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An activator is synthesized that could be dissolved up to 40 % in a polystyrene matrix
without precipitation of a single phase. Detailed studies of the spectral and scintillation
properties of plastic scintillators activated by the new activator have been carried out. It
is shown that while the concentration of the activator increases, the proportion of mole-
cules bound to the associates increases as well. When the activator concentration is higher
than 10 %, a slow component appears in the scintillation pulse as a result of triplet-triplet
annihilation. According to the shape of the scintillation pulse, it is established that the
lifetime of the triplet excited states in the new activator is about 10 ns, what is not
sufficient for obtaining a plastic scintillator with the effective neutron-gamma discrimina-
tion properties.
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CuHTEe3upPOBAaH aKTUBATOP, CIHOCOOHBIN PACTBOPATHCA B IIOJMCTHPOJILHON MATPUIE BILIOTH
10 40 % 0es BeimageHus orTxenbHOI (dasbl. IIpoBegeHBI AeTAJbHBIE HCCICIOBAHUA CIIEKT-
PaJIbHBIX U CUMHTUJJIAIMOHHBIX CBOWCTB IIOJUMEPHBIX OCHOB ILJIACTMACCOBOTO CIIMHTHUJIJISATO-
pa, aKTUBUPOBAHHBIX HOBBIM aKTuBaTopoMm. IlokasaHo, UTO IIPM YBEJIHUYEHUU KOHIEHTDPALUU
aKTUBAaTOpa PacTeT LOJA MOJIEKYJ, CBASAHHBIX B acconuarbl. IIpu JOCTHMKEHHU KOHIEHTPA-
uuu akruBatopa Bhimre 10 % B CHUMHTHIJIANUOHHOM HMIYJbCEe B CJHAEICTBUE TPUILIET-TPHU-
IJIETHOM AHHUTUJIALUY IIOABJIACTCA MeAJieHHAad KomioHeHTa. [lo dopMe CHMHTHUIIAIMOHHO-
ro MMIIyJbCa YCTAHOBJEHO, UTO BpeMs JKH3HU TPUILIETHBIX BO3OYMKJIEHHBIX COCTOSHUI B
HOBOM aKTuBarTope cocrapisder oxouo 10 Hc, uro HemocrarouHo juad nogyuenus IIC ¢ Bos-
MOYKHOCTBEIO 9(h(IEeKTHBHOI0 HEUTPOH-raMMa pasaeleHusd.

HocaigkeHHA CHUHTUIALNIAHMX BJACTHMBOCTEH ILIACTMACOBOr0 CIHUHTIIATOPA Ha
ocnoBi aaximnoxiguoro 2,5-giapmaoxcapiazony. II.M.Hmypin, [J.A.€aicees, O.B.€aiceesa,
B.M.Ilepeiimar, JOA.I'ypranenro.

CHHTE30BAHO aKTUBATOD, 3AATHUN POSUMHATHCA y IOJicTUpoabHii marpuui mo 40 % 0Ges
BUIagaHHA oKpemol (asu. IIposemeHo meranbHiI JOCHiIXEHHS CIEKTPAJBHUX Ta CIUHTU-
JAAMIAHUX BJIACTUBOCTEH IIJIaCTMACOBUX CIUHTUJISATOPIB, aKTHUBOBAHMX HOBUM aKTHBATOPOM.
ITokasano, 110 npu 36iJAblIeHH]I KOHIIEHTPAIll aKkTHBATOPA 3POCTAE YACTKA MOJEKYJ, 3B dA3a-
HUX B acomiaru. A mpu gocArHeHHI KoHueHrpaunil akruparopa suine 10 % y CHuMHTHIAILN-
HOMY iMIIyJbci BHACHIZOK TpUILIET-TPHUILIETHOI aHirinAmil 3’ABideTbCsa MMOBiIbHA KOMIIOHEH-
Ta. 3a POPMOI0 CIIMHTHUIALINHOrO iMIIy/JIbCY BCTAHOBJIEHO, IO YAC JKUTTA TPUIJIETHUX 30y-
JKEeHMX CTaHIB y HOBOMY aKTHBATOPi craHoBuThb Oius3bko 10 He, 110 HEZOCTATHBO A
orpumanusa IIC 3 moxauBicTioO e)eKTUBHOIO HEUTPOH-TAMMA PO3TiJEeHHS.
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1. Introduction

Plastic scintillators (PS) have quite long
history and are quite wide used for high-en-
ergy particles registration. Usually, poly-
styrene and polyvinyltoluene are used as the
polymeric PS base. The scintillation charac-
teristics of standard PS, manufactured on
their base, are well known [1]. However,
modern requirements to detection devices
created on their basis stimulate the search
for new ways of modification of PS, which
give new properties to PS. These require-
ments are, first of all, necessity of radia-
tion hardness increase, giving to PS the
ability of neutron registration, and im-
provement of the temporal characteristics
[2-4]. Such ways were found, and majority
of them are based on significant increase of
the activator concentration in the PS poly-
meric base up to several tens wt.%. But
quantity of available substances that are
able to be dissolved in the PS polystyrene
base in high concentrations is small. Thus,
the issue of new activators synthesis, that are
able to be dissolved in polystyrene at high
concentration, as well as study of the scintil-
lation properties of the created on their base
PS remain important to choose of new ways of
PS properties modifications. In the given work
description of the scintillation properties of
PS, containing 2-(4-tert-butylphenyl)-5-m-tolyl-
1,3,4-oxadiazole (tBuMePPD).

2. Experimental

Structural formula of the tBuMePPD
molecule and its spatial structure is pre-
sented in Fig. 1.

2-(4-tert-Butylphenyl)-5-m-tolyl-1,3,4-0
xadiazole was synthesized accordingly to
the scheme, shown in Fig. 2. For this, 4-
tert-butylbenzoic acid chloride (2) is ob-
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Fig. 1. Structural formula of the 2-(4-tert-
butylphenyl)-5-m-tolyl-1,8,4-oxadiazole mole-
cule and its spatial structure.

tained by heating of carboxylic acid (1) with
a small surplus thionyl chloride. m-tolyl hy-
drazide (8) that was acylated with obtained
acid chloride in pyridine medium at the
temperature 0-20°C. Formed in the pre-
vious stage diaroyl hydrazine (4) is boiled
with a reflux condenser in thionyl chloride
until stop of perceptible forming of gas re-
action products, thionyl excess is distillated
and obtained product is hydrolyzed with
water. tBuMePPD cleaning is carried out by
recrystallization from isopropanol, and then
chromatography on alumina oxide, eluent —
hexane. The obtained substance has the

SOCl,

tBuMePPD

Fig. 2. Scheme of 2-(4-tert-butylphenyl)-5-m-tolyl-1,3,4-oxadiazole synthesis.
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melting temperature 72°C, that can indi-
rectly confirm good solubility in polysty-
rene.

For obtaining of scintillation composi-
tions with different tBuMePPD content in
polystyrene base, required amount of
tBuMePPD was placed in a heat-resistant
glass ampoule 25 mm in diameter, and
added fresh distillated styrene to the solute
of total mass of 50 g. The ampoule was
heated to 80°C in order to completely dis-
solve the additives, and purged with argon
for 10 min to eliminate dissolved oxygen.
Then the ampoule was sealed, placed into a
thermostat, and kept at the temperature of
155°C for 7 days. Then the thermostat was
cooled with the rate of 5°C/h to 40°C, after
what the ampoule was taken out, cooled to
the room temperature and a PS blank was
taken out. Then PS samples were manufac-
tured by mechanical tooling of the obtained
blanks. As a result, transparent PS samples
with tBuMePPD content up to 40 wt.%
were obtained. As a result tBuMePPD did
not drop into the separate phase at the
given concentrations in the polystyrene ma-
trix and could form only physically bonded
aggregates on account of possible excitation
energy transfer, but not chemically bounded
aggregates [5].

The spectral luminescent characteristics of
the samples were measured with a spec-
trofluorimeter Horiba JobinYvon Fluoromax-4.

Light vyield measurements were per-
formed by setting samples on the surface of
PMT photocathode with immersion liquid
and exciting with monoenergetic conversion
electrons with the energy of 975 keV from
207Bj source. The light yield was determined
by location of the peak, corresponding to
electrons with the energy of 975 keV.

The temporal characteristics were deter-
mined by the photons correlated count
method, using a two-channel setup with two
PMT Hamamatsu 9800 in start and stop
channel. In the measurements an electron
source 99Sr was used. As the start pulse, the
Cherenkov radiation signal from po-
lymethylmethacrylate sample was used.
More detain description of the setup is pre-
sented in a work [4].

3. Results and discussion

The excitation and luminescence spectra
of tBuMePPD molecules in the polystyrene
matrix have the clearly expressed maximum
on the wavelength of 305 nm (Fig. 3), while
the mean excitation band of PPD molecules
is located on the wavelength of 282 nm [6].
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Fig. 3. Excitation and luminescence spectra
of tBuMePPD molecules, dissolved in the
polystyrene matrix.

It is seen, that addition of tert-butyl and
methyl groups to the PPD molecule leads to
additional polarization of its m-system, result-
ing in shift of the excitation and lumines-
cence band to the long-wavelength range. The
luminescent band maximum of BuMePPD
molecules in polystyrene is shifted to 895 nm
while the luminescent band maximum of PPD
molecules is at 350 nm. It seems evident that
in tBuMePPD molecule, substitutes signifi-
cantly polarize the molecule, what leads to
modification of its features.

With tBuMePPD concentration increase,
further transformation of the luminescent
spectra is observed. At the concentration of
0.3 wt.% tBuMePPD in the polystyrene ma-
trix, appearance of the additional long-wave-
length peak at 384 nm is detected (Fig. 3).

Since there is no change in the transpar-
ency of the samples due to possible origina-
tion of individual phases, the observed shift
of the luminescence band is associated with
the possibility of transfer of the excitation
between the molecules, for example, due to
the dipole-dipole interaction. Wherein, the
splitting energy can be determined by the
following expression [7]:

AE,,, = E, - Eo+AD + ,

where

B = JdrdryWi (W) g o WgrOWi(rs),

and V;_4(ry, rs) the dipole-dipole or another
interaction energy.

Using this expression, it is possible to
estimate the binding energy of the formed
associate at the level of 1800 cm™! or
0.22 eV.

67



P.N.Zhmurin et al. / Investigation of the scintillation ...

1600 4 \
\/ | 1—1% {BuMePPD
14001 fea 2 —10% {BuMePPD
e %
1200. \ 3 —40% {BuMePPD
) v
£ 1000, /_,>J-\1
o) 1 7 J A
o 800 2/ .\_
600 F/ \
3 e/ .
400 .\\
200{ || W\
0 1/ T 7 .\:B"'T""""']
0 10 20 30 40
Channel

Fig. 4. The light yield of polystyrene samples
with different tBuMePPD concentrations at
irradiation with monochromatic electrons
with the energy of 975 keV from a 297Bj
source.

It should be emphasized that the transi-
tion from a lower energy level, that has
arose as a result of the interaction, can
occur only due to the linear arrangement of
the dipole moments of the optical transi-
tions of the molecules, forming the associ-
ate. Thus the transition dipole moment
must increase.

While concentration is increased, sharp
rise of the number of molecules bounded
into associates is observed, and already at
the concentration of 1 wt.% practically all
the molecules are combined into associates
(Fig. 3). With further increase of the con-
centration, even greater shift of the lumi-
nescence band is observed, and at 10 wt.%,
the maximum is observed at 895 nm. While
moving on the position of the line does not
change at the tBuMePPD concentration in
polystyrene of up to 40 wt.% . Since there is
no sign of precipitation of a separate phase
of tBuMePPD in polystyrene at such high
concentration, it can be assumed that the
observed band shift may be due to the pres-
ence of an additional type of interaction to
the dipole-dipole interaction between the as-
sociate molecules that could be the exchange
interaction. In this case a delayed lumines-
cence band associated with possible triplet-
triplet annihilation should appear in the lu-
minescence decay kinetics.

All the obtained samples with different
activation levels demonstrate the scintilla-
tion response, which has trend to decrease
with increase of the concentration, as it is
seen in Fig. 4. It is necessary to note that
the maximal light yield at the ¢tBuMePPD
concentration of 1 wt.% equals to half of
the light yield of the standard plastic scin-
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Fig. 5. Decay curve of scintillation pulse of
polystyrene sample with ¢tBuMePPD concen-
tration 107® wt.% under irradiation with
electrons from %0Sr source.

tillator on the polystyrene base, activated
with p-terphenyl and POPOP.

All the samples don’t have significant
absorption bands in the luminescent band,
what point to absence of any traps that
were able to absorb excitation energy of the
formed associates resulting in their light
yield reduction. Such character of light
yield decrease could be associated with an
additional excitation energy transfer chan-
nel that was directly related to increase of
the associate size. This channel can exist
due to possibility of excitation energy
transformation to triplet states of formed
associate. Thus we performed detail investi-
gations of decay curves of the scintillation
response of samples. In the decay curve of
sample of polystyrene with minimal
tBuMePPD concentration (Fig. 5) it was
found very fast part, related to origination
of Cherenkov radiation and direct
tBuMePPD molecule luminescence.

At such activator concentration level, in
luminescence spectrum of the samples only
tBuMePPD molecules luminescence band are
presented (Fig. 8). The observed scintilla-
tion pulse decay curve is well described by
exponential dependence with the lifetime of
11.8 ns, which is due to tBuMePPD mole-
cules luminescence decay. But with concen-
tration increase, the luminescence spectrum
of activated samples is characterized by
presence of an additional peak, associated
with aggregation of tBuMePPD molecules.
In this case, significant modification of the
scintillation pulse decay curves is observed.
Fast scintillation component arises (Fig. 6).

The obtained temporal dependence is well
described with two exponential lifetimes of 1,

~1 ns and 75 ~ 6 ns. Le., in the luminescence
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Fig. 6. The scintillation pulse decay curve of
polystyrene samples with the concentration of
0.3 wt.% tBuMePPD under irradiation with
electrons from 2°Sr source.

spectra at the given concentrations, two
peaks are clearly seen, the first is related to
single tBuMePPD molecules luminescence,
and the second — to molecule associates.
Thus, the second exponent can be related to
quench single tBuMePPD molecules lumi-
nescence, while the fast component — to
their associates. With concentration in-
crease more than 1 wt.%, the luminescence
spectrum is presented with single lumines-
cent band, which at the concentrations more
than 10 wt.% has even more low-energy
state. And at the first sight, in this case
the scintillation pulse must be presented
with only single exponent. But the slow
component is present in all curves together
with fast component (Fig. 7).

While the fast component is well de-
scribed by an exponential dependence with
the decay time of about 1 ns (within error
limits), the slow component with increasing
concentration deviates from the exponential
dependence with increased time. Therefore,
we can assume that the fast component is
associated with the luminescence of associ-
ates, in which there is certain quantity of
coherently bound elements. In this case, the
spontaneous emission time decreases in ac-
cordance with the formula 7., = T¢/N.p»
where 1 is the lifetime of the excited state
of an individual molecule, and the N, is
the number of coherently bound elements in
the associate [8, 9].

Based on the expression presented, we
can estimate the number of coherently
bound molecules in the associate Ny, ~ 10.
Thus, we can state that tBuMePPD mole-
cules in the polystyrene matrix are forming
not only dimers, but associate large number
of tBuMePPD molecules, exceeding at least
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Fig. 7. The scintillation pulse decay curves of
the polystyrene samples with the tBuMePPD

concentration of 10 and 40 wt.% under irra-
diation of electrons from a 9°Sr source.

10 molecules. The slow component, observed
in the scintillation pulse for samples with
the high activator concentration, is espe-
cially interesting. This component could be
presented due to the triplet-triplet annihila-
tion effect. The formation of triplet states
is possible due to singlet-triplet transitions,
as well as due to the features of the forma-
tion of the track in interaction of fast elec-
trons with the polystyrene matrix. When
the electron energy is lost, the track be-
comes more and more "dense”, and the pos-
sibility of recombination of electrons with
genetically unrelated holes increases, and
consequently, during the annihilation of
charges, leads to the possibility of triplet
excited states formation. If exchange inter-
action between molecules is possible, then
the triplet-triplet annihilation can occur,
what leads to the appearance of so-called
delayed luminescence.

In this case, the luminescence character
can be approximately described as sum of
two exponents, one of which determines the
fast component, and another exponent in power
equals to doubled triplet exited state decay rate
— determinates the slow component [5].

Approximation of experimentally ob-
served scintillation pulse curves for samples
with the activator concentration of 10 and
40 wt.% demonstrates that the fast compo-
nent remains at its lifetime about 1 ns,
while the slow one remains at about 5 ns.
(Fig. 7). In this figure we see that the life-
time of triplet states in associate remains at
about 10 ns at room temperature.

Even presence of delayed luminescence
with singlet states radiation doesn’t allow
us to use tBuMePPD for creating of plastic
scintillator for neutron-gamma discrimina-
tion due to the insufficient light yield of
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obtained samples. We observed that the
light yield decreased with concentration in-
crease. So, the main question for search of
appropriate activator is "where is the exci-
tation energy in highly activated scintilla-
tors spent?”.

4. Conclusion

As a result of our work, we succeeded in
synthesizing ¢tBuMePPD, that was able to be
dissolved up to 40 wt.% in polystyrene,
without falling out of the separate phase. We
studied in detail the spectral and temporal
characteristics of the scintillation pulse that
is necessary in the search for polymeric struc-
tures capable of discriminating scintillation
pulses produced by different particles.
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