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The paper focuses on the study of radiation resistance of composite scintillators containing
the grains of Y,Si04.Ce or Y5Al;0,,:Ce. The paper compares the results obtained for composite
scintillators when the grains were made in two ways: (i) by grinding the ingots of the above
substances those were obtained by solid phase synthesis, and (ii) by grinding the single crystals
growing from the melt. The samples were irradiated by 8.3 MeV beam electrons (at the dose
rate 1500 Mrad/h). The paper presents the photoluminescence spectra and values of the
relative detection efficiency of beta-radiation of the scintillators measured before and after
irradiation by accumulated dose D of 30 and 50 Mrad.

Keywords: radiation resistance, composite scintillators, solid phase synthesis, yttrium
orthosilicate, yttrium garnet.

UccnegoBana paguanuoHHAS CTOMKOCTh KOMIIOSUIIMOHHBIX CHUHTUJLISATOPOB, COAEPIKA-
mux rparyasl Y,Si05:Ce man Y;Al;0,,:Ce. Ilposeseno cpaBHeHHe DPe3yJIbTATOB, IIOJYUEH-
HBIX [JIf KOMITOSUI[MOHHBIX CIMHTUJJISATOPOB, UBTOTOBJIEHHBIX ABYMSA CrocofamMu: ApobaeHu-
€M CJIVTKOB BBHINIEYIOMSIHYTHIX BEI[ECTB, MMOJYYEHHBIX TBePAO(a3HBIM CUHTE30M U APOOJeHU-
eM MOHOKPUCTAJJIOB, BBIPAMIEHHBIX U3 pacmiasa. OGpasibl o0IyYaarch SJAeKTPOHAMU C
asneprueit 8,3 MsB (temn obnyuenusa 1500 Mpax/gac). IlpeactaBiaeHbl ceKTPsl OTOJIOMU-
HECI[eHI[UM U 3HAUEHUS OTHOCUTENBHON 9h(PeKTUBHOCTH PerucTpanuu 0eTa-usIydeHmns CI{UH-
TUJIIATOPOB, U3MePEeHHBIe [0 U Tocjie o0ayueHus a0 HakoruieHHoi mossl D 830 u 50 Mpan.

Pagiamiiiaa cTifikicTs KOMIOSHIIHHUX CHUHTHASTOPIB, Mo MicTaTs rpanyau Y,Si05:Ce
abo Y;Al;0,,:Ce, aki 6yau orpumani teepaodasaum cunrezom. A.JO.Boapunyes, M.3.Iany-
nos, JI.I'Jlesuyrx, .B.Mapmunenro, T A Henorxynuna, F0.J1.0nyppiecs, B.Il.IIonos, O.B.Bouo-
WUHA.

Hocaimxeno pagianiiiny cTiiKicTh KOMIIOSUIIMHMX CUMHTUJIATOPIB, 110 MiCTATH rpanyau
Y,Si05:Ce abo Y;AI;0,,:Ce. IlopiBEAHO pesynbrard, AKi OTPUMAHO JJIfA KOMIOSHIiMHIX
CIIMHTUIATOPIB, II[0 BUrOTOBJEHH ABOMA IILISXAMM’: IOAPiOHEHHAM SJIMBKIB BUIE3ragaHUX
PEeYoBMH, IO OTPMMAaHI TBepAOa3HMM CHHTE30M Ta MNOAPiOHEHHAM MOHOKPHUCTAJIIB, HAKi
BUPOIEH] 3 PO3MIaBy. 3pasKH ONPOMIHIOBAJIUCS eJeKTpoHaMu 3 eHepricw 8,3 MeB (remm
ornpominennsa 1500 Mpax/rox). Hasegeno cmexTpu doTonominecenii i sHavenus BigHOC-
HOI e(eKTUBHOCTI peecrparii OGera-BUIPOMIiHIOBAHHS CIUWHTUJIATOPIB, 10 BUMIipaHI g0 Ta
nicad onpominenHs g0 HagomnuueHoi gosu D 30 ta 50 Mpay.
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1. Introduction

Recently, there were developed new type
scintillators with high radiation resistance,
namely, the composite scintillators containing
single crystal grains of some inorganic scin-
tillation substances [1-9]. A composite scin-
tillator consists of the grains of scintillation
material distributed in optically transparent
media (elastomer). Dielectric polydimethyl-
siloxane elastomer Sylgard-184 was chosen as
such media with considering the results pre-
sented by [10]. According to [10] the light
transmittance of Sylgard-184 practically did
not change at least up to dose 90 Mrad.

Composite scintillators have a number of
advantages over single crystals [1-5]. First
of all it is possibility to create composite
detectors of any shape with no limitation on
window area. It is possible to make compos-
ite scintillators flexible due to flexibility of
polydimethylsiloxane. Another important
advantage of composite scintillators is lower
price as compared with single crystals [1].
Crystals with different physical damage
(e.g., cracks) as well as parts of single crys-
tals remaining after their machining (cuts)
can be used for production of scintillation
grains. It makes composite scintillators es-
sentially cheaper: prime cost of composite
detector production is at least two times
lower as compared with corresponding sin-
gle crystal [1]. A light output of such com-
posite detectors can reach 90 % as com-
pared with analogous single crystal one [3,
7]. Changing material of scintillation
grains, proportion of grains and elastomer,
optimizing shape and size of grains one can
modify parameters of composite detector for
different applications [3—5]. On condition of
selection of proper material for scintillation
grains, such combination of properties
makes composite scintillators promising for
high energy physics as well as for other
tasks when large amount of radiation-resis-
tant scintillation materials are required [2—
6]. So investigation of radiation resistance
of these new type scintillators along with
investigation of their scintillation and opti-
cal characteristics is important problem.

Earlier inorganic composite scintillators
based on grains of LU2 1—X)Y2XSiO5
(LYSO:Ce), Gd,SiOgCe (GSO:Ce), éd28i207:Ce
(GPS:Ce), AlLO5Ti3*, Y,SiO5Ce (YSO:Ce)
and Y3Alg04,:Ce (YAG:Ce) single crystals
were made and investigated [1-9]. The val-
ues of relative scintillation efficiency [1],
relative light yield [2, 4, 6—9], light trans-
mittance [2, 7T-9] and luminescence [7—9]
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spectra were obtained for investigated com-
posite scintillators for different integrated
doses accumulated at various dose rates. Ob-
tained results showed that:

— composite scintillators based on
AlLO5 Ti®* single crystal grains are radia-
tion-resistant at least up to doses 125 Mrad
and 550 Mrad when the dose rates are
0.20 Mrad/hour and 1500 Mrad/h, corre-
spondently [2, 6, 8];

— composite scintillators based on
GSO0:Ce, GPS:Ce single crystal grains are
radiation- resistant at least up to doses
200 Mrad and 250 Mrad when the dose rates
are 0.20 Mrad/hour and 1500 Mrad/hour,
correspondently [1, 2, 6, 7];

— composite scintillators based on
YSO:Ce and YAG:Ce single crystal grains
are radiation-resistant at least up to doses
25 Mrad and 150 Mrad when the dose rates
are 0.10 Mrad/h and 1500 Mrad/h, corre-
spondently [1, 4, 9];

— composite scintillators based on
LYSO:Ce single crystal grains are radiation-
resistant at least up to doses 25 Mrad [1].

Such impressive results have shown pros-
pects of further development of radiation-
resistant composite scintillators.

Returning to such the advantage of com-
posite scintillators, as cheapness it is worth
to note, that cost of scintillators is impor-
tant and sometimes determining parameter
at their practical application. The most ex-
pensive stage of a composite scintillator
creation is growth of single crystal. It is
obviously that riddance of this stage from
technological chain of inorganic composite
scintillator production has to make their
prime cost yet lower. Therefore we have ad-
vanced the idea to use scintillation materi-
als obtained by solid phase synthesis for
making the grains [4]. It would permit to
avoid the stage of crystal growth. Using
YSO:Ce as an example, we realized our first
attempt to make a composite scintillators on
the basis of grains obtained by solid phase
synthesis. We also carried out preliminary
tests of their radiation resistance in com-
parison with YSO:Ce single crystal as well
as YSO:Ce composite scintillators made of
single crystal grains [4]. The investigated
samples were irradiated with 8.3 MeV elec-
trons up to integrated dose 50 Mrad. Ob-
tained results showed that light yield of
single crystal and composite scintillators de-
creased no more than 2 % after irradiation.
Composite scintillators on the basis of
grains obtained by solid phase synthesis
demonstrated radiation damage comparable
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with it for composite scintillators made of
single crystal grains. So, preliminary tests
showed high radiation stability of YSO:Ce
composite scintillators on the basis of grains
obtained by solid phase synthesis. Such re-
sults are very promising and indicate pros-
pects of technological procedure when grains
obtained by solid phase synthesis are used for
making of composite scintillators.

This paper is continuation of our investi-
gations begun in [4] and dedicated to the
study of radiation resistance of YSO:Ce and
YAG:Ce composite scintillators containing
the grains obtained by solid phase synthesis.
YSO:Ce and YAG:Ce are known as radiation-
resistant scintillation materials with high
light yield and rather shot decay time [11-
15]. They can be used at nuclear medicine
(positron-emission tomography), astrophysics
and geophysics, for beta-, gamma- and X-ray-
visualization and for some other purposes.
Also scintillation materials YSO:Ce and
YAG:Ce are considered as possible candidates
for high energy physics tasks [12-14]. Ac-
cording to above-mentioned, such range of
practical use of these scintillation materials
allows to suppose that YSO:Ce and YAG:Ce
composite materials will be in demand.

Like in [4], we will compare composite
scintillators on the basis of grains obtained
by solid phase synthesis with corresponding
single crystal as well as composite scintilla-
tors made of single crystal grains. It should
be noted, that in earlier publications one of
the main parameter for estimation of radia-
tion resistance of composite scintillators
was the value of light output [2, 4, 6-9].
But in technical application sometimes it is
important to know how the ionizing radia-
tion detection efficiency of a scintillator
will change as the result of the irradiation.
Therefore in this work we will estimate ra-
diation resistance of investigated scintilla-
tors, first of all, by changes in the value of
detection efficiency for the example of beta
irradiation. We will also take into account
changes in luminescence spectra of investi-
gated scintillators obtained before and after
irradiation. Similarly to [2, 9] and accord-
ing to [16], we will consider scintillation
material as radiation-resistant by chosen pa-
rameter A up to some dose D, if the value
of the parameter for this dose Ap changes
no more than on a half of its initial value
Ay (i.e. its value for D = 0). As it was men-
tioned above, in present work detection effi-
ciency of betaradiation as well as normal-
ized intensity of luminescence were chosen
as such the parameters.
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2. Experimental

2.1 Solid phase synthesis

The method of YSO:Ce and YAG:Ce solid
phase synthesis includes the following
stages: preliminary drying of starting ox-
ides, their mixing in stoichiometric propor-
tion, pressing and high-temperature anneal-
ing. As starting we used the oxides of Y,04
(Shenzhen Nexconn Pharmatechs Ltd,
China), CeO, (Stanford Materials Corpora-
tion, USA) SiO, and Al,O3 (HimLaborReak-
tiv, Ukraine) with purity not less than
99.99 % to exclude possible influence of
impurity ions on activator luminescence. To
remove adsorbed moisture and carbon diox-
ide the starting oxides were preliminary an-
nealed at a temperature of 1100°C for yt-
trium and cerium oxides, and at a tempera-
ture of 600°C for silicon and aluminium
oxides. The oxides were weighed in
stoichiometric proportion accurate to
+0.0001 g. The proportions were the follow-
ing Y,03:8i0, = 1:1 for yttrium orthosili-
cate and Y,03:Al,05; = 1:1.67 for yttrium
garnet. The mixture of the oxides was
charged into a ball mill and was intermixed
for 30 min to achieve high degree of homo-
geneity of initial components. The Ce3* con-
tent of starting mixtures is 0.2 at.% for
YSO:Ce and 0.3 at.% for YAG:Ce, respec-
tively. The activator was added at the stage
of stoichiometric mixture obtaining. Then
obtained mixture was pressed to increase
contact surface of the reacting components
that leads to speed increase of solid phase
synthesis. The final stage of the process is
high-temperature annealing in inert atmos-
phere of Ar at a temperature of 1300+100°C
during 8-10 h for YSO:Ce and in reducing
atmosphere of Ar+ CO at a temperature of
1650£100°C during 5—6 h for YAG:Ce. The
inert and reducing atmospheres of anneal-
ing were used to convert the activator from
tetravalent state to trivalent one by reac-
tion: 2C602 — Ce203 + 1/2 02. After car-
rying out of solid phase synthesis X-ray
phase analysis data of the samples showed
that phase content of yttrium orthosilicate
and yttrium garnet is 99 wt.% and
98 wt.%, respectively.

2.2 Preparation of the experimental samples

Single crystals YSO:Ce and YAG:Ce were
grown by the Czochralski method. To make
composite scintillators a single crystal or an
ingot obtained by solid phase synthesis were
mechanically ground. Then by means of the
set of calibrated sieves grains with size 45—
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63 um were selected. The selected grains
were introduced into the dielectric polydi-
methylsiloxane elastomer Sylgard-184 [10]
prepared as follows. Two components of the
elastomer were mixed and after that the
elastomer was treated under vacuum to re-
move air bubbles. Then we introduced the
grains into the prepared elastomer, mixed
and treated under vacuum again. After that
we polymerized it in a forming container at
a temperature of +120°C during 2 h up to
complete hardening of the composite scintil-
lator. The proportion of scintillation grains
and elastomer was 75 wt.% and 25 wt.%,
respectively. All obtained composite samples

were 20x20x0.5 mm3 and single ecrystal

samples were 20x20x2 mm3.

2.3 Irradiation of the samples

The irradiation of the samples was car-
ried out at the electron accelerator of NSC
"Kharkiv Institute of Physics and Technol-
ogy". The samples of YSO:Ce and YAG:Ce
single crystals as well as composite scintil-
lators based on YSO:Ce and YAG:Ce were
irradiated by 8.3 MeV beam electrons at the
room temperature. The average dose rate
was 1500 Mrad/h. The samples were consis-
tently exposed to radiation until the pre-
scribed integrated dose D was accumulated.
Then for given value of accumulated dose D
we carried out the measurements of pho-
toluminescence spectra and determined the
relative detection efficiency of beta-radia-
tion of the samples. After that the samples
again were exposed to radiation until the
next prescribed value of integrated dose was
reached and the measurements of lumines-
cent and scintillation characteristics were
repeated. The prescribed values of inte-
grated dose were 30 Mrad and 50 Mrad.
The error of determination of the value of

accumulated integrated dose was 3 %.

2.4 Determination of the relative detec-
tion efficiency of beta-radiation

We used measuring system Canberra and
photomultiplier R1306 Hamamatsu as a
photodetector to determine the relative de-
tection efficiency of beta-radiation of inves-
tigated scintillators. The scintillators were
excited by 90Sr—-90Y beta-radiation source
that was placed on the center of a scintilla-
tor. We used the diffuse reflector Tetratek
as a reflective scintillator coating. To create
an optical contact between scintillator out-
put window and photomultiplier window we
used optical grease. We obtained scintilla-
tion amplitude spectra for investigated sam-
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ples and the reference sample under excita-
tion by 90Sr-90Y source using multichannel
pulse-height analyzer. The spectra were ac-
cumulated during the same time and under
the same excitation conditions. We used
corresponding not irradiated single crystal
(YSO:Ce or YAG:Ce) as the reference scin-
tillator. The measurements were run before
irradiation of the samples and after they
have accumulated the necessary dose D.

We determined the relative integrated
efficiency of beta-radiation detection & of a
scintillator, which has accumulated inte-
grated dose D, as follows:

024 1024 024 1024

E=|YNZ/YR?|/| DN/ YR] (1)

i=50 i=50 i=50 i=50

where N, is a number of pulses accumulated
in i channel of scintillation amplitude spec-
trum for investigated scintillator under ex-
citation by 90Sr-20Y source; R; is a number
of pulses accumulated in i channel of scin-
tillation amplitude spectrum for the refer-
ence scintillator under excitation by 90Sr—
90Y gource. The superscript 1 refers to the
measurements run before irradiation of an
investigated sample (D = 0) and the super-
seript 2 — to the measurements run after
accumulation by it the prescribed dose value
D. The relative integrated efficiency & of
investigated scintillators when D =0 was
taken as 1.

2.5 The measurement of photolumines-
cence spectra

We obtained the luminescence spectra
with combined spectrofluorimeter FLS 920
Edinburg Instruments under excitation by
photons over the energy range 1.55-6.0 eV.
The arc discharge xenon lamp Xe 900 450W
was used as a source of excitation. The
photomultiplier Hamamatsu R1527 was
used as a photodetector over the range from
230 to 800 nm.

3. Results and discussion

3.1. YSO:Ce scintillators

We determined the relative efficiency of
beta-radiation detection & (1) as a function
of accumulated integrated dose D for single
crystal and composite scintillators. Fig. 1
demonstrates the obtained results. Fig. 1
shows that the detection efficiency & varies
insignificantly within the range of the doses
considered both for YSO:Ce single crystal

9
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and for YSO:Ce composite scintillators. The
maximum deviation of the & value is ob-
served for composite scintillator containing
grains obtained by solid phase synthesis
(D =50 Mrad) and corresponds to 5 % +
0.5 %, only. These results indicate that the
composite scintillators containing grains of
YSO:Ce obtained by solid phase synthesis at
least up to doses 50 Mrad when the dose
rate is 1500 Mrad/h are radiation resistant.
It is in a good agreement with the results
we obtained in [4].

Fig. 2 shows normalized luminescence
spectra measured before (D = 0) and after
(D = 50 Mrad) irradiation for YSO.Ce com-
posite scintillator containing the grains ob-
tained by solid phase synthesis. The scintil-
lator was excited with light of wavelength
355 nm. Obtained luminescence spectra are
similar to ones of composite scintillators
based on YSO:Ce single crystal grains as
well as to ones of YSO:Ce single crystal [9,
11]. Fig. 2 demonstrated that there are no
significant changes in the luminescence
spectra obtained before and after irradia-
tion for the YSO:.Ce composite scintillator.
As a result of irradiation, a weak redistri-
bution of the intensity within the lumines-
cence band is observed. However, this effect
is insignificant. Thus, the width at half the
height for the spectra obtained before and
after irradiation differs by about 8 %, and
the areas under the spectra curves by about
14 %. These results are in a good agree-
ment with the results presented in Fig. 1
and prove that composite scintillators con-
taining the grains of YSO:Ce obtained by
solid phase synthesis are radiation resistant
over the considered dose range.

3.2. YAG:Ce scintillators

For YAG:Ce scintillators we also deter-
mined values of the relative efficiency of
beta-radiation detection & (1) versus accu-
mulated integrated dose D. The obtained re-
sults are presented in Fig. 3. Fig. 3 shows
that in the considered dose range for the
investigated samples YAG:Ce the & value de-
creases slightly more significantly than for
corresponding YSO:Ce scintillators. How-
ever, the changes of & value were small for
all YAG:Ce scintillators, just like it was for
YSO:Ce scintillators. Thus, the maximum
deviation of & value is about 7 %+0.5 %.
As in the case of YSO:Ce scintillators, it is
observed for dose 50 Mrad for the compos-
ite scintillator containing the grains ob-
tained by solid phase synthesis. Such small
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Fig. 1. The relative detection efficiency & (1)
of 98r-9Y gource beta-radiation for YSO:Ce
scintillators as a function of accumulated in-
tegrated dose D. Squares — the single crys-
tal; circles — the composite scintillator con-
taining the single crystal grains; triangles —
the composite scintillator containing the
grains of the ingot obtained by solid phase
synthesis.
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Fig. 2. Normalized photoluminescence spectra
of the YSO:Ce composite scintillator contain-
ing the grains of ingot obtained by solid
phase synthesis.

changes of § value evidence of radiation re-
sistance of YAG:Ce composite scintillators
containing the grains obtained by solid
phase synthesis at least up to doses
50 Mrad when the dose rate is
1500 Mrad/h.

Fig. 4 presents normalized luminescence
spectra measured before (D = 0) and after
(D = 50 Mrad) irradiation for YAG.Ce com-
posite scintillator containing the grains ob-
tained by solid phase synthesis. The scintil-
lator was excited with light of wavelength
455 nm. Obtained luminescence spectra are
similar to ones of composite scintillators

Functional materials, 25, 1, 2018
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Fig. 8. The relative detection efficiency & (1)
of 998r-90Y gsource beta-radiation for YAG:Ce
scintillators as a function of accumulated in-
tegrated dose D. Squares — the single crys-
tal; circles — the composite scintillator con-
taining the single crystal grains; triangles —
the composite scintillator containing the
grains of the ingot obtained by solid phase
synthesis.

containing the YAG:Ce single crystal grains
as well as to the spectrum of YAG:Ce single
crystal [9, 11]. In the luminescence spectra
of the composite scintillator YAG:Ce, made
from grains obtained by solid-phase synthe-
sis, no significant changes are observed as a
result of irradiation to a dose of 50 Mrad
(Fig. 4). Within band of YAG:Ce lumines-
cence the spectra obtained before (D = 0)
and after (D = 50 Mrad) irradiation actu-
ally coincide. Some decrease of intensity is
observed in the spectrum of irradiated sam-
ple in the wavelength range, where YAG:Ce
luminescence is not effective (> 700 nm).
Comparison of the spectra of YAG:Ce com-
posite scintillator obtained before and after
irradiation shows that the width at half the
height for the spectra differs by less than
2 % and the areas under the spectral curves
differ by less than 8 %. Like the plots §
versus D (Fig. 3), these results indicates ra-
diation resistance of YAG:Ce composite scintil-
lators containing grains obtained by solid phase
synthesis over the considered dose range.

Thus the obtained results has shown that
YSO:Ce and YAG:Ce composite scintillators
containing the grains obtained by solid
phase synthesis demonstrate radiation resis-
tance at least up to doses 50 Mrad when the
dose rate is 1500 Mrad/h. And the degree
of radiation damage for the composite scin-
tillator containing the grains obtained by
solid phase synthesis is comparable with it
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Fig. 4. Normalized photoluminescence spectra

of the YAG:Ce composite scintillator contain-

ing the grains of ingot obtained by solid

phase synthesis.
for corresponding composite scintillator
made of single crystal grains and single crys-
tal within this dose range. Such small
changes of scintillation and luminescent char-
acteristics of investigated YSO:Ce and
YAG:Ce composite scintillators allows us to
suppose that these scintillators will be radia-
tion-resistant for higher dose of irradiation.

4. Conclusions

Thys, we have carried out the investiga-
tions of radiation resistance of Y,SiOg5 Ce
and Y3Al;0¢,:Ce composite scintillators con-
taining the grains obtained by solid phase
synthesis. We compare these results with
ones obtained for Y,SiOf5Ce  and
Y3Als04,:Ce composite scintillators contain-
ing the single crystal grains, as well as
Y,Si05:Ce and Y3Al;04,:Ce single crystals.

The obtained results indicate the radia-
tion resistance of composite scintillators
containing the grains of Y,Si05Ce and
Y3Al5045:Ce at least up to doses 50 Mrad
when the dose rate is 1500 Mrad/h. More-
over, composite scintillators containing the
grains obtained by solid-phase synthesis
show a level of radiation damage compara-
ble to the corresponding composite scintilla-
tors containing the grains obtained from
single crystal and even single crystals. The
combination of radiation resistance compa-
rable to single crystals and a significantly
lower cost makes the composite scintillators
containing the grains obtained by solid
phase synthesis the most promising for
practical use.
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