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Plastic-scintillator detectors are devices used for the detection of elementary particles. They
provide good particle identification with excellent time resolution, whilst being inexpensive due to
the affordability of plastic materials. Particle tracking is achieved by segmenting the scintillator
into smaller optically-isolated 3D granular sub-structures which require the integration of multiple
types of plastic materials as well as several thousands of tiny holes through a compact volume
of several cubic meters. Future particle detectors necessitate larger volumes, possibly with even
finer segmentation. However, manufacturing such geometries with current production strategies
is challenging, as they involve time-consuming and costly fabrication processes, followed by the
assembly of millions of individual parts. The difficulty in scaling up such a workflow can be addressed
by additive manufacturing, enabling the construction of complex, monolithic geometries in a single
operation. This article presents the fabrication of the first additive manufactured plastic scintillator
detector, capable of 3D tracking elementary particles and measuring their stopping power. Its
performance is comparable to the state of the art of plastic scintillator detectors. This work paves
the way towards a new feasible, time and cost-effective process for the production of future plastic-
based scintillator detectors, regardless their size and difficulty in geometry.

I. INTRODUCTION

Plastic scintillator (PS) detectors, invented in the early
1950s [1], are widely used in the detection of elemen-
tary particles in high-energy physics (HEP) [2–6], nu-
clear physics [7], astroparticle physics [8, 9], as well as
in many applications like muon tomography [10], pro-
ton computed tomography for hadron therapy [11], fast-
neutron detection [12, 13] and non-destructive imaging
[14].

By measuring the energy loss of a particle and tracking
its path in the detector, it is possible to identify the type
of interacting particle, reconstruct its momentum based
on range, measure its original energy using calorimetry,
and determine its electric charge if the setup is immersed
in a magnetic field. Another important feature of PS
detectors is their unique ability to provide an extremely
fast response, with time resolution in the sub-nanosecond
range. PS detectors are typically made of long scintil-
lating bars with O(cm) granularity for time-of-flight de-
tectors [15, 16], neutrino active targets with tonne-to-
kilotonne scale mass [2–4], sampling calorimeters made
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by layers of segmented PS alternated with heavier mate-
rials like iron and lead [17], or scintillating optical fibers
[5] with a diameter down to 250 µm.
A PS is an organic material composed of a mixture of car-
bon and hydrogen-based molecules, typically polystyrene
(PST) or polyvinyltoluene (PVT). Molecules of an ac-
tivator like p-terphenyl (pTP), 2,2-p-phenylene-bis(5-
phenyloxazole) (POPOP), 2,5-diphenyloxazole (PPO)
are introduced into the polymer at a level between a few
per mille and percent by weight. The scintillation mecha-
nism consists of a few steps, highlighted in Fig. 1. When a
charged particle propagates through a PS, the molecules
of the polymer matrix get excited. A fast short-range
resonant non-radiative dipole-dipole interaction, called
Förster mechanism [18], efficiently transfers the excita-
tion energy to the activator, which de-excites and emits
near-ultraviolet (UV) photons with a minimal emission
delay. A second dopant, called shifter, is usually added to
change the wavelength of the light to avoid absorption in
the material. More details about the scintillation mech-
anism in organic materials can be found in [19, 20]. In
HEP experiments, the light produced in PS is frequently
collected using wavelength-shifting (WLS) fibers. These
fibers shift the light from the violet/blue spectrum, which
is the typical emission range of PS, to green, where the
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attenuation length is longer. Then, they guide it towards
photodetectors, taking advantage of the fiber’s long at-
tenuation length, which spans over several meters [2].

Traditionally, PSs are manufactured with: (1) cast
polymerization [21], where a heated liquid monomer with
dissolved dopants is poured into a mold, that results in
a solid plastic structure after cooling; (2) injection mold-
ing [22, 23], where polymer granules compounded with
dopants are melted and mechanically forced into a mold
to solidify; (3) extrusion [24, 25], which pushes melted
plastic through a die of the desired cross section. While
cast polymerization provides the best optical properties,
the more commonly used injection molding and extrusion
offer a simpler, faster and cheaper production, hence op-
timal for large-volume detectors [25].

PS detectors composed of scintillating voxels, optically
isolated from each other, are optimal for particle track-
ing. The typical light reflector is composed of a white dif-
fuser, such as paint containing titanium dioxide (TiO2),
white polytetrafluoroethylene (PTFE), or is created us-
ing a process of chemical etching [26]. Co-extrusion of PS
and optical reflector has also been conducted [2, 4]. An-
other option with good performance consists of wrapping
each scintillating element with Tyvek [27]. However, such
a solution is unfeasible for detectors with a large number
of PS elements [28–30].

In recent years, there have been advancements in the
development of novel three-dimensional (3D) granular
scintillating detectors for imaging electromagnetic and
hadronic showers [31], as well as neutrino interactions
[28–30, 32]. Combining these geometries with the PS
sub-ns response is ideal for efficient neutron detection
with kinetic energy reconstruction by time-of-flight [33–
36]. For instance, a neutrino detector made of two-million
PS cubes, each of size 1 cm3, with a total active mass of
two tonnes, has been proposed [28], prototyped [29, 30],
built and started collecting data as of 2023 at the T2K
neutrino experiment in Japan [37, 38]. Simulation stud-
ies conducted independently on a comparable 3D gran-
ularity plastic scintillator detector demonstrated that a
tracking resolution ranging between 2 mm and 4 mm, de-
pending on the utilized reconstruction algorithm, can be
attained for minimum ionizing particles such as muons
[39]. The complexity in geometry of such a detector re-
quires multiple vastly different manufacturing steps in-
cluding the fabrication of every single PS cube, optical
isolation via chemical etching and drilling of the holes for
WLS fiber placement. Additionally, the assembly of two-
million cubes demands a significant amount of effort [40]
and needs to be combined with a robust box that me-
chanically maintains the structural integrity of the entire
construction [37].

Attempts to simplify detector fabrication were re-
ported in Ref. [41], where a prototype of PS cubes glued
together was obtained with a tolerance of about 200 µm.
However, such a method is not feasible for the produc-
tion of a single 3D volume of PS cubes, but only of 2D
layers, whose production would also be time consuming

for large-scale applications. The above considerations
call for the development of a novel manufacturing pro-
cess that allows for the easy production of several thou-
sand optically-isolated PS cubes in a single block of plas-
tic. Our solution takes advantage of additive manufac-
turing (AM), which opens the door to new automated
processes that could drastically simplify the construction
of future particle detectors. More commonly known as
rapid prototyping or 3D printing, AM processes build the
designed parts through a layer-by-layer addition of new
material. AM technologies are capable of fabricating cus-
tomizable, monolithic parts with multiple materials and
complex internal geometries, and can greatly reduce pro-
duction time and cost. Two common AM technologies for
polymers are: stereolithography (SLA) [42], where liquid
resin is solidified after curing with, for example, ultravi-
olet (UV) light; and Fused Deposition Modeling (FDM)
[43], where, analogous to extrusion, a thermoplastic ma-
terial in the form of a thin wire is passed through a feed-
ing into a melting system and deposited on a print bed
line-by-line with the help of a nozzle tip [44, 45]. 3D
printing of PS with SLA has been reported in literature.
However, studies have shown the necessity of either devel-
oping a new chemical composition or binding PS granules
into a polymer matrix. This poses a challenge in achiev-
ing competitive performance levels in terms of acceptable
light yield and attenuation length compared to standard
PS [46]. In recent years, significant progress has been
made in the development of curable resins, primarily tar-
geting applications beyond HEP. These advancements
have demonstrated good performance in terms of light
output, pulse shape discrimination, thermal neutron sen-
sitivity, and various other properties when compared to
commercially available alternatives [47–52]. Anyhow, it
is not an easy task to achieve 3D printing of multiple ma-
terials, along with the production of hollow objects that
possess smooth and consistent inner surfaces, which is
needed for the insertion of WLS fibers. As we have shown
in Ref. [53], a promising additive manufacturing option
is FDM. It allows the use of the same chemical composi-
tion as standard scintillators in the form of a filament, en-
sures high transparency and multi-material printing. For
more details on the FDM process and the naming con-
vention of its components, we refer to Sec. IVB. Further-
more, we have demonstrated that FDM can successfully
3D print PST-based scintillators. Another independent
work reached a similar conclusion [54]. Later, we showed
a technical attenuation length of about 19 cm measured
in a bar of 5 cm in length, sufficient for fine-granularity
scintillator detectors [55].

The absorption and emission spectra of the 3D printed
PS are shown in Fig. 1. For such a scintillator com-
position, the emission spectrum of the 3D printed PS
peaks around 420 nm upon the excitation with 386 nm
light. This result is consistent with the UPS-923A stan-
dard scintillator reported in [56, 57]. It also shows that
the measured scintillation spectrum closely matches the
absorption spectrum of green WLS fibers such as the
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FIG. 1. Top: representation of the scintillation process in PS doped with a primary and a secondary fluor when the material
is crossed by a charged particle. Bottom: emission spectrum of a 3D printed PS sample (blue) taken with a spectrophotometer,
Kuraray Y11 WLS fiber absorption (green) and emission (red) spectra.

Kuraray Y11 [58], allowing for an efficient readout of
the scintillation light. In Ref. [55], the first 3D printed
matrix of PS cubes optically isolated with a custom-
fabricated white reflective filament (PST, or polymethyl
methacrylate (PMMA)) mixed with TiO2 was produced
and showed a low cube-to-cube light crosstalk, less than
2%. However, after 3D printing, no work reported in lit-
erature could avoid the use of subtractive processes, like
polishing the outer surface to achieve a good geometrical
tolerance. Moreover, none of the studies ever attempted
to 3D print hollow PS objects to host WLS fibers.

In this work, we present the first-ever demonstra-
tion of additive manufacturing of a 3D-segmented, fine-
granularity PS detector without requiring any post-
processing. A SuperCube, consisting of a 5×5×5 matrix
of 1 cm3 optically-isolated cubes, was additively manu-
factured and tested. Each cube includes cylindrical holes
to house WLS fibers throughout the entire detector.

II. RESULTS

Previous R&D on this topic carried out by the authors
in [53, 55] did not yield a particle detector of sufficient
quality, as described in Sec. I. However, it was useful in
defining the extrusion temperature of the PS at which
there is no loss of the original scintillation light yield and
it showed the producibility of an excellent performing
optically reflective filament.

In this work, a novel manufacturing method named
Fused Injection Modeling (FIM) was developed to ob-
tain good geometrical tolerances, high transparency PS
volumes, as well as precise hole fabrication for the place-
ment of WLS fibers at a rapid production speed, thereby
overcoming the aforementioned shortcomings of the AM
fabricated PS particle detector. FIM merges the geomet-
rical freedom of manufacturing of FDM with the pro-
duction speed and high part density of injection molding
by 3D printing an optically reflective frame containing
the desired voxel shape and quantity, which is filled by
rapidly pouring melted PS into the empty cavities to ac-
curately shape the geometry of the PS (detailed depiction
in Fig. 7).
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To achieve a fast, high-quality, consistent forming of
the PS structure, a customized liquefaction system inte-
grated into an FDM machine was developed. Standard
FDM melting components were analyzed and modified to
cope with the increased thermal demands of a rapid heat
transfer towards the low thermally conductive PS, while
guaranteeing a working temperature in the filament feed-
ing parts of the extrusion system. To distribute scintil-
lation material evenly throughout the entire volume, an
elongated nozzle was manufactured that provided free-
dom of movement within the already fabricated cavity.
It was coupled with a spring-pressurized plate that con-
strained the melt pool within its mold while allowing air
to escape the volume during the forming process. A more
in depth explanation of the custom-made extrusion sys-
tem can be found in Sec. IV.

A Computational Fluid Dynamics (CFD) analysis was
performed to determine the material requirements of the
melting components, heat block and nozzle; the heat
shielding parts, feeding tube and heat break; the process
parameters, heat block temperature, extrusion speed,
and polymer temperature at the nozzle orifice. A de-
tailed explanation of the nomenclature of the machine
components, design and mode of operation of the manu-
facturing process is found in Sec. IVB.

The results of the CFD analysis concluded that both
the heat block and the nozzle needed to be manufac-
tured with copper. Its high thermal conductive property
enables a rapid heat transfer to the low thermally conduc-
tive PST-based PS filament, such that the desired melt
temperature could be reached at high extrusion speeds.
The feeding tube had to be fabricated with polyether
ether ketone (PEEK), the heat break with stainless steel
and a wall-thickness of 250 µm. The low thermal conduc-
tivity of these materials combined with the small cross-
section of the heat break results in a highly thermal resis-
tant structure that prohibits heat flow towards the tem-
perature sensitive parts and maintains a working temper-
ature of the whole extrusion system. This composition of
components resulted in the optimal process parameters
of: a maximum throughput-speed of 15 mm/s to generate
a high mass flow that quickly spreads within the cavity
before solidifying; at a peak heat block temperature of
300°C, with which premature melting followed by sys-
tem clogging can be avoided. This combination results
in a temperature of around 230°C throughout the entire
cross-section of the PS at the nozzle orifice, which pre-
serves the scintillation properties established in [53, 55]
(Fig. 2, left).

The performance of the custom heat break was tested
by measuring its temperature with a thermocouple at a
heat block temperature of 300°C and no filament extru-
sion. The results showed a 43.2% temperature reduction
from 155°C to 88°C compared to a standard model heat
break. This value lies below the glass transition tem-
perature of the PS (100°C), thus ensures a failure free
extrusion process.

The fabrication procedure, using the custom manufac-

tured modified extrusion system (Fig. 2, left, bottom),
contained three main steps and is described in more de-
tail in Sec. IV: the fabrication of one matrix-layer of the
reflective frame via FDM; the insertion of metal rods into
the voxel cavity through already 3D-printed holes in the
frame; followed by the forming of the cube-shaped vol-
ume with melted scintillation material (Fig. 2, middle).
These processes can be repeated until a SuperCube of
the desired size has been obtained. Finally, the WLS
fibers were placed through the PS voxel via the cylindri-
cal holes produced by the removed metal rods (Fig. 2,
top right). Metal rods were essential because WLS fibers
could not be positioned during the PS forming process
without risking thermal damage.

The optically reflective frame constituted the mold
with which the PS was formed and thus needed to with-
stand the pressure and heat from the extruded melt pool.
As reported in our previous work [55], in order to man-
ufacture a 3D printed layer of optically-isolated cubes, a
custom optical reflector filament was fabricated with ei-
ther PMMA or PST. Although a transmittance of less
than 10% and an optical cube-to-cube light crosstalk
of less than 2% were achieved, the material could not
maintain its structural integrity during the injection of
the PS. This was due to the similar heat resistance
of the optical reflector compared to the PS, with the
consequence of swelling and wall bending during filling.
Hence, for the FIM method, a white, more heat-resistant
polycarbonate-PTFE filament was used, which combines
good optical properties of PTFE and a heat-resistance
significantly higher than the previously used materials.

In FDM, vertical walls are created by stacking lines
on top of each other, while horizontal walls are formed
by placing adjacent lines on the same print plane. This
results in different fill factors, thus different light trans-
missive properties. The corresponding transmittance for
a wavelength of 420 nm, measured with a monochro-
matic light source in air, resulted in 13% for horizontally
and 18% for vertically built walls, as shown in Fig. 8.
Consequently, to obtain a uniform cube-to-cube light
crosstalk, horizontal walls were fabricated with a thick-
ness of 1.2 mm and the more transmissive vertical walls
with 1.5 mm. The more heat-resistant reflective material
retained its as-built cube shape throughout the filling
fabrication of the PS, as can be seen in Fig. 2, bottom
right. Caliper measurements of vertical walls showed an
average thickness of twalls, mean = 1.51 mm, deviating by
only 0.01 mm from the nominal twalls, designed = 1.5 mm
with a standard deviation of twall, std = 0.01 mm. Both
the retention of the reflective frame geometry after filling
and the accurate fabrication of the wall thickness ensured
a consistent active volume of scintillation material in ev-
ery voxel. More details about the fabrication of the white
reflector walls can be found in Sec. IVB1.

The established process parameters combined with the
custom manufactured elongated nozzle and melt-pool-
containing pressurized plate resulted in a transparent PS
volume with a high fill factor around the metal rods,
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FIG. 2. Left: (top) Result of a CFD simulation showing the temperature distribution throughout the melting system at a heat
block temperature of 300°C and an extrusion speed of 15 mm/s. Components from top down: filament feeding tube (blue),
heat break (multi-colored), heat block (red), nozzle (red), and PS filament (multi-colored, flowing through the whole system).
Combined with the chosen component materials, these parameters resulted in a PS temperature at orifice of around 230°C
(orange color at nozzle tip) and a steep temperature reduction upwards to protect against clogging issues (shift from red to
blue at the heat break). (bottom) Custom melting system for PS forming. Elongated copper nozzle enables movement to the
bottom of the already manufactured reflective cavity. Two springs allowing the nozzle to slide through the pressure plate while
also constraining the melt pool at the end of the filling procedure. Middle: Actual demonstration of the FIM process. First,
the reflective walls are 3D printed to obtain the optically reflective mold (middle-left), then the empty cavity with inserted
metal rods that create space for WLS fibers is filled with melted PS (middle-right). For a better illustration, the reflective
wall has an open slit in the front to show the flow of the melted PS from the extruder into the cavity, while being illuminated
with UV light. The conceptual steps of the FIM process are shown in Fig. 7. Right: a PS cube manufactured with FIM and
instrumented with WLS fibers. The PS cube is shown both covered by white reflector on all its six faces (top) and open on the
bottom and top to show the inner PS transparency of the filled volume and the retained squared shape of the reflective mold
after filling had occurred (bottom). The bottom face was polished to remove the wall roughness created by the pattern of the
FDM produced frame during filling.

which left precisely positioned and close-fitting holes for
the insertion of WLS fibers. In Ref. [53] a technical atten-
uation length of about 19 cm was measured and found to
be sufficient for highly-segmented detectors. The FIM-
fabricated PS showed an even improved transparency and
no air bubbles compared to the samples produced with
FDM (Fig. 2, bottom right).

The manufacturing time per an entire unit, depicted
top right in Fig. 2, was approximately 6 minutes. This
involved the fabrication of the reflective frame and the
forming of the PS. Fixed time cost, including the not-
yet fully automated change between the FDM and injec-
tion set-up, was around 20 minutes, plus an additional
15 minutes for an initial warm-up of the machine.

The 5 × 5 × 5 voxel SuperCube, obtained using the
FIM method without the need of post-processing or ad-

ditional steps, is shown in Fig. 3. It was instrumented
with WLS fibers that capture and guide the scintilla-
tion light produced by charged particles in single cubes
towards coupled silicon photomultipliers (SiPM), which
count the number of photons impinging on their active
surface. The instrumented detector is shown in Fig. 4.
More details can be found in Sec. IVC.

The response of the SuperCube was characterized with
cosmic particles in terms of single-cube scintillation light
yield and cube-to-cube scintillation light crosstalk, which
are the main parameters that determine the detector per-
formance in terms of particle tracking, identification and
calorimetry. Two detected cosmic particle events are
shown in Fig. 4. Particles producing a vertical track,
whose range in the detector can be more precisely esti-
mated, were selected and used for analysis. Being mostly
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FIG. 3. Left: SuperCube illuminated with UV light prior to completion. The absence of a white reflector layer on the
SuperCube’s top surface provides a clear view of the inner structure, featuring optically isolated PS cubes intersected by WLS
fibers. Right: FIM manufactured 5x5x5 SuperCube, requiring no post-processing.

minimum ionizing particles (MIP), their typical energy
deposited in PS is approximately 1.8 MeV/cm, which
allows to precisely estimate the number of photons de-
tected per unit energy loss. Moreover, with an energy
spectrum that spans from a few hundred MeV to several
GeV, cosmic particles typically produce through-going
tracks in the detector with a very uniform energy de-
position. By measuring the number of PE across all the
readout channels and geometrically matching the two de-
tector projections of the event, the 3D track of the parti-
cle can be reconstructed and the number of scintillation
photons produced in each cube can be accurately mea-
sured. As shown in Fig. 5, the scintillation light yield of
the 3D printed prototype was found to be comparable to
that obtained with the one produced by cast polymer-
ization (using the same scintillator composition) in [41].
A most probable value (MPV) of about 29 PE was mea-
sured for the 3D printed SuperCube, close to the MPV of
the prototype produced with cast polymerization (about
28 PE).

In conclusion, the newly developed FIM method al-
lowed for the production of a monolithic 3D optically-
segmented 5 × 5 × 5 matrix of scintillating cubes mea-
suring each 1 cm3. These cubes were fabricated with
accurately placed holes for the insertion of WLS fibers
in both the X and Y directions. No post-processing was
necessary and the detector could be instrumented with
the read out electronics right after the fabrication pro-
cess was completed. Hence, for the first time, a PS de-
tector capable to track elementary particles and measure
their energy loss has been successfully additively man-
ufactured. Experimental tests showed a detection per-

formance comparable to the state of the art detectors
produced with traditional manufacturing techniques.

III. DISCUSSION

The innovative fabrication process developed recently
has made it possible to capture a 3D image of parti-
cle interaction using a particle detector that was entirely
produced through additive manufacturing for the first
time. The development of the FIM method was essen-
tial to achieve the improved results described above, as
it brought several advantages over FDM and other more
standard methods like injection molding or cast polymer-
ization.
The FDM manufactured PS showed a sufficient trans-

parency for centimeter-sized voxels, but the FIM fabri-
cated samples visibly improved the quality by reducing
imperfections created by the merger of different deposited
lines during the FDM process and the reduction of air
bubbles within the PS volume. The improved trans-
parency results from the straight down-to-up filling pat-
tern, which creates a single melt pool that expands and
forms the PS structure within the optical reflective frame.
The nozzle’s orifice remained submerged in the melt pool
until the PS forming process was complete. This tech-
nique prevented air from being trapped between different
layers of melted polymer. Additionally, the forming of a
cubic-centimeter sized PS cube with FIM needs around
30 seconds, whereas the same structure takes around
5 minutes using FDM fabrication, i.e., about ten times as
long. The faster per-unit manufacturing time is crucial
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FIG. 4. Top: FIM manufactured SuperCube prototype instrumented with WLS fibers and SiPMs. Bottom: events of two
detected cosmic particles crossing the SuperCube from top to bottom with a detected diagonal (left) and vertical (right) track.
The 2D projections show the number of photons detected in each readout channel (color scale), while the 3D voxels show the
reconstructed 3D particle track. In the matching of the 2D projections channels with less then 7 PE, likely from cube-to-cube
light crosstalk, were not considered. The red line indicates the fitted particle trajectory.

when it comes to the production of large volume, highly-
segmented particle detectors that can include millions of
isolated voxels.

The optical isolation of PS voxels is ensured by the
FIM process via the FDM-manufactured reflective frame.
This is superior to traditional methods, which requires
additional vastly dissimilar fabrication steps, as de-
scribed in Sec. I. The sequence of different fabrication
processes increases the total time and cost of production
due to the involvement of multiple manufacturing par-
ties, transportation and dead time between steps.

The geometrical tolerance of the optically isolating
frame produced by FIM is improved compared to the
particle detector manufactured solely by FDM. This is a
result of the introduction of a heat-resistant material that

is able to preserve its designed shape during the filling of
melted PS, thus creates a distinct boundary between the
individual PS voxels. In FDM, both the scintillation and
the reflective filament are made of plastics with similar
thermal characteristics, which can result in a mixing at
the boundary layers between these two materials and also
a warping and distortion of the reflective geometry. Al-
though the tolerance cannot be considered as good as the
one achievable with injection molding or cast polymeriza-
tion (better than 50 µm for plastics), it is worth noting
that it is affected by the type of 3D printed material, the
printing strategy and the precision of the machine, which
will be improved in future studies.

The largest advantage of the FIM method compared
to FDM or more traditional methods is the capability
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FIG. 5. The light yield (left) and the cube-to-cube crosstalk (right) measured from down-going cosmic particles crossing the
SuperCube 3D produced with FIM (blue) and a prototype produced with cast polymerization (orange) is shown. The vertical
dashed lines indicate the MPV of the measured light yield distributions.

of creating precise, close-fitting holes through the entire
particle detector to host WLS fibers. FDM is notorious
for producing poor quality small holes in terms of size
consistency, shape and surface roughness, which results
in a low WLS fiber to PS contact area, especially per-
pendicularly to the print plane. Injection molding has
the capability to create hollow components within the
manufactured structure. However, incorporating a white
reflector without causing any harm to the pre-existing
holes poses a significant challenge. In our next prototypes
also a third vertical hole will be added. An alternative
option would be to utilize thin pipes capable of with-
standing temperatures significantly higher than 200°C,
in place of metal rods. This modification would facilitate
the easy insertion of WLS fibers, leading to the creation
of the SuperCube. A single-layer prototype was success-
fully produced using borosilicate glass pipes with outer
and inner diameters of 1.5 mm and 1 mm, respectively.
While this approach eliminates the need to extract rods
after the injection and solidification of the plastic scin-
tillator, the addition of non-plastic material does slightly
increase the inactive volume. Consequently, we opted to
prioritize the baseline option involving metal rods.

In terms of the detection performance, the quantity of
scintillation light, collected from the FIM manufactured
PS cubes crossed by cosmic particles, is similar to that
observed from PS cubes produced with traditional meth-
ods like cast polymerization. The cube-to-cube crosstalk
at the few-percent level is comparable to that of typical
PS detectors [30] and is low enough to provide unam-
biguous 3D particle tracking.

The light crosstalk is about four times higher than that
with the cast polymerization prototype, due to the higher
wall transmittance. Hence, one would expect an approxi-
mately 20% lower total light yield. However, this was not
observed, as shown in Fig. 5. One may conclude that the
additive manufactured PS has an intrinsic light output

higher than the one from cast polymerization, but this
was not the result of our past work [53, 55]. It is well
known that the light yield of a PS detector can be en-
hanced by improving the light trapping efficiency of the
WLS fibers through the reduction of air gaps, that is the
increase of the contact area between the PS and the WLS
fibers, whose refractive indices are very similar and thus
allow a high transmittance from the scintillation material
to the fiber. This can be obtained by using optical grease
[59–61], which is difficult to homogeneously introduce in
long, small-diameter holes. Using the FIM method, it
was possible to create holes, that span the length of the
SuperCube, of only 100 µm larger than the WLS fibers,
resulting in a large contact surface between the PS cubes
and the fibers. This feature is expected to increase the
total light yield and to compensate for the light loss from
the observed crosstalk.
A preliminary time resolution measurement was con-

ducted using a Hamamatsu H6410 photomultiplier tube
(PMT) coupled to a sample of 3D printed plastic scin-
tillator exposed to a 60Co radioactive source. The data
was read out with a LeCroy Wave runner 104MXi-A os-
cilloscope, revealing a decay time consistent with that of
UPS-923A, indicating no degradation of the timing prop-
erties resulting from the scintillator additive manufactur-
ing process. However, a more comprehensive quantitative
characterization is deferred to future work and publica-
tion.
Aging presents another critical concern, potentially re-

sulting in a few percent reduction in light yield annually
for extruded polystyrene-based scintillators [56, 62–64].
Given the similarity of the FIM process to extrusion or in-
jection molding in the treatment of the plastic scintillator
material, a similar degradation is expected. Despite var-
ious measurements conducted over approximately four
months, no visible changes in light yield and crosstalk
were observed within the precision of the experimental
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setup. Nevertheless, more precise quantitative results re-
quire dedicated aging measurements, which are planned
for future investigation.

Overall, the FIM method results in a faster particle
detector fabrication by including the shaping of the PS
in optically-isolated voxels into an already assembled fi-
nal detector using one single machine. From here, we
see no obstacles that would hinder the viability of this
method for large scale particle detector production. Each
manufacturing step has consistently yielded satisfactory
results.

In conclusion, we have successfully achieved the ad-
ditive manufacturing of a 3D optically-segmented plas-
tic scintillator detector. To the best of our knowledge,
this is the first time such a feat has been accomplished.
This detector is capable of both particle tracking and
energy loss measurement. It demonstrates a tool that
opens new possible concepts of particle detectors charac-
terized by a very fine 3D granularity in very large active
volumes, above the tonne-scale. Although not tested in
this work, millimeter-sized granularity and bigger units,
e.g. 30 × 30 × 30 cm3 or above, are expected to be
achieved without problems. We believe that this new
technology opens up new possibilities for the future of
particle physics experiments. In particular, long-baseline
accelerator neutrino oscillations [65–68] or those search-
ing for new neutrino sterile states via short-baseline os-
cillations [69–74] can profit of the developed additive
manufacturing process by building very large but finely-
segmented scintillator detectors to obtain a large sample
of very detailed images of neutrino interactions. More-
over, the developed production method will allow to eas-
ily build highly-performing fine-granularity electromag-
netic or hadronic sampling calorimeters, enabling high-
resolution particle flow analysis and fulfill the require-
ments of future collider experiments [31, 75]. FIM can
be performed with various types of filaments, where the
white reflector could be covered by an additional layer
made of heavier nuclei or doped material. Finally, large-
volume 3D detector geometries, made possible by the
FIM process, can allow for a high-efficiency detection of
fast neutrons with a precise measurement of their time
of flight, thanks to the large content of hydrogen in PS
and its short decay time [28, 35]. This is of fundamen-
tal importance for next generation neutrino physics ex-
periments, providing constraints on leading systematic
uncertainties [33, 34, 76, 77].

IV. METHODS

A. Particle Detector Geometry

The overlaying structure of particle detector is a
cuboid that consists of smaller, cube-shaped detection-
units called voxels. One voxel consists of three elements:
a 10 × 10 × 10 mm3 PS volume for visible light produc-
tion; a reflective frame with a wall thickness of 1.5 mm

FIG. 6. a) Components of a voxel with parts of the reflective
frame cut away on top and side. The reflective shell (white)
enclosing the cube-shaped PS (blue) traversed by two wave-
length shifting fibers (green) with their respective coordinates
(in mm). b) Depiction of a 5 × 5 × 5 voxel SuperCube with
its outer dimensions (in mm).

in vertical and 1.2 mm in horizontal plane direction, en-
closing the PS to entrap the light in the unit; and two
perpendicularly arranged WLS fibers in the horizontal
plane with the coordinates (X = 2.5 mm, Z = 3 mm) in
Y-direction and (Y = 2.5 mm, Z = 7 mm) in X-direction
that absorb the light from the PS, shift its wavelength
such that the event can be read-out by an external sys-
tem connected to the fibers (see Fig. 6 a and Sec. IVC
for details). The prototype of the “SuperCube” detector
consists of 125 detection units arranged in a 5 × 5 × 5
configuration, resulting in total dimensions of 59 mm in
width and 57.2 mm in height, as illustrated in Fig. 6 b.

B. Particle detector fabrication

The SuperCube was produced in two separate pro-
cesses; the fabrication of a 5× 5 matrix layer of an opti-
cally reflective frame and the forming of the PS, each
using a different mechanical setup. The two produc-
tion steps were alternated to build a layer-by-layer three-
dimensional 5 × 5 × 5 SuperCube. The reflective frame
with holes for the WLS fibers was manufactured via FDM
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FIG. 7. Depiction of the fabrication process of one particle
detector voxel. a) Fabrication of the reflective frame (white)
via FDM. b) Filling of the scintillation material with cus-
tomized extrusion components. Metal rods (black) create a
tube-shaped void for the WLS fibers. Pressurized plate on top
of the voxel constraints the melt pool within the cavity. c)
Planing of the top surface to ensure a successful continuation
by FDM. d) Finished voxel with a 10x10x10 mm scintillating
cube surrounded by a reflective shell with WLS fibers (green)
inserted through the whole structure.

without the use of support structure (Fig. 7 a). The PS
was formed in three sub-processes. First, metal rods were
placed through the holes to create circular voids for the
WLS fibers to be inserted, then the square-shaped vol-
ume was rapidly filled in a bottom-to-top motion with a
customized extrusion setup combined with a pressurized
plate to keep the melt constrained in the cavity (Fig. 7
b) and thirdly, a heated punch was pressed on top of the
PS to plane its surface such that the next matrix-layer
could be fabricated on top of it (Fig. 7 c). Finally, the
top of the voxel was closed by a top layer and the WLS
fibers were inserted through the already manufactured
holes (Fig. 7 d).

1. Reflective Frame Fabrication

The reflective shell was manufactured via FDM using
a F430 from Creatbot [78]. In FDM, a polymer string is
processed through an extrusion system, which is divided
into a cold and hot zone, enabling the distribution of the
material with a predetermined temperature and shape.
The role of the cold zone is to push the filament with

the appropriate speed through feeding tubes into the hot
zone, using a motor-controlled gear and roller structure.
In this part of the extrusion procedure, the machine tem-
perature must be below the glass transition temperature
of the polymer-in-fabrication, otherwise premature soft-
ening of the string leads to an increase in friction with
the feeding tubes, followed by clogging and system fail-
ure. The purpose of the hot zone is to rapidly melt the
low thermally conductive material through a metal heat
block kept at a polymer specific temperature, such that
it can be distributed via an extrusion nozzle into the de-
sired shape. The link between both zones is the heat
break, a thin circular tube, which acts as a thermal resis-
tor. It prohibits the heat from creeping from the hot into
the cold zone, thus establishing a working temperature
in both areas of the extrusion system.
A 1.75 mm polycarbonate-polytetrafluoroethylene-

blend (PC-PTFE) filament from Rosa3D filaments [79]
was used for the frame fabrication. This material pro-
vided the required combination of good optical reflec-
tivity to contribute to the performance of the detector
and high thermal resistance to ensure the dimensional
integrity of the geometry during the forming of the PS.
The structure was printed with a nozzle temperature of
280°C, a bed temperature of 115°C for the first matrix
layer and a chamber temperature of 55°C to reduce the
risk of warping. After the first filling cycle, the bed tem-
perature was set to 75°C at all time to avoid permanently
turning the scintillation material opaque, as was observed
in previous studies [55]. The reflective structure was fab-
ricated using a 0.4 mm diameter nozzle with a fill fac-
tor of 100% for both horizontal and vertical walls. The
layer height was set to 0.2 mm, the print speed to 2000
mm/min, and cooling was activated only during the lay-
ers incorporating circular holes to ensure accurate round
geometries without the need for support structures. In
FDM, the thickness of horizontally-printed walls (paral-
lel to the print bed) is very close to the designed value
and was not further investigated. However, 20 thickness
measurements of vertically-printed walls (perpendicular
to the print bed) were taken using a caliper to show the
accuracy and precision of this manufacturing step.
The measured transmission for bottom, top and side

walls of the white reflective shell, taken in air, is shown
in Fig. 8. Data were collected with a monochromatic
light source and read out with an integrated sphere and
a photodiode (Hamamatsu S1337-1010BQ).

2. Plastic scintillator forming

The PS fabrication consisted of three sub-objectives:
maximizing the performance of the particle detector, ac-
cess to an event read-out using WLS fibers in two direc-
tions (X, Y) and the preparation of the matrix-layer-in-
fabrication for an additional matrix-layer to be built on
top.
To optimize the performance of the particle detector,
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FIG. 8. Measured transmittance of white reflector sheets
with the same thickness but different print orientation com-
pared to the printing bed. Vertical (side) walls in red and
horizontal (top and bottom) walls in blue of a PS voxel. The
experimental data were collected in air.

the material required high transparency and a consistent
fill factor throughout the voxel to maximize the active
material volume. Additionally, it was crucial for the PS
to surround the metal rods, ensuring a substantial con-
tact area between the scintillation material and the WLS
fibers to enhance light capture efficiency. The fill density
was influenced not only by the viscosity of the polymer
but also by the magnitude of the mass flow rate exiting
the nozzle. Increasing the flow rate resulted in a more en-
ergetic distribution of the melt within the cavity, exerting
greater pressure on the material towards the boundaries.
This accelerated the distribution of the melt without al-
lowing the polymer to cool and recrystallize before reach-
ing the outer walls of the reflective shell. An elongated
extrusion nozzle, capable of reaching the bottom of the
reflective shell, facilitated an even distribution of scintil-
lation material throughout the entire cavity. The liquid
polymer was deposited through the 1.8 mm wide nozzle
orifice in a vertical bottom-to-top motion, forming a sin-
gle blob from which the melt spread towards the bound-
aries. Positioned at the top, a spring-loaded, polished
stainless steel plate constrained the melt pool within the
cavity. The plate incorporated a hole to enable unre-
stricted vertical movement of the nozzle, along with vent
holes designed to release air during voxel-filling. Addi-
tionally, it featured a concave dome to provide temporary
overfill, effectively compensating for any subsequent ma-
terial shrinkage.

A CFD analysis using ANSYS Fluent was performed
to determine the material requirements of the melting
components heat block and extrusion nozzle, the geome-
try and material of the heat break and the feeding tube
of the filament, and the process parameters heat block
temperature and extrusion speed (Fig.10 a).
These process elements were balanced to attain a PS out-
flow temperature at the nozzle orifice of around 230°C to
preserve the scintillation properties established in [53, 55]

FIG. 9. a) Depiction of the extrusion system components
modified for the filling of scintillation material into the re-
flective cavity. b) Geometry of the pressurized plate that is
pressed onto the cavity to keep the melt pool restrained in fill
volume.

and to reach the maximum possible material through-
put velocity in order to obtain a high fill density of the
PS volume by more forcefully spreading the melted poly-
mer throughout the reflective cavity before it solidifies.
This is achieved by elevating the heat block temperature
(above the usual working temperature) such that the PS
is melted to its core at the exit point. Simultaneously,
the increased heat creep from the high-temperature heat
block towards the whole extrusion system needs to be
controlled, such that system clogging followed by the fail-
ure of the entire injection process is prevented.
The discretization of the model concluded in 321,545
nodes with a maximum polymer mesh size of 0.25 mm, a
surface mesh size between one and two millimeters, three
boundary layers between solid and fluid regions and a
volume mesh filled by polyhedra (Fig. 10 b).

Using the discretized model, the following components
were determined: the filament-feeding-tube material and
the heat break tube-thickness and material, both ele-
ments simulated for their heat shielding capabilities; the
heat block material and temperature and the nozzle ma-
terial, both responsible for the melting of the PS. The
simulation was based on a laminar flow energy model us-
ing a pressure-based transient solver. The surrounding
temperature (chamber temperature of the FDM printer)
was set to 50°C, the circular cut-out in the heat block
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Extrusion component Materials
Polymer Polystyrene

Feeding tube Stainless steel, PEEK
Heat break Stainless steel

Heat break to heat block coupling Stainless steel, brass, copper
Heat block Stainless steel, brass, copper
Nozzle Stainless steel, brass, copper

TABLE I. Investigated material possibilities for each extru-
sion component to maximize polymer mass flow.

was set to a process temperature, simulating an FDM
cartridge heater, and the polymer inlet velocity was var-
ied to determine its maximum possible value. Table I
lists the investigated materials for each extrusion com-
ponent to achieve a maximal material throughput. The
heat break is the essential element in the whole extrusion
system because of its shielding function of the cold zone
components from the heat creep by the heat block, thus
guaranteeing a failure free process. The performance of
the manufactured heat break based on the CFD analy-
sis was measured with type “k” thermocouple from the
manufacturer Fluke and compared to the commercially
available model.

FIG. 10. a) Components of the CFD model. The black
mesh depicts the discretization points of the structure. b)
Cross-section view of the inside of the model depicting the
polyhedral volume mesh (purple - heat block, red - heat break,
blue - nozzle and yellow - polymer).

C. Detector setup and analysis method for cosmic
data

The 5× 5× 5 SuperCube was instrumented with fifty
readout channels, twenty-five on each view, as shown in
Fig. 4. Kuraray Y11 double-cladding 1 mm diameter
WLS fibers [58] along the orthogonal X and Y directions
allow for unique identification of the cubes crossed by a
charged particle. WLS fibers absorb the blue light pro-
duced by the PS cube and isotropically emit photons in
the green wavelength inside their core. The different re-

fractive index of the outer cladding geometrically traps
and guides the photons towards the SiPMs, thanks to an
attenuation length of more than 4 meters. Hamamatsu
Multi-Pixel Photon Counters (MPPCs) S13360-1325CS
[80] were coupled with individual WLS fibers, on one of
the two ends. The operating voltage was set to the one
recommended by the supplier for each MPPC. The cou-
pling was ensured by black 3D printed optical connectors
and enhanced by fixing the WLS fiber with EJ-500 opti-
cal glue [81] and pushing the MPPC toward the polished
fiber end with a soft black foam acting like a spring. The
other end of the fiber was cut at 90◦ and polished. With
a nominal photodetection efficiency of 25%, the analogue
charge signal of each MPPC is proportional, to the first
order, to the number of photons produced in the PS cubes
crossed by the corresponding WLS fiber. The charge ana-
logue signal of each MPPC is collected with micro-coaxial
cables and read out by one CAEN FERS DT5202 front-
end (FE) board [82], used to digitize the signal. The
charge value corresponding to the highest signal peak of
each independent channel is measured and converted to
analogue-to-digital converter (ADC) units. Then, from
the measured number of ADC units, the number of pho-
toelectrons (PE), i.e., the primary electrons originated
via photoelectric effect by the visible photons impinging
on the MPPC active area, is computed. Such conversion
was obtained with a large data sample collected by ex-
posing the prototype to a 90Sr radioactive source. The
data could show a clear multi-peak structure, each one
corresponding to a different number of PEs. The MPPC
gain could be extracted as the distance between adjacent
peaks in units of ADC per PE with a multi-Gaussian
distribution fit and the position of the first three peaks
could be obtained. Then, the peak positions were fitted
with a linear function to extract the gain and pedestal.
Since the recommended working bias voltage provided
by the supplier was applied to each individual channel
of the MPPC, the gain distribution was observed to be
relatively uniform, averaging around 50 ADC/PE with a
standard deviation of 1.21 ADC/PE. This procedure was
iterated for each channel, employing its specific gain and
pedestal value to convert the measured light yield into
units of PE. Examples of detected cosmic particles can
be found in Fig. 4.
The performance of the SuperCube produced with FIM
was compared with a reference 2D matrix of cubes pro-
duced with cast polymerization. It consisted of a single
layer of 5×5 optically-isolated PS 1 cm3 cubes, thus a ge-
ometry analogous to the SuperCube but two dimensional.
In the same way as for the SuperCube, both orthogonal
views of the reference sample were read out with Ku-
raray Y11 WLS fibers, coupled with the same type of
MPPC following the same procedure as described above.
A more detailed description of the reference prototype as
well as of its particle detection performance can be found
in [41]. The reference prototype was placed on top of the
SuperCube and, read out with the same CAEN FERS
DT5202 board, was used to trigger the cosmic particles
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and compare the light yield and crosstalk with the one
of the SuperCube.

Both the FIM and the cast polymerization prototypes
were characterized by analyzing cosmic particle events
and the respective light yield and crosstalk were com-
pared. A total of about 63 hours cosmic data was col-
lected. Typical cosmic events are minimum ionising par-
ticles, crossing the prototype every few seconds with
an expected energy loss in PS of about 1.8 MeV/cm.
Given their angular distribution, approximately equal to
cos2 θazim where θazim is the azimuth angle, the most
common signature consists to the one of a vertical MIP
leaving a track that starts from the top layer (the ref-
erence prototype) and ends at the bottom layer of the
SuperCube, as shown in Fig. 4. The track 3D hits were
reconstructed layer by layer, by determining the XY co-
ordinate with the maximum light yield channel in both
views. In each electronic channel a threshold of 500 ADC,
i.e., about 10 PE, was applied. After the track recon-

struction, a data set containing only vertical tracks was
selected to have a particle path length of about 1 cm in
each PS cube, hence a comparable energy loss. These
tracks cross both the reference prototype and the Super-
Cube in the same column of cubes. In Fig. 5, a scintilla-
tion light yield of about 29 PE per cube is shown for both
the SuperCube and the reference sample. The cube-to-
cube light crosstalk was derived from the light yield ratio
between neighboring channels within the same layer per-
pendicular to the track direction. As shown in Fig. 5,
a slightly higher crosstalk was measured for the Super-
Cube. However, it remained constrained at the few %
level, thus acceptable for particle tracking and calorime-
try measurements.

V. DATA AVAILABILITY
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