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Development of large size fast timing and radiation
resistant PVT-based plastic scintillator detector
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ABSTRACT

The fabrication and the scintillation properties of a polyvinyltoluene-based
plastic scintillator doped with 2,5-diphenyloxazole (PPO) and 1,4-bis[2-
(phenyloxazolyl)]-benzene (POPOP) are presented. The XRD structural analysis
and SEM-EDS technique confirm the amorphous nature of the material. The
high optical transparency of 88% over the entire visible region, the refractive
index of 1.57 near to that of glass and the emission wavelength at 425 nm make
the synthesized PVT scintillator well suitable for radiation detection and mea-
surements. The scintillation lifetime of 4 ns under '*’Cs exposure revealed its
utilization as fast timing detector for Time-of-Flight measurements. The fabri-
cated scintillator shows a maximum light output of 65% of stilbene crystal.
Scintillation light loss shown for ®°Co irradiations with radiation doses of 1
Mrad and 1.98 Mrad evinced the good radiation hardness characteristic of the
material, bringing about a best candidate for high radiation level environments.
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fairly high light output. Plastic scintillators are now a
days the most widely accepted organic detectors

1 Introduction

Scintillation detectors are the oldest techniques
known for the accurate detection and spectroscopy of
a broad range of radiations. The scintillation light
produced by the materials, when excited by ionizing
radiation, is then coupled with a photodetector (such
as photodiodes, PMTs etc.) which converts them into
electrical signals. These signals can be further ana-
lyzed and counted to quantify and identify the inci-
dent radiation. Organic scintillators took a noticeable
position in the field of scintillation detection as a fast
radiation detector, due to their fast response time and
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besides liquid and crystalline ones, due to its rapid
decay time, moderately high relative light yield,
environmental stability, low toxicity, ease of handling
and production of large volumes at cheap rates [1-4].

Despite low density and efficiency compared to
inorganic counterparts, the prompt scintillation
decay time and the cost-effective large volume size of
the plastic scintillator have led to their extensive
utilization in security applications, dosimetry, and
high-energy physics [5]. They are diagnosed as fast
neutron detectors because of their high hydrogen
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content. These new solid-state materials are also a
good alternative to liquid scintillators, which have
been used for decades as fast neutron detectors,
mainly due to its drawbacks such as difficulty in
handling, toxicity, disposal, and presence of dis-
solved oxygen that can reduce the fluorescence
intensity and further limits the performance effi-
ciency [6, 71.

High purity of the starting materials, selection of
monomers and fluors, its solubility, the synthesis
method (Thermal Polymerization), optical properties,
etc. strongly affect the light output of the plastic
scintillator. Wavelength shifters are used to match the
emission wavelength of the plastic scintillator with
that of the quantum efficiency of the photomultiplier
tubes (PMTs) used and hence to increase the attenu-
ation length. Thermal polymerization condition
(100-150 °C for a certain period of days) results in
polymers with higher molecular weights [8] which
displays higher light yield compared to scintillators
consisting of polymers with shorter chains [9]. Opti-
cal parameters, which include self-absorption,
extraction of photons, surface polishing, optical cou-
pling between the scintillator and the PMT, etc. show
a great impact on the final response of the scintillator
[6, 10]. The analysis of Zhu et al. [11] revealed that the
2 wt% of fluorescent dye PPO doped in polystyrene
shows higher fluorescence intensity, improved scin-
tillation efficiency and good light yield and increas-
ing the concentration above this optimum value
decreased the light output by quenching effect. The
report by Molisch et al. [12] evaluated that the
increase in the dopant concentration also increased
the lifetime of the scintillation light due to radiation
trapping. The concentration of the wavelength shift-
ing luminescent additives can have a great influence
on maximizing the scintillation efficiency. The studies
conducted by Adadurov et al. [13] found out that the
optimal concentration of the POPOP spectral shifter
should be decreased for large dimensional plastic
scintillators to avoid self-absorption which leads to
light losses in the material. Plastic scintillators are
vulnerable to radiation damage, which in due course
decreases the light output by the generation of
absorption centers and the degradation of fluors [14].
Their radiation resistance mainly relies on factors
such as temperature, presence of oxygen, total
absorbed dose, and dose rate.

The present study has been focused on the devel-
opment of large size fast timing and radiation
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resistant polyvinyltoluene (PVT)-based plastic scin-
tillator detector doped with optimized concentrations
of 2 wt% 2,5-diphenyloxazole (PPO) and 0.05 wt%
1,4-bis[2-(phenyloxazolyl)]-benzene (POPOP). The
structural analysis and the surface morphology were
investigated using XRD and SEM-EDS techniques.
The luminescence spectrum shows the emission
wavelength lying in the visible region. Gamma-ray
spectroscopy was performed with '’Cs, ®°Co, and
*Na gamma-ray sources and the energy calibration
was done. The decay time of the fabricated scintilla-
tor was determined and the relative light yield was
estimated in comparison to organic stilbene crystal
under the similar experimental parameters. Radiation
hardness was measured under normal conditions
(air, room temperature) and the scintillation effi-
ciency loss in relation to the absorbed dose and the
recovery of the irradiated scintillator were examined.

2 Experimental details
2.1 Synthesis of plastic scintillator

Polyvinyltoluene-based plastic scintillator was syn-
thesized using thermal polymerization. The vinyl-
toluene monomer, the primary dopant 2,5-
diphenyloxazole (PPO), and the wavelength shifter
1,4-bis[2-(phenyloxazolyl)]-benzene (POPOP) were
purchased from Sigma-Aldrich with 99.5% purity.
The monomer was further purified to remove the
inhibitors and particulates present. This was done by
adding a prepared mixture of 3 g sodium hydroxide
(NaOH) with 100 cc distilled water to vinyltoluene
and kept aside for about 15 min for complete sepa-
ration. This process was repeated several times to
attain thorough purification.

The distilled vinyltoluene was mixed with the
dopants and the nitrogen gas was used to degas the
solution through bubbling method. The homoge-
neously stirred solution was then transferred into a
cylindrical vial (20 mm diameter and 80 mm height)
and closed inside the glove box. The sealed vial was
placed in a high-temperature heater for about a per-
iod of 10 days to perform polymerization reaction at a
temperature of 120 °C. Figure la and b shows the
synthesized plastic scintillator samples under white
and UV light.
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The fabricated scintillator was cut by South Bay
Tech-low speed Diamond wheel cutter and polishing
was done using 320-1500 grit sandpapers and with
diamond paste of 0.5 micron using a suitable velvet
cloth. The perfectly polished sample was finally
covered with Teflon Tape for further protection.

2.2 Scintillation measurements

Radioluminescence was measured using an X-ray
source for excitation at room temperature with volt-
age and current kept at 150 kV and 4 mA respec-
tively. A spectrograph (Avaspec 3648) coupled to an
optical fiber was used to record the emission spec-
trum over an integration time of 5 s.

Pulse height spectra and energy calibration were
acquired by irradiating the plastic scintillator with
gamma-rays from '*’Cs, ®°Co, and **Na sources. The
polished surface of the sample was coupled with
Hamamatsu R877-100 PMT using optical grease for
better optical coupling and covered with spectralon
to reflect the emitted photons towards the PMT
window. The detector was fully closed with alu-
minium foil and the PMT’s signal output was con-
nected to a preamplifier and then to a spectroscopic
amplifier. The spectra were analyzed using the Tukan
8k multichannel analyzer with a shaping time opti-
mized to be of 0.5 ps to reduce the incidence of pulse
‘pile up’, to improve the signal-to-noise ratio and for
better resolution.

Scintillation decay time was determined by cou-
pling the scintillator with Hamamatsu H3378-50
PMT, where the output was directly fed to a digital
Tektronix oscilloscope MDO3102. The relative light
yield was estimated by comparing the position of the
Compton edge in the pulse height spectra from the
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1%7Cs source of the plastic scintillator to that of the
stilbene crystal.

Radiation hardness studies were performed by
irradiating the sample with ®’Co in a Blood Irradia-
tor-2000 at a dose rate of 700 rad/min. The samples
were first exposed to a radiation dose of 1 Mrad and
then exposed to an additional dose of 0.98 Mrad, for a
cumulative exposed radiation dose of 1.98 Mrad.
Measurements were taken on the sample immedi-
ately after the irradiation.

3 Results and discussions
3.1 X-ray diffraction (XRD)

The XRD pattern of the synthesized PVT- based
plastic scintillator was analyzed using the Proto
AXRD_LPD_HR X-Ray diffraction system. The data
was recorded in the ranges between 20 = 2°-80° with
a step size of 0.2°. The Cu X-ray tube was used as the
X-ray source, having an accelerating voltage of 40 kV
and a tube current of 3mA. Figure 2 shows two broad
halo humped diffraction peaks extending between
20 = 5°-14° and 20 = 35°-55°, proving the amor-
phous nature of the plastic scintillator. These two
broader amorphous signals may be due to two dif-
ferent chain’s length and the orientation, indicating
the presence of two different amorphous phases of
the material [15, 16].

3.2 Scanning electron microscopy (SEM)

SEM is a convenient characterization technique to
know the surface morphology and also the

Fig. 1 a and b Photographs
of fabricated scintillators under
white and UV illumination

1(b)
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Fig. 2 X-ray diffraction pattern of the PVT-based plastic
scintillator

distribution of particles in polymer composites,
nanocomposites [17, 18] as well as in hybrid materials
[19]. The microstructural morphology of 2 wt% PPO
and 0.05 wt% POPOP loaded polyvinyltoulene based
plastic scintillator sample was analyzed using Ther-
mosceintific Apreo S HRSEM and the elemental
compositions were measured using energy disper-
sive X-ray spectroscopy (EDX) on SNE3200M table-
top scanning electron microscope after chromium
sputtering. An operating voltage of 5 kV was selected
for SEM recording based on the information required
and the low atomic number nature of the synthesized
plastic scintillator [20].

The high-resolution scanning electron microscope
(HRSEM) image of the PPO and POPOP loaded PVT-
based plastic scintillator is shown in Fig. 3a. The
uniformly dispersed small grain like microstructural
arrangement can be observed for the plastic scintil-
lator sample, rendering it to be amorphous. This is
also predicted from the broader halo peak obtained
by the XRD analysis [19, 20]. The EDS spectroscopy
confirmed the presence of C and O in the material
(Fig. 3b). The negligible percentage of Al observed is
due to the impurities present in the specimen holder.
Table 1. shows the elemental compositions in
weight% for the PPO and POPOP loaded plastic
scintillator obtained from the energy dispersive X-ray
spectroscopy (EDX) measurements.

@ Springer

| J Mater Sci: Mater Electron (2023) 34:127

3.3 Optical transmittance

The optical transmittance plays a significant role in
the measurement of light yield of the scintillator, as it
depends on how much amount of the scintillation
light from the spectral shifter that enters the pho-
todetector. Good transmittance allows the better
propagation of the scintillation light through the
material and also reduces the phenomenon of self-
absorption [21]. The UV-Vis NIR transmittance
spectrum of the PVT-based plastic scintillator doped
with PPO and POPOP (2 mm thickness) recorded
using UV-Vis NIR spectrophotometer within the
wavelength range from 300 to 1000 nm is shown in
Fig. 4. The graph displays that the material exhibits
high transmittance (i.e., good optical quality) all over
the visible region with a transparency of 88%, making
it applicable for scintillation measurements [22]. The
lower cut-off wavelength of the synthesized scintil-
lator is shown to be at 400 nm.

3.4 Refractive index

Brewster’s angle method (model HO-ED-P-01) was
used to examine the index of refraction of the syn-
thesized PVT-based plastic scintillator. The apparatus
in the experiment comprises of a diode laser of
wavelength 650 nm (input power = 230 V and out-
put power = 3mW), polarizer with an accuracy of
2°/division,  optical rail  (length = 500 mm),
goniometer of resolution 1” and pinhole photode-
tector (diameter = 0.7 mm) connected to a detector
output digital measurement unit. The experimental
setup and the procedure were explained in detail by
Kamalesh et al. [23]. The optically transparent plastic
scintillator sample of thickness 2 mm was used for
the study. The angle of rotation versus the detector
output (i.e., intensity of the reflected beam from the
sample) was plotted, as shown in the Fig. 5. The
refractive index was determined using the following
Egs. [24],

p = tani, (1)

where u is the refractive index and i, is the Brewster’s
angle or polarizing angle (ep).

The Brewster’s angle ip is found to be 57.5°, where
the output intensity is minimum and the refractive
index p is 1.57 for the PVT-based plastic scintillator.
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Fig. 3 a SEM image of the
PVT-based plastic scintillator
and b EDS of PPO and
POPOP loaded plastic
scintillator

det | HFW

(a)

Table 1 Weight% of elements in the PPO and POPOP doped
PVT scintillator
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Fig. 4 UV-Vis NIR transmittance spectrum of the PVT-based
plastic scintillator doped with 2% PPO and 0.05% POPOP.

The index of refraction is near to that of glass (~ 1.5),
which allows the efficient coupling of the scintillation
light of the plastic scintillator to that of the photo-
multiplier tube used [22].
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Fig. 5 Plot of angle of rotation versus the detector output

3.5 Radioluminescence

The radioluminescence spectra of polyvinyltoluene
doped with 2 wt% 2,5-diphenyloxazole (PPO) and
0.05 wt% 1,4-bis[2-(phenyloxazolyl)]-benzene
(POPOP) is shown on Fig. 6. The spectrum was
acquired by analysing the radiation emitted by the
face opposite to that which was directly excited. It is
known that fluorescence intensity increases with
higher transparency of the plastic scintillators [25].
As the overlapping between the optical absorption
and emission spectra (referred to as Stokes shift) is
very little, the probability of re-absorption of the
emitted light in the scintillation material is smaller.
Since the Stokes shift of POPOP is large (about
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Fig. 6 Radioluminescence spectra of PVT doped with 2% PPO
and 0.05% POPOP

50 nm), it is used as a wavelength shifter to increase
the attenuation length [26].

The spectrum comprises a broad emission band
between the regions of 400 and 600 nm under X-ray
excitation, with a peak maximum at 425 nm, agreeing
well with the scintillation emission of a typical plastic
scintillator [27]. This is due to the n—n transition of
the n-electrons in the carbon double bond. Here the
emission accounts for the radiation transfer of energy
from the excited polymer base (vinyltoluene) to the
molecules of the primary fluor PPO and then from
those to that of the secondary dopant or the wave-
length shifter POPOP [28].

3.6 Pulse height Spectra

Figure 7 shows the schematic of the experimental
setup for the pulse height spectra measurements of
the synthesized plastic scintillator. The pulse height
spectra for Cesium-137, Cobalt-60, and Sodium-22
measured with the synthesized plastic scintillator
doped with 2,5-diphenyloxazole (PPO) and 1,4-bis[2-
(phenyloxazolyl)]-benzene (POPOP) is depicted in
Fig. 8. The gamma interactions that occur mainly in
plastic scintillators are Compton scattering which can
deposit only a fraction of its incident gamma-ray
energy as a result of its low atomic number (i.e., low
photoelectric interaction probability), so full-energy
peaks cannot be seen in their pulse height spectra
[22]. The kind of detector, the energy, and the nature
of gamma-ray sources have a strong influence on the
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behavior of these spectra [29, 30]. The type and the
concentration of the fluorescent dyes (i.e., primary
fluors and spectral shifters) incorporated also play a
prominent role for the higher radiation detection
efficiency (such as gamma and neutron detection) in
the scintillation detectors. The scintillation light yield
increases with the increase of incident energy, as the
interaction of the photons are encouraged and thus,
the spectrum gets extended to the higher channel
number [31]. It is found that a larger number of
output photons is obtained for the sample radiated
by Cobalt-60 than compared to Cesium-137 and
Sodium-22.

3.6.1 Energy calibration

Gamma sources such as '*Cs, ®°Co, *Na are gener-
ally used for the energy calibration of the scintillator
material by measuring the Compton edge, which
corresponds to the maximum energy transferred
during the backscattering of the gamma rays to the
electron [32]. The Compton edge energy for each
gamma source was calculated, based on their
gamma-ray energies [33]. Since the ®°Co source emits
two gamma rays of energies 1.17 MeV and 1.33 MeV,
the Compton edge energy calculations were done by
selecting the average energy. Table 2 gives the cal-
culated Compton edge energy values of the corre-
sponding gamma-ray sources.

Table 2 calculated compton edge values of the
corresponding gamma sources.

One of the perfectly polished surfaces of the fab-
ricated plastic scintillator was attached to the PMT
window (Hamamatsu R877-100, Operating voltage,
1300 V) using optical grease and the other surface
was covered with Teflon tape for reflecting the
emitted photons towards the surface coupled to PMT.
The spectra were recorded by using Tukan 8K mul-
tichannel analyzer over a measurement time of 900 s.
The channel corresponding to the Compton edge
energy of the spectra was identified by selecting the
middle point where the slope falls down to one-half
of the value of the Compton peak. The energy cali-
bration result of the fabricated scintillator is as
follows:
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Fig. 7 The experimental setup
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Fig. 9 Gamma-ray pulse spectra after energy calibration

Table 2 Compton edge

Gamma energy (keV) Compton edge energy (keV)

energy values of the three SL.No. Source

gamma-ray sources 1 Sodium 22 (22N a)
2 Cobalt 60 (*°Co)
3 Cesium 137 (**'Cs)

511 340.1
1173/1332 Avg. 1040.7
661.6 477.3

Channel No. = 115.1343 + 4.48207
x energy (R* = 99.919) (2)
The gamma ray spectra of '*’Cs, ®’Co, **Na after
energy calibration is shown in Fig. 9.

The fabricated plastic scintillator possesses excel-
lent energy linearity of 99.9% through the energy
calibration (Fig. 10). Thus, the results confirm that the
response of the scintillator is proportional to the

incident energy in the low gamma-ray energy region
[32].

3.7 Scintillation decay

The decay characteristics of pulses under gamma-ray
excitation in polyvinyltoluene based plastic scintilla-
tor doped with 2 wt.% 2,5-diphenyloxazole (PPO)
and 0.05 wt.% 1,4-bis[2-(phenyloxazolyl)]-benzene
(POPOP) is presented in Fig. 11. The lifetime of the
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Fig. 10 Linear fit for the data points corresponding to the
Compton edges for three gamma-ray sources of the fabricated
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Fig. 11 Scintillation decay of polyvinyltoluene-based plastic
scintillator under '*’Cs gamma-ray excitation

scintillation decay increases for higher PPO concen-
trations due to self-absorption [34]. The anode signals
from the PMT (Hamamatsu H3378-50) coupled to the
scintillator were recorded using a digital Tektronix
oscilloscope MDO3102 having 1 GHz bandwidth.

The decay time spectra were fitted with a two-
component exponential decay using the following
equation:

I(t) = Ap + Arexp(—t/11) + Azexp(—t/12) (3)

where A;, A; are the amplitudes and 74, 7, denote the
time constants.
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The ratio of relative amplitudes of the decay com-
ponents was calculated with the equation:

Q = A

e ——— 4
A1t + Aro “)

The average decay time was evaluated to be 4 ns
from the equation:

A]‘C] +A2‘E2
= 5
A+ Ay ®)

Tavg =

The fabricated plastic scintillator shows a fast
response time compared to commercially available
ones such as BC-428, BC-430, BC-416 [35].

3.8 Relative light yield

Light yield, an important characteristic of scintilla-
tors, corresponds to the number of photoelectrons per
energy unit. Concentration quenching can decrease
the scintillation light efficiency when the fluor con-
centration is increased above an optimum value, by
reason of the generation of non-radiative energy
transfer [31].

The Compton edge in the gamma-ray spectrum is
found to be an alternate method for characterizing
the relative light yield of the developed plastic scin-
tillator [36]. This is achieved by comparing the
Compton edge position in the pulse height spectrum
for the 662 keV gamma-ray energy of '”’Cs of the
synthesized plastic scintillator to that of the well-
known organic crystal stilbene, measured under
identical conditions such as measurement geometry,
photomultipliers, and recording instruments (shown
in Fig. 12). The shaping time applied for acquiring
these spectra was 0.5 ps.

The fabricated plastic scintillator exhibits a light
yield of 65% of the light output of stilbene (10,500
ph/MeV) [37].

3.9 Radiation hardness

The radiation resistance of the plastic scintillator
depends not only on the polymer matrix but also on
the fluorescent dyes and its concentration. The radi-
ation damage process in scintillators is influenced by
many parameters such as the nature of the irradiating
particle (its stopping power), the amount of radiation
dose absorbed, the rate of irradiation and the envi-
ronmental conditions under which the radiation
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Fig. 12 Gamma-ray spectrum of the plastic scintillator from '*’Cs
source relative to stilbene organic crystal

takes place [38, 39]. One of the main effects of this
damage is that it can change the optical properties of
the scintillator material. This is by decreasing the
scintillation light output due to the damage caused to
the fluorescent compounds or either through
degrading the transmission behavior as a result of the
formation of optical absorption centers. This eventu-
ally affects the light attenuation length of the scintil-
lator [40]. Scintillation light yield loss due to the
formation of color centres (or radiation traps) is less
evident in long-wavelength regions than in UV and
blue wavelength regions, after irradiation. So, wave-
length shifters with large stokes shift are mostly used
to improve the radiation hardness of the material
[14].

The radiation damage studies of PVT-based plastic
scintillator doped with 2 wt% 2,5-diphenyloxazole
(PPO) and 0.05 wt% 1,4-bis[2-(phenyloxazolyl)]-ben-
zene (POPOP) was analysed using the *°Co source
with a total radiation dose of 1.98 Mrad at a dose rate
of 700 rad/min. The gamma-induced pulse height
spectra of pre-irradiated and irradiated PVT-based
scintillator (immediately after irradiation) are shown
in Fig. 13. The values were determined by identifying
the channel number corresponding to the Compton
edge position of the gamma-ray spectrum. The rela-
tive scintillation efficiency is obtained by dividing the
channel number by that value of the non-irradiated
sample.

At 1 Mrad radiation dose, the sample suffers 28%
light loss and after 1.98 Mrad, the total scintillation
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Fig. 13 Pulse height data of the PVT-based scintillator before
irradiation and after 1 Mrad and 1.98 Mrad radiation doses

light loss is 39%. This is determined by comparing the
Compton edge positions of the pulse height spectrum
before and after irradiations.

Figure 14 presents the pulse height spectra during
the recovery period by storing the sample in air
atmosphere (i.e., by exposure to oxygen) at room
temperature. The free radicals present react with the
oxygen to give out peroxide radicals, which basically
do not absorb the visible light and thus leads to
bleaching [39]. The damage can be recovered in
course of time, as it is not totally permanent. The
recovery curve shown in Fig. 14 shows excellent
recovery within 2 days of exposure to dry air atmo-
sphere (an increase of 25% light yield), which makes

e Before Irradiation
== 1,98 Mrad
== Recovery

2000

1500

137Cs source

1000

Counts

500

AL
500 1000 1500 2000 2500

Channel Number

Fig. 14 Pulse height spectra of the irradiated sample after
exposure to air atmosphere (recovery period)
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it suitable for use in high-radiation environments
[41]. Thus, the PVT-based plastic scintillator doped
with PPO and POPOP has good radiation hardness
characteristics, when compared to a standard plastic
scintillator BC-408, which suffers 40% light yield loss
at 1 Mrad radiation dose [42].

4 Conclusion

We have synthesized a large size optical transparent
2,5-diphenyloxazole (PPO) and 1,4-bis[2-(phenyloxa-
zolyl)]-benzene (POPOP) doped polyvinyltoluene-
based plastic scintillator using thermal polymeriza-
tion reaction. The broad halo hump peak obtained in
the XRD analysis predicts the amorphous nature of
the material. The surface morphology and the ele-
mental compositions were examined from the SEM-
EDS technique. The X-ray excited luminescence
spectrum shows an emission peak at 425 nm, which
lies in the visible region of the electromagnetic
spectrum. The fabricated scintillator exhibits an
energy linearity of 99.9%. The short decay time of 4 ns
under gamma-ray excitation of the scintillator marks
its significance in fast timing measurements and in
particle physics. The results of gamma-ray spec-
troscopy under gamma-ray sources such as '*’Cs,
®Co, and **Na show that the synthesized scintillator
possesses higher light output and the relative light
yield is estimated to be 65% of that of stilbene crystal.
The fabricated scintillator owns higher radiation
resistance than the commercially available plastic
scintillator BC-408. Thus, it can be concluded that the
fabricated PVT- based plastic scintillator is an
invaluable organic scintillation detector that can be
used for radiation detection, homeland security, high
radiation level environments and in high energy
physics applications.
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