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It is fundamentally important to understand, control, and predict the effect of irradiation on the structure and
optical properties of functional materials. In this work, the thermal stability of fast-neutron induced point defects
has been investigated in polycrystalline transparent alumina ceramics. The results of a combined study of
electron paramagnetic resonance (EPR) and photoluminescence spectroscopy are presented in this paper. The
EPR signals related to different trapped-hole centers as well as electron-type F* centers have been observed after

neutron irradiation. Rapid decay of the total EPR signal intensity occurs after annealing in 600-750 K temper-
ature range. The selective luminescence bands related to the F- and F.-type centers are detected under irradiated
corundum ceramics photoexcitation within relevant defect absorption bands (i.e. intracenter excitation/

emission).

1. Introduction

a-Al»03 is an important technological material with a wide array of
applications such as solid-state lasers, substrates for microelectronics,
optical windows, components for fission-based nuclear energetics and
corundum is even on the list of promising optical/diagnostics materials
for future thermonuclear reactors [1-7]. It is fundamentally important
to understand, control, and predict the effect of radiation on the struc-
ture and optical properties of functional materials. That is why the study
of structural, radiation and optical properties is still so important and
attracts the attention of many scientific groups in the world [8-17].

Incident fast neutrons with above-threshold energy cause the
displacement of material atoms/nuclei from regular lattice sites into
interstices, that is the formation of vacancy-interstitial Frenkel defect
pairs, and such collision mechanism solely describes the formation of
radiation damage and determines the tolerance of wide-gap metal ox-
ides to harsh radiation environment (see papers [18,19] and references
therein). Although the impact mechanism promotes the generation of
Frenkel defects in both sublattices of binary/ionic crystals, mainly
oxygen-related defects have been studied yet in binary and complex

metal oxides.

In particular, the characteristics of the electron-type so-called F and
F' centers an oxygen vacancy with two or one electrons trapped,
respectively and their simplest aggregates, Fo-type dimers in different
charge states (two, three or four electrons localized within two adjacent
oxygen vacancies) have been determined via luminescence and optical
absorption spectra of the neutron-irradiated [20-24] and thermo-
chemically reduced a-Al,O3 samples [25,26]; in addition, the electron
paramagnetic resonance (EPR) signal of the F* centers has been revealed
in irradiated corundum as well [27,28]. On the other hand, there was a
lack of information on single oxygen interstitials  complementary
centers to the single F-type defects in metal oxides. Only recently the
EPR signal of the oxygen interstitial, which is the complementary defect
to the F" center, has been revealed in neutron-irradiated corundum
single crystals and its configuration has been confirmed by the
first-principles calculations [29]. Until then, a family of paramagnetic
centers  holes trapped at oxygen nearby some additional structural
defect or impurity (V center is often used for the notation of a hole
trapped near a cation vacancy) have been detected in binary and
complex metal oxides [30-40].
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Fig. 1. (a) EPR spectra of Al,O; samples subjected to different neutron fluences; (b) dose dependence of the EPR signal intensity of neutron-induced defects in
corundum ceramics before annealing. All spectra were measured at RT, P = 0.6325 mW.

Thermal annealing of radiation-induced defects (mainly F- and F»-
type centers) has been experimentally studied in Al,O3 single crystals
via optical absorption and EPR signals [18,23,29,34] and the decay ki-
netics were analyzed theoretically in terms of diffusion-controlled re-
actions, applied to other metal oxides as well [34-37,41-43]. Note that
the obtained parameters of defect annealing kinetics (activation energy
for the diffusion of a mobile recombination component and a corre-
sponding frequency factor) could depend on the type/dose/fluence of
radiation, thus allowing to predict the material resistance to heavy
irradiation [34,35,37]. On the other hand, the number of studies of
intrinsic defect generation and stability in Al,O5; ceramics is quite
limited.

In the present work, we focus on the creation and further thermal
annealing of the F* centers and other paramagnetic (mainly trapped-
hole) defects accumulated in sintered alumina ceramics under fast-
neutron-irradiation with different fluences. It is worth noting that
transparent polyecrystalline ceramics have several advantages over sin-
gle crystals including lower cost, easier production, and better me-
chanical properties [44].
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2. Experimental

The alumina transparent ceramic disks were irradiated by fast fission
neutrons with energy of E > 0.1 MeV and the fluences of 102!, 10?2 and
10%n/m? (corresponding to about 10~% — 1072 dpa) at the High Flux
Reactor of the Institute for Advanced Materials of the Joint Research
Center (JRC) at Petten.

The samples for EPR and luminescence measurements were cut in
cuboids with approximate dimensions of 3 x 2 x 1 mm>. Stepwise
sample thermal annealing was performed in a custom-built tunnel
furnace in 400-1000 K range for 10 min at each annealing (preheating)
temperature in the air atmosphere. The samples and a thermocouple for
temperature monitoring were placed next to each other in an alumina
crucible positioned in the center of the furnace. The temperature un-
certainty was estimated to be 10 °C. The relative paramagnetic defect
concentration was estimated based on the EPR spectra always measured
at the same, room temperature (RT).

All presented EPR spectra were measured at RT with Bruker
ELEXSYS-II ES00 CW-EPR spectrometer operated at 9.83 GHz micro-
wave frequency. The EPR spectra acquisition parameters were set at 0.3
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Fig. 2. EPR spectra of samples subjected to neutron fluences of (a) D = 102! n/mz; (b) D = 1022 n/m? and (©)D = 10 n/m? after annealing at the indicated
temperature; (d) DI of EPR signal intensity as a function of the annealing (preheating) temperature. All spectra were measured at RT, P = 0.6325 mW.
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Fig. 3. EPR spectra of the samples subjected to neutron fluences of (a) D = 10%! n/mz; (b) D = 10?2 n/m? and (c¢) D = 10%® n/m? (initial) and after additional
preheating to the indicated temperatures (the spectra have been zoomed-in to show the contribution of the F* signal); (d) decay of the F" signal intensity (defect
concentration) as a function of preheating temperature. All spectra were measured at RT, P = 0.06325 mW.

mT field modulation amplitude and microwave power P 0.6325 mW
for the analysis of the full signal at g ~ 2 mainly associated with different
trapped-hole centers (see the next Section for details), while the F'
electron-type center signal was additionally investigated at 1.5 mT and
14 0.06325 mW (optimized conditions for its registration). Each
spectrum was averaged across 100 scans, and signal intensities have
been normalized to sample mass. EPR spectra simulations have been
performed in EasySpin [45]. No probe was used. The cavity quality
factor was monitored for all measurements and was determined to be
8000 + 10% for all measurements.

Photoluminescence emission and excitation spectra were measured
at RT using “Edinburgh Instruments” FLS1000-DD-stm Fluorescence
Spectrometer equipped with CW 450 W Xenon lamp and cooled red
photomultiplier tube for detection. Measurement data were corrected to
system sensitivity.

3. Results and discussion

EPR spectra were measured at two different settings (see also
Experimental section): the first reflects the overall averaged spectrum
from all paramagnetic defects (including, to some extent, a not-
optimized weak signal of the F' centers) generated by irradiation (will
be further called as “g ~ 2 signal™); the second was optimized for the
selective detection of the F' centers. The dependence of paramagnetic
defect concentration (proportional to the relevant EPR signal intensity)
on fast neutron dose/fluence in the investigated samples before their
thermal annealing is presented in Fig. 1. The experimental results show
clear evidence that electron-type F' centers and the defects responsible
for the averaged EPR “g =~ 2 signal”, which are most likely associated
with different trapped-hole centers, have different accumulation
behavior. The statement related to “g ~ 2 signal” origin is based on
numerous EPR studies in metal oxides (see e.g., Refs. [20,38,40,46-48])
where EPR signals with g-factor slightly exceeding that for a free

electron (ge  2.0023) are ascribed to a hole localized at regular oxygen
ion nearby some additional defect/impurity ion. Note that a rather strict
separation of the EPR signals related to two different defect groups (F"
and trapped hole paramagnetic centers) succeeds due to different P
values being used for the registration of these EPR signals (see Figs. 2
and 3).

Fig. 2 shows experimental EPR spectra in the vicinity of g ~ 2
(centered around 350 mT) acquired at 0.3 mT field modulation and
0.6325 mW microwave power. Spectra intensities have been normalized
to sample mass and, thus, are comparable for the different samples and
are proportional to the concentration of paramagnetic defects. EPR
signal intensities scale with the neutron dose received by the sample,
which provides evidence that the paramagnetic centers are created by
neutron irradiation. In oxide materials, spin S  1/2 trapped-hole cen-
ters and F' centers typically produce resonances in the region of the free
electron g, [20]; however, even in the relatively simple crystal structure
of Al,0g3, the possible defect variations are diverse [38,40,46-48].

It can be inferred from a comparison of spectra shape of the “initial”
(before the annealing) samples as well as their evolution during the
thermal annealing procedure (the preheating temperatures are given in
the figure legends) that several paramagnetic species contribute to the
overall spectrum. Precise assignment of the overlapping EPR signals is
problematic in non-single crystalline materials; therefore, the super-
position of these different signals is referred to as the “g ~ 2 signal”.
Double integral (DI) values of the spectra (that correspond to integral of
paramagnetic absorption, i.e., relative defect concentration) in 342-356
mT range were calculated for a quantitative comparison of the “g ~ 2
signal” (Fig. 2 d). The most rapid decay of paramagnetic centers occurs
after sample annealing in 600-750 K range.

After optimization of EPR spectra acquisition parameters, it was
possible to resolve the F™ center signal; the spectra are shown in Fig. 3.
The F' -center EPR spectrum at X-band microwave frequency consists of
13 equidistant lines spread over an approximately 70 mT broad field
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Fig. 4. Normalized PL spectra measured at RT for different excitation energies
(the sample was subjected to neutron fluence of D = 102! n/m?).

region centered around g = 2. The signal structure originates fromS 1/
2 (one electron trapped in an oxygen vacancy) hyperfine (HF) interac-
tion with two pairs of slightly inequivalent Al nuclei (100% abundant
nuclear spin I  5/2) in the first coordination shells of the center
[27-29]. HF structure is clearly resolved for the sample irradiated with
the highest dose and can also be discernible for the sample which has
received the intermediate dose. For the smallest neutron fluence, there
are traces of a broader signal; however, due to poor signal intensity, it is
difficult to judge, whether it belongs to the F' center. The concentration
of the F™ centers (Fig. 3 d) was estimated from simulations in the
EasySpin program; the simulation parameters were taken from paper
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[27]. Analysis of the EPR signal of the F" centers after preheating of the
irradiated sample to temperatures above 800 K was problematic due to
the poor signal intensity and overlap of broader background signals.

Annealing of the F' centers is a multi-stage process with the most
rapid decay in 600-800 K range. This result is consistent with experi-
mental studies of neutron and swift-ion irradiated sapphire single
crystals [29,37,43,49-51]. Note that in additively colored (thermo-
chemically reduced) sapphire, when only vacancy-related defects are
formed, the F-type centers remain stable up to about 1300 K [21,25,26].
On the other hand, it is generally accepted that the decay of the F' (as
well as F and F,-type) centers in the irradiated samples occur due to their
recombination with becoming mobile oxygen interstitials (the comple-
mentary defect from a radiation-induced vacancy-interstitial Frenkel
pair) [18,21,29,33,42,43,51]. Just the latter case is typical of the
annealing kinetics of the F™ centers presented in Fig. 3d. As was already
mentioned in the Introduction, annealing kinetics parameters could be
dependent on the type and dose of irradiation [34,35,41-43]. However,
there are no considerable deviations in the kinetics for the neutron
fluence range used in the present study.

The presence of the F- and Fo-type centers in neutron-irradiated
transparent ceramics has been additionally proved via the spectra of
photoluminescence. Fig. 4 presents the emission bands of different sin-
gle and dimer oxygen-vacancy-related defects (F*,Fy,F,F»,F3© type
centers) measured at the excitation of the neutron-irradiated sapphire
ceramics by photons with the energies from the region of relevant ab-
sorption bands. The defect center peaks in Fig. 4 are normalized because
they have different corresponding spectral intensities. Note that such
intracenter radiative transitions have thoroughly been studied in
a-AlyO3 single crystals [21,22,24,26,50-54]. It was mentioned in the
literature (see, e.g., papers [25,55]) that the emission of the F-centers
(peaked at 3 eV) is easily detectable in thermochemically reduced sap-
phire but is rather weak concerning that in neutron-irradiated samples,
where fast (ns-scale) emission of the F™ centers (3.8 eV) is dominant.

Fig. 5 shows “luminescent fingerprints” of the F, F', F,, F§ and F3"
centers detected in sapphire ceramics irradiated by three different fast
neutron fluences. The energies of the exciting photons are indicated in
the figure legends. The photoluminescence bands are normalized to
illustrate the general picture at different irradiation doses. Although an
evident enhancement of defect-related photoluminescence bands with
neutron fluence has been detected, a study of the precise dose depen-
dence of defect concentration via photoluminescence characteristics still
lies ahead.
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Fig. 5. Emission spectra at different excitation wavelengths measured at room temperature (neutron fluences of (a) D = 102! n/m? (b) D = 10?2 n/m? and (¢) D =
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4. Conclusions

Transparent polycrystalline a-Al,O3 ceramics subjected to different
neutron fluences have been characterized by the EPR and photo-
luminescence spectroscopy techniques. The paramagnetic defects
generated by fast neutrons have been identified as the electron-type F'
centers and a set of different undivided hole-trapped centers responsible
for the averaged EPR “g ~ 2 signal”. The F' centers are formed at
relatively higher neutron fluences, while as-grown structural defects are
tentatively also involved in the formation of hole-trapped centers at low
irradiation doses. The most rapid thermal annealing of the radiation-
induced paramagnetic defects in transparent ceramics occurs in
600-750 K range, which is comparable to that in a-AlyOg single crystals.
A set of luminescence bands typical of the F- and F,-type point structural
defects has also been detected at the photoexcitation of neutron-
irradiated sapphire ceramics in the region of relevant absorption bands.
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