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In this work, a series of plastic scintillators with the content of 4-tert-butylstilbene
activator up to 40.0 wt. % was obtained. Their optical and scintillation properties were
studied. The suitability of new scintillators for creating neutron-sensitive detectors has

been evaluated.
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ITonyueH pdax IIaCTMACCOBBIX CIMHTHJLIATOPOB C COAEPIKAHMEM aKTuBatopa 4-mpem-0y-
Tuactuabbera no 40.0 mace. % . MaydeHbl MX ONTHUYECKME M CUUHTHJIAIMOHHBIE CBOICTBA.
OLeHeHAa NPUTrOJHOCTh HOBBIX CIMHTHUJJAATOPOB [JA CO3JAHNA HEHTPOHUYYBCTBUTEJLHBIX Je-

TEKTOPOB.

Ontruni i comHTHAANINHI BiacTHUBOCTI HOJICTHPONBHUX JIACTMACOBHX CIHHTUJIA-

TOpiB,

AKTHBOBAHUX AJKIANOXiZHUM mpaHc-cTHIb0Eny.
O.B.€aniceesa, B.J[.Anexcees, O.A.T'ypranenro.

ITI. M JEmypin, [[.A.€ricees,

OTpuMaHo HH3KY ILIACTMACOBMX CIMHTHUAATOPIB 3 BMicTOM akruBaropa 4-mpem-Gyruic-

Tunsbery go 40.0 mac. %.

BuBueno ix ontuuni i comuETMaaniiiail saacrusocti. Onineno

HOPUIATHICTD HOBUX CHUHTHJISTOPIB [Jd CTBOPEHHS HEUTPOHUYTIHMBUX IETEKTOPiB.

1. Introduction

Despite the long history, the task of
finding new effective scintillation media for
neutron registration remains relevant and
sow day. It is known that the most effective
media for detecting fast neutrons are or-
ganic media, due to the high specific con-
tent of hydrogen atoms. The mass of a hy-
drogen atom practically coincides with the
neutron mass; as a result, the neutron en-
ergy is efficiently exchanged. The resulting
recoil protons create a scintillation pulse,
which is used to register neutrons. The
main problem that arises during the regis-
tration of neutrons is associated with the
need to separate the neutron created scintil-
lation pulse from gamma background
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pulses. For organic scintillation media, the
scintillation yield of protons is almost an
order of magnitude smaller than the scintil-
lation yield created by gamma rays; and the
spectra of amplitudes of scintillations from
fast neutrons and photons of gamma radia-
tion overlap significantly. Therefore, it is
impossible to produce a discrimination of
pulses in amplitude. But organic solutions
of phosphors are characterized by the pres-
ence of delayed luminescence associated
with the effect of triplet-triplet (T'-T) anni-
hilation [1]. The presence of the delayed
luminescence is also characteristic for or-
ganic single crystals [2]. Analysis of the
intensity of the slow luminescence allows
you to discriminate the scintillation signal
generated by the recoil proton from the
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scintillation signal generated by the gamma
quantum, by the form of the pulse. But
production of organic crystals for high-per-
formance large-sized detectors is associated
with considerable difficulties, as is the ex-
ploitation of liquid organic scintillators.
And as an alternative, plastic scintillators
(PS) can be used.

But, unfortunately, in traditional plastic
scintillators, in which polystyrene or poly-
vinyltoluene is used as a polymer base,
there are no long-lived triplet excited
states. Therefore, the implementation of the
T-T annihilation mechanism is difficult and
the delayed luminescence is practically not
observed. Therefore, to create neutron-sen-
sitive (from the point of view of the possi-
bility of discrimination of scintillation
pulses) scintillation polymer media, it is
necessary to modify their composition by
dissolving various kinds of scintillation ad-
ditives with long-lived excited triplet
states. In addition, it is necessary to ensure
the energy exchange of triplet excited states
between the dissolved molecules in order to
realize the effect of triplet-triplet annihila-
tion. Since the transfer of the excitation
energy of triplet states is possible only due
to the exchange interaction, the efficiency
of which decreases exponentially with in-
creasing distance between molecules; thus,
the number of the dissolved molecules in
the polymer medium should be significant.
As a rule, these are few dozens of weight
percent. Unfortunately, there are very few
molecules with the required spectral-lumi-
nescent properties and capable of dissolving
in polystyrene in such quantities. PPO
molecules are suitable for these tasks. With
their use, neutron-sensitive PSs were cre-
ated [3]. However, the resulting polymeric
medium for several reasons limits the possi-
bility of wide distribution of such scintilla-
tors. Therefore, the problem is to find new
scintillation additives capable to improve
neutron sensitivity of polymeric media.

All organic single crystals widely used
today (stilbene, anthracene, p-terphenyl)
have a high n/y-discrimination ability [4].
Most of the works on the n/y-discrimination
in organic single crystals refer to stilbene.
Apparently, this is due to the fact that it
has the best discrimination ability. There-
fore, there is an interest in studying the
properties of a neutron-sensitive plastic
scintillator enriched with stilbene mole-
cules. To date, there is no description of the
scintillation properties of such plastic scin-
tillators. This is due to the fact that it is
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impossible to dissolve stilbene molecules in
polystyrene in sufficient quantities. A
known method of modifying luminophore
molecules in order to increase their solubility
in a polystyrene medium is the introduction
of a tert-butyl group into their structure [5].

In this paper, the tert-butylstilbene mole-
cules as the object of research were se-
lected. Their solubility in a polystyrene me-
dium in an amount that leads to the imple-
mentation of the effect of delayed
luminescence was determined. The optical
and scintillation properties of plastic scin-
tillators containing modified stilbene mole-
cules were studied.

2. Experimental

Synthesis of 4-tert-butylstilbene (tBuSt)

Synthesis of tBuSt was performed accord-
ing to the scheme shown in Fig. 1. To this
end, in the first stage, tert-butyl toluene (1)
was brominated with liquid bromine in a
tetrachloromethane medium. Then, the ob-
tained tert-butylbenzyl bromide (2) reacted
with triphenylphosphine in a benzene solu-
tion; as a result, tert-butylbenzyltriphenyl-
phosphonium bromide (3) was obtained.
Next, the phosphonium salt was introduced
into the Wittig reaction with benzaldehyde
in a methanol solution in the presence of
sodium methoxide. The tert-butylstilbene
(4) thus obtained was precipitated with
water, extracted with methylene chloride,
the organic layer was separated, dried, and
the solvent was distilled off. Technical tBuSt
was purified by three-fold chromatography
on alumina, eluent — hexane.

Preparation of scintillation samples

Polystyrene samples containing mole-
cules of both stilbene and 4-tert-butylstil-
bene were prepared by the method of ther-
mally initiated bulk polymerization. For
this purpose, 0.01, 5, 10, 20, 30, 40 and
45 wt. % of activator was placed in glass
ampoules and filled with the appropriate
amount of styrene. The mixture was purged
with argon for 10 min; then the ampoules
were sealed. The samples were polymerized
at 150°C for 6 days. The samples in the
form of cylinders with a diameter of 16 mm
and a height of 10 mm were cut out from
the obtained blanks, and then they were pol-
ished to optical transparency.

The samples of plastic scintillators con-
taining 10, 20, 30, 35, 40 and 45 wt. % of
molecules of 4-tert-butylstilbene were ob-
tained in a similar way using 0.05 wt.% of
diphenylanthracene as a shifter.
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Fig. 1. Synthesis scheme of 4-tert-butylstilbene (tBuSt).

The excitation and luminescence spectra of
the samples were measured at room tempera-
ture using a FluoroMax-4 spectrofluorimeter
(HORIBA JOBIN YVON-EDISON, USA).

The luminescence decay time charac-
teristics were determined by the method of
time correlated single photon counting [6]
with two Hamamatsu 9800 PMTs in the Start
and Stop channels. The Sr% electron source
was used. As a starting pulse, the signal of
the Cherenkov radiation from a sample made
of polymethylmethacrylate was used.

The light output of polystyrene scintilla-
tors was measured on a scintillation spec-
trometer. The device consisted of a
Hamamatsu R1307 photomultiplier and a
LeCrou 2249A charge converter. To meas-
ure the light output, the PS samples were
installed directly on the surface of the pho-
tocathode of the photomultiplier (optical
contact was provided by means of an immer-
sion liquid) and irradiated with a monoener-
getic source of conversion electrons. Bi207
radionuclide was used as an electron source.
The light output was determined by the po-
sition of the maximum peak of the scintilla-
tion amplitude spectrum.

The n/y-discrimination parameter FOM
was determined by comparing the total sig-
nal charge (Q,,;,) and its relationship to
the slow component (Q;,:41/Qsiow) [7> 81

3. Results and discussion

The introduction of a tert-butyl substi-
tuent into the stilbene molecule leads to a
significant increase of the substance solubil-
ity in polystyrene. In the case of unsubsti-
tuted stilbene, transparent samples were ob-
tained with an additive content up to 10 wt.
%; at higher concentrations, a significant
opacity of the samples was observed. In the
case of tBuSt, it was possible to obtain
transparent samples with an additive con-
tent up to 40 wt. %.
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Fig. 2. Luminescence spectra of stilbene and

4-tert-butylstilbene molecules in a polysty-

rene matrix. Luminescence excitation wave-

length is 300 nm.

As can be seen from Fig. 2, the lumines-
cence spectra of tBuSt molecules in a poly-
styrene medium undergo only minor modifi-
cations as compared to stilbene molecules.

The luminescence spectrum of stilbene
molecules in a polystyrene matrix is charac-
terized by the presence of three clearly dis-
tinguishable maxima at 8337 nm, 354 nm,
and 372 nm. Modification of the stilbene
molecule with a tert-butyl group does not
change the nature of the luminescence spec-
trum. Three characteristic maxima
(342 nm, 359 nm, and 378 nm) are also
clearly visible, but they are shifted by 5 nm
to the long-wavelength range compared to
stilbene molecules. This suggests that the
presence of a teri-butyl group leads to some
polarization of the m-conjugated system of
the stilbene molecule. With increasing con-
centration, the luminescence spectrum prac-
tically does not undergo significant
changes, and only when the concentration of
the additive reaches 40 wt. %, there is a
slight shift of the luminescence bands to the
long-wavelength range (Fig. 2). This fact
can be associated with intermolecular inter-
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Fig. 3. Luminescence decay curves of 4-tert-
butylstilbene molecules in polystyrene at dif-
ferent concentrations. Excitation wavelength
is 300 nm, observed value is 375 nm.

action, which, as is well known, can lead to
the splitting of the initial molecular states.
This is also clearly seen in the observed
luminescence decay curves of tBuSt mole-
cules in polystyrene (Fig. 3).

As seen from Fig. 3, at low concentra-
tions, the decay curve is described quite
well by the monoexponential dependence
with a decay time of 2.5 ns. The presence of
a non-exponential "tail” may be due to the
imperfection of the luminescence excitation
function. But with an increase in the con-
centration of tBuSt molecules in polysty-
rene, a qualitative change in the attenu-
ation curve is observed; it is associated with
a substantial delayed part, the presence of
which indicates delayed luminescence. This
is usually associated with the transforma-
tion of triplet states of excitation energy
into singlet states through the effect of
triplet-triplet annihilation. To realize this
effect, two conditions are necessary — the
presence of excited triplet states and the
possibility of exchange interaction between
molecules. The second condition with an ac-
tivator concentration of about 40 wt. % is
almost guaranteed due to the small mutual
distance between the molecules. To provide
a sufficient number of excited triplet states
with the help of ordinary low-intensity opti-
cal excitation is not always a feasible task,
due to the low probability of intercombina-
tion conversion. But in the existence of an
exchange interaction, the singlet excitation
of a single molecule can be distributed
among the excited triplet states of two
nearby molecules. For the possibility of
such exchange, it is necessary that the en-
ergy of the excited singlet state exceeds the
double energy of the triplet states. And in
order to observe the delayed luminescence,
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Fig. 4. Scintillation amplitude spectra of PS
with different concentrations of tBuSt.

it is necessary that the energy of the sum of
two triplet excited states exceeds the energy
of the singlet excited state. Apparently, for
tBuStF molecules in polystyrene, some coin-
cidence of the energy of the singlet state
with the doubled excitation energy of trip-
let states occurs. And such a coincidence is
not the optimal condition for the realization
of discrimination of a scintillation pulse
from neutrons and gamma rays. A possible
conversion of the excitation energy from
singlet excited states to triplet states can
greatly affect the ratio of the fast and slow
components of the scintillation signal.

To create scintillation compositions based
on tBuSt molecules, diphenyl anthracene
molecules were added to the polystyrene ma-
trix as a shifter in an amount of 0.05 wt. %.
The light output of the scintillation compo-
sitions obtained on the polystyrene base is
shown in Fig. 4 and in Table 1.

From Fig. 4 it is seen that the light out-
put of the obtained plastic scintillators at
concentrations greater than 10 wt. % prac-
tically does not change, and only slightly
decreases with 40 wt. % of tBuSt. But at
the same time, the level of light output does
not reach even 50 % of the light output of
a standard plastic scintillator with the poly-

Table 1. Relative light output of PS with
different concentrations of tBuSt

Concentration of tBuSt, | Relative light output,
wt. % Y%
40 39.7
35 44.1
30 45.7
20 44.4
10 44.9
UPS-923A [8] 100.0
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Fig. 5. n/y-Discrimination based on the ratio
of fast and slow scintillation components for
PS activated by tBuSt molecules.

styrene base activated by p-terphenyl mole-
cules. Apparently, the reason lies in the
specificity of the interaction of molecules
with each other; this opens up new channels
for the loss of excitation energy. For tBuSt
molecules, this can be the channel for ex-
changing the excitation energy of singlet
states to triplet excitation.

The presence of additional channels for
the distribution of the excitation energy of
tBuSt molecules in polystyrene results in the
fact that the scintillators obtained do not
demonstrate good n/y-discrimination pa-
rameters, although signs of such diserimi-
nation in PS with tBuSt are observed (Fig.
5, Table 2). From the data obtained, it fol-
lows that tBuSt molecules are not really
suitable for creating neutron-sensitive PS.

4. Conclusions

It was shown that the modification of the
stilbene molecule by the introduction of a
branched alkyl substituent contributes to a
significant increase of its solubility in a
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Table 2. FOM values for PS activated by
tBuSt molecules

Concentration of tBuSt, wt. % FOM
40 0.512
35 0.467
30 0.45
20 0.491

polystyrene medium. Based on these mole-
cules, it is possible to create scintillation
compositions with an activator contents in a
wide concentration range. The found fea-
tures of the singlet states excitation energy
relaxation of tBuSt molecules in polystyrene
do not allow us to achieve the desired char-
acteristics of the n/y-discrimination. How-
ever, for other polymer bases, tBuSt mole-
cules can be more efficient.
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