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Radioactivity induced by bremsstrahlung photons in samples of composite scintillators
containing grains of inorganic GSO:Ce, GPS:Ce, YSO:Ce and YAG:Ce crystals is studied.
Measurements of the amplitude spectra of composite scintillators indicate the presence of
intrinsic gamma activity resulting from the irradiation. The results obtained agree with
the assumption of long-lived gamma-emitting isotope production. This should be taken
into account, when composite scintillators are used for particle registration with detectors
subjected to intensive irradiation.
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Hccaexyerca paguoaKTHBHOCTD, HABELEHHAA NIPHU OOJIYyUYEHWHM TOPMOSHBIMU (DOTOHAMHU B
o6pasmax KOMIIOSUIMOHHBIX COUHTHJJAATOPOB, CONEDKANIMX TPAHYJBl HEOPTaHUUECKHX
kpucranios GSO:Ce, GPS:Ce, YSO:Ce m YAG:Ce. Usmepenuss aMIJIUTYIHBIX CIEKTPOB
KOMTIOBUIIMOHHEIX CIUHTAJLIATOPOB YKA3LIBAIOT Ha HalWuWe COGCTBEHHON raMma-aKTUBHOC-
T, 00yCIOBIEHHON obnyuenueM. IlomyueHubie pe3yabTATH COTMACYIOTCS C TPEATIONOKEHNEeM
06 00pasoBaHUU JOJTOKUBYIUX MaMMa-aKTUBHBIX H30TOIMOB. DTO SBJEHUE MOJMHO YUUTHI-
BATHLCA MPHU HUCIOJL30BAHUM KOMIIOBUIMOHHLIX CIUHTUJIATOPOB [JIsl PETUCTPAIMYN UACTHUI]
IeTEKTOPAMHU, MOABEPKEHHLIMUA UHTEHCUBHOMY OOJIyUeHHUIO.

HocaimxeHHa HaBegeHOI PaNiOAKTUBHOCTI y pagiamifiHO-CTIHKNX KOMIO3HUI[iTHUX
COUHTUJIATOPAX MPHU iX onpoMiHeHHi raxpmiBHuUME (otoHamu. B.[1.Ilonos, A.JO.Boapuruyes,
M.3.I'anynos, 5.B.I'punvos, H.JI.Kapasaesa, A.B.Kpeu, JI.I' JIeguyk.

HocaimxyeThesa pafioaKTUBHICTD, HaBeZeHa IIPK ONMPOMiHeHHI rarbMiBHUMHM (oroHaMU B
3pasKax KOMIIOBUIIHHUX CIHUHTUAATOPIB, IO MICTATL I'PAHYJAM HEOPTAHIUHMX KpHUCTATiB
GSO:Ce, GPS:Ce, YSO:Ce i YAG:Ce. BumipoBaHHS aMILIITyJHUX CIEKTPiB KOMIIOSUIIAHIX
CIMHTUIATOPIB BKA3yIOTh HA HASABHICTH BJIACHOI raMMma-aKTUBHOCTI, 00YMOBJIEHOI OIIPOMi-
HenHaM. OTpuMaHi pesyabTaTH Y3roAKYIOTHCS 3 HPUIIYIEHHAM IIPO YTBOPEHHSA TOBrOMKUBY-
yux ramMMma-akTuBHuX isoroniB. Ile siBuIne Mae BpaxoByBaTHCA IIPM BUKOPUCTAHHI KOMIIO-
SUIIMHNX CIIUHTUIATOPIB IJA peecTpaliii yacTHHOK JAeTeKTopaMu, AKi mignsaramoTs imTeHcu-
BHOMY OIIPOMIiHEHHIO.
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1. Introduction

Particle detectors (including their scintil-
lator-based subsystems such as calorimeters)
used in experimental high energy physics
are often exposed to very high (up to sev-
eral tens of megarads) irradiation doses.
This is the case in particular for the main
experiments at the Large Hadron Collider
(LHC) at CERN. Furthermore, the LHC up-
grade to the high-luminosity (HL) collider
parameters (see e.g., Ref. [1]) will make the
dose pressure upon the detector subsystems
even considerably more severe. Therefore,
search of new radiation-tolerant and rela-
tively cheap scintillation materials is now of
great relevance and importance. We have
already studied earlier (see Refs. [2—5]) the
radiation-resistance of composite scintilla-
tors based on single crystal grains
Gd,SiOg.Ce (GSO:Ce), Gd,Si,0:Ce
(GPS&:Ce), AlLO3:Ti, Y,8i05:Ce (YSO:Ce) and
Y3Al5045:Ce (YAG:Ce).

A composite scintillator it is a transparent
non-scintillating gel composition, which con-
tains single-crystal scintillation grains. Com-
posite scintillators have a number of advan-
tages in comparison with other scintillation ma-
terials those are continuous mediums [2, 6, 7]:

— In some cases, it is possible to exclude
the expensive stage of growing a single
crystal from the process of producing grains
using a polycrystalline ingot obtained dur-
ing the zone melting process, or use the
waste arising from the treatment of single
crystals.

— If it necessary, a specially prepared gel
composition can unite the separate parts of
composition scintillator in one uniform sam-
ple. Therefore, it is possible to create, prac-
tically, a detector with a very large input
window.

— It is possible to vary both the sample
size and grains size independently.

— Unlike classical scintillators, the basis
of composite scintillators is not the lumi-
nescent material and the luminescence oc-
curs in grains. This means that if we choose
a non-luminescent base material, then a
change in its luminescence will not affect
the properties of the scintillators, since
such a luminescence is absent.

We use the polydimethylsiloxane gel-
composition that does not contain benzene
rings. It is a non-luminescent material, and
thereby only a change in the transparency
of gel-composition occurring in the lumines-
cence band of the grains can influence on
the scintillation amplitude of the composite
scintillator [2, 8, 9].
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In our studies, irradiation is carried out
at an experimental facility the NSC
"Kharkiv Institute of Physics and Technol-
ogy” (KIPT) based on an electron linear ac-
celerator (Linac). The electron beam is inci-
dent onto a converter to produce an inten-
sive flux of bremsstrahlung photons, which
is used to irradiate the scintillator samples.
There is also some admixture to this flux of
neutrons (from photo-nuclear reactions) as
well as of low-energy photons and elec-
trons/positrons coming from "secondary”
interactions with target atoms. In this
work, we present a study of activation of
composite scintillators containing grains of
inorganic crystals GSO:Ce, GPS:Ce,
YSO:Ce and YAG:Ce under such irradiation
conditions and estimate its possible effect
on the distortion of the scintillation signal.

2. Experimental

In this work we used the dielectric poly-
dimethylsiloxane gel Sylgard-184 as the
base material for composite scintillators.

The following approach was applied to
prepare the composite scintillator samples
investigated in this work. Initially, we
grind up a single crystal boule mechanically
to obtain scintillation grains. After that, we
use a set of calibrated sieves to select the
necessary fraction of their sizes. The grains
were introduced in dielectric gel according
to the following technique. In the begging,
we entered the grains into the first compo-
nent of the gel. After adding the second
component, we thoroughly mix the gel com-
position. Finally, we introduce this gel com-
position into the molding tank, in which we
leave it until full polymerization. After that,
we removed the scintillator from the forming
container. We investigated the composite
scintillators with thickness 4mm (the size of
the grains was 0.5-2 mm) [2—4].

As in our earlier studies [2—-4, 10-12], we
irradiated the samples at the KIPT 10 MeV
Linac at the room temperature. The dose rate
was practically uniform over the sample sur-
faces, with deviations within 5 %. The high-
est dose rate, 1500+5 Mrad/h, was provided,
when the samples were irradiated directly
by 9.6 MeV beam electrons. Other samples
were subjected to irradiation by bremsstra-
hlung photons at the considerably lower
rate of 0.10+0.01 Mrad/h (mainly photons
of bremsstrahlung radiation). The samples
(by one item of each type) were successively
exposed to radiation until they accumulated
the necessary integrated radiation dose. The
dose was measured by the Harwell Red 4034
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Table 1. Results of the measurements of the amplitude y-scintillation spectra for the samples of
composite scintillators containing single-crystal grains of GSO:Ce

No. Ey, keV Ngym after Isotope Reference values Reaction Half life
17h E,, keV L %
1 58 158
2 79.6 8
3 97.4 1865 153Gd 97.431 29 Y, n 240.4 d
4 103 1786 153Gd 103.18 21.11 Y, n 240.4 d
5 145.4 406 141Ce 145.44 48.2 n,y 32.5d
6 165.7 1890 139Ce 165.9 Y, n 137.6 d
7 226.1 1673
8 290.5 183
9 305.6 350
10 348.1 1185
11 363.5 60121 159Gd 363.55 Y, n 18.48 h
12 560 94
13 581 226
14 617-619 54
15 1460.8 5 40K 1461 10.7 4.7'1 4

plastic dosimeters to an accuracy of 10 %.
The details of the measurements are outlined
in [2, 3, 10-12]. All the absorption dose (and
dose-rate) values presented below are given
for a water equivalent. One of the samples in
each series was taken as the reference scintil-
lator and was not exposed to radiation.

To study the induced gamma-radioactiv-
ity of the composite scintillator samples, we
measured the amplitude gamma-scintillation
spectra. For these measurements, we used
the BVEG2-22 detection unit containing the
@40x40 mm? cylindrical Nal(Tl) scintillation
single crystal. To eliminate the gamma
background, the detector and the studied
sample were placed into a shielding lead box
with the wall thickness of 80 mm.

The irradiation of the samples of compos-
ite scintillators by bremsstrahlung photons
consisted from several successive runs, for
which the samples got the absorption dose
rate of 0.113 Mrad/h (for a water equiva-
lent). The total integral dose was 190 Mrad.

3. Results and discussion

To measure the amplitude gamma-scintil-
lation spectra, we used the Canberra semi-
conductor detector. We measured the spec-
tra 17 and 17.5 hours after irradiation for
composite scintillators containing grains of
GSO:Ce and GPS:Ce, respectively. Table 1
and Table 2 show the results of measure-
ments for the GSO:Ce (exposed during
900 sec.) and GPS:Ce (exposed during
1200 sec.) samples, respectively. In

20

21 days, the measurements (with the same
exposition times) were repeated, and practi-
cally the same results were obtained.

Samples of composite scintillators based
on single crystal grains of YSO:Ce and
YAG:Ce were irradiated by bremsstrahlung
photons to the integral dose of 26.2 Mrad
at the dose rate of 0.11 Mrad/h. The tech-
nical light output of the YSO:Ce and
YAG:Ce samples was measured before and
after their irradiation. The wvalue of the
light output of the scintillator under the
239py alpha source is represented by the
channel number (Mean;) of the charge-digi-
tal converter (QDC). The scintillator sam-
ples were placed on the photocathode of a
photomultiplier without optical contact.

Fig. 1 shows the results. According to
these results the light output after the sam-
ple irradiation remained almost unchanged.
For, e.g., the YSO:Ce sample, the alpha-
peak centroid position corresponds to chan-
nel 50615 and 528+16 before and after ir-
radiation, respectively. However, a huge
number of small- and large-amplitude sig-
nals emerge after the irradiation that may
indicate the sample “activation”. (The
YAG:Ce sample demonstrates the similar be-
havior). To test this assumption, we meas-
ured the sample gamma-scintillation ampli-
tude spectra exploiting the same experimen-
tal technique as the one used for the GSO
samples. The measurements were carried
out in 15 days after the irradiation.
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Table 2. Results of the measurements of the amplitude y-scintillation spectra for the samples of
composite scintillators containing single-crystal grains of GPS:Ce

No. EY’ keV N, after Isotope Reference values Reaction Half life
17.5h E, keV I, %
1 57.9
2 79.6
3 97.4 2549 153Gd 97.431 29 v, n 240.4 d
4 103 2519 153Gd 103.18 21.11 v, n 240.4 d
5 145.4 15377 41Ce 145.44 48.2 n,y 32.5 d
6 165.7 80063 139Ce 165.9 Y, n 137.6 d
7 225.9 1355
8 290.5
9 305.6 246
10 348.4 1132
11 363.4 53994 199Gd 363.55 Y, n 18.48 h
12 560 55
13 581 201
14 617-619
15 1460.8 6 40K 1461 10.7 4.711 ¢
90001 1800 7
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8000+ 1600
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7000+ 1400 - Ey = 898.04 keV
£ 6000+ Irradiation « 1200+
9 5000 Non Irradiation ] 1000
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Fig. 1. Spectra of scintillation under o source
(®%Pu) for composite scintillator based on
YSO:Ce grains measured before and after ir-
radiation with bremsstrahlung photons.

The results for the YSO:Ce (YAG:Ce)
samples are presented in Table 8 and Fig. 2
(Table 4 and Fig. 3). The measurement time
(T,,,) was 2000 sec. and 1000 sec. for the
YSOI?Ce and YAG:Ce samples, respectively.
The measurements indicate that composite
scintillators based on YSO:Ce and YAG:Ce
grains were "activated” by the bremsstra-
hlung-photon irradiation with production of
the long-lived '41Ce, 139Ce and 88Y gamma-
active isotopes.

The same measurements were carried out
also for the YSO:Ce- and YAG:Ce-based
composite scintillators irradiated to dose of
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Fig. 2. Amplitude scintillation y-spectrum for
composite scintillator based on YSO:Ce
grains; measurements were carried out
15 days after completion of the irradiation to
dose of 26.2 Mrad.

51.8 Mrad (see Fig. 4) and 100 Mrad (see
Fig. 5). The results were obtained in 10 days
after completion of the irradiation. The
Nal(Tl) detector was calibrated by the '37Cs
and 89Co radionuclide sources, and the corre-
sponding amplitude spectra are also shown on
Figs. 4 and 5 as a reference plot.

Fig. 2-5 clearly demonstrate the pres-
ence of the 88Y isotope gamma peaks with
energies of 898 and 1836 keV, as well as
the overlap of two peaks with energies of
145 and 166 keV from the '4'Ce and '39Ce
isotopes, respectively. The presence of the
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Table 3. Results of the measurements of the amplitude y-scintillation spectra for the samples of
composite scintillators containing single-crystal grains of YSO:Ce

No. Ey, keV (igsggék) Nsuln/LéZ’éxp, Isotope Reference values Reaction | Half life
Ey, keV Iy, %

1 145.1 434 0.217 41Ce 145.44 18.2 n, y 32.5d
2 166 1011 0.5055 139Ce 165.9 80 Y, n 137.6 d
3 812.8 304 0.152 ?
4 897.5 8664 4.332 88y 898.04 93.7 Y, n 107 d
5 1328.4 315 0.1575 ?
6 1460.8 52 0.026 40K 1461 10.7 4.711 ¢
7 1834.5 4655 2.8275 88y 1836.1 99.2 Y, n 107 d

Table 4. Results of the measurements of the amplitude y-scintillation spectra for the samples of
composite scintillators containing single-crystal grains of YAG:Ce

No. EY’ keV _Nsum Nsum/Texp, Isotope Reference values Reaction Half life
(in peak) 1/sec E, keV L, %
1 145.1 403 0.403 41Ce 145.44 18.2 n, y 32.5 d
2 166 710 0.71 139Ce 165.9 80 Y, n 187.6 d
3 812.8 131 0.131 ?
4 897.5 4239 4.239 88y 8908.04 93.7 Y, 107 d
5 1460.8 14 0.014 40K 1461 10.7 4.7 d
6 1834.5 2171 2.171 8y 1836.1 99.2 Y, n 107 d
1000 7 |— YAG:Ce Irradiation‘ 1100 1
900 ~ . o 1000 1 —— YSO:Ce, Irradiation
800 - Y = fen) - sey 900 A —— YAG:Ce, Irradiation
Ey = 898.04 keV 800 4 Source - Co60
700 2 700 Source Cs137
§ % : 600 -
|-|>J 5007 140 141 PY =) sty g
z Ce ~(nyy)~'*'Ce Ey=1836.1 keV 500 -
4001  Ey=14544 keV
300 400 A
14¢e =~ (1,n) 1 Ce 300 A
2001 Ey =165.9 keV 200 -
100 L 100
0 B : T T T ™ |. T T T T T 1 0 N ~
0 400 800 1200 1600 2000 0 100 200 300 400 500 600 700 800 900 1000

Energy, keV

Fig. 3. Amplitude scintillation y-spectrum for
composite scintillator based on YAG:Ce
grains; measurements were carried out
15 days after completion of the irradiation to
dose of 26.2 Mrad.

141Ce isotope is due to the admixture of
neutrons in the irradiation area of the
KIPT Linac. It should be stressed that the
Linac electron beam energy is not re-
stricted by 9.6 MeV. Actually, the beam
energy distribution has a long tail up to
17 MeV, which is responsible for extension
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ADC Channel

Fig. 4. Amplitude scintillation y-spectra for
composite scintillators based on YSO:Ce and
YAG:Ce grains; measurements were carried
out 10 days after completion of the irradia-
tion to dose of 51.8 Mrad. For comparison,
the scintillation y-spectra for '3Cs and %°Co
sources are also shown.

of the bremsstrahlung photon spectrum to
higher energies. The neutrons are mainly
produced in photo-nuclear reactions with

high-energy photons.
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Fig. 5. Amplitude scintillation y-spectra for
composite scintillators based on YSO:Ce and
YAG:Ce grains; measurements were carried

out one day after completion of the irradia-
tion to dose of 100 Mrad.

In Fig. 5, the background spectrum due
to gamma-radiation of the detector environ-
ment is also shown. This, in particular, in-
cludes the amplitude spectrum of the char-
acteristic X-ray radiation from lead detector
shielding.

4. Conclusions

The measured amplitude scintillation
spectra of the composite scintillators mani-
fest the presence of intrinsic gamma activ-
ity resulting from irradiation with
bremsstrahlung photons. The results ob-
tained are consistent with the assumption of
the long-lived gamma-active isotope produc-
tion. Upon irradiation with bremsstrahlung
photons, the composite-scintillator samples
containing grains of GSO:Ce and GPS:Ce
are activated with production of the 193Gd,
159Gd, 141Ce and '39Ce isotopes, which have
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relatively long life time. The '4'Ce, 139%Ce,
159Gd and 193Gd half-life is 32.5 days,
137.6 days, 18.48 hours and 240.4 days, re-
spectively. Similarly, the YSO:Ce- and
YAG:Ce-based composite scintillators are ac-
tivated with the production of the long-
lived 141Ce, 13%Ce and 88Y isotopes with
half-lives of 32.5, 1 87.6 and 107 days, re-
spectively.
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