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ABSTRACT

A PET system for small animals requires a small detector ring to obtain high-spatial resolution images.
However, when we use a relatively large size of photodetector such as a position-sensitive photo-
multiplier tube (PSPMT), the detector ring is arranged in a hexagonal- or octagonal-shape, and the PET
system has large gaps between the block detectors. The large gaps produce image distortion, and the
reconstruction algorithm is difficult. To solve these problems, we proposed to arrange two scintillator
blocks on one PSPMT using two angled optical fiber-based image guides. We could set two scintillator
blocks angled at 22.5° on a PSPMT so that these scintillator blocks are arranged in a nearly circular
(hexadecagonal) shape with eight developed block detectors. We used Gd,SiOs (GSO) scintillators with
Ce concentrations of 1.5 mol% (decay time: 39 ns) and 0.4 mol% (decay time: 63 ns). Sizes of these GSO
cells were 1.6 x2.4 x 7.0 mm> and 1.6 x 2.4 x 8.0 mm> for 1.5 mol% Ce and 0.4 mol% Ce, respectively.
These two types of GSO were arranged in an 11 x 15 matrix and optically coupled in the depth direction
to form a depth-of-interaction (DOI) detector. Two GSO blocks and two optical fiber-based image guides
were optically coupled to a 2-in. PSPMT (Hamamatsu Photonics H8500: 8 x 8 anodes). We measured the
performances of the block detector with Cs-137 gamma photons (662-keV). We could resolve almost all
pixels clearly in a two-dimensional position histogram. The average peak-to-valley ratios (P/Vs) of the
two-dimensional position histogram along profiles were 2.6 and 4.8 in horizontal and vertical directions,
respectively. The energy resolution was 28.4% full-width at half-maximum (FWHM). The pulse shape
spectra showed good separation with a P/V of 5.2. The developed block detector performed well and

shows promise for the development of high-sensitivity and high-spatial resolution PET systems.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Sensitivity and spatial resolution are important performance
aspects of a PET system. Sensitivity declines proportionately to the
diameter of the detector ring. Spatial resolution is deteriorated
with the ring diameter due to the angular deviation. When we use
“D" for a detector-ring diameter of a PET system, the angular
deviation around the center of the field-of-view (FOV) is repre-
sented by 0.0022 xD (mm) {1}. Therefore, the sensitivity and
spatial resolution are improved by using a small ring diameter. A
PET system for small animals especially requires a small detector
ring, and various PET systems have been developed thus far {2-181.
However, when we use a relatively large size of photodetector
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such as a position sensitive photomultiplier tube (PSPMT), the
detector ring is arranged in a hexagonal or octagonal shape, and
the PET system has large gaps between block detectors. The large
gaps produce image distortion in the reconstruction images, and
the reconstruction algorithm is difficult { 19,28}, We may be able to
develop a polygonal-shaped detector ring by increasing the
number of block detectors using specially ordered small-size
PSPMTs, but their cost is high, as well as the PET system’s.

We proposed a block detector that arranges two scintillator
blocks for one PSPMT using two angled optical fiber-based image
guides. This concept was adopted by the authors for a PET system
using a silicon photomultiplier (Si-PM) to achieve an ultrahigh-
resolution PET system {21! This time, we employed the concept
for a block detector using a large PSPMT. Using these block
detectors, we can arrange the scintillator blocks in a nearly circular
(hexadecagonal) shape with eight PSPMTs.
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2. Materials and methods
2.1. Configuration of block detector

2.1.1. Block detector

Fig, 1(A) shows a schematic diagram of the developed block
detector. Two scintillator blocks were arranged on one PSPMT
using two angled optical fiber-based image guides. The latter were
used to arrange the two scintillator blocks at 22.5° so that they
could be arranged in a hexadecagonal shape with eight block
detectors. In addition, twao scintillator blocks used two types of
scintillators with different decay times for phoswich configuration.
The scintillator converts incident radiation into scintillation light;
then the light is transferred to the PSPMT through the angled
optical fiber-based image guides while preserving the distribution
of the scintillation light.

GSO Scintillator
blocks

Angled optical fiber
based image guides

s PSPMT

{ i

Fig. 1. Schematic diagram of developed block detector,

Table 1
Major properties and dimensions of two types of GS0s used for block detector.

Upper layer GSO Lower layer GSO

Ce concentration (mol%) 15 04
Decay time (ns) 39 63
Size of pixel (mm) 1.6 x2.4 %70 1.6x2.4x8.0
(A) (B)

Table 1 summarized the major properties and dimensions of
the scintillators we used for our developed detector. The scintilla-
tors used were Gd;SiOs (GSO) with Ce concentrations of 1.5 mol%
(decay time: 39 ns) and 0.4 mol% (decay time: 63 ns). The decay
time was measured by optically coupling each GSO scintillator
(2.9 x 2.9 x 2.9 mm?®) to a 2-in. round PMT (Hamamatsu photonics,
H7195). Gamma photons from Cs-137 (662 keV) were irradiated
from the top of the each 2.9 mm height GSO, and the output
signals were fed to a digital oscilloscope (Yokogawa DLM2052:
maximum sampling rate 500 MHz, 2.5 GS/s) with a 50-ohm
resistor for termination. We plotted the data on a graph and using
fitting software to evaluate the decay times. The GSO pixel size
was 1.6 x 24 70mm° and 1.6 x 2.4 x 8.0 mm® for the upper
layer (1.5 mol% Ce) and lower layer (0.4 mol% Ce), respectively.
The length of scintillator of the lower layer was slightly longer
than that of the upper layer because the lower layer detects
smaller number of gamma photons than upper layer due to the
absorption of the gamma photons in the upper layer. All surfaces
of GSO scintillator were chemically etched. These two types of GSO
were arranged in an 11 x 15 matrix with a 0.1 mm BaSO, reflector
between the pixels and optically coupled in the depth direction
with a silicon rubber (Sin-etsu Silicone, KE-420) to form a depth-
of-interaction (DOI) detector (Fig. 2(A)). The thickness of the
silicon rubber was less than 0.1 mm so that the light loss from
the gap between two layers was negligible. The scintillator blocks
were covered with Teflon tape as a reflector. Two angled optical
fiber-based image guides were arranged between two GSO scin-
tillators and the PSPMT (Fig. 2(B)). The angled image guides were
made of 1-mm-square optical fibers (Kuraray, Japan) and optically
coupled to a 2-sq in. 8 x 8 anode PSPMT (H8500, Hamamatsu
Photonics, Japan). The image guide is made of optical fibers so that
the scintillation light does not spread in the image guides. We
show the assembled block detector in Fig. 2(C).

2.1.2. Detector ring
Fig. 3(A) shows a schematic diagram of the detector ring using
the developed block detectors. We could arrange the GSO blocks in

a nearly circular (hexadecagonal) shape with eight PSPMTs using

©

¢ GSO with 1.5mol% Ce
i. GSO with 0.4mol% Ce

Angled optical fiber
based image guides

PSPMT

Fig. 2. Developed block detector: dual-layer GSO blocks {A), angled image guides (B), and assembled block detector (C).
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the developed detector. Eight block detectors were arranged in a
95-mm-inner-diameter ring and the axial field-of-view (FOV) was
37.5 mm (¥ig. 3(B)). This detector ring is much closer to a circular
shape with smaller gaps between GSO blocks, and this simplifies
the reconstruction algorithm.

2.2. Performance measurements

We measured the performance of the block detector with Cs-
137 gamma photons (662-keV, 330-kBq) approximately 5 cm from
the block detector surface. The block detector used for the
performance measurements was the one of the block detectors
used for the PET system.

2.2.1. Two-dimensional position histogram

Two-dimensional position histogram was obtained by uniformly
irradiating 662-keV gamma photons from the Cs-137 source (330-
kBq) to the GSO scintillator blocks. The signals from the PSPMT
were summed for rows and columns by the weighted summing
amplifiers. The weighted signals were fed to 100-MHz analog-to-
digital (A-D) converters in the data acquisition system. We inte-
grated with two different integration times (partial integration
time: 160 ns and full integration time: 320 ns) and calculated the
ratio of these two integration to distinguish the dual-layer. The
digitally calculated position was accumulated in the memory and
transferred to a personal computer {22,232} The two-dimensional

(A)

-

histograms were calculated for upper and lower layers by the use of
the pulse shape discrimination. We also calculated the two-
dimensional histograms without pulse shape discrimination. We
evaluated the peak-to-valley ratios (P/Vs) from the profiles of the
two-dimensional position histogram in the horizontal (15 rows)
and vertical (11 columns x 2 blocks) directions of the GSO with
upper, lower layers and without pulse shape discrimination.

2.2.2. Energy resolution

The energy resolution was measured by all the pixels of the
block detector for with (330 energy spectra for upper layer and
330 energy spectra for lower layer) and without (330 energy
spectra) pulse shape discrimination respectively. We evaluated the
averages and standard deviation.

2.2.3. Pulse shape spectra

The DOI is discriminated using pulse shape analysis of the two
different decay times of GSOs. We used the dual integration
method for pulse shape analysis, in which the analog pulse shape
was digitally integrated with partial and full width of the decay of
the scintillation, and calculated the ratio to obtain the pulse shape
spectra | 24]. Peak-to-valley ratios (P/Vs) of the pulse shape spectra
were evaluated for all the pixels (330 pulse shape spectra).

Fig. 3. Schematic diagram of detector ring (A) and photo of developed hexadecagonal-shaped detector ring (B).

(A) (B)

(]

Ssiissieris]

Fig. 4. Two-dimensional position histogram of upper layer (A), lower layer (B) and without pulse shape discrimination (C).
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3. Results
3.1. Performance measurements

3.1.1. Two-dimensional position histogram

We show the two-dimensional position histogram of the upper
layer (GSO with 1.5 mol% Ce), lower layer (GSO with 0.4 mol¥% Ce)
and without pulse shape discrimination, in Fig. 4(A), (B) and (C),

respectively, We could clearly resolve almost all pixels in the block
detector for both with and without pulse-shape discrimination.
The average P/Vs of the profiles for the upper layer were 3.3 + 0.2
and 6.1 0.7 in horizontal and vertical directions, respectively, while
the average P/Vs of the profiles for the lower layer were 2.7 4+ 0.1 and
4.1 4+ 0.5 in horizontal and vertical directions, respectively. The average
P/Vs of the profiles without pulse-shape discrimination were 2.6 + 0.1
and 4.8 + 0.4 in horizontal and vertical directions, respectively. The P/V
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Fig. 5. P/V distributions of the position histograms as a function of G50 pixel positions for horizontal (A) and vertical directions (B).
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Fig. 6. Energy spectra of GSO with 1.5 mol% Ce (upper layer) (A), 0.4 mol% Ce
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Fig. 7. Energy resolution as a function of horizontal (A) and vertical (B) GSO pixel position of upper layer, lower layer and without pulse-shape discrimination.
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Fig. 8. Energy peak channel numbers as a function of horizontal (A) and vertical (B) GSO pixel
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