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Isostructural oxide single crystals of the fluorite structure: stabilized cu-
bic zirconia and UO2 were bombarded at room temperature with 72 MeV
iodine ions or 340 MeV Xe ions, respectively. The aim of this paper was
the study of structural transformations induced by ion bombardment in
two different regimes: at 72 MeV where the radiation damage production
is strongly influenced by collision cascades and at higher energies where
the ionization mechanism prevails. The structure of as-grown and im-
planted single crystals was examined using the RBS/channeling technique
and X-ray diffraction analysis. Some of the samples were also investigated
by transmission electron microscopy. It was observed that the residual
damage depends strongly on energy loss mechanism, and hence on the inci-
dent ion energy. At high incident energies solidification of latent tracks in
UQ, leads to their polygonisation. Since the energy of 72 MeV is too low
for latent track formation, the resulting damage is composed of dislocation
and clusters and is similar to that created by the ion bombardment at low
energies. The amount of defects was strongly enhanced by the interaction
of ionised regions with collision cascades.

PACS numbers: 61.16.—d, 61.16.Fk, 61.80.Jh
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1. Introduction

Bombardment of solids with energetic ions is becoming increasingly im-
portant in material engineering. In microelectronic technology it is used
to modify electrical parameters and microstructure of surface layers, or to
synthesize surface and buried layers. Although the mechanisms of radia-
tion damage produced by ion irradiation at energies below 2 MeV are quite
well known, the processes occurring at higher energies are still extensively
studied. To the fairly good approximation processes occurring during the
low energy ion bombardment can be described by the model of a linear cas-
cade resulted from binary collisions of impinging ions and recoils with target
atoms. On the other hand, swift heavy ions produce along their trajectory
highly defected or amorphous regions, called latent tracks. Latent tracks
are principally due to the extremely high ionization density in the wake of
primary ions.

In the present paper, the results of a study of structural transformations
in ionic single crystals of the fluorite structure bombarded at energies be-
low and above the threshold of the latent track formation are presented.
Uranium dioxide UQO, is today’s fuel for electricity production, whereas the
isomorphic stabilized cubic zirconia ( ZrOs +10 mol% Ya3) is considered as
a promising inert matrix for transmutations of highly active actinides by in
pile neutron irradiation. Both materials are therefore subjected to the irra-
diation with swift fission products. Since the response of these two materials
to the low energy ion bombardment is almost identical [1-4] one can expect
that also at high energies their behavior will be similar.

2. Models of latent track formation

It can be useful to briefly recall the basic processes associated with the
interaction of an energetic ion with atoms and electrons of the target. Here
we will focus exclusively on the Coulomb interactions leaving all nuclear pro-
cesses out of consideration. In the first step, occurring in less than 107'6 s,
electronic excitations and ionization along the track of the projectile occurs.
Local thermalization of the electronic system is completed at about 1074 s.
Energy transfer from electrons to atoms takes place principally between
10~ and 107'2 s depending on the magnitude of electron-phonon cou-
pling. For intense electronic excitations induced by an electronic stopping
power exceeding a few keV /nm, a cylindrical region around the track of the
ion becomes fluid and reaches its maximum diameter of several nm within
some ps [5]. In this stage the system has virtually lost the “memory” of its
initial stage. Upon next 100 ps the surplus energy has been dissipated and
the latent track is cooled down to ambient temperature. However, after com-
pletion of the solidification the final stage differs from the initial one. Basing
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on these considerations, two models of the conversion of energy transferred
to electrons into atomic motion were developed [6]:

a. Coulomb explosion model focuses on excited electrons and on processes
by which their energy dissipates in the lattice, it considers creation of
a cylinder of highly ionized matter which is very unstable due to the
electrostatic repulsion,

b. thermal spike model deals with the response of ionized atoms which
rapidly gained by the efficient energy transfer from hot electrons to
lattice atoms; a strong electron phonon coupling is necessary.

3. Experimental

Zirconia single crystals of (100) orientation and of 1 mm thickness were
polished on one side to a mirror finish. They were bombarded with 72 MeV
I ions to the fluences ranging from 5 x 10 to 5 x 10'® at/cm? at Chalk
River Laboratory, Canada. Damage accumulation was assessed by Ruther-
ford Backscatering Spectroscopy in the channeling mode (RBS/c) using 2
MeV *He ions. Some of the samples were also examined by cross-sectional
transmission electron microscopy [7].

UO2 single crystals 1.5 mm thick were polished with a diamond paste
and subsequently annealed at 1500°C in Ar/(8%)Hs in order to remove the
remnant damage. The samples were irradiated with 340 MeV Xe ions to the
fluence of 1 x 10" at/cm? at Hahn-Meitner Institute in Berlin, Germany.
The virgin and irradiated crystals were analyzed by RBS/c using 3.045 MeV
“He ions and high resolution X-ray diffraction (XRD) [8].

Fig. 1 shows the range distribution, electronic and displacive energy loss
for 340 MeV Xe ions in UO; calculated using the Monte Carlo TRIM code [9].
TRIM simulations showed that the ion range is 15 ym and the longitudinal
range straggling is 0.86 pm. The magnitude of the electronic energy loss
in the near surface region is about 35 keV/nm and decreases linearly with
increasing depth. It is 38000 times larger than the collisional energy loss.
For lower energy of impinging ions these values are much smaller: ion range
is 6.8 um, range straggling is 0.4 pym, and the electronic stopping power at
the surface is 19 keV /nm.

The ranges of primary ions are in all cases beyond the thickness accessible
for the RBS/c analysis which is 2.5-4 um. Also the probing depth of the
XRD analysis does not exceed 6 um. Only by means of cross-sectional
Transmission Electron Microscopy (TEM) the whole depth of the bombarded
region can be visualized.
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Fig. 1. Range distribution of impinging ions, electronic and collisional energy loss
for 340 MeV Xe ions in UO2 calculated using the Monte Carlo SRIM code.

4. Results

Fig. 2 shows RBS/c random and aligned spectra obtained for an UO2
single crystal prior and after irradiation with 1x10'*Xe/cm2 at 340 MeV.
The spectra are divided into two parts: high energy part related to the
backscattering from U atoms located in the 0-700 nm depth region, and
the low energy part where peaks reflecting the resonant scattering by O
atoms are superimposed on a continuos background due to backscattering
from U atoms located below the first region. Aligned spectrum for the
virgin crystal presents a very low normalized minimum yield just behind
the surface peak indicating high crystalline perfection of the crystal. After
irradiation the sample exhibits an important increase of the surface peak and
strong enhancement of the bascattering yield extending towards the greater
depth. Moreover, the dechanneling rate remains constant over the whole
analyzed depth indicating an uniform concentration of defects. The detailed
discussion of the principles of the RBS/c analysis can be found in Ref. [10].

Fig. 3 displays the XRD map in the reciprocal space recorded for the
bombarded UQOq crystals. It consists of the combination of two scans: the
(©-2(O) scan, (Ga9g), that is usually applied for the lattice parameter deter-
mination, and the £2-scan, (Ggo1), revealing the misalignement of grains in
the crystal. The contours on the map represent the lines of equal intensity of
X-ray diffraction. The two region are depicted in Fig. 3: the region labeled
surface corresponds to the surface peak in the RBS/c spectrum whereas
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Fig.2. Random and aligned spectra recorded with 3.045 MeV 4He ions for the
virgin and irradiated UO, single crystal. Irradiation was performed using 340 MeV
Xe ions to the fluence 1 x 10'? at /cm?2.
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Fig.3. X-ray diffraction contour map in the reciprocal space displaying bulk and
surface regions of an UQO; single crystal irradiated as in Fig. 2.

that labeled bulk reflects the deeper region. Let us focus first on the bulk
region. One notes relatively small broadening of the peak in the (Gagg) direc-
tion indicating a spread of crystal lattice parameter which is typical for ion
implanted crystals. On the other hand, the spreading along the (Ggg1) di-
rection is much larger than that along the perpendicular direction. This can
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be attributed to the formation of grains with a small misalignment (~ 1°)
with respect to the principal crystallographic direction of the crystal. This
effect is called polygonisation.

Fig. 4 shows the RBS/c spectra for zirconia single crystals bombarded
to different fluences of 72 MeV I ions. In contrast to previously discussed
results the dechanneling for all applied fluences is surprisingly high. The
spectra in Fig. 4 suggest that zirconia crystals have suffered rather extensive
microstructural changes like partial amorphisation or polygonisation. The
cross-sectional TEM micrographs and the microdiffraction patterns from the
irradiated region indicated that it remains epitaxial with the underlying sub-
strate. Since TEM failed to reveal evidence for a structural transformation,
the high magnitude of the RBS/c dechanneling yield is apparently due to a
high concentration of extended defects and defect clusters.

Energy (MeV)

0.6 0.8 1.0 1.2 1.4 1.6 1.8

7 T T T T T T T

6 -
% 51 random 5x10® 1/cm?
> 1%10 l/em?
o 4 :
()
N
© 3 =

[

. |
Zar 5x10™ lfem™|

0 T T T

100 200 300 400 500

Channel

Fig.4. Random and aligned spectra recorded with 2 MeV *He ions for the virgin
and irradiated zirconia single crystal. Irradiation was performed using 72 MeV 1
ions to different fluences as indicated in the drawing.

5. Discussion and conclusions

The irradiation with ions of similar mass Xe (131) and T (127) produced
different defect structures in two isostructural compounds UQs and cubic
zirconia, depending primarily on the energy of impinging ions. Let us con-
sider the electronic stopping power first. The ionization energy deposited
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by 72 MeV I ions amounts to 19 keV/nm at the surface and decreases to 8
keV/nm at the depth of 4 ym. The corresponding values for 340 MeV Xe
ions are: 34 keV /nm and 32 keV /nm.

Recently, it was demonstrated that the threshold for latent track forma-
tion in UOg2 ranges between 22 and 29 keV /nm [11]. Thus, the formation of
latent tracks in UO9 upon Xe-ion bombardment is highly probable. Typi-
cally, the latent tracks remain coherent and eventually become amorphous.
Only in insulators the break up of the cylindrical region into a “string of elas-
tically independent pearls” [12] was observed [13]. The other factor to be
concerned is the stress imposed on the hot region by its cool surroundings.
In the case of long cylindrical inclusion the stress is no longer hydrostatic
but contains also shear components. These considerations provide a sound
explanation of the UO2 polygonisation by high energy heavy ions. More-
over, such an effect was observed at low energies, i.e. by 300 keV Xe-ion
bombardment [14]. It was demonstrated that the large amount of defects
can induce polygonisation only if the implanted atoms are insoluble in the
UQO32 matrix and form bubbles or inclusions. It is known that these object
introduce large strain fields in the implanted region.

Regarding the damage production in zirconia crystals by 72 MeV I-ion
bombardment, one notes that the highest ionization energy deposited by 72
MeV I ions amounts to 19 keV /nm and is lower than the presumed threshold
of the latent track formation. On the other hand, each 72 MeV I ion pro-
duces 2 vac(ancies)/nm at the surface and 6 vac/nm at 4 nm. For 340 MeV
Xe ions these numbers are 0.8 vac/nm and 1.1 vac/nm, respectively. In such
a case the damage in the zirconia crystals is created by the interplay of high
ionization and intensive collisional displacements. In such circumstances the
displacement threshold can be lowered leading to the large damage concen-
tration in zirconia crystals.

These considerations prompt one to couple the structure of residual dam-
age to the latent tract formation. At high enough incident energies the so-
lidification of latent tracks results usually in formation of amorphous zones
or as in the reported case, leads to the polygonisation. If the incident energy
is too low and ionization energy is below the threshold of the latent track
formation, the resulting damage is similar to that created by the ion bom-
bardment at low energies. However, the amount of defects can be strongly
enhanced by interaction of ionization fields with collision cascades.

These considerations are valid for the bulk crystal. In the near surface
region (about 200 nm thick), where large surface peaks were observed (cf.
Figs 2 and 4 ), the cylindrical geometry along the ion trajectory does not hold
any longer. Consequently, the electrical field has non-vanishing component
perpendicular to the surface leading to the mixing of atoms and enhanced
sputtering at the free surface.
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