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The new radiation-hard plastic scintillators
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New mechanically strong compositions of radiation-hard plastic scintillators with diffu-
sion enhancers and primary dopants with the large Stokes shift are proposed. The new PS
has 3 times greater radiation hardness in comparison with the analogues. In order to
impart the mechanical strength, the PS are produced on spatially cross-linked polystyrene
base.

Keywords:plastic scintillators, diffusion enhancers, radiation hardness, cross-linked
polystyrene.

IIpensosxensl HOBbIE, MEXAHUYECKU IIPOYHBIE COCTABBI PALUAIMOHHO-CTOMKHX ILIACTMAC-
COBBIX CIUHTUJLIATOPOB ¢ YCHIHUTEJAAMU AUPPYSUH N IEePBUYHBIMU AO0GABKAMU ¢ OGOJBIINM
casurom Crorca. Hoswie IIC umeror B 8 pasa 00JbIIVIO PASHALIOHHYIO CTOMKOCTL IIO CPaB-
HeHnO ¢ aHajgoramu. C [elpio OpuUIaHuA MexXaHumvecKoil mpounoctu IIC umarororiieHnl Ha
OCHOBE IIPOCTPAHCTBEHHO-CIINTOrO IIOJUCTHIPOJIA.

HoBi papianmiiino criiiki miacrtmMacoBi CcHUHTHAATOPH 3 mocuwioBavamu audysii rTa
noxigaumu 3-rigpokcudirasony.

3anpoIIOHOBAHO HOBi, MexaHiuHo MinHi cKaagm pagiamiiHO-CTINKMUX MIJIACTMACOBUX CI[MH-
TUAATOPiB 3 migzcuamoBavamu audysii 1 mepBuHHUMH mobaBKaMu 3 BEJIUKHM SMIIeHHAM
Crorca. Hosi IIC marors y 3 pasu Ginpiny pagianiiiny crilikicrs y mopiBHAHHI 3 aHAJIOraMu.
3 metror HamaHHA (3abesmeuenHs) mexaniunol mimuocti, IIC BuroTosieHi Ha ocHOBI mMpocTo-

© 2016 — STC "Institute for Single Crystals”

POBO-3IIUTOrO HOJICTUPOIY.

1. Introduction

The present article continues the series
of the works devoted to creation of plastic
scintillators (PS) with the increased radia-
tion hardness [1-3]. In the works [4, 5] it
was shown that in order to increase the radia-
tion hardness of PS ternary composition (lumi-
nescent polymer + primary (LD1) and secon-
dary (LD2) luminescent dopants) it is neces-
sary to input 20-30 wt.% of liquid substances,
so-called diffusion enhancers (DE).

The radiation hardness is convenient to

characterize by the magnitude of the radia-
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tion dose under influence of which the
given PS light output is halved. This dose is
also called the light output attenuation
half-dose and it is signed as D; 5. To allow
comparison, radiation hardness measure-
ments are performed with PS samples with
cylinder shape of 30 to 16 mm in diameter
and of 10 mm in height.

For the typical PS brand UPS-98RH with
20 wt.% of DE, the dose D/, is 5.1 Mrad,
which is in 4 times higher than the com-
mercial PS without DE ternary composition
marks SCSN-81T, BC-408 and UPS923A [5].
However the PS with DE have the low me-
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Table 1. Compositions of PS based on polystyrene (wt.%), their microhardness (HV, MPa), light
yield before (L;, %) and after irradiation with dose of 8.8 Mrad (L, %), light yield ratio
(L/Ly, %) and light yield attenuation half-dose (D1/2, Mrad)

No. of Diffusion Cross-linking Primary Secondary HYV, Lo, % |L, % (D =|L/Lo,| D12,
PS enhancer agent luminescent luminescent MPa (D= |[8.3 Mrad)| % |Mrad
sample dopant dopant 0 Mrad)
1334 25 % IPDP |15 % DPDMA 2 % PBD 0.1 % POPOP 72 65 46 70 6.4
1339 25 % IPN |15 % DPDMA 2 % PBD 0.1 % POPOP 78 76 51 67 5.7
1350 25 % MN |15 % DPDMA 2 % PBD 0.1 % POPOP 67 63 43 69 6.2
1360 25 % BMN |15 % DPDMA 2 % PBD 0.1 % POPOP 70 46 31 68 5.9
1399 25 % IPDP 5 % DVDP 2 % PBD 0.1 % POPOP | 107 49 36 73 7.3
1400 25 % IPDP 8 % DVDP 2 % PBD 0.1 % POPOP | 149 45 32 71 6.7
1402 (25 % p-xylene| 3 % DVDP 2 % PBD 0.1 % POPOP | 105 80 63 79 9.7
1404 (25 % p-xylene| 8 % DVDP 2 % PBD 0.1 % POPOP | 139 61 46 75 8.0
1452 - - 2 % 3HF - 122 64 49 76 8.3
1456 - - 2 % BP-3HF - 121 68 55 81 | 10.9
1457 - - 2 % F-3HF - 120 68 52 77 8.8
1458 25 % IPDP 8 % DVDP |1.5 % BP-3HF - 148 66 57 87 | 16.4
1459 25 % IPDP 8% DVDP 1.5 % F-3HF - 147 60 56 94 | 37.0
1460 25 % IPDP 8% DVDP 2 % p-TP 0.1 % BP-3HF| 149 63 38 61 4.6
1461 25 % IPDP 8 % DVDP 2 % p-TP 0.1 % F-3HF 148 55 34 62 4.8
1462 25 % IPDP 8 % DVDP 2 % p-TP 0.1 % POPOP | 147 51 33 65 5.3
UPS923A] - - 2 % p-TP 0.1 % POPOP | 122 100 51 51 3.0

chanical strength (the microhardness by Vick-
ers HV is in the range from 8 to 15 MPa) [1],
that considerably complicates cutting and pol-
ishing of scintillating material and can lead
to gradual change in the PS shape.

In [1, 2] it was proposed to increase the
mechanical strength of PS material with dif-
ferent diffusion enhancers by creating the
cross-linked structure in its polymeric ma-
trix. Thus, in the work [1] PS on the base of
cross-linked polystyrene, which contained
25 wt.% isopropylnaphtalene (IPN) as the
diffusion enhancer, and 15 wt.% 4.4-bis-
methylene-2-methacrylate-biphenyl (BPBMA)
as the cross-linking agent, was obtained, that
allowed to increase the PS material microhard-
ness HV up to 78 MPa. Wherein the PS light
yield decreased to L = 76 % relatively to not
cross-linked PS with the same composition. In
[2] cross-linked PS with the higher mechani-
cal strength (HV = 105 MPa) and the higher
light output (L = 80 %) was obtained. In this
PS 38 wt.% of 4.4'-bivinylbiphenyl (BVBP)
was used as the cross-linking agent, and
25 wt.% para-xylene — as the diffusion
enhancer. As it will be shown below, the
attenuation half-dose of this PS amounts
D]./Z =9.7 Mrad.

In the work [3] investigation of the ra-
diation hardness of PS with binary (base +
LD1) and ternary compositions (base + LD1
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+ LD2), where 3-hydroxyflavone derivatives
with the large Stokes shift were used as the
radiating dopant, was performed. In the
work it is shown, that PS with the binary
composition with 8-hydroxyflavone deriva-
tives have the higher radiation hardness
relatively to PS with ternary composition.
PS with the binary composition with
2 wt.% BP-3HF have the highest attenu-
ation half-dose (Dl/z =10.9 Mrad).

In the present work investigations to PS
with the increased radiation hardness creat-
ing were continued. As it was noticed be-
fore, two ways of PS radiation hardness in-
crease are known. The first is based on dif-
fusion enhancers input into PS composition
[1, 2, 4, 5], the second — on use of scintil-
lation dopants with the large Stokes shift
[3, 6]. The idea of the present work is com-
bination of these two ways. As the result,
realization of this idea has leaded to crea-
tion of the new, radiation-hard and me-
chanically strong PS with diffusion en-
hancers and with 3-hydroxyflavone deriva-
tives (3HF), which have the large Stokes
shift. Besides the new PS properties stud-
ies, also in the present work measurements
of the radiation hardness of the cross-linked
PS with diffusion enhancers, obtained by us
in [1, 2], are performed.
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Table 2a. Chemical names, abbreviations and structural formulas of diffusion enhancers and cross-

linking agents, used for PS obtaining

Compound (abbreviation)

Structural formula

4-Isopropylbiphenyl (IPBP)

CH;

H—cC

CH;

:

1-Isopropylnaphthalene (IPN)

HsC——C——CH;

1-Methylnaphthalene (MN)

1,6-Dimethylnaphthalene (BMN)

1,4-Dimethylbenzene (p-xylene)

4.4’ Bis-methylene-2-methacrylate-biphenyl (BPBMA)

4,4'-Divinylbiphenyl (BVBP)

OO

2. Experimental

2.1 PS fabrication.

The PS samples were obtained by the
process of copolymerization of styrene with
the cross-linking agent 4.4’-bivinylbiphenyl
(BVBP) with presence of the polymerization
initiator 2.2’-azobisisobutyronitrile (AIBN)
and one of diffusion enhancers. Cross-link-
ing agent (BVBP) content in different sam-
ples varied from 3 to 10 wt.%. Wherein
another additives amounted: as diffusion
enhancer — 25 wt.%, the polymerization
initiator (AIBN) — 0.02 wt.%, the primary
luminescent dopant (LD1) — 2 wt.%, as
secondary luminescent dopant (LD2) —
0.1 wt.%-.

The prepared reaction mixtures were
placed into glass vials with diameter 20 mm
and dissolved at the temperature of 65°C.
The reaction mixtures were saturated with
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argon for 15 min, for oxygen traces delet-
ing, then the vials were sealed and placed
into a thermostat at the temperature of
70°C. Polymerization was performed by the
stepping temperature growth to 150°C for
150 h with following cooling at the rate of
5°C per hour. Then the vials were broken
and PS workpieces were obtained, of which
the samples with the shape of the polished
cylinders with diameter of 16 and height of
10 mm were fabricated.

In Table 1 the compositions of all the
studied PS samples (wt.%), their micro-
hardness (HV, MPa), light yield before (L)
and after irradiation with the dose of
8.8 Mrad (L) and light yield attenuation
half-dose (D;,5, Mrad) are presented. The
sign "—" says about absence of a certain
additive in the PS composition.

The structural formulas and abbrevia-
tions of all the chemical substances, used

Functional materials, 23, 4, 2016
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Table 2b. Chemical names, abbreviations, and structural formulas and of scintillation dopants, used

for PS obtaining

Compound (abbreviation)

Structural formula

— —\ Ei 1 =
2-(4-Biphenylyl)-5-phenyl-1,3,4-oxadiazole (PBD) & /}/}—Q /;;J\O Yy p
N Y \}\_’/ \}_,;

3 -Hydroxyflavone (3HF)

(BP-3HF)

2-([1,1°-Biphenyl]-4-yl)-3-hydroxy-4H-chromen-4-one

2-(4-Fluorphenyl)-3-hydroxy-
4H-chromen-4-one (F-3HF)

Para-terphenyl (p-TP)

2,2'-(1,4-Phenylene)bis-
(5-phenyl-1,3-oxazole) (POPOP)

for PS production, are shown in Table 2a
and 2b.

In Table 1, the PS samples with the new
compositions are shown with the numbers
1458-1462. The PS samples No. 1334,
1339, 1350, 1360 were obtained in the work
[1], the PS No. 1399, 1400, 1402, 1404 —
in [2] and the PS No. 1452, 1456, 1457 —
in [3]. In these studies preparation methods,
compositions, mechanical and scintillation
properties of these PS are detailed.

2.2 The measurement methods.

The PS samples microhardness was deter-
mined by the Vickers method with a micro-
hardnessmeter PMT-3 (Russian Federation).

The light yield was measured with the
scintillation spectrometer, adapted to the
CAMAC standard. A signal from the
photomultiplier tube Hamamatsu R1307
was fed to the input of the charge digital
converter QDC LeCroy 2249A. The PS light
yield was determined by the peak of
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monoenergetic electrons with the energy of
975 keV from the radioisotope electron
source Bi-207. For scintillation flash regis-
tration of the PS with the radiation maxi-
mum, located in the blue and green spectral
range, PMT Hamamatsu R669 with the pho-
tocathode, which has the spectral sensitivity
extended to the red spectral range, was
used. The PS light yield was measured rela-
tively to the "standard” PS sample UPS-
923A, made on the base of linear polysty-
rene without fillers, containing two lumi-
nescent additives (2 % paraterphenyl and
0.1 % POPOP) [7].

For radiation-hardness measurement, the
PS samples were subjected to gamma-radia-
tion influence of Co0-60 radionuclide with
the dose rate of 47 rad/min in the air me-
dium under the temperature of 18°C. The
light yield of the irradiated PS samples was
measured immediately after reach of the
needed irradiation dose.
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The light yield attenuation half-dose
(D1/9, Mrad) was calculated from obtained
experimental data by with formula [8]:

L = Lyexp(aD), (1)

where L and Ly — the PS sample light yield
before and after irradiation, o — the degra-
dation constant (Mrad™!), D — irradiation
dose (Mrad).

Since the attenuation half-dose D,y is
determined at L/Ly = 1/2, so from equation
(1) it results:

Dy, = (In2)/ .. (2)

At this value, the degradation constant
o is calculated by approximation of the ex-
perimental data with formula (1).

3. Results and discussion

3.1 Microhardness and light yield.

From Table 1 it is seen, if DVDP is used
as the cross-linking agent, the PS with dif-
ferent diffusion enhancers have the high
microhardness from 107 to 148 MPa, what
is comparable with the PS without diffusion
enhancer (HV = 122 MPa). Wherein, while
the cross-linking agent is added, the light
yields of the PS with different DE decrease
not similarly and are located from 45 % to
76 % relatively to the PS type UPS-923A
with standard ternary composition. In this
range it is located the light yield of the PS
with binary composition without the diffu-
sion enhancer, which contain 3-HF or its
derivatives as the scintillation dopant.

3.2 Radiation hardness.

Investigation results of the PS radiation
hardness are shown in Table 1. Also, for
comparison convenience, in Fig. 1. the light
yield attenuation half-dose values of the PS
samples, presented in Table 1, are shown. A
group of the new radiation-hard cross-linked
PS with diffusion enhancers and one lumines-
cent dopant with the large Stokes shift (3HF
derivatives) is signed in this figure as DE +
3HF. The PS light yield measurements were
performed immediately after their irradiation.

It is seen from presented in Fig. 1 and
Table 1 data, the group CL+DE of the cross-
linked PS with LD1 and LD2 and the diffu-
sion enhancer has the half-doses D 5 in the
range from 4.6 to 9.7 Mrad. The attenu-
ation half-dose of the not cross-linked PS
with the diffusion enhancer mark UPS-
98RH is equal to the value Dy, = 5.1 Mrad
[5], i.e. it is located in the same range. This
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Fig. 1. Light yield attenuation half-dose of
the PS samples, listed in Table 1: CL+DE —
cross-linked PS with LD1 and LD2 and diffu-
sion enhancers (DE); DE+3HF — new cross-
linked PS with DE and single LD with the
high Stokes shift (3HF derivatives); R-3HF
— linear PS with single DE with the high
Stokes shift (8HF derivatives). Light yield
measurements are performed immediately
after irradiation.

is an expected result, which confirms, that
polystyrene matrix cross-linking does not
significantly affect to the radiation hardness
of the PS with diffusion enhancers [1, 2].

Also, it is seen in Fig. 1 and Table 1, the
group R-8HF of the linear PS with the bi-
nary composition, in which 8HF-derivatives
with the large Stokes shift are used as the
luminescent dopant, has the attenuation
half-dose in the range from 8.3 to
10.9 Mrad. This corresponds to some higher
radiation hardness relatively to the previous
group CL+DE DE of the cross-linked PS
with diffusion enhancers.

How it is seen from Fig. 1, the group
DE+3HF of new cross-linked PS with diffu-
sion enhancers 3HF derivatives with high
Stokes shift (Table 1, PS No. 1458 and
1459) demonstrates the extremely high ra-
diation hardness. The light yield attenu-
ation half-doses D;,9 of these PS are equal
16.4 and 37 Mrad, respectively. Thus, the
new type of PS, which contains 25 % IPDP,
8 % DVDP and 1.5 % F-3HF (Table 1, PS
No. 1459), has the radiation hardness in
7.3 times higher, then the PS of mark UPS-
98RH [5] and in 3.4 times higher, then the
PS with binary composition with the lumines-
cent dopant BP-38HF (Table 1, PS No. 1456).

Light yield regeneration of irradiated
PS. Light yield regeneration of irradiated
PS is well known. In [4, 5, 7] it was shown,
that PS light yield gradually regenerates in
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Table 3. Relative light yield (L/Ly, %) and light yield attenuation half-dose (Dl/z, Mrad),
measured immediately and 2 months after irradiation of the PS with dose of 3.3 Mrad

No. of PS sample” L/Ly, % L/Ly, % 2 months D1/2’ Mrad D1/2, Mrad

immediately immediately 2 'months
1452 76 86 8.3 15.7
1453 79 90 10.0 22.8
1454 61 81 4.6 11.0
1455 74 80 7.5 10.2
1456 81 89 10.9 19.5
1457 77 84 8.8 13.2
1458 87 91.8 16.4 26.7
1459 94 95.8 37.0 52.9
1460 61 90.3 4.6 22.5
1461 62 90.5 4.8 22.9
1462 65 94.0 5.3 37.0

* The PS compositions: 1452 — 2 % 3HF; 1458 — 2 % naphtalene-3HF; 1454 — 2 % 2-methyl-3HF;
1455 — 2 % CHF3-3HF; 1456 — 2 % BP-8HF; 1457 — 2 % F-3HF. The rest — polysterene [3]. The
PS compositions No. 1458-1462 are presented in Table 1.

the air or another gas medium, containing
oxygen. Light yield regeneration proceeds
due to oxygen diffusion into the PS volume.
However full regeneration does not occur,
even after long time, when all the volume
becomes to be filled with oxygen. Wherein,
regeneration of PS with diffusion enhancers
proceeds much faster.

In Table 3 and Fig. 2 the relative light
yield and light yield attenuation half-dose
values of the PS samples, irradiated with
dose of 3.3 Mrad and measured immediately
(light bars) and two months after the irradia-
tion (dark bars) are presented.

In Table 3 and Fig. 2 it is seen, the light
yield of all PS has significantly regenerated
for two months after irradiation. The light
yield of the PS with the ternary composi-
tion with a diffusion enhancer has regener-
ated especially well. Thus, the L/L, values
of the PS 1460, 1461, 1462 immediately
after irradiation were low, and amounted of
61, 62, 65 %, but for two months after the
irradiation, they have regenerated to 90.3,
90.5, and 94.0 %, respectively. It is seen,
the PS with the binary composition (group
R-3HF) demonstrate lower light yield regen-
eration to L/Ly <90 %. The PS with the
new composition with DE and F-3HF (Fig.
2, the PS 1459) demonstrates the highest
radiation hardness with the regeneration ef-
fect accounting. Its L/Ly ratio for two
months delay since the irradiation, has
amounted the record value 95.8 %, and the
light yield attenuation half-dose D, has
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Fig. 2. Light yield attenuation half-doses of
the PS samples, irradiated with dose of
3.3 Mrad and measured immediately after ir-
radiation (light bars) and 2 months after ir-
radiation (dark bars). The PS groups symbols
are similar with Fig. 1.

growth to 52.9 Mrad. That is in 2.8 times
more, than PS with the binary composition
with Naphtalene-8HF (Table 3, Fig. 2, the PS
1453) and in 1.4 times more, than the PS
with diffusion enhancers (Table 3, Fig. 2, the
PS 1462).

3.3 The new PS light yield after irradia-
tion with dose of 100 Mrad.

Let us estimate, how the radiation hard-
ness of the proposed in this article PS meets
modern requirements, and whether this PS
can be used in the detectors, which are in-
stalled on the LHC beam (CERN, Switzer-
land). It is known, the total radiation effect
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Fig. 3. Extrapolation dependence of light
vield ratio (L/Ly) of the cross-linked PS with
DE and F-3HF (Table 1, PS 1459) on irradia-
tion dose in range from 3.3 Mrad to
100 Mrad. Extrapolation of data, obtained
immediately after irradiation with dose of
3.3 Mrad (the lower curve), end after
2 months since irradiation (the higher curve).

on the closest to the beam PS can reach
10 Mrad for 10 years of CMS detector ex-
ploitation [9]. After the planned upgrade in
2016-2018 years the LHC beam the protons
energy will double, and the luminosity will
increase on the order [10]. Accordingly, the
total dose of irradiation on mounted parti-
cle detectors will increase on the order.

In the current work, the PS radiation
hardness was measured by the accelerated
method, at which the PS irradiation dose
amounted of 3.3 Mrad. So, for estimation
of the relative light yield L/Ly at the dose
of 100 Mrad, the extrapolation method was
applied, using the expression (1). In Fig. 3,
two curves are shown, one of them is the
extrapolation result of data, obtained imme-
diately after irradiation with dose of
3.8 Mrad, and another — after 2 months
since the irradiation. The extrapolation re-
sults show, after irradiation with the dose
of 100 Mrad, the new PS (Table 1, the PS
1459) will have the light yield, equal to
14 % of the initial light yield without re-
covery effect account, and 27 % with recov-
ery effect account.
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4. Conclusions

Thus, accordingly to the previous estima-
tions, at the irradiation dose of 100 Mrad,
the light yield of the cross-linked PS with
25 wt.% DE and 1.5 wt.% F-3HF will
amount 14 % and 27 % without and with
recovery effect account, respectively. This
is the good result, meeting the require-
ments, presented above. However, the inves-
tigations of the given PS radiation hardness
must be continued at the irradiation dose
about 100 Mrad, to decrease errors, occur-
ring at using of the accelerated investiga-
tion methods.

Moreover, it is necessary to study the
radiation hardness of wavelength shifting
fiber, which will be used for signal reading
from tiles, made of the new scintillation
material. For this purpose the plastic fiber
0-2(100) can be used [11]
(http://kuraraypsf.jp/psf/ws.html), the ab-
sorption specter of which (max 535 nm)
well matches with the new PS emission
maximum, located on wavelength 530 nm.
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