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a b s t r a c t

Research groups in the field of PET instrumentation are studying time-of-flight(TOF) technology to
improve the signal-to-noise ratio of PET images. Scintillation light transport and collection plays an
important role in improving the coincidence resolving time(CRT) of PET detector based on a pixelated
crystal array.

Four crystal arrays were designed by the different optical reflection configuration such as external
reflectors and surface treatment on the CRT and compared with the light output, energy resolution and
CRT. The design proposed in the study was composed of 8 � 8 LYSO crystal array consisted of
3 � 3 � 15 mm3 pixels. The entrance side was roughened while the other five surfaces were polished.
Four sides of all crystal pixels were wrapped with ESR-film, and the entrance surface was covered by
Teflon-tape. The design provided an excellent timing resolution of 210 ps and improved the CRT by 16%
compared to the conventional method using a polishing treatment and ESR-film.

This study provided a method for improving the light output and CRT of a pixelated scintillation
crystal-based brain TOF PET detector. The proposed configuration might be an attractive detector design
for TOF brain PET requiring fast timing performance with high cost-effectiveness.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

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

Positron-emission tomography (PET) is a nuclear medicine im-
aging system that can provide functional images to diagnose and
monitor human diseases. Recently, there has been great interest in
the development of dedicated brain PET for the diagnosis of
neurological disorders such as dementia and movement impair-
ments because a dedicated brain PET could offer superior human-
brain imaging, achieving high sensitivity, spatial resolution, and
image quality as compared with the conventional whole-body PET
[1e4]. Many research groups have being developed the dedicated
brain PET based on cylindrical detector arrangement [1,5]. The
various PET geometries were also designed including helmet shape,
partial sphere, and dodecahedral shape to make a high-sensitivity
brain PET systems [6e8].

Time-of-flight (TOF) technology reduces the propagation of
noise along the lines of response (LOR) by measuring the detected
by Elsevier Korea LLC. This is an
time difference of the two 511 keV gamma rays. Noise reduction can
be equated to an increase in the SNR, NEC, and sensitivity, allowing
the reduction in radiation dose and/or scanning time [9e11]. TOF
SNR gain can be described by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D=ðc� DtÞp

where D is the object
size, c is the speed of light, and Dt is the timing resolution. There-
fore, faster timing resolution is required when the object size is
smaller. For example, when the size of the imaging object is
200 mm, as is the human brain, the TOF PET with CRT of 200 ps
could ideally increase SNR gain by 20% compared to TOF PET sys-
tems with CRT of 400 ps. Most of the commercial PET systems have
insufficient TOF performance (about 210e400 ps) for brain imaging
because there is a marginal gain in the SNR and NEC for small
imaging objects [9,12e15]. Therefore, the TOF-PET detector for a
dedicated brain PET having a smaller field of view (FOV) of 200 mm
requires CRT of below 200 ps to achieve a meaningful gain in SNR.

The CRT of scintillation crystal based PET detector is determined
by factors such as the intrinsic properties of the scintillation crystal
(light yield, and the intrinsic rise and decay times of scintillation
light) and the characteristics of the photodetector (photon detec-
tion efficiency, noise, and dark count rate) [16]. Additionally, the
important factors in CRT are scintillation light transport and the
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scintillation light collection, which can be improved by optimizing
the optical properties and the surface conditions of the scintillation
crystals.

In recent studies, the effect of various surface-roughened con-
figurations in scintillation crystals was demonstrated by Monte
Carlo simulation and experiments conducted to improve both light
transport and light collection. The scintillation crystal design
providing the considerable improvement in CRT was to have one
side partly (75%) roughened and other sides polished [17]. The ef-
fect of light sharing in the scintillation crystal array was also
studied by comparing the ESR film and the air gap between the
scintillation crystals. The scintillation crystal array using an air gap
between crystals was reported to collect 16% more light than the
scintillation crystal array using ESR film between the scintillation
crystals [18]. These studies demonstrated that the surface-
roughened configuration and the light-sharing method could
improve the transport and collection of scintillation light by
reducing the travel time of photons and scintillation light loss by
decreasing multiple reflections within the crystal. However, the
results in the reported studies used a single scintillation crystal or a
PET detector block consisting of a few large scintillation crystals. To
determine the optimal scintillation crystal array design for brain
PET by optimizing the optical reflection configurations, a compar-
ative evaluation at the level of the detector-block could be applied
to dedicated brain PET.

In this study, four different crystal arrays with different surface
treatments and reflective materials were fabricated to evaluate the
CRT and light-output performance. All designs consisted of 8 � 8
pixelated scintillation crystals to investigate the effect of optical
properties and the surface conditions at the level of the detector-
block. The results of this study will be employed to develop a
dedicated brain PET system having about 200 ps of timing resolu-
tion and about 2.0 mm of spatial resolution at center of FOV.
2. Materials and methods

2.1. Optical scintillation crystal array designs

Four different crystal arrays with different optical conditions
such as surface treatment and reflective materials were fabricated
(Crystal Photonics, Inc., Sanford, Florida) as illustrated in Fig. 1. The
active area of MPPC (3.0 � 3.0 mm2) was slightly smaller than the
cross section of a crystal (3.11 � 3.11 mm2 or 3.19 � 3.19 mm2) to
increase the sensitivity of the detector while minimizing the dead-
space by gaps among the crystal pixels. The crystal having a larger
cross-section than that of SiPM could achieve high photon detec-
tion efficiency while might degrade energy resolution and light
collection [19].

Design (1) was composed of an 8 � 8 array of LYSO:Ce pixels
which were mechanically polished by a diamond burr (500 grit)
[17]. The pixel size was 3.11� 3.11� 15mm3. All LYSO crystal pixels
were isolated by ESR film (specular reflector) and the outside of the
array was wrapped with ESR film.

Design (2) was composed of 8 � 8 LYSO:Ce pixels of
3.11 � 3.11 � 15 mm3. One of the four side surfaces was roughened
on 75% of its surface, and the other three sides were polished, as
shown in Fig. 1 and called “partly roughened one side” in this study.
All crystal pixels were isolated by ESR film, and the outside of the
array was wrapped by ESR film.

Design (3) was composed of 8 � 8 LYSO:Ce pixels of
3.11� 3.11� 15mm3. The entrance side (the direction of gamma-ray
incidence) was roughened while the other five surfaces were pol-
ished and called “roughened entrance surface” in this study. Four
sides of all crystal pixels werewrapped by ESR film, and the entrance
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surfacewas covered by Teflon tape (diffusive reflector). This reflector
configuration was called the “hybrid reflector” in this study.

Design (4)was composed of an 8� 8 LYSO (3.19� 3.19� 15mm3)
using the partly roughened one side (One of the four side surfaces
was roughened on 75%) and the air gap between the crystal pixels.
ESR filmwas wrapped on the outside of the array.
2.2. Experimental setup and data acquisition

Fig. 2 shows the experimental setup for CRT and light output
measurement. The distance between the two detector modules was
40 mm, and Na-22 was located in front of the reference detector to
increase the probability of detecting coincident events. Each de-
tector consisted of an 8 � 8 array MPPC (S13361-3050AE-08,
Hamamatsu, Japan) with a pixel size of 3.00� 3.00mm2 and a LYSO
crystal array with different designs. The reference detector was
fabricated with a 3 � 3 � 15 mm3 LSO:Ce scintillation crystal, with
all surfaces polished, wrapped with Teflon tape, and coupled to the
center pixel of the MPPC array.

Application specific integrated circuit (ASIC) evaluation board
(TOFPET2 ASIC, PETSYS, Portugal) were utilized to acquire and
measure the output signals of all MPPC channels. The ASIC consisted
of the pre-amplifiers, the channel trigger-circuit, the time-to-digital
converters (TDC) and charge-to-digital converters (QDC) on 64
channels [20,21]. The TDC was used to measure the arrival times of
scintillation photons and had a resolution of 30 ps with running
with a clock cycle of 200 MHz. The QDC could integrate the charges
up to 1500 pC to measure the energy values. The ASIC also provided
signal-gain adjustment and amplification, pulse discrimination, and
amplitudemeasurement. A low threshold voltage of 5mVwas set to
measure the arrival time of the scintillation photons on the single-
photon level. Baselines on all channels was adjusted during cali-
bration process to be ensured that the threshold of trigger-circuit
about all channels was equally adjusted [20]. The bias voltage of
the MPPC was set on 56.0 V (over-voltage: 3.0 V) at 23 �C [22]. The
mini-thermostat was used to maintain the temperature of the
photo-sensor. The experiments were repeated five times to examine
the reproducibility of the crystal array performance.

The intensity-center-of-gravity algorithm was used to calculate
the position of the events in Designs (4). The formula for an m � n
MPPC array is given by

X¼
Pm

i¼1
Pn

j wði; jÞ � Pi;j � jPm
i¼1

Pn
j¼1wði; jÞ � Pi;j

(1)

Y ¼
Pm

i¼1
Pn

j wði; jÞ � Pi;j � iPm
i¼1

Pn
j¼1wði; jÞ � Pi;j

(2)

wði; jÞ¼ Pi;j (3)

where X and Y were the calculated coordinates of a scintillation
event, and w(i, j) is the weighting factor equivalent to the intensity
of the detected scintillation light output of pixel ¼ Pi,j. The
intensity-center-of-gravity algorithm applied a weight factor
equivalent to the signal values themselves [23,24].

The CRTdet-det was calculated using the CRT of reference scin-
tillator (CRTref-ref), and that between detectormodule and reference
detector (CRTdet- ref) pair using the formula as given in [24e26].

CRTdet�det ¼
ffiffiffi
2

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CRT2det�ref �

�
CRTref�refffiffiffi

2
p

�2
s

(4)



Fig. 1. Crystal array schemes with different surface treatments and reflective materials. The roughened surfaces are indicated by hatched lines. The bottom surface of the crystal was
coupled to the photosensor.

Fig. 2. Experimental setup for CRT measurement. The array detector (MPPC coupled to LYSO array) was located on the left side and the reference detector (MPPC coupled to a single
LSO crystal) was located on the right side.
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Table 1
CRT of all crystal pixels and center pixel.

Design CRT(average of all pixels) CRT (center pixel)

Design (1) 282 ± 5 ps (1.00) 251 ± 6 ps (1.00)

Design (2) 259 ± 2 ps (0.92) 221 ± 5 ps (0.88)
Design (3) 237 ± 2 ps (0.84) 210 ± 6 ps (0.83)
Design (4) 362 ± 8 ps (1.28) 287 ± 11 ps (1.14)
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3. Results

3.1. Coincidence resolving time

Table 1 presents the average CRT and the CRT of the center pixel
in all scintillation crystal designs. The results in each design were
normalized to Design (1), which is typically used in conventional
PET detector blocks. Table 1 clearly shows the difference in CRT
obtained using the different optical conditions such as surface
treatment and reflector materials. Design (1) showed CRT of about
282 ± 5 ps FWHM. Design (2) and (3) showed improvements of 8%
and 16%, respectively, in the CRT compared to Design (1). Design (3)
showed the best average CRT (237 ± 2 ps FWHM) for all pixels and
the best CRT (210 ± 6 ps FWHM) for the center pixel. The CRT
measured using Design (2) showed 10% deterioration compared to
that of Design (3).

We evaluated the effect of different reflecting materials (ESR
film vs air gap) on the CRT by comparing Designs (2) and (4) con-
sisting of crystal pixels using partly roughened on one side. The
color maps in Fig. 3 show the CRT difference measured using the
two scintillation crystal arrays (Designs (2) and (4)). The average
CRT of Design (2) using ESR film was superior by 28% (¼103 ps
FWHM) to that of Design (4) using an air gap.
3.2. Light output

The light output of different scintillation crystal array designs
was evaluated by measuring the photo-peak position at 511 keV.
The light output of all crystal array designs was averaged and the
result is presented in Table 2. The highest light output was achieved
by Design (3), which increased the light output by 32% compared to
Design (1). The optical reflection configurations of Design (2) also
provided an 18% higher light output than Design (1) because of the
Fig. 3. Color maps showed the CRT of all scintillation crystal pixels of Designs (2) and (4). The
gap by 103 ps FWHM.
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favorite surface treatment. However, Design (2) provided 14% less
light output than Design (3).

We evaluated the effect of air-gap on light output by comparing
Designs (2) and (4) with the same surface treatment condition. The
light output of Design (4) using the air-gap was considerably lower
than that of Design (2). Fig. 4 shows the photo-peak (at 511 keV)
position map of all crystal arrays. We observed an average light loss
of 39% in Design (4) compared to Design (2). The light output of the
outside pixels of Design (4) was decreased by over 34% than that of
the center pixel.

3.3. Energy resolution

The energy resolutions of all crystal pixels are summarized in
Table 3. Designs (1), (2), and (3) provided similar energy resolution
performance, from 7% to 10%, whereas Designs (4) provided low
energy resolution, from 12 to 13%. Fig. 5 shows the energy resolu-
tion map for all pixels of Designs (2) and (4) with the same surface
treatment condition. The crystal array using the air gap provided a
lower energy resolution than the one using ESR film, and the en-
ergy resolution deteriorated in the outside crystal pixels compared
to the center crystal pixels because of increased light loss.

4. Discussion

In this study, the effect of the optical reflection configurations of
pixelated scintillation crystals on the CRT was assessed by
comparing various LYSO crystal arrays for a dedicated brain PET.
The partly roughened surface of Designs (2) and (3) improved the
CRT compared to Design (1) with all polished surfaces because it
could minimize the light transit time in the scintillation crystal. The
results of this study showed a similar trend to those previous study
which reported that the partly roughened surface provided better
CRT than the polished surfaces [16].

Design (3) showed a better CRT (14%) than Design (2) due to the
structural advantages of the hybrid reflector. The Teflon-tape
covering on the entrance surface could minimize loose adhesion
caused by the gap in the crystal edge [27]. This reflector combi-
nation was able to improve the CRT by increasing the light output
due to these structural advantages as shown in Fig. 6.

The hybrid reflector in Design (3) was designed by focusing on
improvement of the reflectance probability on the entrance surface.
Reflectance probability was different as function of incidence
average CRT of Design (2) using ESR filmwas superior to that of Design (4) using an air



Table 2
Average light output of all pixels and light output of the center pixel.

Designs Light output (Average of
all pixels)

Light output (Center
pixel)

Design (1) 264 ± 2 (1.00) 279 ± 4 (1.00)
Design (2) 312 ± 2 (1.18) 320 ± 3 (1.15)
Design (3) 349 ± 1 (1.32) 357 ± 3 (1.28)
Design (4) 193 ± 3 (0.73) 214 ± 6 (0.77)

Table 3
Average energy resolutions of all crystal pixels and that of the center pixel.

Design Average energy resolution (%) of all
crystal pixels

Energy resolution (%) of the
center pixel

Design
(1)

9 8

Design
(2)

9 10

Design
(3)

8 7

Design
(4)

13 12
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angles for roughed or polished surface. Teflon showed higher
reflectivity and lower transmittance than ESR (using grease) for
rough surface and the rough surface coupled with Teflon showed
large difference of reflectivity as compared with the chemically
etched and the mechanically polished [27,28]. In addition, the
entrance-surface roughing was the best selection satisfying the
timing performance as well as the cost-effectiveness and produc-
tivity [17]. The roughened entrance surface covered with Teflon-
tape having diffusive reflectivity provided the better light output
in this study than partly roughened one side surfaces covered with
ESR film with specular reflectivity because Teflon-tape on the
roughened entrance surface reduced the number of photons trap-
ped in the crystal, increasing the reflectance probability toward the
MPPCs. The diffusive reflector on the roughened surface increased
the reflection probability of low incidence angles compared to the
ESR-film on the roughened surface, as reported in previous studies
[17,28,29]. Therefore, the hybrid reflector in Design (3) was able to
provide the best light collection efficiency among the various
Fig. 4. Photo-peak position map of all
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crystal array designs due to these structural and optical advantages.
Design (4) using the air-gap provided lower light output than

Designs (1), (2), and (3). The scintillation light splitting to adjacent
MPPCs could reach the dead-space which was the gap of 0.2 mm
between the MPPCs causing scintillation light loss. In addition, the
light output might decrease because the light transmission path
length was increased by expanding the size of the scintillation
crystal array block with air-gaps between the scintillation crystals.
However, the crystal arrays using reflectors collected more scin-
tillation light by reducing the possibility of reaching the dead space
and by decreasing the transmission path length, although a little
scintillation light could be reduced by trapping in a crystal [29,30].
The light loss also caused the deterioration of the energy resolution
measured in Design (4), as shown in Table 3 and Fig. 6. The CRT
crystal pixels in Designs (1) to (4).



Fig. 5. Energy resolution map of 64 crystal pixels in Designs (2) and (4). Designs (1) and (2) are not presented in this figure, because the energy resolution of Design (2) was similar
to that of Designs (1) and (3).

Fig. 6. Different cases for reflector application to the crystal. The hybrid reflector in Design (3) minimized the light loss due to the gap between the edge of the ESR-film.
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measured using Design (4) was considerably deteriorated because
of the low light output. The scintillation photons could be absorbed
or lost by passing through many crystal pixels and air-gaps. These
results showed different trends than those of the previous study
because the PET detector in the reported study utilized a detector
block consisting of a few crystal pixels and an SiPM with a large
active area [18].
5. Conclusion

The results of this study focusing on the optical reflection con-
figurations of pixelated crystal arrays provided a method for
improving the light output and CRT of scintillation crystal-based
brain TOF PET detectors. The crystal array design using a rough-
ened entrance surface with a hybrid reflector was proposed and
demonstrated an excellent timing resolution of 210 ps FWHM,
which improved the SNR of brain PET images by 2.5 times
compared to non-TOF PET images. In addition, the proposed
method could decrease the production cost with a good CRT
because the manufacturing process of roughening the entrance
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surface is relatively simple compared to partly roughening one side.
Therefore, we concluded that the optical configuration of Design (3)
might be an attractive detector design for TOF brain PET system
requiring fast timing performance.
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