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Polystyrene-based scintillator (PS) with 2-phenyl-5-(4-ter¢-butylephenyl)-1,3,4-oxadia-
zole or 2,5-di-(3-methylphenyl)-1,3,4 oxadiazole is proposed for pulse-shape n/y-discrimi-
nation. This scintillator have improved mechanical properties, long operational time and
high n/y-discrimination parameter FOM (1.49 and 1.81 in a wide energy region), so
obtained PS can be used as detectors of fast neutrons in the presence of gamma radiation
background.

IInacTMaccoBble CHUHTHIAATODP HA OCHOBE TOJIUCTHUPOJA ¢ AobaBKaMu 2-(heHun-5-(4-mpem-
oytungennn)-1,3,4-okcaanazona uan 2,5-au-(3-merundpenni)-1,3,4 oxcammrazsona MpeaaorKeHbl
IS n/y-pasmeneHusa mo (popMe MMIyJabca. OTH CIVHTUIIATOPEI UMEIOT BRICOKNE MeXaHWUecKre
CBOICTBa, MOJTOBPEMEHHYIO CTAaOMJILHOCTH 1 BHEICOKME TapaMeTpsl n/y-pasmenennsa FOM (1.49 u
1.81 B IIMPOKOM [HAIA30HE 9SHEPrHUH), M, I[IOITOMY MOTYT OBITh HCIIOJIb30BAHLI B KAUECTBE
IEeTEKTOPOB OBLICTPBHIX HEHTPOHOB B IPUCYTCTBUU ramMma (oHa.

IInacTMacoBHil CIHUHTUIAATOP HA OCHOBI MWOJicTHpPOXY JaAsS n/y-po3miJeHHS.
IT.M JEmypin, B.M.JIe6edes, BJd.Tuyvrka, O.P.Adadypos, [J.A.€rucees, B.M . ITepeiimak.

IlnracTmacoBi cumHTHIATOPH Ha OCHOBI mousicrupoay ¢ momimkamu 2-henuna-5-(4-mpem-
oyrundenun)-1,3,4-oxcaguaszony abo 2,5-gi-(3-merundenin)-1,3,4 oxcaxiazon sanpomnoHoBaHi
onsi n/y-posumineHHda 3a ¢opmoro immyabcy. Ii cumHTHAATOPM MaOTh BUCOKI MexaHiuHi
BJIACTUBOCTI, moBrouacopy crabinbHicTs i Bucori mapamerpu n/y- poaginmenns FOM (1.49 i
1.81 y muporomMy amamaszoHi eHeprii), i MOKyTb 6YTH BUKOPHCTAHI y SAKOCTi AeTEKTOpiB
MIBUAKUX HeHATpoHIB Ha (GoHI Y-BUIPOMIHIOBAHHA.

1. Introduction

Zaitseva et al. [1] were first to describe
the polyvinyl plastic scintillator (PS) for
pulse-shape discrimination (PSD) of fast neu-
trons and y-quanta. This scintillator have dis-
crimination quality much the same as that of
the best liquid scintillators. Its figure of
merit (FOM) is 3.31, compared with FOM =
3.21 of the commercially available liquid scin-
tillator EJ-301. The high quality of n/y dis-
crimination was achieved by the high content
of an activator in the PS material (30 wt %
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of 2,5-diphenyloxazole (PPO)), which in-
creases the probability of annihilation of ex-
cited triplet-triplet states up to values spe-
cific for liquid scintillators and stilbene sin-
gle crystals.

In the present work we studied properties
of PS analogous described in [1], but with
polystyrene as a base. We made PS samples
with 20, 30 and 36 wt.% PPO as an activa-
tor, and 0.1 wt % of POPOP as a wave
length shifter. It was found that this material
is very soft and it is difficult to machine. So
the aim of the present work was creating the
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Table 1. Melting temperature T

mel

in polystyrene under T = 293°C

, and solubility of alkylderivatives 2,5-diphenyl-1,3,4-oxadiazole

Activator Activator’s name and formulae o Solubility
Tnelt”C
number wt %
N—N
[
1 @) 138 10
2,5-diphenyl-1,3,4-oxadiazole (PPD)
N—N
[\
2 O 125 15
CH,
2-phenyl-5-(p-tolyle)-1,3,4-oxadiazole (p-MePPD)
N—N
R CHx
3 @) 115 15
2- phenyl -5-(m-tolyle)-1,3,4-oxadiazole (m-MePPD)
N—N
/o
O CH,
4 CHs 95 40
CH4
2- phenyl -5-(4-tert-butylphenyl)-1,3,4- oxadiazole (tert-BuPPD)
N—N
I\
O
5 H,C CH,4 175 4
2,5-di-(4-methylphenyl)-1,3,4- oxadiazole
(p-DMePPD)
N—N
/o \
O
6 125 8
CH, H,C
2,5- di -(2- methylphenyl)-1,3,4- oxadiazole
(o-DMePPD)
HaC A CH,
7 © 85 40
2,5- di -(3- methylphenyl)-1,3,4- oxadiazole
(m-DMePPD)

PS with improved mechanical strength and
suited for n/y discrimination.

2. Experimental

To achieve the goal we have chosen such
activator substance which has high solubil-
ity in polystyrene and, at the same time,
has minimal influence on mechanical prop-
erties of a polymer matrix. The most impor-
tant parameter of the commonly used PS is
their scintillation efficiency, its maximum
being achieved with a small activator con-
tent (1.5-2.0 wt. %). Conventional content
of the PS is p-terphenyl and diaryl substi-
tuted of oxazole and oxadiazole [2]. Insert-
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ing polar groups to these systems or ex-
panding the m-electron system besides re-
quired change of the spectral characteristics
often causes decreasing of solubility to some
weight percents. Therefore, the search for
activators with high solubility is actually
limited by alkyl and diaryl derivatives of
oxazole and oxadiazole, because their insert-
ing in aromatic fluorophores can signifi-
cantly increase their solubility in such a
nonpolar organic medium as polystyrene.

From the point of view of synthesis ease
and components availability, diaryl substi-
tuted oxadiazole with alkyl groups were se-
lected as the model compounds.
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Table 1 shows the set of synthesized acti-
vators which are alkyl derivatives of 2,5-
diphenyl-1,3,4-oxadiazole, as well as their
melting temperatures and solubility in polysty-
rene under the room temperature. The set of
experimental samples was obtained by radical
thermal polymerization of styrene with differ-
ent concentrations of the activators. The acti-
vator’s solubility was determined as its concen-
tration which leads to build-up of small parts
of undissolved substance.

It is seen in Table 1 that solubility of the
studied compounds in polystyrene increases
with the decrease of the melting tempera-
ture. Relatively small melting temperature
(95 and 85°C) and simultaneously high solu-
bility (40 wt. %) have only two compounds
— tert-BuPPD and m-DMePPD (Table 1,
comp. 4 and 7), which were used later as
activators for the studied PS. For compari-
son we also made PS with PPO. All PS also
have 0.1 wt. % of 1,4-di-(2-(5-phenyloxa-
zolyl))-benzene (POPOP) as wave-length
shifter. The PS samples with different con-
tent were obtained by mean of thermal po-
lymerization of oxygen-free luminescent ad-
ditives solution in styrene. Required quanti-
ties of activator and shifter were placed in
a glass ampoule of 25 mm diameter. Then
the fresh distillated styrene was added to
50 g total mass. To achieve the total solu-
tion, the ampoule was heated to 80°C and
blown by argon for 10 min to remove dis-
solved oxygen. The ampoule was sealed and
heated in a thermostat at 155°C for 7 days.
Then the thermostat was cooled with 5°C/h
rate to 40°C, the ampoule was removed,
cooled to the room temperature and the PS
blank was extracted. These blanks were ma-
chined to obtain PS samples as polished cyl-
inders of 25 mm diameter and 15 mm
height.

To further study the samples were made
with three different compositions and maxi-
mal content of the activators: 40 % tert-
BuPPD + 0.1 % POPOP; 40 % m-DMePPD
+ 0.1 % POPOP and 36 % PPO + 0.1 %
POPOP (below we will use the following ab-
breviations: 40 % TBPPD, 40 % DMePPD
and 36 % PPO, respectively). When the ac-
tivators content is increased, the softening
and clouding of the PS material was ob-
served. Also, zones of undissolved substance
and its accumulation on the PS surface were
observed. Decreasing the activator’s content
leads to fast reducing of n/y-discrimination
quality [1].
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Vickers micro hardness (HV) of the PS
samples was measured by PMT-3 micro
hardness meter under 30 g loading.

Scintillation efficiency of the PS samples
was determined in scintillation set-up rela-
tive to polystyrene-based PS with 2 % of
p-TP and 0.02 % of POPOP. The samples
were irradiated by mono energetic electrons
of 975 keV energy from 207Bi source.

The n/y-discrimination parameter FOM
was determined by comparing the total
charge of the signal (@;,;,;) and its delayed
component (@;,;; or Qg,,) [3, 4].

Scintillation set-up was consisted of PMT
Hamamatsu R1307 and digital oscilloscope
Rigol DC1302 (300 MHz, 2 GS/s, 8 bit ver-
tical resolution), controlled by the com-
puter.

The PS studied were wrapped with PET
light reflecting film of 0.2 mm thickness [4]
and placed on the PMT input window with
optical contact. Fast neutrons and y-quanta
of Pu—Be source, are registered after pass-
ing through the lead plate of 20 mm thick-
ness. To increase the vertical resolution, a
signal from PMT anode was applied to both
channels of the oscilloscope. Under the
input resistance of the first and second
channels of 51 Q and 1 MQ, respectively,
and sensitivity of 100 mV/div and
2 mV/div, respectively, the resulting verti-
cal resolution appears to be 13 bit. Scan-
ning rate was 50 ns/div, single time-base
trigger was run on the first channel with
6 mV threshold. Digital data from the oscil-
loscope swapping buffer were put to the PC
through a USB-port. Data processing code
performed reconstruction of PMT input
pulse shape by means of combining the sig-
nals from the both channels. Then areas of
the whole pulse S,,;,; and its delayed com-
ponent S,,; in [V-ns] units were calculated.
As far the charge @ is proportional to the
pulse area S, then Q. and Q;,; can be
expressed in [V-ns] or arbitrary units.

Qe and @y, were determined in 40-
400 ns and 10—400 ns intervals, respec-
tively. The both intervals were measured
from the maximum of the PMT signal [4].
Qigie aNd @y, values were collected in the
output file for each detected pulse.

The n/y-discrimination parameter FOM
is usually determined for selected interval
AQ;ptq; from the pulse distribution in @,
[4] or R = Qg,,/®Qt0tq; [1]1 by the following
equation:
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S 0]
+98 ’

neutron

FOM =

d

gamma

where S — is separation between neutron
and gamma peaks, Sgmmg a0d Sppysron —
are full width at half maximum of the cor-
responding peaks [6].

The interval AQ,,,,; is selected according
to the energy range of the particles for
which FOM is calculated. As far as two
kind of particles are registered (neutrons by
recoil protons and gamma-quanta by Comp-
ton electrons), then the @,,,; signal from
each particle is typically expressed in units
of electron-equivalent energy E,, (keVee,
MeVee). Energy scale calibration is usually
made by means of gamma radiation of vari-
ous radioactive sources from the position of
the Compton edge.

More accurate way is the calibration by
means of mono energetic electrons. This
method can be applied when the electrons
are totally absorbed in a PS. To this end the
PS input window must be thin enough, to
attenuate electrons only slightly, while the
PS thickness must be large for total absorp-
tion of electrons. For example, if electrons
of 1 MeV energy are used for spectrometer
calibration, their range in polystyrene being
4.48 mm [7], then the PS sample must be of
not less than 5 mm thick. The PS studied in
the present work satisfied these require-
ments. The input window (PET light reflect-
ing film of 0.2 mm) was thin enough while
the PS thickness (15 mm) was sufficiently
large to absorb electrons of 38 MeV energy.

In the present work the calibration of the
electron-equivalent energy was made by
mono energetic electrons of internal conver-
sion from 297Bj (482 keV and 975 keV) and
137Cs (624 keV) sources.

The calibration procedure of electron-
equivalent scale for the PS with 36 % of
PPO is illustrated by Fig. 1, which presents
distributions of detected electrons in @,
that is energy spectra of electrons from
187Cs (Fig. 1a) and 207Bj (Fig. 1b) sources.
Positions of maxima, corresponding to elec-
trons of E, energy [(624 keV-42.9 V-ns
(137Cs); 482 keV-33.3 V-ns and 975 keV-—
68.4 V.ns (297Bi)] were determined by
Gaussian fitting the peaks. After liner ap-
proximation of these data the calibration
curve was obtained which relates the elec-
tron energy E, to the pulse area @,
E (keVee) = —8.61 + 14.45 Q;,;,;, (Fig. 1lc).
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Fig. 1. Calibration of electron equivalent en-
ergy scale for PS 86 % PPO. Spectra of '3’Cs
(a) and 297Bi (b). Linear approximation of
electron energy E, vs @,,,,; (¢).

3. Results and discussion

Fig. 2 presents ®,, Vs. @, depend-
ences for three studied PS: 40 % TBPPD
(a), 40 % DMePPD (b) and 36 % PPO (c).
These data were obtained by registration of
fast neutrons and y-quanta from 239Pu-Be
source. Two sets of points are clearly distin-
guished in all dependences. The set of lower
Qg0 corresponds to gamma quanta and the

set with high @ corresponds to neutrons.

slow
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Equivalent electron energy, MeVee
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o
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Intercept 1.02521 0.01295
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Q total
Fig. 2. @ vs Q,,,,; for PS with: (a) — 40 % of
TBPPD; (b) — 40 % of DMePPD and (¢c) —
36 % of PPO. Fast neutrons and gamma
quanta of 239Pu-Be source.

This illustrates the basic possibility of pro-
posed PS use for n/y-discrimination.

To quantitative estimation of n/y-dis-
crimination of the studied PS we deter-
mined FOM in different energy regions by
the modified method, proposed in [4]. For
FOM calculation, authors of [4] used @,
VS Qs dependence similar to presented in
Fig. 2. Then they selected events corre-
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Fig. 3. Q/Q,,;01 VS @yp;q; dependence for PS
with 86 % PPO, obtained for fast neutrons

and y-quanta of 23°Pu—Be.

sponding to narrow interval of electron
equivalent energies AE,,, and plotted distri-
bution of selected events in &,,- From fit-
ting this distribution by two Gaussians the
required parameters were obtained for FOM
calculation according to (1). It is obvious
that disadvantage of such a method is de-
pendence of obtained FOM on interval
width AE,, under given E,,, because @ vs
Q;otq; dependence is linearly increased func-
tion (Fig. 2), and this dependence in @
a projection of events interval AQ
axis of ordinates [4].

To eliminate this disadvantage, authors
of [1] used Qgp,/Qsotar VS- @iorqr distribu-
tion for FOM determination. This function
is practically constant for E,>1 MeV, but
rapidly changes in the region of lower ener-
gies which is demonstrated in Fig. 8 for the
PS with 36 % PPO. Moreover, as it is
known, the spread of Q,,/Q;otq; 1S greater
than the spread of Qg,, or @, which
decreases the FOM obtained by this method.
Therefore, to FOM calculation we used
"normalized” dependence Qg,,/{®@sion) VS
Qiotary Were (Qg,,,) = a + b- E,, is the center
line dividing both sets. The function
(Qgiop? 1s shown in Fig. 2 as the solid line,
dividing sets of experimental points for
neutrons and gamma quanta.

Qs1ow/ {Qsion) dependence from @,,,, for
the PS with 40 % of TBPPD, 40 % of
DMePPD and 36 % of PPO is shown in
Fig. 4. It is seen that @,,/(@) are changed
only slightly in the whole diapason of ener-
gies of neutrons and gamma quanta of
239pyu—Be source. This allows to reduce in-

fluence of AE,, on a FOM.

slow 18

slow ON the
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Q total
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2.0 (c)
Pu-239-Be
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neutrons

Qslow/ <Qslow>

gamma
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Fig. 4. Dependence Q/(®Q,,,) from &, ,,, for PS
with: (@) — 40 % TBPPD; (b) — 40 %
DMePPD and (¢) — 36 % PPO, obtained for
fast neutrons and y-quanta of 23°Pu-Be source.

To obtain FOM, the set of @, and @,
+q Pairs was sorted by Q,,;,;- Events from
AE,, = E,, + 0.05 % were selected and their
distribution in Q,,/(Q) was plotted. These
distributions for the PS with 40 % TBPPD
were presented in Fig. 5 for three energy
intervals: AE,,+5 % (0.29-0.81; 0.76—
0.84 and 1.9-2.1) MeVee, respectively. Left
peaks correspond to gamma quanta, and
right ones — to neutrons, the data were
obtained for FOM was determined according
to (1) after Gaussian fitting of these distribu-
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) J/\
O ] ] ] ] 1
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Qslow/<Qslow>

Fig. 5. Distribution of events in @ for PS
with 40 % tert-BuPPD + 0.1 % POPOP for
different intervals of electron equivalent en-
ergies AE,,=E,, +0.05 %. Left and right
peaks correspond to gamma quanta and neu-
trons of 2%9Pu—Be source. Points — experi-
ment, solid lines — Gaussian fitting. For
each distribution the interval AE,, and calcu-
lated FOM are presented.

tions. FOM values for above AE,, appears to
be 1.05, 1.56 and 2.0, as shown in Fig. 5. The
FOM values for other studied PS calculated
for different electron equivalent energies E,,,
are presented in Table 2 and in Fig. 6.

It is seen in Fig. 6 that quality of the n/y
discrimination is rapidly increases with in-
creasing the energy of detecting particles
approximately up to 1 MeVee. Then this in-
creasing is slow down. To statistically sig-
nificant discrimination of two Gauss distri-
butions, their separation S must satisfy the
condition S > 3(Cgamma T Oneutron)s Were ©
is the standard deviation for gamma quanta
and neutrons [1]. Substituting these pa-
rameters in (1), and taking into account
FWHM = 2.366, we find FOM = 1.27. So,
statistically significant n/y-discrimination
quality is achieved when FOM=>1.27.

As it shown in Fig. 6, for PS with 40 %
of TBPPD, 40 % of DMePPD and 36 % of
PPO this condition is fulfilled for E_,,20.5,
1.25 and 0.2 MeVee, respectively. Results
of measurements of the relative scintillat-
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Table 2. FOM values for three studied PS measured for different electron-equivalent energies E,

E,,, MeVee FOM
40 % TBPPD 40 % DMePPD 36 % PPO
0.3 1.05 0.68 1.54
0.4 1.19 0.82 1.75
0.6 1.43 0.99 2.02
0.8 1.56 1.13 2.24
1 1.67 1.22 2.41
1.5 1.85 1.38 2.75
2 1.99 1.50 2.96
2.5 2.15 1.63 3.23
ing efficiency, microhardness and parameter 3.5
of n/y-discrimination for the PS of different 304 PPO
content are presented in Table 3. These data
show that the scintillating efficiencies of all 2.5

PS are nearly the same and only about
11 % below that of the standard PS sample
with 86 % of PPO (sample 4). But micro-
hardness and FOM significantly depend on
molecules structure and quantity of the
used activator. The microhardness is de-
creased with FOM increasing. The highest
microhardness, HV = 231 MPa, has the
standard PS with lowest content of the acti-
vator (2 % p-TP). The lowest microhard-
ness, HV = 21 MPa, has PS with 36 % of
PPO, which molecules do not contain any
substituent and therefore have the most
simple structure. TBPPD and DMePPD
molecules with alkyl substituents have more
branched structure compared to PPO (Table
1), which creates high steric difficulties for
their diffusion in the polymer. Therefore
the PS with 40 % of TBPPD and 40 % of
DMePPD have more high microhardness
(HV = 135 and 73 MPa, respectively), than
the PS with 36 % of PPO.

Increase of the activator concentration
leads to increase of n/y-discrimination due
to triplet-triplet annihilation. At the same
time the microhardness decreases because
high concentration of the activator leads to
replacing the part of rigid structured poly-
mer matrix by a soft amorphous substance

FOM

50, TBPPD
151 /‘//://,/./' DmPPD
1.0 ?./0/./

0.5

FOM= 1.27

0.0 T T T T T T T T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Equivalent electron energy, MeVee

Fig. 6. Dependence of n/y-discrimination pa-
rameter FOM on E,, for PS with 40 % of
TBPPD, 40 % of DMePPD and 36 % of PPO.
The data are obtained for fast neutrons and
gamma quanta of 23°Pu-Be source. Horizontal
curve corresponds to FOM = 1.27, for which
n/y-discrimination error is 3(Ggamma + Cpeutron)
where Ogamma and G, 1S the standard de-
viation for gamma quanta and neutrons distri-
butions.

(plasticization effect). The level of micro-
hardness decreasing depends on affinity of
activator substance to the polymer matrix
and on the structure of alkyl substituents

in its molecule.

Table 3. Relative scintillating light yield, microhardness HV, and n/y discrimination parameter

FOM of the PS sample of different content

PS PS content (polystyrene matrix), wt. % Rel. LY % Microhardness by
number Vickers HV, MPaa

1 Standard: 2 % of p-terphenyl + 0.05 % POPOP 100 231 <0.5

2 40 % of tert-BuPPD + 0.1 % POPOP 90 135 1.67

3 40 % of m-DMePPD + 0.1 % POPOP 96 73 1.22

4 36 % of PPO + 0.1 % DPA 89 21 2.41
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So, in the PS with high activator content
(up to 40 wt. %) there is a possibility of
microhardness increasing by means of acti-
vators with high affinity to a polymer ma-
trix and more branching structure of used
alkyl substituents because of low mobility
of such molecules in a polymer matrix. At
the same time, it follows from observed de-
crease of FOM that alkyl substituents cre-
ate steric difficulties for close approach of
the chromophore fragments of the molecule.
This reduces the probability of triplet exci-
tations migration thus reducing the prob-
ability of triplet-triplet annihilation. As a
result, the intensity of the delayed compo-
nent of scintillation pulse is decreased and
the n/y-discrimination quality is reduced.

But, in spite of some FOM reducing, ma-
terial of polystyrene-based PS for n/y-dis-
crimination with 40 % tert-BuPPD + 0.1 %
POPOP is close by its physical and chemical
properties to the well-known standard PS
UPS-923A [8]. This material as well as that
with 40% TBPPD, is well polymerized in
large volumes, easily cut and polished, have
high transparency and hardness and it is
time-stable.

4. Conclusions

The set of activators — alkyl deriva-
tives of diphenyloxadiazole have been
synthesized. Their solubility in a polymer
matrix has been studied. It is found that
two activators, namely, 2-phenyl-5-(4-teri-
butylephenyl)-1,3,4-oxadiazole and 2,5-

Functional materials, 21, 3, 2014

di-(3-methylphenyl)-1,3,4 oxadiazole have
more than 40 % solubility. These two acti-
vators were used to obtain PS with the high
n/y diserimination and high mierohardness.

The capability of n/y-discrimination of
the PS with high concentration of activators
was shown.

The parameter of n/y-discrimination was
calculated to be 1.49 and 1.81 for the stud-
ied PS. For signals reliable discrimination,
FOM must be greater than 1.27, so the ob-
tained PS can be used as detectors of fast
neutrons in the presence of gamma radia-
tion background.
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