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1. Introduction

ABSTRACT

Three-dimensional (3D) printing, specifically digital light processing (DLP) technique, can be used to manu-
facture plastic scintillators of any shape. The purpose of this study was to determine the light output of DLP 3D-
printed scintillators for dosimetry applications. Two types of plastic scintillators with dimensions 10 mm x 10
mm x 10 mm were fabricated using DLP 3D-printing at Hanyang University, South Korea. The light output of
these DLP 3D-printed samples was measured and compared to that of a commercial plastic scintillator of the
same dimensions, RP-408, produced by casting. The 3D-printed scintillators emitting violet and blue light had a
lower relative light output by 49% and 43%, respectively, compared to the RP-408 reference scintillator. We also
investigated three types of scintillator surface finishing methods: the original surface made by the 3D printer, a
sanded surface, and a polished surface. Furthermore, three wrapping configurations were tested: bare scintil-
lator, diffuse-type polytetrafluoroethylene tape, and specular-type enhanced specular reflector foil. Both reflector
types, diffuse and specular, reflected blue light with comparable efficiency. Additionally, emission and trans-
mission spectra of the samples were measured. Emission maxima were located at 430 nm for RP-408, and 438
and 475 nm for two 3D-printed samples. Transmittance at the wavelength of maximum emission was equal to
89% for RP-408, and 73% and 66% for the two DLP-printed samples. Although the light output of the 3D-printed
scintillators was about 50% lower than that of the commercial plastic scintillator, due to characteristics of 3D-
printed plastic scintillators, i.e. fast, low-cost production, and easy customization of the printed shape, they are
promising as an active part of dosimeters for use in high intensity gamma radiation fields produced by medical
linear accelerators with acceptable signal-to-noise ratio level.

radiotherapy (Mijnheer et al., 2013), in vivo dosimetry during radio-
therapy (Woulfe et al., 2016), (O’Keeffe et al., 2015) and for radiation

Scintillation materials efficiently convert radiation to visible light detection in small field dosimetry (Beddar et al., 2021).
and are therefore widely applied for dosimetry and quality assurance in Inorganic or organic scintillation materials may be used to fabricate
radiotherapy (Beaulieu and Beddar, 2016). Plastic scintillation dosim- radiation detectors. The most frequently used materials for medical
eters are used in brachytherapy (Tanderup et al., 2013), external beam applications are the inorganic scintillators thallium-doped sodium
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iodide, bismuth germanate, cerium-doped lutetium yttrium oxy-
orthosilicate, and cerium-doped lanthanum bromide owing to their high
atomic numbers and better light output than organic scintillators
(Vandenberghe et al., 2020). However, organic scintillators, for example
plastic scintillators obtained by cell casting (Kapton et al., 2014),
(Kapton and Moskal, 2021), (Kapton, 2020a) have better time resolution
and high transparency for emitted light (Kapton, 2020b), enabling
time-of-flight measurements (Wieczorek et al., 2017). New types of
multi-photon positron emission tomography (PET) scanners use plastic
scintillators with fast timing properties (Moskal et al., 2021a), (Moskal
et al.,, 2021b), (Dulski et al.,, 2021). Indeed, the possibility of
manufacturing long detection modules with high transparency enables
the construction of total-body PET scanners with a wide field-of-view
(Vandenberghe et al., 2020), (Moskal and Stepied, 2020), (Moskal
et al., 2021c), (Alavi et al., 2022). Organic scintillators are preferred for
dosimetry and medical physics applications because of their
water-equivalence (density of about 1 g/cm3); their elemental compo-
sition, which is similar to that of human tissues (mainly carbon,
hydrogen, and traces of oxygen and nitrogen); and the ease of
manufacturing scintillators with small geometries to obtain high spatial
resolution (Carrasco et al., 2015).

Recently, three-dimensional (3D) printing has been proposed for use
in manufacturing plastic scintillators (Mishnayot et al., 2014), (Son
etal., 2018), (Lynch etal., 2020). The additive manufacturing technique
has many advantages, including simple and fast production (within a
few hours), low cost, and easy customization of the printed shape (Kim
et al.,, 2018). Possible disadvantages of printed plastic scintillators
include their lower transparency for visible light than cast scintillators,
anisotropy of scintillation signal (Lynch et al., 2020), and about 30%
lower light output than commercial plastic scintillators (Kim et al.,
2020). However, the long-term stability of polymer compositions has
not been verified.

The three main types of 3D printing are vat polymerization, material
extrusion and powder bed fusion (Sokolov et al., 2019). Digital light
processing (DLP) 3D printing is a type of vat polymerization based on
layer-by-layer polymerization of a liquid monomer upon ultraviolet
(UV) light irradiation from a digital light projector. Fusion deposition
modeling (FDM) is a material-extrusion 3D printing method in which
printed material is formed in layers by a filament obtained by extrusion
of a thermoplastic polymer through a nozzle (Ligon et al., 2017).
Manufacturing of plastic scintillators by 3D printing differs significantly
from the cell casting technique commonly used commercially and in
research laboratories. The comparison between cell casting and DLP
methods used for production of plastic scintillators is given in Table 1.

From a technical point of view, the main differences among the
scintillator manufacturing processes are initiating factors utilized to
start polymerization reaction, volume polymerized at the process, time
and temperature of the polymerization reaction, and maximal dimen-
sion of scintillator that can be manufactured with the use of industrial
equipment. Additionally, cell-cast scintillators require cutting, milling,
and polishing after polymerization, whereas 3D-printed scintillators
may require washing off remaining resin from the sample surface, dry-
ing and post-curing of the sample under UV light to complete poly-
merization and fully harden the printed scintillator. The DLP-printed
scintillators can be also polished, depending on the final application.
The transparency of the DLP-printed scintillators for visible light is
lower than for cell-cast scintillators. The layered structure of the printed
scintillator, micrometric-sized holes in its volume, and possible differ-
ences of refractive index at the borders of the layers can scatter the light
and decrease the light transmittance (Rank et al., 2021).

From a chemical perspective, differences are manifest in type of
monomers used in the polymerization, presence of 1-methylnaphthalene
secondary solvent increasing light output of scintillators, use of a poly-
merization initiator in resin for 3D-printing of plastic scintillators, and
resulting polymer molecular structure synthesized in the polymerization
reaction. The presence of one (styrene) or two (bisphenol resin)

Table 1
Comparison of characteristics of cell casting and digital light processing methods
used to manufacture plastic scintillators investigated in this study.

Property Cell casting Digital light processing

Technical aspects
Polymerization heat
activator

385 nm UV light

Volume polymerized entire volume at once layer-by-layer

Maximal dimension of 4500a 400b
manufactured
scintillator using
industrial equipment
(mm)

Polymerization duration 100, regardless of the

(h) volume of sample

1-24, depending from the
height of sample
Polymerization 140
temperature (0C)
Scintillator surface after

room temperature
as-cast from mold, matte surface
edges need machining
annealing, cutting,

process with horizontal marks

Possible additional post- rinsing off unreacted resin in

processing milling, polishing isopropyl alcohol, drying,
post-curing with UV light,
polishing
Transmittance of 10- 76-95 49-72
mm thick scintillator
at the wavelength of
maximum emission
(%)
Polymeric aspects
Polymerization free-radical free-radical

mechanism
block/bulk/mass/
thermal

Polymerization process photopolymerization, UV

curing, photo-cross-linking
polymerization

Primary solvent,

styrene, vinyltoluene bisphenol A ethoxylate

monomer dimethacrylate,
bisphenol fluorene
diacrylates
Number of reactive 1 2
double bonds in
monomer molecule
Polymer molecular amorphous, amorphous,

structure linear polymer chains cross-linked polymer
networks
Polymerization initiator none BAPO, TPO radical UV

photoinitiators
Scintillation aspects

Secondary solvent none 1-methylnaphthalene or
none
UV-emitting fluorescent BPBD, PPO, PTP PPO
dye
Optimal concentration 2 1.0-1.5

of UV-emitting
fluorescent dye (wt.

%)
Blue-emitting bis-MSB, POPOP and ADS086BE, ADS148BE
fluorescent dye other

Optimal concentration 0.005-0.06 0.005-0.01
of blue-emitting
fluorescent dye (wt.
%)

References (Kapton et al., 2014), (

Kapton and Moskal,

2021), (Kapton,

2020a), (Wieczorek

et al., 2017)

(Son et al., 2018), (Kim et al.,
2020), (Lee et al., 2019), (
Kim et al., 2022)

BAPO = phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide; TPO = diphenyl
(2,4,6-trimethylbenzoyl)phosphine oxide.
BPBD = 2-(4-tert-butylphenyl)-5-(4-biphenylyl)-1,3,4-oxadiazole; PPO = 2,5-
diphenyloxazole; PTP = p-terphenyl.
bis-MSB = 1,4-bis(2-methylstyryl)benzene; POPOP = 1,4-bis(5-phenyl-2-oxa-
zolyl)benzene.
ADS086BE = 1,4-bis(9-ethyl-3-carbazo-vinylene)-9,9-dihexyl-fluorene;
ADS148BE = poly [(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-phenylene)].

a Maximum length of a special large cast sheet from the manufacturer catalog
(“Saint-Gobain Crystals,” 2021).

b Maximum height of the build volume in industrial DLP printers.



polymerizable double bonds in the monomer molecule results in
obtaining linear polymer chains (casting) or cross-linked polymer net-
works (3D printing) (Andrzejewska, 2016). Polymer macromolecules
are arranged in random orientations to each other, forming amorphous,
transparent to visible light plastic scintillators. Photo-physical and
spectral properties of fluorescent compounds and their concentrations
are similar for plastic scintillators manufactured with both methods.
However, due to a limited solubility of 1,4-bis(5-phenyl-2-oxazolyl)ben-
zene (POPOP) standard wavelength shifter in resins for 3D printing,
fluorescent dyes with high solubility in organic solvents are preferred for
DLP printing (Son et al., 2018). The UV-emitting fluorescent dye, 2,
5-diphenyloxazole (PPO), was implemented in DLP-printed scintilla-
tors (Lee et al., 2019) due to its very high solubility in organic solvents,
at the level of 414 g/L in toluene at room temperature (Birks, 1969).

The use of 3D-printed plastic scintillators for dosimetry applications
has been recently investigated. Lee et al. (2020) used DLP 3D printing
and Lynch et al. (2020) used FDM 3D printing to manufacture plastic
scintillators for dosimeter construction. The rapid development of ad-
ditive manufacturing technology is leading to innovations in 3D-printed
scintillation detectors. For example, polystyrene-based scintillators
manufactured with FDM 3D printing have been developed (Berns et al.,
2020) and a matrix of the simultaneously printed polystyrene scintilla-
tors with the white optical reflector material was developed (Berns et al.,
2022). Stereolithography 3D printing has been used for manufacturing
light guides for inorganic scintillators with complex shapes (Raylman
et al., 2021). With the use of stereolithography, low-cost neu-
tron-sensitive detectors can be printed from arrays of boron nitride and
zinc sulfide cones incorporated in clear resin (Stowell et al., 2021).

The efficiency of detecting the light produced by any scintillator,
particularly when the scintillation signal or detector active volume is
small, may require modification of the scintillator surface, for instance
by polishing it and/or covering it with a light-reflecting material
(Janecek, 2012). Two types of light reflectors are usually used in
scintillator-based radiation detectors (Sweany et al., 2019). One is a
diffuse reflector also called a Lambertian reflector. Examples of this type
are white polytetrafluoroethylene (PTFE) tape and titanium
dioxide-based white paint. Diffuse reflectors reflect incoming lightin all
directions and lead to light scattering. The other type is a specular
reflector, which reflects light like a mirror, in which the light photon
reflection angle is equal to the incident angle. Examples of specular
reflectors are enhanced specular reflector (ESR) foil,
aluminum-metallized biaxially-oriented polyethylene terephthalate film
(Mylar), and aluminum foil.

In this paper, we report the light output measurements of two types
of blue-emitting plastic scintillator samples manufactured using the DLP
3D-printing technique. In addition, we apply different surface treat-
ments and wrapping configurations with two light-reflecting materials
to evaluate their impact on the measured light output. The results of
measurements that demonstrated the reproducibility of manufacturing
of 3D-printed samples, and stability of the setup are included. Addi-
tionally, emission and transmission spectra of the investigated samples

are presented. The results are then compared to those for a blue-light-
emitting commercial plastic scintillator.

2. Materials and methods

2.1. Experimental setup

A schematic illustration of the experimental setup used in our studies
is shown in Fig. 1 (left), and an image of the setup is shown in Fig. 1
(right). For light signal detection, we used a R4998 photomultiplier tube
(PMT) from Hamamatsu. The scintillator surfaces that contacted the
PMT window were covered with BC-630 optical-grade silicone grease
from Saint-Gobain Crystals. The PMT, the electric base, and the mu-
metal shielding were enclosed in light-tight aluminum housing. The
PMT was supplied with 2350 V using a CAEN N470 power supply. The
signal was read out by the Desktop Digitizer CAEN DT5743. To minimize
electronic fluctuations of the signal, a 6-dB-attenuator from Huber-
Suhner was plugged-in between the PMT and the digitizer. Scintilla-
tors were exposed to a uniform and constant dose-rate emitted by a Cs-
137 gamma radiation source with activity of 882 kBq positioned 50 mm
from the scintillator. The PMT window with the sample attached in the
center of the active area was covered by a light-proof plastic cap.
Additionally, the PMT R4998 had a photocathode effective area of 20
mm diameter and investigated scintillator samples with diagonal of
14.1 mm were positioned at the center of the PMT photocathode
effective area. Most of the light emitted from the sample was collected
by the PMT window except a small amount of the light absorbed by the
scintillator material and light reflector.

Table 2

Properties of the investigated plastic scintillators based on the literature. The RP-
408 is the reference sample, and the 3D-printed scintillators (3DPS) are two
types of plastic scintillators.

Scintillator Wavelength Light Decay Density Ref.
of maximum output time (9/cm3)
emission (photons/ (ns)

(nm) MeV)

RP-408 425 10 000 2.1 1.032 (“Rexon
Components
and TLD
Systems Inc,”
2021)

3DPS 429 3370 25 1.175a Lee et al.

violet (2019)
3DPS blue 470 6700 1.9 1.188a (Son et al.,
2018), Kim
et al. (2020)

a Measured in this work. Average of five samples with dimensions 10 mm x
10 mm x 10 mm.

Fig. 1. Schematic illustration (left) and picture (right) of the experimental setup used for measurements of the relative light output of plastic scintillator (PS) samples
exposed to a Cs-137 radioisotope. Measurements were performed with a photomultiplier tube (PMT). HV, high voltage; PC, personal computer.



2.2. Scintillator samples

Three types of plastic scintillators were investigated: one commercial
and two 3D-printed (Table 2). A polyvinyltoluene-based RP-408 scin-
tillator from Rexon Components (USA) was used as the reference, as its
light output is given by the manufacturer. Light signals for two types of
3D printed scintillators (3DPS) were measured: ‘3DPS violet’ with a
wavelength of maximum emission centered at 429 nm, and ‘3DPS blue’
with a maximum at 470 nm. The scintillators were manufactured using
DLP 3D printing at the Department of Nuclear Engineering, Hanyang
University, South Korea (Kim et al., 2020), (Lee et al., 2019). All samples
had the same dimensions (10 mm x 10 mm x 10 mm) and are pictured
in Fig. 2.

Density of the DLP-printed samples was calculated by dividing the
mass of the sample by its volume. The mass of the five samples was
determined on an analytical scale (Radwag, AS 82/220.X2) with preci-
sion of 0.001 g. Volume of the five samples was measured with a digital
caliper (Limit, 14455-0209) with precision 0.02 mm. To calculate vol-
ume of the cubic samples, the width, length, and height were multiplied.
The calculated density of five samples of the two types were averaged
(Table 2).

2.3. Scintiillator samplefinishing and wrapping

Three types of surfaces were investigated: (i) original, from the 3D
printing machine, without any handling; (ii) sanded with P800 sand-
paper; and (iii) polished with waterproof sandpapers with gradations
from P800 to P7000 and volatile organic-compound-free polishing paste
(3M, product code 51677). This test was performed to determine the
influence of surface polishing on the amount of light produced in the
scintillator and detected by the PMT. The 3D-printed samples have small
horizontal marks on their surfaces resulting from the printing process, in
which scintillator material is laid on layer by layer. The original surfaces
and sanded surfaces of 3D-printed scintillators have a matte finish and
therefore scatter part of the light randomly in all directions. We modi-
fied only the surfaces of five walls of each cube, and one side was always
only polished and connected with optical gel to the PMT window to
ensure the best optical contact.

Moreover, to investigate the amount of light reflected by the wrap-
ping material into the PMT, two reflector types were used to wrap the
scintillator cube. First, the scintillator cubes were wrapped in 0.2-mm
thick white PTFE tape. For each sample, three layers of PTFE tape were
wrapped around the cube to cover five of its sides, except the one con-
nected to the PMT. The second type of wrapping consisted of one layer of
dedicated ESR foil from 3M. The reflection coefficient for three layers of
PTFE is 99.2% (Janecek and Moses, 2008) and for ESR foil is 98% for the
blue spectrum of visible light (“3M ESR,” 2021), (Motta et al., 2005).
Both reflectors are manufactured from polymers and have a density
similar to the density of plastic scintillators. The ESR is made from
alternating layers of polyethylene naphthalate and polymethyl meth-
acrylate polymers (Weber et al., 2000).

Three surface finishing and four surface wrapping configurations
modifying the light-reflecting properties of scintillator samples were
investigated, as schematically illustrated in Fig. 3. The first configura-
tion was the bare surface of the scintillator without any wrapping. The
second was a scintillator wrapped with PTFE tape, and the third was a
scintillator wrapped with ESR foil around the side walls of the cube, with
a separate piece of foil placed on the top of the sample to admit air
between the ESR foil and scintillator cube. In the fourth configuration,
five different pieces of foil were attached closely to the cube surfaces,
avoiding air between ESR foil and the scintillator surface. This last
configuration is denoted as ESRXx5.

2.4. Measurements

Each sample was exposed to radiation from the Cs-137 source, and
the light produced was measured for each sample, surface-finishing, and
wrapping configuration (Fig. 3). Measurements were conducted three
times on different days to ensure the stability of the experimental setup.
Fig. 3 lists all the scintillator samples and finishing and wrapping con-
figurations that were investigated. The measurement time for each
sample was about 15 min to collect 50 000 analog PMT signals, which
were digitized to voltage versus time data points and saved to a personal
computer. The average light output and its standard deviation were
calculated from the three measurements performed on different days.
The settings of the digitizer used to acquire the signals were the same for

Fig. 2. Plastic scintillator samples used in this study.
RP-408, 3DPS violet, and 3DPS blue plastic scintil-
lator samples: (a) with photo taken under ambient
light and (b) with photo taken under UV light. RP-408
has a polished surface, and 3DPS violet and 3DPS
blue scintillators have the original surface from the
3D printing process. (c) Polished scintillator samples
with bare, ESR foil, and PTFE tape wrapping config-
urations. (d) Polished 3DPS violet scintillator sample,
backlit with flash lamp from a camera, with the
visible layered structure of the sample. (e) Polished
3DPS violet scintillator sample illuminated with a
green laser pointer on the side, small bubbles scat-
tering green light in the volume of the scintillator,
and layered structure of the sample are visible.



Fig. 3. Schematic illustration of the sample configurations used for light output
measurements.

all measurements. When samples were changed, before each new mea-
surement, optical gel was cleaned from the PMT and cube surface.

To ensure the stability of the experimental setup, the light output of a
dedicated plastic scintillator sample was measured several times over
different days. The EJ-200 sample from Eljen Technology (USA) had a
cylindrical shape, a diameter of 25 mm, a height of 10 mm, and all
surfaces polished. The top and side wall of the sample were wrapped
with three layers of white light-reflecting PTFE tape. Results of these
measurements are presented in Fig. 4 and Table S1 in the supporting
information. The average Compton edge position from 20 measurements
of the same EJ-200 scintillator had a value of 148.52 + 3 pC (1.0 + 0.02
normalized value in Fig. 4). The uncertainty of these measurements was
calculated as the standard deviation of 20 Compton edge positions from
the average, and was 2.02%.

Emission spectra were acquired using the USB4000 fiber optic
spectrometer from Ocean Optics equipped with a linear charge-coupled
device (CCD) array light detector. Scintillator samples were excited by

Fig. 4. Light output measurements obtained with a dedicated EJ-200 scintil-
lator sample, performed to ensure the stability of the experimental setup. The
light output values are normalized to the average light output from all mea-
surements. Error bars represent standard deviations from 20 measurements of
the same EJ-200 scintillator sample.

an in-house made laser diode with maximum emission at 405 nm
transmitted by 400-pm quartz core optical fiber P400-2-UV-VIS from
Ocean Optics. The fiber with laser diode excitation light and the fiber
collecting emission signals from the scintillator surface were positioned
at a right angle to each other on the two nearby sample surfaces.

The transmission spectra relative to air were measured on the same
spectrometer but with use of a LS-1 tungsten halogen lamp from Ocean
Optics, emitting a broad spectrum of white light ranging from UV to
infrared. Before transmission measurements, all surfaces of scintillator
samples were polished to optical grade with the use of waterproof
sandpapers and polishing paste. Six measurements of the transmission
spectrum were made for each of the samples (RP-408, 3DPS violet, and
3DPS blue). To minimize the influence of surface polishing quality on
the transmission spectra, each combination of transmission through two
opposite sides (in both directions) of the cubic samples was measured.
The final transmission spectrum was averaged from the six measure-
ments of each scintillator sample.

2.5. Data analysis

The light output of the scintillator was calculated based on the
charge spectra collected by the PMT, because charge is proportional to
the light produced from energy deposited by radiation in the scintillator.
The light output was determined for the energy corresponding to the
maximal value deposited by the 662-keV gamma quanta in the Compton
scattering processes (so-called Compton edge) for the reference scintil-
lator RP-408 and the 3D-printed samples, with the different finishing
and wrapping configurations.

Among many techniques for determining the Compton edge position
described in the literature, e.g. (Mengesha et al., 2017), Gaussian fitting
was chosen because of its simplicity. This method was used for the first
time to determine Compton edge in organic scintillators by (Chikkur and
Umakantha, 1973). The actual validation of the method requires com-
parison of simulations with measurements or the use of a secondary
detector (e.g. high purity germanium) in a technique based on a
Compton coincidence as previously described (Swiderski et al., 2010).
For the measurements of light output of different scintillators of the
same geometry exposed to radioactive source Cs-137, the determination
of the Compton edge by fitting part of the Gaussian function gives
satisfying stability of the results (Fig. 5). Note that overall, determining
the position of the Compton edge is complicated because plastic scin-
tillators have low energy resolution and the Compton peak is broadened
with respect to inorganic scintillators. Also, the gamma quanta interact
with low-density plastic scintillator material mostly via Compton scat-
tering. Therefore, the entire energy of the gamma photons is not
deposited in the plastic, limiting obtaining the full energy deposition
spectrum located in photopeak, which is not easy to determine and fit.

The middle of the Compton edge was determined by fitting part of
the Gaussian function to the right edge of the charge spectrum, in the
range from local maximum of the Compton edge to the baseline in the
right. Half of the Gaussian width (parameter w) was added to the
Gaussian center (parameter xc). Examples of charge spectra for the
reference RP-408 and the two 3D-printed scintillator samples are shown
in the left panel of Fig. 5, together with selected results of the Gaussian
fit (right panel).

Since different samples have different emission spectra and the
quantum efficiency (QE) of a PMT varies with the light wavelength, a
correction for the PMT QE was introduced. For example, the 3DPS blue
scintillator has an emission maximum at X= 470 nm, which is above the
maximum of the PMT R4998 QE centered at X = 420 nm (“Hamamatsu
Photonics,” 2021). Therefore, a smaller fraction of the light emitted
from the 3DPS blue scintillator is converted into electrical signal in
comparison with the 3DPS violet scintillator, which has an emission
maximum at 429 nm. For emission spectra and QE comparison, see
Fig. 8.

Charge corresponding to the Compton edge for the measured RP-408



Fig. 5. Charge spectra of 3D-printed plastic scintillators (3DPS) and the RP-408 reference plastic scintillator exposed to the Cs-137 radiation source (left panel).
Example of fitting a charge spectrum by a Gaussian function (right panel, red line). Samples were polished and wrapped with three layers of PTFE tape.

reference scintillator (CEref) can be described with the following
formula:

D

where LOref is the light output of the RP-408 reference scintillator,
EQEref is the effective QE of the RP-408 reference scintillator, Ecs-137 mex
is the maximum deposited energy at the Compton edge from the Cs-137
gamma source, and Cel is the constant containing electronic gain of the
setup. Reference RP-408 and 3D-printed scintillators were measured
with the same setup. Both types of the investigated plastic scintillators
have similar densities (Table 2), element compositions (Son et al.,
2018), and total linear attenuation coefficients (Kim et al., 2020), so Cel
and EGs137 mex were the same for all measured scintillators. Reference
plastic scintillators RP-408 (from Rexon), used in this work, and BC-408
(from Saint-Gobain), used in the mentioned references have the same
properties according to data sheets (“Saint-Gobain Crystals,” 2021),
(“Rexon Components and TLD Systems Inc,” 2021), and relative light
output comparison is valid in the measurements performed in this work.
Moreover, we defined the relative light output of the investigated
samples as a ratio of the average Compton edge position for a given
sample (CEsam) to the average Compton edge position of the reference
sample (CEref), multiplied by the known light output of the RP-408
reference sample (LO ref), which was equal to 10 000 photons/MeV.

(2)

The relative light output measurements were performed with the
assumption that all tested scintillators had the same shape and di-
mensions. The uncertainty of each light output measurement was
determined as the standard deviation.

For QE correction, we defined the corrected light output of 3D-
printed samples as follows:

(3)

The effective QE (EQE) of the PMT and scintillator is defined as
follows:

4)

where I(X) is the emission intensity of the scintillators spectrum and QE
(X) is the QE of the R4998 PMT. The QE of PMT used for light output
calculation was digitized from the PMT datasheet with the use of
Engauge Digitizer software (“Engauge Digitizer,” 2019).

3. Results

Results of the light output measurements are presented in the three
following subsections. The first subsection shows the results of the
comparison between the light output of a commercial RP-408 scintil-
lator sample and that of the 3D-printed plastic scintillators. Next, the
light output is compared for the scintillator samples with various fin-
ishing and wrapping configurations. Finally, the results of measure-
ments that demonstrate the reproducibility of manufacturing of 3D-
printed samples, and emission and transmission spectra of the investi-
gated samples are presented.

3.1. Light output of the 3D-printed scintillators

First, the light output of polished and PTFE tape-wrapped 3DPS
samples and the reference RP-408 scintillator is compared. Polishing
and wrapping with PTFE tape is the most common protocol used in in-
vestigations and comparisons of plastic scintillator light output (Kapton
and Moskal, 2021). Table 3 shows the average charge corresponding to
the Compton edge (raw data), the relative light output, and the light
output corrected for the EQE of the PMT (see eq. (3)).

3.2. Scintillator surface finishing and wrapping

Next, the light output of the three investigated plastic scintillator
samples with the various combinations of surface finishing and/or
wrapping is measured (Table S2 and Fig. 6). The first measurement is
performed with RP-408, 3DPS violet, and 3DPS blue scintillators (one
sample of each type) with original surfaces with bare, PTFE, and ESR
wrappings. Then for the second measurement, the same RP-408, 3DPS
violet, and 3DPS blue scintillator samples are sanded (five surfaces
sanded, one surface contacting the PMT always polished) and measured
with bare, PTFE, and ESR wrappings. For the third measurement, the

Table 3
Relative light output and corrected light output calculated for RP-408 and 3D-
printed plastic scintillators (3DPS) polished and wrapped with PTFE tape.

Scintillator Average Compton Relative Effective Corrected
edge position light output quantum light output
(three (photons/ efficiency (photons/
measurements) MeV) (%) MeV)
(pC)

RP-408 180.05 + 0.74 - 21.18 10000

3DPS 88.25 + 0.45 4901 19.58 5302

violet
3DPS blue 77.85 + 0.97 4324 16.34 5604



Fig. 6. Average normalized light output of the reference RP-408 scintillator
and 3DPS violet and blue scintillator samples with different surface wrapping
and finishing configurations. Data are normalized to the light output of the RP-
408 sample polished and wrapped with PTFE tape. Each data point is an
average of three measurements. Error bars represent standard deviations from
the three measurements for each data point.

same RP-408, 3DPS violet, and 3DPS blue scintillators are polished (five
surfaces previously sanded are now polished), and measured with bare,
PTFE, and ESR wrappings. Table S2 shows the average Compton edge
position obtained from three measurements performed on different days
and the normalized light output for a given sample configuration. Fig. 6
illustrates the variation of the relative light output (right column in
Table S2), normalized to the light output of the reference scintillator RP-
408 polished and wrapped with PTFE tape. The same samples with
different finishing and wrapping configurations are marked with the
same color.

We compare the scintillators’ performance by calculating the
average charge corresponding to the Compton edge position from three
measurements. All results are normalized to the Compton edge position
for the best sample RP-408, polished, and wrapped with PTFE tape.
Values in Table S2 and Fig. 6 are not corrected for the QE of the PMT. In
these measurements we compare surface finish and wrapping configu-
rations influencing the amount of light entering the PMT. In the plastic
scintillation dosimeter that we plan to build in the future, the signal will
not be corrected for QE of the PMT but amplified by the electronics
board as received from the scintillator-optical fiber-PMT connection.

3.3. Reproducibility by the 3D printer

Two types of 3D-printed plastic scintillators, four 3DPS violet and
four 3DPS blue, are used to evaluate the reproducibility of 3D printing
technique. The light output of each sample of the same type measured
three times on different days is used to calculate the average Compton
edge positions (Fig. 7 and Table S3).

All samples have the original surface from the 3D printing machine
and are notwrapped. The light output measured for four samples of each
type is comparable within the measurement uncertainty of about 2%.
These results show that the 3D-printed plastic scintillators are manu-
factured with good reproducibility.

3.4. Emission and transmission spectra of plastic scintillators

For the purpose of EQE calculations we measure emission spectra of
the investigated samples. Emission spectra of the samples are presented
in Fig. 8 and their parameters in Table 4. Additionally, transmittance
spectra are measured to confirm transparency of polished plastic
scintillators.

The emission maxima are positioned at 430 nm for RP-408, 438 nm
for 3DPS violet, and 475 nm for 3DPS blue scintillators. Obtained values
are a few nanometers higher than given in Table 2 and can be attributed
to optical resolution of the spectrometer, excitation source used, and
geometry of the scintillator and optical fibers. Optical resolution of the
spectrometer depends on grating and size of the entrance aperture, and
geometrical arrangements of the scintillator, attenuation of the fiber
transmitting excitation light to the scintillator, and fiber transmitting
emission signal from the scintillator to the spectrometer.

Full-width at half-maximum (FWHM) of emission spectra for RP-408
and 3DPS blue scintillators have values close to 60 nm. The exception is
the 3DPS violet scintillator with an 85-nm wide emission spectrum
(Fig. 8) with two clear maxima located at 438 and 470 nm.

Investigated samples have high transparency to emitted light (top
right panel of Fig. 8). The most transparent sample is the cell-cast RP-
408 scintillator with 89.1% transparency at the wavelength of its
maximum emission (bottom left panel of Fig. 8). The 3D-printed samples
have 73.4% and 66.3% transparency for 3DPS violet and 3DPS blue
scintillators, respectively. It is worth mentioning that 3D-printed scin-
tillators possess non-uniform transmittance in all tested pairs of side
walls, which results in a higher standard deviation from the average
transmittance at the wavelength of maximum emission compared to RP-
408.

Additionally, in transmission spectra, 3D-printed samples have one

Fig. 7. Light output measurements performed to evaluate the reproducibility of the 3D-printing technique for the 3DPS violet (left) and 3DPS blue (right) scin-
tillators. The data are normalized to the average of all measurements. Error bars represent the standard deviations of the three measurements for each data point.



Fig. 8. Optical properties of the plastic scintillators measured in this work. (a) Emission spectra of 3D-printed plastic scintillators (3DPS) and the RP-408 reference
plastic scintillator superimposed on the quantum efficiency curve of PMT R4998. (b) Optical transmission spectra through 10-mm thick samples of the same types.
Emission spectra of selected scintillators superimposed on the transmission spectra of the most transparent RP-408 (c) and the least transparent 3DPS blue scin-
tillators (d). The vertical scale of the emission spectra is chosen to indicate the transmittance (T) at the wavelength of the maximum emission (Arex).

Table 4

Maxima and widths of emission spectra, and transmittance at the wavelength of
maximum emission through 10-mm thick samples measured for RP-408 and 3D-
printed plastic scintillators (3DPS). Transmittance spectra are averaged from the
six measurements, and errors represent standard deviation of the six measure-
ments for each sample.

Scintillator Wavelength of FWHM of Transmittance at the
maximum emission emission wavelength of maximum
(nm) spectrum (nm) emission (%)
RP-408 430 59 89.1 + 0.7
3DPS 438 85 73.4 £ 39
violet
3DPS blue 475 56 66.3 + 6.1

small absorption peak around 872 nm, and the RP-408 scintillator has
two absorption peaks at 880 and 918 nm. This difference is due to the
polymer base from which the scintillators are synthesized. The different
polymers used in the manufacturing process result in small differences in
the light absorption in the infrared spectrum.

4. Discussion

In this study, we characterize the relative light output and the cor-
rected light output (see eqgs (2) and (3)) of two types of 3D-printed
plastic scintillators and compare these measurements to those for the
commercial RP-408 scintillator with a view toward application of 3D-
printed scintillators for dosimetry. Moreover, we compare the light

output for different scintillator finishing and wrapping methods, aiming
to identify whether these techniques could enhance the light signal.

The relative light output of the 3D-printed scintillators is 49% lower
than that of the commercial RP-408 scintillator for the 3DPS violet
sample and 43% lower for the 3DPS blue sample (Table 3). The light
output of the measured 3DPS blue sample is 35% lower than that ob-
tained by Son et al. (2018), possibly because of the age of our scintillator
samples. Because our experiments were conducted about ayear after the
scintillators were manufactured, we expected their light output to be
slightly reduced because of aging. D. Kim et al. pointed out that 1-meth-
ylnaphthalene used at 60% concentration as an intermediate solvent in
3D-printed scintillators has high volatility, which causes degradation of
light output and density of the 3D-printed scintillator over time (Kim
et al.,, 2020). Saito et al. (2020) also observed a drop in light output of
about 20% for epoxy-resin scintillators 6 months after manufacturing.
Both of the 3D-printed and epoxy-resin scintillators in the mentioned
references contained a similar bisphenol A resin as the polymeric base.
The processes used for scintillator fabrication probably do not poly-
merize monomer units into polymer chains with high conversion, and
unreacted monomers can degrade scintillators’ light output properties
over time. Additionally, the presence of byproducts of polymerization
initiators or curing agents can also affect the stability of UV- or
temperature-cured plastic scintillators.

Another example of light output deterioration was found in com-
mercial plastic scintillator EJ-276 with high loading (about 30 wt %) of
2,5-diphenyloxazole fluorescent dye, the light output of which
decreased by about 30% by six months after manufacturing (Laplace
et al., 2020). High concentrations of 1-methylnaphthalene secondary



solvent, which also has fluorescent properties, or 2,5-diphenyloxazole
standard fluorescent dye incorporated in plastic scintillators, may
cause performance degradation as soon as several months after pro-
duction of plastic scintillators. The light output of plastic scintillators
decreases exponentially with time and increasing temperature because
polymers are photo-oxidized by oxygen diffusing from the environment
into the polymer matrix and temperature increases the degradation
process rate (Bower et al., 2002). If plastic scintillators are used in air
conditioned laboratories and under light-proof conditions, the rate of
the light output degradation is small, in the order of 1% per year
(Michael et al., 2008) achieving operation time of scintillation counters
over 10 years (Grinyov et al., 2004). However, some applications of
plastic scintillators can have an annual degradation rate exceeding 10%
(Artikov et al., 2007).

For the light output calculation we apply a correction factor (see eq.
(4)) that takes into account the PMT QE, which varies with the light
wavelength and has its maximum at 420 nm. Owing to the non-linear
variation of the QE of the PMT with wavelength, 3DPS blue samples
with an emission spectrum centered at a longer wavelength of 475 nm,
have smaller light output than the 3D-printed samples emitting violet
light with a maximum at 438 nm. However, after correcting the PMT QE
and calculating the corrected light output, the 3DPS blue scintillator
shows light output of a few percent higher than that of the 3DPS violet
scintillator.

There are many reasons for light output variations of the same
sample measured in the same setup. The main reasons are variations in
optical connections between the plastic scintillator and the PMT win-
dow. For these measurements, optical gel is used and a plastic holder is
used to center the scintillator in the middle of the PMT window. Prob-
ably gel thickness or gel penetrating into PTFE wrapping slightly change
the optical connection or reflectivity of the PTFE tape. Other factors
make minor contributions because the setup is located in an air-
conditioned laboratory with temperature of 22 + 1 °C.

Possible sources of additional systematic uncertainty in the light
output measurements are wrapping of scintillators with PTFE tape. Air
or optical gel can penetrate between PTFE wrapping and the scintillator
surface, thus changing its reflectivity and so in turn the number of light
photons entering the PMT and decreasing light output value - see vari-
ations of light output of the same sample presented in Fig. 4. Polishing of
scintillator surfaces is an important process that may influence
measured light output of 3D-printed scintillators. The bottom surface
contacting the PMT is polished and covered by optical gel. We think that
optical coupling between the scintillator and the PMT may be the most
variable parameter for the number of photons entering the PMT and
changing results of light output evaluation.

In scintillators with no wrapping (bare configuration), about half of
the emitted light escapes through the sample cube walls. About half of
the light reaching the scintillator surface is reflected by total internal
reflection. If the surface is very rough/matte/sanded by P800 sandpaper
then more light is scattered and not reflected by the total internal
reflection. However, this scattering is also isotropic in all directions, and
half of the light is redirected toward the PMT and the other half to the
upper part of the sample and so escaping the scintillator. We investigate
the impact of the scintillator wrapping with PTFE tape or ESR foil, which
increases the amount of light reaching the PMT by a factor about 2.6 for
sanded scintillators and 2.1 for polished scintillators. The scintillator
cubes wrapped with PTFE tape or ESR foil demonstrate comparable light
output characteristics and therefore can be used interchangeably. Both
reflector types have reflection coefficients around 95-99% for blue
range of visible light (Janecek, 2012), and the light in the investigated
wavelength range is efficiently reflected by both types of wrapping
materials. Small plastic scintillator samples with all dimensions in a
similar range reflect light on their surfaces only a few times before the
light enters the PMT. Therefore, surface characteristics are not the major
factor determining light reflection properties.

However, itisworth noting that wrapping the scintillators with PTFE

tape is not recommended for plastic scintillation dosimetry applications
because PTFE tape is not resistant to radiation (Seguchi and Morita,
1999) and its mechanical and optical properties can change over time.
The ESR foil exhibits strong fluorescence with maximum emission
located at 430 nm and half-life of 14 ns (Janecek, 2012), and therefore
may not be a good choice for dosimetry applications due to possible
unwanted light signals, which have a very similar spectral and temporal
characteristics as investigated plastic scintillators. However, the influ-
ence of the signal from ESR foil on the total light signal from the scin-
tillator should be small because foil thickness is 0.065 mm, which is two
orders of magnitude less than the thickness of the plastic scintillator
used in this study (10 mm). Additionally, ESR foil contains fluorescent
substances absorbing UV light and emitting blue light, preventing it
from sunlight degradation (Hebrink, 2012), without primary fluorescent
dye used in plastic scintillator composition, and the resulting signal from
ESR foil should be small in comparison to the light signal generated in
the scintillator. Further investigations of other light reflectors and tests
under high gamma irradiation beams are needed.

The ESR wrapping configuration, with air present between the
scintillator cube and the ESR foil, is better than the configuration with
ESRx5 foil tightly attached to the surface of the cube. The higher the
difference between the refractive indices of two mediums, the more
efficient is the light reflection. The best condition to reflect light is the
configuration with the scintillator with a refractive index of about 1.6
and air, for which the refractive index is 1.0. When an ESR polymer-type
reflector with a refractive index of about 1.5 is tightly attached to the
surface of the scintillator, the difference in the refractive indices of the
ESR and scintillator is only 0.1, and light reflection is worse.

The finished scintillator samples (original, sanded, and polished)
with no wrapping (bare) show comparable light output within about
10-15% (Fig. 5). This suggests that 3D-printed scintillators can be used
without any surface finishing (polishing or sanding), directly as they are
manufactured in the 3D printer. Surface finishing of scintillator samples
does not influence the amount of light produced in the sample and
entering the PMT when a light reflector is wrapped around the scintil-
lator because the light escaping the sample through its pores and other
surface flaws is reflected back by the material wrapping the scintillator
surface.

More complex 3D-printed structures with more curves and corners
might be advantageous for some applications and can be achieved by
polishing via acetone vapors. If the shape is complicated, alternatively
the scintillator surface can be painted with white reflecting paint by
brush or spray technique. This approach will give more uniform layers of
light reflector on the scintillator surface. We plan to perform this
painting in future studies.

Transparency of 3D-printed scintillators is up to one-fourth lower
than cell-cast plastic scintillators. Lower transparency of 3D-printed
scintillators is caused by the DLP printer technology. The scintillators
are printed layer-by-layer with resolution better than 0.1 mm. Many
layers of printed scintillating materials may scatter part of the emitted
light because of small differences in refractive indexes between the
layers. Additionally, imperfections and very small air bubbles trapped
between the layers can scatter the light. The other reasons for the lower
transparency are different cross-linked polymer base of the 3D-printed
scintillators and high concentration of the 1-methylnaphthalene sec-
ondary solvent used to increase light output, which in total may absorb
more light than in cell-cast scintillators. Even in less transparent scin-
tillators, most of the emitted scintillation light reaches the side of the
scintillator, which is connected to a plastic optical fiber that transmits
the scintillation signal to the light detector.

5. Conclusions
This work compared the light characteristics of 3D-printed plastic

scintillators and the commercial RP-408 scintillator with various surface
finishes and wraps. We found that 3D-printed plastic scintillators had a



light output about 50% lower than that of traditionally cell-cast and bulk
polymerized polyvinyltoluene scintillators. Taking into account the
application of 3D-printed scintillators for dosimetry in the high-fluence
gamma fields used in radiotherapy, they can still offer a sufficient signal-
to-noise ratio for application with therapeutic photon and electron
beams. Our results showed that the amount of light emitted in small
plastic scintillator samples was doubled in the presence of a reflective
wrapping on the surface of the scintillator, regardless of the reflector
type. Thus, if the scintillator is wrapped with reflective materials, its
surface characteristics are not the major factor influencing the light
output transported to the optical fiber or the PMT window. Therefore,
3D-printed scintillators are promising for use in dosimetry in radiation
therapy and further investigations are planned in the near future.
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