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ABSTRACT. We report the development of a high spatial resolution agestype coincidence
gamma-ray camera for medical imaging. This applicatiorsisis of large-area monolithic Multi-
Pixel Photon Counters (MPPCs) and submillimeter pixelegditillator matrices. The MPPC array
has 4x 4 channels with a three-side buttable, very compact packameypical operational gain of
7.5x 10° at +20°C, gain fluctuation over the entire MPPC device is o#l$.6%, and dark count
rates (as measured at the 1 p.e. level) amourt 460 kcps per channel. We selected Ce-doped
(Lu,Y)2(SiO4)O (Ce:LYSO) and a brand-new scintillator, Ce-dopecsAdGa;0;1, (Ce:GAGG)
due to their high light yield and density. To improve the sdatsolution, these scintillators were
fabricated into 15< 15 matrices of 0.5 0.5 mn¥ pixels. The Ce:LYSO and Ce:GAGG scintillator
matrices were assembled into phosphor sandwich (phoswitiectors, and then coupled to the
MPPC array along with an acrylic light guide measuring 1 mitkthand with summing operational
amplifiers that compile the signals into four position-ested analog outputs being used for signal
readout. Spatial resolution of 1.1 mm was achieved with thieciddence imaging system using a
22Na point source. These results suggest that the gamma-emgeisioffer excellent potential for
applications in high spatial medical imaging.

KEYWORDS. Intra-operative probes; Gamma camera, SPECT, PET PET&Ednary CT angiog-
raphy (CTA); Photon detectors for UV, visible and IR photdsslid-state) (PIN diodes, APDs,
Si-PMTs, G-APDs, CCDs, EBCCDs, EMCCDs etc)
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1 Introduction

Positron emission tomography (PET) imaging is a promisieghmod for investigating pathological
phenomena, detecting cancers in its early stages and diagndisease such as Alzheimery. [
Many advantageous aspects of PET combined with MagnetiorfRese Imaging (MRI) have be-
ing proposed (MRI-PET), and with prototypes now being tsie MRI produces an excellent
soft-tissue contrast and anatomical detail without adddi radiation 2-4]. For a long time, a
Photo-Multiplier Tube (PMT) has been used as a photodate€®ET scanners because they have
high gain, good timing property, temperature stability éowl cost. However, PMTs have several
disadvanteges such as sensitivity to magnetic field whistuidis their use within the high mag-
netic field of Magnetic Resonance Imaging (MRI). Moreoverldrge-size PMT-base PET not only
complicates use in narrow MRI tunnels but also limits thetispaesolution far from the theoret-
ical limits of PET resolution. Currently, semiconductoropbdetector-based high resolution PET
scanners have being proposed and tested as semiconductodg@ttor is compact and insensitive
to maginetic field.

On the other hand, gamma camera for positron-guide surgmrg heen proposed and at-
tempted §—7]. This application aimed to intraoperatively detect théiation emission § or/and
annihilation gamma-ray) from theF-fluorodeoxyglucose (FDG). It can not only detect the posi-
tions of cancers but also make sure that excised segmergicaatncers, so that cancers can be
completly removed from a patient. The coincidence methadadse suitable for this application
as it can reduce the gamma background effectiv@lly Ref. [9] proposed the tweezers type coin-
cidence camera, which consist of two detectors attachdukettiis of tweezers. The coincidence
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Figure 1. Photo of the 4< 4 MPPC array developed in this paper.

camera has high potential for detectitfff source, but the spatial resolution is few mm and its
large size make difficult to use in clinical practice. In artleimprove the spatial resolution and
minimize the application, the compact semiconductor pktetdor is suitable, as is the case for
PET scanners.

Multi-Pixel Photon Counter (MPPC), also known as a Silicdro®-Multiplier (SiPM), is a
high performance semiconductor photodetector consistingultiple Geiger-mode avalanche pho-
todiode (APD) pixels. The MPPC has many advantages suchmagamness and insensitivity to
magnetic fields. In addition, it is operated in Geiger-madeaning its gain may be almost com-
parable to that of PMTs at up to the®Q 1P level, resulting in good signal-to-noise (S/N) ratio

and excellent timing propertyl[]. These great advantages make the MPPC an ideal photosensor

for PET as well as for the coincidence gamma camera for jposguide surgery.

We previously developed and tested a monolithic, three-sidttable 4< 4 MPPC array
with submillimeter pixelized Ce-doped (Lu,XBi04)O (Ce:LYSO) and Ce-doped GAll ,Ga3012
(Ce:GAGG) scintillator matricesll]. In the position histograms, each scintillator pixel isally
resolved, suggesting the possibility of its use as a comaadtsubmillimeter high resolution
gamma-ray imaging application. Therefore, we fabricated @tested tweezers type coincidence
gamma-ray imager using the MPPC array and the submillinpxetized scintillators. Further-
more, we evaluated a spatial resolution of prototype gdotrg PET scanner.

This paper is organised as follows. In section 2, we presenbasic characters of the MPPC
array, and the Ce:LYSO and Ce:GAGG scintillators. In sec8pconfiguration and performance
of the tweezer type coincidence gamma-ray imager are givesection 4, we present the experi-
mental measurement of the prototype gantry for a PET scamherfinal conclusions are presented
in section 5.

2 MPPC and scintillators

21 4 x4 monolithic MPPC array

Figure 1 shows a picture of the monolithicx44 MPPC array 12] developed in this paper. The
MPPC array was designed and developed for future applitationuclear medicine (such as PET
scanners) by Hamamatsu Photonics K.K.. Each channel hastasghsitive area of 8 3 mn?
containing 60x 60 Geiger mode avalanche photodiodes (APDs) arranged vgitcta of 50 um.
The gap between each channel is only 0.2 mm thanks to the ittoastructure. The MPPC array



Table 1. Specification of the 4« 4 MPPC array at + 25 deg.

Parameters Specification
Number of elements [ch] 44
Effective active area/channel [mm] x33
Pixel size of a Geiger-mode APL{n] 50
Number of pixels /channel 3600
Typical photon detection efficientyA =440 nm) [%] 50
Typical dark count rates / channel [kcps] <400
Terminal capacitance / channel [pF] 320
Gain (at operation voltage) 7:610°

L Including cross-talk and after-pulse contributions.
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Figure 2. Left gain variation as a function of bias voltage for all pixeisrh 71.4 to 72.4 V, measured at
+20 degreesRight: gain distribution at the operation voltage of 72.01 V

is placed on a surface-mounted package measuring 14.3 6yri8, and fabricated into a three-
side buttable structure, that is, the distance from theqdeotsitive area to the edge of the package
is only 500um. An excellent gain uniformity+ 5.6%) (figure2) and very low dark count rates
(<400 kep, due to the 1 p.e. level) have been achieved at angaeegain of 7.5¢< 10°, measured
at +20 degrees. Tablelists the other basic characteristics of the MPPC array.

Also, the energy and time resolutions were obtained as#0.5% (FWHM at 662 keV pho-
toelectric peak) and 4938 22 ps (FWHM), respectively when the MPPC array were opiicatiu-
pled with a Ce:LYSO scintillator][1].

2.2 Scintillators

To fabricate gamma-ray imaging applications, we selected YCSSO and Ce:GAGG scintillators.
Ce:LYSO, which is one of the most popular scintillator atsema in medical imaging, has features
such as high light yield (75% of Tl:Nal), short scintillati@lecay time (40 nsec) and high density
(7.4 glcn?) greater than BpGe;Oo (BGO) (7.1 g/cmd) [13]. However, Ce:LYSO contains a
considerable amount of self radiation emitted froffLu. Alternatively, a brand-new scintillator,
Ce:GAGG also have very high light yield and short scintitadecay time, and it is noteworthy that



Table 2. Basic characteristics of the Ce:LYSO and Ce:GGAG scittlls.

Ce:LYSO Ce:GGAG
Density [g/cnd] 7.10 6.63
Light yield [photons/MeV] 25,000 46,000
Decay time [nsec] 40 88(91%) and 258(9%)
Peak wavelength [nm] 420 520
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Figure 3. Left photo of the 3« 3x 10 mn? Ce:LYSO and the Ce:GAGG scintillatorRight energy
spectra of3’Cs source. Red line and dashed black line represent the @@G#d Ce:LYSO, respectively.

Ce:GAGG has no self radiatiori4]. Table?2 lists the other basic characteristics of the Ce:LYSO
and the Ce:GAGG scintillators.

Figure 3 (right) shows'3’Cs spectra obtained by using a3 x 10 mn?® Ce:LYSO and
Ce:GAGG (figure3 (left)) crystals with a 5qum-type 3x 3 mn? MPPC (Hamamatsu:S10362-
33-050C), measured at +20 degrees. The MPPC was operateglgain of 7.5¢< 10°. Typically,
MPPCs are most sensitive within the range of 350-500 @B} [ In this sense, a emission of
the Ce:GAGG, peaking at 520 nm is not favorable, but the digigumnal from the MPPC with the
Ce:GAGG was about 21% larger than that of the Ce:LY SO duestbithh light yield of Ce:GAGG.
The energy resolution for the 662 keV photoelectric peakev@9% and 7.9% for the Ce:LYSO
and the Ce:GAGG after linearity correctiobd], respectively. Their high light yield should pro-
vide the better energy resolution, and moreover, goodapaolution when they are fabricated
in small pixels and read out by a charge division resistowagk [17].

3 Tweezerstypeimaging system

3.1 Setup

The tweezers type imaging system has two phosphor sandwias\ich) gamma-ray detector
blocks consisting of the MPPC arrays, Ce:LYSO and Ce:GAGiBator matrices. These scin-
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Figure 4. Left photos of the 15 15 of 0.5x 0.5 mn? Ce:LYSO (left side) and Ce:GAGG (right side)
matrices.Right configuration of the two-layer phoswich gamma-ray detebtock. The MPPC array, the
acrylic light guide, the Ce:LYSO and the Ce:GAGG scintdiamatrices are optically coupled each other.

Figure 5. Photo of the tweezer mounted a pair of MPPC arrays couplédtive 0.5x 0.5 mn? Ce:LYSO
and Ce:GAGG scintillator matrices.

tillator matrices are composed of ¥515 matrices of 0.5 0.5 mn? pixels optically separated
by BaSQ layer 0.1 mm thick (figuret (left)). The total size of the scintillator matrices are
9.7x 9.7x 5 mn?, and the configurations of each matrix is completely matchigte Ce:LYSO
matrix was coupled to the MPPC array with the acrylic lightdgul mm thick, which distributes
scintillator photons across multiple MPPC array chanreatsl the Ce:GAGG matrix was coupled
to the other side of the Ce:LYSO matrix (figude(right)). They are copuled each other by op-
tical grease. The detector block is capable of two-layertbep Interaction (Dol) measurement
by identifying in which scintillator matrices the event aced. Two detector blocks were then
attached on acrylic tongs, and form a tweezers type coincelgamma-ray imager (figu&.

Output signals from the MPPC arrays were fed into a coin@deDAQ system developed
by ESPEC TECHNO CORP. after compiled four position-encodedlog outputs (x direction;
X, and X_, y direction; Y, and Y_) by the summing operational amplifiers7] 18]. The com-
piled signals were digitized by a 100 M samples/s ADC (AD9BB3I-105), and then, processed
by field-programmable gate arrays (FPGAs). When the digighals were over the threshold
of digital comparator, the signals are integrated with tviffecknt integration time (130 ns and
320 ns). The positional distributions were calculated leyAlmger-logic; x = (X./(X . +X_)) and
y=(Y. /(Y. +Y_)), and the energy was delivered from the sum of four sigrifilse timing signals
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Figure 6. Flood images of 15 15 of 0.5x 0.5 mn? Ce:LYSO (eff) and Ce:GAGG Righi) scintillator
matrices with &3’Cs source.
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Figure 7. Example energy spectra for Ce:LYSOeft) and Ce:GAGG Righf) matrices, extracted from the
red square in figuré.

from the MPPC arrays coincidence were within the time-wimad 20 ns and their energies were
within the energy-window of 514 102.2 keV, the HIT address, timing and valid flag are stored in
a memory for use in creating list-mode data.

In a performance test,’dNa source (0.593 MBq at the measurement date) was placeddetw
the two detector blocks. THéNa source was contained within the central 0.25 pnegion and
could hence be regarded as a point source.

3.2 Reault

Figure 6 show flood image results obtained for 85 Ce:LYSO and Ce:GAGG scintillator
matrices individually coupled to the MPPC array and illuated with a'3’Cs source. Fig-
ure 7 show example energy spectra extracted from the flood images.energy resolutions for
662 keV, which were not corrected for non-linearity, were0%4 and 9.4% for Ce:LYSO and
Ce:GAGG, respectively.

Figure8 shows the signal corresponding to 511 keV photoelectriorption by the Ce:LYSO
and Ce:GAGG. The decay time of the signals, which includessttintillator decay time and the
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Figure 9. Left 2D energy plot. x and y axis represent the 130 ns and 320 ns &ia@nel, respectively.
Right 130 ns to 320 ns ADC channel ratio. Right peak and left pepiesent the Ce:GAGG and Ce:LYSO
events, respectively.

MPPC response, are approximately 70 ns and 150 ns for thé&/S@land the Ce:GAGG, respec-
tively. Figure9 (left) shows the 2D energy plot; x-axis and y-axis correspond ¢al®0 ns and
320 ns ADC channel, respectively. For the 130 ns integratiog, the signals of the Ce:LYSO is
same or a little bit larger than that of Ce:GAGG as shown inré@,while, for the 320 ns integra-
tion time, the signals of the Ce:GAGG is larger. As a reshl, évents of each scintillator can be
mostly separated in 2D energy plot. Fig@&ight) show the 130 ns to 320 ns ADC channel ratio.
If the Fast(130 ns)/Slow(320 ns) ratio is over 0.84, the tigregarded as as originating from the
Ce:LYSO, and conversely if the Fast/Slow ratio is under OtlBd event is regarded as a Ce:GAGG
event. FigurelO show the energy spectra after event selection, and eadillatin event can be
effectively distinguished.

Figure11 shows the sinogram produced by the list mode data. The twoaiction positions
in each coincidence event, which define the Lines of Resp(uwiR), were randomly determined
according to the uniform distribution within the hit pixel& simple backprojection1[9] was per-
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Figure 11. Left coincidence diagram constructed between two detectakbldRight schematic of the
backprojection process in plane view.
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formed with the intersection of the all LoRs at the plane i@lytlocated between the two detectors.
Figure12 shows the planar image of th&\a point source. The non-Dol image were reconstructed
assuming that the Ce:LYSO and the Ce:GAGG pixels were aespigel. When the Dol informa-
tion was applied, the spatial resolution were 1.1 mm (x dioey and 1.4 mm (y direction), which
was slightly better than the case of non-Dol (1.2mm (x dicegtand 1.5 mm (y direction)).

4 Prototype gantry for a PET scanner

4.1 Setup

We plan to fabricate a PET scanner using the MPPC arrays anfihh scintillator matrices. In
a preliminary performance test, two MPPC-based PET detectnsisting of the MPPC arrays,
0.5x 0.5 mn? Ce:LYSO and Ce:GAGG scintillator matrices described intisac3 were used.
The photo of the experimental setup is provided in figl@e The 0.25 mmy 22Na point source



4 450

D

3 400

(3]

2 350

N

300

1

250

(=)

200

Y position [mm]
Y position [mm]

'
-

150

100

2 -1 0 1 2 3 2 -1 0 1 2 3
X position [mm] X position [mm]

Figure 12. The reconstructed planar images applied non-DRefff and Dol Righ{) information.

Detector block1

X,0 stage

Figure 13. Experimental setup of the prototype system for a PET sganfike distance between two
detector blocks is 70 mm.

was located between the MPPC-based PET detectors, angit®pavas then flexibly controlled
by the X-stage and thé-stage (SGSP 80Y-AW, Sigma Koki), whose accuracy was<2l5~3
deg/pulse. Coincidence events were taken at ten sourcgopssby changing the rotation angle
(6) at 18 degree intervals from 0 to 162 degrees. At each stépydae taken for 10 minutes.

4.2 Result

Maximum Likelihood-Expectation Maximization (MLEM®2D] method was used to reconstruct
images. Figurd4 shows sinograms and the resultant reconstructed imagamettfor the center
and off-center (3.0 mm), respectively. The radial spatisofution was estimated at 0.91 and
0.94 mm for the center and 3.0 mm off-center, respectively.

5 Conclusion

In this work, we have developed high spatial resolution cidience gamma-ray cameras, which
have achieved-1 mm spatial resolutions. The gamma-ray cameras consigeaft 4 MPPC ar-
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rays and submillimeter pixelized scintillator matricehieIMPPC arrays have fine gain uniformity
of +£5.6% and very low dark count rates €f400 kcps as measured at +20 degrees. Moreover, its
compactness due to the monolithic and three-side buttahletsre is suited to compact medical
imaging devices. The 0.50.5 mn? Ce:LYSO and Ce:GAGG scintillator matrices were used for
phoswich detector. In the 2D energy plot, optical signatenfithe Ce:LYSO and the Ce:GAGG
can be effectively distinguished. The spatial resolutiori.& mm was achieved for the simple
planar image reconstruction when the Dol information wadia@. In the preliminary measure-
ment for a PET scanner, we used two detectors consistingedfifPPC arrays, the Ce:LYSO and
the Ce:GAGG scintillator matrices with changing the ratatangle. The radial spatial resolutions
of 0.91 mm (center) and 0.94 mm (3 mm off-center) were ackliék@m a MLEM reconstructed
images. These results suggest that a monolithic MPPC aogyled with submillimeter pixelized
Ce:LYSO and Ce:GAGG matrices could be promising as highiapasolution medical imag-
ing, and have encouraged us to develop MPPC-based modulesefan submillimeter resolution
PET scanners.
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