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a b s t r a c t

Digital light processing three-dimensional (3D) printing technique is a powerful tool to rapidly manu-
facture plastic scintillators of almost any shape or geometric features. In our previous study, the main
properties of light output and transmission were analyzed. However, a more detailed study of the other
properties is required to develop 3D printed plastic scintillators with expectable and reproducible
properties. The 3D printed plastic scintillator displayed an average decay time constants of 15.6 ns,
intrinsic energy resolution of 13.2%, and intrinsic detection efficiency of 6.81% for 477 keV Compton
electrons from the 137Cs g-ray source. The 3D printed plastic scintillator showed a similar decay time and
intrinsic detection efficiency as that of a commercial plastic scintillator BC408. Furthermore, the pre-
sented estimates for the properties showed good agreement with the analyzed data.
© 2020 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

Three-dimensional (3D) printing techniques have been pro-
posed as alternative methods for fabricating radiation detectors
because of its advantages of precise shape and dimension control,
multi-material capabilities, significant time-saving, and low cost.
Gaseous radiation detectors (GRDs) has been developed using the
fused deposition modelling (FDM) 3D printing technique for the
use of single wire proportional counters (SWPCs) or GEM-based
time projection chambers [1]. Geiger-Müller counters can also be
manufactured by means of this FDM 3D printing technique with a
3D computer-aided design (CAD) model [2]. Inorganic scintillator
YAG:Ce can be fabricated using the stereo photolithography appa-
ratus e laser (SLA) 3D printing technique; the inorganic scintillator
has shown 62% light output relative to that of the YAG:Ce single
crystal, and 60 ns day time [3]. More recently, this 3D printed
YAG:Ce was further researched to improve high-flux laser lighting
with higher luminescence, using the Digital Light Processing (DLP)
3D printing technique rather than the conventional dry-pressed
method [4]. Plastic scintillators, which are mainly composed of
.
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acrylate-based monomers, can be fabricated with the DLP 3D
printing technique [5].

Plastic scintillators, which are available in various designs and
sizes, have been used in radiation detection systems. Large area
plastic scintillators can be used for compensating low intrinsic
detection efficiency in expansive radiation detection environments
as g-ray portal monitors [6,7]. In addition, a wide selection of plastic
scintillators are available as small diameter fibers. Used either as
single fibers or assembled as bundles or ribbons, these scintillating
fibers lend themselves to various applications [8e10]. Recently, in
radiation therapy, a plastic scintillator was utilized as a dosimeter
with very small active volume (less than 0.003 cm3) to measure the
radiation therapy dose with decreasing beam disturbance [11,12].
These plastic scintillators can be fabricated by the following tech-
niquesd extrusion, casting, and injectionmolding that are based on
thermal polymerization. In many cases of laboratory-scale research,
high-performance plastic scintillators can be fabricated using casting
techniques with styrene, polyvinyltoluene, polyvinylcarbazole, and
benzylmethacrylate that are known as excellent monomer due to its
small band-gap energy [13e15]. A liquid solution with scintillating
components is prepared and polymerized at a temperature profile
above 100 �C correlated with time for 1e5 days. However, this
manufacturing technique is not always efficient. As the material is
manufactured with a non-optimized temperature profile, including
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Fig. 1. Concept of Digital Light Processing (DLP) 3D printer.

Table 1
Resin formulation of the 3D printed plastic scintillator.

Types Names Ratio*

Primary solvent BPA(EO)15DMA 40%
Secondary solvent 1-methyl-naphthalene 60%
Primary dye PPO 1.5%
Wavelength shifter ADS086BE 0.005%
Photoinitiator TPO 0.03%

* The composition ratio of the materials except the primary and secondary sol-
vents are determined for the total amount of the solvents.

Fig. 2. Schematic of the experimental setup for measuring scintillation time profile of
the tested plastic scintillators (BC408 and sample).

D.-g. Kim et al. / Nuclear Engineering and Technology 52 (2020) 2910e2917 2911
heating and cooling, air bubblesmay be produced inside thematerial
due to internal stress. Furthermore, the resultant product, in many
cases, must undergo various finishing processes such as annealing
for sustainable performance, cutting to the desired shapes and di-
mensions, and surface polishing for excellent light transmission to
the photodetector.

The DLP 3D printing technique is a powerful tool to rapidly
fabricate plastic scintillators of almost any shape or geometric
features. However, the first 3D printed plastic scintillator [5] was
capable of achieving a low scintillation efficiency of only 28% lower
than that of a commercial plastic scintillator EJ204 (Eljen Tech-
nology). Various material compositions have been studied to
improve the performance of 3D printed plastic scintillators. In the
last study, a UV-curable plastic scintillator was developedwith a UV
LED curing machine for the application to DLP 3D printing. It was
confirmed that this scintillator achieved a light output of 34%
relative to that of BC408 (Saint-Gobain Crystal), transmittance at
49%, and a fast decay time of 2.46 ns [16]. Recently, a novel plastic
scintillator with a newwavelength shifter and intermediate solvent
was fabricated using DLP 3D printing; this scintillator demon-
strated light output of a 67% relative to that of BC408, and a
transmittance of 74% [17]. However, for the application of this 3D
printed plastic scintillator to real systems, other properties should
be demonstrated as decisive factors. For instance, plastic scintilla-
tors with 1e3 ns day time can possibly be used in radiation envi-
ronments of high-count rates as these scintillators present
advantages of reduction in dead time, improvement of timing
resolution, and narrower time window for coincidence. For the
detection of potential special nuclear materials, radiation portal
monitor systems using plastic scintillators with low-cost radiation
detection solution require accurate data for energy resolution and
intrinsic detection efficiency in fast g-ray spectroscopy [18].
Moreover, intrinsic energy resolutionmust be known for the design
of complex detection systems using plastic scintillators or for its
performance estimates [19,20]. The above-mentioned properties of
the 3D printed plastic scintillators have yet to be demonstrated;
thus, for the purpose of more predictable and reproducible prop-
erties, further research should be performed.

In this research, the 3D printed plastic scintillator was fabricated
using DLP 3D printing, based on our previous study [17]. Decay time
constants and their contributions were determined by the well-
known procedure of convolution fitting with multi-exponential
and Gaussian functions. Energy resolution was analyzed in detail
with respect to the contributions of the coupled photomultiplier
and the scintillator. Based on this energy resolution data, intrinsic
detection efficiency was determined using Monte Carlo simulation.
For all the above-mentioned properties, the 3D printed and com-
mercial plastic scintillators were compared with each other, and
reasonable estimates for the properties were also presented.

2. Experimental setup

2.1. 3D printed plastic scintillator

A plastic scintillator was fabricated using DLP 3D printing, as
described in our previous study [17]. Pico2HD 37 UV DLP 3D printer
(ASIGA) [21] was used to fabricate cubic plastic scintillators with
dimensions of 30 mm � 30 mm � 10 mm. Fig. 1 shows the concept
of the DLP 3D printer. Table 1 shows the resin formulation used in
the fabrication of the plastic scintillators.

2.2. Decay time

Scintillation time profile is measured to analyze the decay time
of the plastic scintillator; the time profile is determined by the
distribution of the time intervals between the start signal of scin-
tillator excitation, and the stop signal of single photon per event. In
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this study, the modified experimental setup, which is based on the
well-known single photon counting (TCSPC) setup by Thomas-
Bollinger method [22], was constructed with reversed, start-stop
configuration for the measurement of the scintillation time pro-
file as depicted in Fig. 2. 137Cs g-ray source was used to generate
scintillation excitation, and its radioactivity was 3.93 MBq. The
sides of the tested plastic scintillators were wrapped with a Teflon
tape to increase the light collection efficiency. The front and back
sides of the scintillator were coupled with the photomultiplier
(Hamamatsu, H7195) and a light guide (30 mm� 30mm� 60mm)
using the optical grease BC-630 for optical coupling, respectively. A
diaphragm was connected to the light guide, and the hole size of
the diaphragm was adjusted to control the average number of
incident scintillation photons. The single photons passing through
the diaphragm were measured by the photomultiplier (Hama-
matsu, H6152-70). This whole setup was placed inside a black box.

When an incident g-ray of 662 keV from the 137Cs source reacts
with the tested scintillator, a number of scintillation photons are
generated by a scintillation excitation per event. For the BC408
plastic scintillator that has scintillation light output of 10,000
photons/MeV [23], it can be assumed that the number of scintil-
lation photons per event is on an average approximately 4770
photons, based on the reaction of Compton scattering formaximum
energy transfer of 477 keV to Compton electrons. Half of the scin-
tillation photons in the H7195 PMT generate the anode and dynode
signals. The anode signal is the start time signal that represents the
generation of scintillation excitation, and the dynode signal is the
gate signal that involves the deposited energy of the incident g-ray
into the tested scintillator. The other half of the scintillation pho-
tons passing through the light guide are incident onto the dia-
phragm. The hole size of the diaphragm is adjusted to 0.5mmbased
on the ratio between the hole area and the light guide area; the
diaphragm can accept approximately 0.5 average number of scin-
tillation photons per event. Then, a single photon is incident on the
H6152-70 PMT and generates the anode signal that represents the
single photon timing signal. The two timing signals from the H7195
PMT and the H6152-70 PMT are discriminated from noise through
the fast preamplifier (ORTEC 9301) and the discriminator (SA70W).
In this modified system, due to the reversed start-stop sequence,
the start timing signal was delayed by Delay Amplifier (ORTEC
472A). The dynode signal from H7195 PMT is amplified by the
Fig. 3. Schematic of the g-g coincidence experimental setup f
preamplifier (ORTEC 113) and the amplifier (ORTEC 460). The signal
is then filtered only into the signal that involves the deposited
energy of maximum energy transfer, 477 keV, of Compton electrons
using the window of Timing SCA (TSCA ORTEC 551). In the time-to-
amplitude converter (TAC/SCA ORTEC 567), the start and stop sig-
nals are reversely recordedwhen the stop gate signal from the TSCA
is accepted. The amplitude of the TAC output signal is determined
by the time interval between the start and stop signals. Finally, the
multichannel buffer (ORTEC MCB 928) records the distribution of
the time intervals by analyzing the amplitude from the TAC.

This modified setup is constrained to accept events only for
477 keV of deposited energy of Compton electrons at the tested
scintillator. Furthermore, this setup records the time interval from
the reversed start-stop signals. In the TCSPC setups that were based
on the typical NIM-TAC module, the signal processing speed
became the limiting factor, e.g., pile-up effect, for high count rates
in excess of 100 kHz [24]. However, in the reversed start-stop setup,
the TAC is started by single photon detection, and stopped by the
delayed pulse of scintillation excitation. Consequently, the TAC
works only at the rate of single photon detection events, not at the
much higher rate of excitation pulse, which leads to more accurate
results than the conventional TCSPC setups.

2.3. Energy resolution

A plastic scintillator has a very low photoelectric cross section
due to its composition of low atomic number (Z) materials, e.g.,
carbon and hydrogen; therefore, Compton scattering reaction is
almost exclusive. Consequently, it is difficult to analyze energy
resolution of plastic scintillators via g-ray photopeak. G. Dietze
et al. [25] presented the g-g coincidence technique as a means for
studying energy resolution for an organic scintillator composed of
low Z materials. This technique allows for selective acquisition of
the signals that transfer maximum energy to Compton electrons by
g-rays. From the acquired signals, it is possible to obtain the energy
resolution by using the Gaussian function.

In this study, an experimental setup based on g-g coincidence
technique was constructed. The schematic diagram of the experi-
mental setup for energy resolution measurement of plastic scin-
tillators is depicted in Fig. 3. When an incident g-ray was reacted
with a tested scintillator by Compton scattering, the energy of the
or energy resolution measurement of plastic scintillators.



Table 2
Data of the g-ray sources used in g-g coincidence measurement.

Source Eg [keV] Ec [keV] E0
g [keV] Activity [MBq]

137Cs 662 477 184 3.93
54Mn 835 639 196 7.39
60Co 1170 963 210 2.99
60Co 1330 1120 214 2.99
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Compton electron (Ee) is given by

Ee ¼
E2gð1� cos qÞ

0:511þ Egð1� cos qÞ (1)

where Eg is the energy of the incident g-ray in unit of MeV. The g-
ray energy (Eg), Compton edge energy (Ec), and 180� backscattered
g-ray energy (E0g) were shown in Table 2 for the g-ray sources used
for g-g coincidence measurement. A liquid organic scintillator
(Saint-Gobain Crystal, BC501A) with the size of D ¼ 50.8 mm and
H ¼ 50.8 mm, which was coupled with the photomultiplier
(Hamamatsu, R329-02), was used as a monitor detector. A com-
mercial plastic scintillator BC408 or a sample with the same size
was coupled with the photomultiplier (Hamamatsu, H7195), and
located at a distance 50 mm from the monitor detector. The g-ray
sources listed in Table 2 were placed halfway at the distance of
50 mm.

In the Compton scattering reaction of an incident g-ray with the
tested scintillator, the anode signals of anode 1 and anode 2 are
generated by the deposition of Compton electron (Compton edge,
Ec). Then, the g-ray is backscattered at the 180� angle, and in the
reaction of this backscattered g-ray with the monitor detector, the
anode signal is generated. This anode signal and the anode 1 signal
from the tested detector are discriminated (SA70W) from noise to
provide the start and stop timing signals with a time-to-amplitude
converter (TAC/SCA, ORTEC 567), respectively. TAC with a time
range of 50 ns provides a gate signal into a multichannel buffer
(ORTECMCB 928), which represents the match of the start and stop
signals with an 8 ns delay. When the MCB obtains the gate signal
from the TAC, the MCB records the g-ray energy spectrum with
coincidence by obtaining the anode 2 signal that is amplified with
the preamplifier (ORTEC 113) and the amplifier (ORTEC 460), and
delayed with the module (ORTEC 427A).

2.4. Intrinsic detection efficiency

Intrinsic detection efficiency, which is the probability that an
incident g-ray onto the detector material will react and be detected,
can be determined by the integral pulse-height distribution divided
by the number of incident g-rays onto the scintillator. In this study,
using Monte Carlo simulation for the detection response function
with the empirical resolution data of BC408 and the sample, the
pulse-height distribution of the scintillators for 137Cs g-ray source
was simulated. Monte Carlo N-particle eXtend code (MCNPX) 2.7.0.
version [26] was used where the pulse height tally (F8 tally option)
provides the numerical results of pulses for the energy deposited in
the detector for the reactions with g-rays, such as Rayleigh
Thomson scattering (coherent), Compton scattering (incoherent),
photoelectric effect, and eþ/e� pair production. Additionally, FT8
Gaussian Energy Broadening (GEB) card was used to simulate the
experimentally observed energy broadening in the detector, e.g.,
energy resolution, which can be performed by the following for-
mula for the full-width at half maximum (FWHM) with energy.

FWHM¼ aþ b
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E þ cE2

p
(2)
where a, b, c are the fitting parameters.
The simulated pulse height distribution is given as a detection

efficiency per a given energy bin, which is normalized to total
number of tacking particles, e.g., g-rays. This detection efficiency is
the absolute detection efficiency (εabs), which is defined as the
detection efficiency for all the g-rays emitted from the source.
Intrinsic detection efficiency defined as the detection efficiency for
incident g-rays onto the detector can be calculated by correcting the
geometry factor, which is a solid angle (U/4p) of the detector, to the
absolution efficiency. In this simulation, the geometry was the same
as that of the experimental setup in Section 2.3 to allow for a com-
parison between the pulse-height spectra from the experiment and
those from the simulation. 137Cs g-ray isotropic sourcewas located at
a distance of 25 mm from the midpoint of the detector's front face,
and the size of the detector was 30 mm � 30 mm � 10 mm. The
wrapped Teflon tape with 3 mm thickness and the glass window of
the H7195 PMT with boronsilicate glass (Pyrex) were modeled for
the backscattering effect of g-rays to the coupled scintillator. A suf-
ficient number of photon particles (109) were tracked for statistical
uncertainty less than 1%.
3. Results and discussion

The measured scintillation time profiles for BC408 and the
sample are shown in Fig. 4. The time profiles were presented with
the bin size of 0.93 ns, including the statistical errors. For a very fast
scintillator such as a plastic scintillator, it is recommended that a
full description of the acquired decay time profile I(t) should
consider the combination of light pulse function f(x) with time
resolution R(x) [27]. In other words, the acquired time profile I(t)
for scintillation light emission can be described with the convolu-
tion of multiple exponential function f(x) with time resolution
function R(x) of the measurement system as follows:

IðtÞ ¼ f ðxÞ*RðxÞ ¼
ð∞
0

f ðxÞRðt � xÞdx (3)

The light pulse function f(x) can be described with the sum of
multi-exponential components, and an exponential function with
three components, which showed the best fit in this research, was
adopted as follows:

f ðxÞ ¼ A1

t1
e�

x
t1 þ A2

t2
e�

x
t2 þ A3

t3
e�

x
t3 (4)

where t1, t2, and t3 are decay time constants for the light pulse
function, and A1, A2, and A3 are the respective contributions of each
decay constant. The time resolution function R(x) of the measure-
ment system can be described with a Gaussian distribution with
the standard deviation s. As the uncertainty in the statistical fluc-
tuation of the start timing signal, the standard deviation can be
acquired by Gaussian fitting the sharply rising part of the measured
time profile. In this study, standard deviations of s ¼ 1.69 ns and
2.21 ns were obtained for BC408 and the sample, respectively.
Given that the time contribution of the reference detector is
generally lower and the transit time spread of the H6152-70 PMT
detecting single photons is 350 ps at FHWM, it was estimated that
the relatively poor standard deviation (s ¼ 1.7e2.2 ns) is most
likely mainly due to the contribution of the light collection process
in the long light guide (~60mm). Accordingly, it is expected that the
experimental system without light guide shows better time reso-
lution. Furthermore, the time resolution of the experimental sys-
tem, including the contribution of the reference detector, can be
accurately measured by means of Cherenkov radiation.



Fig. 4. Measured scintillation decay time profile of (a) BC408 and (b) 3D printed plastic
scintillator. The red curves represent the convolution of the scintillation light pulse
with time resolution. The blue curves represent the contribution of three decay time
components consisting scintillation light pulse. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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The red curves in Fig. 4 represent the convolution fitting of the
sum of the multi exponential function of the three decay compo-
nents with Gaussian function, and the blue curves represent the
analyzed three decay components. The analyzed scintillation decay
time constants and contributions are summarized in Table 3. The
shortest decay time constant t1 of BC408 was 2.07 ± 0.03 ns which
was in excellent agreement with the standard of 2.1 ns; this result
confirms the good performance of this measurement system. The
sample showed superior time properties than those of BC408 for all
three decay components The average decay times for BC408 and
Table 3
Decay time constants and their contributions of BC408 and the 3D printed plastic scintil

Plastic scintillator Decay time constants

t1 (ns) t2 (ns) t3 (ns)

BC408 2.07 ± 0.03 14.7 ± 0.4 215 ± 9
Sample 1.90 ± 0.10 11.9 ± 0.7 90.7 ± 5.2
the sample were 18.3 ns and 15.6 ns, respectively.
Fig. 5 shows the pulse height spectra of g-g coincidence, without

coincidence, random coincidence, and Gaussian spectrum for
BC408 and the sample. Comparing the spectra with/without coin-
cidence, it can be noted that the coincidence spectra for 137Cs and
54Mn g-rays show a single peak while the coincidence spectra for
60Co g-rays show two peaks, including contributions from the
Compton edge signals. These coincidence spectra, however, also
include contributions from random coincidence signals, which
need to be removed. The contribution from random coincidence
events is mostly due to coincidence events in the tested detector
induced by another g-ray emitted from the source, which can be
considered the same as the general Compton spectrum. Conse-
quently, a random coincidence spectrum was sampled from the
Compton spectrum, and was subtracted from the coincidence
spectrum.

However, despite of this subtraction, the spectrum still includes
the signals from Compton scattered g-rays under angles other than
180� (backscattered g-rays) due to the geometry of this experiment.
These Compton scattered g-rays can be incident onto the tested
scintillator under a certain angle at a distance of 50 mm from the
tested detector to the monitor detector. The fraction of the Comp-
ton scattered g-rays incident onto the tested scintillator depending
on their angle was calculated by MCNPX Monte Carlo simulation
code. This was done under the same conditions as the experiment
for BC408 with the 137Cs g-ray source, while the Cell-Flagging op-
tion (CF) in MCNPX code was used for only tagging the Compton
scattered g-rays from themonitor detector onto the tested detector.
The fraction of the Compton scattered g-rays incident onto the
scintillator depending on their angle are summarized in Table 4
along with the energies of the scattered g-rays and the Compton
electrons. The fraction of backscattered g-rays incident onto the
tested scintillator at precisely 180� was 16% while the fraction of
scattered g-rays at angles from 180� to 160�, which was correlated
to Compton electrons within the energy range Ee ¼
(477.34e473.24) keV, was 72% over the total energy range. The
large amount of Compton scattered g-rays under an angle of 180�

can affect the coincidence peak. However, in this experiment, fast
measurement was inevitably required at a short distance (50 mm)
because 1-methyl-naphthalene, which was used as an intermediate
solvent in the sample, has a high volatility, and causes the light
output and density of the scintillator without scintillator housing to
diminish over time. Accordingly, BC408 also had to be studied
under the same conditions for comparison. For a more detailed
study in the future, it will be necessary to place the monitor de-
tector at a larger distance or include lead collimator shielding for
the backscattered g-rays at off angles.

The result from the spectrumwas fitted with Gaussian function,
as shown in Fig. 5. The peak position of the Gaussian spectrum
represents the accurate position of the Compton edge for each g-
ray source. Therefore, energy resolutions of BC408 and the sample
can be analyzed for the energy of Compton edge for each the
sources. Table 5 shows the analyzed results, including the position
of Gaussian peak (GP), FWHM, and energy resolution (R) for
Gaussian spectrum of BC408 and the 3D printed plastic scintillators,
measured with 137Cs, 54Mn, and 60Co g-ray sources. It was
lators measured in the experimental system.

Contribution of Decay Components

A1/
P

Ai A2/
P

Ai A3/
P

Ai

0.821 ± 0.004 0.105 ± 0.002 0.0737 ± 0.0018
0.661 ± 0.010 0.213 ± 0.008 0.125 ± 0.004



Fig. 5. Compton spectrum without coincidence (dark circle) and with coincidence
(blue circle) for (a) commercial plastic scintillator BC408 and (b) the 3D printed plastic
scintillator. The smooth lines with shaded region represent random coincidence (red)
and Gaussian fitting results for only Compton coincidence (green). (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Table 4
The fraction of the Compton scattered g-rays incident onto the tested plastic scin-
tillator BC408 over the total energy range under certain angles (q), along with their
energy (Eg�) and the Compton electron energy (Ee).

Angle 180� 180� & q & 175� 180� & q & 170� 180� & q & 160�

Ee (keV) 477.34 477.08 476.32 473.24
Eg�(keV) 184.32 184.58 185.34 188.42
Fraction 16% 54% 65% 72%
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confirmed that the two energy resolutions for BC408 and the
sample were 9.66 ± 0.04% and 15.4 ± 0.1% for 477 keV of Compton
edge energy of the 137Cs source, and the energy resolution
decreased with the Compton edge energy.

The energy resolution datawas analyzed with an empirical fit as
a function of the Compton edge energy for each g-ray source using
the following equation:
Rð%Þ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

Ec
þ g2

Ec2

s
(5)

where a, b, and g are the fitting parameters: (a) a is a constant term
of light transmission from the scintillator to the photocathode of
PMT that limits the resolution of the detector system at high en-
ergy, (b) b is a stochastic term of light production and attenuation in
the scintillator, and of the photon-electron conversion and electron
amplification in PMT, and (c) g is a noise term of dark current in
PMT and electronic amplifiers [28]. Fig. 6 shows the empirical fit of
energy resolution data for BC408 and the sample. The noise term
was expected to be negligible compared to the other two terms, and
the energy resolution data were best fitted with parameters
a ¼ 4.22 ± 1.53%, b ¼ 6.09 ± 0.64%, and a ¼ 6.11 ± 2.16%,
b ¼ 9.82 ± 0.79%, for BC408 and the sample, respectively.

The energy resolution (R) of the Gaussian peak, which was
measured by g-g coincidence with the plastic scintillator coupled
with thephotomultiplier, canbewrittenasR2 ¼ Rtot

2 ¼ Rsc
2 þ dtr

2 þ
dp

2 whereRsc is the intrinsic energy resolution that is the contribution
of the scintillator associated with the fluctuation of the scintillation
light output induced by the non-proportional response of g-ray
within the scintillator, dtr is the transfer resolution that is associated
with the probability that a photon from the scintillator results in the
arrival of photoelectrons at the first dynode, and dp is the amplifica-
tion resolution of the photomultiplier induced by its gain variance
[29]. In themodern scintillation detectors, the transfer component is
negligible compared to other contributions of the energy resolution,
and in the caseof small dtr, the above-mentioned equation that can be
transformed and written as

Rtot
2 ¼Rsc

2 þ Rpmt
2 (6)

P. Dorenbos et al. presented the definition of Rpmt, assuming the
gain variance in the number of photoelectrons generated from the
photocathode of the photomultiplier follows Poisson statistics:

Rpmt ¼ 2:355
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þvðMÞ
Nphe

q
, where n(M) is the gain variance in the pho-

tomultiplier and Nphe is photoelectron yield (phe/MeV). The equa-
tion for gain variance is nðMÞ ¼ 1

R�1
, where R is gain of the average

dynode with the applied voltage of the photomultiplier [30]. In this
study, R was 3.15 at the applied voltage of �1500 V of the H7195
photomultiplier. Nphe was calculated by multiplying the absolute
light output Nph with effective quantum efficiency Q.E.eff for the
scintillator; these two parameters were measured in our previous
study [17].

The above-mentioned parameters are presented in Table 6. The
intrinsic energy resolutions of BC408 and the sample were pre-
sented for 477 keV Compton electrons from the 137Cs g-ray source,
with values of 7.76% and 13.2%, respectively. The intrinsic energy
resolution of the BC408 plastic scintillator was in good agreement
(within 5% error) with that found by Ł. �Swiderski et al. [32]. It
should be noted that the intrinsic resolution is mainly related to the
non-proportional response of the scintillator. This characteristic
has been regarded as the fundamental limitation to the achievable



Table 5
The position of Gaussian peak (GP), FWHM, and energy resolution (R) for Gaussian spectrum of plastic scintillators, measured with 137Cs, 54Mn, and 60Co g-ray sources.

Source Compton edge energy
Ec [keV]

BC408 Sample

GP channel FWHM [ch] Resolution [%] GP channel FWHM [ch] Resolution [%]

137Cs 477 149 ± 0.03 15.6 ± 0.1 9.66 ± 0.04 123 ± 0.05 21.0 ± 0.1 15.4 ± 0.1
54Mn 639 204 ± 0.1 19.5 ± 0.1 9.02 ± 0.05 161 ± 0.06 24.3 ± 0.2 13.9 ± 0.1
60Co 963 315 ± 0.1 24.3 ± 0.3 7.42 ± 0.08 264 ± 0.24 30.7 ± 0.7 11.1 ± 0.2
60Co 1120 366 ± 0.1 26.0 ± 0.3 6.88 ± 0.09 307 ± 0.30 36.0 ± 1.0 11.3 ± 0.3

Fig. 6. Empirical fit for energy resolution data of BC408 and 3D printed plastic
scintillator.

Fig. 7. Normalized results for measured and simulated energy spectrum of BC408 for
137Cs g-ray source.

Table 7
The weight ratio (wi) for the elements, density (r), and total linear attenuation co-
efficient (m) of BC408 and the sample.

Plastic
scintillators

Weight ratioa Density,
r [g/cm3]

mb

[cm�1]
H
(w1)

C
(w2)

N
(w3)

O
(w4)

P
(w5)

BC408 0.084 0.916 e e e 1.023 ± 0.001 0.0859
Sample 0.072 0.832 8.81E-04 0.096 2.47E-05 1.038 ± 0.001 0.0863

a The weight ratio of the sample can be found in Ref. 17.
b Total linear attenuation coefficient was calculated by the following equation.m ¼P�

wi �
�m
r

�
i

�
� r
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resolution in scintillators, and the characteristics of non-
proportionality for organic scintillators have been studied by A.
Nassalski et al. [33] and Ł. �Swiderski et al. [32]. They reported that
the organic scintillators BC408 and BC501A exhibit non-
proportionality in the range from 10 keV to 4 MeV. The reasons
for this non-proportionality have not been described clearly.
However, for the development of new and improved organic scin-
tillators with enhanced energy resolution, different organic scin-
tillators need to be studied and their experimental data should be
gathered.

Fig. 7 shows a comparison between the 137Cs g-ray energy
spectra of BC408 plastic scintillator from the experiment, and the
MCNPX simulation with the empirical data of the energy resolu-
tion. The experimentally measured energy spectrum was obtained
from the pulse height spectrum by linear calibration from channel
number to energy. The fitting parameters used in the MCNPX
simulation were 0 MeV, 0.612 MeV1/2, and 0.464 MeV�1 for BC408,
and 0 MeV, 0.0982 MeV1/2, 0.387 MeV�1 for the sample. The rela-
tive errors for the results were represented by the Root Mean
Square (RMS) above 100 keV as plastic scintillators are mainly used
above 100 keV. It was noted that the RMS between the energy
spectra from the experiment, and the simulation was 0.03%,
thereby verifying the simulated results. The absolute detection ef-
ficiencies (εabs) of BC408 and the sample were calculated by sum-
ming the efficiencies of the simulated energy spectrum above
Table 6
Average dynode's gain (R), gain variance n(M), absolute light output (Nph), effective qu
amplification resolution of the photomultiplier (Rpmt), and intrinsic energy resolution (R

Plastic scintillator R n(M) Nph
* (ph/MeV) Q.E.eff*

BC408 3.15 0.466 10,500 ± 300 0.235 ± 0.001
Sample 3.15 0.466 7000 ± 400 0.188 ± 0.001

* The measurements of absolute light output and effective quantum efficiency of Ref.
estimation of Nphe, Rpmt, and Rsc.
100 keV, which were converted to the intrinsic detection effi-
ciencies (εint) by multiplying the solid angle of the detector. It was
found that the intrinsic detection efficiencies of BC408 and the
sample were 6.85% and 6.81% for 137Cs g-ray source, respectively.

These results can be estimated from the ratio between total
linear attenuation coefficients for the material compositions of
BC408 and the sample because the intrinsic detection efficiency of
the plastic scintillator for g-rays is correlated with its atomic
electron density. It is known that the main elements of BC408
plastic scintillator is carbon and hydrogen [23], and those of the
sample were reported in Ref. 17. The data of mass attenuation co-
efficient for these elements were used from the National Institute of
Standards and Technology (NIST) [34]. The ratio of total linear
antum efficiency (Q.E.eff), photoelectron yield (Nphe), total energy resolution (Rtot),
sc).

Nphe (phe/MeV) Rtot (%) Rpmt (%) Rsc (%)

2470 ± 70 9.66 ± 0.04 5.74 ± 0.08 7.76 ± 0.08
1320 ± 80 15.4 ± 0.1 7.86 ± 0.23 13.2 ± 0.18

[17] was used, and the experimental error of Nph in Ref. [31] was used for the error
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attenuation coefficients was compared with that of intrinsic
detection efficiencies for BC408 and the sample for 662 keV g-ray
from 137Cs source. Table 7 shows the weight ratio for the elements,
density, and total linear attenuation coefficients of BC408 and the
sample. The ratio of total linear attenuation coefficients was 1.00,
similar to the ratio of 1.01 of intrinsic detection efficiencies.

4. Conclusions

For the properties of decay time, energy resolution, and intrinsic
detection efficiency, datawas presented and compared between the
3Dprintedplastic scintillator and the commercial plastic scintillator,
BC408. The 3D printed plastic scintillatorwas composed of the resin
formulation developed in our previous study [17]. This 3D printed
plastic scintillator, which had similar decay time and intrinsic
detection efficiency as those of BC408, can be used in fast timing
detectionor inenvironmentswithhigh count rates. Compared to the
data for intrinsic detection efficiency of the sample, the estimates
were in good agreement within reasonable error margins. Further-
more, it is expected that the collected intrinsic energy resolution
data of the sample can be used as a reference for the development of
new plastic scintillators using the 3D printing technique.

For further research on improvement of 3D printed plastic
scintillator, the focus should be on the resin recipe. 1-methyl-
naphthalene was used as an intermediate solvent in this study,
whose high volatility causes light output and density of the scin-
tillator without scintillator housing to diminish over time. It was
found that styrene-based 3D printed plastic scintillator also has
volatility, this disadvantage can be overcome by only the use of
excellent acrylic monomer with more benzene rings per molecule.
Meanwhile, it is possible to improve the performance of the 3D
printed plastic scintillator by the use of a fluorescent dye with high
Z material, which leads to the 3D printed scintillator with high
density and high detection efficiency to g-ray.
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