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Effects of thermal annealing in different gaseous media (vacuum, oxygen-containing
and reductive atmospheres) upon main optical, luminescence, spectral kinetic, and scintil-
lation characteristics of GSO:Ce crystals — both subjected and not subjected to y-irradia-
tion (10%-10% rad) — have been studied. The heat treatment in oxygen-containing media
worsens the transparence and light yield, which is explained by partial transformation of
cerium ions into a state of a higher oxidation degree (Ce3* — Ce?*'), with Ce** not
involved in scintillation processes and playing the role of absorption centers for the
intrinsic radiation. On the contrary, the heat treatment of GSO:Ce crystals in vacuum may
result in a certain improvement of their scintillation characteristics, probably related to the
inverse transformation of the cerium charge state (Ce*" — Ce®*). GSO:Ce crystals that had
been thermally pre-treated in vacuum show substantial degradation of their optical and
luminescent characteristics under irradiation. This can be related to oxygen vacancies V that
emerge during vacuum annealing and form F-centers under y-irradiation.

HccnenoBano BIMSHUE TEPMUYECKOrO OTXKWIAa B PABIMYHLIX TasdoOBEIX cpefax (BaKyyM,
KHCJOPOACOAEPIKAiasg M BOCCTAHOBHTEILHAS CPeAbI) HA OCHOBHBIE ONTHKO-JTIOMUHECIEHT-
HbIE, CIEKTPAJIbHO-KMHETHUYECKHE M COUHTUIIAIMOHHBEIE XAPAKTEPHCTUKM KPHUCTAJIOB
GSO:Ce kak HeoGIyUYeHHBIX, TAK U IIOABEPrHYTHIX y-06aydenuio gosamu 104-10% pan. Vxya-
IIeHre YPOBHS IIPO3PAYHOCTH W BEJIMUYMHBLI CBETOBOI'O BBIXOJA IIPU TEPMOOOPAGOTKE B KHUCJIO-
poxcomepskaiieil cpege OOBACHAETCS YACTUYHLIM IIEPEXO0M HOHOB IePUS B COCTOSIHHE C
Gosee BbICOKOH cremenbio oxuciexus (Ce3* — Ce?*), mpu koropeix mombl Ce*t yie He
Y4aCTBYIOT B COUHTIIIAIMOHHBEIX IIPoIleccaX, HO UTPAIOT POJb IIeHTPOB IIOTJIOIeHUsA cobCT-
BEHHOTO H3JydYeHHd B KpPHUCTaJIe W, HaoGOpOT, HesHAUNTeJbHOe yJIydllleHNe dTHUX XapaKTe-
PUCTHK B cjydae TepMUUecKoii oOpaboTKH B BaKyyMe MOXKeT OBITh CBA3aHO ¢ 0oOpaTHOI
TpaHcopManueil sapsaxoeoro cocroguusa (Cett — Ce®*). HauGonbmryo pagualinoHHO-HHLY-
[IUPOBAHHYIO Nerpafallii0 ONTUUYEeCKHX M JIOMHHECIeHTHBIX XapaKTePUCTUK IIOKAa3LIBAIOT
KPHUCTAJLILI, IpefBApPUTeIbHO IMPOIIeJIINe TepMHYecKUil OTKUI B BaKyyMe, B pesyjbTaTe
Yero mPOMCXOZUT 06pasoBaHKe KUCIOPOSHEIX BAKAHCHE V(, KOTOPbIE MPHU Y-00IydeHHsa ofpa-
3y1oT F-11eHTpHI.
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Scintillators based on cerium-activated
gadolinium oxyorthosilicate (GSO:Ce) sin-
gle crystals are highly promising for appli-
cations in electromagnetic calorimeters, nu-
clear physics, positron tomography, etc. The
wide application field of GSO:Ce scintilla-
tor crystals is due to their fast action
(decay times of about 30 to 60 ns),a rather
high light yield (8000 to 9000 ph/MeV),
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high density (6.71 g/cm3), short radiation
length (1.38 cm), non-hygroscopicity, and
high transparence to intrinsic radiation.
Moreover, high radiation (up to 109 rad)
and temperature (up to 200°C) stability
make these crystals an optimum choice for
nuclear geophysics equipment, in particu-
lar, for gamma-neutron logging. The opti-
mum concentration of the activator dopant

251



L.Nagornaya et al. / On radiation-induced optical ...

in GSO:Ce crystals is generally assumed to
be within 0.5-1.5 % [1], though at Ce con-
centrations above 0.5-0.6 %, a certain de-
crease in scintillation yield was noted [2].

The preparation of high quality GSO:Ce
scintillators is strongly conditioned by the
oxygen content in the crystal growth atmos-
phere. At high oxygen concentrations, the
grown GSO:Ce crystals are of yellow color
and show low light yield, while at low con-
centrations, the crystals are grayish-bluish
and show low mechanical strength accompa-
nied with low radiation stability. Further,
since there is a region of melt supercooling,
this causes formation of intrinsic structural
defects in GSO:Ce crystals, namely, mi-
croinclusions, centers of absorption and
scattering of the intrinsic radiation that are
related to aggregation of cationic vacancies
Ved» Ve and color centers based on Ce#t
ions [3, 4]. These drawbacks can be par-
tially removed by a post-growth thermal
treatment, and a very important point is
the choice of conditions and especially the
atmosphere where the thermal treatment
will be carried out.

First, the thermal annealing decreases
stresses in GSO:Ce crystals that emerge in
the growth process. This improves mechani-
cal properties of the crystals and diminishes
the number of defects that affect negatively
the scintillation parameters. Second, since
maintaining the required oxygen concentra-
tions during crystal growth is rather prob-
lematic, studies of the post-growth thermal
treatment in gaseous media (neutral and
with pre-specified oxidation-reduction abil-
ity) and its effects become very important.
Before [5], it has been established that ther-
mal annealing of GSO:Ce crystals in atmos-
phere with a specified chemical potential
improves the crystal transparence and scin-
tillation characteristics, but no studies of
radiation effects upon such crystals were
reported.

In this work, we studied the effects of
heat treatment in various gaseous media
upon main optical, luminescence, spectral
kinetic, and scintillation characteristics of
GSO:Ce crystals, including crystals that
had been subjected to y-irradiation at doses
of 104 to 10% rad. The GSO:Ce crystals
were grown by the Czochralski method from
iridium crucibles in nitrogen atmosphere
with addition of up to 1.5 vol.% oxygen
[6]. The pulling rate of the crystal ingot
was 1.4 to 8.0 mm-h™1, rotation speed 30 to
40 min~l. The concentration of Ce activat-
ing dopant in the crystals was 0.6 mol. %.
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The annealing in vacuum was carried out in
a furnace with hermetically sealed and pre-
pumped out working space, with the chemi-
cal potential of the annealing medium being
38 to 42 J-mol~! (the annealing temperature
T about 0.7 T,,). Thermal treatments in the
oxygen-containing (air) and reductive (CO)
media was carried out at 1700 K for
24 hours.

Optical transmission and X-ray lumines-
cence spectra were measured using a univer-
sal spectrophotometric complex KSVU-23.
The afterglow level of scintillators after a
specified time was determined using a meas-
uring-calculating system (MCS) designed for
determination of kinetic parameters of scin-
tillator luminescence [7]. The X-ray lumi-
nescence light yield values for GSO:Ce crys-
tals were determined both in the current
and spectrometric mode. The light yield de-
termined by the current method (relative
current signal) was determined by compari-
son of signals from the studied and refer-
ence samples. The signal from the reference
sample of the same size as the studied sam-
ples was put as 100 %. To measure the
spectrometric characteristics (light yield
Ipu15e» amplitude resolution R) of GSO:Ce
scintillator samples, we used a standard
spectrometric circuit comprising a R1306
type PMT, a linear spectrometric amplifier
and a multi-channel pulse analyzer based on
a personal computer.

The main parameter generally used to
quantify the effects of various factors upon
the crystal (including irradiation) for oxide
scintillation crystals is the degradation of
the transparence level, i.e., the value of in-
duced absorption Aa [1, 8]. This value is
determined as

In(T / Ty)
-,

where T is the transmission coefficient
after annealing, T, that of the initial sam-
ple, d, the sample thickness.

Besides, the influence of a specified fac-
tor upon a scintillator can be characterized
by changes in the light yield, energy resolu-
tion and kinetic characteristics (decay time
and afterglow level). When studying the ef-
fects of various types of thermal annealing
and subsequent irradiation upon GSO:.Ce
crystals, we carried out complex measure-
ments of these parameters. The annealing
in a neutral atmosphere, which is an indis-
pensable element of the crystal growth tech-
nological process (so-called post-growth an-
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Table 1. Main scintillation and optical characteristics of GSO:Ce crystals before and after
thermal treatment of different kinds.

Conditions Light yield, r.u. R, % Induced | Afterglow |Decay time
Oin?:aﬁrir;al Current method| Spectro-metric absorptli)ln level m, % T, ns
g method Ao, cm
Initial sample 1.00 1.00 9.8 0 0.003 T, = 48.2
Ty = 361
In air 0.92 0.89 10.4 0.01 0.002 7, = 50.0
T, = 338
In vacuum 1.21 1.20 8.3 -0.02 0.086 1, = 53.3
19 = 385
In a reductive - - - 0.21 0.061 T, = 43.2
medium
Ty = 334
nealing) does not change the scintillation or
optical parameters and spectral kinetic
characteristics of GSO.Ce crystal lumines-
cence. This type of annealing is mainly
aimed at removing internal mechanical
stresses in the grown crystals, which facili-
tates their further mechanical treatment. In —m
Table 1, main scintillation and optical char-
acteristics are presented for GSO:Ce crys- -02 L L L L |
tals before and after thermal annealing of 420 460 500 540 A,nm

various kinds. Fig. 1 shows the induced ab-
sorption spectra of GSO:Ce samples after
thermal annealing in various atmospheres.
A slight decrease of the transparence level
in the 400-550 nm region and lowering of
the light yield by about 10 % after heat
treatment in an oxygen-containing medium
(air), with the X-ray luminescence spectrum
unchanged, can be explained by partial
transition of cerium ions into a state with
higher oxidation degree (Ce3* — Ce*").
Ce** ions are not involved in scintillation
processes, but play the role of absorption
centers for the intrinsic radiation of the
GSO:Ce scintillator.

In contrast to annealing in an oxidative
medium, the heat treatment in wvacuum
(chemical potential 38-40 J/mol) enhances
the optical characteristics. An improved
transparence is observed in the 400-550 nm
range, with maximum at A = 420 nm. This
is accompanied by an increase in light yield
by about 20 %. This can be explained by
assuming that under thermal treatment of
this kind, an inverse process occurs, i.e.,
partial transformation of Ce#* to Ce3*. In
this case, there is a high formation prob-
ability of oxygen vacancies (V) in the crys-
tal matrix, resulting in secondary defect
formation under irradiation with sub-
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Fig. 1. The induced absorption spectra of
GSO:.Ce samples after thermal annealing in
different atmospheres: I — in an oxygen-con-
taining medium; 2 — in an vacuum; 3 — in
a reductive medium (CO).

sequent formation of vacancy coagulation
complexes at higher radiation doses. Here,
it is to note a substantial increase in the
afterglow level.

The heat treatment in a reductive me-
dium (CO) at T = 1700°C results in a no-
ticeable visual changes of the sample,
namely, to formation of blue-colored re-
gions and partial layering. This gives rise
to an induced absorption band in the 400-
550 nm region, the value of which at the
maximum (A = 460 nm) reaches 0.2 cm™1.
However, to get a full understanding of the
processes occurring under such treatment,
one should look for optimum conditions for
their realization.

y-Irradiation of GSO:Ce samples without
annealing shows that the initial stages of
irradiation (D ~ 104 rad) cause higher
transmission levels. At higher doses, the
transmittance is decreased, and at 109 rad
becomes even lower than in the initial sam-
ple. The same picture is observed also for
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Table 2. Main scintillation and optical characteristics of GSO:Ce crystals before and after

thermal and radiation treatment of various kinds

Light yield, r.u. Induced Afterglow
o -
Treatment Current Spectro-metric R, % ai)sorptl_oln level n, %
method method a, cm
Untreated samples 1.00 1.00 7.8 0 0.003
y-irradiation (10* rad) 0.99 8.3 —-0.02 0.002
y-irradiation (105 rad) 1.10 7.3 0.013 0.003
y-irradiation (]_06 rad) 0.99 1.17 8.1 0.015
Annealing in air 0.93 0.98 8.3 0.02 0.002
+ y-irradiation (108 rad)
Annealing in vacuum + 0.52 Large noises | Large noises 1.18 0.124
y-irradiation (108 rad)

samples that had been pre-treated in an
oxygen-containing medium. In Table 2,
main scintillation and optical characteristics
of GSO:Ce crystals before and after heat and
radiation treatment of various kinds are pre-
sented. The induced absorption spectra for
this case are shown in Fig. 2.

GSO:Ce crystals that had been thermally
pre-treated in vacuum showed the most sub-
stantial radiation-induced degradation of
their optical and luminescent characteristics
(see Table 2). At y-radiation doses of about
109 rad, the induced absorption values were
as high as ay49ny, -~ 1.8-1.5 em~1, the light
yield decreased, the afterglow became
higher by a factor of several tens, and a
residual phosphorescence appeared. The in-
tense residual phosphorescence with long re-
laxation times may be caused by localization
of the charge carriers excited by irradiation
upon intermediary energy capture centers
due to admixtures or matrix ions. In this
case, the probability is increased of the
transfer to the radiative levels of the acti-
vator, which results in prolonged lumines-
cence and higher decay times. Fig. 8 illus-
trates the kinetics of induced absorption
spectra after stopping the irradiation. In
stable room conditions, gradual restoration of
the properties is observed, which is charac-
teristic for the case of color center formation.

It can be concluded that in the case of
thermal pre-treatment in vacuum, oxygen
vacancies V5 are formed, which are bound
to ionized electrons formed as a result of
irradiation, i.e., F-centers are formed. Pre-
treatment in oxygen-containing atmosphere
does not cause formation of V5 and, conse-
quently, to additional coloring of the sample.

This work has been supported by STCU
Project Gr-48(J).
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Fig. 2. The induced absorption spectra of
GSO:Ce samples after thermal and y-irradia-
tion treatment of different kinds: I
10% rad; 2 — 10° rad; 3 — 10°% rad; 4 —
108 rad (after the thermally pre-treatment in
an oxygen-containing medium); 5 — 108 rad
(after the thermally pre-treatment in vacuum).
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Fig. 3. The kinetics of induced absorption
spectra of GSO:Ce samples after stopping the
irradiation: I — after the thermal treatment
into vacuum; 2 — in 1 h after irradiation;

3 —in383h;4 —in5h; 5 — in 25 h.
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PagianitHO-CTUMYJILOBaHI ONTHYHI i JIIOMiHEeCHEHTHI
ABHUIA y TepMiuHo oO6poOaenux kpucraiax GSO:Ce

JI.Hazopna, M.Cmapicuncorkuii, B.Gondap, B.I'punvos, K.Kampynos,
O.Jocesa, I Onuuwenxo, B.Puxiurxos, B.Cemunozrenko

HocuimKeHO BIJINB TepPMiuHOTO Bifmany y pisHUX rasoBUX CepefoBUINAX (BAKYyM, OKHUC-
JIIOBAJIbHE 1 BiTHOBJIIOBAJIbHE CepeJOBUINA) HA OCHOBHI ONTUKO-JIIOMiHECII€eHTHI, CIIEKTPaJbHO-
kimernuni i cumaTHasniiini xapakrepuctuku kpucranais GSO:Ce sk meonpominenux, Tak i
nicsad y-OoIpOMiHIOBaHHSA JO3aMU 10%-108 pax. IMoripmenns mposopocTi i cBiTIOBOTO BUXOXLY
mpu TepMoOOpPOOI[i B OKUCJIIOBAJILHOMY CEDPEJOBUINI IOACHIOETHCSA YAaCTKOBUM II€PEXOIOM
iomiB mepito y cram 8 BumuM crymeHem okucienus (Ce3t — Ce*'), mpu axux ionm Ce** Bixe
He 0epyTb ydYacTi y CHUHTUASIIHHUX IIPOIecax, aJjie IPaloTh POJb IEHTPIiB IIOIIHHAHHS
BJIACHOT'O BUIIPOMiHIOBAaHHSI y KPHCTAJi i, HABIaKM, HEe3HAUHE IIOJIIIIIIeHHA [IUX XapaKTepucC-
TUK y pasdi TepMmiuHoi 00pOOKM y BakyyMi, MosKe OyTH OB A3aHO i3 3BOPOTHLOIO TPaHCHOP-
MaIli€l0 3apsgHOr0 CTaHY (Ce4+ — Ce3+). Haii6inpmry papgiamiiino-iHayxkoBany merpazgaiiiio
ONTMYHHUX 1 JIOMiHECIEHTHHMX xXapakTepucTukK nokasyiorh kpucraaun GSO:Ce, mio sasga-
Jerigp IPOMIINIM TEePMiuHMHA Bigman y BaKyyMi, BHACHiZOK dYOro Big0yBaeTbCsi YTBOPEHHS
KHMCHEBUX BaKaHCi#l Vi, AKi npu y-ompOMiHIOBaHHI yTBOPIOIOTH F-IIEHTPH.
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