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with the high light yield
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A fast plastic scintillator (PS) on combined base, consisting of 60 wt.% polystyrene
and 40 wt.% N-tolylcarbazole, is presented. Relatively to known fast PS, in which lumi-
nescence quenching method is used to reduce the rise time, the new PS has both as the
short scintillation flash rise time (o6 = 167 ps), as the high light yield 11040 photon/MeV
(79 % relatively to anthracene). Such unique combination of the parameters is reached by
introduction, into the PS composition, N-tolylcarbazole — a dopant with the strong
electron-donating properties and the low ionization potential.
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IIpencrasien GoicTphiil miracTmaccoBbiil cuuHTIILAATOP (IIC) Ha KOMOMHMPOBAHHOI OCHO-
Be, coctoamel 60 mac.% moauctuposna u 40 mac.% N-toamarapbasona. Ilo cpaBHeHMIO ¢
u3BecTHBIMU OBICTPHIMU [IC, B KOTOPBIX JJIA YMEHBIIeHWS BpeMeHU HapacTaHUS UCIIOJb3Y-
IOTCA CITOCcOOBI TYIIeHUs JIOMHHeCIeHIIn, HOBbIMT IIC mMeer Kak Majioe BpeMs HapacTaHU
CHUMHTUJAANMOHHON BenblmKku (6 = 167 1mc), Tak u 6Goabioit cBeToBbixon 11040 d¢oro-
HoB/M3B (79 % orHocuTenpHO aHTparieHa). Taxoe YHHKAJIbHOE COUETAHHE IIAPAMETPOB JIO-
cTUruyTo Ojaromapsa Beegennio B coctaB IIC NN-rommnaxapbazona — J00aBKM ¢ APKO BLIpA-
JKEHHBIMU 3JIEKTPOH-TOHOPHBIMU CBOMCTBAMM W HUBKUM ITOTEHIIMAJIOM WOHUBAIIUU.

MMeugkuii MIaCTMACOBHH CIWHTUJASTOP 3 BHCOKUM CBiTaoBixomom. Mwmypin II.M.,
Eaicees JJ.A., Jlebedes B.M., Ilepeiimarx B.M., Ceidno O.B., Beavmoxncrna O.C.

IIpencrasaeno mBuaAKUil naactmacoBuil ciuntuaaTop (IIC) Ha KomGimoBaHiil ocHOBi, 10
craagaerbesa 3 60 mac.% mnoaictmpony i 40 mac.% N-toxinkapbasony. V¥V mnopisrasaH] 3
Bigomumu mBugkumMy [IC, B AKUX AJs 3MEHIIeHHS Yacy HAPOCTAHHA BUKOPUCTOBYIOTBHCH
criocobu racinud amomiHecieniii, moBuii IIC Mae AK Maauil yac HAPOCTAHHSA CIUHTUIAMINHO-
ro cmamaxy (o= 167 uc), tak i Bucoruii ceirmosuii Buxixm 11040 doromis/MeB (79 %
BigHocHo auTpaneny). Take yHikaJIbHe TTOeTHAHHSA IapaMeTpPiB AOCATHYTO 3aBASKU BBEIEHHIO
xo crxaany IIC N-roainkxapGasony — noGaBKU 3 ACKPABO BHPAMEHUMHU €JeKTPOHOMLOHOPHUMU
BJACTUBOCTAMHU 1 HUSbKHM IIOTeHIIiasoM ioHisarii.
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1. Introduction

In experimental nuclear and elementary
particle physics, fast plastic scintillators
(PS), which have the shorter scintillation
flash rise time relatively to the general-pur-
pose PS of type UPS-923A. This polystyrene
based PS contains 2 wt.% para-terphenyl
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(p-TP) and 0.1 wt.% 2,2’-(1,4-phenylene)bis-
(5-phenyl-1,3-oxazole) (POPOP) and has the
scintillation flash rise time on amplitude level
from 0.1 to0 0.9 ¢,;,, = 1.1 ns, and decay time
~ 8 ns and light yield of 57 % relatively to
antracene [1, 2].

Fast PS are obtained by acceleration of
the emission process, what is reached either
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by inecrease of primary dye (acceptor) con-
tent or by add of special luminescence
quenchers into the PS composition. In the
first case, concentration quenching of acti-
vator excited states emission originates, in
the second — partial radiationless deactiva-
tion of this states by the quenching dye
molecules. The main drawback of these
methods is significant decrease of the scin-
tillation flash intensity, what decreases the
temporal precision and complicates experi-
mental technique. Thus, fast PS of mark
EG-232 (another name NE111, BC422) [3,
4] on polyvinyltoluene base (PVT) with in-
creased activator content (5.0 wt.% 2-
phenyl-5(4-biphenylyl)-1,3,4-oxadiazole
(PBD)) has the scintillation flash rise time,
in the amplitude range from 0.1 to 0.9, of
0.35 ns and the decreased scintillation effi-
ciency of 55 % relatively to antracene, that
is less than the general-purpose PS of type
BC-408 or EJ-200 (SE = 67 % relatively to
antracene) [5—7].

The fast PS of mark EJ-232Q (BC422Q)
additionally contents 0.5 wt.% benzophe-
none as a quencher [8, 9], that allows to
decrease the rise time to 0.11 ns, but
wherein the light yield decreases to 19 %
relatively to antracene and the PS material
transparency sharply decreases [10].

In the work [11] the first method to im-
prove the PS temporal properties without
light yield loss is presented. This method is
to accelerate the acceptor excited states for-
mation process by increase of the charge
carriers’ mobility in the polymeric matrix,
but not by shortening of the emission proc-
ess by its quenching.

For realization of this method, the
authors used the percolation theory, which
is widely used for description of conductiv-
ity of disordered media. Respectively to this
theory, medium becomes to be conductive,
when the charge carriers’ concentration ex-
ceeds the certain threshold value, which is
called the percolation threshold [12].
Wherein, the charge donor concentration
percolation threshold exceeds the value of
several tens percent. As the charge donor,
the authors introduced, into PS composi-
tion, up to 40 wt.% triphenylamine (TPA),
which contains nitrogen in the tertiary
state, that makes it a substance with the
strong electron-donating properties.
Wherein, the polymeric matrix, modified
with TPA, acquires the properties of p-type
semiconductor [183-18]. At so high TPA con-
tent, the mobility of primary electron-hole
pairs, created by an ionizing particle, sig-
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Table 1. Solubility of carbazole derivatives
in styrene and polystyrene

Substances Solubility, o(wt.%)
Styrene, | Styrene, |Polystyrene
20°C 70°C
Phenylcarbazole 8 40 35
Tolylcarbazole 10 50 45

& N
50 5O

Phenylcarbazole Tolylcarbazole

Fig. 1. Structural schemes of phenylcarbazole
and tolylcarbazole.

nificantly increases, that leads to acceler-
ated charge recombination, so to decrease of
the scintillation flash rise time. The ob-
tained PS on polystyrene base with 40 wt.%
TPA [11] has the scintillation pulse rise
time of 0.5 ns (in the amplitude range from
0.1 to 0.9) and 15 % higher scintillation
efficiency relatively to the general purpose
PS UPS-923A [19].

The aim of this work is further improve-
ment in the properties of the fast PS on
polystyrene base, modified by substances
with the electron-donating properties.

2. Experimental

As substances with the electron-donating
properties, which contain nitrogen in terti-
ary state, carbazole derivatives — phenyl-
carbazole and tolylcarbazole (9-p-tolyl-9H-
carbazole (p-TCz)) (Table 1) were used in the
present work.

As it can be seen in Table 1, phenylcar-
bazole and tolylcarbazole have solubility in
polystyrene of 35 and 45 wt.%, respec-
tively. However, as it has been found in
studies, the properties of PS with content
of 35 wt.% phenylcarbazole are worse, than
with 40 wt.% TPA. Therefore, further re-
sults will be discussed regarding preparing
and properties of the PS with tolylcarbazole
(Fig. 1).

Synthesis of 9-p-tolyl-9H-carbazole
(p-tolylcarbazole, p-TCz) is was performed
under according to the scheme, showed in
Fig. 2.

90 g (0.413 mole) iodotoluene, 69 g
(0.413 mole) carbazole, 70 g (0.5 mole) pot-
ash, 5 g copper powder and 1 g phenan-
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NH + IOCHs

¥

Fig. 2. Scheme of 9-p-tolyl-9H-carbazole synthesis.

throline were placed into a flask with the
volume of 0.25 1. The reaction mixture was
heated to 200°C and kept at this tempera-
ture for 20 h. After cooling, the reaction
mixture was placed into a glass with 500 ml
of hot water, thoroughly mixed, filtered
and washed on a filter with hot water. Pre-
cipitate on the filter was pretty pressed,
washed with some amount of cold hexane,
and then was dried in air at the room tem-
perature.

Purification was performed by double
chromatography on aluminum oxide (elu-
ents — cyclohexane and hexane) with fol-
lowing recrystallization from hexane. Out-
put was 76 g colorless crystals, T
85°C.

In Fig. 38, excitation and luminescence
spectra of 40 wt.% tolylcarbazole in poly-
styrene are presented. The sample thickness
is of 3 mm.

In Fig. 8 it is seen, tolylcarbazole is ef-
fectively excited through the polystyrene
base, that confirms by existence of an exci-
tation band in the range from 260 to
270 ns, coinciding the absorption band of
polystyrene. The luminescence band of the
composition is located in the range of 240—
390 nm and has the maximum at the wave-
length of 860 nm. This allows to use, as the
activator (primary dye), a well-known scin-
tillation dye  2,2’-(1,4-phenylene)bis-(5-
phenyl-1,3-oxazole) (POPOP), the absorption
band of which has the maximum at the
wavelength of 860 nm [20]. Taking into ac-
count these spectral data, the following
composition of the new PS has been deter-
mined: 59 wt.% styrene, 40 wt.% N-tolyl-
carbazole (TCz), and 1 wt.% POPOP. As it
is seen in Table 1, N-tolylcarbazole content
is close to the maximum, and POPOP con-
tent is common for primary dopants and
amounts of 1 wt.% [21].

The PS samples were obtained by the
known method of thermal polymerization
with the following mechanical tooling.

Into a heat-resistant glass ampoule of
18 mm in diameter 40 wt.% (64 g) tolylcar-

melt —
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Fig. 3. Excitation and luminescence spectra

of a 40 wt.% tolylcarbazole in polystyrene
sample. The sample thickness is of 8 mm.

bazole and 1 wt.% (1.6 g) POPOP were put
and styrene was added to reaching the gen-
eral mass of 160 g. For full dissolution of
the dyes, the ampoule was heated to 78°C
and saturated with argon for 6 min. Then
this ampoule was sealed, placed into a
thermostat and retained at the temperature
of 155°C for 96 h. Then the thermostat was
cooled with the rate of 5°C/h to 40°C, the
ampoule was removed, cooled to the room
temperature, and then a PS bar was ob-
tained.

Prepared polished PS samples in the
form of cylinders of 16 mm in diameter and
10 mm in thickness for light yield measure-
ments, and the PS samples in the form of
disks of 10 mm in diameter and 0.5 mm in
thickness for temporal measurements were
obtained by mechanical tooling.

For measurement of the PS samples light
yield, spectrometric setup, designed in the
CAMAC standard, was used. For registra-
tion of the scintillation flash from the PS,
a photomultiplier tube Hamamatsu R1307
was used. The PMT anode signal was simul-
taneously fed to the leading edge discrimi-
nator (LED) input and through the delay
line to charge-digital converter Lecroy
2249A (QDC). The generated pulse from the
LED output with the duration of 200 ns
was fed to QDC gate input and to controller

Functional materials, 23, 3, 2016
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Fig. 4. Instrumental response spectrum (dots)

and curve of experimental data fitting with the
Gauss function (solid line). 1 channel = 100 ps.

input, which generates the signal to record
the QDC code into IBM PC buffer through
LPT port.

For the PS samples excitation, a colli-
mated source Bi-207 with electron energy
E, = 0.975 MeV. The scintillator was in op-
tical contact with the PMT window. The re-
fraction index of the immersion liquid was
n=1.5.

The scintillation flash rise time was
measured by the photon counting method by
start-stop time-spectrometer with two fast
PMT Hamamatsu R9800 (the rise time was
of 0.9 ns, the transit time spread was of
0.27 ns). The collimated beam of beta-parti-
cles from the radioactive source Sr-90
passed through the thin studied PS sample
into the quartz Cherenkov detector, the sig-
nal from which was registered by one of the
PMT and formed the start pulse. The second
PMT worked in the single-photon regime
and registered photons from the studied PS
sample, which had the shape of the polished
disk 10 mm in diameter and 0.5 mm in
thickness.

The start and stop signals from the PMT
anodes were fed to the inputs of two-chan-
nel digital oscilloscope Rigol DS1302CA,
which was connected to IBM PC with USB-
port. Ratio of the stop signals to the start
signals during the measurement did not ex-
ceed 2 %.

Shapes of the start and stop signals in
the digital form were recorded from the os-
cilloscope buffer to the computer memory.
Then, the time interval between the start
and stop pulses was found with the special
program. Wherein constant time fraction
discrimination was performed at fraction
equal 0.5.
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Fig. 5. Experimental data spectra of new fast
PS with 40 wt.% TCz and standard UPS-
923A. 1 channel = 0.1 ns.

The instrument response resolution time
was found from the experimental time spec-
trum, obtained by change of the PS sample
to polymethylmethacrylate (PMMA) sample
with the same dimensions. PMMA doesn’t
scintillate, but while passing of the fast
electron, forms the short Cherenkov radia-
tion pulse. The instrumental time spectrum,
registered in such a way, is presented in
Fig. 4.

As a result of the instrument response
function (Fig. 4) fitting with the Gauss
function, it is found, that the width at the
half maximum of the instrument response
function is FWHM = 490 ps, 6 = 210 ps
and the rise time is #; ; .9 = 350 ps. There-
fore, the spectrometer allows to visually
distinguish the time spectra with the rise
time £y 1_g.9 > 850 ps (without instrument
resolution account).

3. Results and discussion

The experimental time spectra of the new
fast PS with 40 wt.% TCz and the standard
PS UPS-923A are presented in Fig. 5.

The registered pulses front edge fitting
(Fig. 5) by the piecewise linear interpolation
method results the pulse rise time of
t01_09 = 0.4 ns for the PS Wlth 40 Wt-O/O
TCz and t01_09 =1.1 ns for UPS-923A
(Table 2).

The experimental spectrum fitting (Fig. 6)
was performed by function

1 -7 [ T
I(t)—iAexp[ 902 ]exp{ Tdewy]d’t,

where 02 — the entire system pulse re-

1)

sponse dispersion, Tg.,, — decay time of
the excited state, results o = 0.167 ns, that
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Table 2. PS pulse rise time (¢ ;_y 9> 0) and lifetime, determined by front edge interpolation and
by fitting of experimental specters with function (1)

PS Experimental. Deconvolution FWHM, ns
19.1-0.9> 1S t0.1-0.9» 1S sigmaBZZA T, ns
ns
UPS-923A 1.1 0.8 2.51 0.49
40 % TPA 0.7 0.49 2.36 0.26
40 % TCz 0.4 0.282 2.08 0.167
I, a.u.
1.0 12001 81.5 1165
R '
| i ].'\_
08 1000 gl PS + 40%TCz
0.6 8001
1]
0.4} S 6001
8 g
02} 4001 [
L L 2001 /f
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Fig. 6. Result of experimental spectrum Channel

(Fig. 5) fitting with function (1).

respects to the rise time ¢4 1 g9 = 0.282 ns,
which is in 1.74 and 2.84 times faster, rela-
tively to the value for the PS with TPA
(t0.1-0.9 = 0.49 ns) and the standard UPS-
928A (t9.1_0.9 = 0.8 ns), respectively (Table
2). The decay time of the PS with TCz is
shorter than the decay time of UPS-923A, it
is associated with different POPOP content
in these PS. UPS-923A contains 0.02 wt. %
POPOP, and in the PS with 40 wt.% TCz,
concentration of POPOP is in 5 times more
and amounts of 1.0 wt.%.

In Fig. 7, the energy specters of elec-
trons from radionuclide Bi-207, registered
with PS with 40 wt.% TCz and standard
composition PS UPS-9283A are presented.
The light yield was determined by peak lo-
cation of monoenergetic electrons with the
energy value of 975 keV.

Fig. 7. Radionuclide Bi-207 electrons ener-
getic spectra, registered with PS with
40 wt.% TCz and standard composition PS
UPS-923A. The arrows point to locations of
electrons with energy of 975 keV.

It is seen in the presented in Fig. 7 ener-
getic spectra, the light yield of the new fast
PS with 40 wt.% TCz exceeds the light
yield of the standard PS of type UPS-923A
on 38 %. In Table 8 it is seen, that the
absolute light yields of the polystyrene base
PS UPS-923A, the PS with 40 wt.% TPA
and the new PS with 40 wt.% TCz amount
of 8000, 9700 and 1140 photon/MeV, re-
spectively.

Thus, the new PS with 40 wt.% TCz is
unique, because it has not only the short
scintillation flash rise time, but also the
record high light yield. Such PS light yield
values could not be reached to this time
both by combination of different activators

Table 3. Ionization potentials of tolylcarbazole (TCz), triphenylamine (TPA) and polystyrene
(PST), and relative and absolute light yield of PS with their base

Substance Ionization Rel. light yield of PS Abs. light yield of PS, photons/MeV
potential
TCz 5.6 1.38 (40 % TCz) 11040
TPA 6.4 1.22 (40 % TPA) 9760
PST 9.2 1.0 (UPS-923A) 8000
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and shifters in polyvinyltoluene or polysty-
rene base PS compositions, and by choice of
another bases.

How it was noticed, the short scintilla-
tion flash rise time in the new type PS is
reached by introduction of substances with
the strong electron-donating properties into
the PS composition in big quantities (up to
40 wt.%), that increases the charge carrier
mobility in polymeric medium and leads to
acceleration of scintillation process.

Wherein, the new type PS light yield in-
crease is associated with the low ionization
potential of the used electron-donating
dopants. Indeed, how it is seen in Table 3,
TCz has the lower ionization potential
(5.6 eV) relatively to triphenylamine (TPA)
and polysterene (PST) (6.8 and 9.2 eV, re-
spectively). This lowers the average ioniza-
tion potential of the tolylearbasole-polysty-
rene system and leads to increase of the
general quantity of generated in the ioniz-
ing particle track electron-hole pairs and,
consequently, to the PS light yield increase.

4. Conclusions

First [19,22], on the combined base
(polystyrene with 40 wt.% tolylcarbazole
fast PS with the short rise time (¢5 1 g9 =
0.282 ns) and the abnormally high for plas-
tic scintillators light yield (11040 pho-
tons/MeV or 79 % relatively to antracene)
was obtained. The high PS speed is provided
by the strong electron-donating properties
of TCz, and the high light yield — by its
low ionization potential. Wherein, the PS
speed and the light yield grow with elec-
tron-donating dopant content increase.

As the primary luminescent dopant, in
the presented PS, POPOP is used, the lumi-
nescence maximum of which is located at
the wavelength of 418 nm, that complies
with the spectral sensitivity of the most of
photomultiplier tubes (PMT).

Functional materials, 23, 3, 2016
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