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Abstract

Amorphization induced by swift heavy ions is discussed, the main features are reviewed and explained by the
author’s model. In Al,O; and MgAl,O, the recrystallization reduces considerably the track diameters. The threshold
electronic stopping power for amorphization S can be estimated reliably for these solids from the position of the amor-
phous—crystalline boundary formed at high ion fluences. The results are in good agreement with the predictions of the
model. Experiments on CeO, and UQO, are discussed. Estimates of S, are made for -SizNy, CeO,, pure ZrO,, ZrSiOy,
and UO,, and 10.1 > S, > 6.2keV/nm is obtained at room temperature for fission fragment energies. At about 1000°C
operation temperature, Se is reduced by about 35-50%. No amorphization is expected by ion bombardment in AIN,

SiC (semiconductors) and MgO (ionic crystal).
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Recently, a growing activity is observed in the re-
search of ceramic materials for inert matrices. An impor-
tant requirement is the stability of the proposed ceramics
against the impact of fission fragments (ff), which can in-
duce tracks (amorphous, recrystallized) and swelling.
Simultaneously, high stresses can evolve, which affect
the mechanical stability. Irradiation with high fluences
may induce complete amorphization. In insulators, the
threshold electronic stopping power for track formation
Set 1s the main parameter characterizing the amorphiza-
tion. In this paper, after a brief review of track forma-
tion in ion irradiation experiments, we present
theoretical estimates of S, in various ceramics and com-
pare them with the available experimental data.
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2. Ion-induced tracks in solids
2.1. Common features

The kinetic energy of energetic ions in a solid is trans-
ferred predominantly to the electron system. This type
of energy loss is characterized by the electronic stopping
power S.. If the energy deposition from the excited elec-
tron system to the lattice is strongly localized, often
tracks are formed in the target. An ideal ion track is
an amorphous cylinder in a crystalline matrix with the
radius R.. Such structures have been observed in many
irradiated solids, mostly in insulators [1].

Close similarities exist between the track evolution
curves in various insulators. We found that dR?/
dInS, = 4*(0) = 20nm? (R, < a(0)) for a number of
track forming insulators. This is demonstrated by the
track data of TeO, and Y3FesO,, in Fig. 1. The plots
show that the initial slope of the track evolution curves
does not depend on the ion energy and on the target
material. The data were obtained in experiments with
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Fig. 1. Variation of the track size (R, track radius) with the electronic stopping power S, in various solids for E < 2.2 MeV/nucleon
except Y3FesO;, for which data for E> 8 MeV/nucleon are also shown (YIG (HI)). In the legend cl stands for irradiation with C,
carbon cluster ions. The dashed line is a theoretical curve for CeO, (th) according to Egs. (1) and (3). For details see Refs. [2-5,7].

high-energy ions (Y3FesOp,, 7.6 < E <20MeV/nucleon
[2,3]), low-energy ions (TeO,, 0.6 < E<2.3MeV/nu-
cleon [4]) and C, carbon cluster ions (Y3FesO,,
E <0.15MeV/nucleon [5]). Tracks measured in Al,Os3,
MgAl,Oy4, and CeO, are also shown in the figure and
the deviations from the ‘regular’ behavior will be dis-
cussed later.

We found a simple linear relationship between the S
values and the term pcT, [6], where p, ¢, T, and T, are
the density, average specific heat for the temperature
range of the spike, the melting point and the irradiation
temperature, respectively, and 7, = T, — T This is a
strong evidence in favor of the thermal spike origin of
track formation. As an approximation, the Dulong—
Petit rule is applied to estimate the values of c.

2.2. Thermal spike model

We elaborated a simple model which accounts for
various thermal spike effects in ion-—solid interaction
including track formation [6]. We assumed that (i) a
thermal spike is induced along the ion trajectory; (ii) a
radial Gaussian temperature distribution is a good
approximation for the ion-induced temperature increase
during cooling; (iii) the track radius is equal to the max-
imum melt radius. We derived the following simple
equations

R2 = a*(0)In(S./Sy) for S, < 2.7S4, (1)
2
2 4a (0)S.
R = 3750 for S, > 2.78., (2)

2
S, = npcToa (0)7 3)
4

where gS. is the fraction of the deposited energy trans-
ferred to the thermal spike and @(0) = 4.5nm character-
izes the initial width of the temperature distribution in
the spike [6]. Egs. (1) and (2) describe the track evolution
and Eq. (3) is the condition for the formation of ion-in-
duced melt. We note that the efficiency g in insulators
varies with the specific ion energy £ and g=0.17 for
E >8MeV/nucleon (high velocity range) and g=0.4
for E <2.2MeV/nucleon [7] (low velocity range). Thus
the model has no free parameters in the low and high
velocity ranges. The spike thermal energy gS. varies in
our model with E for S, = constant and the initial width
of the spike is a(0) = constant. This concept has been
successfully used in various applications [§-10]. In the
thermal spike model of Toulemonde et al. the width of
the spike varies with E and its energy is constant
(g = 1 in our notation). However, this model cannot ex-
plain the typical uniform behavior shown in Fig. 1 for
TeO, and YIG and the linear variation of Se; with pcT,
[2,3,11,12].

We remind the reader that Egs. (1)-(3) do not take
into account recrystallization, and R. is the possible
maximum radius of the track which can be reduced or
completely diminished as a result of the response of
the target material. When Egs. (1)-(3) are combined
the model predicts an R? — S./pcT, scaling for experi-
ments with similar ion velocities. The normalized track
evolution curves are shown in the low velocity range
for R.>a(0) in Fig. 2. The experimental data include
those obtained by irradiation with monoatomic and
cluster ions as well [4]. The scaling is well fulfilled for
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Fig. 2. Variation of the track size (R, track radius) with the electronic stopping power S, for irradiation with low velocity ions
(E < 2.2MeV/nucleon). In the scaling term p, ¢ are the density, average specific heat, respectively, and 7, = Ty, — T, where T}, is the
melting point and T;; is the irradiation temperature. In the legend m and cl denote irradiations with monoatomic and C, carbon cluster
beams. The full line is drawn with the slope m = g/2.7n (see Egs. (2) and (3)). For details see Refs. [4,7,8].

Y;Fes0,,, LINDO;3, TeO, and SiO, (other data sets have
not been reported till now). Considerable track recrys-
tallization distorts the scaling, and deviations from the
master curve occur. Therefore, the successful scaling
means that the reduction of the track radius is negligible
for these materials. Our model can predict R, and S, for
these solids with uncertainties comparable to the exper-
imental error in those energy ranges (E < 2.2MeV/nu-
cleon and E > 8 MeV/nucleon), where the efficiency g is
reliably known [7].

In the following, the experiments on ceramics Al,Os,
MgAl,O,4, CeO, and UO, are reviewed for which the
deviations from the ‘regular’ behavior are considerable.
Our aim is to estimate S, from the experiments since
the damage is strongly reduced for S, < S.;. We cannot
use Egs. (1) and (2) for this purpose, because the meas-
ured track sizes strongly depend on the experimental
conditions and the kinetic parameters of the process
may control the final state of the irradiated crystals. In
this case instead of the analysis of individual tracks, irra-
diations with high fluences are useful, when an amor-
phous—crystalline interface is formed as a result of
track overlapping. In such experiments the results are
less affected by the kinetic parameters, therefore, a reli-
able estimate of S, can be made from the position
(depth) of the interface. We analyze this method in detail
as it is a new procedure.

2.3. MgAl,0,

Ion-induced tracks were reported in Refs. [13-16]
applying I, Kr, Xe, Pb, U and Cg¢, carbon cluster beams.

The track diameters vary scarcely for irradiation with
high velocity ions. A smooth curve through these data
points crosses the S, axis at a value which is lower than
the crossing point for low velocity data [13]. Just the
opposite is expected, as the irradiation with low velocity
ions is more efficient for the formation of tracks (see Fig.
1). Therefore, the large differences between the track
sizes cannot be explained by the velocity effect alone
[2]. No amorphous tracks were observed by transmission
electron microscopy (TEM). It was proposed that amor-
phous spinel could be easily recrystallized by the 100-
200keV electron beam and this might strongly affect
the result of TEM studies [15]. Tracks induced in
MgAl,O4 only by low velocity ions are shown in Fig.
1. According to Egs. (1) and (3) the theoretical curve
would cross the axis at S, = 9.3keV/nm.

High fluence 1 irradiations were performed with
70MeV and 85MeV energy by Wiss et al. [13] and Aru-
ga et al. [17], respectively, and the depth of the amor-
phous—crystalline interface d,, and the heights of the
ion-induced surface steps z were determined relative to
a masked part. Aruga et al. observed d,, =6 um at
@t =1.2x 10" ions/m? and z~ 1 pm, however z had a
maximum of about 2um at the boundary. Wiss et al.
studied amorphization at various fluences up to
@t =5x 10" ions/m? and they derived the swelling as
§ = zldyn,. They found d,, =5 um and s = 0.33 for irra-
diation at room temperature with @¢ = 5 x 10'° jons/m>.
The electronic stopping power S,; was estimated at the
amorphous—crystalline interface and 4 and 6keV/nm
were obtained by Aruga et al. and Wiss et al., respec-
tively. These values were considered as estimates



84 G. Szenes | Journal of Nuclear Materials 336 (2005) 81-89

of Se. The formation of the amorphous—crystalline
interface proves that the tracks are at least partially
amorphous and amorphization is possible only above
a critical value S, > S,;. Unexpectedly, S,; were much
lower than S, estimated from Eq. (3).

We propose a slight correction to the above analysis.
The swelling is accompanied by a reduction of the den-
sity in the irradiated layer. S.; was calculated in Refs.
[13,17] neglecting the change in the density of the irradi-
ated layer. However, the energy loss of the projectile is
lower in the amorphous layer than it would be in a crys-
tal of the same thickness, because of the lower density.
Therefore S,; was underestimated in Refs. [13,17]. We
found that the original thickness of the amorphized
layer was d = d,(1—s5) = 3.33 pm in the experiment of
Wiss et al. [13] and Se =9.15keV/nm at this depth
according to the SRIM code [18]. We note that it is rea-
sonable to characterize the swelling with s’ = z/d = s/
(s — 1) instead of s = z/d,,, used in Ref. [13]. With this
correction the swelling of the spinel s'=0.5 at
@t = 5 x 10" ions/m?, which is considerably higher than
s =0.33 reported by Wiss et al. [13]. We also made
an estimate based on the experiment of Aruga et al.
Because of some uncertainty in the correct value of z
we made use of the swelling measurements in Ref. [13].
We obtained s=0.26 and z=1.56 pm for &¢=
1.2x 10" ions/m?, which agrees well with the average
step height z = 1.5 pm measured in the experiment. With
this value, d = 4.44 pm and S; = 8.6keV/nm. This meth-
od is rather sensitive to the accuracy of d: a change of
the thickness by 0.1 um corresponds to a shift of S,; by
about 0.25keV/nm. Eq. (3) provides S = 9.3keV/nm
for MgAl,O4. The good agreement between S¢; and S,
is an indication that amorphization is linked to the
melt formation in both cases. Therefore, the correct
value of S; can be used as a good experimental estimate
of Se.

There is no direct evidence that the ion-induced
tracks or the track cores are amorphous in MgAl,Oy.
Nevertheless, complete amorphization has been
achieved by irradiations with high fluences. Zinkle
et al. [16] performed experiments with 72MeV 1 ions
up to the fluence ®r = 1 x 10* ions/m>. They found that
first a metastable crystalline phase was formed at
@1 <1x 10" ions/m®> and further irradiation lead to
amorphization. On the other hand Aruga et al. observed
complete amorphization at &¢ = 1.2 x 10" ions/m? in an
experiment with the same beam parameters [17]. Wiss et
al. did not report about this intermediate crystalline
phase either and they observed that the swelling varied
smoothly in the range of 1x10'® —1x10?! ions/m?
[14]. In our theoretical estimate we use the p, ¢ and Ty,
values of the spinel. If amorphization proceeds through
an intermediate crystalline phase, different values ought
to be used. The reasonable agreement between the pre-
dicted and experimental values of S, indicates that if

the intermediate phase exists its physical parameters
are close to those of the spinel.

2.4. ALO;

Results on ion-induced tracks were reported by Canut
et al. [19,20] and Ramos et al. [21]. Sapphire single crys-
tals were irradiated by Pb and U ions of E=0.4-
3.5MeV/nucleon specific energy in Refs. [19,20], and
the track diameters were determined from Rutherford
backscattering in channeling geometry (c-RBS). In Ref.
[21] fullerene ions of 10-30 MeV energy were used and
the track diameters were measured by TEM and high res-
olution electron microscopy (HREM). The results for
E <2.2MeV/nucleon are shown in Figs. 1 and 2.

In these experiments: (i) the tracks quickly recrystal-
lized in the electron microscope during HREM measure-
ments; (i) the track diameters were rather different at
nearly equal values of S,; (iii) S =~ 18-21keV/nm was
obtained from the track evolution curves for low veloc-
ity ions [20,21]. The results under (i) and (i1) indicate that
kinetic factors are important in the formation of the
final diameter of tracks. For this reason we do not con-
sider (iii) as a reliable estimate. Previously, (ii)) was
attributed to the more efficient track formation by low
velocity Cg ions (velocity effect) [21]. However, we do
not agree with this as the tracks induced in YIG and
LiNbO;3 by (low velocity) monoatomic and cluster
beams scale in Fig. 2 in contrast to the case of Al,Os.
In Figs. 1 and 2 the track data of Al,O5 are shifted with
respect of the theoretical curves indicating a considera-
ble reduction of R.. The relative reduction is higher at
small track radii and this seems to be valid for MgAl,O4
and CeQO, as well. Similarly to MgAl,Oy, the estimation
of S, from the track size seems to be unreliable.

Recently Aruga et al. irradiated sintered alumina
with iodine ions of 0.67MeV/nucleon initial energy
and measured the depth of the amorphization front
from the surface d,, at various fluences in the range
of 1.2 — 12x 10'® ions/m® At the highest fluence they
found d,, =4.5 pm and an average surface step of
z=0.65 pm [22], which were related to the amorphiza-
tion [17]. They estimated Sg; ~ 4-5keV/nm at the amor-
phous—crystalline phase boundary and took this value
for Sg; [17,22]. This is much lower than S, derived from
the track evolution [20,21].

In the analysis of Aruga et al. the density reduction in
the amorphous phase was neglected again. We took this
into account as in the case of MgAl,04. We obtained
d=3.85um and S,; = 9.9keV/nm at the phase boundary,
which is in good agreement with our theoretical predic-
tion S,; = 9.8keV/nm based on Eq. (3). According to (iii)
no amorphization could be induced by the 85MeV io-
dine beam in the experiment of Aruga et al., as
S.=18.7keV/nm at the surface. This contradiction
confirms again, that the extrapolations may lead to



G. Szenes | Journal of Nuclear Materials 336 (2005) 81-89 85

incorrect results when they are based on the parameters
of individual tracks.

The good agreement between the corrected experi-
mental S,; and the theoretical S, values indicates that
the formation of the amorphous—crystalline interface is
closely related to the formation of the ion-induced melt.
There are several other ion-induced effects, which are
also related to S.;. We showed that the heights of ion-in-
duced hillocks / on the surface of mica are proportional
to the spike thermal energy and they occur at S, > 2.7 S¢,
[10]. In this case, the melt is extruded above the surface
due to thermal stresses. Recently, the variation of /4 with
S. was measured on sapphire by atomic force microscopy
(AFM) [21,23]. We deduced S from the analysis and
found good agreement with Eq. (3) [24]. In inelastic mix-
ing the interdiffusion through an interface is considerably
accelerated when an ion-induced melt is formed. Bolse et
al. concluded that Eq. (3) is in good agreement with the
values of S, deduced from the mixing experiments for
various materials including sapphire as well [25]. Thus
it is supported by several independent experiments that
Eq. (3) provides a correct estimate of S, for sapphire.

The experiments described in Refs. [17,19-25] justi-
fied the validity of Eq. (3) in sapphire with the g and
a(0) values typical for insulators. Thus the non-standard
behavior of tracks in sapphire is not due to an anomaly
in the formation of the melt. In our model we assumed
that the amorphous volume is proportional to the max-
imum volume of the melt. We found that the propor-
tionality factor is k=1 for those solids for which the
scaling is valid [6]. However, in sapphire k<1 and
k # constant. Thus a smaller track is formed from the
melt which we attribute to partial recrystallization.

The interface method may be suitable for the estimate
of S, even if only a few percent of small tracks are stable
against complete recrystallization. The lower the fraction
of ‘stable’ tracks, the higher the fluence to form the
boundary. If only tracks with R > 1.5nm are stable
against complete recrystallization, S,; deduced from the
depth of the boundary is about 10% higher than the value
without recrystallization. The good agreement between
the experimental and theoretical values of S indicates
that a fraction of tracks with R, < 1.5nm probably sur-
vive recrystallization in Al,O3. The extent of recrystalli-
zation may depend on the beam (ion or electron) load
during the measurements, i.e. it may be related to the ap-
plied experimental method. This may be the reason of the
large scatter of track data. According to our estimate for
the TEM studies of Ramos et al. [21], the reduction of the
track diameters is 15-25% compared to the value calcu-
lated by applying Eq. (2) with S = 9.8 keV/nm.

2.5. UO,

In spite of its practical importance no systematic stud-
ies have been reported on the response of UQO, to irradi-

ation by swift heavy ions. Ion-induced tracks were
directly observed by AFM after irradiation with 1GeV
Pb ions [26]. Recently, Garrido et al. studied the changes
in the c-RBS spectra after irradiation with 340 MeV Xe
ions. The spectra did not show considerable randomiza-
tion after irradiation with high ion fluences [27]. The re-
sults were explained by assuming that the tracks were not
amorphous, but crystalline with small misorientation rel-
ative to the matrix. On the other hand, the track forma-
tion in UO; has been successfully studied by TEM by
Wiss et al. [28]. The diameters were in good agreement
with the predictions of our model applying the same ther-
mal spike parameters as for other insulators: tracks with
radii 4.8nm and 4.4nm were measured after U irradia-
tions with 1300MeV and 2713 MeV, while our theoreti-
cal estimates were 4.64nm and 4.52nm, respectively,
without any fitting parameter. The agreement between
the predicted and the experimental track radii indicate
that the localization of the energy deposition in UO, is
similar to that in other insulators. The contradiction of
the c-RBS and the TEM results may arise from the differ-
ent sensitivity of the two methods to small misorientation
of grains: the tracks can be clearly visible by TEM, while
no randomization is observed by c-RBS. We consider the
inclination of UO, to recrystallization as the main differ-
ence in the behavior of UO, and other insulators.

Our model can estimate the radii of the cylinders
around the projectile, where the structure of UO, is mod-
ified. By applying Eq. (3), our prediction for room tem-
perature irradiation is Se = 8.6keV/nm for typical
fission energies. An estimate of the experimental value
can be deduced applying Egs. (1) and (2) to the two track
data. This leads to a mean value S, = 20.4keV/nm for
irradiations with high velocity ions (g = 0.17) which cor-
responds to S, = 8.66keV/nm for fission fragments
(g = 0.4). The excellent agreement between the experi-
mental and theoretical values should not be overrated
again since only two tracks could be used for the evalua-
tion. Besides the irradiations with U ions, Wiss et al. re-
ported on experiments with Xe ions of E=1.3MeV/
nucleon energy (S, = 29keV/nm). R, was measured after
annealing at 900°C for Xe irradiation [28]. In experi-
ments with >’ ions of E = 0.6 MeV/nucleon energy the
samples were preirradiated with Kr ions and the irradia-
tions were performed above room temperature [29]. Our
opinion is that the experiments with Xe and I beams are
not suitable for establishing reliably S.; because of the
non-standard sample conditions. Nevertheless, 22—
29keV/nm was deduced for the threshold for track for-
mation. However, it was not specified for which velocity
range was this valid [29]. If this estimate is valid for high
ion velocities, then it is not far from ours.

Recently, information was also published about
extensive irradiation experiments with Pb, Au, and Xe
beams in GSI (Darmstadt, Germany) with Xe, Sn and
Ceo beams in the HMI (Berlin, Germany), GANIL
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(Caen, France) and in IPNO (Orsay, France), respec-
tively [29]. Although S, > 29keV/nm was in these exper-
iments, no track data have been published yet. The new
data may be useful in checking the estimates for Se.

2.6. CeO,

This material is also a candidate for inert matrices.
To simulate the effect of fission products CeO, samples
were irradiated by I and Xe ions in the range of 70—
210MeV [30,31]. The track diameters were measured
by TEM. The results are shown in Fig. 1 and they are
similar to those obtained for Al,O3 and MgAl,O4. The
tracks are considerably smaller than expected according
to Egs. (1)—(3) and the relative deviations from the the-
oretical line (dashed line in Fig. 1) increase with the
reduction of S.. Thus while the deviation of the diame-
ters for 210 and 100MeV Xe ions are 7% and 12%,
respectively, it is more than 40% for 70 MeV I irradia-
tion. No information is available about high-fluence
measurements. Nevertheless, it is reasonable to assume
that the small track size is the result of recrystallization
and Eq. (3) provides a good estimate (S.; = 8.2keV/nm)
for the onset of track formation.

2.7. ZrSiOy

This material melts incongruently at Tj, = 1960K
[32]. The crystalline structure becomes unstable
at T > Ty,. There is no time for a long-range phase sep-
aration because of the very fast heating and cooling.
However, the local structure is destroyed. Thus Tj,
can be applied in Eq. (3) for the temperature and we

obtain S, = 14.5keV/nm for high ion velocities. Bursill
and Braunshausen irradiated ZrSiO,4 samples by Pb ions
of 14MeV/nucleon energy [33]. They performed TEM
and HREM measurements and observed ion-induced
tracks. They measured R.=4nm for track radii with
an error below 5%. Our estimate is R, =4.18nm by
using Eq. (1). The good agreement between the meas-
ured track radius and our estimate justifies again the
reliability of our predictions.

3. General remarks

The estimates of S, in Fig. 3 from track evolution
curves for E < 2.2MeV/nucleon are completed with the
results of the present study. The results for Al,O;,
MgAl,O4 and UO, nicely fit to the general linear
dependence predicted by Eq. (3). We believe that Eq.
(3) provide a reliable estimate for insulators. The plots
in Figs. 1 and 3 prove that the «(0) and the g parameters
have common values in insulators including Al,O;,
MgAl,0O4 and UO,. We note that a(0) and g are param-
eters characterizing the spike. The uniformity of these
parameters in insulators means that the energy distribu-
tion in the thermal spike is identical in these solids for a
given S..

We note that Fig. 2 is valid for room temperature irra-
diations. However, the operating temperatures of inert
matrices may be up to 1000°C. The reduction of S at
high temperatures can be estimated by applying Eq. (3).
One can get a first estimate by multiplying the room tem-
perature value by (T, — 1300)/(T,, — 300) (7}, in K). This
corresponds to about 50% reduction of S, for Al,O3 and
MgAl,0,4. Obviously, the recrystallization is also acceler-
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Fig. 3. Threshold of melt formation S, for various solids for irradiation with low velocity ions (E < 2.2 MeV/nucleon); ¢ is the average
specific heat and T\, = Ty,, — T, where Ty, is the melting point and 7j; is the irradiation temperature. The theoretical line with the slope
m is calculated with a(0) = 4.5nm and g = 0.4; Al,O3, MgAl,04, UO, present results, others from Ref. [4].
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ated at high temperatures. Therefore, in spite of the reduc-
tion of S, a crystal may be amorphizable at room temper-
ature and non-amorphizable at high temperatures.

The experiments of Aruga et al. [17,22] showed that
the investigations of the radiation resistance always
must include experiments with high fluences, as well,
since the study of the properties of single tracks may
lead to incorrect predictions when track recrystallization
is expected. Experiments in such conditions are highly
important since the high fluence is an essential feature
of any reactor applications. The above considerations
are valid for UO, as well. We also emphasize that the
predictions based on room temperature studies of ion-
induced tracks are not reliable without experiments on
the operating temperatures of the nuclear fuel.

We note that it is very advantageous to estimate S
from the position of the amorphous—crystalline bound-
ary since this experiment requires only a single ion beam.
The estimate of S, from the track evolution curve re-
quires a number of ion irradiations including beams of
heavy ions, as well, if S is high. On the other hand,
the determination of d,,, is considerably simpler than
the accurate measurement of the track diameters.

In Refs. [13,28,34] tracks in MgAl,O4, UO, and
Al,O3 were discussed theoretically applying the model
of Toulemonde et al. [9]. In this model the electron-
lattice interaction mean free path A is the control param-
eter and S, is deduced by extrapolation of an R.-S,
curve to R, = 0. A weakness of this procedure is that this
model is valid only for R, > 3nm [3]. Thus the result of
the extrapolation is rather doubtful [4]. However, the
main difficulty is that the scaling is possible with the
pcT, term without the parameters of the model of
Toulemonde et al. (see Figs. 2 and 3).

Table 1

In the model of Toulemonde et al., 1 is an adjustable
parameter, and p, ¢, Ty, and the equilibrium value of the
heat of fusion L, are fixed parameters [11,12]. When L,
is not known (e.g. LINbO3, Y3FesOy,) it is used as a sec-
ond fitting parameter. Recently, even a new so-called
‘cohesion energy criterion’” has been proposed for
Al,O3 and UO, and some other insulators: tracks are
formed where 7> T, (T, temperature of vaporization)
and the energy corresponding to L, + L, (L, — the latent
heat of vaporization) is transferred to the atoms [34]. If
this description were correct, one would expect a scaling
factor of the form p (¢T,+ Ly) or p [¢(Ty — Ty) +
L., + L,]. The contribution of L, and L, is rather high:
Ly/cT,=0.3 for YsFesOq, and (L, + Ly)/cT,>2 for
UO,. The model-independent scaling by pcT, evidences
that Ty, L,,, L, are not relevant parameters for track for-
mation. Obviously, the same is valid for the gap energy
of insulators which was also put forward in Ref. [34].

We estimated in Table 1 the room temperature values
of S, for some solids, most of which have been proposed
for inert matrix applications. The last column is to illus-
trate the possible effect of ff, where we used the S, values
for I ions of 72MeV. Our conclusion is that all insulators
in Table 1 except MgO may be equally affected by ff.

It is known that tracks are not formed in insulators
with predominantly ionic bonds. The origin of this
behavior has not been clarified yet. As MgO is an ionic
crystal, track formation by ff is not expected. In agree-
ment with this, Aruga et al. did not observe amorphiza-
tion in MgO after irradiation with 85MeV I ions up to
1.2x 10" ions/m? and no step appeared on the irradi-
ated surface. On the other hand, X-ray diffraction meas-
urements revealed a gradual atomic rearrangement in
the irradiated polycrystalline samples [17].

Threshold electronic stopping power S, for various solids, calculated by Eq. (3)

p (kg/m?) ¢ (kJ/Kkg) T (K) Set (keV/nm) Set (exp) (keV/nm) Se/Set

SiC 3210% 1.25 3103* Semicond. - -
AIN 3310* 1.22 3025% Semicond. - -
AlLO; 3980% 1.23 2324% 9.8 9.9 1.78
B-SizNy 3210% 1.28 2775% 10.1 - 1.5
MgALO, 3580% 1.23 2408* 9.3 9.15, 8.6 1.78
MgO 3580° 1.24 3100° Tonic - -
CeO, 72409 0.44 2873¢ 8.2 - 2.20
71O, 5830° 0.61 2983¢ 9.5 - 1.95
Z1SiO, 4560° 0.82 1960° 6.2 - 2.73
U0, 10960° 0.28 3120° 8.6 8.66 2.29

For T;, = 300K; p — density, ¢ — average specific heat (approximated by the Dulong—Petit rule), 7,,, — melting point, S (exp) our
estimates from experimental results. In the last column S, stands for irradiation by 72MeV iodine ions.

4 [37].

® [38].

° [39].

4 [40].

¢ Incongruent melting [32].
f X-ray density [38].
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SiC and AIN are semiconductors. While the energy
deposition is identical and highly localized in insulators,
the initial width of the thermal spike a(0) >4.5nm is a
materials property in semiconductors and it is not a con-
stant. In ITI-V semiconductors we found that a(0) varied
with the gap energy E, approaching to a(0) =4.5nm at
high E, values. The efficiency values are also considera-
bly less in semiconductors than in insulators. The
changes in the magnitude of the parameters a(0) and g
lead to considerably higher values of S, For example
in InSb, the value of S is about 33 times larger than
the estimate according to Eq. (3) for an insulator with
identical thermal properties [35]. Thus we do not expect
that monoatomic ions can induce tracks in SiC or AIN.
Experiments performed on AIN by Zinkle et al. [36] con-
firm this prediction.

4. Conclusions

The correct Se; values can be reliably estimated from
the position of the amorphous—crystalline interface in ion
irradiation experiments with high fluences. The analysis
of ion-induced amorphization data on Al,O3;, MgAl,O4
and UQO, ceramics confirmed the reliability of the predic-
tions of S based on our thermal spike model. Prediction
of the room temperature value of S, for ff energies was
made also for B-Siz Ny, CeO,, pure ZrO,, and ZrSiOy.
The predicted values of S are equal within +10% except
ZrSiOy, so in an ideal case (no recrystallization) only
minor differences would occur between the track struc-
tures. However, the recrystallization processes may lead
to considerable differences in a real experiment. Accord-
ing to our present knowledge ff do not induce track dam-
age in SiC, AIN and MgO crystals. In UO,, S, = 8.6keV/
nm is predicted in good agreement with the experiments.
For an operating temperature of about 1000° C S, is re-
duced by about 35-50%. Reliable estimates of radiation
resistance require experiments performed at the operat-
ing temperatures and with high ion fluences.
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