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The spectroscopic investigations of defects in optical spinel ceramics irradiated with gamma-rays from °Co
source and mixed neutron-gamma field in WWR reactor to neutron fluences of 1-10™ and 5-10™ n/cm? were
provided. The obtained data on the dose dependence of intensity of absorption bands in the visible range allow to
identify the origin of optical centers formed under irradiation. Absorption in IR range indicates on the presence in
ceramics carbon-related complexes that become active after irradiation. The registered EPR signal of
g = (2.017440.0005) and width of (46.1+1.5) G which corresponds to HO, or O, radicals. The dependences of the

investigated centers on annealing temperature of the irradiated spinel ceramics show unusual increase in intensity of
absorption and steady-state radio-luminescence in the temperature range of 200...400 °C. The role of complexes of
defects including anti-site defects in formation and healing of defects in different temperature ranges are analyzed
taking into account different mobility of cations and anions and specific mechanism of radio-luminescence.

INTRODUCTION

Magnesium aluminates spinel (MgAl,O;— MAS)
ceramics due to the high radiation resistance and
specific physical-chemical properties (wide spectral
range of transparency, high melting temperature and
chemical resistivity) is considered as prospective
material for application in different nuclear devices [1].
The nature of radiation tolerance of MAS is still not
understood due to abundance of the native defects in
these crystals [2]. The structure of spinel lattice contains
two types of cationic sites: octahedral positions
occupied by AIP* ions and tetrahedral ones occupied by
Mg®* ions. Structure of synthetic crystals of MAS is
partially inverse one, i.e. AI** ions on tetrahedral sites

forms locally charged defect [Al,,, 1" which can serve
as electron traps and Mg®* ions on octahedral sites

forming also charged defects [Mg,]  capturing holes.
The calculation of the energy formation of the native
defects shows that along with isolated point defects the
energetically preferable also the formation of different
complexes of defects which can become apparent in the
optical spectroscopy [3].

Previously [4] we have investigated the spinel single
crystals of different compositions after irradiation with
UV-light and X-rays and found a set of absorption
bands some of them can be attributed to the
corresponding calculated transitions. The practical use
of spinel single crystals is questionable due to small size
and high cost of crystals. Recently the technology of the
optical spinel ceramics of high volumes was developed
[5, 6] and the nature of defects responsible for the
radiation tolerance of this material has to be
investigated.

Therefore, the complex of techniques was used for
investigation of the native defects in transparent spinel
ceramics obtained by the high temperature technique.
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We present results on investigation of the optical
absorption in the visible and IR-ranges of spectra,
thermo- and steady-state radio-luminescence (TSL and
SSRL) and electron paramagnetic resonance (EPR)
spectra measurements in spinel ceramics subjected to
gammas and to low fluences neutron irradiation.

1. EXPERIMENTAL DETAILS

Spinel ceramics were prepared by a conventional
hot-pressing technique. Disks of 50 mm in radius and
7 mm in thickness were produced by sintering of spinel
powder MgAl,O,4:LiF (1 wt.%) at 1550 °C, at 35 MPa in
a vacuum. Slices of 0.7 mm in thickness were cut from
this disk and polished to optical finish. Irradiation of
samples with gammas was carried out using *°Co source
at the dose rate of 2.4 Gy/min. Mixed gamma and
neutron irradiation were provided in WWR reactor to
thermal neutron fluences of 1-10* and 5-10™ n/cm?.
Temperature of samples at irradiation was from 30 to
50 °C. Irradiated samples were annealed up to 550 °C
with a step of 50 °C and cooled to room temperature for
measurements of spectroscopic characteristics. Another
set of spinel ceramics was irradiated with 16 MeV
electrons to fluence of 1.1-10* el/cm? and also annealed
with the same step up to 700 °C and cooled to room
temperature for measurements of the SSRL.

Optical absorption spectra were measured using
spectrophotometers SF-29 in UV and visible, and
Specord 75 in IR range. EPR spectra were taken at
RE 1306  spectrometer.  The  thermo-stimulated
luminescence of irradiated samples was measured in the
temperature range of 150...400 °C from the sample at
heating rate of 1°C/s. SSRL was measured in the
spectral range of 200...900 nm at the excitation with X-
rays from Cu-anode X-rays tube working at the voltage
of 40 kV and current of 400 pA.



2. RESULTS AND DISCUSSIONS

The radiation-induced absorption spectra of gamma-
irradiated ceramics to different doses are presented in
Fig. 1. These spectra were obtained by subtracting the
non-irradiated spectra from that of irradiated to different
doses. Despite of the low resolution of indicated
spectral bands the appearance if given peak in every of
fifth spectra allow us to believe the existence of these
bands. Therefore we can indicate the bands at 2.7; 3.3;
3.7; 4.2, and 4.75 eV, which increases in intensity after
gamma irradiation, and those bands at 5.3 and 5.6 eV
which decreases in intensity after irradiation.

In the spectra taken from spinel ceramics irradiated
with gamma-neutrons in reactor channel we also
observe bands which coincide on the spectral position
with that bands observed in gamma-irradiated samples
(Fig. 2). As it was shown before [4] the spectral bands
in energy range of <4 eV are related to hole centers
formed at near cationic vacancies, the bands in the range
of > 4 eV usually are ascribed to electron centers.
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Fig. 1. Gamma-radiation-induced absorption spectra
spinel ceramics irradiated to different doses:
1-05;2-1.0;3-3.0; 4-6.0; 5-10.0 kGy
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Fig. 2. Absorption spectra of spinel ceramics before
irradiation (1), and gamma-neutron irradiation-induced
absorption spectra of spinel ceramics irradiated to:
2-1.0-10%,3-5.0-10" n/cm®

Most prominent 2.7 and 3.3 eV overlapping bands
are related to V-type centers formed on different
cationic vacancies; in the higher photon energy bands at
4.75 and 5.3 eV were identified with F* and F-centers
formed by capturing one or two electrons at anionic
vacancies, respectively; finally, the bands at 3.7 and

4.2 eV, most probably, are related to hole and electron
centers at anti-site defects.

The negative absorption in Figs. 1 and 2 signifies
that absorption at the wavelength of 5.3 and 5.6 eV in
irradiated samples decreases. Indeed, in the spectra of
non-irradiated ceramics there were found F-type
centers, which were formed at anionic vacancies created
due to presence of LiF according to reaction [5]

BLIF M0 (1, ) +2(Liy ) +3(F,) +VE. (1)

Therefore, the anionic vacancies capture one or two
electrons form F-type centers in the virgin samples of
ceramics and irradiation leads to ionization of these
centers.

The IR absorption spectra non-irradiated samples
contains single band at 1445cm™ (Fig. 3). After
irradiation the intensity of this band slightly decreases
and the new weak bands at wave numbers of 1291 and
1576 cm™ were registered. The band at 1445 cm™ was
observed also in spinel single crystals and spinel
ceramics obtained by different technological conditions
[7]. Because the technology installation of ceramic
preparation includes carbon parts the carbon atoms at
high temperature can be incorporated in spinel body in
different forms. The most ubiquitous parasitic absorbers
able to affect optical transmission have been identified
for the case of spinel ceramics are carbon atom clusters
[8]. The value of wave number of 1445 cm™ matches
the band related to the C-C stretching vibrations [9].

After the irradiation two absorption bands appear as
a consequence of the irradiation-induced changes inter-
atomic bonding between carbon and oxygen. The
absorption band at 1291 cm™ was identified with
symmetrical stretching vibration of C-O-C group.
Another band at 1556 cm™ are related to skeletal C = C
vibrations formed by ionizing irradiation [10]. The weak
band at ~ 3400 cm™ (3360 cm™) could belong to O-H
stretching vibration, but slightly shifted to higher wave
numbers.
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Fig. 3. IR transmission spectra of MAS ceramics:

1 — before irradiation; 2 — irradiated with gammas
(8.0 kGy); 3 — after gamma-neutron irradiation
(5-10™ nlcm?)

In EPR spectra there was observed line of
g =(2.0174+£0.0005) and width of (46.1£1.5)G,
intensity of which at high gamma doses riches
saturation. This line also was registered in (n,y)-reactor



irradiated samples. The line of such parameters
corresponds to HO, or O; radicals [11].

The dependences of intensities of observed
absorption bands in visible and IR range spectra
together with EPR line on the dose of gamma irradiation
are shown in Fig. 4. All three bands 2.7, 3.3, and 3.7 eV
depend on the dose of gamma irradiation in the same
manner. Moreover, the dependences of the intensity of
these bands correlates to dependence of EPR signal on
the dose of the gammas irradiation (curves 2 and 3). For
formation of the hole centers responsible for absorption
bands bands at 2.7; 3.3, and 3.7 eV we needs some
source of holes and this source could be complexes of

defects HO, or O, radicals.

As to dose dependence of IR absorption bands
which are determined by presence of technological
impurities they experience inter-conversion and
measurements only one band 1576 cm™ demonstrates
growth up to saturation and than transformation in
another type of center (appearance of different bonds).
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Fig. 4. Dose dependences of 1556 cm™ (1), (2) intensity
bands at 3.7 eV and EPR signal (3) on the
gamma-irradiation dose

The above shown results demonstrate mostly the
role of charge carriers rearrangement in spinel ceramics
at irradiation with gamma- and gamma-neutron
irradiation in dependence on gamma dose and low
neutron fluences. All spectroscopic characteristics
indicate the existence of native defects and impurities
which under ionizing irradiation capture (or lost) charge
carriers and becoming optically or paramagnetic active
centres. The numerous of the overlapped absorption
band at photon energy <4 eV corresponds to two types
of cationic vacancies in tetrahedral and octahedral
positions captured one or several holes. As can be seen
from Fig. 4 all bands demonstrate the saturation at high
dose that support their formation at native defects,
impurity ions or their complexes. As was mentioned in
Introduction magnesium aluminates spinel has partially
inverse structure. The degree of inversion in spinel
ceramics is about 10...15% [12], that causes the anti-
site defects concentration of about 1.5...2 at.% which
corresponds to average distance between defects of
about lattice parameter (7.9 A). Such concentration of
the anti-site defects is much higher the concentration of
the impurity ions in ceramics [13] and the formation of
complexes of the anti-site defects — impurity ions is

highly probable. It was shown [14] that Mn?" ions
stimulate the formation form anti-sites defects for
elastic stress compensation caused by place of the over
dimensioned impurity ions (r(Mn**) > r(Mg?")) in tetra-
position [15]. In paper [16] there was establish that in
natural crystals the manganese and chromium ions after
annealing to 1010 °C become disordered as in synthetic
crystals and manifest ion luminescence typical to
emission from ions in distorted tetrahedral or octahedral
environment [17]. The minimal energy of defects
formation is 0.8 eV for the case when the pair of Mg
and an Al anti-site was nearby, only 3.35 A apart [18].
Therefore, we suggest that every luminescent impurity
ions form complex with pair anti-site defects.

Electron or neutron irradiation lead to increase of
concentration of the isolated and nearby complexes of
anti-site defects [3], that inevitable modify the structure
of such defective complexes and change their
luminescent and optical properties. Due to the high
concentration of anti-site defects there exists the high
probability of the creation under irradiation of the
anionic vacancy between the components of anti-site
defects. In this case for both centers at anti-site defects

[Aly ] u [Mg, ] the anionic surroundings are changed
and these centers lost ability to be the traps for charge
carriers.

The most radiation created defects ate thermally
unstable and under elevated temperature the radiation
induced changes may disappear. At the subsequent
heating of the irradiated samples two processes take
place simultaneously: the change of charge states of
defects due to release of the charge carriers from
shallow traps and secondly recapture by more deep traps
which are stable at given temperature, and also
relaxation of radiation damages which leads as to
recovery of the initial crystal structure and
transformation of defects in more thermally stable ones.
To resolve these two phenomena the measurements of
the TSL of gamma irradiated to different doses were
provided (Fig. 5).
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Fig. 5. TSL curves of y-irradiated spinel ceramics
(curves 1 — 8 and 2 — 10 kGy)

Because of the heating rate at TSL measurements
was 1°C/s the warm-up time of sample was less
8 minutes. During this time the relaxation of electron
subsystem takes place and traps of depth of up to 1 eV
are becoming empty [19]. Since the rearrangement of
atomic structure at given temperature occurs much



slowly then relaxation of electron sub-system (for
example, the time constant of changing inversion
parameter at 700 °C is about one hour [20]), we
conclude that crystal structure was change negligible at
such short time warm-up.

The influence of the subsequent stepwise annealing
on the intensity of optical absorption of F-centers is
shown in Fig. 6 (curves 1, 2). The enhancement of
absorption after annealing to 200 °C can not be due to
capture of electrons by anionic vacancies because all
shallow traps are empty. But in this temperature range
the annealing of radiation defects after neutron [21] or
ion [22] irradiation are already realized due to the low
activation energy of the ion diffusion spinel crystals or
ceramics [23]. For the F-center formation the anionic
vacancy should have normal cationic surroundings
which were disordered during the irradiation process.
Thermally stimulated recombination of the cationic
Frenkel pairs leads to growth of anionic vacancies and
formation of F-centers. Also the total concentration of
defects capable to capture of free charge carriers is
becoming lower. The EPR signal decreases very steeply
with increasing temperature and about 200 °C the EPR
centers disappeared. It indicates that at elevated
temperature the charges of HO, or O; radicals [11]
undergo rearrangement becoming paramagnetically
non-active. This process does not generate the free
charge carriers because we do not observe TSL signal
up to temperature of 200 °C.
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Fig. 6. Correlation of temperature dependence
of absorption band at 5.3 eV for gamma-neutron
irradiated spinel ceramics to different neutron fluences
(curves 1 — 7.0-10® and 2 — 5.0-10" n/cm?)
and the SSRL intensity at 260 (3), 520 (4), 689 nm (5)
for electron irradiated spinel ceramics

To support of the reliability of the above discussed
processes we also provided the measurement of SSRL
in electron irradiated and stepwise annealed spinel
samples and compared with absorption (see Fig. 6,
curves 3, 4, 5). As it was shown before the spectra of
SSRL contains three prominent bands at 260 nm related
to electron-hole recombination, 520 nm identified with
emission of Mn?*-ions, and 689 nm emission of the
excited Cr**-ions [24]. In contrast to photoluminescence
where the luminescence centers are excited at internal
transitions the X-ray excitation of impurity ions take
place mainly by the capture of relaxed electrons and

holes formed at the absorption of the X-ray quanta. The
kinetics of the X-ray luminescence rise of all emission
bands indicates on the competitive process of capture
channels of the excitation and so far on the existence of
group complexes for UV emission band and
luminescence of the impurity ions [25].

Intensity of luminescence excited with ionizing
irradiation is defined by parameters of luminescence
centers and the charge transport properties of crystal.
When crystal is irradiated with X-rays the isolated
excited area is created, and its size (volume) is inversely
depend on the concentration of the traps of charge
carriers [25]. The luminescence intensity depends on the
number of luminescence centers concentrated in the
volume of excitation. Synchronous change of SSRL
intensity of all emission bands can be explained by
variation of the size of the volume of excitation which
depends only on the traps concentration.

The high intensity of the SSRL in the nonannealed
irradiated samples (T =30 °C) is caused by the filling
during preliminary electron irradiation most initial traps
that leads to formation at the X-ray irradiation the large
size of excitation volumes. The sharp decrease of the
SSRL intensity of all three bands is caused by thermally
stimulated trap depletion at the first annealing step.
Such effect is not observed in dependence of absorption
band (see curves 1, 2 in Fig. 6) on annealing
temperature due to preliminary annealing by measuring
TSL.

The annealing at elevated temperature (> 150 °C)
causes the recombination of radiation induced lattice
defects and decrease the concentration of traps, so, we
observe the enhancement of luminescence intensity.
Due to the higher mobility of defects in cationic sub-
lattice the radiation-induced complexes of defects

Vo +Aly, and V, +Mg, dissociate forming isolated

anionic vacancies and F-type centers. Therefore we
observe the growth of absorption band related F-type
centers (Borges). The growth of absorption in annealing
temperature range of 200...250 °C also could be due to
healing of cationic vacancy in the Schottky defects
forming isolated anionic vacancy and consequences of
F-type centers. In both cases the concentration of traps
decreases and intensity of SSRL increases.

Finally, the negative-going slope of dependences
(see Fig. 6) in the temperature range of 250...400 °C the
most probably is caused by thermally stimulated
recombination of oxygen interstitial with anion vacancy.
It is consistent with temperature dependence of
absorption of F-type centers on the annealing
temperature. In the case of the restoring of complexes of
defects consisting of the anionic vacancy between anti-
site defects the filling vacancy with oxygen the
concentration of traps increases due to recovery of the
broken by irradiation the anionic surroundings for two
centers — components of anti-site defects Al,, and

Mg,

CONCLUSIONS

There were investigated the spectroscopic properties
of magnesium aluminates spinel ceramics irradiated
with gamma rays from ®Co source and mixed gamma-



neutron irradiation from nuclear reactor. It was revealed
that in spinel ceramics the optical absorption spectra
contains the same set of bands at 2.7; 3.3, and 3.7 eV as
in single crystals, which were identified with hole
centers at cation vacancies and bands at 4.2; 4.75, and
5.3 eV related to electron centers at anion vacancies.
Data on the y-dose dependences of the intensity of
optical absorption bands in the visible range and the
EPR signal at g =2.0174 indicates the existence of
some correlation between these two types of centers
having different spectroscopic parameters.

Comparison of dependences of absorption bands
related to F-type centers and intensity of radio-
luminescence on the annealing temperature of irradiated
spinel ceramics leads to conclusion on the process of the
thermally stimulated two step relaxation of complex
defect structure involved anion vacancy and anti-site
defects. Decreasing of concentration of radiation defects
due to recombination of Frenkel pairs and structure
restoration of defect complexes leads to enhancement of
steady-state radio-luminescence in the temperature
range of 200...400 °C.

The conception of complexes of native defects
which include of the anionic and cationic vacancies,
impurity ions and localized nearby anti-site defects was
used for explanation of the spectroscopic characteristics
of irradiated spinel ceramics. Gamma-irradiation causes
mainly to exchange between defects and impurities
leading to growth of the optical and paramagnetic
centers up to saturation at the dose of 10 kGy.

Annealing of the irradiated samples causes the
unusual behavior both absorption and SSRL bands on
the annealing temperature having maximal intensity
about 250 °C which was explained by decay of the
complex defects into isolated anti-site defects and
anionic vacancies. This annealing temperature coincide
with temperature of the second stage of defect
destruction in ion irradiated spinel ceramics [22].
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CHEKTPOCKOIMMYECKHUE UCCJIEJOBAHUS JEPEKTOB B TAMMA -
U HEMTPOH-OBJIYYEHHOMU KEPAMUKE MATHUMN-AJTIOMUHUEBOM IUITUHEJIN

0. Kazapunoes, B. Keamuaose, B. I puyuna, M. Aopamuweunu, 3. Agpneouanu, M. I'anycmaweunu,
I. Jlexanosuweunu, T. Kanavecumeunu, B. Taexenuose

[IpoBeneHBI CIEKTPOCKONMMYECKHE HCCICAOBAHMS ONTHYECKOH KEepaMUKH INIHHENW, OONyYeHHONW raMma-
KBAaHTAMH MCTOUHHKA *’CO M CMEIIAHHBIM raMMa-HeHTPOHHBIM TIOTOKOM B peakTope BBP mpu moTokax HeiTpoHOB
1-10% u 5-10 HeﬁTp./CMZ. ITony4yeHHble aHHBIE U3 3aBUCUMOCTH MHTEHCUBHOCTH IOJIOC MOTJIOLIEHUS B BUANMOMN
00J1acTH TO3BOJIMIIM ONPENENUTh NMPUPOAY ONTHYECKUX LEHTPOB, CO3IAaHHBIX 00mydeHueM. Ilornomenne cBera B
nH(pakpacHOH 00JacCTH yKa3bIBa€T HA NPHCYTCTBHE B KEPAMHKE YIJIEPOJCOAEPKAIINX KOMILIEKCOB, KOTOPBIC
CTAHOBATCS ONTHYECKU aKTUBHBIMHE TOCIIE 00 TyUeHus. 3apeructpupoBannsiii curnan DIIP ¢ g = (2.0174 £0.0005) u

wupuaon  (46.1+1.5) I'c, HO, -

UCCJIEJIOBAaHHBIX LICHTPOB OT TEMIIEPATYpPhl OTXKHUIa B 00Jy4YeHHON KepaMUKe IIIHHENIN IeMOHCTPUPYET HEOOBIYHBIN
POCT MHTCHCHBHOCTH IIOTJIOMICHUS W CTAllMOHAPHOM JIOMHHECHCHIWH B uHTepBaine Temmepatyp 200...400 °C.
[Ipoananu3upoBaHa posib KOMIUIEKCOB A€(EKTOB, KOTOPBIC BKIIOYAIOT JE(EKTHl aHTUCTPYKTYpPHI B 00pa3oBaHUM U
oTxure Ne(eKToB B PaslMUHBIX TEMIIEPATYPHBIX OOJACTSAX C Y4YETOM pA3IMYHOM IOJBIKHOCTH KaTHOHOB M
AQHHMOHOB, a TaKKe CIeNN(UKN MEXaHN3Ma PEHTICHOIIOMHUHECIICHIINH.

COOTBETCTBYIOLIUI win O] -pagukanaM. 3aBHCUMOCTb KOHLEHTpAIUH

CHEKTPOCKOIMIIYHI JOCJIIKEHHS JE®EKTIB Y TAMMA-
TA HEUTPOH-OIIPOMIHEHIV KEPAMIII MATHIV-AJTIOMIHIEBOI IITITHEJII

0. Kazapinos, B. Keamuaose, B. I puyuna, M. Aopamiweini, 3. Agpneoiani, M. I'anycmawgini,
I'. /lexanosiweini, T. Kanaéeziwmeini, B. Taséxeniose

[TpoBeneHi CHEKTPOCKOMIUHI NOCHIPKEHHS] B ONTHYHIA KepaMill IIiHesi, ONpOMiHEHIH ramma-IpoMeHsIMH
jokepena *°Co ta 3mimanumM raMma-HeiiTpoHHIM 0ToKOM y BBP peaxtopi npu motokax Heiitponis 110 ta 5-10%
HeﬁTp./CMz. OpepkaHi -aHi i3 3aJI€KHOCTI IHTEHCHMBHOCTI CMYT TOIJIMHAHHA y BUAUMIH 007acTi JO3BOJIMIN
IIeHTU(IKYBATH MPUPOTY ONTHYHUX LIEHTPIB, CTBOPEHUX OMPOMiHIOBaHHSIM. [IOTTHHAHHS CBiTIa B iH(padepBOHIH
o0acTi BKa3ye Ha IPUCYTHICTH Y KepaMilli KOMITIEKCIB, IO MICTATH BYTJIENb Ta CTAIOTh ONITUYHO AKTHBHUMH ITiCIIS
onpoMiHeHHs. 3apeectpoBanuid curHan EIIP 3 g =(2.0174 +0.0005) i mmpunor (46.1+1.5) I'c, mo Biamosimae
HO, - abo O; -paguxanaM. 3aleXHICTb AOCILIXKEHUX LIEHTPIB BiJl TeMIIEpaTypHy BiAnaly B ONPOMiHEHIH kepamini
IITiHeIl JEMOHCTpPY€E He3BHUaiiHe 30iJbIIEeHHsS IHTEHCHUBHOCTI TIOTJIMHAHHS Ta CTAI[ilOHApHOi JIOMiHECHEHIlii B
inTepBami Temmeparyp 200...400 °C. TIpoanamizoBaHa pojb KOMIUICKCIB Ae(EKTIB, SKi BKIIOYAIOTh ASPEKTH
AQHTHCTPYKTYPH B CTBOPEHHI Ta Binmamy AedekTiB y pi3HHX TeMoepaTypHHX OONacTsAX 3 ypaxyBaHHSIM pi3HOi
PYXJIMBOCTI KaTiOHIB Ta aHIOHIB, a TAKOX CIEU(IKN MEXaHI3MY PEHTETHOIIOMIHECIICHITI].



