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POLYGONISATION OF IONIC SINGLE CRYSTALS� A NEW EFFECT OF SWIFT ION BOMBARDMENT�A. Turosy, L. Nowi
kiThe Andrzej Soltan Institute for Nu
lear StudiesHo»a 69, 00-681 Warsaw, PolandF. Garrido, L. ThoméCentre de Spe
trométrie Nu
léaire et de Spe
trométrie de MasseCNRS-IN2P3, 91405 Orsay Campus, Fran
eR. Fromkne
htResear
h Center Karlsruhe, INFPPO Box 3640, 75636 Karlsruhe, Germanyand J. DomagaªaInstitute of Physi
s, Polish A
ademy of S
ien
esAl. Lotników 32/46, 02-668 Warsaw, Poland(Re
eived July 4, 1998)Isostru
tural oxide single 
rystals of the �uorite stru
ture: stabilized 
u-bi
 zir
onia and UO2 were bombarded at room temperature with 72 MeViodine ions or 340 MeV Xe ions, respe
tively. The aim of this paper wasthe study of stru
tural transformations indu
ed by ion bombardment intwo di�erent regimes: at 72 MeV where the radiation damage produ
tionis strongly in�uen
ed by 
ollision 
as
ades and at higher energies wherethe ionization me
hanism prevails. The stru
ture of as-grown and im-planted single 
rystals was examined using the RBS/
hanneling te
hniqueand X-ray di�ra
tion analysis. Some of the samples were also investigatedby transmission ele
tron mi
ros
opy. It was observed that the residualdamage depends strongly on energy loss me
hanism, and hen
e on the in
i-dent ion energy. At high in
ident energies solidi�
ation of latent tra
ks inUO2 leads to their polygonisation. Sin
e the energy of 72 MeV is too lowfor latent tra
k formation, the resulting damage is 
omposed of dislo
ationand 
lusters and is similar to that 
reated by the ion bombardment at lowenergies. The amount of defe
ts was strongly enhan
ed by the intera
tionof ionised regions with 
ollision 
as
ades.PACS numbers: 61.16.�d, 61.16.Fk, 61.80.Jh� Presented at the International Conferen
e �Nu
lear Physi
s Close to the Barrier�,Warszawa, Poland, June 30�July 4, 1998.y and the Institute of Ele
troni
 Materials Te
hnology, Warsaw, Poland.(1611)
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tionBombardment of solids with energeti
 ions is be
oming in
reasingly im-portant in material engineering. In mi
roele
troni
 te
hnology it is usedto modify ele
tri
al parameters and mi
rostru
ture of surfa
e layers, or tosynthesize surfa
e and buried layers. Although the me
hanisms of radia-tion damage produ
ed by ion irradiation at energies below 2 MeV are quitewell known, the pro
esses o

urring at higher energies are still extensivelystudied. To the fairly good approximation pro
esses o

urring during thelow energy ion bombardment 
an be des
ribed by the model of a linear 
as-
ade resulted from binary 
ollisions of impinging ions and re
oils with targetatoms. On the other hand, swift heavy ions produ
e along their traje
toryhighly defe
ted or amorphous regions, 
alled latent tra
ks. Latent tra
ksare prin
ipally due to the extremely high ionization density in the wake ofprimary ions.In the present paper, the results of a study of stru
tural transformationsin ioni
 single 
rystals of the �uorite stru
ture bombarded at energies be-low and above the threshold of the latent tra
k formation are presented.Uranium dioxide UO2 is today's fuel for ele
tri
ity produ
tion, whereas theisomorphi
 stabilized 
ubi
 zir
onia ( ZrO2 +10 mol% Y23) is 
onsidered asa promising inert matrix for transmutations of highly a
tive a
tinides by inpile neutron irradiation. Both materials are therefore subje
ted to the irra-diation with swift �ssion produ
ts. Sin
e the response of these two materialsto the low energy ion bombardment is almost identi
al [1-4℄ one 
an expe
tthat also at high energies their behavior will be similar.2. Models of latent tra
k formationIt 
an be useful to brie�y re
all the basi
 pro
esses asso
iated with theintera
tion of an energeti
 ion with atoms and ele
trons of the target. Herewe will fo
us ex
lusively on the Coulomb intera
tions leaving all nu
lear pro-
esses out of 
onsideration. In the �rst step, o

urring in less than 10�16 s,ele
troni
 ex
itations and ionization along the tra
k of the proje
tile o

urs.Lo
al thermalization of the ele
troni
 system is 
ompleted at about 10�14 s.Energy transfer from ele
trons to atoms takes pla
e prin
ipally between10�14 and 10�12 s depending on the magnitude of ele
tron�phonon 
ou-pling. For intense ele
troni
 ex
itations indu
ed by an ele
troni
 stoppingpower ex
eeding a few keV/nm, a 
ylindri
al region around the tra
k of theion be
omes �uid and rea
hes its maximum diameter of several nm withinsome ps [5℄. In this stage the system has virtually lost the �memory� of itsinitial stage. Upon next 100 ps the surplus energy has been dissipated andthe latent tra
k is 
ooled down to ambient temperature. However, after 
om-pletion of the solidi�
ation the �nal stage di�ers from the initial one. Basing
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onsiderations, two models of the 
onversion of energy transferredto ele
trons into atomi
 motion were developed [6℄:a. Coulomb explosion model fo
uses on ex
ited ele
trons and on pro
essesby whi
h their energy dissipates in the latti
e, it 
onsiders 
reation ofa 
ylinder of highly ionized matter whi
h is very unstable due to theele
trostati
 repulsion,b. thermal spike model deals with the response of ionized atoms whi
hrapidly gained by the e�
ient energy transfer from hot ele
trons tolatti
e atoms; a strong ele
tron phonon 
oupling is ne
essary.3. ExperimentalZir
onia single 
rystals of (100) orientation and of 1 mm thi
kness werepolished on one side to a mirror �nish. They were bombarded with 72 MeVI ions to the �uen
es ranging from 5 � 1014 to 5 � 1015 at/
m2 at ChalkRiver Laboratory, Canada. Damage a

umulation was assessed by Ruther-ford Ba
ks
atering Spe
tros
opy in the 
hanneling mode (RBS/
) using 2MeV 4He ions. Some of the samples were also examined by 
ross-se
tionaltransmission ele
tron mi
ros
opy [7℄.UO2 single 
rystals 1.5 mm thi
k were polished with a diamond pasteand subsequently annealed at 1500ÆC in Ar/(8%)H2 in order to remove theremnant damage. The samples were irradiated with 340 MeV Xe ions to the�uen
e of 1 � 1013 at/
m2 at Hahn�Meitner Institute in Berlin, Germany.The virgin and irradiated 
rystals were analyzed by RBS/
 using 3.045 MeV4He ions and high resolution X-ray di�ra
tion (XRD) [8℄.Fig. 1 shows the range distribution, ele
troni
 and displa
ive energy lossfor 340 MeV Xe ions in UO2 
al
ulated using the Monte Carlo TRIM 
ode [9℄.TRIM simulations showed that the ion range is 15 �m and the longitudinalrange straggling is 0.86 �m. The magnitude of the ele
troni
 energy lossin the near surfa
e region is about 35 keV/nm and de
reases linearly within
reasing depth. It is 38000 times larger than the 
ollisional energy loss.For lower energy of impinging ions these values are mu
h smaller: ion rangeis 6.8 �m, range straggling is 0.4 �m, and the ele
troni
 stopping power atthe surfa
e is 19 keV/nm.The ranges of primary ions are in all 
ases beyond the thi
kness a

essiblefor the RBS/
 analysis whi
h is 2.5-4 �m. Also the probing depth of theXRD analysis does not ex
eed 6 �m. Only by means of 
ross-se
tionalTransmission Ele
tron Mi
ros
opy (TEM) the whole depth of the bombardedregion 
an be visualized.
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Fig. 1. Range distribution of impinging ions, ele
troni
 and 
ollisional energy lossfor 340 MeV Xe ions in UO2 
al
ulated using the Monte Carlo SRIM 
ode.4. ResultsFig. 2 shows RBS/
 random and aligned spe
tra obtained for an UO2single 
rystal prior and after irradiation with 1x1013Xe/
m2 at 340 MeV.The spe
tra are divided into two parts: high energy part related to theba
ks
attering from U atoms lo
ated in the 0-700 nm depth region, andthe low energy part where peaks re�e
ting the resonant s
attering by Oatoms are superimposed on a 
ontinuos ba
kground due to ba
ks
atteringfrom U atoms lo
ated below the �rst region. Aligned spe
trum for thevirgin 
rystal presents a very low normalized minimum yield just behindthe surfa
e peak indi
ating high 
rystalline perfe
tion of the 
rystal. Afterirradiation the sample exhibits an important in
rease of the surfa
e peak andstrong enhan
ement of the bas
attering yield extending towards the greaterdepth. Moreover, the de
hanneling rate remains 
onstant over the wholeanalyzed depth indi
ating an uniform 
on
entration of defe
ts. The detaileddis
ussion of the prin
iples of the RBS/
 analysis 
an be found in Ref. [10℄.Fig. 3 displays the XRD map in the re
ipro
al spa
e re
orded for thebombarded UO2 
rystals. It 
onsists of the 
ombination of two s
ans: the(�-2(�) s
an, (G220), that is usually applied for the latti
e parameter deter-mination, and the 
-s
an, (G001), revealing the misalignement of grains inthe 
rystal. The 
ontours on the map represent the lines of equal intensity ofX-ray di�ra
tion. The two region are depi
ted in Fig. 3: the region labeledsurfa
e 
orresponds to the surfa
e peak in the RBS/
 spe
trum whereas
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Fig. 2. Random and aligned spe
tra re
orded with 3.045 MeV 4He ions for thevirgin and irradiated UO2 single 
rystal. Irradiation was performed using 340 MeVXe ions to the �uen
e 1� 1013 at/
m2.

Fig. 3. X-ray di�ra
tion 
ontour map in the re
ipro
al spa
e displaying bulk andsurfa
e regions of an UO2 single 
rystal irradiated as in Fig. 2.that labeled bulk re�e
ts the deeper region. Let us fo
us �rst on the bulkregion. One notes relatively small broadening of the peak in the (G220) dire
-tion indi
ating a spread of 
rystal latti
e parameter whi
h is typi
al for ionimplanted 
rystals. On the other hand, the spreading along the (G001) di-re
tion is mu
h larger than that along the perpendi
ular dire
tion. This 
an



1616 A.Turos et al.be attributed to the formation of grains with a small misalignment (� 1Æ)with respe
t to the prin
ipal 
rystallographi
 dire
tion of the 
rystal. Thise�e
t is 
alled polygonisation.Fig. 4 shows the RBS/
 spe
tra for zir
onia single 
rystals bombardedto di�erent �uen
es of 72 MeV I ions. In 
ontrast to previously dis
ussedresults the de
hanneling for all applied �uen
es is surprisingly high. Thespe
tra in Fig. 4 suggest that zir
onia 
rystals have su�ered rather extensivemi
rostru
tural 
hanges like partial amorphisation or polygonisation. The
ross-se
tional TEM mi
rographs and the mi
rodi�ra
tion patterns from theirradiated region indi
ated that it remains epitaxial with the underlying sub-strate. Sin
e TEM failed to reveal eviden
e for a stru
tural transformation,the high magnitude of the RBS/
 de
hanneling yield is apparently due to ahigh 
on
entration of extended defe
ts and defe
t 
lusters.

Fig. 4. Random and aligned spe
tra re
orded with 2 MeV 4He ions for the virginand irradiated zir
onia single 
rystal. Irradiation was performed using 72 MeV Iions to di�erent �uen
es as indi
ated in the drawing.5. Dis
ussion and 
on
lusionsThe irradiation with ions of similar mass Xe (131) and I (127) produ
eddi�erent defe
t stru
tures in two isostru
tural 
ompounds UO2 and 
ubi
zir
onia, depending primarily on the energy of impinging ions. Let us 
on-sider the ele
troni
 stopping power �rst. The ionization energy deposited
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e and de
reases to 8keV/nm at the depth of 4 �m. The 
orresponding values for 340 MeV Xeions are: 34 keV/nm and 32 keV/nm.Re
ently, it was demonstrated that the threshold for latent tra
k forma-tion in UO2 ranges between 22 and 29 keV/nm [11℄. Thus, the formation oflatent tra
ks in UO2 upon Xe-ion bombardment is highly probable. Typi-
ally, the latent tra
ks remain 
oherent and eventually be
ome amorphous.Only in insulators the break up of the 
ylindri
al region into a �string of elas-ti
ally independent pearls� [12℄ was observed [13℄. The other fa
tor to be
on
erned is the stress imposed on the hot region by its 
ool surroundings.In the 
ase of long 
ylindri
al in
lusion the stress is no longer hydrostati
but 
ontains also shear 
omponents. These 
onsiderations provide a soundexplanation of the UO2 polygonisation by high energy heavy ions. More-over, su
h an e�e
t was observed at low energies, i.e. by 300 keV Xe-ionbombardment [14℄. It was demonstrated that the large amount of defe
ts
an indu
e polygonisation only if the implanted atoms are insoluble in theUO2 matrix and form bubbles or in
lusions. It is known that these obje
tintrodu
e large strain �elds in the implanted region.Regarding the damage produ
tion in zir
onia 
rystals by 72 MeV I-ionbombardment, one notes that the highest ionization energy deposited by 72MeV I ions amounts to 19 keV/nm and is lower than the presumed thresholdof the latent tra
k formation. On the other hand, ea
h 72 MeV I ion pro-du
es 2 va
(an
ies)/nm at the surfa
e and 6 va
/nm at 4 nm. For 340 MeVXe ions these numbers are 0.8 va
/nm and 1.1 va
/nm, respe
tively. In su
ha 
ase the damage in the zir
onia 
rystals is 
reated by the interplay of highionization and intensive 
ollisional displa
ements. In su
h 
ir
umstan
es thedispla
ement threshold 
an be lowered leading to the large damage 
on
en-tration in zir
onia 
rystals.These 
onsiderations prompt one to 
ouple the stru
ture of residual dam-age to the latent tra
t formation. At high enough in
ident energies the so-lidi�
ation of latent tra
ks results usually in formation of amorphous zonesor as in the reported 
ase, leads to the polygonisation. If the in
ident energyis too low and ionization energy is below the threshold of the latent tra
kformation, the resulting damage is similar to that 
reated by the ion bom-bardment at low energies. However, the amount of defe
ts 
an be stronglyenhan
ed by intera
tion of ionization �elds with 
ollision 
as
ades.These 
onsiderations are valid for the bulk 
rystal. In the near surfa
eregion (about 200 nm thi
k), where large surfa
e peaks were observed (
f.Figs 2 and 4 ), the 
ylindri
al geometry along the ion traje
tory does not holdany longer. Consequently, the ele
tri
al �eld has non-vanishing 
omponentperpendi
ular to the surfa
e leading to the mixing of atoms and enhan
edsputtering at the free surfa
e.
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