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a b s t r a c t

The purpose of this comprehensive research is to observe the impact of scintillator crystal type on entire
detection process. For this aim, MCNPX (version 2.6.0) is used for designing of a physical plastic scin-
tillation detector available in our laboratory. The modelled detector structure is validated using previous
studies in the literature. Next, different types of plastic scintillation crystals were assessed in the same
geometry. Several fundamental detector properties are determined for six different plastic scintillation
crystals. Additionally, the deposited energy quantities were computed using the MCNPX code. Although
six scintillation crystals have comparable compositions, the findings clearly indicate that the crystal
composed of PVT 80% þ PPO 20% has superior counting and detecting characteristics when compared to
the other crystals investigated. Moreover, it is observed that the highest deposited energy amount, which
is a result of the highest collision number in the crystal volume, corresponds to a PVT 80% þ PPO 20%
crystal. Despite the fact that plastic detector crystals have similar chemical structures, this study found
that performing advanced Monte Carlo simulations on the detection discrepancies within the structures
can aid in the development of the most effective spectroscopy procedures by ensuring maximum effi-
ciency prior to and during use.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

When exposed to ionizing radiation, scintillators release pho-
tons. In 1895, BaPt(CN)4 was characterized as the first scintillator
for X-ray detection [1]. Scintillation detectors are frequently
employed in high energy physics and nuclear physics for radiation
and particle detection as well as industrial measurement. Scintil-
lators made of plastic (polymer) are utilized in a variety of radiation
monitoring applications. Recent years have seen a rise in interest in
the development of high-efficiency plastic detectors. This type of
lmaz), akkus@istanbul.edu.tr

by Elsevier Korea LLC. This is an
detectors offers a number of benefits, including rapid rise and decay
rates, excellent optical transmission, cheap cost, large useable size,
high optical uniformity, mechanical stability, and ease of dopant
addition. Plastic scintillation detectors are available in a variety of
shapes and sizes. Plastic scintillators are manufactured by
immersing the scintillator in a suitable base and then polymerizing
the mixture. Typically, the combination is composed of polystyrene
(PS), polymethylmethacrylate (PMMA), or polyvinyltoluene (PVT)
monomer [2]. The plastic scintillator transforms the energy emitted
by ionizing radiation into light pulses. Schorr and Torne developed
the plastic scintillator in 1950 [3,4]. This first plastic was created by
dissolving m-terphenyl in polystyrene. Numerous formulations
have been developed to improve scintillation efficiency. Plastic
scintillators are amore cost-effective option since they are based on
low-cost commodity polymers such as poly (vinyl toluene) (PVT) or
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Table 1
Investigated plastic scintillator detectors and crystal compositions.

Code Plastic scintillator Reference

bse Polystyrene þ PTP 2% þ POPOP 0.03% [19]
cdz Polystyrene >99% þ PPO 0.4%þPOPOP 0.01%þCdS/ZnS 0.2 % [4]
pp1 PVT 80% þ PPO 20% [18]
pp2 PVT 75% þ PPO 25% [18]
pp3 PVT 70% þ PPO 30% [18]
tz1 Polystyrene þ 1.5% PTP [32]
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polystyrene doped with fluorescent molecules. Numerous mate-
rials may be included into plastics to improve the efficacy of the
plastic scintillator detector. Plastics have been thoroughly exam-
ined in order to determine the optimal composition in terms of
scintillation effectiveness, decay duration, and chemical stability,
among other characteristics. Typically, plastic scintillators are made
by thermal polymerization, doping, or coating with fluorescent dye
[5]. Because the polymer constitutes 70e97% of the scintillator's
composition, most of the energy emitted by impinging ionizing
radiation is deposited here [1]. Although polystyrene serves as the
main scintillator in the detector, it requires the addition of a sec-
ondary and another dopant (wavelength-shifter) due to poly-
styrene's significant self-absorption at its own emission
wavelength (300e350 nm) [6]. Kang et al., developed a plastic
scintillator for the detection of radioactive strontium and utilized
Monte Carlo N-Particle (MCNP) simulation to optimize the thick-
ness of the plastic scintillator for effective strontium detection [7].
An investigation was undertaken for the characterization of quan-
tum dots (CdSe/ZnS) and PPO (2, 5-diphenyloxazole) doped
styrene-based plastic scintillators [8]. Sujung et al. developed an
integrated and portable probe based on a functioning plastic scin-
tillator for radioactive cesium detection in 2021 [5]. Jong Soo Nam
et al. evaluated the efficiency of a Plastic Scintillator for in situ Beta
Measurement System [9] using the Monte Carlo radiation-
transport algorithm MCNP6. Cheol and et al. published another
work on the characteristics of plastic scintillators in 2016 [10]. Yuki
and his colleagues conducted research to improve the detection
effectiveness of plastic scintillators by introducing zirconia nano-
particles up to 30% by weight [11]. Another study investigated the
properties of plastic scintillators using MCNP5 and LightTools
simulations for the Electronic Personal Dosimeter application [12].
Z, Yasin, et al. [13] investigated Monte Carlo simulations and ob-
servations for determining the efficiency of lead shielded plastic
scintillator detectors in 2017. The behaviour and response of a
highly sensitive silver-activation detector utilized for neutron
detection [14] were determined by simulations utilizing the MCNP
algorithm. Rogers et al. [15] disclosed the synthesis of transparent
PMMA scintillators containing 0.5 wt.% CdTe QDs. Patrick et al.,
reported on the production and incorporation of rationally selected
organotin chemicals into polystyrene matrices as a means of
developing plastic scintillators capable of gamma-ray spectroscopy
[16]. Another 2011 research investigated several Efficient Dopants
in Plastic Scintillators for Sensitive Nuclear Material Detection [17].
Allison and colleagues investigated the use of poly (vinyl toluene)
(PVT) over doped with 2,5-diphenyloxazole and a fluorescent sec-
ondary dopant, 1,4-bis (5-phenyloxazol-2-yl) benzene, to detect
and discriminate neutron and gamma radiation by scintillation
[18].

Scintillators can be loaded with dopants of heavy metals or
neutron absorbers so by this way the effective stopping power of
any organic scintillator to gamma rays or neutrons can be
improved, and this has led to larger volumes and higher scintilla-
tion light yields. An organic scintillator can be resumed as a matrix
that contains one or several organic fluorophores and potentially
some dopants for giving special application features, whereas these
fluorophores are usually called primary and secondary fluo-
rophores. In standard plastic scintillators, the matrix accounts for�
95% of thematerial wherein the radiation/matter interaction occurs
[1]. Alexander et al. studied the dose rate dependence and temporal
resolution of scintillators that makes in the accurate detection of
ultrahigh dose-rate (UHDR) x-rays [19]. A functional plastic scin-
tillator was fabricated including CdTe (cadmium telluride) material
for detection of radioactive cesium by Sujung et al. [20]. Experi-
mental work on the use of MOFs (metal-organic framework) as
scintillators was done by Villemot et al. and also simulated with
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MCNP software [21]. Alan Proctor developed a method based on
Particle Swarm Optimization (PSO) which analyzes raw PVT spectra
and provides a histogram of contribution vs. incident mono-
energetic gamma energy and response functions for PVT were
calculated using MCNP5 in this study [22]. In the study conducted
by Horst et al., in 2022, multi-detector setup and simulations per-
formed to calculate the cosmic radiation that astronauts would be
exposed to [23]. Numerous optimization studies are conducted to
maximize the efficiency and minimize the cost of scintillator de-
tectors. MCNPX is a highly specialized program for improving the
design and analysis of detectors. In addition, MCNPX and its opti-
mum operating energies are lower than the Geant4 code. This is
because the Geant4 code is more suitable for high energy physics
applications. Considering the significant history of research on this
topic and its widespread influence on the scientific literature
[24e31], the purpose of this paper is to simulate the UPS-923A type
plastic scintillation detector that is physically accessible in our
laboratory using the MCNPXMonte Carlo code and to compare it to
some other scintillation crystals proposed in previous in-
vestigations. The findings of this work may be used to advance the
field of plastic scintillation detector research, which is a hot issue in
the literature, as well as to get a better understanding of the
probable behaviour patterns of scintillation crystals in detector
structures with a certain physical form.

2. Materials and methods

2.1. Properties of modelled scintillation detector

In this study, UPS 923A, a polystyrene-based scintillator [32],
was selected in terms of comparing its detection properties with
some of the available plastic scintillator materials available in the
literature (see Table 1). Fig. 1a shows the physical appearance of
UPS-923A (50mm � 100mm � 1000mm) plastic scintillator de-
tector. As can be seen from the figure, the detector has two com-
ponents, a scintillation crystal and a PMT. The dimensions of the
scintillation crystal are designed as 50mm � 100mm � 1000mm,
and one end is directly connected to the PMT. Technical drawing of
the UPS 923A detector taken from the user manual is shown in
Fig. 1b. More detailed information about the modelled detector can
be obtained from the source document available in the literature
[32].

2.2. MCNPX Monte Carlo simulation studies and detector design

In this investigation, the MCNPX (Monte Carlo N-Particle
eXtended) version 2.4.0 [33] was utilized to design and quantify
basic detector properties of UPS 923A detector. Additionally, several
kinds of plastic scintillation crystals were inserted to the scintilla-
tion crystal section of the UPS 923A detector to compare their de-
tector responses and deposited energy amounts in the scintillation
crystal. MCNPX is a fully three-dimensional (three-dimensional)
general-purpose software that utilizes advanced and upgraded
nuclear cross-section libraries and physics models for a variety of



Fig. 1. (a) Physical appearance of Plastic Scintillator Detector UPS-923A 50 � 100 � 1000(b) Technical drawing taken from the user manual.
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scientific applications ranging from medicine to nuclear physics
[34e40]. The geometrical shape of UPS 923A detector was first
modelled using the code's INPUT file as a first step in the simulation
process. For this aim, a detailed INPUT file of MCNPX, which is
composed of three major components such as CELL card, SURFACE
card, and DATA card was successfully prepared. Initially, we
determined the CELL card information of the modelled UPS 923A
using surface boundaries, material definitions (wt.%) as well as
tracking importance information for each cell. The exported infor-
mation from the INPUT file of the defined cell number 3 of the UPS
923A plastic scintillation crystal is presented below.

3 1 -1.06 -4 5e3 2 6 -7 imp: p 1.
From the information given in this line, number 3 represents the

cell number, in which the scintillation crystal is defined, the
number 1 represents the material composition of the scintillation
crystal defined by M1 (m1 1000e0.00700 6000 -0.92251
7000e0.00023 8000 -0.00026), and the number -1.06 represents
the density (g/cm3) of the scintillation crystal. The numbers from 3
to 7 following the density information are the code numbers of the
surfaces surrounding the scintillation crystal. Each number repre-
sents a surface, and the geometric alignment of each surface with
the x, y, and z axes is as follows.

2 py -5.
3 py 5.
4 pz 0.
5 pz -100.
6 px -2.5.
7 px 2.5.
Fig. 2 depicts the demonstration of modelled plastic scintillation

detector obtained from MCNPX Visual Editor tool (version X22S).
The UPS-923A detector's design, which is physically shown and
whose technical drawing and geometrical elements are described,
has been modelled in the MCNPX code and accordingly, displayed
in the visualization editor. Although all the above-mentioned op-
erations were performed for the UPS-923A detector as the first
pahse, similar definitions were made separately for all plastic
scintillastion crystals (see Table 1) examined in the benchmarking
phase, and the essential CELL card writing actions were redefined
using the elemental composition properties of each scintillation
crystal. MCNPX simulations were successfully performed using an
advanced Lenovo-ThinkStation® workstation with Threadripper
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PROHexadeca-Core (16Core) 3955WX3.90GHz-32GBDDR4SDRAM-
RAM.

3. Results and discussions

3.1. Benchmarking phase for validation

The plastic scintillator's radiation simulation was performed
utilizing extended version (MCNPX) of the General Monte Carlo N-
Particle Transport Code. The content of the simulation was stated
similarly to the real condition of UPS 923A. The 5000 cm3 rectan-
gular polystyrene scintillator was utilized for the test measure-
ment. The scintillation crystal of UPS 923A detector was encoded as
bse. The measurement of detector response is required for a non-
isotropic radiation detector to observe the differences in a de-
tector's behaviour based on the direction of the incoming photon.
To assess the reliability and validity of the modelled detector ge-
ometry, the same parameters utilized in a previous work [4] were
specified for recent detector geometry. Fig. 3 shows comparison of
detector responses for MCNPX and GEANT [4] codes. A persistent
trend of agreement between the spectra obtained independently of
the energy areas forMCNPX and GEANT4 is noticed. However, some
slight quantitative changes, notably in the low energy areas, were
detected. The primary cause for this predicament might be that
there are certain technical discrepancies between the codes and
databases utilized. For instance, although the GEANT4 algorithm is
mostly utilized for high-energy simulations, this situation is
inverted in MCNP, with applications at the medical and medium
energy levels.

3.2. Characterization of different plastic scintillation crystals

As a consequence of the high degree of consistency between the
quantitative values acquired, we agreed to extend using the main
design created in the MCNPX code and to conduct characterization
activities on additional plastic scintillation crystals for the purpose
of the targeted research. In the second step, different types of
plastic scintillation crystals, whose elemental compositions are
given in Table 1, were defined in the crystal region of the model
detector shown in Fig. 2, and the MCNPX F8 tally mesh output was
reported separately for each material. The F8 tally mesh provides



Fig. 2. Demonstration of modelled plastic scintillation detector using MCNPX Visual Editor tool (version X22S)(a) 2-D view (b) 3-D view.

Fig. 3. Comparison of detector responses for MCNPX and GEANT [29] codes.
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distribution of pulse/height within a cell. For instance, once F8 tally
mesh is defined in a scintillation crystal cell, the pulse/height dis-
tribution for this crystal cell can be recorded. Fig. 4 depicts the
comparison of pulse/height distributions for modelled scintillation
crystals. As can be seen from the figure, the pulse/height distribu-
tion obtained from the six compared plastic scintillation crystals
[4,18,27,32] exhibited similar behaviour patterns as a function of
energy. However, the differences in the elemental structures of the
crystals used led to some important as well as expected differences
in the obtained spectrums. Although the examined plastic scintil-
lation crystals display comparable behavioural characteristics, the
bse crystal creates the smallest pulse amount (see Fig. 5) for the
same energy value, while the pp1 crystal produces the largest pulse
quantities. The average value of the quantitative counts acquired
4674
from the spectrums and corresponding to each energy point (8195
energy points between 0 and 2 MeV) is as follows.

i) bse - 0.000031511734834 (F8 pulse/height)
ii) cdz - 0.000031511780203 (F8 pulse/height)
iii) pp1 - 0.000031512143943 (F8 pulse/height)
iv) pp2 - 0.000031511961309 (F8 pulse/height)
v) pp3 - 0.000031511932665 (F8 pulse/height)
vi) tz1 - 0.000031512090575 (F8 pulse/height)

The numerical similarity of the obtained results may be
explained by the fact that plastic detectors often have comparable
chemical and elemental compositions. However, the structural al-
terations to the crystal are reflected in the detector's direct
response functions. Similar situations have also been observed in
previous studies in the literature [41,42], and chemical composition
differences are reflected in the pulse/height distributions in the
obtained spectra. Following the acquisition of the spectra of the
modelled plastic scintillation crystals, further physical analyses of
each detector were conducted. The primary motivation for doing
these analyses is to gain a better understanding of the situations
that result in these observed count difference values, and secondly,
to gain a better understanding of other physical differences that are
indirectly caused by these situations. To do this, the MCNPX
OUTPUT files was thoroughly investigated, and several data on the
intra-detector, crystal-gamma-ray interaction and the detection
process, such as collusion per population (%) rate, average track
mean free path (cm), collision weight per history were exported
and examined in detail (see Table 2 and 3). Fig. 6 depicts the vari-
ation of collision per population for modelled scintillation crystals.
The OUTPUT file provides information about the percentage of
collisions between the particles emitting from the source and de-
tector crystal's atomic structure. This may be seen as a measure of
detection efficiency and is an essential metric since it provides in-
formation about the tendency of the particles to collide with the
detector crystal. This is because each signal produced by a



Fig. 4. Comparison of pulse/height distributions for modelled scintillation crystals.

Fig. 5. Comparison of detector responses for modelled scintillation crystals.

Table 2
Obtained results of plastic scintillation detectors from the MCNPX OUTPUT file.

Results Scintillator type

bse cdz

Tracks entering 9683610 8534330
Population 9795277 8628847
Collisions 3106356 2930153
Collision weight per history 8.29Eþ02 8.87Eþ02
Number weighted energy 1.11Eþ04 1.11Eþ04
Flux weighted energy 1.11Eþ04 1.11Eþ04
Average track mfp (cm) 1.54Eþ05 1.44Eþ05
Collision per population (%) 317.127 339.576

Table 3
Deposited energy values obtained from F6 Tally Mesh in modelled scintil-
lation crystals.

Scintillator type Deposited energy (MeV/g)

bse 7.13144E-06
cdz 7.54138E-06
pp1 7.56628E-06
pp2 7.56114E-06
pp3 7.55580E-06
tz1 7.54011E-06
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scintillation crystal is the consequence of the interaction of a
gamma ray with the crystal's atomic structure. In other words, a
higher percentage of collision between the crystal material and the
gamma-ray population may cause an increase in the number of
produced optical photons to be produced to be at higher values. As
shown in the figure, the proportionate tendency to collide was
determined for each population at the maximum rate in the pp1
crystal and at the lowest rate in the bse detector. This situation may
pp1 pp2 pp3 tz1

10134786 10134707 10306306 10667783
10244709 10244983 10418873 10782904
3488417 3485735 3542160 3655261
8.89Eþ02 8.88Eþ02 8.88Eþ02 8.85Eþ02
1.11Eþ04 1.11Eþ04 1.11Eþ04 1.11Eþ04
1.11Eþ04 1.11Eþ04 1.11Eþ04 1.11Eþ04
1.43Eþ05 1.43Eþ05 1.43Eþ05 1.44Eþ05
340.509 340.238 339.975 338.986



Fig. 6. Variation of collision per population for modelled scintillation crystals.
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be seen as a critical factor ensuring the consistency of earlier re-
sults. The reason for this is because the low collision rate in the bse
detector per population resulted in a low number of signals, which
resulted in the bse spectra obtaining an average count value. On the
other hand, quantity of collision per population for pp1 was
observed as maximum. Meanwhile, the mean free path can be
defined as the mean distance travelled by a gamma-ray before
undergoing the first interaction. While the low mfp value for
shielding materials is attributed to the superior absorption prop-
erties, the low value for scintillation crystals indicates that the in-
dividual gamma rays will interact sequentially at shorter distances,
resulting in relatively faster signal generation at shorter distances.
That is, the shorter the distance necessary for the second interac-
tion (lower mfp value) after the signal established by the gamma
ray's initial contact, the more likely the second signal will be pro-
duced in a shorter period and more rapidly. Fig. 7 depicts the
variation of average track mean free path (cm) for modelled
Fig. 7. Variation of average track mean free path (cm) for modelled scintillation
crystals.
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scintillation crystals. As shown in the figure, the minimum mfp
values belongs to pp1, while themaximum for bse. Additionally, the
average difference between the pp1 and bse is almost 1 cm, indi-
cating that those two scintillation crystals have a nearly 1 cm dif-
ference in terms of having two adjacent gamma-ray and crystal
interactions in the detector. In the final phase of the study, the
energy deposition amounts (MeV/g) occurring in the scintillation
area shown in Fig. 2 for six different plastic scintillation crystals
were calculated separately by using the F6 Tally Mesh properties of
MCNPX code. In MCNPX code, F6 tally mesh provides the energy
deposition (MeV/g). As with any radiation detector, a scintillator is
an absorbent material that also could convert a part of the energy
deposited by ionizing radiation to light [43]. Fig. 8 depicts the
variation of deposited energy amounts (MeV/g) for investigated
plastic scintillation crystals. Clearly, the crystal with the greatest
quantity of deposited energy is the pp1 crystal. By comparison, bse
has the lowest deposited energy levels. As once scintillatormaterial
is bse, incoming photons are very likely to pass through with a low
number of collisions. Each gamma-ray-crystal interaction in the
scintillation crystal results in a reduction in the energy of the
gamma-ray. The increase in collisions per population, as previously
noted for the pp1 crystal, also resulted in an increase in the quantity
of energy transmitted to the environment because of these colli-
sions. Consequently, the quantity of energy deposited at the
maximum as a result of the maximum collision was observed.
4. Conclusion

In recent years, there has been an increasing interest in the use
of plastic scintillation detectors (PSD) for the detection and mea-
surement of ionizing radiation. Plastic scintillation detectors are
manufactured in a wide variety of different geometries and sizes,
such as thin sheets, rods, rings and large rectangular blocks. Larger
volume detectors are used to measure gamma radiation. Plastic
itself is not useful as a scintillator due to its very low fluorescence
efficiency. To make an efficient scintillator, in addition to poly-
styrene, primary flour doped about 1% by weight and a spectrum
shifter doped about 0.01% by weight are usually used. The doped
compounds are determined according to their photophysical
properties. The deposition of energy from ionizing radiation in the
PSD material is important for fluorescence to occur. The need for
nuclear measurement methods and gamma spectroscopy methods
Fig. 8. Variation of deposited energy amounts (MeV/g) for investigated plastic scin-
tillation crystals.
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is increasing day by day in line with scientific and industrial ex-
pectations. One of the equipment used for gamma-ray spectros-
copy is plastic scintillation detectors. Plastic scintillators are widely
used in a number of radiation measurement applications, and their
use in nuclear applications such as gamma-ray detection and
measurement raise serious concerns. It is vital to optimize the
plastic scintillator crystal for effective and successful gamma-ray
detection. The objective of this extensive study is to determine
how to evaluate the scintillator crystal's effect on the whole
detection process. MCNPX (version 2.6.0) is utilized in our labora-
tory to construct a physical plastic scintillation detector. Although
the compositions of six scintillation crystals are similar, the results
clearly demonstrate that the crystal formed of PVT 80% þ PPO 20%
has better counting and detecting properties when compared to the
other crystals tested. Additionally, it was discovered that the
maximum deposited energy amount corresponds to a PVT
80% þ PPO 20% crystal, because of the highest collision number in
the crystal volume. Despite the similar chemical structures of
plastic detector crystals, this study discovered that performing
advanced Monte Carlo simulations on the detected discrepancies
within the structures can aid in the development of the most
effective spectroscopy procedures by ensuring maximum efficiency
prior to and during use. Moreover, it can be concluded that the total
cross-section of the WLS and LY in a SCINT comprising the light-
collecting matters, which must be optically connected to the PMT
photocathodes can be used and the detector can be made more
compact and significantly more cost-efficient.
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