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a b s t r a c t 

The precise study of the thermal annealing of the F 2 -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 × 10 18 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 2 , F 
+ 

2 
and F 2+ 

2 
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 F 2+ 
2 

centers. The tentative mechanisms of such rise of the F 2+ 
2 

centers as well as of 

the subsequent transformation/rise of dimer centers, F 2+ 
2 

→ F + 
2 

→ F 2 at 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. 
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. Introduction 

Aluminium oxide ( α-Al 2 O 3 ) possesses a variety of fascinating 

roperties allowing its use for different technological applications. 

n particular, because of high resistance to fast neutrons, rather low 

welling and ability to maintain mechanical and electrical integrity, 

-Al 2 O 3 single crystals and polycrystalline transparent ceramics 

re widely used for fission-based energetics and are in the list of 

romising diagnostics/window materials for deuterium-tritium fu- 

ion reactors [1-3] . On the other hand, a specially treated alumina 

so-called anion-deficient α-Al 2 O 3 ) is the basis of highly sensitive 

uminescent detectors of ionizing radiation (see, e.g., [ 4, 5 ] and ref- 

rences therein). 

The processes of radiation damage under irradiation of α-Al 2 O 3 

rystals by fast fission neutrons, energetic electrons and swift 

eavy ions have been investigated for many years [ 1, 6–17 ]. In gen-

ral, tolerance of a functional material to intentional irradiation is 

ainly determined by the accumulation of primary lattice point 

efects − vacancy-interstitial Frenkel pairs. The optical absorp- 

ion/emission bands related to the anion-vacancy-related elemen- 

ary Frenkel defects − the F + and F centers (one or two elec- 
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rons trapped by an oxygen vacancy) as well as their simplest ag- 

regates, F 2 dimers (two adjacent oxygen vacancies) in different 

harge states have been revealed and thoroughly studied in the 

rradiated or additively colored (thermochemically reduced) Al 2 O 3 

rystals [7-12] . Particular emphasis has been also paid to ther- 

al annealing of F - and F 2 -types of radiation defects in α-Al 2 O 3 

 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, 

 mobile component in a thermally stimulated recombination of 

omplementary Frenkel defects [19-21] . 

By the modern concepts, the elastic collisions of incident en- 

rgetic particles (neutrons, light and heavy ions, electrons) with 

toms/nuclei of materials mainly determine the formation of radi- 

tion damage in wide-gap metal oxides. The displacement (knock- 

n, impact) creation mechanism completely describes the creation 

f Frenkel defects by fast neutrons [6] . On the other hand, swift 

eavy ions provide extremely high density of electronic excitations 

ithin cylindrical tracks, and, in addition to collision cascades, ion- 

zation losses can contribute to radiation damage of metal ox- 

des as well (see [ 15, 22, 23 ] and references therein). Note that in

ontrast to alkali halides (see recent review [24] ), more complex 

lectronic excitation related mechanisms of Frenkel defect creation 

hould be considered [ 15, 23 ]. 

The present study is devoted to the precise measuring of the 

hermal annealing of the absorption bands related to dimer F 2 - 

ype centers created in α-Al O single crystals under fast neu- 
2 3 

https://doi.org/10.1016/j.jnucmat.2020.152600
http://www.ScienceDirect.com
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Fig. 1. The spectrum of RIOA measured at RT for an Al 2 O 3 single crystal irradiated 

with fast neutrons ( � = 6.9 × 10 18 cm 

-2 , RT, d = 0.09 mm). 

Fig. 2. Spectra of RIOA for an Al 2 O 3 single crystal with d = 0.37 mm after irradia- 

tion with fast neutrons ( � = 6.9 × 10 18 cm 

-2 , RT, curve 1) or additional preheating 

to different temperatures T pr . All spectra are measured at RT. 
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ron irradiation. Special attention is paid to possible mechanisms of 

he transformation between F 2 -type centers with different charge 

tates ( F 2 , F + 
2 

and F 2+ 
2 

), which are being implemented at tempera-

ures above 650 K. 

. Experimental 

Nominally pure α-Al 2 O 3 single crystals were grown by means 

f the Czochralski method by Union Carbide Corporation. The crys- 

als were irradiated by fission neutrons possessing energy higher 

han 0.1 MeV with a fluence about 6.9 × 10 18 n /cm 

2 at the Oak

idge National Laboratory, while the sample temperature during ir- 

adiation did not exceed 60 °C. 

The spectra of optical absorption in ordinary spectral region 

f 1.5-6.5 eV were measured by a high-absorbance spectrometer 

ASCO V-660 with a double monochromator, while the measure- 

ents covering near vacuum ultraviolet (VUV, up to 8.5 eV) were 

erformed using a VMR-2 vacuum monochromator and a hydro- 

en discharge light source. The difference between two absorp- 

ion spectra sequentially measured at room temperature (RT) for 

 virgin crystal and the sample irradiated with fast fission neu- 

rons was regarded as radiation-induced optical absorption (RIOA). 

n order to stay within experimental limits of optical density val- 

es (OD ≤ 4.0) in a whole spectral region, a 0.09-mm thickness 

ample was used; whereas the RIOA measurements in the respon- 

ibility region of the F 2 -type dimer centers were performed for a 

hick sample, d = 0.37 mm. In both cases, about 8 × 8 mm 

2 

lates, both sides polished and parallel to the main c crystal axes, 

ere used. The RIOA spectra were decomposed into Gaussian com- 

onents connected with the creation of different radiation-induced 

tructural defects. 

The thermal annealing of radiation-induced damage in Al 2 O 3 

ingle crystals (i.e. recovering of the irradiated sample) was per- 

ormed via the following stepwise procedure: the irradiated crystal 

as placed into a quartz reactor and heated to a certain tempera- 

ure T pr in an argon flowing atmosphere; kept at this fixed T pr for 

bout 10 min and then cooled down to RT by moving the reac- 

or out of the furnace; finally, the RIOA of the sample preheated 

n a such way was measured at RT. Similarly, multiple “heating- 

ooling-measuring” cycles were carried out for the same sample 

nder the same conditions with the consistent increase of T p r by 

5 −40 K. Recently, the similar studies of radiation damage anneal- 

ng have been also performed for cubic single crystals of MgO and 

gAl 2 O 4 , the latter being an equimolar mixture of MgO and Al 2 O 3 

inary oxides [ 25, 26 ]. 

The curves of thermally stimulated luminescence (TSL) were 

egistered for a spectrally integrated (1.9 −4.1 eV) signal or the 

mission selected by an optical filter by means of a Harshaw Model 

500 TLD Reader under sample heating with a constant rate of 

= 2 K/s in the atmosphere of flowing nitrogen. Irradiation of 

he samples with X-rays was performed using a tungsten tube op- 

rated at 40 kV and 10 mA, approximate absorbed dose was 1.5 

Gy. 

. Results and discussion 

Fig. 1 demonstrates the spectrum of RIOA measured in a wide 

pectral region at RT for a fast-neutron-irradiated α-Al 2 O 3 single 

rystal with a thickness of d = 0.09 mm. According to the exist- 

ng literature data [7-12] , the dominant band around 6 eV (the OD 

aximum is located at I max = 6.03 eV) is ascribed to the neu- 

ral F centers; the charged F + centers are responsible for two RIOA 

ands with I max = 5.33 eV and I max = 4.82 eV, while three signif-

cantly less intense absorption bands (see left ordinate scale) are 

onnected with oxygen divacancies, F 2 dimers in different charge 

tates − F 2 , F + 
2 

and F 2+ 
2 

centers. Because of rather low absorbance 
2 
low OD values) of the F 2 -type dimers, a left part of RIOA spec- 

rum in Fig. 1 is multiplied by a factor of 30. Consequently, fur- 

her results related to dimer centers belong to a thick irradiated 

ample with d = 0.37 mm. The concentration of the F + centers 

n our irradiated Al 2 O 3 crystals was determined to be close to 

 × 10 18 cm 

−3 using the Smakula-Dexter formula for the corre- 

ponding RIOA bands or by means of the Bruker programs on the 

asis of the EPR signal of paramagnetic F + centers. 

Additional information on the microstructure and nature of lat- 

ice defects can be obtained by studying the radiation damage 

ecovery by means of a following thermal annealing of the ir- 

adiated crystal. It should be stressed that the structural defects 

f “radiation-induced origin” (i.e. related to novel Frenkel pairs 

ormed under irradiation) undergo irreversible annealing and do 

ot reappear after additional irradiation of a totally annealed crys- 

al by X-rays at RT. On the other hand, the reappearance of a cer- 

ain structural defect after additional X-irradiation indicates that 

e are dealing with some kind of as-grown defects. In wide-gap 

etal oxides, X-rays do not create new structural defects, but gen- 

rate charge carriers which can be trapped at effective traps – as 

rown defects or impurity ions. Note that single and dimer F -type 

enters under consideration are undoubtedly the radiation-induced 

efects. 

Fig. 2 presents a set of the RIOA spectra measured at 2.0-5.6 eV 

or an α-Al 2 O 3 crystal after neutron irradiation (curve 1) or addi- 

ional multiple preheatings to certain T pr up to 1200 K. All spectra 
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Fig. 3. Difference spectra representing the decrease of RIOA due to the preheating 

of the neutron-irradiated Al 2 O 3 single crystal ( � = 6.9 × 10 18 cm 

-2 , RT, d = 0.37 

mm) from 450 to 575 K (curve 1); 625 → 700 K (curve 2) and 720 → 790 K (curve 

3). 
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Fig. 4. The difference spectrum representing the decrease of RIOA due to the pre- 

heating of the neutron-irradiated Al 2 O 3 single crystal ( � = 6.9 × 10 18 cm 

-2 , RT, 

d = 0.37 mm) from 810 to 880 K (curve with symbols, οοο); 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). 
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re measured at RT, while some of the spectra with inconsequen- 

ial changes in intensity are omitted in Fig. 2 . For the irradiated 

rystal with used thickness of d = 0.37 mm, only a low-energy 

and of the F + centers fits the measuring limits of OD values. Even 

 cursory examination of the figure points to the complexity of 

emperature behavior of different F 2 -type dimers. The last circum- 

tance becomes even more evident when considering the changes 

f RIOA in different temperature regions. 

The difference spectra representing the RIOA decrease due to 

ubsequent preheatings from T pr (1) to T pr (2) are shown in Fig. 3 .

he regions with negative OD values illustrate the temperature 

anges where a certain absorption band (and the corresponding 

efect concentration) increases. Note that the enhancement of dif- 

erent RIOA bands ascribed to the F 2 dimers in different charge 

tates occurs in different temperature regions. At first, the rise of 

he F 2+ 
2 

centers (~2.75 eV band) takes place at 450 → 575 K; the 

ubsequent preheating of the irradiated sample from 625 to 700 

 is accompanied by the rise of the F + 
2 

band peaked at ~3.45 eV,

hile, finally, the temperature region of 720-790 K corresponds to 

he increase of the F 2 center concentration (RIOA band peaked at 

4.1 eV). Note that the decrease of the F + center concentration (es- 

imated via RIOA band at ~4.8 eV) is clearly seen for all three tem- 

erature ranges presented in Fig. 3 . 

In order to analyze more precisely the thermal anneal- 

ng/transformation of different F 2 -type centers, we used the de- 

omposition of RIOA into elementary Gaussian components, each 

f which serves as a measure of a certain type of radiation defects 

a concentration of the corresponding radiation defects can be es- 

imated via the integrated area S or the Gaussian peak intensity 

OD at I max ). Recently, the similar decomposition procedure was 

uccessfully used for the investigation of the processes of accumu- 

ation and subsequent thermal annealing of different single F -type 

efects in MgO single crystals exposed to irradiation with swift Xe- 

ons [ 26, 27 ]. Note that the result important from methodological 

oint of view was obtained for MgO in Refs. 26 and 27 − the esti-

ation of defect concentration via S and OD at I max for Gaussians 

r even via OD value at photon energy with dominant contribu- 

ion of a certain defect type (but without decomposition) leads to 

ractically identical results. 
3 
Fig. 4 presents the decomposition into Gaussians of a difference 

pectrum representing the decrease of RIOA due to the preheating 

f the neutron-irradiated Al 2 O 3 crystal ( d = 0.37 mm) from 810 to 

80 K. We tried to limit the formal decomposition by a minimum 

umber of components including those ascribed in the literature 

o F 2 ,F 
+ 

2 
and F 2+ 

2 
centers − I max at 4.07 eV (FWHM of 0.35 eV), 3.45

0.26) and 2.75 (0.19) eV, respectively. Consequently, the sum of 

aussians does not fit perfectly to the experimental curve in the 

verlapping regions of elementary band wings. The used region 

f 810-880 K corresponds to temperatures when mutual transfor- 

ations between different F 2 dimers are completed and a syn- 

hronous attenuation of all RIOA bands related to single or dimer 

 -type centers takes place (see further text related to Fig. 7 ). 

In addition, a neutron-induced background after preheating to 

igh T pr is rather low as well, while such background signifi- 

antly complicates the analysis of the RIOA spectra after preheat- 

ngs to lower T pr (see Fig. 1 ). The similar temperature behavior of 

he background mainly caused by the scattering loss was earlier 

onsidered in neutron-irradiated MgO [28] or ~GeV-ion-irradiated 

omplex metal oxides (see, e.g., [29] ). In case of rather low val- 

es of OD in heavily irradiated materials, it is rather difficult to 

eparate a real RIOA and light scattering on large-size radiation 

amage. As a result, the extinction spectra are measured in sim- 

lar cases. 

The enhanced neutron-irradiation-induced background in α- 

l 2 O 3 cryst als is responsible for even more significant mismatch 

etween the experimental RIOA curves, measured straight after ir- 

adiation or preheatings to lower values of T pr , and the decompo- 

ition results just in the photon energy regions between the band 

axima. On the other hand, the effect of light scattering is neg- 

igible and independent on T pr for the spectral region responsible 

or the F + centers − the RIOA band peaked at ~4.8 eV is charac- 

erized by significantly higher OD values. In the present study, the 

onstant shapes of Gaussians connected with F 2 , F 
+ 

2 
and F 2+ 

2 
centers, 

espectively (they are shown in Fig. 4 ) were used for the anneal- 

ng kinetic analysis in the whole temperature range of 30 0-110 0 K. 

he RIOA spectra have been measured and decomposed into Gaus- 

ian components always at the same temperature, RT and, there- 

ore, S or I max parameters of a Gaussian obtained after each pre- 

eating and connected with a certain type of dimer centers are 

roportional to the concentration of the corresponding defects. Al- 

hough 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 2 O 3 single crystal after preheating to different T pr . b - Difference spectra 

representing the decrease of RIOA due to the preheating of the neutron-irradiated 

sample from T pr (1) to T pr (2). 
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Fig. 6. Dependences of the RIOA related to certain Gaussian components (at 

I max ) on the preheating temperature for a neutron-irradiated Al 2 O 3 single crystal 

( � = 6.9 × 10 18 cm 

-2 , RT, d = 0.37 mm). Right ordinate belongs only to F + centers. 

Fig. 7. Normalized dependences of the I max for certain Gaussian components on the 

preheating temperature in a neutron-irradiated Al 2 O 3 crystal with d = 0.37 mm. 
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nknown, the experimentally measured annealing curve displays 

eal changes of the certain defect concentrations with T pr ; and the 

owest limit of the defect concentration could be roughly estimated 

y the Smakula-Dexter formula with f = 1. As it was mentioned 

arlier, the concentration of the F + centers in our samples is about 

0 18 cm 

−3 , and the estimated amount of the F 2 dimers, approxi- 

ately 10 17 cm 

−3 , exceeds with enough the impurity/as-grown de- 

ect concentration in non-doped samples. 

Note that the band at ~2.75 eV was earlier characterized in the 

iterature by a bandwidth of about 0.3 eV [ 9, 11 ], while our de-

omposition gives smaller value of FWHM, ~0.19 eV. Fig. 5 clearly 

emonstrates the complexity of this RIOA band, which tentatively 

onsists of several elementary components, the annealing of which 

ccurs in different temperature regions. Fig. 5 a shows the normal- 

zed band shapes measured at RT after preheatings of the neutron- 

rradiated sample to different T pr , the bandwidth significantly de- 

reases with preheating temperature. According to the difference 

pectra ( Fig. 5 b ), at least two components are visible in the spec-

ral region under consideration at 700-750 K, while a single nar- 

ow component with the maximum at 2.75 eV and practically con- 

tant bandwidth remains in the sample after preheatings above 

 pr = 750 K. Just this elementary band corresponds, in our opin- 

on, to F 2+ 
2 

centers, the thermal annealing of which as well as their 

ransformation into other types of F 2 dimers is the purpose of the 

resent study. However, the annealing curve constructed on the 

asis of only one narrow component simplifies to some degree 

he real temperature behavior of the RIOA around 2.75 eV. Other 

ypes of F 2 -dimers can be sufficiently accurately characterized by 

lementary Gaussians presented in Fig. 4 . 

Fig. 6 shows the annealing kinetics of single and dimer F -type 

enters for a neutron-irradiated Al 2 O 3 single crystal with d = 0.37 

m. The value of I max for a certain Gaussian is taken as a con-

entration of the corresponding radiation-induced defects. Because 

f low intensity of the 3.2 eV band (shoulder) and relatively high 

cattering background that impedes justified decomposition after 

ow T pr , the measured values of RIOA were taken for the construc- 

ion of the respective annealing curve. In contrast to a continu- 

us decrease of the number of the F + centers in a whole tempera- 

ure region from ~450 to 1050 K, the temperature dependences for 

he concentration of dimer centers are more complicated and con- 

ain increasing stages, although in different temperature regions. 

he F 2+ 
2 

center concentration starts to rise first above 500 K and 

eaches its maximum value around 675 K; a significant increase in 

he number of the F + 
2 

centers occurs from 675 up to 735 K; while

he maximum concentration of the F centers is achieved at even 
2 

4 
igher temperature, around 800 K. Note that the rise of absorption 

ands related to F 2 -type dimers (for some components or without 

pecification) was already reported in [ 6, 9, 12 ]. 

Before discussing the mechanisms of mutual transformation of 

imer centers in different charge states, let us consider the origin 

f two other RIOA bands clearly attending in Figs. 3 and 4 − these 

re the band with I max at 2.16 eV and a shoulder at I max = 3.2 eV.

ccording to the data in Fig. 7 , there is clear correlation in behav-

or of two pairs of the RIOA bands. The temperature dependencies 

f the bands peaked at 2.16 and 3.46 eV as well as at 3.20 and

.07 eV are very similar and the increase of these bands above 

00 K takes place simultaneously. Especially impressive is the co- 

ncidence of the increasing stages in Fig. 7 b , although the real OD 

alues for the 3.2-eV band (i.e., the corresponding center concen- 

ration) are rather low (see Fig. 6 ). Therefore, it is reasonable to 

uggest the same origin for the RIOA bands demonstrating the sim- 

lar dependence − the shoulder at 3.2 eV could be attributed to 

eutral (with respect to a regular lattice) F 2 centers, while the 2.16 

V band could be considered as the second band of the F + 
2 

centers. 

he assignment of two (sometimes even three) bands to the same 

enter, usually with molecular or complex/aggregate structure, is 

ommon in the literature (see, e.g., [30-32] ). Note that the bands 
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Fig. 8. TSL curves measured for a spectrally integrated signal with a constant heat- 

ing rate of β = 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). 
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[

t 2.75 and 2.17 eV have been already attributed to the F + 
2 

centers 

n Ref. 8 , mainly on the basis of their behavior under X-rays or 

V-irradiation. However, this suggestion contradicts to the anneal- 

ng kinetics investigated in the present study. 

It is generally accepted that the annealing of the single F -type 

enters in neutron-irradiated metal oxides is due to the recombi- 

ation of the becoming mobile oxygen interstitials with still immo- 

ile anion vacancies that are part of the F + and F centers, while the

hermal annealing of the F and F + absorption bands in additively 

olored corundum, not containing anion interstitials, takes place at 

ignificantly higher temperatures, above 1300 K [ 7, 8, 11, 17 ]. Accord- 

ngly, the data depicted in Fig. 6 illustrate the annealing at 500- 

0 0 0 K of complementary Frenkel defects, vacancy-interstitial pairs 

reated by fast fission neutrons via the universal collision mecha- 

ism. Note that only the F + centers are measurable in our thick 

ample, although the similar annealing kinetics is valid for the F 

enters in neutron-irradiated Al 2 O 3 crystals as well. The precise 

nalysis of the annealing kinetics of single F -type centers (mea- 

ured via optical absorption or the EPR method) and its simulation 

n terms of diffusion-controlled reactions will be presented in a 

eparate forthcoming paper. 

The decay of dimer centers at high temperatures could be also 

xplained via the filling of anion vacancies comprising F 2 -type cen- 

ers by oxygen interstitials still remaining up to high temperatures 

n the form of some associations/aggregates, more stable than sin- 

le anion interstitials (complementary defects for the single F and 

 

+ centers). On the other hand, the increasing stages in the an- 

ealing kinetics of the F 2 -type centers ( Figs. 6 and 7 ) should be

xplained as well. Note that if the transformations F 2+ 
2 

→ F + 
2 

→ 

 2 at constantly growing T pr , 700 → 750 K could be, in general, at- 

ributed to the recharging of dimers by the electrons emerging in 

he corresponding temperature regions, then the involvement of a 

ome aggregation mechanism is needed to explain the concentra- 

ion rise of the F 2+ 
2 

centers, which was detected at lower tempera- 

ures, 500-650 K. 

It was mentioned already that single F and F + centers are im- 

obile in corundum below 1300 K. At the same time, one can 

xpect the mobility of an oxygen vacancy (not associated with 

ne/two electrons, i.e. F 2 + ) at lower temperatures. It is noteworthy 

hat similar situation is typical of alkali halides, where a single- 

harged (empty, without a trapped electron) anion vacancy, named 

lso as an α center, becomes mobile around RT, while the F cen- 

ers are immobile at least up to 400 K (see, e.g. [33] and references

herein). Just the migration/diffusion of a fluorine vacancy toward 

he F center and the subsequent trapping of an additional electron 

s used in explaining the formation of the F 2 (M) centers at RT in

iF via the following reactions: F + ( α) + F → F + 
2 

; F + 
2 

+ e → F 2 [34-

6] . In our opinion, an oxygen vacancy ( F 2 + ) tentatively becoming 

obile above 500 K interacts with an F center causing the forma- 

ion of an F 2+ 
2 

center in α-Al 2 O 3 crystals. 

Further heating of the neutron-irradiated corundum causes the 

ransformation F 2+ 
2 

→ F + 
2 

→ F 2 , tentatively, by the recharging of 

imer centers via consecutive trapping of two electrons. We tried 

o clear up a source of charge carriers in high-temperature region 

y studying the thermally stimulated luminescence of irradiated α- 

l 2 O 3 crystals. Fig. 8 a shows the TSL curves measured for a spec-

rally integrated signal at the heating of a neutron-irradiated sam- 

le with a constant rate of β = 2 K/s up to 853 K (heater-related

ackground is subtracted). Because of rather fast drop of temper- 

ture after reaching 853 K in the used TLD reader, only a small 

art of defects responsible for the TSL at such high temperatures 

ecomes annealed. Two measurements were performed one after 

nother for the same sample (curves 1 and 2) demonstrating the 

resence of a high-temperature TSL peak, which is rather intense 

nd could not be eliminated via fast preheatings to 853 K – the 

h

5 
imit of the setup used. Nevertheless, the difference of these two 

equentially measured TSL curves contains clear manifestations of 

he peak maximum around 840 K (see curve 3). 

After the second preheating of the neutron-irradiated α-Al 2 O 3 

o 853 K, the sample was additionally exposed to X-rays at RT and 

he TSL curve was measured once more (curve 4). According to 

ig 8 b , this curve contains several low-temperature peaks, the in- 

ensity of which even increases after repeated isodose X-irradiation 

t RT (curve 5). Note that high-temperature TSL continuously de- 

reases with each preheating (TSL measuring) procedure. Just this 

igh-temperature peak is the source of charge carriers becoming 

etrapped and manifesting themselves via low-temperature peaks. 

n case of sample preheating to 700 K, i.e. below the beginning 

f ~840 K TSL peak, the reversible appearance of low-temperature 

eaks with practically the same intensity is detected after repeated 

sodose X-irradiation at RT. On the other hand, TSL above 500 K is 

otally absent after X-irradiation of the neutron-irradiated sample 

reliminarily annealed to 1300 K (curve 6). Therefore, the high- 

emperature TSL is definitely connected with the structural defects 

nduced by fast neutrons, the thermal destruction of which ensures 

he release of electrons needed for the retrapping of the F 2+ 
2 

and 

 

+ 
2 

centers. 

Earlier, thermoluminescent characteristics have been exten- 

ively studied in nominally pure Al 2 O 3 single crystals (see [37] and 

eferences therein) as well as dosimetric (anion deficient) Al 2 O 3 :C 

 3, 4 ] exposed to various types of ionizing radiation (UV-light, X- 

r gamma-rays), which is unable to produce structural damage in 

-Al 2 O 3 . In these studies, only TSL up to ~600 K, i.e. below the

eginning of the recharging processes of the F 2 centers, were de- 

ected. On the other hand, only episodic studies of TSL have been 

erformed in pure α-Al 2 O 3 exposed to particle irradiation (neu- 

rons, energetic ions and electrons) [16,39,40] . In particular, irradi- 

tion with mainly thermal neutrons [39] or fast neutrons at 20 K 

39] leads to the appearance of TSL peaks significantly below the 

igh-temperature one detected after crystal irradiation by fast fis- 
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ion neutrons in the present study (see Fig. 8 a ), while the peaks

re rather similar to those detected after additional X-irradiation 

f our samples ( Fig. 8 b ). Note that ~700 K was a technical limit

or a TSL setup used in Ref. 16 for the measurements for heavy- 

on-irradiated corundum crystals. In our opinion, the TSL above 

00 K detected in the present study can be related to the trans- 

ormation processes with the F 2 -type centers according to the 

bove-suggested scenario. This conclusion is partly supported by 

he presence of deep charge traps (~840 K) in Al 2 O 3 :C that contain

ignificant concentration of as-grown F - and F 2 -type defects. 

Similar to alkali halides (so-called α-I and F-H pairs of Frenkel 

efects [23] ), both neutral and charged vacancy-interstitial Frenkel 

airs are formed in α-Al 2 O 3 under fast neutron irradiation. Bi- 

olecular type of recombination between F, F + and mobile com- 

lementary oxygen interstitials (in neutral or charged state) is re- 

ponsible for the thermal annealing of single F -type defects. It is 

mportant to note that the concentration of the neutral F centers 

n our samples is higher than that for charged F + ones. Moreover, 

he annealing of the F centers, being very similar to that of the F + 

enters, starts at slightly higher temperatures (up to 50 K, see our 

orthcoming paper). As a result, the tentative recombination of a 

harged anion interstitial with an F center leads to the release of 

n electron able to participate in the recharging of dimer centers 

n corundum. 

. Conclusions 

In addition to single F + and F centers, the F 2 -type dimer cen- 

ers in different charge states are also formed under irradiation 

f α-Al 2 O 3 single crystals with fast fission neutrons via the col- 

ision mechanism of radiation damage. In contrast to the continu- 

usly decreasing thermal annealing kinetics of single F -type cen- 

ers due to their recombination with becoming mobile oxygen in- 

erstitials, the temperature dependences of the concentration of 

ifferent dimer centers (estimated via decomposition of radiation- 

nduced absorption into elementary Gaussians) on preheating tem- 

erature contain increasing stages above ~550 K. In our opinion, 

he concentration rise of the F 2+ 
2 

centers up to 650 K could be ex- 

lained by the mobility of an oxygen vacancy (not associated with 

ne/two electrons) above ~500 K, while mutual transformation of 

imers F 2+ 
2 

→ F + 
2 

→ F 2 at 675-735 and 750-800 K, respectively is 

aused by the recharging of dimers via consecutive trapping of 

wo electrons. High temperature TSL detected in our samples con- 

rms the release of charge carriers in the temperature region un- 

er consideration. Nevertheless, the clarification of the origin of 

igh-temperature TSL peaks in fast neutron irradiated α-Al 2 O 3 sin- 

le crystals should be continued. 
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