Functional Materials 21, No.2 (2014)

Influence of electron-donor additive
on properties of plastic scintillator
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The main goal of the work is to study the influence of electron-donor additives of a
polymer matrix on scintillation properties of plastic scintillators. Molecules of tripheny-
lamine were chosen as the additives which have substantially lesser than styrene ioniza-
tion. The use of this compound leads to distinct improving of the scintillator properties,
namely, to increasing the light yield on 15 % and cutting in half the rise time.

HNsyueno BiausHue dJIEKTPOHOMLOHOPHBIX HAIIOJHUTENEH IIOJIMMEPHOM MAaTPUIBI HA CI[UH-
TUJIAINOHHLIE CBOMCTBA COSAZAHHBIX HA €e OCHOBE IIJIaCTMACCOBBIX CIMHTHUJIJIATOPOB. B Ka-
YyecTBe TAKUX L00ABOK BBIOPAHBI MOJIEKYJbI TPU(EHUJIAMUHA, KOTOPbIe MMEIOT 3HAUUTEJIHbHO
MEHBIINN 110 CPABHEHUIO CO CTHUPOJIOM IIOTEHIIMAJ MOHUBAIMU. VICIIONB30BAHME 9TOrO COENU-
HEHUS IIPUBOAUT K CYILIECTBEHHOMY YJIYUIIEHNIO CBOUCTB ILJIACTMACCOBOrO CIMHTUJJIATOPA, a
MMEHHO, I[IOBBIIIEHUIO CBETOBBIXOAA Ha 15 % M yMEHBIIEHWIO BPEMEHU HAPACTAHUA IOUYTHU
BIBOE.

BracTMBOCTI NAacTMacoBOT0 CHUHTHUIASTOPA 3 €JEKTPOHOTOHOPHUMH JOMIiIIKaMMU.
II.M.Hmypin, BJ.Tuyvka, O..Bedpur, [H.A.€nucces, O.A.Conduuwesa, B.M.Jlebedes,
B.M .Ilepeiimar, O.P.Adadypos.

BuBueno BHOANB eJeKTPOHOJLOHOPHMX HAINOBHIOBAUIB IOJiMepHOI MAaTPUIll HA CIUHTH-
aanifini BracTuBOCTi cTBOpeHUMX Ha 1i 6a3i MIACTMACOBUX CIMHTUJIATOPIB. ¥ AKOCTI TaKUX
MOMIITOK BUOPAaHO MOJEKYJaU TpudeHiIaMiny, AKi MalOTh 3HAUHO MeHIIUH y TMOpPiBHAHHI 3i
cTUpOJIOM ToTeHITian ioniszamii. BukopucranHsa 1iel CHOJYKU TPUBBOAUTL MO CYTTEBOTO IIO-
JITITIEeHHA BJACTUBOCTEH IIJIACTMAaCOBOTO CIUHTHUJIATOPA, a caMme, MiJBUIIEHHS CBiTJIOBOTO
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BUxoAy Ha 15 % i 3aMeHIIeHHs Yacy HAPOCTAHHS MaliKe BIBiui.

1. Introduction

Plastic scintillators (PS) are widely used
for registration of high energy particles
with low energy losses. Their composition
was chosen and optimized as early as in
mid-1950ies and since then has been practi-
cally unchanged. A standard scintillation
composition consists of polystyrene or poly-
vinyltoluene base with p-terphenyl (p-Tp) as
an activator and p-bis[(2-(5-phenyloxa-
zolyl)]benzene (POPOP) as a wavelength
shifter [1]. Such a composition provides
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light yield of about 10000 photons/MeV for
polyvinyltoluene-based PS and ~8000 pho-
tons/MeV for polystyrene-based PS [2, 3].
But a modern physical experiment imposes
new requirements to PS-based detectors —
higher light output and shorter scintillation
pulse are needed now.

Mechanisms of interaction of a high-en-
ergy particle with a polymer medium are
well understood now. An electron passing
through the polymer medium creates a
track consisting of primary ionization cen-
ters. Simulations of observed processes have
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shown that the average energy loss by an
1 MeV electron in a single act of interaction
with polymer medium does not exceed 30 eV
[4]. As a rule this energy is transferred to
a secondary electron which, ionizing the me-
dium, can produce electrons of a next gen-
eration, and so on. The secondary electron
of above energy cannot be displaced on a
distance larger than 0.5 nm. As far as On-
sager radius is 25 nm under room tempera-
ture, it is obvious that the born electron
cannot overcome the Coulomb potential of
the produced ion and will necessarily recom-
bine with it. As the result, a set of excita-
tion centers is created along the trajectory.
The excitation energy is efficiently collected
by the activator molecules. So, the scintilla-
tion process can be conditionally divided
into two stages. The first stage is connected
with the leading edge of a scintillation
pulse and is directly determined by diffu-
sion time of the charges formed in the
track. The second stage is the excitation
decay which is determined by life times of
activator and shifter molecules.

The main methods of changing the tem-
poral characteristics of plastic scintillators
were based, as a rule, on changing de-exci-
tation conditions of scintillating additives
of the plastic scintillator. Usually these
methods were based on adding different
fluorescence quenchers to the polymer me-
dium. They indeed decrease the decay time
of scintillation but also noticeably decrease
the PS light yield. It is to be noted that
these methods do not affect the rise time of
scintillation pulse because it is determined
by diffusion of charges in a polymer me-
dium. So, a promising way to decrease the
rise time is to change the charge mobility in
the polymer base of a plastic scintillator.
This mobility is determined first of all by
donor-acceptor properties of the polymer
medium molecules and, as the result, by
their ionization potentials. For polystyrene
molecules the ionization potential 9.2 eV is
determined by the ionization potential of
phenyl groups [5]. But molecules with lower
ionization potential in a polymer medium
can increase the total number of electron-
ion pairs in a track of a high-energy parti-
cle and accelerate the recombination proc-
esses determined by the rate of charges dif-
fusion in a polymer medium. All these can
increase the PS light yield and reduce the
rise time of a scintillation pulse [6].

The main goal of the present article is to
study the influence of electron-donor addi-
tives in a polymer matrix on scintillation
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properties of plastic scintillators. As elec-
tron-donor additives, molecules of tripheny-
lamine were chosen, which have much lower
(as compared to styrene) ionization poten-
tial — 6.8 eV. This substance is widely used
as organic p-type semiconductor [7, 8].

2. Experimental

Triphenylamine was obtained from
Aldrich and used without any additional pu-
rification.

Triphenylamine presence in a polymer
scintillating system noticeably affects the
polymerization process and scintillators
properties. We have determined the
triphenylamine solubility in styrene and ef-
fects of its concentration on the polymeriza-
tion process. The optimal concentration of
triphenylamine appears to be 40 wt. %.

Selected optimal concentration of
triphenylamine (40 wt. %) was used for
polystyrene-based scintillators with 2,5-di-
methyl-1,4-distyrylbenzene (DMDSP) lumi-
nescent additive.

DMDSP was obtained according to the
method described in [10]. On the first stage,
after interaction of 1,2,4,5-tetramethylben-
zene (durene) with N-bromosuccinimide in
carbon tetrachloride, in the presence of ben-
zoyl peroxide, 2,5-dimethyl-1,4-dibromben-
zene is obtained (I). On the stage II, the
obtained semi-product reacts with triethyl-
phosphite. As the result a semi-product II is
obtained which in the presence of nucleo-
philic condensing agent (sodium-methoxide)
is converted into compound III. Its interac-
tion with benzaldehyde gives the required
2,5-dimethyl-1,4-distyrylbenzene (stage IV).

Solution of triphenylamine and DMDSP
in styrene was made under 78°C followed by
sparging by argon during 6 min. Experi-
mental samples were made by mean of bulk
radical polymerization under 155°C during
96 h. Transparent fluorescent blanks were
obtained which then were cut to obtain
8x10x15 mm3 samples.

Spectrofluorometer Fluoromax-4 (HORIBA,
Joben Ivon Inc.) was used for fluorescence
spectra measurements.

The light pulse shape studies were per-
formed by the time-correlated single-photon
counting method. The time spectrometer
had two Hamamatsu R9800 PMT. One PMT
registered a signal from a Cherenkov
counter and was used to generate a trigger
signal. The second PMT was used to detect
single photons from the samples. Measure-
ments were performed using B-particles of
collimated 90Sr source.
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Fig. 1. Structural scheme of triphenylamine.

3. Results and discussion

A triphenylamine molecule (Fig. 1) is a
typical molecule with donor electron proper-
ties because of high oxidative property of
the central nitrogen atom and possibility of
transferring the positive charge to outer
cations radicals. As it can be seen in the
Table 1, triphenylamine has fluorescence
band with the maximum at 355 nm wave-
length and small quantum yield @, =
5 %. Polymer based on polystyrene with
30 wt. % of triphenylamine has low fluo-
rescent band with maximum at 3870 nm
(Fig. 2) and a distinet excitation band with
maximum at 340 nm. At high concentration
of the additive, the excitation maximum is
somewhat shifted to the long-wave side
compared to data of Table 1 [9]. It is to be
noted that in the spectrum presented in Fig. 2
a peak in the 280 nm region (excitation of
polystyrene chromophore groups) is practi-
cally absent. This points to the fact that
there is no efficient channel of energy
transfer from polystyrene to tripheny-
lamine.

Triphenylamine, having the absorption
peak at 320 nm, effectively quenches the
fluorescence of the standard plastic scintil-
lator with p-TP as the first luminescent ad-
ditive (Table 1) and, as the result, signifi-
cantly reduces it light yield. Indeed, adding
only 1 wt. % of triphenylamine in a stand-
ard scintillation composition abruptly (actu-
ally, by three times) decreases the light
yield of a plastic scintillator. Further in-
creasing of triphenylamine content in a
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Fig. 2. Excitation and fluorescence spectra of
a polystyrene (70 wt.%) with triphenylamine
(30 wt %).

Fig. 3. Structural scheme of DMDSP mole-
cule.

standard plastic scintillator leads to even
more light yield losses (Table 2). So, the
standard scintillation composition with p-TP
activator does not suite for operating with
triphenylamine. Therefore, to transfer effi-
ciently the excitation energy from a poly-
mer with triphenylamine additive, another
activator is needed, which can collect exci-
tation energy at 870 nm (triphenylamine
emission). 2,5-Dimethyl-1,4-distyrylben-
zene, which structural scheme is presented
in Fig. 8, was selected for this purpose. The
DMDSP solution in toluene has absorption
maximum at 355 nm, and fluorescence
maximum at 425 nm with 0.75 quantum
yield. As it seen in Fig. 4, these properties
of the activator are retained in polystyrene
with 40 wt. % of triphenylamine and 2 wt.
% of DMDSP.

Table 1. Fluorescent characteristics of triphenylamine and the standard activator of a plastic

scintillator — p-terphenyl

Activator Mnax @bS., NI E, 10* 1Mol ! emm™! | A,,. fluor., nm D uor
p-TP 275 3.3 340 0.93
TPA 300 2.37 355 0.05
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Fig. 4. Excitation and fluorescent spectra of
scintillation composition with (60 % PS +40 %
TPA + 2 % DMDSP).

Table 2. Dependence of plastic scintillator
efficiency on the content of triphenylamine

Content Scintillating
efficiency

PS+2 % p-TP + 0.05 % POPOP 1
PS+2 % p-TP + 0.05 % POPOP 0.34

+1 % TPA
PS+2 % p-TP + 0.05 % POPOP 0.2

+ 5 % TPA
PS+2 % p-TP + 0.05 % POPOP 0.15

+ 10 % TPA

Scintillation properties of obtained poly-
mers were studied on a composition of the
following content — 60 % PS + 40 % TPA
+ 2 % DMDSP. Light yield was estimated
by means of amplitude analyzer relative to
a standard sample under irradiation by 207Bj
0.975 MeV electrons. As shown in the
Fig. 5, the light yield of polystyrene-base
PS with TPA and DMDSP exceeds that of
the standard sample almost on 15 %. Note
that this result is obtained without using
any wave-length shifter for putting scintil-
lation pulses into the same spectral region.

So, reducing the total ionization poten-
tial really increases the scintillator light
yield. This result can be attributed to in-
creasing of total number of electron-ion
pair in a track. But in addition, the pres-
ence of triphenylamine must increase the
charge mobility. It is known that the liquid
solutions of triphenylamine have semicon-
ductor properties. Increasing the mobility
of the charges must accelerate their disper-
sal in a track. It must affect the rising edge
of a scintillating pulse. To check this we
made time-domain measurements of scintil-
lation pulse development in a standard scin-
tillator and the scintillation composition
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Fig. 5. Amplitude spectra of 60 % PS +
40 % TPA + 2 % DMDSP scintillation com-
position and the standard scintillator.
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Fig. 6. Time-domain decay curves of scintilla-
tion pulse in plastic scintillators. Solid lines —
fitting by convolution integral (1).

with 60 % PS + 40 % TPA + 2 % DMDSP.

Results are presented in Fig. 6.
It is seen in the figure that the half

width at half maximum of the instrument
response function is not more than 400 ps
and, therefore, it can not be considered in the
following analysis. It is known that time de-
pendence of a scintillation pulse is described
by the convolution integral [11-13]:

* (1)
(1) = [ Frigt = ©) - XD/ Ty )T,
0
where F,,, — pulse response of the entire
system, Tgecqy lifetime of an excited
state.

To determine time characteristics of the
charges diffusion it is needed to reconstruct
the pulse response of the entire system ac-
cording to (1) [12].
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Table 3. Fitting parameters for (1) and (2)

Scintillator A o Tdecay
Standard 2.97 0.49 2.51
PS+TPA+DMDSP | 4.267 0.26 2.36

In our case the pulse response of the
entire system can be described by a Gauss-

ian distribution with dispersion o2:
F,;s(t) = Aexp(—t2/202). 2)

Fitting experimental data presented in
the Fig. 6 we obtained rising functions for
polymer mediums of the standard scintilla-
tor and for scintillator with triphenylamine.
Fitting parameters are presented in Table 3.

Since rise time of the Gaussian (from
10 % to 90 %) becomes 1.69c, than it can
be said that the emission rise time of the
scintillator with polystyrene and TPA is re-
duced to 0.49 ns compared to that of the
standard PS — 0.85 ns. So the change of
conducting properties promotes acceleration
of charge relaxation processes in a track of
a plastic scintillator’s polymer base.

Conclusions

The presented results apparently demon-
strate that modification of a plastic scintil-
lator properties by means of changing
charge mobility in its polymer base can sig-
nificantly change it scintillation charac-
teristics. These changes can be related to
the total number of electron-ion pairs in a
track due to lowering of the total ionization
potential of the medium, which can signifi-
cantly affect the temporal characteristics of
a plastic scintillator. And if using such a
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simple compound as triphenylamine leads to
a clear improvement of the scintillator
properties, namely, to increasing the light
yield by 15 % and making the rise time 2
times shorter, the search for new more effi-
cient additives with lower ionization poten-
tial can allow us to improve scintillation
properties in a greater degree.
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