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Polysiloxane-based scintillators with different contant of aromatic chromophore groups have been obtained. 2,5-

diphenyloxazole and its alkyl derivative were used as activators. The optical and scintillation properties of the obtained
polysiloxane scintillators have been studied, and their radiation resistance has been determined. The prospect of using

the material in fields with high dose loads is estimated.
PACS 78.66.Qn; 78.70.Ps; 29.40.Mc; 78.40.Me

INTRODUCTION

Plastic scintillators (PS) based on polystyrene and
polyvinyltoluene are widely used to particles registration
in high-energy physics experiments. But with the
development of particle accelerator technology, the
requirements for the radiation hardness of materials used
in the creation of various types of detecting devices have
increased. And traditional PSs with a radiation resistance
threshold of 1...3 Mrad no longer satisfy the new
requirements. The low threshold of radiation hardness of
polystyrene and polyvinyltoluene based PSs is associated
with the possibility of the double carbon-carbon bonds
formation in the main chain of the macromolecule under
the action of irradiation. Various types of polyenes
formed in this process dyed the PS’s polymer base and
act as traps for the excitation energy. In the late 1980s, an
alternative to PS based on polystyrene — PS based on
polysiloxanes [1, 2] was proposed. Since the Si-O bond
is stronger than the C-C bond, the probability of polymer
chain damage under the influence of high-energy
particles is significantly reduced. But the most important
thing is the absence of the possibility of the formation of
double bonds, which excludes the possibility of staining
the polysiloxane base under the action of radiation. Even
in the first experiments devoted to polysiloxane PSs, it
was noted that under the action of irradiation with a dose
of up to 10 Mrad, no significant coloration of the
polysiloxane base is observed [3]. Later works presented
the results of studying the behavior of polysiloxane
scintillators under the action of irradiation with an ion
beam [4], where it was also shown that, under the action
of high-energy particles in the polysiloxane polymer
base, practically no new excitation energy trapping
centers are formed.

The main disadvantage of polysiloxanes as PS bases
is their mechanical properties. Polymers based on
siloxanes are jelly-like materials, which limits their
practical application area.

However, recently, a group of researchers suggested
using polysiloxanes as a scintillating filler of a

38

calorimetric module (the scintillation composition is
polymerized directly in the module) [5]. This approach
opens up new possibilities for the polysiloxanes use,
bypassing the problem of their mechanical properties.
Therefore, there is a need for a more detailed study of the
properties of polysiloxane scintillators under the
influence of various irradiation types.

In addition, when creating radiation-hard scintillation
compositions on a polysiloxane base, there is also the
problem of finding radiation-resistant activators that can
dissolve in sufficient quantities in polysiloxane medium.

This work presents an analysis of the results of
irradiation with high-energy electrons of scintillators
obtained on the basis of three polysiloxane compositions
containing different amounts of aromatic chromophore
groups. Scintillators are obtained using traditional and
modified activators.

1. EXPERIMENTAL

Each polymer composition consisted of a
polysiloxane base A, a hardener B, a platinum catalyst P,
a POPOP shifter and a corresponding activator (PPO,
TBPPO, 3HFTB2). All components, their names,
structural formulas and symbols are presented in Table 1.

To obtain samples of polymer compositions, the
calculated amount of all components was loaded into
glass ampoules (Table 2). The mixture was thoroughly
stired, placed in a vacuum desiccator and evacuated for
30 min at room temperature to remove air bubbles. Then
the samples were placed in a heating cabinet and kept for
8 hat 60 °C.

The excitation and luminescence spectra of the
obtained samples were studied at room temperature on a
“FluoroMax-4" spectrofluorometer (Horiba Jobin Yvon
— Edison).

The device for determining the light yield of the PS
consisted of a Hamamatsu R1307 photomultiplier and a
LeCrou 2249A charge converter. The PS samples were
mounted directly on the surface of the photomultiplier
photocathode; optical contact was provided by means of
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an immersion liquid. Irradiation was carried out with
conversion electrons of the Bi-207 radionuclide.

Table 1
Conditional name, structural formula and the chemical
name of the polymer composition components

Symbol Structural formula Name component
CHs CHs  CHy Vinyl terminated
I~ . L VL "/ (15-17 % diphenylsiloxane)-
a1 > 4 S|I OQSI 09;(5" onslI dimethylsiloxane copolymer,
CHs CHs  CHs 1,000-1,500 ¢St
CHy CHs  CHy Vinyl terminated
L .- L ) L/ (22-25 % diphenylsiloxane)-
i 4 SI'_QéSI o%;(sl. n'? dimethylsiloxane copolymer,
O Orly: ™ty 1,000-1,500 ¢St
Vinyl terminated
A3 CHy CHy polyphenyl-methylsiloxane,
Sli—O $i—0 S! / 300-600 ¢St
7] |
CHs CHy " CHy
(45-50% methylhydrosiloxane) —
B (I:H:’ ?Hs (I:H3 lpl)cllylxl}ell}yISIonqne
I Y i TS W PO U copolymer, hydride terminated,
| m' | né 75-110 ¢St
CH;  CHjg H Hs
)
PPO O/(p\@ 2,5-diphenyl-1,3-oxazole
)
2-phenyl-5-(4-tert-butylphenyl)-
TBPPO O = O 1.3.4-0xazole
0. O 2-(4-(tert-butyl)phenyl)-6-fluoro-
SHETE2 3-hydroxy-4H-chromen-4-one
ydroxy:
F oH
o
\/Si/o\&-—/ Platinum carbonyl
Y cyclovinylmethylsiloxane
o + YA y! y!
B \ /0 e complex; 1.85-2.1% Ptin
// s\'\o//s‘\\ cyclomethylvinylsiloxanes
N 1.4-bis(5-phenyl-2
POPOP [ \>_®_<O J ¥ lvs( £
d N oxazolyl)benzene

Table 2
Composition of polysiloxane-based scintillators

Ne Composition of sample, wt. %

S1 | A1=91.35, B=7.5, P=0.1, POPOP=0.05, PPO=1.0

S2 | A2=91.35, B=7.5, P=0.1, POPOP=0.05, PPO=1.0

S3 | A3=91.35, B=7.5, P=0.1, POPOP=0.05, PPO=1.0

S4 | A3=91.35, B=7.5, P=0.1, POPOP=0.05, 3HFTB2=1.0
S5 | A3=90.35, B=7.5, P=0.1, POPOP=0.05, TBPPO=2.0

The light yield was determined from the position of
the amplitude scintillation spectrum peak maximum. The
relative light yield of the obtained samples was measured
relative to a standard plastic scintillator UPS923A [6].

To determine the radiation hardness, PS samples were
irradiated on an LU-10 linear particle accelerator with an
electron energy of 9.6 MeV (NSC KIPT NAS Ukraine).
The integral radiation dose for all samples was 10 Mrad.
The light yield of the samples was measured immediately
after irradiation.

2. RESULTS AND DISCUSSION

Was obtained a number of scintillators containing
1wt.% PPO and 0.05wt.% POPOP, in polysiloxane
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bases A1-A3 (samples S1-S3). The luminescence and
excitation spectra of the samples clearly show the
presence of corresponding bands of activator molecules
(PPO) with maxima at 360 and 379 nm and a shifter
(POPOP) with maxima at 394, 416, and 438 nm (Fig. 1).
The excitation spectra of PPO molecules in polysiloxanes
Al1-A3 show a broad excitation band through the
chromophore phenyl groups of the polymer medium with
a maximum at 260nm. The observed spectra
demonstrate the efficiency of the excitation energy
transfer from the PS polymer base to the activator and
shifter molecules. The excitation and luminescence
spectra retained their character and the position of the
maxima regardless of the content of phenyl
chromophores, i.e. were almost identical for all
polysiloxane bases A1-A3.
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Fig. 1. Excitation and luminescence spectra of PS based
on A1-A3 polysiloxanes activated by PPO molecules

It should be noted that the optical spectra of PSs
practically did not undergo changes even after irradiation
(Fig. 2). This may indicate that under the action of
ionizing radiation, the probable destruction of the
activator does not lead to the formation of luminescent
products with other spectral characteristics.
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Fig. 2. Excitation and luminescence spectra of PS based
on A1-A3 polysiloxanes activated by PPO molecules

after irradiation with a dose of 10 Mrad

Of the samples activated by PPO, the best light yield
before irradiation was possessed by the samples obtained
on a polysiloxane base containing the maximum amount
of phenyl chromophore groups — A3, sample S3 (see
Table 1, Fig. 2). Such a result is quite expected, since the
A3 polymer base contains the largest number of
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luminescent centers capable of collecting excitation
energy from high-energy particles.

Later, this polysiloxane base was used to obtain
samples S4 and S5 with other activators.

To improve the solubility of PPO in the polysiloxane
base, the molecular structure was modified by
introducing a tert-butyl substituent. The introduction of a
branched alkyl radical does not significantly affect the
spectral-luminescent properties of the activator, but at the
same time increases its solubility in non-polar solvents
and polymer media — polystyrene and polysiloxanes
[7, 8]. An increase in the solubility of the activator made
it possible to increase its concentration in the scintillation
composition up to 2 wt.%, which should have a favorable
effect on its scintillation characteristics (Fig. 3).
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Fig. 3. Excitation and luminescence spectra of PS based
on polysiloxane A3, activated by TBPPO molecules

An activator with a large Stokes shift is often used to
shift the PS Iluminescence spectrum to longer
wavelengths. The most widely used for these purposes is
3-hydroxyflavone (3HF) and its derivatives [9, 10].
However, unsubstituted 3HF has low solubility in a low-
polarity polysiloxane base.

To increase the solubility in the scintillation
composition, branched alkyl substituents, for example,
tert-butyl [11], are introduced into the 3HF molecule.

In addition, a fluorine atom was introduced into the
structure of 3HF molecules, which, as was shown in [12],
increases their own radiation hardness.
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Fig. 4. Excitation and luminescence spectra of PS based
on polysiloxane A3, activated by 3HFTB2 molecules
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The scintillation composition based on polysiloxane
A3 and activator 3HFTB2 demonstrates the ability to
excite through the phenyl chromophore groups of the
polymer base in the region of 260 nm (Fig. 4). This
scintillator has a luminescence band with a maximum at
a wavelength of 530 nm, which is typical for 3HF
molecules.

All scintillator samples were irradiated on a linear
electron accelerator with an integral dose of 10 Mrad.
The scintillation characteristics of the samples before and
after irradiation are shown in Table 3 and Fig. 5. Table 3
shows the compositions of PSs, their relative light yield
before (Lo) and after irradiation (L), as well as the ratio
of light yields after and before irradiation (L/Lo), which
characterizes the degree of radiation influence on the
PS’s scintillation characteristics. The value of the light
yield half attenuation dose (Di») was obtained by
extrapolating the available data.

Table 3
Scintillation characteristics of the obtained PS before
and after irradiation with a dose of 10 Mrad

Sample Ly, Y% L,% | L/L, Dy, Mrad
UPS923A 100
S1 45 25 0.57 12.:3
S2 47 3 0.79 29.8
S3 69 60 0.87 51.4
S5 74 43 0.58 12.7
S4 8 5 0.64 15.2
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Fig. 5. Scintillation amplitude spectra of PS samples S3
and S5 before and after irradiation with a dose
of 10 Mrad

As expected, in the series of S1-S3 scintillators
activated by PPO, the light yield increases with an
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increase in the content of phenyl chromophores in the
composition.

Of all the samples, the highest initial light yield was
observed for PS activated by TBPPO (S5). Modification
of the PPO structure with a tert-butyl substituent made it
possible to increase its solubility in the polysiloxane base
to 2 wt.%, and, as a consequence, improve the conditions
for the nonradiative transfer of excitation energy from the
polymer base chromophore groups to the activator
molecules. So the light yield of the sample with 2 wt.%
TBPPO in A3 (S5) is 7 % higher than that of a scintillator
with 1 wt.% PPO.

A low initial light output was demonstrated by the
sample activated by 3HFTB2. This is partly due to the
fact that the maximum luminescence of this activator is
in the region of 535 nm, while the maximum sensitivity
of the photomultiplier used is located at 420 nm. In the
region of 535 nm, the photomultiplier tube sensitivity is
2 times lower than the maximum.

After irradiation with a dose of 10 Mrad, the light
yield of all PS samples decreased as expected. In the
series of PPO activated scintillators, the radiation
hardness, like the light yield, increases with an increase
of phenyl chromophore groups content in the
polysiloxane base. In this case, the radiation hardness of
a scintillator based on polysiloxane with a maximum
content of phenyl chromophores (A3), activated by
1 wt.% PPO (S3) was about 50 Mrad. As shown by the
authors [13], this is due to the fact that the excitation
energy of the polymer base is mostly localized on the
chromophore groups, therefore it does not go to the
activator molecules and polymer base destruction.

Thus, PSs with the A3 basis demonstrate promising
results concerning the prospects for their use in fields
with a high dose load. But PS activated by TBPPO
molecules, which demonstrated the best initial light
yield, was significantly degraded as a result of
irradiation. Its radiation hardness was only about
13 Mrad. The radiation hardness threshold of
polysiloxane-based PS activated by 3HFTB2 molecules
is higher than that of similar PS based on polystyrene [10]
and amounted to 15 Mrad. However, the low light output
of the obtained polysiloxane composition casts doubt on
the advisability of using 3-hydroxyflavone molecules and
its derivatives as activators of polysiloxane scintillators.

However, to obtain a complete picture of the behavior
of polysiloxane PSs in ionizing radiation fields, it is
necessary to study their behavior in more detail, both in
a wider range of radiation loads and at different levels of
irradiation intensity, in order to study the effect of oxygen
diffusion on the stability of activator molecules.

3. CONCLUSIONS
Modification of activator molecules makes it possible
to vary to a certain extent the scintillation characteristics
of polysiloxane-based PSs. The use of a polysiloxane
base with a high content of phenyl chromophores makes
it possible to obtain PSs whose radiation hardness is an
order of magnitude higher than the radiation hardness of
polystyrene PSs. This opens up the prospect of their use
in radiation fields with a high dose load.
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PA,Z[PIAIIIFIHA CTIMKICTH CIHUHTUJIATOPIB HA OCHOBI ITIOJIICHJIOKCAHA
II.M. Kmypin, /1.A. €Enicees, B./l. Anekcees, O.B. Eniceesa, 10.0. I'ypkanenxo, B.I1. Ilonos

OTpruMaHO CIMHTWIATOPH Ha TIONICHIIOKCAHOBHUX OCHOBAaX, IO MICTATh y CBOEMY CKJali Pi3HY KUTBKICTh
apoOMaTHYHUX XpPOMO(OPHHX rpyIl. Sk aKTHBATOPH BUKOPHCTAHO 2,5-mudeHiiokcasol i Horo ankinmoxigHe. BuBueHo
ONITHUYHI Ta CHUHTWIALIAHI BIaCTHBOCTI OTPUMAHHX IIOJIICHIIOKCAHOBUX CIMHTHIIATOPIB, BU3HAUEHA iX pamiariiiHa
cTiMKicTh. OmiHEHO MEPCIEKTHBY BUKOPUCTAHHS MaTepialy B IMOJIX 3 BEJMKIMH JO30BUMH HAaBaHTAKCHHSIMHU.

PAJIUAIIMOHHASA CTOUKOCTb CIIUHTHJIJIATOPOB HA OCHOBE NOJIMCHUJIOKCAHA
ILH. ’Kmypun, /I.A. Enucees, B./l. Anexcees, O.B. Enuceesa, I0.A. I'ypkanenko, B.®. Ilonos

[Momy4eHs! CHUHTHILIATOPHI Ha MTOJIMCHIIOKCAHOBBIX OCHOBAX, COIEPXKAIINX B CBOEM COCTAaBE Pa3HOE KOJIMIECTBO
apoMaTHYeCKUX XpOMO(MOPHBIX TIpymi. B KadecTBe aKTHBaTOPOB HCIIONB30BAHO 2,5-IM(EHMIOKCA30 M €ro
IKWIIPOU3BOAHOE. M3ydeHbl ONTHYECKWE W CHUHTHUIIMOHHBIE CBOWCTBA IIOMYYECHHBIX ITOJHCHIOKCAHOBBIX
CIMHTHJUIITOPOB, ONpE/eNeHa UX PaAnallMoOHHasi CTOMKOCTh. OLieHeHa MepCIeKTHBA UCIIONB30BaHs MaTepuana B
MOJISIX ¢ OONBIIMUMH 1030BBIMH Harpy3KaMH.
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