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Abstract: Functional plastic scintillators have attracted much attention for their usefulness in on-
site monitoring and detection in environments. In this study, we elucidated a highly reliable and
functional plastic scintillator for detection of radioactive strontium, which means a potent perovskite-
loaded polymeric scintillation material based on epoxy and 2,5-diphenyloxazole (PPO). Moreover,
Monte Carlo N-Particle (MCNP) simulation was performed to optimize the thickness of a plastic
scintillator for efficient strontium detection. A thickness of 2 mm was found to be the optimum
thickness for strontium beta-ray detection. A newly developed plastic scintillator with 430 nm
emission from perovskite loading could trigger scintillation enhancement employing potential
indication of perovskite energy transfer into a photomultiplier (PMT) detector. Furthermore, the
response to beta-ray emitter of 90Sr was compared to commercial scintillator of BC-400 by exhibiting
detection efficiency in the energy spectrum with a fabricated perovskite-loaded plastic scintillator.
We believe that this suggested functional plastic scintillator could be employed as a radiation detector
for strontium detection in a wide range of applications including decommissioning sites in nuclear
facilities, nuclear security and monitoring, nonproliferation, and safeguards.

Keywords: sensor; nanomaterial; perovskite; plastic scintillator; beta-ray emitter; decommissioning;
strontium detection

1. Introduction

In general, radioactive strontium as a fission product is one of the common radioiso-
topes found at the decommissioning sites in nuclear facilities. Additionally, 90Sr is the
most abundant radioisotope that remains in the 20~30 years later of the nuclear power
plant’s decommissioning sites [1]. Radiation measurements such as dosimetry and dose
controls are carried out by Geiger–Muller (GM) counter, gas proportional counter, or liquid
scintillation counter (LSC) by measuring the high energy beta-ray emitted by 90Y [1–3]. Ra-
dioactive characterization for 90Sr with decay half-life of 29 years in environments requires
radiochemistry analysis and beta spectroscopy. As bremsstrählung is generated by the
interaction between the medium and the beta-ray, attentions for the human influence by
the external exposure from the radioactive strontium should be paid. The chemical charac-
teristics of the 90Sr are similar to calcium [4], it can be accumulated in bone tissue [5], which
leads to bone cancer and leukemia. Finally, 90Y from radioactive strontium is accumulated
in the pancreas, which can lead to a number of problems in the body, such as cancer [6].

Today, the scintillation detector is a popular radiation measurement method in various
fields such as research and industrial areas. It has been exploited to detect the particle
emitted from the nuclear fusion process of the artificial nuclear for particle and nuclear
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physics research [7,8] and the cosmic-ray measurement for astrophysics [9–11]. It can
also be used for environmental radiation measurement [11–16] and exploring the mineral
resource [17] or explosive perception for airport security [18], medical imaging for diagno-
sis [19] and radiotherapy dosimetry [20], and optical devices [21–25]. Plastic scintillator
has been used broadly for radiation measurement with some advantages such as short
decay time, corrosion-resistance, and ease of fabrication with a large scale despite the
low degree of the light yield in the decommissioning site of the nuclear facilities [26–28].
Perovskites with high atomic number (Z) have been developed to enhance high thermal
and chemical stability by tuning size control and composition engineering during their
manufactures [29–36], and this advantage makes perovskite available in various forms
due to diameter of the particle representing unique optical and electronic characteristics
by quantum effects, which makes its range of application more comprehensive [32–36].
Perovskite has broad and reabsorption-free absorption spectra that enable the selection of
excitation wavelength, and a narrow (30–90 nm) and sharp emission peak can be tuned with
the particle size. Especially, the lead halide perovskites have recently been developed as a
new semiconductor material [37] featuring high photoluminescence quantum yield [38],
and energy conversion efficiency originated from their unique characteristics [39]. These
features were driven by quantum confinement effect [40] and large stokes shift [41]. Large
stokes shift makes excitation and emission wavelength separated, consequently minimizing
the overlap between the emission wavelengths [42–45].

In this study, we performed Monte Carlo N-Particle (MCNP) simulation to optimize
the thickness of a plastic scintillator for efficient strontium detection. Additionally, the
scintillation enhancement of perovskite-loaded epoxy-based nanocomposites by photo-
luminescence spectrum and energy spectrum was obtained from the plastic scintillator
employing potential indication of perovskite energy transfer with a photomultiplier (PMT)
detector by experimentally demonstrating the ability of fabricated plastic scintillator and
designed device to detect and monitor radioactive strontium in environments.

2. Materials and Methods
2.1. Chemicals

All chemicals and reagents were commercial products. Epoxy (WE-300A) and hard-
ener (WE-300B) used were purchased from Baron Tech (Kimpo, Korea). A high purity
grade 2,5-Diphenyloxazole (PPO), 1,4-bis(5-phenyloxazol-2-yl) benzene (POPOP), and
perovskite (CAT No. 900748) were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Plastic Scintillator Fabrication

Perovskite-loaded epoxy-based plastic scintillator was fabricated through thermal
polymerization method with epoxy and hardener monomer. Specifically, 10 g epoxy and
10 g hardener monomer were mixed in a bottle with PPO (0.2 wt%), POPOP (0.01 wt%), and
perovskite (0.5 wt%) for characteristic evaluation and detection efficiency comparison to
demonstrate the scintillation enhancement through the Förster Resonance Energy Transfer
(FRET) mechanism occurring inside the scintillator. The chemical formula of perovskite
used is CsPbBr3(Cl) including components of PbBr2, CsCl, and CsBr. Table 1 shows the
amounts and sorts for the fabrication of functional plastic scintillators.

Table 1. Amounts and sorts for the fabrication of functional plastic scintillators.

Plastic Scintillator Epoxy + Hardener
Monomer PPO POPOP Perovskite

Epoxy/PPO/POPOP Each 10 g 0.2 wt% 0.01 wt% –
Epoxy/PPO/perovskite Each 10 g 0.2 wt% – 0.5 wt%

Perovskite-loaded epoxy-based plastic scintillator was fabricated to exhibit scintil-
lation enhancement occurring between the plastic polymer composition. A schematic
fabrication process for the functional epoxy-based plastic scintillator by loading perovskite
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or POPOP is presented in Figure 1. The epoxy resin mixture was set with each of the plastic
scintillator compositions, and it was thoroughly mixed by sonication for 2 h. Then, the
mixture poured into the stainless planchet for bubble extraction remained in the mixture
using a vacuum chamber for 2 h. The degassed mixture was then annealed at 250 ◦C
by an electric drying oven for thermal polymerization for 3 h. Polymerization was per-
formed when the epoxy oxirane ring (epoxy-epoxy or epoxy-hydroxyl reaction) of the
epoxy monomer was opened by heat energy and finally, the monomer mixture became
plastic polymer scintillators. Then, a quenching process of polymerized scintillator was
done in cold water for easy de-molding from the stainless planchet.

Figure 1. Schematic illustration of the fabrication process for the functional plastic scintillator. 1,4-bis(5-phenyloxazol-2-yl)
benzene (POPOP) or perovskite was loaded in a mixture.

2.3. Optical and Structural Properties of the Perovskite-Loaded Epoxy-Based Scintillator

Optical and structural properties of perovskite-loaded nanocomposite polymer were
analyzed; perovskite was employed to enhance the scintillation by its properties than that
of the conventional wavelength shifter loaded scintillator. The scintillation mechanism
from epoxy to perovskite was verified via the spectral overlap between the emission
wavelength of the donor and the absorption wavelength of the acceptor. Therefore, to
identify the scintillation mechanism occurring between the nanoparticles in the fabricated
plastic scintillator, absorption wavelengths of the spectrums were obtained by UV-2600
(Shimadzu, Kyoto, Japan). Emission wavelengths of epoxy, PPO, POPOP, and perovskite
were obtained by a spectrophoto fluorometer, Fluorolog-3 (Horiba, Kyoto, Japan). In
addition, the photoluminescence intensity is compared to the POPOP or perovskite-loaded
scintillator under 365 nm excitation by Fluorolog-3 (Horiba, Kyoto, Japan). The existence
of the perovskite nanoparticles is identified by Transmission Electron Microscope (TEM,
Tecnai G2 F30 S-TWIN, FEI Company, Hillsboro, OR, USA).

2.4. MCNP 6 Simulation for the Plastic Scintillator Thickness

For β-ray measurement, scintillator geometry optimization was deducted by the
theoretical and simulation approach. The beta-ray range within the plastic scintillator can
be derived by Feather’s rule [46] presented as Equations (1) and (2). Equation (1) calculates
the range of β-ray in the air

Rmax

[
g/cm2

]
=

{
0.412E

1.265−0.0954ln(Eβ)

β 0.01 ≤ Eβ ≤ 2.5MeV
0.530Eβ − 0.106 Eβ > 2.5MeV

, (1)
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where Rmax, Eβ imply the maximum range of the photon in the air and energy of the
beta-ray incident into the scintillator, respectively. Moreover, the beta-ray range passing
through the fabricated plastic scintillator can be derived by Equation (2)

S =
Rmax

ρmax
, (2)

where S, ρmax imply the range of the photon passing through the scintillator medium
and the density of the host matrix, respectively. Here, the density of the conventional
epoxy monomer is 1.22 g/cm2, and 8.9 mm of the β-ray range is obtained. This value
presents the maximum range of the photon passing through the medium. In addition,
plastic scintillator thickness is further optimized by Monte Carlo N-Particle (MCNP) 6
computational simulation. An epoxy-based plastic scintillator, 2 mm thickness and 5 cm
diameter, was simulated for geometry optimization. PMT and plastic scintillator were
positioned in the fabricated optical enclosure similar to the actual experiment. Figure 2
and Figure S1 (see Supplementary Material) present the simulated experimental setup
and simulation code, respectively. Experimental apparatus contained the 2-inch diameter
of PMT and the planar source, scintillator, and aluminum optical enclosure. The actual
component for the experiment was computationally modeled.

Figure 2. Monte Carlo N-Particle (MCNP) 6 simulation geometry of the experimental apparatus for
β-ray measurement, which consists of a scintillator including a photomultiplier (PMT), a source and
an optical enclosure.

2.5. Device Setup for Strontium Detection

For radiation measurement, a 2-inch PMT (9266B, ET enterprise, Uxbridge, England),
high-voltage (Lynx, Canberra, Meriden, Australia), pre-amplifier (Amcrys, Canberra), and
multi-channel analyzer with an amplifier (DT5781, CAEN, Viareggio, Italy) was used
(Figure 3a). The 90 × 60 × 45 cm3 size of the aluminum optical enclosure (Atto science,
Daejeon, Korea) was fabricated to minimize the interference from the light that contributes
to the β-ray spectrum (Figure 3b). Additionally, the ionized β-ray measurement was
carried out with a 90Sr planar source as shown in Table 2.
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Figure 3. Experimental apparatus set for β-ray measurement using fabricated plastic scintillators: (a) photographs of the
experimental apparatus used for β-ray measurement with perovskite or POPOP-loaded scintillator based on epoxy-2,5-
diphenyloxazole (PPO) and (b) the aluminum optical enclosure fabricated to reduce interference from light. The β-ray
source, plastic scintillator, and PMT are equipped. Insert figure means the fabricated scintillator is attached to the PMT in
the direction of a 90Sr source.

Table 2. β-ray emitter exploited for radiation measurement.

Source 90Sr

Activity (kBq) 18.04 Bq
β-Emax (MeV)

(decay probability) 0.546/2.278

3. Results and Discussion
3.1. MCNP 6 Simulation for Scintillator Geometry Optimization

Although the range of the β-ray was obtained in the plastic medium by Feather’s law,
the computational simulation had been carried out for further optimization by Monte Carlo
N-Particle (MCNP) 6. Figure 4 shows the result of the MCNP computational simulation
calculating the β-ray range in the plastic scintillator. Moreover, 95% of energy is deposited
in about 2.8 mm at 90Sr source. To embrace the optimal thickness of the β-ray planar source
with a different energy, 2 mm of thickness is selected.



Chemosensors 2021, 9, 53 6 of 14

Figure 4. β-ray emitter energy deposition within the fabricated plastic scintillator simulated by
MCNP 6, red-line present the 95% of energy deposition of the β-ray emitter.

3.2. Fabrication and Characterization of Epoxy-Based POPOP or Perovskite-Loaded Scintillator

Figure 5 and Figure S2 (see Supplementary Material) present the fabricated plastic
scintillators. Figure 5a presents the fabricated plastic scintillator using epoxy-based scin-
tillator including PPO and POPOP (left). Additionally, as shown in Figure 5b, the plastic
scintillator on the right side consists of epoxy, PPO and perovskite. The scintillator samples
with a high transparency were fabricated to a standard dimension of Φ 5 cm × 0.2 cm as
shown in Figure 5. Figure S2 shows that photoluminescence of two plastic scintillators, i.e.,
(a) epoxy-PPO/POPOP and (b) epoxy-PPO/perovskite, exposed by a LED Transilluminator
(BLooKTM, GeneDireX, Inc., Jhunan Township, Miaoli County, Taiwan) with a maximum
emission at 470 nm. As shown in Figure S2b, the epoxy-PPO/perovskite scintillator had
higher photoluminescence intensity than that of other scintillator. Notably, it could be
explained that the energy transfer inside the scintillator was occurred and more scintillation
light was originated by the addition of the fluorescence material, PPO, and perovskite.

Figure 5. Fabricated plastic scintillator under light illumination: (a) epoxy matrix with PPO- and
POPOP-based plastic scintillator (left) and (b) epoxy matrix with PPO and Perovskite-loaded plastic
scintillator (right).

As shown in Figure 6, the absorption and photoluminescence of the fabricated scin-
tillators were investigated. First, epoxy resin with absorption wavelength of 200~300 nm
was used, as shown in Figure 6d. Second, absorbance and emission spectra of PPO and
POPOP, as shown in Figure 6b,c, are similar to those reported in past literature [47]. Finally,
the photoluminescence spectrum of the perovskite-loaded plastic scintillator under 374 nm
excitation light is shown in Figure 6a. The peak of perovskite-loaded plastic scintillator
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showed a peak approximately at 430 nm under 374 nm excitation light. Additionally, the
presence of the perovskite is shown in Figure 7. The few nanometer size of the perovskite
nanocrystal, which has uniform shape, are presented by TEM analysis.

Figure 6. Absorption and emission spectra of fabricated scintillators: (a) perovskite, (b) POPOP, (c) PPO, and (d) epoxy.

Figure 7. TEM image of the perovskite nanoparticle.

3.3. Strontium Measurement and Detection Efficiency

A total of three plastic scintillators are evaluated by radiation measurement, BC-400,
epoxy-PPO/POPOP, and epoxy-PPO/perovskite. Figure 8 shows the β-ray spectrum
obtained by a commercial scintillator (BC-400) and fabricated two kinds of the scintillators
(epoxy-PPO/POPOP and epoxy-PPO/perovskite). Each scintillator was evaluated by
radioactive strontium measurement using a 90Sr β-ray planar source. The 90Sr source was
measured at 2 cm perpendicular to the center of the source, and a PMT detector setup with
a fabricated scintillator. Each measurement is repeated three times for 30 min in real time.
The dead time ranged up to 15%. BC-400, based on polyvinyl toluene, has distinct pulse-
height spectrums with the epoxy-based plastic scintillator (Figure 8). This aspect comes
from the polymer matrix with different densities (ρPVT = 1.05 g/m3, ρEpoxy = 1.22 g/cm3)
and structural characteristics. Importantly, a slight spectrum shift and increase of the
spectrum net count have been observed in epoxy-PPO/perovskite compared to epoxy-
PPO/POPOP, derived from the enhancing the light yield. In the 90Sr source measurement,
count increment was observed in the high channel than the spectrum measured by epoxy-
PPO/POPOP scintillator. This is attributed to enhanced quantum efficiency by FRET
mechanism between the nanomaterials in the epoxy-PPO/perovskite plastic scintillator
and reduced reabsorption rate of the emitted light due to the large stokes shift. Possibly, the
higher light intensity originated by quantum confinement effect influenced the increased



Chemosensors 2021, 9, 53 8 of 14

net count. The strontium spectrum for epoxy-PPO/perovskite is similar to those reported
by Tam et al. based on cadmium sulfide quantum dots [48]. No extra change besides slight
altitude was observed across the spectrum with low beta energy from strontium-90 decay.
Moreover, the spectra collected from the scintillation counting for the different plastic
scintillators are shown in Figure S3 (see Supplementary Material).

Figure 8. The spectrums of three kinds of plastic scintillators obtained by a 90Sr planar source for radiation measurement:
(a) epoxy-PPO/POPOP, (b) epoxy-PPO/perovskite, and (c) commercial plastic scintillator (BC-400, Saint Gobain).

In addition to the individually obtained spectrum with three different kinds of plastic
scintillators as shown in Figure 8, Figure 9a shows the ratio between epoxy-PPO/perovskite
total counts at each channel and epoxy-PPO/POPOP total counts at each channel. Equation
(3) represents the ratio of the counts for epoxy-PPO/perovskite divided by the counts for
epoxy-PPO/POPOP at each channel.

Count ratio =

count o f the each channel
net count o f a source (Epoxy − PPO/perovskite)
count o f the each channel

net count o f a source (Epoxy − PPO/POPOP)
. (3)

If the ratio has a higher value than 1, it means that the perovskite-loaded scintillator
has raised the light yield in a channel than that of the POPOP-loaded one. The results
have analogous deviation with the individual spectra of a count ratio profile for the
measurements, as shown in Figure 9a. High energy of 90Sr (Emax = 2.9 MeV) shows increase
in the count of the high channel as well as the low channel of the spectrum. This result
could be attributed to the decay energies from 90Sr and 90Y, respectively. As the spectrum
shown, the spectrum has higher counts in epoxy-PPO/perovskite scintillator than epoxy-
PPO/POPOP scintillator. In detail, these results can be derived by the interaction between
ionizing radiation and the perovskite-loaded plastic scintillator medium, which has a
higher light yield than that of POPOP-loaded scintillator, and the event can be detected in
the higher channel. Figure 9a represents mainly two peaks in the count ratio to channels
from Equation (3). From two peaks of different count ratio, Figure 9b suggests different
energies of the beta emitters corresponding to beta particle 90Sr in lower energy and beta
decay 90Y in higher energy.
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Figure 9. (a) Count ratio comparison of the 90Sr planar source and (b) decay scheme for the 90Sr.

Table 3 presents the compared detection efficiency of plastic scintillators. The detection
efficiency of the three kinds of plastic scintillator is calculated by Equation (4).

Detection Efficiency =
net count

radioactivity ∗ release Probability ∗ time
. (4)

Detection efficiencies of the BC-400, epoxy-PPO/POPOP, and epoxy-PPO/perovskite
were 20.05%, 8.58%, 17.71% for 90Sr planar source, respectively. Compared to the result
of the 90Sr radiation measurement, relative detection efficiency of epoxy-PPO/perovskite
plastic scintillator was approached to 88.3% than that of BC-400. In addition, the epoxy-
PPO/perovskite plastic scintillator had more than double detection efficiency than that
of the epoxy-PPO/POPOP. Moreover, standard errors obtained by the radiation measure-
ments for pulse-height spectra are shown in Table S1 (see Supplementary Material).

Table 3. Compared detection efficiency of the plastic scintillator for β-ray emitter measurement.

BC-400 Epoxy-PPO/POPOP Epoxy-PPO/Perovskite

source Net count rate
(cps) Efficiency (%) Net count rate

(cps)] Efficiency (%) Net count rate
(cps) Efficiency (%)

90Sr 3286 ± 105.12σ 20.05% 1406 ± 1.4σ 8.58 2903 ± 49.24σ 17.71

3.4. Scintillation Process and Radiation Measurement

The plastic scintillator consists of the host material as a medium and organic activator,
which decide the optical properties like emission wavelength and decay time [49]. As
Figure 10 presented, the general plastic scintillator consisted of three parts of the com-
pounds. To verify the energy transfer process, the spectral overlap between the emission
and absorption wavelength of each compartment consisting of the plastic scintillator was
presented. Figure 6 shows absorption and emission spectrums originated by the epoxy,
PPO, and perovskite. These spectrums are well engaged in meeting the condition for
generating Förster resonance energy transfer. The scintillation in the two kinds of plas-
tic scintillators, one is perovskite-loaded and the other is POPOP loaded, goes through
wavelength transition sequences three times each to emit the visible photon that transfers
to the PMT. The radiation from the 90Sr planar source incident into the plastic scintillator
initially interacts with the epoxy matrix by radiative energy transfer and is converted to
the UV-photon with the wide range of the emission spectrum employing epoxy resin with
absorption wavelength of 200~300, representing that shifting of the π-electrons into excited
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singlet states is the major excitation process. Second, the UV-photon is then absorbed by
the PPO molecules, which transfers to the POPOP or perovskite nanoparticles shortly with
the emission wavelength from 350 to 400 nm. In the perovskite-loaded plastic scintillator,
emission of the PPO transfer to the perovskite has a consecutive absorption spectrum
(330~400 nm). Finally, the visible photons with the narrow wavelength of emission spectra
(430~450 nm) are emitted. The photons emitted from the PPO are transferred to the POPOP
with the other plastic scintillator, emitting the visible photons with the wavelength of
400~440 nm. It should be noted that the overlapped wavelengths between the absorption
and emission spectrum of the perovskite are minuscule, while other molecules such as
PPO and POPOP have the unneglectable overlap region. Among various polymer-based
materials, epoxy resin has been widely used due to its transparency, high viscosity, long-
term stability, and chemical resistance [47]. The low shrinkage rate and thermosetting resin
property make epoxy easy to fabricate to a desirable size. As the mean free path of the
converted photon from the host material is too short of matching the photodetector and
fluorescence efficiency is poor, one or more scintillation additives are added. Various kinds
of a compound such as p-terphenyl, 2,5-Diphenyloxazole (PPO), and 2,5-diphenyl-1,3,4-
oxadiazole (PPD) are served as primary fluorescent compound. The plastic scintillator
fabricated in this study consists of an epoxy monomer as a matrix, 2,5-Diphenyloxazole
(PPO) as the first fluorescent compound, and perovskite for wavelength shifter. Here,
the energy triggered beta-ray emitter of 90Sr is transferred from the excited state of the
epoxy to PPO through the FRET mechanism exhibiting a dipole-dipole interaction in
which a non-radiative energy transfer occurs between the first excited π-singlet state of
the epoxy and PPO. In addition, the primary fluorescent compound like PPO or PPD
transfers its excitation energy to the secondary fluorescent compound through the emis-
sion and reabsorption of a photon. Usually, POPOP or 1-phenyl-3-mesityl-2-pyrazoline
(PMP) is used as a secondary fluorescent compound [47,50]. When the external energy
is absorbed in the scintillator, the energy is converted to the visible photon and collected
by a photomultiplier tube. The visible photon is converted to the electrons via the photo-
electron effect by hitting the cathode, and then the electrons cascaded by passing through
dynodes of the PMT to display signal data like spectrum. Recently, organic–inorganic
hybrid perovskites and quantum dots have emerged as a radiation measurement where
functional plastic scintillator can be applied for efficient radiation detection in the form of
scintillators. Kawano group evaluated scintillation properties and photoluminescence of
(C6H5C2H4NH3)2PbBr4-layered perovskite nanocrystal in nanoporous glasses [51]. Inter-
estingly, Yu group elucidated a type of beta-ray scintillator based on manganese-doped
2-dimensional halide perovskites and evaluated an accumulated radiation dose due to
dose rate to extend beta-ray detection technology for nuclear radiation monitoring [52].
In addition, Gandini group showed poly(methyl methacrylate) PMMA-supported plastic
scintillator embedding CsPbBr3 perovskite as a high-Z sensitizer for a large Stokes shift
between its absorption and emission spectra and fast emission lifetime [53]. However, their
groups did not show radiation measurement like strontium detection. Importantly, a type
of plastic scintillator based on perovskite is demonstrated, and radiation measurement
of radioactive strontium using designed scintillators is discussed in this study by experi-
mentally demonstrating the ability of fabricated plastic scintillator and designed device
to detect and monitor radioactive strontium in environments. Importantly, more studies
are needed to understand the limitations along with unclear FRET mechanism behind
perovskite-loaded plastic scintillator for unique energy transfer across the components
between PPO and perovskite as well as dose response works for practical applications with
detector materials.
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Figure 10. A simple flowchart for plastic scintillator composition, scintillation process, and radiation measurement unit
with radiological processes involved for radioactive strontium beta-ray detection.

4. Conclusions

Generally, plastic scintillator materials have been employed as radiation detectors in
many areas including nuclear security, nonproliferation, safeguards, and basic science and
technology. In the decommissioning site, residual contamination and radioactive wastes
exist, characterization is vital for managing and identifying the radiological information
at the decommissioning of the nuclear facility. β-ray emitters such as 90Sr is analyzed by
the Geiger–Muller (GM) counter, gas proportional counter, or liquid scintillation counter
(LSC). GM counter or gas proportional counter cannot detect the radioisotopes but only
count the gross beta, it cannot be used for the detection. LSC has a high light output,
but it is a time-spending method from sampling to analysis. In addition, radiological
contamination cannot be detected at an early stage. To compensate for these demerits
of the analysis method above, a plastic scintillator with improved detection efficiency
was fabricated. The perovskite-loaded nanocomposite was employed to generate Förster
Resonance Energy Transfer (FRET) mechanism between the nanoparticles synthesizing the
plastic scintillator. Non-radiative energy transfers from the polymer to the nanomaterial
attribute to the increase of the quantum efficiency, resulting in the detection efficiency
improved plastic detector. In this study, scintillation processes are taken apart with three
routes. The first route goes from the epoxy matrix to wavelength shifter, perovskite. β-ray
deposits its radiation energy to the matrix and generates exciton by transfer of radiative
energy. They are then transported to the perovskite, where this exciton can cascade by
the optical characteristics of the perovskite via non-radiative energy transfer. Otherwise,
radiation energy can be directly deposited into the perovskite or the first solute material
and emit the visible photon with each of their emission wavelengths. High fluorescence
intensity of the epoxy-PPO/perovskite is observed, including POPOP, the conventional
organic dye as a wavelength shifter, loaded scintillator inlaid eye. Furthermore, radiation
measurement using radioactive strontium beta-ray source is conducted inside the fabricated
aluminum optical enclosure to minimize the interference of the light. The thickness of
the plastic scintillator is optimized by Feather’s law and MCNP 6 simulation. The actual
experimental set-up is computationally simulated as it is. Finally, plastic scintillators with
5 cm of diameter and 2 mm of thickness are fabricated for the experiment. The detection
efficiency of the system with fabricated scintillator was demonstrated by representing
radiation spectrum. Epoxy-PPO/perovskite had more than double the performance of
the detection efficiency than that of the epoxy-PPO/POPOP, where the FRET mechanism
and the upgraded quantum efficiency and light yield of the perovskite-loaded plastic
scintillator are proved. The commercial plastic scintillator BC-400 is also used to compare
with the fabricated scintillators. Detection efficiency of the epoxy-PPO/perovskite was
reached up to 88.3% of BC-400.

In this study, we showed that perovskite nanomaterials are particularly useful because
of their ability to detect beta-rays, strontium-90. Here, the beta particle type dependence
results from energy transfer mechanisms that lead to or inhibit light emission, many of
which are fully understood. An improved understanding of these physical mechanisms
could pave the way for improving detection technology or inform the development of new
materials with superior properties.
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Supplementary Materials: The following are available online at https://www.mdpi.com/2227-9
040/9/3/53/s1, Figure S1: MCNP 6 simulation code for geometry optimization of the fabricated
plastic scintillator. Figure S2: Photoluminescence of two plastic scintillators exposed by a LED
Transilluminator (BLooKTM, GeneDireX, Inc., Jhunan Township, Miaoli County, Taiwan) with a
maximum emission at 470 nm. (a) Epoxy-PPO/POPOP and (b) Epoxy-PPO/perovskite. Figure S3.
Compared radioactive strontium β-ray measurement spectrum using different plastic scintillators: (a)
Epoxy-PPO/POPOP versus Epoxy-PPO/Perovskite and (b) BC-400 versus Epoxy-PPO/Perovskite.
Table S1. Standard error obtained by the radiation measurement for pulse-height spectra. The
measurements were repeated three times for scintillators.
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