th� stor�d
�lastic �n�rgy, and th� lay�r simply r�cov�rs its str�ss-fr��, intrinsic lattic� param�t�r. A major dif-
f�r�nc� though is that strain r�laxation in thin films can tak� plac� during growth, wh�r�as no such
m�chanisms can, obviously, b� activat�d in an irradiat�d crystal wh�r� no growth tak� plac� p�r s�.
Diff�r�nt m�chanisms ar� th�r�for� activat�d to r�li�v� th� strain �n�rgy associat�d to lattic� sw�lling
and such as th� progr�ssiv� �volution of th� d�f�ct structur� in th� mat�rial.

A similar situation has b��n obs�rv�d in oth�r c�ramic oxid� mat�rials r�l�vant for a compar-
ison with th� curr�nt work, nam�ly singl�-crystallin� UO2 [30], ZrO2 [33] andMgO [34]. This strain stat�
was, bas�d on th�s� pr�vious r�sults, assum�d to hold in a form�r study of dual-b�am Sn&S� irradi-
ation �xp�rim�nts of UO2without furth�r proof [12]; w� d�monstrat� b�low that it do�s hold for th�s�
sp�cific irradiation conditions. This typical strain stat� is finally d�scrib�d by th� strain and str�ss t�n-
sors giv�n in Eq.1 (which is �xt�nsiv�ly d�scrib�d in [29]). It will b� us�d in th� following to compar�
th� r�spons� of th� UO2 crystals to irradiation according to th�ir crystallographic ori�ntation.

0 0 0
0 0 0
0 0 𝜖𝑧𝑧

𝜎𝑥𝑥 0 0
0 𝜎𝑦𝑦 0
0 0 0

Eq. 1
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Fig.3: HR-XRD scans recorded around both the 220 and the 222 reflections of the (110)- and (111)-
oriented UO2 single crystals, respectively. Curves corresponding to samples irradiated in the Sn regime
are displayed in (a), and those for the coupled Sn&Se regimes are plotted in (c). The corresponding strain
depth profiles, derived from the fitting of these curves, are presented in (b) and (d), respectively. In
figures 3b and 3d are also provided the Sn(I) and the Sn(Fe) profiles, respectively, for the purpose of
comparison with the strain depth profiles. The gray regions in (d) indicate the region of high disorder
where the determined lattice strain is less reliable; therefore, strain values were taken right below this
region.

III.3. Strain d�pth profil�s of irradiat�d crystals
In Fig.3 ar� display�d symm�tric 1D scans r�cord�d around th� 220 and 222 r�fl�ctions of th�

(110)- and (111)-ori�nt�d irradiat�d UO2 crystals, r�sp�ctiv�ly. Giv�n th� strain stat� of th� irradiat�d
sampl�s, th�s� scans ar� �quival�nt to scans along th� Qz dir�ction in th� RSMs pr�s�nt�d in Fig.2;
how�v�r, th�y hav� b��n r�cord�d in a symm�tric g�om�try, with a high�r angular r�solution. Th�s�
curv�s �xhibit classical f�atur�s of irradiat�d singl�-crystals (s�� [28, 29] and r�f�r�nc�s th�r�in), in-
cluding UO2 [19, 30]. First, an int�ns� p�ak is visibl� on th� right-hand sid� of th� plots and mor� pr�-
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cis�ly at a z�ro-strain l�v�l (𝛥𝑄 𝑄𝐵 = 𝜖 ℎ𝑘𝑙 =  0); this signal �manat�s from th� unirradiat�d part of
th� sampl�s and it is pr�s�nt for both ori�ntations and for both irradiation conditions. Ind��d, in con-
trast to th� maps display�d in Fig.2 for which a r�lativ�ly low incid�nc� angl� (max. ~12 °) was us�d,
for th� curr�nt symm�tric r�fl�ctions, th� incid�nc� angl� is b�tw��n ~23 and 30 °, which allows prob-
ing th� crystal b�yond th� F�9+ ion rang�. An additional signal spr�ading towards high 𝛥𝑄 𝑄𝐵 valu�s
is m�asur�d, originating from th� irradiat�d lay�rs. As �xp�ct�d from th� RSMs, this signal �xhibits a
fring� patt�rn, b�tt�r d�fin�d and spr�ading towards low�r Qz valu�s for Sn-irradiat�d sampl�s than
for Sn&S�-irradiat�d on�s. Th�s� diff�r�nc�s ar� r�lat�d, as abov�-�xplain�d, to a l�ss disord�r�d but
mor� strain�d lattic� for th� form�r crystals than for th� latt�r. Th� fitting of th� �xp�rim�ntal curv�s
allow�d d�t�rmining th� strain d�pth profil� in �ach crystal s�t (Figs. 3b-d). This strain profil�, for
Sn-irradiat�d sampl�s, looks similar to th� Sn(I) d�pth distribution (plott�d in gr��n dott�d lin� in
Fig.3b), both in shap� (p�ak-shap�) and d�pth-location (maximum at ~80 nm), but it is broad�r than
th� Sn(I) d�pth profil�. Th�s� findings ar� in lin� with pr�vious studi�s of irradiat�d c�ramic oxid�s
that, as UO2, do not und�rgo amorphization upon irradiation [30, 35]. For dual-b�am irradiat�d sam-
pl�s, th� strain profil� app�ars to b� mor� complicat�d: it �xhibits a first p�ak at ~80 nm, follow�d by
a w�ak gradual incr�as� of strain ov�r roughly 3 µm and it �nds with a s�cond p�ak locat�d at ~3.6 µm.
This gradual incr�as� �xplains th� shift in th� coordinat�s of th� main Bragg p�ak not�d in th� map of
Fig.2b. Th� r�gion b�low 80 nm, along with th� d��p p�ak, ar� du� to th� ballistically-induc�d disor-
d�r g�n�rat�d by th� F�9+ ions, th� corr�sponding strain profil� b�ing ind��d comparabl� to th� Sn(F�)
profil�. As abov�-m�ntion�d, th� nucl�ar �n�rgy-loss of th� 27 M�V F�9+ ions is suffici�nt to l�ad to
th� cr�ation of d�f�cts in UO2. Mor� importantly, th� shallow p�ak app�ars similar in shap� and po-
sition to th� on� obs�rv�d for th� singl�-b�am irradiation, but with an ov�rall low�r l�v�l (this obs�r-
vation is furth�r discuss�d b�low). This strain r�duction can h�nc� b� attribut�d to S�(F�), which agr��s
with th� sam� finding d�riv�d from th� RSMs of Fig.2. Pr�vious studi�s in polycrystals put forward a
similar partial strain r�laxation occurring b�caus� of th� formation of dislocation lin�s [26], that do not
induc� a lattic� strain, at th� �xp�ns� of dislocation loops, that do g�n�rat� a lattic� sw�lling [36]. This
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r�sult holds for our mod�l (singl�-crystal-lik�) UO2 sampl�s, and for th� two diff�r�nt crystallographic
ori�ntations. It should b� m�ntion�d that in th� highly strain�d r�gions (indicat�d by gr�y ar�as in Fig.
3d), th� l�v�l of disord�r is v�ry high, with a static D�by�-Wall�r r�aching almost z�ro (curv�s not
shown). This is a dir�ct indication of a morphological chang� of th� d�f�ct structur�, although it may
also indicat� amorphization. How�v�r, bas�d on pr�vious studi�s [32, 37], th� most lik�ly sc�nario is
that th� d�f�cts, nam�ly dislocation loops, inducing strain ar� r�plac�d with d�f�cts dislocation lin�s
inducing disord�r, but no (�lastic) strain. In th�s� highly p�rturb�d r�gions, and notably around 80 nm,
th� maximum strain cannot b� r�liably d�t�rmin�d, as shown in [38-41] but, as m�ntion�d abov�, it
v�ry lik�ly drops to v�ry low valu�s. Mor�ov�r, th� d�cr�as� in strain is r�adily visibl�, qualitativ�ly, by
a dir�ct obs�rvation of th� XRD curv�s (s�� Fig. 3c) wh�r� th� strain-induc�d p�ak shifts towards low�r
strain valu�s b�tw��n th� Sn and th� Sn&S� data. Furth�rmor�, th� position of th� p�aks in th� XRD
curv�s corr�spond th� strain valu� m�asur�d just b�low th� h�avily damag�d r�gion, with maximum
valu�s of 0.7% and 0.58% for th� (111) and (110) ori�ntations r�sp�ctiv�ly. Thos� valu�s will th�r�for�
b� us�d for th� calculations b�low.

III.4. Comparison b�tw��n (110) and (111) ori�ntations
As abov�-m�ntion�d, (110) and (111) ori�ntations b�hav� similarly upon Sn irradiation, and

also upon Sn&S� irradiations. Y�t, a discr�pancy s��ms to �xist b�tw��n th�s� two ori�ntations, as th�
maximum strain l�v�l (in th� surfac� r�gion, i.�., that aff�ct�d by Sn d�position proc�ss�s in both cas�s)
is found to b� low�r for th� form�r ori�ntation than for th� latt�r. But this discr�pancy is only appar-
�nt and r�lat�d to th� mat�rial �lastic prop�rti�s. Ind��d, on� must not� that th� m�asur�d, total
strain (εtot) is th� sum of two contributions: on� coming from th� d�f�cts (εd�f) form�d during th� ir-
radiation proc�ss, which is an isotropic lattic� sw�lling, and on� fr�qu�ntly r�f�rr�d to as th� ]sub-
strat� r�action_ (εSR). As m�ntion�d �arli�r, this latt�r aris�s b�caus�, upon irradiation-induc�d
sw�lling, as th� irradiat�d lay�r is clamp�d on th� unirradiat�d part of th� crystal, h�nc� pr�v�nting
lat�ral �xpansion. Th�r�for�, an in-plan� compr�ssiv� str�ss d�v�lops to canc�l th� in-plan� dim�n-
sional chang�, which g�n�rat�s a Poisson �ff�ct in th� p�rp�ndicular dir�ction, i.e., along th� surfac�
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normal dir�ction that is prob�d during our XRD m�asur�m�nts. This d�scription has b��n propos�d
d�cad�s ago in implant�d mat�rials [27] and was mor� r�c�ntly appli�d to irradiat�d c�ramic oxid�s
[29, 30, 33]. As UO2 is an �lastically anisotropic mat�rial, th� Poisson �ff�ct magnitud� diff�rs with th�
crystal ori�ntation; h�nc�, dir�ct comparison of th� m�asur�d strain can l�ad to misl�ading int�rpr�-
tations of th� mat�rial r�spons� to irradiation (as shown in [30, 42]). Using �quations (1a) and (1b) and
th� �lastic constants, Cij, for UO2 giv�n in [43] (assuming th�y do not chang� und�r irradiation, as it
was shown in [44] that th�y do not �volv� by mor� than 13 %), it is possibl� to �xtract, from th� total
strain (that do d�p�nds on th� crystallographic dir�ction) 𝑒𝑡𝑜𝑡

ℎ𝑘𝑙 , th� strain du� to d�f�cts only, 𝑒𝑡𝑜𝑡
ℎ𝑘𝑙

(which is not aff�ct�d by th� Poisson �ff�ct). Not� that, in ord�r to consid�r only th� Sn(I)-induc�d
strain, th� ~0.12 % strain l�v�l du� to Sn(F�), d�t�rmin�d in th� pr�vious s�ction, was subtract�d for
th� Sn&S� �xp�rim�nts. Th� strain valu�s, �stimat�d at th� maximum of th� shallow strain profil�, ar�
r�port�d in Tabl� I.

𝑒𝑑𝑒𝑓 
110 =  𝐶11+ 𝐶12+ 2𝐶44

2(𝐶11+ 2𝐶12)
 × 𝑒𝑡𝑜𝑡

110 1(a)

𝑒𝑑𝑒𝑓 
111 =  𝐶11+2𝐶12+ 4𝐶44

3(𝐶11+ 2𝐶12)
 × 𝑒𝑡𝑜𝑡

111 1(b)

Consid�ring first th� maximum valu� of 𝜖𝑑𝑒𝑓 aft�r th� sol� Sn irradiation, 𝜖𝑑𝑒𝑓 
𝑚𝑎𝑥, it r�ach�s ~0.4 %, for a

dpa p�aking at 4, in p�rf�ct agr��m�nt with th� valu� r�port�d in [30]. Abov� all, it app�ars that this
valu� is th� sam� (within th� unc�rtainty of th� valu�s, �stimat�d to 0.02 p�rc�ntag� point on th�
strain) for both ori�ntations. This r�sult indicat�s that th� ballistic-d�f�ct distribution do�s not d�p�nd
on th� crystallographic ori�ntation, which mak�s s�ns�, as th� d�f�ct production proc�ss r�lat�d to
th� formation of collision cascad�s d�v�loping in th� nucl�ar �n�rgy-loss r�gim� is a stochastic proc�ss.
A sam� conclusion was alr�ady put forward in similar, singl�, Sn irradiation �xp�rim�nts [30]; it is h�r�
confirm�d. It is also, mor� importantly, d�monstrat�d h�r� that for dual-b�am, Sn&S� irradiations,
𝑒𝑑𝑒𝑓 

110 is almost id�ntical for both ori�ntations. This finding sugg�sts that th� d�f�cts cr�at�d by Sn(I)
ar� aff�ct�d, ov�rall, in a similar way by S�(F�) for both ori�ntations. Quantitativ�ly, this outcom� is
d�monstrat�d by a r�lativ� strain d�cr�as� (b�tw��n Sn and Sn&S�) of ~25 % and ~20 % for th� (110)
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and (111) ori�ntations, r�sp�ctiv�ly. Giv�n th� almost f�atur�-l�ss signal corr�sponding to th� Sn&S�-
irradiat�d sampl�s, this diff�r�nc� is most lik�ly r�lat�d to th� limit�d accuracy in th� fitting proc�-
dur�. A mor� syst�matic study would b� r�quir�d to provid� conclusiv� �l�m�nts about this pot�ntial
diff�r�nc� b�tw��n th� two ori�ntations. It is also worth m�ntioning that in UO2 polycrystals, this
strain r�laxation was found to r�ach a much high�r l�v�l, ~70 % [26], y�t in conditions l�ss favorabl�
than th� curr�nt on�s (b�caus� in [26] th� Sn on S� ion flux was low�r than 1, whil� it is clos� to 2 in th�
curr�nt work). Th�r�for�, although ov�rall, ]singl�_ and polycrystals s��m to b�hav� similarly, th�y
�xhibit som� diff�r�nc�s, th�ir r�sp�ctiv� r�spons� to S� b�ing an important on�. Such a diff�r�nc�
b�tw��n singl� and polycrystals has alr�ady b��n r�port�d in th� lit�ratur� [45, 46], with a d�mon-
strat�d �ff�ct of th� grain siz� on th� �l�ctronic �n�rgy dissipation as th�y can act lik� sinks favoring
th� d�f�cts diffusion at th� int�rfac�s (although in [45, 46], grains w�r� much small�r than th� mi-
crom�t�r-siz�d on�s of our polycrystals). This body of �vid�nc� cl�arly put forward th� n�c�ssity to
conduct mor� syst�matic comparativ� studi�s b�tw��n UO2 singl� and polycrystal sampl�s, for th�
twofold purpos�s of fundam�ntal und�rstanding of th� coupl�d Sn&S� �ff�cts on th� UO2 microstruc-
tur� and practical knowl�dg� of th� actual fu�l b�havior in-pil�.

Tabl� I: Total (m�asur�d) strain d�t�rmin�d from th� fit, with th� RaDMaX cod� [24], of th� HR-XRD
scans pr�s�nt�d in Fig.3; th� corr�sponding strain du� to d�f�cts only (s�� t�xt) is also provid�d. For
th� Sn cas�, th� valu�s ar� giv�n at th� maximum of th� strain profil�s. For th� Sn&S� cas�, th� strain
valu�s corr�spond to th� maximum valu� right b�low th� h�avily damag�d r�gion.

𝜀𝑡𝑜𝑡
𝑚𝑎𝑥 (%) 𝜀𝑑𝑒𝑓

𝑚𝑎𝑥 (%)
{110}-ori�ntation {111}-ori�ntation {110}-ori�ntation {111}-ori�ntation

Sn 0�78 ± 0�02 0�88 ± 0�02 0�39 ± 0�02 0�40 ± 0�02
Sn&Se 0�58 ± 0�03 0�70 ± 0�03 0�29 ± 0�03 0�32 ± 0�03

IV. Conclusion
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Summarizing, both (110) and (111)-ori�nt�d UO2 singl�-crystal-lik� w�r� irradiat�d in �ith�r
th� sol� Sn r�gim� or in th� coupl�d Sn&S� r�gim�s (i.e., simultan�ously with two ion b�ams). HR-XRD
m�asur�m�nts w�r� p�rform�d at th� MARS b�amlin� of th� SOLEIL synchrotron facility to fin�ly map
th� r�ciprocal spac� of thos� radioactiv� nucl�ar mat�rials. Th�s� �xp�rim�ntal data w�r� fitt�d with
th� RaDMaX cod�. This d�dicat�dm�thodology allow�d r�aching th� following important conclusions:

- (i) Upon Sn irradiation, a t�nsil� strain d�pth profil� d�v�lops, with a strain con-
fin�d along th� surfac� normal of th� sampl�s (no in-plan� strain was d�t�ct�d)
within a thickn�ss of ~0.5 µm.

- (ii) Upon Sn&S� irradiation, within th� first ~0.5 µm, a strain profil� similar to th�
pr�vious on� is obs�rv�d, alb�it with a r�duc�d l�v�l, b�caus� th� d�posit�d �l�c-
tronic �n�rgy (S�) modifi�s th� d�f�ct distribution induc�d by Sn; th� total strain
profil� �xt�nds towards much gr�at�r d�pth (~ 5 µm) b�caus� of th� larg�r F�9+
ion rang�.

- (iii) Both (i) and (ii) hold for th� two crystallographic ori�ntations inv�stigat�d.
Mor�ov�r, th� contribution of d�f�cts to th� ov�rall strain was found to b� id�nti-
cal for both ori�ntations, d�monstrating that strain build-up is ind�p�nd�nt on
th� crystallographic ori�ntation.

- (iv) Finally, it was found that th� S�-induc�d strain r�laxation was slightly mor�
pronounc�d for th� {110} ori�ntation, although it could not b� firmly conclud�d
wh�th�r this diff�r�nc� is th� manif�station of an actual anisotropy in th� strain
r�laxation, or if it is induc�d by th� r�duc�d accuracy of th� data fitting proc�dur�
in th� cas� of larg�, damag�d d�pths. Mor� syst�matic studi�s ar� r�quir�d to
provid� conclusiv� data about this latt�r asp�ct.

Th�s� r�sults should provid� n�w insights on th� und�rstanding of th� in-pil� b�havior of th� nucl�ar
fu�l. Ultimat�ly, a compr�h�nsiv� d�scription and und�rstanding of th�s� compl�x ph�nom�na of Sn
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and S� coupling should provid� us�ful mat�rial knowl�dg� for th� d�sign of advanc�d fu�ls with a
prolong�d lif�tim�.
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Apprendix: technical details about the HR-XRD end-station of the MARS beamline of the SOLEILsynchrotron
Th� MARS b�amlin� is d�dicat�d to th� inv�stigation in th� hard X-ray rang� of radioactiv�,

�ss�ntially nucl�ar, mat�rials [22, 23]. Th� b�amlin� optics consists of a wat�r-cool�d doubl�-crystal
monochromator, which is us�d to s�l�ct th� incid�nt �n�rgy of th� X-ray b�am and for horizontal
focalization, and of two larg� wat�r-cool�d r�fl�cting mirrors that ar� us�d for high-�n�rgy r�j�ction
and v�rtical collimation. In th� curr�nt work, th� monochromator was a s�t of Si(111) crystals and th�
mirrors w�r� a s�t of Si strips. Th� v�rtical x horizontal FWHM dim�nsions of th� b�am siz� w�r� about
150 x 300  �m2; th� b�am div�rg�nc� in v�rtical and horizontal dir�ctions amount�d to 0.01° and 0.06°,
r�sp�ctiv�ly. Th� incid�nt �n�rgy was calibrat�d using th� absorption K-�dg� of a nick�l m�tallic foil
(8.333 k�V). Th� HR-XRD �nd-station is �quipp�d with a four-circl� diffractom�t�r that was us�d in
r�fl�ction mod� with a horizontal sampl� surfac�, thus th� scatt�ring plan� is v�rtical. Sampl�s w�r�
doubly confin�d in two airtight n�st�d sampl� hold�rs, th� first on� in th� form of a 13-mm thick Kap-
ton foil and th� s�cond on� b�ing a comm�rcial (Bruk�r) PEEK dom�. Two typ�s of d�t�ctors w�r�
us�d for this study: (i) a M�rlinX M�dipix3 singl� chip 256 x 256 pix�ls sizing 55 x 55 mm2 (from Quan-
tum d�t�ctors, UK), which is a hybrid photon counting d�t�ctor; (ii) a s�t of 24 point scintillation d�-
t�ctors locat�d b�hind a s�t of G�(111) analyz�r crystals mount�d on th� 2q arm. Th� instrum�ntal
r�solution function was �stimat�d through th� diffraction patt�rn m�asur�m�nt of th� LaB6 660b NIST
powd�r and th� diffraction p�ak FWHM was clos� to 0.013°. Thus, aft�r corr�ction of th� �nd-station
g�om�try, it was found that th� wav�l�ngth l was �qual to 0.1537591 nm.

Th� M�rlinX d�t�ctor was us�d to rapidly align th� sampl�s (whos� surfac� normal is usually
a f�w d�gr��s off th� crystallographic plan�s normal) and to r�cord 3D r�ciprocal spac� maps (RSMs);
in th� curr�nt pap�r, thos� 3D maps ar� not pr�s�nt�d. Th� point d�t�ctors w�r� us�d to coll�ct High
R�solution 2D RSMs and 1D lin� scans; th�s� data ar� r�port�d h�r�. Sp�cifically, RSMs w�r� r�cord�d
in th� vicinity of th� (asymm�tric) 442 and 006 r�fl�ction of {110}- and {111}-ori�nt�d UO2 crystals,
r�sp�ctiv�ly, with a st�p siz� of 0.008 °; in addition, symm�tric 1D scans w�r� coll�ct�d around th�
220 and 222 r�fl�ctions, for �ach of th� two crystal s�ts, r�sp�ctiv�ly, using a 0.002 ° st�p siz�. Th�
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RSMs ar� plott�d in (Qx, Qz) fram�s wh�r� Qx and Qz ar�, r�sp�ctiv�ly, th� in-plan� and out-of-plan�
coordinat�s of th� scatt�ring v�ctor Q (of amplitud�𝑄 = 4𝜋𝑠𝑖𝑛𝜃 , θ b�ing half th� scatt�ring angl�);
sp�cifically,𝑄𝑥 = 𝑄𝑠𝑖𝑛(𝜔 − 𝜃) and𝑄𝑧 = 𝑄𝑐𝑜𝑠(𝜔 − 𝜃), wh�r�ω is th� incid�nc� angl� of th� X-ray b�am
on th� lattic� plan�s parall�l to th� surfac�. Th� symm�tric 1D scans ar� plott�d as a function of
(𝑄 − 𝑄𝐵) 𝑄𝐵 = (𝑄) 𝑄𝐵 =− 𝜀[ℎ𝑘𝑙], with QB th� scatt�ring angl� corr�sponding th� Bragg p�ak, and
ε[hkl] is th� strain along th� [hkl] dir�ction (that is p�rp�ndicular to th� crystal surfac� in th� pr�s�nt
cas�). Th�s� 1D XRD scans w�r� simulat�d with th� RaDMaX softwar� [24] in ord�r to �xtract th� strain
d�pth profil�s in th� irradiat�d r�gion.
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