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Abstract: We designed and evaluated the performance of a high-resolution large-area
detector for positron emission tomography (PET) based on a crystal assembly readout using
wavelength-shifting (WLS) fibers, offering a cost-effective alternative to the direct readout
of monolithic crystals with photodetectors. The considered detector geometries were made
up of 4 × 4 assemblies of LuY2SiO5:Ce (LYSO) crystal scintillators, each with surface
area of 50 × 50 mm2 and thickness of 7 or 15 mm, which were optically coupled together
using optical adhesive. The crystal assembly was coupled with square cross-sections of
orthogonal wavelength-shifting (WLS) fibers placed on the top and bottom of the assembly.
To evaluate the characteristics of the novel detector, we used GEANT4 to perform optical
photon transport in the crystal assembly and WLS fibers. The simulation results show that
best position resolution achieved was 1.6 ± 0.4 mm full width at half maximum (FWHM)
and 4.2 ± 0.6 mm full width at tenth maximum (FWTM) for the crystal thickness of 7 mm
and 1.7 ± 0.4 mm FWHM and 6.0 ± 0.6 mm FWTM for the crystal thickness of 15 mm.
Compared with a direct photosensor readout, WLS fibers can drastically reduce the number
of photosensors required while covering a larger sensitive detection area. In the proposed
detector design, 2N photodetectors are used to cover the same image area instead of N2

with a direct readout. This design allows for the development of a compact detector with
an expanded effective field of view and reduced cost.

Keywords: Monte Carlo simulations; GEANT4; positron emission tomography; scintillation
photons; GEANT4 simulations; silicon photomultiplier; scintillators; LYSO(Ce)

1. Introduction
Positron emission tomography (PET) [1] is a powerful and versatile imaging technique

which plays a crucial role in the diagnosis and management of a variety of medical con-
ditions, including tumors (cancer), cardiovascular diseases, and neurological disorders.
By providing detailed images of metabolic activity and physiological processes at the
cellular level, PET offers insights which other imaging modalities, like CT or MRI, may
not provide.

Because conventional whole-body PET scanners are not optimized for imaging small
structures, there is a growing research focus on developing organ-specific PET scan-
ners [2–5]. These specialized scanners offer improved performance in terms of enhanced
spatial resolution and higher sensitivity. They are particularly beneficial for detailed imag-
ing in neurological diseases [6] (e.g., Alzheimer’s or Parkinson’s disease), where detecting
small brain structures is critical. Additionally, they improve the detection of small-sized
breast cancers which might not be visible in whole-body scans and enhance the study of
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cardiovascular disease and heart metabolism with greater accuracy. By targeting specific
organs, these scanners provide a valuable tool for early diagnosis, monitoring disease
progression, and evaluating treatment response, offering higher diagnostic accuracy for
specialized clinical applications [7,8]. Alternatively, total-body PET offers an approach to
significantly enhance the sensitivity and imaging resolution of positron emission tomogra-
phy (PET) [9]. Total-body PET scanners cover the entire human body, enabling the detection
of a larger proportion of emitted photons and thereby significantly enhancing sensitivity.

PET imaging uses a positron-emitting radioactive tracer, such as 18F, which is injected
into the patient’s body. Commercial PET scanners typically employ scintillation crystal
arrays arranged in a ring around the human body. These arrays detect the two 511 keV γ

photons emitted in opposite directions as a result of positron annihilation. This configura-
tion allows for the localization of both annihilation photon interactions, creating a line of
response (LOR) which is used for image reconstruction in PET.

For PET scanners, parallax errors become a significant issue when γ rays hit the
detector at an angle, leading to inaccuracies in determining the LOR. This angular deviation
causes errors in reconstructing the interaction position, which negatively impacts image
quality. Therefore, accurate determination of the depth of interaction (DOI) or, more
precisely, the 3D reconstruction of the first interaction position, is a primary focus of
research in PET technology. For pixelated PET detectors, one of the common methods for
acquiring the DOI is the dual-ended readout technique. This method uses photodetectors
on both ends of the scintillation crystal to measure the light output, allowing the system
to estimate the position of the γ–photon interaction along the depth of the crystal [10,11].
However, a dual-sided readout of scintillators requires a larger number of photosensors,
which increases the overall detector costs.

In monolithic crystal-based PET detectors [3,12–16], the DOI can be inferred based on
the pattern of scintillation light detected by the photosensors coupled to the crystal [17,18].
In recent years, there has been growing interest in using PET detectors based on monolithic
crystals as an alternative to conventional pixelated scintillation crystal arrays. Monolithic
crystals offer several advantages in terms of performance and flexibility, particularly in
improving spatial resolution, sensitivity, and timing precision, making them a promising
choice for next-generation PET systems [13,14,19,20].

In this paper, we explore a new detection technology based on the use of wavelength
shifters (WLSs) to read out scintillation light, as opposed to direct photosensor readout.
The detector scheme is shown in Figure 1). The detector design includes WLS fibers placed
along both long sides of a flat crystal scintillator in orthogonal directions, allowing the x, y,
and z coordinates of the interaction point to be reconstructed. This configuration enables
accurate three-dimensional position reconstruction, improving the overall performance of
the detection system.

Since the size of monolithic scintillators is limited by production technology, multiple
crystals are combined into a matrix assembly using optical adhesive coupling, enabling
larger detection surfaces without compromising performance. The performance of the opti-
cally coupled crystal assembly was studied in [21–23], and the results suggest a reduction
in edge effects and improved uniformity of the light pattern across the entire sensitive area.
The method for extracting DOI information in PET detectors using wavelength shifting
material (WLS) was originally proposed in [24,25], where WLS fibers were orthogonally
arranged on the top and bottom of a scintillator array for a signal readout. This approach
was also explored in [21–23,26,27].
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Figure 1. Schematic of detector module composed of a 4 × 4 assembly of LYSO crystals. Red
boxes represent SiPMS, blue cubes represent the individual LYSO scintillators, and green rectangles
represent the WLS fibers.

2. Detector Design
The PET detector, utilizing a WLS-fiber readout (WLS-PET), is composed of a 4 × 4

assembly of monolithic LYSO crystal scintillators arranged in a planar geometry with
dimensions of 50 × 50 × 15 mm3. The crystals are optically coupled together using an
optical adhesive (MeltmountTM with a refractive index of 1.704 [28]) to create a detector
with a large sensitive area. The 3 × 3 mm2 WLS square-shaped, wavelength-shifting
(WLS) fibers (BCF-91A) are placed in orthogonal directions (X and Y) on each side of the
crystal assembly. This arrangement allows for the reconstruction of hit position information.
To improve light collection efficiency, the WLS fibers are optically coupled to the crystals.
The outer detector layer, which covers the WLS fibers on the top and bottom, is made
of 3MTM Enhanced Specular Reflector (ESR) film [29], which enhances the efficiency of
light collection by reflecting any scattered light back into the WLS fibers. WLS fibers
are read out at both ends using silicon photomultipliers (SiPMs). To prevent reflections
from the lateral faces of the crystals, the crystals were painted black. The schematic of
the detector is shown in Figure 1. The number of WLS fibers on each side of the 4 × 4
crystal array is 66. The WLS-fiber pitch is 3.03 mm, which refers to the distance between the
centers of adjacent wavelength-shifting fibers in the detector array. This pitch determines
the granularity of light distribution binning and directly affects the position resolution
achievable in the system.

3. Monte Carlo Simulation of the Detector
In the GEANT4 [30] simulation (version Geant4-10.7.4) for this study, all relevant phys-

ical processes were included to ensure accurate modeling of photon interactions within the
PET detector. The following electromagnetic processes, such as ionization, bremsstrahlung,
multiple scattering, pair production, Compton scattering, and the photoelectric effect, were
considered. The optical processes included scintillation, Cherenkov radiation, volume
absorption, Rayleigh scattering, and boundary processes like reflection, refraction, and ab-
sorption. The Birks effect, which adjusts the scintillation light yield to account for variations
in the energy deposition density by ionizing particles, was accounted for. For optical photon
transport, the GLISUR model [31,32] in the GEANT4 package was employed. This model
simulates the interactions of optical photons at the interfaces between different materials
by applying the concept of optical surfaces to describe light reflection and transmission at
the boundaries between media, accounting for scattering, absorption, and reflection. In the
GEANT4 detector model, we define the surface roughness for all interfaces. When the
polish parameter is set to zero, this represents the maximum roughness, where photons
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are reflected according to a Lambertian distribution. Conversely, a polish value of one
applies Snell’s law. All material optical interface types were modeled as dielectric-dielectric,
with the exception of the ESR foil-to-air and SiPM window-to-SiPM material interfaces,
which were modeled as dielectric-metal. The reflectance for the ESR foil was set to 0.98 in
the spectral range of visible light. For the simulations, all surfaces were considered to be
ground with polish values ranging from 0.8 to 0.95.

The selection of lutetium yttrium orthosilicate (LYSO) as the scintillator material for the
proposed WLS-PET detector was based on its excellent properties, which make it well suited
for high-performance positron emission tomography (PET) applications. LYSO has a high
light yield, a fast decay time, and a high effective atomic number (Ze f f ), making it an ideal
candidate for efficient gamma ray detection. Its short radiation length allows for compact
detector designs, and its non-hygroscopic nature ensures long-term stability compared with
other scintillator materials like NaI or LaBr3, which are more prone to moisture absorption.
Additionally, as shown in Figure 2, LYSO has a peak emission wavelength of about 420 nm,
which matches well with the absorption spectra of the BCF-91A WLS fibers used in the
detector design, enabling efficient light transport and signal detection. None of the other
crystal scintillators listed in the table provide such a strong match. Other materials, such as
CdWO4, exhibit shorter radiation lengths but have longer decay times of 14,000 ns, making
them unsuitable for PET applications, where the timing resolution is crucial. Table 1 shows
the values of the properties for several common scintillator materials [33].

Figure 2. Photon emission spectrum of LYSO scintillator [34] (blue color), absorption (red color), and
emission (green color) spectra of BCF-91A [35], SiPM PDE (dark blue color), and absorption (magenta
color) and emission (dark green color) spectra of BCF-92 [35].

Table 1. Basic properties of common scintillation crystals.

Material Density Emission Decay Refrac- Light Radi-
(g/cm3) Maximum Constant tive Yield ation

(nm) (ns) Index (ph/keV) Length (cm)

Na(Tl) 3.67 415 250 1.83 41 2.59
CaF2 3.18 435 950 1.47 20 3.5
YAG(Ce) 4.6 500–700 70 1.82 8 3.5
CsI(Tl) 4.51 550 1000 1.79 52 1.86
GSO(Ce) 6.71 440 30–60 1.85 8–10 1.38
GLuGAG 6.8 450–650 75 1.81 50 1.26
LYSO(Ce) 7.4 420 40 1.82 32 1.15
BGO 7.13 480 300 2.15 8.5 1.13
CdWO4 7.9 470/540 14,000 2.3 13 1.06

LYSO’s effective atomic number of 66 and density of 7.4 g/cm3 provide a short attenu-
ation length of 11.5 mm for 511 keV γ rays, corresponding to an interaction probability of
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approximately 73 % within a 15 mm thick crystal. The LYSO scintillator light yield ranges
from 26,000/MeV to 39,900/MeV [34,36–40]. In the simulation, the light yield of LYSO
was set to 26,000 photons/MeV, the scintillation decay time was set to 43 ns, and the light
attenuation length was set to 40 cm [40].

The WLS fiber used in the simulations was the square-shaped double-clad BCF-
91A [35], which had an absorption peak at 420 nm and an emission peak at 494 nm.
The polystyrene core of the BCF-91A WLS fiber had a refractive index of 1.6, while the
refractive index of the first cladding layer (acrylic) was 1.49, and the second cladding layer
(fluor-acrylic) had a refractive index of 1.42.

WLS fibers were coupled to the LYSO assembly using Meltmount optical adhesive
(refractive index n = 1.58), which was also used to connect the WLS fibers to the SiPMs.
The use of optical glue significantly enhanced the number of optical photons transmitted
from the crystal to the fibers. This improvement was due to the fact that the critical angle at
the LYSO-optical glue interface was greater than that at the LYSO-air interface, allowing
considerably more photons to pass through the interface. As a result, this coupling method
improved the overall light collection efficiency and enhanced the performance of the
WLS-PET detector.

The SiPM was modeled as a material made of silicon (Si) with a window size of
3 × 3 mm2. The Hamamatsu S13360 CS75 series SiPM was used as the benchmark unit for
this study. The light detection efficiency was calculated by weighting the SiPM’s photon
detection efficiency (PDE) with the emission spectra of the BCF-91A WLS fiber, yielding a
value of approximately 40%. Simulations were also conducted with an LYSO array readout
using BCF-92 WLS fiber, which served as an alternative to BCF-91A WLS. As shown
in Figure 2, the absorption spectrum of the BCF-92 fiber did not matched as well with
the emission spectrum of LYSO. However, its short decay time of 3 ns makes it a viable
option when the long decay time (τ > 10 ns) of the BCF-91A fiber significantly affects the
annihilation gamma coincidence detection efficiency in PET applications.

The developed simulation model and the optical properties of the materials were vali-
dated against experimental data on the light response of the LYSO scintillator. A GEANT4
model, described in [34], was created, and the parameters were adjusted until agreement
was achieved with the energy resolution data presented in the publication. The simulation
parameters for the WLS fibers were further adjusted in accordance with [41] to accurately
represent the light collection and transmission properties.

4. Results
The GEANT4 application was run to generate data samples which recorded the

number of optical photons detected by each SiPM. The simulated data were recorded event
by event in CERN ROOT [42] in TTree format and then analyzed using a C++ code. In the
simulation, a pencil beam of 511 keV photons was incident perpendicularly onto the LYSO
scintillator block at various positions across the detector surface. A total of 20,000 events
were simulated for each beam position to accurately represent the photon interactions
within the scintillator material.

Optical photons generated by annihilation gammas travel through the optically cou-
pled LYSO scintillators and reach the black-painted lateral surfaces of the crystal assembly,
where they are absorbed. Some of these photons are directed toward the WLS fibers, where
they are absorbed and re-emitted at longer wavelengths, allowing them to be directed
toward the SiPMs for detection. This process enables efficient light collection and posi-
tion reconstruction for precise tracking of the annihilation gamma interactions. Figure 3
illustrates an example of the tracking of optical photons within the WLS-PET detector.
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Figure 3. Example of one event with the secondary scintillation photons simulated in GEANT4 for a
LYSO assembly. The light green lines are the tracks of optical photons, and the red boxes are SiPMs.

There are several event positioning algorithms in PET detectors, such as weighted
energy centroid positioning (Anger logic) [43], a machine learning-based positioning al-
gorithm [44,45], or statistical methods, such as least squares, nearest neighbors, and the
maximum likelihood [2]. In this work, the (x, y, z) positions are reconstructed using an
in-house developed algorithm, which analyzes the light distribution patterns within the
detector using the ROOT peak search function.

The simulated data represent the distribution of the number of photons detected by
the SiPMs connected to both the upper (x axis) and lower (y axis) WLS fibers. The examples
of such distributions are shown in Figures 4 and 5 (more figures can be found in [46]).

Figure 4. (a,b) The light distribution profiles along the x (a) and y (b) directions in a typical event
displaying photoelectron absorption-like behavior. The simulated data were fitted with a Gaussian
function. The blue histogram is the simulated results, and the red histogram is the Gaussian fitting,
while the green histogram is a high-resolution peak search function. (c) The x–y distribution image
obtained by combining signals from the x and y WLS fibers. (d) The x–y distribution image in 3D.



Instruments 2025, 9, 2 7 of 16

Figure 5. (a,b) The light distribution profiles along the x (a) and y (b) directions in a typical event
displaying the Compton scattering event event. The simulated data were fitted with a Gaussian
function. The blue histogram is the simulated results, and the red histogram is the Gaussian fitting,
while the green histogram is a high-resolution peak search function. (c) The x–y distribution image
obtained by combining signals from the x and y WLS fibers. (d) The x–y distribution image in 3D.

The γ ray hit position was calculated for the x and y axes. For each simulated event,
the distributions of detected photons were analyzed using a high-resolution peak searching
function (class TSpectrum) in the ROOT package. The identified peaks were further fitted
with Gaussian functions, with the mean values corresponding to the x and y coordinates
of the interaction position. If a single peak was detected, then the event was identified
as photoelectric absorption. In contrast, if multiple peaks were detected, then the event
was classified as Compton scattering and could be excluded from further analysis, as it
typically resulted in a complicated light distribution requiring the application of Compton
kinematic reconstruction methods. An example of such an event with two peaks detected
in the light distribution is illustrated in Figure 5.

In photoelectric absorption events, a single isotropic source of scintillation light is
produced precisely at the location where the 511 keV photon is absorbed. The emitted
light propagates uniformly in all directions from this point, enabling straightforward
determination of the interaction position based on the resulting light distribution pattern.
In contrast, Compton scattering generates two or more scintillation points within the crystal,
leading to a more complex light distribution. This added complexity makes it challenging
to accurately pinpoint the primary interaction position.

In this study, as a feasibility approach, we limited the analysis to classifying events
and rejecting those identified as Compton scattering. However, in future work, we
plan to extend the methodology by incorporating Compton kinematic reconstruction,
enabling the inclusion of Compton scattering events in the analysis to further enhance
the system’s capabilities.
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Figure 6 shows the reconstructed interaction positions of a 511 keV γ ray beam
modeled at positions (x, y) = (20 mm, 15 mm) for crystal thicknesses of 7 mm (a,b) and
15 mm (c,d). The spatial resolution was calculated for each point source position as the
FWHM and FWTM of the light spread function (LSF) determined in two dimensions. As can
be seen in these figures, the FWTM values increased more significantly with an increasing
crystal thickness compared with the FWHM. This is because with thicker crystals, there
is a higher probability of detecting Compton-scattered gamma rays at locations further
away from the first interaction position. Such events may be incorrectly reconstructed as
the first interaction position, resulting in a wider FWTM value. To localize the interaction
position, the distributions of detected photons in the x and y WLS fibers were fitted with
Lorentzian functions. The mean value of the Lorentzian functions corresponded to the
x and y coordinates of the 511 keV γ ray interaction position. The resulting distribution
shows that the Compton scatterings did not have a strong effect on the width of the peak
but created a noise-like plateau.

Figure 6. Histogram of reconstructed interaction positions (blue line) of a 511 keV γ ray beam
positioned at ( x, y) = (20 mm, 15 mm) for a crystal thickness of 7 mm (a,b) and for a crystal thickness
of 15 mm (c,d). A Lorentzian fit to the distribution is also shown (red line).

The reconstructions of two hit positions in the XY plane are shown in Figure 7 for a
crystal thickness of 7 mm and in Figure 8 for a crystal thickness of 15 mm, corresponding
to beam positions at (x, y) = (15 mm, 15 mm) and (x, y) = (20 mm, 15 mm). It can be
observed that position discrimination was significantly better for the 7 mm thick crystal
compared with the 15 mm thick crystal. This is attributed to the fact that in thicker crystals,
a Compton-scattered γ photon can travel a considerable distance from the initial interaction
point, resulting in a broader light spread function (LSF).
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Figure 7. XY histograms of interaction position reconstruction of the 511 keV γ ray beams positioned
at (x, y) = (15 mm, 15 mm) and (x, y) = (20 mm, 15 mm), shown in both 3D (top) and 2D (bottom)
representations (blue dots) for a crystal thickness of 7 mm: (a,c) no rejection and (b,d) with Compton
scattering events rejection applied.

The timing resolution of the proposed detector design was studied by simulating the
time spectra of the scintillation photons detected by the SiPMs. The timing resolution is a
critical characteristic as it enables high detection efficiency for coincidence events within
a specified time window. The simulated response time spectra of detected photons in a
single event for 511 keV energy deposition in a LYSO crystal array read out using BCF-91A
and BCF-92 WLS fibers are shown in Figure 9a,b, respectively. The modeled response time
of the WLS-based LYSO crystal assembly readout was comparable to that of a detector
composed of a 13 × 13 LYSO crystal array coupled to a 6 × 6 SiPM array [47]. However, it
was observed that the BCF-91A fiber exhibited a relatively slow decay time (τd > 10 ns),
which resulted in an increased signal duration compared with the BCF-92 WLS fibers.
The BCF-92 fibers had a shorter decay time, but their sensitivity was lower due to the
poorer matching between their absorption spectra and the luminescence spectrum of the
LYSO crystal. The averaged time response over 2000 events to 511 keV γ ray irradiation
of the WLS-PET detector (with a 15 mm thick LYSO crystal) readout with BCF-91A and
BCF-92 fibers is shown in Figure 9c. The scintillation decay time remained the same for the
WLS-PET detector with both BCF-91A and BCF-92 fibers.
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Figure 8. XY histograms of interaction position reconstruction of the 511 keV γ ray beams positioned
at (x, y) = (15 mm, 15 mm) and (x, y) = (20 mm, 15 mm), shown in both 3D (top) and 2D (bottom)
representations (blue dots) for a crystal thickness of 15 mm: (a,c) no rejection and (b,d) with Compton
scattering events rejection applied.

Figure 9. Response time spectrum of detected photons in a single event for 511 keV energy deposition
in a LYSO crystal array readout using BCF-91A fibers (a) and BCF-92 fibers (b). (c) The average
(n = 2000) response time spectrum of detected photons for 511 keV energy deposition in a LYSO
crystal array, shown for the readout with BCF-91A fibers (blue histogram fitted with an exponential
function in red) and the readout with BCF-92 fibers (green histogram fitted with an exponential
function in black).

In monolithic crystal-based detector designs, a key challenge is the truncation of
scintillation light at the edges, which negatively impacts the spatial, timing, and energy
resolutions in these regions. Various methods have been tested to mitigate this effect,
including crystal surface treatments, such as covering the edges with an optical absorber,
and innovative photodetector arrangements. In the proposed detector geometry, 16 crystals
are coupled together, forming a semi-monolithic large area detector. Uniform detection of
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annihilation gammas across the detector area was assessed through simulations of 511 keV
γ rays impinging perpendicularly on the detector surface at a 20 × 20 grid of points
spaced 10 mm apart. As shown in Figure 10a, the combination of the applied ROOT-based
positioning algorithm and the developed detector design achieved a uniform system spatial
resolution across the entire field of view.

Figure 10. (a) A 2D histogram of the positioning estimations using a ROOT-based algorithm, demon-
strating interaction uniformly distributed across a grid of 20 × 20 points spaced 10 mm apart. (b) The
z-coordinate of the interaction position, simulated at six depths, regarded as the depth-of-interaction
(DOI) resolution.

The (x,y,z) coordinates were reconstructed in three dimensions: two planar coordinates
(x,y) in combination with the coordinate (z) within the crystal. The light asymmetry was
used for the determination of the axial coordinate z:

z =
L
2
·

Nupper − Nlower

Nupper + Nlower
, (1)

where Nupper and Nlower are the number of optical photons detected by SiPMs in the
upper and lower WLS fibers, respectively, in a crystal assembly with a thickness L. The
reconstructed z coordinate of the interaction position is shown in Figure 10b. The obtained
resolution in the z direction was approximately 3–4 mm FWHM. The distribution of 3D
coordinates is shown in Figure 11a,b without rejection of the Compton events and with
such a rejection, respectively.

Figure 11. Three dimensional plot of reconstructed (x, y, z) coordinates for the 511 keV γ-ray beam
positioned at (x, y) = (30 mm, 30 mm) shown in with no rejection (a) and with Compton scattering
event rejection applied (b). An energy spectrum of 511 keV γ-rays for the modeled WLS-PET detector
is shown together with the corresponding Gaussian fit through the corresponding full energy peak
(red line) (c).
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The number of photons detected within the energy window of 400–600 keV was
used to determine the energy resolution of the detector. The energy resolution (RE) of the
detector is defined as follows:

RE =
σ × 2.355

mean
× 100%, (2)

where σ and mean are obtained from the Gaussian fitting of the modeled photoelectron
distribution. With the simulation, the obtained an energy resolution was ≈12% (FWHM)
(Figure 11c).

The uniformity of the detector sensitivity over the entire detector area was evaluated by
examining the variation in the number of detected photons with the position. Figure 12a,b
illustrates the local variations in the number of detected photons, which influenced the
variation in energy calibration and energy resolution across the detector surface.

Figure 12. The 3D (a) and 2D (b) histograms of the average number of detected photons, demon-
strating uniformity of energy resolution across the detector’s sensitive area. In the histogram, darker
yellow bins indicate fewer detected photons, while brighter yellow bins represent a higher number of
detected photons.

5. Discussion
In commercial PET systems, the detector typically uses a crystal array which forms

a matrix of pixel elements [48]. The scintillation light produced in each pixel element is
used to identify the interaction location based on the pixel’s position, meaning that the
reconstructed interaction positions are limited to discrete values corresponding to the pixel
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layout. In contrast, monolithic scintillator detectors capture a continuous light distribution
across their surface, which is detected by SiPM pixels, the size of which determines the
detection grid. Each pixel covers a specific region of the scintillation crystal, converting
the scintillation light into electrical signals. The signal level is proportional to the amount
of light hitting the surface of the photodetector pixel, resulting in the continuous light
distribution being digitized and organized into bins. Each bin represents a defined region
of the scintillation crystal. A smaller bin size allows for more accurate digitization of the
light distribution, capturing finer details of the scintillation light pattern. For commercial
applications of monolithic-based PET detectors, the size of the SiPMs and the number of
detection channels must be optimized to achieve a cost-effective solution while maintaining
high performance. The 6 × 6 mm2 SiPM arrays are considered an optimal solution to cover
large detection areas [49,50].

For the proposed WLS-PET detector design, the WLS-fiber size of 3 × 3 mm2 created
a detection grid with 66 fibers on each side of the crystal assembly, totaling 132 fibers.
This configuration resulted in a “pixel” size of ≈3 × 3 mm2. The light was detected by
264 SiPMs, each with an active area of 3 × 3 mm2, and the total detector surface area
was 2376 mm2. For comparison, a 16 crystal assembly of LYSO with a surface area of
50 mm × 50 mm would create a total detector area of 200 mm × 200 mm, equivalent to
the proposed WLS-PET detector design. However, this configuration would require 1089
SiPMs 6 × 6 mm2 in size, with a total area of 39,204 mm2.

This resulted in the total SiPM area for the WLS-PET design being just 6% of that re-
quired for a traditional SiPM-based design. Despite the smaller photosensor area, the WLS-
PET detector design supports the creation of a much finer detection grid, enabling detailed
reconstruction of gamma ray interactions within the crystal. This fine granularity facilitates
the application of multiple Gaussian fittings to the light distribution, which was used in
the partial rejection of Compton scattering events, thereby enhancing the spatial resolution.

Coincidence timing resolution (CTR) is a critical performance parameter for PET
systems [51]. Estimating the CTR requires the development of a full-ring PET geometry
study, which is not feasible with the current WLS-PET detector model. Therefore, the CTR
was not evaluated in this work. However, since the timing characteristics of the proposed
WLS-PET detector are similar to those of monolithic scintillator-based PET systems [52],
we expect that the CTR of WLS-PET will be comparable to that of monolithic scintillator
PET systems.

As shown in this work, the FWTM values increased more significantly with the crystal
thickness compared with the FWHM, resulting in a deterioration in the position resolution.
Although thinner crystals improved the spatial resolution, this improvement came at the
expense of decreased detection efficiency. To address this issue, the advantage of the
proposed design, the reduced number of photodetectors, can be used to optimize the
detector configuration. Implementing a detector geometry with two thin layers, each 7 mm
thick, will maintain high gamma ray detection efficiency and excellent spatial resolution
while still using significantly fewer photodetectors compared with a direct crystal readout
with SiPM. Moreover, this approach will transform the detector into a Compton camera,
enabling more effective localization of the annihilation gamma source.

The proposed novel WLS-PET detector design can be used in the construction of organ-
specific or whole-body PET scanners, as the drastic reduction in the number of SiPMs and
readout channels makes the design cost-effective while maintaining an extremely high
spatial resolution. Figure 13 illustrates the schematic designs of potential PET scanner
configurations: (a) an organ-specific scanner and (b) a total-body PET scanner.
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Figure 13. Schematic of a brain PET scanner (a) and a total-body PET scanner (b), both composed
of modules from a 4 × 4 assembly of optically coupled LYSO crystals (gray). The interaction of
annihilation γ-rays with the opposite detection modules produces scintillation photons (green),
which are shared within the LYSO assembly due to optical coupling. WLS fibers are not shown.

6. Conclusions
In this work, the performance of the designed WLS-PET detector featuring an assem-

bly of optically coupled monolithic crystals with large surface areas of 200 × 200 mm2

and LYSO crystal thicknesses of 7 mm and 15 mm was evaluated. The detector utilizes
3 mm WLS fibers with square cross-sections for light readouts, providing a fine detection
grid while maintaining a simplified and cost-effective design. This configuration enables
a high spatial resolution and efficient gamma ray interaction localization, demonstrating
its potential for advanced PET imaging applications. In the proposed WLS-PET detector,
the interaction position of annihilation γ rays within the scintillation crystal assembly is
determined by measuring the light profiles trapped in wavelength-shifting (WLS) fibers
coupled to the crystal assembly. The detector achieved a position resolution of approxi-
mately 1.6 ± 0.4 mm FWHM and 4.2 ± 0.6 mm FWTM for the 7 mm LYSO crystal thickness
and 1.7 ± 0.4 mm FWHM and 6.0 ± 0.6 mm FWTM for the 15 mm LYSO crystal thickness.

A spatial resolution compatible with commercial detectors was achieved while signifi-
cantly reducing the number of SiPMs and readout channels required.
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