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Radiation-resistant composite scintillators based on grains of inorganic single crystals Gd2SiO5:Ce, Gd2Si2O7:Ce and
AlsO3:Ti%T were studied. To obtain the composite scintillator the grains were introduced into a dielectric silicone
gel composition Sylgard-184. The samples were irradiated at the KIPT 10 MeV electron Linac by 9.2 MeV beam
electrons (at the dose rate of 1500 Mrad/hr) and by bremsstrahlung photons (at the rate of 230 krad/hr). The
values of luminous transmittance and scintillation light outputs of a scintillator were measured before and after
irradiation. The paper presents and analyzes the results obtained for scintillators exposed to doses about 170 Mrad

and 300 Mrad.
PACS: 42.88.4+h, 81.05.Zx, 81.40.Wx

1. INTRODUCTION

Experiments which are planned or being carried
out at the new-generation high luminosity parti-
cle and heavy-ion accelerators (such as the LHC at
CERN) are featured by the exposure of the detectors
and subdetectors (trackers, calorimeters, etc.) to a
high level of radiation doses. One of the examples
is the CMS experiment at the LHC. For the first 10
years of LHC operation, the most ”critical” (closest
to the interaction point) zones of the CMS endcap
hadron calorimeter are expected to get the dose D
up to 10 Mrad at the rate of about 0.1 krad/hr. Fur-
thermore, there are plans of gradual increase of the
LHC luminosity by the order of the magnitude in the
future. The maximum dose accumulated in the CMS
HE ”critical” zones upon the LHC ultimate shutdown
is estimated as 30 Mrad [1]. Therefore, a develop-
ment of materials for radiation detectors with high
radiation resistance becomes an important issue.

A luminescent material is regarded as radiation-
resistant up to the dose of radiation D = Dp, for
which its luminescence characteristic changes on a
half of it initial value (i.e. for value that is true for
D = 0) (see p.205 of the monograph [2]). On the
first step of the above-mentioned problem solution

(i.e. the problem of the development of a luminescent
radiation-resistant material) it is necessity to find a
radiation-resistant material for the basis component
of such a composition (or according to Birks termi-
nology (see book [2], p.55) we have to use not basis
component but "main constituent or solvent”). Our
previous paper [3] answered this question. We have
investigated the luminous transmittance 7" as a func-
tion of an integrated radiation dose D for commer-
cially available silicone dielectric gels. It was namely
SKTN-med (20 Pa), SKTN-med (100 Pa), Sylgard-
184, Sylgard-186, Silgard-527, and SUREL-SL-1 [3],
[4]. The samples were irradiated by 9.2 MeV beam
electrons (at the dose rate of 1500 Mrad/hr) and by
bremsstrahlung photons (at the rate of 230 krad/hr)
at the 10 MeV electron Linac of the NSC Kharkov In-
stitute of Physics and Technology (KIPT). The study
was performed up to integrated radiation doses about
90 Mrad. It showed that the T-values, practically,
did not change with increase in the radiation dose D.
For the wavelengths of the light A longer than 400 nm
the reduction of the T-values did not exceed measure-
ment error (namely 5%). Some insignificant increase
in luminous transmittance T' for some gels (SKTN-
med (20 Pa), SKTN-med (100 Pa), Silgard-527, and
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SUREL-SL-1) was obtained. It can be caused by the
effect of a partial solid-state recrystallization aris-
ing from the action of ionizing radiation. On the
other side, the improvement of structure perfection
can only lead to reduction of light photons scattering
and as the result to increase in a transparency of a
material [5]. It should be also stated that the dielec-
tric gels can be used in the wide range of working
temperatures, they do not chemically react with the
materials used in a scintillation technique, they are
non-hygroscopic, and they possess high transparency
in the range of a luminescence of majority of scintil-
lation materials [3].

2. EXPERIMENTAL DETAILS

2.1. Preparation of composite scintillators

In this work we used the dielectric polydimethyl-
siloxane gel Sylgard-184 as the base material for com-
posite scintillators [4].

To obtain a composite scintillator we mechani-
cally grind up a single crystal boule and after that
we use a set of sieves with the sized meshes to select
of the grains with required sizes. The grains were
introduced in dielectric gel according to the follow-
ing technique. Firstly, we introduced them in the
first component of the gel. After adjunction of the
second component the gel composition is carefully
mixed, and after that, it is introduced into a forming
container, in which it left up to it complete polymer-
ization. As the result, the scintillator is obtained and
can be taken from the forming container. We investi-
gated single-layer and multi-layer composite scintilla-
tors. For the former case the grains are posed in one
layer inside the gel, and the thickness of such a scin-
tillator was determined by the average grain size. In
the latter case the grains are posed in more than one
layer inside the gel, and some of them spontaneously
dispose between the layers.

2.2. Irradiation of the samples

As in our earlier studies [3], we irradiated the sam-
ples at the KIPT 10 MeV electron Linac. During
the irradiation runs, which took place at the room
temperature, the dose rate was practically uniform
over the sample surfaces. Inhomogeneity of irradia-
tion of the samples did not exceed 5%. The highest
dose rate, (1500+5) Mrad/hr, was provided, when the
samples were irradiated directly by 9.2 MeV beam
electrons. Other samples were subjected to irradia-
tion by bremsstrahlung photons at the considerably
lower rate of (0.2340.01) Mrad/hr. The samples were,
consistently (by one sample of each type), exposed
to radiation until they accumulated the necessary in-
tegrated radiation dose. The dose was measured by
Harwell Red 4034 plastic dosimeters to an accuracy
of £10%. The details are outlined in [3]. One of
the samples in each series was taken as a benchmark
scintillator and was not exposed to radiation.

2.3. Measurements of scintillation
light yield

The set of gamma sources allowed us to calibrate
the energy scale of the measuring setup. We used a
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single crystal of Gd2SiO05:Ce (GSO:Ce), Gd2SiaO7:Ce
(GPS:Ce) and Al,O3:Ti*t as the reference for corre-
sponding composite scintillators. For all the scintilla-
tors the relative light output was obtained as the re-
sult of measurements of scintillation amplitude spec-
tra. For GSO:Ce and GPS:Ce the scintillators were
excited by photons of gamma-radiation from radionu-
clide sources *7Cs (33 keV) and 2°'Am (59.6 keV)
(see details in [6]). For single crystal and compos-
ite scintillators based on the grains of Al,O3:Ti*
the scintillators were excited by alpha-particles from
9Py (5.15 MeV). Measurements were run before
and after irradiation.

2.4. Measurements of transmittance

The measurements of the luminous transmittance
T in the range from 300 to 700 nm were performed by
Shimadzu-2450 spectrophotometer with the integrat-
ing sphere. The comparison channel remained blank
and the light flux inside it was calibrated to be the
same as the light flux falling on a sample in measur-
ing channel. The inaccuracy of the calibration was
limited by 0.5%. The value of T was calculated as

follows:
T=(1/1I)-100%, (1)

where Ij is the light flux in comparison channel, I
is the light flux, which has passed through a sample
in measuring channel. Actually, the T-value (1) is a
relative luminous transmittance, where T' = 100% it
is the luminous transmittance of air.

3. RESULTS AND DISCUSSION
3.1. Relative light transmittance

GSO and GPS scintillators

Grain Size of GPS and GSO grains was
0.5...2.0 mm. The luminous transmittances T' were
measured in the wavelength range from 300 to
700 nm.

Figs. 1 and 2 demonstrate the luminous transmit-
tance T' of the composite scintillators based on grains
of single crystals GSO as a function of light wave-
length A. Results were obtained for different doses of
irradiation. The dose rate was 0.23 Mrad /hour.
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Figs. 1 and 2 show that the composite scintillators
based on GSO at least for D = 150 Mrad is radiation
resistant, because the T-value for the band of lumi-
nescence (A > 420 nm [6]) reduce less than to half.
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Fig.4. T versus X for single-layer composite scin-
tillator based on the grains of a GSO single crystal.
The dose rate was 1500 Mrad/hour

To estimate the influence of dose rate on the lumi-
nous transmittance, the composite scintillators were
exposure with the dose rate 1500 Mrad/hour. Figs. 3
and 4 demonstrate that for such a case the compos-
ite scintillators based on the grains of a GSO single-

crystal are radiation-resistant up to D = 170 Mrad.

Figs.5 and 6 shows the T-values obtained for
composite scintillators based on the grains of a
GPS single crystal with different thickness after
irradiation with the dose rate of 0.2 Mrad/hour.
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The dose rate was 0.23 Mrad/hour
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Fig.6. T wversus A for 4 mm thick composite
scintillator based on the grains of a GPS single
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Figs. 5 and 6 demonstrate that the composite scin-
tillators based on the grains of a GPS single crystal
are radiation-resistant up to doses 150 Mrad.

Al,O5:Ti%7 scintillators

The luminous transmittances T" were measured in
the wavelength range from 300 to 700 nm.

Figs. 7, 8 and 9 shows the luminous transmission
T versus wavelength A for the composite scintillators
based on grains AlyO5:Ti3t.

Figs.7, 8 and 9 demonstrate that the com-
posite scintillators based on Al,Os:Ti*t up
to doses about 100 Mrad (dose rate was
0.23 Mrad/hour) are radiation-resistant because
in the spectral band of their luminescence (A >
600 nm) the T-values decrease less than 2 times.
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To estimate the influence of dose rate on the lumi-
nous transmittance, the composite scintillators were
exposure with the dose rate 1500 Mrad/hour.

Figs. 10, 11 and 12 demonstrate that the compos-
ite scintillators based on the grains of an Al,O5:Ti%+
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single crystal are radiation-resistant up to the dose
of 300 Mrad (dose rate 1500 Mrad/hour) because
the transmittance decreases less than 2 times in the
spectral band of their luminescence (A > 600 nm).
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3.2. Relative light output

Al,O3:Ti37 scintillators

Fig. 13 shows the results of measuring the relative
light output L,.; for composite scintillators based on
the grains of an Al;Oj single crystal activated by
Ti3t.

Fig.13 demonstrates that L,.-value does not
change more than 2 times with the doses increase.
It gives the evidence of the high radiation resistance
of composite scintillators based on the grains of an
Al,O3:Ti3* single crystal.

To understand the possible influence of dose
rate on the light output of composite scintillators
based on AlyOs5:Ti3t, irradiation was conducted
at dose rate of 1500 Mrad/hour as well. Fig.14
shows the results of measurements of the rela-
tive light output L., for composite scintillators
based on the grains of an Al,O3:Ti®t single crys-
tal, irradiated at the dose rate of 1500 Mrad/hour.
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The data presented in Fig. 14 also confirm the high
radiation resistance of composite scintillators based
on grains of Al,Oj single crystals, which have been
described above for rate irradiation 0.23 Mrad/hour.

Comparison of the Figs. 13 and 14 show that the
irradiation with high dose rate 1500 Mrad/hour re-
sults in fluctuations of light output L...; with lower
swing then for the case of irradiation with low dose
rate 0.23 Mrad/hour.

So, the composite scintillators based on grains
of Al,O3:Ti%*t are radiation-resistant at least up to
doses of D = 100 Mrad and 300 Mrad when the dose
rate was 0.23 Mrad/hour and 1500 Mrad/hour re-
spectively.

For doses D > 200 Mrad some of the samples
demonstrate a weak tendency for embrittlement of
the gel composition.

GSO and GPS scintillators

Fig.15 demonstrates the relative light output
L. versus dose D for composite scintillators based
on GSO:Ce and GPS:Ce single crystal grains.
The results were obtained for single-layer scintil-
lators as well as for scintillators a 4 mm thick.
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Fig.15. Relative light output L,e; of the scintillators
based on GSO:Ce or GPS:Ce single crystal grains

for different integrated doses D. Dose rate was
0.23 Mrad/hour

Fig. 15 shows that L,-value does not change
significantly with D. It indicates the high ra-
diation resistance of composite scintillators based
on the grains of GSO and GPS single crystals.
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Fig.16. Relative light output L,e; of the scintillators
based on GSO:Ce single crystal grains for differ-
ent integrated doses D. Dose rate is 1500 Mrad/hour

Fig. 16 shows the results of measurements of the
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relative light output L,.; for composite scintillators
based on GSO:Ce single-crystal grains before and af-
ter irradiation. Dose rate was 1500 Mrad/hour.

The data presented in Fig. 16 also confirm the ef-
fect, which has been described above for composite
scintillators based on GSO:Ce single-crystal grains
were irradiated with dose rate 0.23 Mrad/hour.

Fig. 15 shows that the light output can fluctuate
with the dose D growth. This effect for GSO:Ce sin-
gle crystals has been described in [7]. It explained as
follows. Luminescence centers of GSO:Ce crystal is
Ce™3. They are excited as a result of energy transfer
from Gd*3. There are a lot of impurities in the GSO
crystal, which are the quenchers of the excitation of
Gd*2. Due to the influence of radiation such an im-
purity center can capture an electron. It increases its
energy level in energy diagram of the crystal. As the
result such a center could not quench the lumines-
cence of the crystal. The lifetime of the intermediate
level can have a large spread. According to [7] the
time of the existence of the most stable of them could
reach a few months.

The results obtained for GPS:Ce have the same
character as for GSO:Ce. Therefore the above-
described mechanism can also be considered to ex-
plain the similar results observed for GPS:Ce.

Fig. 16 shows that for dose rate 1500 Mrad/hour
light output is not only L,e; > 0.5, but also signifi-
cantly reduces it variations.

Thus, the composite scintillators based on sin-
gle crystals GSO:Ce and GPS:Ce are radiation-
resistant to doses D = 150 Mrad for dose rate about
0.23 Mrad/hour and D = 170 Mrad for dose rate
1500 Mrad/hour. The scintillation light output and
the luminous transmittance T' of composite scintilla-
tors based on grains of GSO:Ce and GPS:Ce single
crystals does not change significantly with dose rate
increase.

The study of the scintillators for higher dose is
planned.

4. CONCLUSIONS

1.  Radiation-resistant composite scintillators
based on the grains of inorganic single crystals
(GSO:Ce, GPS:Ce and Aly03:Ti3") were studied.

2. The technology of introduction of the single
crystals grains in gel-composition Sylgard-184 was
designed.

3. Composite scintillators based on grains of
Al,O3:Ti3t are radiation-resistant at least up to
D = 100 Mrad and D = 300 Mrad when the dose
rate is 0.20 Mrad/hour and 1500 Mrad/hour respec-
tively.

4. Composite scintillators based on single crystal
grains of GSO and GPS are radiation resistance at
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least for D = 150 Mrad and D = 170 Mrad when the
dose rate is 0.2 and 1500 Mrad/hour respectively.

5. For D > 200 Mrad some of the samples demon-
strate a weak tendency for embrittlement of the gel
composition.

6. The variations in the relative light output L,
is higher for lower dose rate.

7. Transmittance decreases less than 2 times
over the range of the luminescence of the scintillator,
which also indicates that these scintillators are radi-
ation resistant
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PAIVAIIMOHHO CTOMKUE KOMIIO3UIIMOHHBIE CIIMHTUJLJISITOPHI HA
OCHOBE HEOPTAHMYECKUNX KPUCTAJIJIOB GSO:Ce, GPS:Ce u Al,O3:Ti

A.IO. Bospunues, H.3. I'aaynos, d.B. I'epacumos, T.E. I'opbauesa, H.J/I. Kapasaesa, A.B.
Kpew, JI.I. Jlesuyx, JI.A. Jlumeunos, B.®. Ilonos, A.Il. Cudaseuyvruti, II.B. Copoxun, O.A.
Tapacenxo

Brutn u3ydeHnbl paguauoHHO CTOMKAE KOMIO3UIMOHHBIE CIUHTUIIATOPBI Ha, OCHOBE HEOPTaHUIECKUX MOHO-
kpucraianoB GSO:Ce, GPS:Ce u Aly03:Ti. g nonydennsa KOMIO3UITMOHHOTO CIHHTUILIATOPA 36pHA Obl-
JIM BBEJIEHBI B JIUIJIEKTPUIECKYIO reb-koMno3uiuio Sylgard-184. O6pasupr 00iay4dasnch Ha 3JIEKTPOHHOM
(10 M»B) suneitnom yckopurese XOTU nenocpejcreento ssiekrpodamu nydka ¢ sueprueil 9,2 MsB (upu
MomHocTH 703kl 1500 Mpas/gac) u ropmosubiMu dbororamu (ipu MomtHocTH 103kl 230 Kpas/gac). W3me-
perre KO3 pUIHeHTa MPOMYCKAHNUS W OTHOCUTEJIBHOIO CBETOBOTO BBIXOMA, CIUHTUJIATOPA TPOBOIUIN JI0
n oce obmydenus. [IpeacTapaeHsl 1 MPOAHATH3NPOBAHBI PE3YIbTATEI, TIOJTYYeHHBIE /IS CIMHTHILIATOPOR,
06y 4éHHBIX 10 103 nopsaka 170 Mpan u 300 Mpax ana GSO:Ce, GPS:Ce u Al;O3:Ti coorBercTBEeHHO.

PAJIAIIINHO CTINKI KOMIIO3UIINHI CIIMHTNJISITOPU HA OCHOBI
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Bynu BuBueni pagianiiino crifiki KOMIIO3UIIAHI CIMHTUISATOPY HA OCHOBI Heoprauiunux MoHoKpucraais (GSO:
Ce, GPS: Ce ra Al;03:Ti). Jna orpuMalHs KOMIO3UIIHHOIO CIMHTHJISATOPA 3epHa OyJd BBEJEHI B jie-
JIEKTPUYHY Tefb-koMno3uiiio Sylgard-184. 3pasku onpowminoBanuca Ha esekrponaoMy (10 MeB) miniitno-
my npuckopioBadi X®TT Gesnocepenabo enekrponamu yuka 3 eneprieo 9,2 MeB (npu noryxuocri no3u
1500 Mpaz,/ron.) i ranbmiBauME doroHamn (mpu noTyxRHOCTI 1031 230 Kpas/rox.). BumiproBanus koedi-
Ti€EHTa TIPOMYCKAHHS Ta BiHOCHOTO CBITJIOBOTO BUXOY CITUHTUIATOPA MPOBOJMIN JO 1 MCId ONPOMiHEHHS.
IIpencrasmeni Ta mpoaHasi3oBaHi pe3yabTaTH, OTPUMAHI AJ1d CIMHTUIATOPIB, OMPOMIHEHUX J0 7103 MOPSIKY
170 Mpag ra 300 Mpag mis GSO:Ce, GPS:Ce ta Al,O3:Ti Binnosigno.
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