Journal of Nuclear Materials 543 (2021) 152600

journal homepage: www.elsevier.com/locate/jnucmat

.

Contents lists available at ScienceDirect

JOURNAL OF
NUCLEAR MATERIALS

Journal of Nuclear Materials 2

Thermal annealing and transformation of dimer F centers in A
neutron-irradiated Al,05 single crystals

E. Shablonin?, A.l. Popov®P, G. Prieditis?, E. Vasil’chenko®P, A. Lushchik®*

A Institute of Physics, University of Tartu, W. Ostwald Str. 1, 50411 Tartu, Estonia
b Institute of Solid State Physics, University of Latvia, Kengaraga 8, Riga LV-1063, Latvia

ARTICLE INFO

Article history:

Received 30 April 2020

Revised 21 September 2020
Accepted 12 October 2020
Available online 20 October 2020

Keywords:

Irradiation by fast neutrons

Dimer F-type centers, Radiation induced
optical absorption

Thermal annealing

«-Al,05

ABSTRACT

The precise study of the thermal annealing of the F,-type dimer defects, being under discussion in the
literature for a long time and responsible for the number of absorption bands below 4.5 eV, has been
performed in corundum single crystals irradiated by fast neutrons with a fluence of 6.9 x 10" n/cm?2.
The Gaussian components of the radiation-induced optical absorption with the maxima at 4.08, 3.45 and
2.75 eV have been considered as a measure of the F,, F,"and F22+centers, respectively. In contrast to the
F and F* centers, the concentration of which continuously decreases at the sample heating up to 1100
K, the concentration of dimer defects with different charge states passes the increasing stages above 500
K starting from the FZZJr centers. The tentative mechanisms of such rise of the F22+ centers as well as of
the subsequent transformation/rise of dimer centers, F22+ — E"— Bat 650-800 K are considered. The
possible sources of carriers needed for the recharging of dimer centers are also analysed on the basis of

thermally stimulated luminescence measurements up to ~850 K.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Aluminium oxide («-Al,03) possesses a variety of fascinating
properties allowing its use for different technological applications.
In particular, because of high resistance to fast neutrons, rather low
swelling and ability to maintain mechanical and electrical integrity,
«-Al,03 single crystals and polycrystalline transparent ceramics
are widely used for fission-based energetics and are in the list of
promising diagnostics/window materials for deuterium-tritium fu-
sion reactors [1-3]. On the other hand, a specially treated alumina
(so-called anion-deficient «-Al,03) is the basis of highly sensitive
luminescent detectors of ionizing radiation (see, e.g., [4,5] and ref-
erences therein).

The processes of radiation damage under irradiation of «-Al,03
crystals by fast fission neutrons, energetic electrons and swift
heavy ions have been investigated for many years [1,6-17]. In gen-
eral, tolerance of a functional material to intentional irradiation is
mainly determined by the accumulation of primary lattice point
defects — vacancy-interstitial Frenkel pairs. The optical absorp-
tion/emission bands related to the anion-vacancy-related elemen-
tary Frenkel defects — the F* and F centers (one or two elec-
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trons trapped by an oxygen vacancy) as well as their simplest ag-
gregates, F, dimers (two adjacent oxygen vacancies) in different
charge states have been revealed and thoroughly studied in the
irradiated or additively colored (thermochemically reduced) Al,03
crystals [7-12]. Particular emphasis has been also paid to ther-
mal annealing of F- and F,-types of radiation defects in «-Al,03
[6,9,11,12,17], as well as to the analysis of their annealing kinetics
[17,18] and the simulation of the migration of oxygen interstitials,
a mobile component in a thermally stimulated recombination of
complementary Frenkel defects [19-21].

By the modern concepts, the elastic collisions of incident en-
ergetic particles (neutrons, light and heavy ions, electrons) with
atoms/nuclei of materials mainly determine the formation of radi-
ation damage in wide-gap metal oxides. The displacement (knock-
on, impact) creation mechanism completely describes the creation
of Frenkel defects by fast neutrons [G]. On the other hand, swift
heavy ions provide extremely high density of electronic excitations
within cylindrical tracks, and, in addition to collision cascades, ion-
ization losses can contribute to radiation damage of metal ox-
ides as well (see [15,22,23] and references therein). Note that in
contrast to alkali halides (see recent review [24]), more complex
electronic excitation related mechanisms of Frenkel defect creation
should be considered [15,23].

The present study is devoted to the precise measuring of the
thermal annealing of the absorption bands related to dimer F,-
type centers created in «-Al,O3; single crystals under fast neu-
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tron irradiation. Special attention is paid to possible mechanisms of
the transformation between F,-type centers with different charge
states (F, FZJr and FZZJr ), which are being implemented at tempera-
tures above 650 K.

2. Experimental

Nominally pure «-Al;03 single crystals were grown by means
of the Czochralski method by Union Carbide Corporation. The crys-
tals were irradiated by fission neutrons possessing energy higher
than 0.1 MeV with a fluence about 6.9 x 10'® njcm? at the Oak
Ridge National Laboratory, while the sample temperature during ir-
radiation did not exceed 60°C.

The spectra of optical absorption in ordinary spectral region
of 1.5-6.5 eV were measured by a high-absorbance spectrometer
JASCO V-660 with a double monochromator, while the measure-
ments covering near vacuum ultraviolet (VUV, up to 8.5 eV) were
performed using a VMR-2 vacuum monochromator and a hydro-
gen discharge light source. The difference between two absorp-
tion spectra sequentially measured at room temperature (RT) for
a virgin crystal and the sample irradiated with fast fission neu-
trons was regarded as radiation-induced optical absorption (RIOA).
In order to stay within experimental limits of optical density val-
ues (OD < 4.0) in a whole spectral region, a 0.09-mm thickness
sample was used; whereas the RIOA measurements in the respon-
sibility region of the F,-type dimer centers were performed for a
thick sample, d = 0.37 mm. In both cases, about 8 x 8 mm?
plates, both sides polished and parallel to the main c crystal axes,
were used. The RIOA spectra were decomposed into Gaussian com-
ponents connected with the creation of different radiation-induced
structural defects.

The thermal annealing of radiation-induced damage in Al,03
single crystals (i.e. recovering of the irradiated sample) was per-
formed via the following stepwise procedure: the irradiated crystal
was placed into a quartz reactor and heated to a certain tempera-
ture Tpy in an argon flowing atmosphere; kept at this fixed Ty for
about 10 min and then cooled down to RT by moving the reac-
tor out of the furnace; finally, the RIOA of the sample preheated
in a such way was measured at RT. Similarly, multiple “heating-
cooling-measuring” cycles were carried out for the same sample
under the same conditions with the consistent increase of Tp; by
15—40 K. Recently, the similar studies of radiation damage anneal-
ing have been also performed for cubic single crystals of MgO and
MgAl, 04, the latter being an equimolar mixture of MgO and Al,03
binary oxides [25,26].

The curves of thermally stimulated luminescence (TSL) were
registered for a spectrally integrated (1.9—4.1 eV) signal or the
emission selected by an optical filter by means of a Harshaw Model
3500 TLD Reader under sample heating with a constant rate of
B = 2 K/s in the atmosphere of flowing nitrogen. Irradiation of
the samples with X-rays was performed using a tungsten tube op-
erated at 40 kV and 10 mA, approximate absorbed dose was 1.5
kGy.

3. Results and discussion

Fig. 1 demonstrates the spectrum of RIOA measured in a wide
spectral region at RT for a fast-neutron-irradiated «-Al,03 single
crystal with a thickness of d = 0.09 mm. According to the exist-
ing literature data [7-12], the dominant band around 6 eV (the OD
maximum is located at Ihax = 6.03 eV) is ascribed to the neu-
tral F centers; the charged F* centers are responsible for two RIOA
bands with Imax = 5.33 eV and Ipax = 4.82 eV, while three signif-
icantly less intense absorption bands (see left ordinate scale) are
connected with oxygen divacancies, F, dimers in different charge
states — F,, Efand FZZJr centers. Because of rather low absorbance
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Fig. 1. The spectrum of RIOA measured at RT for an Al,03 single crystal irradiated
with fast neutrons (® = 6.9 x 10'® cm?, RT, d = 0.09 mm).
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Fig. 2. Spectra of RIOA for an Al,05 single crystal with d = 0.37 mm after irradia-
tion with fast neutrons (® = 6.9 x 10'® cm2, RT, curve 1) or additional preheating
to different temperatures Ty,. All spectra are measured at RT.

(low OD values) of the F,-type dimers, a left part of RIOA spec-
trum in Fig. 1 is multiplied by a factor of 30. Consequently, fur-
ther results related to dimer centers belong to a thick irradiated
sample with d = 0.37 mm. The concentration of the F* centers
in our irradiated Al,03 crystals was determined to be close to
1 x 108 cm~3 using the Smakula-Dexter formula for the corre-
sponding RIOA bands or by means of the Bruker programs on the
basis of the EPR signal of paramagnetic F* centers.

Additional information on the microstructure and nature of lat-
tice defects can be obtained by studying the radiation damage
recovery by means of a following thermal annealing of the ir-
radiated crystal. It should be stressed that the structural defects
of “radiation-induced origin” (i.e. related to novel Frenkel pairs
formed under irradiation) undergo irreversible annealing and do
not reappear after additional irradiation of a totally annealed crys-
tal by X-rays at RT. On the other hand, the reappearance of a cer-
tain structural defect after additional X-irradiation indicates that
we are dealing with some kind of as-grown defects. In wide-gap
metal oxides, X-rays do not create new structural defects, but gen-
erate charge carriers which can be trapped at effective traps - as
grown defects or impurity ions. Note that single and dimer F-type
centers under consideration are undoubtedly the radiation-induced
defects.

Fig. 2 presents a set of the RIOA spectra measured at 2.0-5.6 eV
for an «-Al,03 crystal after neutron irradiation (curve 1) or addi-
tional multiple preheatings to certain Tp; up to 1200 K. All spectra



E. Shablonin, A.l Popov, G. Prieditis et al.

2.0 2.5 3.0 3.5 40 45 5.0
l 0 _I T T T T T T i 0.6

08F 720 - 790 K

06 S

0.4

625 — 700 K

0.0

Radiation-induced OD

-0.2 1 1 1 1 1 1 L]
0.2

450 - 575K

0.0

2.0 2.5 3.0 3.5 4.0 4.5 5.0
Photon energy, eV

Fig. 3. Difference spectra representing the decrease of RIOA due to the preheating
of the neutron-irradiated Al,03 single crystal (® = 6.9 x 10'® cm2, RT, d = 0.37
mm) from 450 to 575 K (curve 1); 625 — 700 K (curve 2) and 720 — 790 K (curve
3).

are measured at RT, while some of the spectra with inconsequen-
tial changes in intensity are omitted in Fig. 2. For the irradiated
crystal with used thickness of d = 0.37 mm, only a low-energy
band of the F* centers fits the measuring limits of OD values. Even
a cursory examination of the figure points to the complexity of
temperature behavior of different F,-type dimers. The last circum-
stance becomes even more evident when considering the changes
of RIOA in different temperature regions.

The difference spectra representing the RIOA decrease due to
subsequent preheatings from Ty(1) to T, (2) are shown in Fig. 3.
The regions with negative OD values illustrate the temperature
ranges where a certain absorption band (and the corresponding
defect concentration) increases. Note that the enhancement of dif-
ferent RIOA bands ascribed to the F, dimers in different charge
states occurs in different temperature regions. At first, the rise of
the F22+centers (~2.75 eV band) takes place at 450—575 K; the
subsequent preheating of the irradiated sample from 625 to 700
K is accompanied by the rise of the Efband peaked at ~3.45 eV,
while, finally, the temperature region of 720-790 K corresponds to
the increase of the F, center concentration (RIOA band peaked at
~4.1 eV). Note that the decrease of the F* center concentration (es-
timated via RIOA band at ~4.8 eV) is clearly seen for all three tem-
perature ranges presented in Fig. 3.

In order to analyze more precisely the thermal anneal-
ing/transformation of different F,-type centers, we used the de-
composition of RIOA into elementary Gaussian components, each
of which serves as a measure of a certain type of radiation defects
- a concentration of the corresponding radiation defects can be es-
timated via the integrated area S or the Gaussian peak intensity
(OD at Imax). Recently, the similar decomposition procedure was
successfully used for the investigation of the processes of accumu-
lation and subsequent thermal annealing of different single F-type
defects in MgO single crystals exposed to irradiation with swift Xe-
ions [26,27]. Note that the result important from methodological
point of view was obtained for MgO in Refs. 26 and 27 — the esti-
mation of defect concentration via S and OD at Ih.x for Gaussians
or even via OD value at photon energy with dominant contribu-
tion of a certain defect type (but without decomposition) leads to
practically identical results.
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Fig. 4. The difference spectrum representing the decrease of RIOA due to the pre-
heating of the neutron-irradiated Al,0; single crystal (& = 6.9 x 10® cm2, RT,
d = 0.37 mm) from 810 to 880 K (curve with symbols, ooo); the Gaussian decom-
position components of this curve (the areas of the main components under con-
sideration are shaded) and their sum (thin solid line).

Fig. 4 presents the decomposition into Gaussians of a difference
spectrum representing the decrease of RIOA due to the preheating
of the neutron-irradiated Al,03 crystal (d = 0.37 mm) from 810 to
880 K. We tried to limit the formal decomposition by a minimum
number of components including those ascribed in the literature
to F,,Efand F22+centers — Imax at 4.07 eV (FWHM of 0.35 eV), 3.45
(0.26) and 2.75 (0.19) eV, respectively. Consequently, the sum of
Gaussians does not fit perfectly to the experimental curve in the
overlapping regions of elementary band wings. The used region
of 810-880 K corresponds to temperatures when mutual transfor-
mations between different F, dimers are completed and a syn-
chronous attenuation of all RIOA bands related to single or dimer
F-type centers takes place (see further text related to Fig. 7).

In addition, a neutron-induced background after preheating to
high Tp is rather low as well, while such background signifi-
cantly complicates the analysis of the RIOA spectra after preheat-
ings to lower Tpr (see Fig. 1). The similar temperature behavior of
the background mainly caused by the scattering loss was earlier
considered in neutron-irradiated MgO [28] or ~GeV-ion-irradiated
complex metal oxides (see, e.g., [29]). In case of rather low val-
ues of OD in heavily irradiated materials, it is rather difficult to
separate a real RIOA and light scattering on large-size radiation
damage. As a result, the extinction spectra are measured in sim-
ilar cases.

The enhanced neutron-irradiation-induced background in o-
Al,03 crystals is responsible for even more significant mismatch
between the experimental RIOA curves, measured straight after ir-
radiation or preheatings to lower values of Ty, and the decompo-
sition results just in the photon energy regions between the band
maxima. On the other hand, the effect of light scattering is neg-
ligible and independent on Tp; for the spectral region responsible
for the F™ centers — the RIOA band peaked at ~4.8 eV is charac-
terized by significantly higher OD values. In the present study, the
constant shapes of Gaussians connected with F,, F;"and F22+cer1ters,
respectively (they are shown in Fig. 4) were used for the anneal-
ing kinetic analysis in the whole temperature range of 300-1100 K.
The RIOA spectra have been measured and decomposed into Gaus-
sian components always at the same temperature, RT and, there-
fore, S or Imax parameters of a Gaussian obtained after each pre-
heating and connected with a certain type of dimer centers are
proportional to the concentration of the corresponding defects. Al-
though the oscillator strength values f for dimer-related bands are
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Fig. 5. a - Normalized shapes of the ~2.75-eV band measured for a neutron-
irradiated Al,O5 single crystal after preheating to different Tj,. b - Difference spectra
representing the decrease of RIOA due to the preheating of the neutron-irradiated
sample from Tp(1) to Tp(2).

unknown, the experimentally measured annealing curve displays
real changes of the certain defect concentrations with Tpr; and the
lowest limit of the defect concentration could be roughly estimated
by the Smakula-Dexter formula with f = 1. As it was mentioned
earlier, the concentration of the F* centers in our samples is about
10'® cm~3, and the estimated amount of the F, dimers, approxi-
mately 107 cm—3, exceeds with enough the impurity/as-grown de-
fect concentration in non-doped samples.

Note that the band at ~2.75 eV was earlier characterized in the
literature by a bandwidth of about 0.3 eV [9,11], while our de-
composition gives smaller value of FWHM, ~0.19 eV. Fig. 5 clearly
demonstrates the complexity of this RIOA band, which tentatively
consists of several elementary components, the annealing of which
occurs in different temperature regions. Fig. 5a shows the normal-
ized band shapes measured at RT after preheatings of the neutron-
irradiated sample to different Ty, the bandwidth significantly de-
creases with preheating temperature. According to the difference
spectra (Fig. 5b), at least two components are visible in the spec-
tral region under consideration at 700-750 K, while a single nar-
row component with the maximum at 2.75 eV and practically con-
stant bandwidth remains in the sample after preheatings above
Tpr = 750 K. Just this elementary band corresponds, in our opin-
ion, to Ff*centers, the thermal annealing of which as well as their
transformation into other types of F, dimers is the purpose of the
present study. However, the annealing curve constructed on the
basis of only one narrow component simplifies to some degree
the real temperature behavior of the RIOA around 2.75 eV. Other
types of F,-dimers can be sufficiently accurately characterized by
elementary Gaussians presented in Fig. 4.

Fig. 6 shows the annealing kinetics of single and dimer F-type
centers for a neutron-irradiated Al,05 single crystal with d = 0.37
mm. The value of I for a certain Gaussian is taken as a con-
centration of the corresponding radiation-induced defects. Because
of low intensity of the 3.2 eV band (shoulder) and relatively high
scattering background that impedes justified decomposition after
low Ty, the measured values of RIOA were taken for the construc-
tion of the respective annealing curve. In contrast to a continu-
ous decrease of the number of the F* centers in a whole tempera-
ture region from ~450 to 1050 K, the temperature dependences for
the concentration of dimer centers are more complicated and con-
tain increasing stages, although in different temperature regions.
The F22+cer1ter concentration starts to rise first above 500 K and
reaches its maximum value around 675 K; a significant increase in
the number of the E;fcenters occurs from 675 up to 735 K; while
the maximum concentration of the F, centers is achieved at even
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preheating temperature in a neutron-irradiated Al,03 crystal with d = 0.37 mm.

higher temperature, around 800 K. Note that the rise of absorption
bands related to F,-type dimers (for some components or without
specification) was already reported in [6,9,12].

Before discussing the mechanisms of mutual transformation of
dimer centers in different charge states, let us consider the origin
of two other RIOA bands clearly attending in Figs. 3 and 4 — these
are the band with Inhax at 2.16 eV and a shoulder at I;hax = 3.2 eV.
According to the data in Fig. 7, there is clear correlation in behav-
ior of two pairs of the RIOA bands. The temperature dependencies
of the bands peaked at 2.16 and 3.46 eV as well as at 3.20 and
4.07 eV are very similar and the increase of these bands above
700 K takes place simultaneously. Especially impressive is the co-
incidence of the increasing stages in Fig. 7b, although the real OD
values for the 3.2-eV band (i.e., the corresponding center concen-
tration) are rather low (see Fig. 6). Therefore, it is reasonable to
suggest the same origin for the RIOA bands demonstrating the sim-
ilar dependence — the shoulder at 3.2 eV could be attributed to
neutral (with respect to a regular lattice) F, centers, while the 2.16
eV band could be considered as the second band of the F;'centers.
The assignment of two (sometimes even three) bands to the same
center, usually with molecular or complex/aggregate structure, is
common in the literature (see, e.g., [30-32]). Note that the bands
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at 2.75 and 2.17 eV have been already attributed to the F;centers
in Ref. 8, mainly on the basis of their behavior under X-rays or
UV-irradiation. However, this suggestion contradicts to the anneal-
ing kinetics investigated in the present study.

It is generally accepted that the annealing of the single F-type
centers in neutron-irradiated metal oxides is due to the recombi-
nation of the becoming mobile oxygen interstitials with still immo-
bile anion vacancies that are part of the F* and F centers, while the
thermal annealing of the F and F* absorption bands in additively
colored corundum, not containing anion interstitials, takes place at
significantly higher temperatures, above 1300 K [7,8,11,17]. Accord-
ingly, the data depicted in Fig. 6 illustrate the annealing at 500-
1000 K of complementary Frenkel defects, vacancy-interstitial pairs
created by fast fission neutrons via the universal collision mecha-
nism. Note that only the F* centers are measurable in our thick
sample, although the similar annealing kinetics is valid for the F
centers in neutron-irradiated Al,0O3 crystals as well. The precise
analysis of the annealing kinetics of single F-type centers (mea-
sured via optical absorption or the EPR method) and its simulation
in terms of diffusion-controlled reactions will be presented in a
separate forthcoming paper.

The decay of dimer centers at high temperatures could be also
explained via the filling of anion vacancies comprising F,-type cen-
ters by oxygen interstitials still remaining up to high temperatures
in the form of some associations/aggregates, more stable than sin-
gle anion interstitials (complementary defects for the single F and
F™ centers). On the other hand, the increasing stages in the an-
nealing kinetics of the F,-type centers (Figs. 6 and 7) should be
explained as well. Note that if the transformations Fz2+ - Ef -
Fat constantly growing Tpr, 700— 750 K could be, in general, at-
tributed to the recharging of dimers by the electrons emerging in
the corresponding temperature regions, then the involvement of a
some aggregation mechanism is needed to explain the concentra-
tion rise of the F22+centers, which was detected at lower tempera-
tures, 500-650 K.

It was mentioned already that single F and F* centers are im-
mobile in corundum below 1300 K. At the same time, one can
expect the mobility of an oxygen vacancy (not associated with
one/two electrons, i.e. F~*) at lower temperatures. It is noteworthy
that similar situation is typical of alkali halides, where a single-
charged (empty, without a trapped electron) anion vacancy, named
also as an « center, becomes mobile around RT, while the F cen-
ters are immobile at least up to 400 K (see, e.g. [33] and references
therein). Just the migration/diffusion of a fluorine vacancy toward
the F center and the subsequent trapping of an additional electron
is used in explaining the formation of the F, (M) centers at RT in
LiF via the following reactions: F*(a) + F — Ef; K + e — F,[34-
36]. In our opinion, an oxygen vacancy (F>*) tentatively becoming
mobile above 500 K interacts with an F center causing the forma-
tion of an F}*center in a-Al,05 crystals.

Further heating of the neutron-irradiated corundum causes the
transformation FZ2+ — Ef — E, tentatively, by the recharging of
dimer centers via consecutive trapping of two electrons. We tried
to clear up a source of charge carriers in high-temperature region
by studying the thermally stimulated luminescence of irradiated -
Al,Oscrystals. Fig. 8a shows the TSL curves measured for a spec-
trally integrated signal at the heating of a neutron-irradiated sam-
ple with a constant rate of 8 = 2 K/s up to 853 K (heater-related
background is subtracted). Because of rather fast drop of temper-
ature after reaching 853 K in the used TLD reader, only a small
part of defects responsible for the TSL at such high temperatures
becomes annealed. Two measurements were performed one after
another for the same sample (curves 1 and 2) demonstrating the
presence of a high-temperature TSL peak, which is rather intense
and could not be eliminated via fast preheatings to 853 K - the
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Fig. 8. TSL curves measured for a spectrally integrated signal with a constant heat-
ing rate of B = 2 K/s up to 853 K (experimental limit). a - two successive measure-
ments for the same neutron-irradiated sample (curves 1 and 2) and the difference
of these curves - curve 3 (multiplied by a factor of 8 as well). b - Before the next
measuring the sample was additionally exposed to X-rays at RT (curves 4 and 5).
TSL measured after total annealing of the neutron-irradiated crystal to 1300 K and
additional exposure to X-rays at RT (curve 6). The X-ray dose, ~1.5 kGy was the
same for all cases (curves 4 to 6).

limit of the setup used. Nevertheless, the difference of these two
sequentially measured TSL curves contains clear manifestations of
the peak maximum around 840 K (see curve 3).

After the second preheating of the neutron-irradiated «-Al,03
to 853 K, the sample was additionally exposed to X-rays at RT and
the TSL curve was measured once more (curve 4). According to
Fig 8b, this curve contains several low-temperature peaks, the in-
tensity of which even increases after repeated isodose X-irradiation
at RT (curve 5). Note that high-temperature TSL continuously de-
creases with each preheating (TSL measuring) procedure. Just this
high-temperature peak is the source of charge carriers becoming
retrapped and manifesting themselves via low-temperature peaks.
In case of sample preheating to 700 K, i.e. below the beginning
of ~840 K TSL peak, the reversible appearance of low-temperature
peaks with practically the same intensity is detected after repeated
isodose X-irradiation at RT. On the other hand, TSL above 500 K is
totally absent after X-irradiation of the neutron-irradiated sample
preliminarily annealed to 1300 K (curve 6). Therefore, the high-
temperature TSL is definitely connected with the structural defects
induced by fast neutrons, the thermal destruction of which ensures
the release of electrons needed for the retrapping of the FZZJr and
Ejf centers.

Earlier, thermoluminescent characteristics have been exten-
sively studied in nominally pure Al,03 single crystals (see [37] and
references therein) as well as dosimetric (anion deficient) Al;03:C
[3,4] exposed to various types of ionizing radiation (UV-light, X-
or gamma-rays), which is unable to produce structural damage in
«o-Al;03. In these studies, only TSL up to ~600 K, i.e. below the
beginning of the recharging processes of the F, centers, were de-
tected. On the other hand, only episodic studies of TSL have been
performed in pure «-Al,03 exposed to particle irradiation (neu-
trons, energetic ions and electrons) [16,39,40]. In particular, irradi-
ation with mainly thermal neutrons [39] or fast neutrons at 20 K
[39] leads to the appearance of TSL peaks significantly below the
high-temperature one detected after crystal irradiation by fast fis-
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sion neutrons in the present study (see Fig. 8a), while the peaks
are rather similar to those detected after additional X-irradiation
of our samples (Fig. 8b). Note that ~700 K was a technical limit
for a TSL setup used in Ref. 16 for the measurements for heavy-
ion-irradiated corundum crystals. In our opinion, the TSL above
700 K detected in the present study can be related to the trans-
formation processes with the F,-type centers according to the
above-suggested scenario. This conclusion is partly supported by
the presence of deep charge traps (~840 K) in Al,03:C that contain
significant concentration of as-grown F- and F,-type defects.

Similar to alkali halides (so-called «-I and F-H pairs of Frenkel
defects [23]), both neutral and charged vacancy-interstitial Frenkel
pairs are formed in «-Al,03 under fast neutron irradiation. Bi-
molecular type of recombination between F, F* and mobile com-
plementary oxygen interstitials (in neutral or charged state) is re-
sponsible for the thermal annealing of single F-type defects. It is
important to note that the concentration of the neutral F centers
in our samples is higher than that for charged F* ones. Moreover,
the annealing of the F centers, being very similar to that of the F*
centers, starts at slightly higher temperatures (up to 50 K, see our
forthcoming paper). As a result, the tentative recombination of a
charged anion interstitial with an F center leads to the release of
an electron able to participate in the recharging of dimer centers
in corundum.

4. Conclusions

In addition to single F* and F centers, the F,-type dimer cen-
ters in different charge states are also formed under irradiation
of «-Al,03 single crystals with fast fission neutrons via the col-
lision mechanism of radiation damage. In contrast to the continu-
ously decreasing thermal annealing kinetics of single F-type cen-
ters due to their recombination with becoming mobile oxygen in-
terstitials, the temperature dependences of the concentration of
different dimer centers (estimated via decomposition of radiation-
induced absorption into elementary Gaussians) on preheating tem-
perature contain increasing stages above ~550 K. In our opinion,
the concentration rise of the Fz2+ centers up to 650 K could be ex-
plained by the mobility of an oxygen vacancy (not associated with
one/two electrons) above ~500 K, while mutual transformation of
dimers F22+ — Ef — Bat 675-735 and 750-800 K, respectively is
caused by the recharging of dimers via consecutive trapping of
two electrons. High temperature TSL detected in our samples con-
firms the release of charge carriers in the temperature region un-
der consideration. Nevertheless, the clarification of the origin of
high-temperature TSL peaks in fast neutron irradiated «-Al,03 sin-
gle crystals should be continued.
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