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The extraordinary radiation resistance of single crystals and ceramics of magnesium-aluminum spinel to neutron irradiation is known,
but the mechanisms that provide it are not yet fully understood. Irradiation of crystals with fast electrons creates defects partially similar
to defects in neutron irradiation. The difference in the destructive effect is the significant level of ionization during electron irradiation.
Therefore, to compare the results of irradiation by different sources, it is necessary to determine the parameters of radiation defects.
One of them is the conditions of radiation damage recovery. When irradiating the crystals with electrons with an energy of 12.5 MeV
to a fluence of 6.8:10'¢ eV/cm?, the concentration of defects such as F-centers 2.6:10'® cm™ and V-centers 3-10'7 cm™ was obtained.
TSL and optical absorption spectroscopy methods were used to determine the state of radiation defects in crystals during annealing.
Since annealing at temperatures above 900 K leads to complete discoloration of all optically active centers, therefore, to determine the
effect of annealing at higher temperatures, the crystals after annealing were irradiated with ultraviolet light. At temperatures above
900 K, cationic disorder begins to increase, but annealing at 1010 K for 30 minutes was not enough to completely restore the damage
to the crystal lattice created by electron irradiation. This is expected, given the characteristic relaxation time of cation disorder, which
reaches 1000 hours at this temperature. However, increasing the annealing temperature to 1050 K, in addition to the recovery of
radiation defects, creates a noticeable additional difference in TSL, probably due to the formation of complexes from residual F-centers.
However, determining the difference between irradiated and non-irradiated crystals gives a difference in the concentration of F-centers
less than 10'5 cm.
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INTRODUCTION

Magnesium-aluminum spinel (MgAl>O,) is an extremely resistant to ion and neutron irradiation insulator with a
wide bandgap. Crystals and ceramics can withstand neutron irradiation at moderate fluxes up to fluences of
2.49-10% n/cm? without appreciable change in sample size [1]. Although the optical and dielectric properties of spinel are
very sensitive to ionizing irradiation [2] ceramics and spinel powders are considered for use [3] and are used [4] under
conditions of powerful gamma, neutron and ion irradiation. Doses and levels of damage of 249 d.p.a., which were
achieved at the FFTF reactor, are unattainable for other irradiation devices, except for ion irradiation, but it has its
disadvantages related to the small depth of ion penetration. If the thin damaged layer can still be dealt with by experimental
methods [5], there remains the implantation of ions that are not an element of the crystal and the temperature peaks when
using heavy ions.

Irradiation by electrons compared to neutron irradiation is much more accessible. And because of the relatively small
interaction cross-section of fast electrons, unlike ion irradiation, it makes it possible to obtain a practically uniform
distribution of defects over the thickness of the samples. But the consequence is a relatively low rate of defect creation,
which usually does not exceed one defect per electron. In addition, the beam current during irradiation is limited by the
power of ionization losses of electrons in the crystal. The fact that the electrons predominantly (more than 99%) spend
their energy on ionization and only a small fraction on defect creation is a feature to be taken into account when comparing
experiments with different irradiation sources [6].

One of the characteristics of radiation defects is their destruction temperature. Since Schottky defects are the
dominant type for spinel [7], the creation of Frenkel pairs during irradiation creates a complex set of pairs of defects of
both types, some of which recombine during irradiation, preventing the creation of large complexes of defects and
dislocations [8]. For neutron irradiated crystals, the temperature of the beginning of vacancy mobility and dislocation
destruction is about 1000 K [9]. The trap depth for the vacancy mobility is determined as 2+0.7 eV.

Annealing of optically active centers in crystals allows the comparison of optical and ESR spectral data [10], but
both techniques dealt with an electron bound to the defect rather than to the defect itself. In [11] annealing of spinel single
crystals after electron irradiation at only 900 K resulted in complete bleaching of the radiation-induced absorption. In
work [12] it is shown that after annealing to 750 K all optically active centers in the crystals after neutron irradiation are
destroyed, but a significant concentration of defects remains. Therefore, elucidation of conditions and possibility of
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restoration of damages of crystals after irradiation by relativistic electrons has both fundamental and applied importance
concerning possibility of prolongation of use of crystals in radiation conditions and reuse of crystals in experiments on
irradiation.

EXPERIMENTAL DETAILS

Electron irradiation was performed on an M-30 microtron at Institute of Electron Physics of NAS of Ukraine [13]
with an electron energy of 12.5 MeV and a current density of 3 pA/cm? up to a fluence of 6.8-10'¢ ¢/cm?. The sample was
glued with thermal grease KTP-19 on an aluminum plate with a thickness of 2 mm and located at a distance of 5 cm from
the exit window of the accelerator. With addition of intense air blowing, this ensured that the temperature of the sample
during irradiation did not exceed 20°C.

Measurements of the curves of thermostimulated luminescence (TSL) induced by heating samples at a rate of 0.5 K/s
up to 575K were performed after the half hour delay to partial decay of phosphorescence. The integral
thermoluminescence yields were performed using a FEU-106 photoelectron multiplier (spectral response 180-800 nm)
operating in the photon count mode.

Before TSL measurements (except for electron irradiated sample) samples were irradiated with UV lamp DDS-30
(analogue of L2(D)2) for filling electron and hole traps. Distance between lamp and samples was 50 mm.

High-temperature annealing was carried out in a tubular quartz furnace insulated from the ends with fireclay. The
temperature of the samples was controlled by a chromel-alumel thermocouple located in the sample holder. Cooling from
the maximum temperature to 200°C took place in the furnace for an hour, and then in the open air.

Optical absorption was measured in the range 1.2—6.4 eV using a single beam spectrophotometer SF-46 with manual
correction of residual phosphorescence.

RESULTS AND DISCUSSION

The optical absorption spectra of single crystals before and after irradiation with electrons with energy of 12.5 MeV
and fluence of 6.8:10'° cm™ are shown in Fig. 1. As can be seen, the spectrum shows two well-known absorption bands
at 3 eV - hole centers on cation vacancies and 5.3 eV - F-centers. The integrated glow curve of this sample is also quite
typical for nominally pure spinel single crystals of stoichiometric composition (Fig.2). It contains one high-intensity broad
maximum at 500 K which is very similar to the TSL curve after gamma irradiation [14,15]. In neutron-irradiated crystals,
the spinel light curve has weak peaks at 440, 490 K and a prominent peak at 630 K [16]. This difference could be caused
by the high level of ionization during electron and gamma irradiation.
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Figure. 1. Optical absorption spectra of MgAlO4 single crystal ~ Figure. 2. TSL glow curve of MgALOs single crystal irradiated
before and after irradiation with 12.5 MeV electrons to fluence with 12.5 MeV electrons to fluence 6.8:10'® e/cm?
6.8:10'¢ e/cm?

As aresult of annealing to 575 K, the absorption spectrum of the crystal partially discolored. The spectra of radiation
stimulated absorption after irradiation and annealing are shown in Fig. 3. Also, thin lines show the decomposition of the
spectra into separate bands according to [17]. As can be seen, partial annealing caused 50% loss of absorption of
V-centers, and almost complete decolorization of F* and F-centers. Since an annealing at a temperature of at least 970 K
is required to fully restore the absorption spectrum, the sample irradiated by electrons was annealed at 1010 K for 30 min.

To analyze the results of such annealing, the crystal after slow cooling was irradiated with UV light for 30 min. and
after an additional 30 min. the thermoluminescence was measured (see Fig. 4). For comparison, the thermal luminescence
curve of the crystal without electron irradiation and annealing is also shown. It can be seen that the first peak at 410 K is
almost the same, but at higher temperature (peak at 650-700 K) the crystal irradiated by electrons has much more intense
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luminescence. In order to return the crystal to the initial state, an additional annealing was carried out at a temperature of
1050 K. This significantly reduced the intensity of the high-temperature maximum and it became even smaller than the
corresponding maximum in the initial crystal. But it caused a shift of the first maximum towards higher temperatures.

To further verify the effect of irradiation and annealing on the crystal state, both samples were irradiated with UV light
after annealing at 1050 K. Fig. 5 shows the absorbance for both samples, where it can be seen that the absorbance
(concentration of optically active centers) due to hole centers on cation vacancies and anti-structure defects is identical.

There is a very weak difference in the absorption of electron-type optically active centers: antisite defects and anion
vacancies.
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Figure. 3. Optical absorption spectra of MgAlL>Os single crystal ~ Figure. 4. TSL glow curve of UV irradiated MgAl:O4 single

irradiated with 12.5 MeV electrons to fluence 6.8-10'° e/cm? and  crystals: unirradiated and irradiated with 12.5 MeV electrons to

after annealing to 575 K during TSL measurement fluence 6.8:10'° ¢/cm? and annealed to different temperatures
during 30 min

It is shown in more detail in Fig. 6 in the form of difference of absorption spectra of two crystals (with and without
irradiation) in the same state. It can be seen that the effect of electron irradiation after annealing to 1050 K on the formation
of optically active centers is very weak both for the annealed state and after UV irradiation.
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Figure 5. UV induced optical absorption spectra of MgALbOs Figure 6. Difference optical spectra of irradiated and
single crystal with and without irradiation with 12.5MeV unirradiated MgAl2O4 crystals after annealing to 1050 K and
electrons to fluence 6.8-10'° ¢/cm? and annealing at 1050 K for subsequent UV irradiation

30 min

The difference between irradiated and non-irradiated crystals is small, slightly exceeding the measurement error of
the spectrophotometer. Only one very weak band corresponding to F*-centers can be approximately identified in the
spectra, but their concentration determined by the Smakula formula [18] does not exceed 1.5-10'* cm™. Absence of
differences in induced absorption spectra in the region of maxima corresponding to antisite defects indicates that although
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the annealing temperature exceeded the threshold of cation mobility and increasing of inversion the changes in TSL glow
curve (Fig. 4) are rather related to the formation of complexes from residual defects.

CONCLUSIONS

Sequential annealing of defects in MgAl O, single crystals after 12.5 MeV electron irradiation was carried out.
It was found that 30 min. of annealing at 1010 K was not sufficient for the complete recovery of radiation defects.
Additional annealing at 1050 K of MgAl,O4 single crystals irradiated with intermediate fluence electrons practically
restores the crystal state to the initial level.

It is also shown that annealing at 1050 K for 30 min., besides the restoration of defects, introduces noticeable
changes in the crystal, which may be associated with an increase in inversion. However, the residual difference in
F-centers concentration at 1.5-10'* cm™ rather indicates the formation of complexes from residual defects. Therefore, the
optimization of the annealing process with respect to temperature, duration and cooling regime requires further
investigation.
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MOHITOPUHI BITHOBJEHHSA PATIALIAHUX JEDPEKTIB B MgALO4 IIPH BIJIIIAJII
METOJIOM OIITUYHOI CHEKTPOCKOIIIi
IOpiii I'. Kazapinos®®, Isan I'. Mereaa®, Oxcana M. ITon®
“Xapxiecvruil HayionanvHuil yHieepcumem imeni B.H. Kapasina, Xapxie, Yrpaina
bHHI] "Xapxiscokuii pizuxo-mexuiunuii incmumym" HAH Yipainu, Xapxis, Yipaina
“Incmumym enexmponnoi Qizuxu HAH Yxpainu, Yoczopoo, Yrpaina

Binoma Hajg3BHYaiiHa papjiamiiHa CTIHKICTP MOHOKPHCTATIB 1 KepaMiKM MarHi€eBO-aJIIOMiHi€BOI IIMiHeNI 1O HEHTPOHHOTO
OIPOMIHEHHsI, aJie MEXaHi3MH, sKi ii 3a0e3NedyIoTh, Ie 0CTaTOYHO He 3'sicoBaHi. ONPOMIHEHHS KPUCTAJIB MIBHIKUMH €JIEKTPOHAMH
CTBOPIOE JIepeKTH, YaCTKOBO NOAIOHI 110 Ae(eKTiB PH HEHTPOHHOMY ONPOMiHEHHI. BiqMiHHICTB y pyHHIBHIH Aii MoJsrae B 3HAUHOMY
PpiBHI iOHi3awii IpH eNeKTPOHHOMY orpoMiHeHHi. ToMy, I HOPIBHIHHS Pe3yIbTaTiB ONMPOMIHEHHS Pi3HUMH JDKEpesaMu HeoOXiTHO
BU3HAYATH TapaMeTpH pagiauiiaux aedekriB. OIHUM 3 HUX € TeMOEPAaTYpHi YMOBHU BiJHOBJICHHS paiauiifHUX MOIMIKO/pKeHb. [Ipu
ONPOMiHEHHI KPUCTaJliB eJeKTpoHaMu 3 eHepricio 12,5 MeB 10 ¢moency 6,8:10'° ¢/cM? 0TpuMaHO KOHLEHTpALiO AeQEKTIB THILY
F-uentpiB 2,6:10'° cm™ ta V-uentpip 3-10'7 ¢mM?. Jlng Bu3HaueHHA CTaHy paiiamiiHux AedekTiB y KpucTagax I gac Biamaiy
BukopucroByBaianuch Merogn TCJI ta onruunoi abcopbuiiinoi crexTpockomii. Ockinbku Bixman mpu temneparypax suie 900 K
MIPU3BOAUTH 0 TIOBHOTO 3HEOAPBIICHHS BCIX ONTUYHO AaKTHBHUX LEHTPIB, TOMY A BU3HAUCHHS BIUTHBY BIATIAY NPH OLIBII BUCOKHX
TeMIlepaTypax KpHCTaJIM Hicis BiAmany onpoMiHroBanu ynbTpadioneroBum cBiTioM. Ilpu temmneparypax Bumie 900 K mounnae
3pOCTaTH KaTiOHHE HeBHOpsAKyBaHHs, aje Bixmany npu 1010 K nporsrom 30 XBWIMH BUSBWIIOCS HEJOCTATHBO JUIS IOBHOTO
Bi/IHOBJICHHS NOIIKO/KEHb KPUCTATIYHOT T'PATKH, CTBOPEHUX €JIEKTPOHHUM ONpoMiHeHHsM. L{e ouikyBaHO, BpaXOBYIOUYH XapaKTepHHI
yac pesakcauii KaTiOHHOTO HEBIOPSAKYBaHHs, KM mpu wii temmeparypi carae 1000 roxun. OnHaK MiZBUIIEHHS TEMIEPAaTypU
Bignany o 1050 K, oxpim BigHOBIIEHHS padialiifHux ge(eKTiB, CTBOPIOE MOMITHY HOAaTKOBY pisHHI0 B TCJI, iMOBipHO, 32 paxyHOK
YTBOPEHHS KOMIUIEKCIB 13 3anumkoBux F-mieHTpiB. OnHaK BU3HAYCHHS Pi3HUII MK ONPOMIHEHUMH i HEONIPOMIHEHIMH KPHCTaaMU
METOJIOM OITHYHOI CIeKTPODOTOMETPIT A€ Pi3HUIO B KOHIEHTpalii F-uentpis Menme 3a 103 cm™>,
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