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Single crystals of a-Al,0, were irradiated at Ganil with ***U ions using four different energies: 0.48,
1.72, 2.78, and 3.40 MeV/u. All the irradiations were performed at a temperature of ~80 K, with
fluences extending from 1.2X10'? to 2.5X 10'2 ionscm ™% The samples were characterized by Ruther-
ford backscattering spectrometry in channeling geometry (RBS-C) and optical absorption measurements.
RBS-C analyses evidence the lattice disorder induced by collective electronic excitations. Depending on
the electronic stopping power (dE /dx)e (up to 44.2 keV nm™'), the damage cross section A4, varies be-
tween 0.3 and 2.1X 107 '3 cm?. Optical absorption spectroscopy exhibited the characteristic bands asso-
ciated with oxygen vacancies. The kinetics of F centers were determined in order to precisely determine
the respective contributions of the nuclear and electronic processes in point-defect generation.

I. INTRODUCTION

Aluminium oxide Al,O, presents favorable phy-
sicochemical properties for many industrial applications:
hardness, chemical insensitivity, refractory behavior
(T,,=2318 K), and transparency over a wide wavelength
range (~0.2-6.0 um). It has been proved for many
years that ion beam processing may be successfully un-
dertaken for altering the near-surface properties of
ceramics like Al,0;. For example, the earliest works on
ion implantation in Al,0; dealt with modifications in the
optical properties of this material.' 3 Then many inves-
tigations have been reported on the microstructural
changes induced by ion implantation and post annealing
treatments.* ® The effects of ion implantation on the
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mechanical and tribological properties of both sapphire
and polycrystalline alumina have also been studied exten-
sively during the last two decades.!®" !5 The optical, elec-
trical, or mechanical modifications observed in irradiated
ceramics like Al,O; result from complex interactions in-
volving the slowing-down process of the incident ions
which induce defect creation, structural transformations,
and chemical effects in the host matrix.!® Low-dose
light-ion implantations or electron irradiations of sap-
phire induce predominantly isolated defects, responsible
for an increase of the optical absorption in the near ultra-
violet wavelength range. The main absorption bands, lo-
cated at 258 and 206 nm, have been identified as due to
an oxygen vacancy with two trapped electrons (F center)
and with one trapped electron (F* center) respectively.
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At low energy the damage process is associated with
direct momentum transfer from the incident ions to host
atoms. In this regime, according to a Kinchin-Pease
description,!” the main parameters governing the number
of displaced atoms are the nuclear stopping power
(dE /dx ), (predominant slowing-down process at low en-
ergies) and the displacement energy E,; of the target
atomic species. The binary structure of aluminium oxide
leads to unequal displacement energies for anions and
cations: 75 and 16 eV, respectively, according to Parkin
et al.’® It has to be noticed that even for very high
fluences (~10'7 ionscm™2), the amorphization of sap-
phire is generally not observed, except for low-
temperature (77 K) implantations.'>!%2° However, in
some cases, chemical effects of reactive implanted ions
[Sn,?! Zr,?? and Nb (Ref. 23)] may promote the amorphi-
zation of sapphire at room temperature.

The influence of the nuclear stopping power onto the
damage mechanisms of bombarded sapphire is now well
established, but a controversy remains as regards the sen-
sitivity of this material to electronic excitations. Gen-
erally, refractory oxides are known to be insensitive to
ionizing radiations, as they can be observed nondestruc-
tively by low-energy electron microscopy. According to
Clinard and Hobbs,?* the creation of stable defects in the
oxygen sublattice by inelastic process requires an avail-
able excitation energy comparable to the displacement
energy. This criterion is not fulfilled for Al,O; as its
band gap (10 eV) is much lower than E; for oxygen
atoms (75 eV). However, it has been observed for many
years that collective excitations resulting from swift
heavy-ion irradiations may create specific damage in a
great variety of materials. Such an effect was evidenced
for the first time in 1959 by Silk and Barnes.?’ They irra-
diated mica with uranium fission fragments and observed,
by means of transmission electron microscopy, amor-
phous cylinders (“latent tracks”) surrounding each parti-
cle trajectory. Later on, using chemical etching in many
natural and synthetic oxides (including Al,O;), Sigrist
and Balzer?® showed the existence of a threshold in the
electronic stopping power, characteristic of each materi-
al, for latent track revelation. A correlation was pointed
out between the thermal diffusivity of the target and the
corresponding (dE /dx ), threshold and no latent track
revelation was obtained in Al,0;. Since the beginning of
the 1980s, irradiation experiments in the electronic stop-
ping power regime have been performed extensively in all
kinds of materials, using the high-energy beams (GeV
range) delivered by heavy-ion accelerators. So the key
influence of (dE /dx), has been unambiguously attested
in many unexpected effects. For instance, anomalous
ion-induced anisotropic plastic deformation in amor-
phous metallic materials,?’ 32 amorphization®® and latent
track formation®* in metallic alloys, and annealing of
elastically created point defects in pure metals.3>36

Moreover, (dE /dx),-induced damage has been evi-
denced in many nonradiolysable insulators like spinels
AFe,0, (Ref. 37) (with 4 =Ni, Mg, Zn, and Fe), yttrium
iron garnet Y;FesO;, (Ref. 38) and other magnetic insula-
tors like BaFe;,0,y (Ref. 39) and SrFe;,0,,.° Recently,
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Canut et al.*! reported on high-energy (3.5 MeV/u) Pb
ion-irradiation effects in a-Al,0;. In this preliminary
work it was shown that sapphire is sensitive to high elec-
tronic energy losses, via a damage cross section of about
1078 cm?.

The aim of this paper is to confirm such a result by
28U irradiations in the GeV range. The influence of
(dE /dx), on both point and extended defect creation
will be discussed.

II. EXPERIMENTAL PROCEDURE

a-Al,O, single crystals of (0001) orientation with opti-
cal polished surfaces were used. Prior to the irradiations
the samples were annealed in air at 1723 K for 120 h in
order to remove the residual polishing surface damage.
The irradiations were performed at Ganil with 2**U ions
of 3.40 MeV/u incident energy at equilibrium charge
state, corresponding to an electronic stopping power of
44.2 keVnm~'. The fluences ranged from 1.2X 10" to
2.5X10? jonscm™? and the flux was about 108
ionscm™2s”! on a 4.4-cm? irradiated surface. In these
experiments all the crystals were maintained at liquid-
nitrogen temperature (~80 K). In order to modify the
energy and consequently the electronic stopping power of
the impinging beam, some samples were covered with
aluminium foils of either 5, 15, or 30 um thicknesses.
The resulting initial energies and (dE /dx), values at the
surface were calculated with the TRIM91 code*? and listed
in Table I, in conjunction with the relative velocities
B=v /c (where v is the velocity of the ions and c is the
light velocity), the projected ranges R, and the initial nu-
clear stopping powers (dE /dx),. It is clearly seen that,
whatever the irradiation conditions, the slowing down of
the uranium ions is mainly governed by electronic
processes up to a depth of a few um
[(dE /dx),/(dE /dx),~10%]. Moreover, in order to
check the possible contribution of elastic processes to the
damage created near the sample surface, the initial yields
of displacements Y, have been also listed in Table I.
These Y, values are based on the Kinchin-Pease model
used in TRIM calculations, assuming displacement ener-
gies of 75 and 16 eV for oxygen and aluminium atoms, re-
spectively. Rutherford backscattering spectrometry in

TABLE 1. Main characteristics of the 2**U irradiations in
sapphire: absorber thickness (¢), incident energy (E), relative
velocity (B=v/c), projected range (R,), incident electronic
[(dE /dx).] and nuclear [(dE /dx),] stopping powers. In the
last column, Y, is the theoretical yield of displacements at the
sample surface calculated from TRIM91 code.

dE dE
! E B R, dx dx |, Y.
(um) (MeV) (%) (um) keVnm~' keVom™' (um™!)
0 809 8.54 26.2 44.2 0.0119 540
5 662 772 228 42.7 0.0139 620
15 410 6.08 16.7 38.8 0.0207 960
30 115 3.22 7.8 24.0 0.0567 2550
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channeling geometry (RBS-C) was carried out using a
“‘He™ beam generated by a Van de Graaff accelerator
working at a maximum energy of 2 MeV. The crystals
were mounted on a three-axis goniometer head allowing a
resettability better than 0.05°. The beam current was
limited to 10 nA on a spot size area of about 1 mm?2. The
detection of the backscattered particles was made by a
13-keV resolution implanted junction set at 150° toward
and off the beam axis. In order to restrict any additional
damage due to the analyzing beam itself, the alignment
procedure was performed on a virgin part of the crystal.
Then the channeling spectrum was recorded after
translating the sample holder so that the *He™ particles
collide the uranium-irradiated zone. Moreover, some
RBS-C experiments were carried out, on the same sam-
ple, using different ‘Het energies (0.6, 1, 1.5, and 2
MeV). In this way, by studying the energy dependence of
the dechanneling cross section, one can obtain comple-
mentary informations about the type of defects present in
irradiated sapphire.

Optical absorption data were obtained at 300 K using a
Cary 2300 spectrophotometer in the 185—-1500 nm wave-
length range. In these experiments, the incident light
crossed the samples parallel to the direction of the urani-
um ion beam. As a consequence, whatever their depth
location, all the absorption centers induced by the irradi-
ation will contribute to the resulting optical density. The
amount Ny of oxygen vacancies per centimeter square
was determined by using Smakula’s formulas*} given by

n
Np=2.05X 1017WODW1/2 , (1
where f=0.92 is the oscillator strength of the optical
transition (taken from Ref. 44), and n = 1.8 the refractive
index of sapphire at the wavelength corresponding to the
absorption band peak for F centers (taken from Ref. 45).
The term W, ,, represents the half width (in eV) at half
maximum of the optical absorption band characterized
by a maximum optical density (OD).

III. RESULTS AND DISCUSSION

A. RBS-C analysis

Figure 1 shows typical backscattering spectra obtained
from a 2-MeV *He™* analysis of irradiated samples at an
energy of 2.78 MeV/u. Spectra (a), (b), and (¢), record-
ed in channeling geometry, correspond to the three
fluences used (up to 2.5X10'? ionscm™2). The aligned
and random spectra [curves (d ) and (e ), respectively] ob-
tained on a virgin crystal are also presented for compar-
ison.

Before irradiation, a minimum yield x,=2.7% was
measured at the low-energy side of the Al surface peak.
This low value, typical in a single alignment geometry,
gives evidence of the high-crystalline quality of the Al,04
wafers after the preannealing at 1723 K for 120 h. After
irradiation, a general increase of the backscattering yield
with fluence is observed in channeling conditions. This
indicates a defect creation process in both oxygen and
aluminium sublattices. The sensitivity of a-Al,O; to such
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FIG. 1. RBS spectra for a-Al,0; irradiated with 2**U ions

of 662-MeV incident energy. (@) 1.2X10'? ionscm ™2 (aligned),
(b) 2.1X10" jonscm™2 (aligned), (c¢) 2.46X 10" ionscm 2
(aligned), (d) virgin sample (random), and (e) virgin sample
(aligned). Analysis conditions: 2-MeV *“He™" ions; detection an-
gle=150°.

irradiations characterized by very high electronic stop-
ping powers, previously reported by Canut et al.,*® is
hence confirmed. Due to the overlapping of oxygen and
aluminium spectra and to the lack in RBS sensitivity for
detecting low atomic masses, the disorder calculations
have been carried out only from the aluminium signal.
The dechanneling yield x, of the irradiated sample was
measured behind the Al surface peak. By taking into ac-
count the minimum yield Y, corresponding to the pris-
tine crystal, the relative disorder a near the sample sur-
face will be given by the classical formulas*®

— XO—XU
I—Xv '

Such a procedure requires some comments.

(i) The disorder calculations do not take into account
the Al surface peak. This latter is clearly visible at the
high-energy edge of RBS-C spectra, especially for the
highest fluences. It indicates an excess of displaced
aluminium atoms from the surface to a few tens of
nanometers.

(ii) Even for the highest degrador thickness (30 um Al),
the range of the incident 2*®U ions exceeds the maximum
depth probed by the 2-MeV “He™ analysis beam (4.5 pum).
Consequently, except the above-mentioned increase of
disorder at the surface, no deep evolution of a can be ex-
tracted from RBS data. In particular, the nuclear dam-
age peak, located around the projected range R, (see the
values in Table I), cannot be evidenced by these channel-
ing experiments.

Figure 2 represents, for the four incident used energies,
the evolution of a versus the fluence ®. Assuming the
absence of any annealing, a direct impact model*’ for de-
fect creation predicts a kinetics which is given by

(2)
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FIG. 2. Fluence and energy dependence of the damage in ir-
radiated sapphire: (a) 115 MeV, (b) 410 MeV, (c) 662 MeV,
and (d) 809 MeV.

a=1—exp(—A4,P), (3)

where A, is the damage cross section. Satisfactory
fittings of the experimental data were obtained by using
this expression (dashed lines in Fig. 2). The resulting
damage cross sections A, are listed in Table II. The
theoretical damage cross sections A4,, corresponding to
target atoms elastically displaced, are also presented for
comparison. The A4, values have been calculated by di-
viding the displacement yields Y, (see Table I) by the
molecular concentration of sapphire (2.35X10%?
Al,0;cm™3). Whatever the irradiation conditions used in
this work, it is evident that the nuclear contribution A4,
for defect creation in the first um is negligible in respect
with the measured value A,. On the other hand, 4,
varies conversely with (dE /dx),. As presented in Fig. 3,
this trend is at the opposite of the (dE /dx), dependence
of A,. So, the disorder measured by RBS-C experiments

TABLE II. Comparison between the experimental damage
cross section A4,, corresponding to a defect radius
r=(A,/m)'/?, and the nuclear damage cross sections A, de-
duced from Y,. L is the track length, estimated from the mea-
sured electronic stopping power threshold (see text). In the last
column, N, is the number of target atoms elastically displaced
per one incident ion.

dE
dx | A, r A, L
_ A,

(keVnm™1) (cm?)  (nm) (cm?) y (um) N,
442 2.1X1071% 2,59 2.5X107!1% 840 19.6 91900
42.7 1.9X107"2 246 32X107!'% 590 16.2 89900
38.8 1.3X107" 2.03 43Xx107'¢ 300 10.1 85000
24.0 32X107% 101 1.2X107% 30 1.2 71200
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FIG. 3. Evolution of the damage cross section vs the elec-
tronic stopping power.

has to be attributed to collective electronic excitations.
The mean radius r of the damaged zones has been calcu-
lated from A,=mr? and varies between 1.1 and 2.6 nm
(see Table II). A linear regression (solid line) of the ex-
perimental points displayed in Fig. 3 intercepts the hor-
izontal axis at about 21 keV nm™~!. This value may be re-
garded as the electronic stopping power threshold for de-
fect creation in a-Al,0;. This result explains why Sigrist
and Balzer?® did not evidence any latent track revelation
in sapphire irradiated by fission fragments. As a matter
of fact, the electronic stopping power used in this
pioneering work never exceeded 15 keV nm ™! in a-Al,0,4
(irradiations with I ions of 40-MeV incident energy).

These results exhibit a good correlation between the
damage cross section and the electronic stopping power,
as shown in Fig. 3. However, the velocity of the incident
ions may also play a role in the defect creation. Recent
measurements in magnetic insulators*®*® and lithium
niobate® showed that at one given value of (dE /dx ), the
damage cross section is higher at low ion velocity than at
high velocity over a large range of (dE /dx),. This
mechanism is related to the radial spreading of the depos-
ited energy, which increases conversely with the ion ve-
locity, according to the theoretical calculations of Katz®!
and Waligorski.”? In a previous work,* using 2°Pb ion
irradiations at 77 K, a damage cross section of 10~ 13 cm?
was measured. The incident energy and the electronic
stopping power were, respectively, 3.5 MeV/u and 40
keV nm ™. In the present work, the damage cross section
increases to 1.5X 10713 cm? (see Fig. 3) for the same elec-
tronic stopping power. This difference can be explained
by the lower velocity of uranium ions (8=6.1%) com-
paring to the velocity of lead ions (8=28.7%).

As pointed out in the experimental procedure, it is pos-
sible to evidence the major type of defects present in the
crystal by varying the incident energy of the *He™ beam
used in RBS-C analysis. Let us consider the aligned spec-
tra displayed in Fig. 1: on the low-energy side of the
aluminium surface peak, the dechanneling yield )y in-
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creases conversely with the energy. This phenomenon is
due to the progressive misalignment of the analyzing
beam after passing through a damaged layer of increasing
thickness. Assuming the dechanneling events to obey the
single scattering approximation®® and provided that the
disorder distributions are identical in the aluminium and
oxygen sublattices, the evolution of y versus depth ¢ may
be deduced from the following equation:>*

1—x(2)
1—x,(¢)

=[1—alt)lexp —(odAlNAl-i-O'doNo)fota(u)du] ,
4)

where a(t) is the relative disorder at a depth ¢ beneath
the surface. N, =4.7X10*? cm ™3 and Ng=7.05X 10%
cm ™ ? are the atomic concentrations of the target species.
o4a1 and o, are the dechanneling cross sections of
aluminium and oxygen atoms, respectively.

As previously discussed, in the present work, a may be
regarded as constant over the energy range covered by
the aluminium RBS signal. In addition, we shall neglect
the small increase of x, versus z. So, by taking into ac-
count Eq. (2), Eq. (4) may be simplified as

X(t)=1_(l_xo)exp[_(UdAlNA1+0'doNo)at] y (5)
which leads to the following expression for the initial

slope of the dechanneling yield versus depth curve:

ax

dt =(1—=Xo)ogaiNa1 T 0 40Np I . (6)

t=0

It may be rewritten as

d
“(% =(1—XxglogNaa , D

t=0

where o, is a “‘global” dechanneling cross section given
by

Equation (7) allows the determination of o, at given
analysis conditions, assuming convenient energy-depth
calibration of the RBS-C signal. The procedure de-
scribed above to calculate o, neglects the influence of the
aluminium surface peak onto the dechanneling process.
In order to restrict the uncertainties resulting from such
an approximation, the o, calculations have been per-
formed only for the lowest fluence (1.2X102 c¢cm™?)
which corresponds to the least excess of damage at the
surface. Although the dechanneling cross sections of
each atomic species cannot be extracted from (7) and (8),
it seems reasonable to assume the same energy depen-
dence for both 0 ;,, and 045. As a consequence the evo-
lution of o4 versus the analysis beam energy E will give
qualitative information about the main type of defects
present in the first micrometers of the irradiated samples.
Three major trends may occur: (i) For dislocation loops,
o, varies as E'/? at low energies.”> At high energies
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FIG. 4. Dechanneling cross section o, of irradiated a-Al,0,
vs the energy of the beam used for RBS-C analysis. Irradiation
energies: 115 MeV (dots), 410 MeV (triangles), and 662 MeV
(squares). The dashed line represents the best fit of the experi-
mental data, using a (1/E) dependence of o 4.

(typically above ~3 MeV for *He™ particles), o, be-
comes independent of E for this type of defect.> (i) For
stacking faults and large size (mean diameter > 100 nm)
voids, o, is independent of E.% (iii) For displaced atoms
and amorphized regions, o ; varies as 1/E.>®

Figure 4 represents the energy dependence of the
dechanneling cross section deduced from RBS-C experi-
ments on sapphire irradiated with 2*®U ions at the same
fluence of 1.2X10' ionscm ™2 The o, measurements
were performed for each incident energy of the uranium
ions. As the plot shows, the data are fitted by a 1/E law
to a good degree of approximation. This result indicates
that the disorder in irradiated a-Al,0; consists mainly of
displaced atoms or amorphous regions, according to (iii).
In addition, Fig. 4 does not exhibit any significant
difference between the four o, values at a given analysis
energy. This leads to the conclusion that, whatever the
uranium energy used in this work, the damage morpholo-
gy in the first micrometers remains roughly the same.

B. Optical absorption analysis

The optical absorption of the irradiated samples was
investigated as a function of both ion fluence and elec-
tronic stopping power. A typical spectrum, correspond-
ing to an irradiation fluence of 2.5X 10! ionscm ™2 at an
incident energy of 115 MeV, is displayed in Fig. 5. As
can be seen, Fig. 5 exhibits a major absorption band
around 6.05 eV associated with two weaker side bands lo-
cated at 5.4 and 4.8 eV. These three bands are related to
oxygen vacancies which may contain either two electrons
(F center) or one electron (F*1 center). These defects in-
duce an optical absorption in the near ultraviolet at 6.05
eV (corresponding to a wavelength of 206 nm) for the F
band or 4.8 €V (258 nm) and 5.4 eV (230 nm) for the F*
band. Moreover, according to Dalal et al.,”® another
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FIG. 5. Typical absorption spectra recorded on a-Al,0; be-
fore (a) and after (b) irradiation with 2*8U ions of 115-MeV in-
cident energy (fluence: 2.46X10'? ionscm™2). The arrows indi-
cate the positions of the characteristics F and F* bands.

band located at 6.3 eV could also be ascribed to the F
center. This latter band is not clearly visible on Fig. 5.
However, its presence could explain the asymmetry of the
main peak located at 6.05 eV. Figure 6 represents for
three (dE /dx ), values, the kinetics of the oxygen vacan-
cy creation Np. The data points have been calculated by
applying Eq. (1) to the major absorption peak located at
6.05 eV. In this procedure, the raw spectral data have
been corrected by a baseline substraction and the small
contributions of the F* bands have been eliminated by
interpolation. The kinetics exhibit the same shape: a
rapid increase of N at low fluences, followed by the be-
ginning of a saturation effect for the highest ® values.
Few differences exist between the kinetics relative to the
highest electronic stopping powers (42.7 and 38.8

4
1.2 j

N, (10% cm?)

°
®
1

——

0 T T
0 0.5 1 1.5 2 2.5 3

FLUENCE (10*? cm'?)

FIG. 6. Fluence evolution of the amount Ny of F centers, for
three incident electronic stopping powers: 24 keV/nm (dots),
38.8 keV/nm (squares), and 4.27 keV/nm (triangles). The solid
lines are drawn to guide the eye.
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keVnm™!). However, a significant decrease of the satu-
ration level is evidenced in the third plot [(dE /dx), =24
keVnm™!]. Differently from RBS-C analysis which al-
lows one to evidence lattice disorder only in the near sub-
surface, the absorption spectroscopy ‘‘integrates” all the
point defects present in the irradiated sample. However,
it is possible to precisely determine the depth location of
the observed F centers by studying the consequences of
two hypotheses (a) and (b) presented below.

(a) Presence of F centers in the (dE /dx), damaged
zone? This first hypothesis follows a description, pro-
posed by Dartyge et al.,®® which assume the coexistence
of both point and extended defects along the ion track.
According to these considerations, it seems reasonable to
link the amount N of oxygen vacancies with the amount
Q. of displaced atoms by electronic processes. Given, as
a first-order approximation,

NF=er ’ (9)

where A is a constant.
In order to express Q,, we assume that the damage in-
duced by electronic processes extends to a maximum
depth L. As a first-order approximation, the relative dis-
order will decrease linearly from a at the sample surface
(RBS-C measurements) to zero at this maximum depth L.
This leads to the following equation:
1-=

Q. =Nu0, fOLa dx , (10

where N ALO, is the atomic density of alumina

(2.35X 102 AL,Oycm™3).
The integration of (10) gives

L
QezaNA]203_2— . (1n

At a given incident energy, the damaged depth L may be
estimated from the (dE /dx), threshold (21 keVnm™!)
previously mentioned. According to the TRIM91 code,
the energy and projected range corresponding to an elec-
tronic stopping power of 21 keVnm™! are E,=89 MeV
and R,,=6.6 pum, respectively. In other words, the last
6.6 micrometers of the ion range are practically free of
(dE /dx),-induced damage. As a consequence, the dam-
aged depth L will be simply given by

L=R,—R, . (12)

The numerical values of L are listed in Table II. By tak-
ing into account (9) and (11), one obtains

aN AlL,0,

This equation supplies a criterion for testing hypothesis
(a). As a matter of fact, by introducing a variable
Y=2Np/aN o, the curve y=f(L) should exhibit a

positive slope. For every irradiation condition, y has
been calculated from RBS-C and optical results and plot-
ted versus L [calculated from (12)] in Fig. 7. Despite an
important scatter of the data observed at a given L value,
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FIG. 7. Test of the presence of F centers in the (dE /dx),
damaged zone. The decrease of the variable y =2Np/aN AL,

vs the track length L is in conflict with this hypothesis.

Fig. 7 evidences a decrease of y versus L. This trend is at
the opposite to the expected one. As a conclusion, the F
centers present in sapphire after irradiation are probably
not located in the (dE /dx ), damaged zone.

(b) Presence of F centers in the predominantly
(dE /dx ), damaged zone? According to this second hy-
pothesis, a strong correlation should exist between N
and the amount Q, of displaced atoms by nuclear pro-
cesses. This latter parameter can be easily calculated, at
a given fluence ®, by using the following relation:

0,=N,®, (14)

where N, is the number of atomic species elastically dis-
placed by each incident ion. The numerical values of N,,,
calculated by using TRIM91 code, are listed as a function
of the incident energy in Table II. As evidenced in Fig. 8,
the expected correlation between N and Q, occurs. One
can thus conclude that the major part of the F centers
present in irradiated sapphire are created by nuclear pro-
cesses, at the end of the ion range. It has to be noticed
that the slope of the regression straight line is quite below
the unity. This feature can be explained by recombina-
tion processes.

IV. CONCLUSION

This work confirms that high-energy heavy-ion irradia-
tions induce both point and extended defects in a-Al,O;.
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FIG. 8. Test of the presence of F centers in the (dE /dx),
damaged zone. The strong correlation between Ny and the
amount Q, of displaced Al,0; (calculated from the TRIMS1
code), at a given fluence, supports this hypothesis.

The lattice disorder evidenced by RBS-C analysis per-
formed on samples bombarded with 238U ions in the GeV
range has been attributed to collective electronic excita-
tions. The corresponding damage cross section A4, varies
from 0.3 to 2.1X 107! cm? when the electronic stopping
power (dE /dx), increases from 24 to 44.2 keVnm ™.
The extrapolation of this dependence leads to a
(dE /dx), threshold for extended formation of about 21
keV nm~!. By comparing these results with the ones pre-
viously obtained by means of 208py jon irradiations, a ve-
locity effect in damage creation is suspected. According
to RBS-C analysis performed at different beam energies,
the defects produced by cooperative electronic processes
consist of displaced atoms. Complementary characteriza-
tions, like high-resolution electron microscopy or x-ray
diffraction at glancing incidence, are required to com-
plete the damage description. These techniques could
also bring valuable information about the unexpected ex-
cess of disorder observed in the near subsurface of the ir-
radiated samples. Optical absorption spectroscopy evi-
denced the characteristic bands associated with isolated
defects. The oxygen vacancy amounts Ny have been cal-
culated for the different fluences ® and (dE /dx), used.
The results indicate that the major part of these defects
are created by elastic processes and are located in the
predominantly (dE /dx ), damaged zone.
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