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ABSTRACT. We report the development of a monolithic MPPC array, witichsists of %3 mn?
elements arranged as a4 array manufactured by Hamamatsu applicable to next gemeRET
scanners. We show that the MPPC is suitable for time of flight Bpplications by simple mea-
surement using coincident back-to-back 511 keV gamma rees.demonstrated that the MPPC
has much better timing resolution ef 600 ps than the APD. We coupled the monolithic MPPC
array with the Ce:LYSO and Pr:LUAG scintillator matricesgasnma-ray detectors. The energy
resolutions were evaluated as14% with 662 keV gamma-rays and the Ce:LYSO achieved the
best. We also used a resistor network readout circuit withesoptimization. The averaged posi-
tional resolution is estimated as0.27 mm in bothx andy directions, while the energy resolution
of each pixel was 9.9% for 662 keV gamma rays. Finally we @&gplhe GHz class fast sampling
waveform acquisition system to improve performance, amdatestrated efficient noise reduction
by the clear detection of 22 keV gamma rays.
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1 Introduction

Positron emission tomography (PET) is a well-establistwedtional imaging method for detection
and diagnosis of cancers and Alzheimer’s in their earlyestdtj. Currently, the PET combined
with computed tomography (CT) has become more common astammodhlity imaging deviceZ],

as it provides an improved insight into the spatial and terapioterrelations between functional
and anatomical images. The CT imaging suffers from poort&stie contrast with patients also
subjected to a significant radiation dose that exceedsebaived from the PET itself, while Mag-
netic Resonance Imaging (MRI) offers excellent soft-&ssantrast and anatomical detail without
the additional radiation. Many advantageous aspects of-RERI are now being proposed and
testing of their prototypes is underway e.@], fhough there are several problems to be solved. A
Photo-Multiplier Tube (PMT) incorporated in conventiofdt T scanners does not work within the
MRI high Magnetic field, and the spatial resolution attalealith a PMT-based PET is far from
the theoretical limit of PET resolution due to its bulky voila. Recently various PET modules
utilizing an avalanche photodiode (APD) which is a compaehisonductor photo-detector have
successfully demonstrated the potential for simultanddR&PET imaging f] as well as ultimate
sub-millimeter spatial resolution$][ even though the APDs are easily affected by electric noise
due to the relatively low avalanche gain (typicailyl00).

Multi-Pixel Photon Counter (MPPC), also known as a Silicdwf®-Multiplier (SiPM), has
been eventually developed as a compact, high performande@eductor photodetector consisting
of multiple minute Geiger-mode APD pixels arranged as aredlisional array. Its operating prin-
ciples and basic performance are introducedsin The MPPC has many advantages like APDs,
such as insensitivity to magnetic fields, effective timehatson and compactness. In addition, it is
operated in Geiger-mode, meaning its gain may be almost ambfe to that of PMTs at up to the



10°6 level. Despite its superior advantages, however, it alscshaeral weak points compared to
traditional PMTs and APDs. For instance, the dynamic raffgeeoMPPC is limited by the num-
ber of Geiger-mode APD pixels comprised in the device. Edi¢helatter is subject to dead time
(typically measured in tens of ns) once the Geiger-disehaas triggered, during which multiple
photons entering a single pixel cannot be counted, reguhia non-linear response to the number
of incident photons. Another problem is that thermal etawiralso trigger a Geiger-discharge,
resulting in substantial contamination of dark countsidgily amounting to 3 Mcps for 83 mn?
MPPCs (whose Geiger-mode APDs are arranged with a pitch ofrd0measured at25°C [7].
Nevertheless, its great advantages make MPPC one of thiepide®-sensors for MRI-PET and
also for Time Of Flight (ToF) applications e.g8][

There is also a wide-ranging choice of scintillators to beduis the PET scanner. The most
popular scintillator at present is Ce-doped($i04)O (Ce:LSO) or Ce-doped (Lu,¥(SiO4)0O
(Ce:LYSO) B, both of which feature high light yield (75% of Tl:Nal), shicscintillation decay
time (40 ns) and high density (7.4 g/€ngreater than BGO (7.1 g/cih Alternatively, brand-new
scintillators with high light output and/or fast timing grerties are being tested, especially for
future applications in ToF-PET scanners. Pr-dopedAlsO;, (Pr:LUAG) is one such scintilla-
tor characterized by a very fast decay time (20 ns) and gaid Yiield (53% of Tl:Nal) [LO, 11].
Since standard APDs have poor quantum efficiency at its Spagtral peak around 310 nm, ded-
icated UV-enhanced APD arrays have been specifically deedlto readout the Pr:LUAG scintil-
lators [L2].

Currently, the development of a high-resolution MRI-PEGFFIPET technique utilizing the
newly designed MPPC array is underway. We have developede-éaea, monolithic 44 MPPC
array and reported its performance as a gamma-ray detemipled with Ce:LYSO and Pr:LUAG
matrices 3] and this paper. The advantage of using MPPC monolithicyasriamstead of single
MPPC devices assembled togeth#d][ is that we can easily achieve good uniformity over the
pixels of gain, PDE and dark counts. Moreover, the gap batvezeh pixel can be minimized,
thereby improving the effective area of the MPPC arrays aka@ev

This paper is organized as follows. In sect®ywe present a comparison of timing resolution
between APDs and MPPCs in order to prove that MPPCs arevediauitable for ToF applica-
tion. In section3, we present the basic characteristics of a large-area iitfluinat x4 MPPC array
developed. Subsequently we combined the MPPC array witbuspixelized scintillator arrays
as a probe of the compact gamma-ray imager, and tested th&aspepic performance of the
stacked detectors. In sectidnwe applied a resistor network readout circuit to reducentivaber
of readouts and demonstrated successful event recolnstisicif incident positions and energies
for gamma rays. In sectioB, in order to improve the energy resolution and lower the ggner
threshold, we employed a data acquisition system with asfage form digitizer chip. The initial
spectroscopic performance is presented using a singleeatedPPC. Finally the conclusions are
presented in sectiod.

2 Comparison of the time of flight resolution

Time of flight (ToF) information between back-to-back gammags can constrain the location of
the 511 keV gamma rays meaning an improved signal-to-naise could be expected in obtained
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Figure 1. Timing spectra measured with the annihilation quanta feofdNa source. The broader and
thinner distribution is derived from measurement with ARIDsl MPPCs, respectively.

images. Semiconductor devices could be potential aliggsato current TOF-PET scanners using
PMTs. In this section we present a comparison between APB$HPCs for timing resolutions
using back-to-back 511 keV gamma rays &t@0Two pairs of APDs and MPPCs are prepared both
of which are optically coupled with ax33x10 mn? Ce:LYSO scintillator using silicone optical
grease (OKEN 6262A). The APDs used were the S8664 seriesdiatsu) with the 83 mn?
type operated at a gain of 50, while the MPPCs were singlergianodels S10362-33-050C
(Hamamatsu), consisting of 3600 Geiger-mode APDs gfisOpixels. The operated gain of the
MPPC here was ¢ 10°. A ?°Na source was placed in the middle between the two sciwiillat
elements. Each of the signals from the APDs was fed into ehsegsitive amplifiers (Clear Pulse
CP580), while the those from the MPPCs were not connectedytamplifies. One of the signals,
through a constant fraction discriminator, triggered aetito analog converter (TAC) while the
other with fixed delay, was used for the stop signal to the TRiGure 1 shows the timing spectra
obtained for the APDs and MPPCs. It is apparent that the MP&(bRktter timing resolution by
almost a factor of 10, where the FWHMSs are 5300 and 634 ps éoABD and MPPC, respectively.
The APD itself has a nice timing resolution of wellunder 1whkich is confirmed by a synchrotron
X-ray beam experimentd]. Due to the moderate gain of 50-100, however, the APDs away



Figure 2. A picture of the MPPC array.

require charge sensitive amplifiers that critically linfiettiming resolution, when the APD is used
as a scintillation detector. Conversely, the MPPC can watttaut amplifiers (or sometimes with a
fast current amplifier) since its high gain generates nuoseoharges. Therefore the development
of an MPPC-based PET detector is highly motivated in ordeacmomplish advanced ToF-PET
scanners with semiconductor photo-sensors.

3 Performances of the MPPC array and the scintillator matrices

3.1 4x4 MPPC array

The large-area monolithic MPPC array described here wasfaadly designed and developed
for future applications in nuclear medicine (e.g., PET seas ) by Hamamatsu Photonics K.K.
The MPPC array consists of a4 array of individual 33 mn? pixels and a 0.2 mm gap between
them. Each pixel comprises 860 Geiger-mode APDs arranged with a pitch of 50 mm. The
MPPC array tested here is placed on a printed wiring board&Ppsickage 25.0 by 21.0 nfand

2.7 mm thick, and using conventional epoxy resin as an ecgrasndow (figure?). All 4 x4 pixels
have a common cathode through which the positive bias wlisgupplied, whilst signals from
individual anodes can be read through the signal pins gadiegrthe bottom-side of the PWB. The



Table 1. Specification of the MPPC array atZ%

Parameters Numbers
Number of elements 164 x 4)
Active area/channel (mf) 3x3

Size of a Geiger mode APuM?) 50x 50
Typical photon detection efficiency (%) 50
Terminal capacitance/channel (pF) 320
Operation voltage (V) 73:00.12
Gain 75x 10°
Typical dark current/channeliA) 3

Table 2. Characteristics of the scintillators

Ce.LYSO Pr:LUAG
Density (g cn®) 7.10 6.73
Light yield (photon/MeV) 25x 10* 2.0x 10*
Decay time (ns) 40 20
Peak wavelength (ns) 420 310

dark count of each MPPC pixel {8 mn?) is typically 2 MHz at the 1 p.e. level threshold with a
gain of 7.5<10° measured at“. This amount of the dark count is relatively large, sineeatray
we tested was produced in early stages. We've already caditire dark count is suppressed as
low as~ 400 kHz even at 2T in the latest products. Hereafter all the measurementssipaper
were conducted at°C to reduce the contamination of dark counts. Other basitactexistics of
the MPPC array are summarized in tahle

The gain characteristic of eactx4 MPPC pixel was measured as a function of bias voltage,
using a weak blue light (465 nm) of a light emitting diode (LEDhe charges generated by the
MPPC were estimated from the single photoelectron peaknghawmhich was individually taken
with charge-sensitive ADC (HOSHIN V005; hereafter CSAD@&giathe amplification by a factor
of 100. The result shows generally good linearity betwee® @dd 71.9V, corresponding to the
measured gain of 4-10x 10°. The gain measured at a bias voltage of 71.9 V varies &7l %
over 4x4 MPPC pixels, where the average gain was 2.88. The array has turned out to have
quite good uniformity. More details of the characteristiedées are described i1 ).

3.2 Performances with pixelized scintillators

In our experiments, Ce:LYSO and Pr:LUAG were chosen to beleduwith the MPPC array
described above. The basic parameters of Ce:LYSO and P&larA summarized in tabl The
peak wavelength of Ce:LYSO favors MPPC because the latgrisitive within the range 350—
650 nm p]. In this sense, a UV light emission of Pr:LUAG, peaking a Bin,is not favorable but
its short decay time (20 ns) is particularly noteworthy aplemented in future ToF-PET scanners
(see sectiorl) and also beneficial for MPPC to effectively reduce dark ¢suwvithin a narrower
coincidence window. We therefore fabricated another sayip:LUAG(WLS), which was coated
with a wavelength shifter layer of 20m that converts the 310 nm scintillation light of the Pr:LUAG



Figure 3. A picture of the scintillator matrices used with the MPP@agr (From left to right: Ce:LYSO,
Pr:LUAG, Pr:LUAG(WLS)). The gaps between each element bee fiy BaSQ as a reflector.

to 420 nm light. These scintillator matrices were fabridatehave geometries precisely matching
the MPPC array, namely, a4 array of 3<3x10 mn? pixels, and a 0.2 mm gap between them.
Each scintillator pixel is divided with a reflective Baglayer of 0.2 mm thickness. FiguBshows

a picture of the 44 matrices consisting of Ce:LYSO(right), Pr:LUAG(centand Pr:LUAG(WLS)
(right). The optical grease was used between the sciwotillaatrices and the surface of the MPPC
array as well.

The performance of the MPPC array coupled with these pe@ligcintillators was evalu-
ated by the energy spectra of#Cs source. Here we corrected non-linear response to irtciden
gamma-ray energy, since the MPPCs has limited countingeafig to large number of photons
as described in sectioh As discussed in detail in literature (e.glp]), the relation is well rep-
resented by a simple function of the form ADD) = a1 — exp(—bE(keV)/a)], where ADC (ch)
is a measured channel of the CSADE(keV) is the energy of gamma rays, aag are fitting
constants. This calibration was conducted using sevenalskof gamma-ray source and the pa-
rameters were also decided; covering 59.5 to 1275 ke¥*bym, °’Co, 1%3Ba, ?°Na, and**'Cs
sources. Eventually we obtained energy spectfd’@fs source for all channels for each scintillator
matrices. The average values of energy resolutions for@Re &V photoelectric peak measured
with Ce:LYSO, Pr:LUAG, and Pr:LUAG (WLS) matrices were 1%.814.7%, and 14.0%(FWHM),
respectively, where the energy resolution variations ajtbe 16 pixels were:12.5%, +4.8%,
and+8.4%, respectively. Finally a direct comparison of outputrgka from the MPPC array was
made for different scintillators. It was clear that the auttpharge from the MPPC array with the
Pr:LUAG(WLS) matrix was about 30% larger than that of the.BAG matrix as expected.

4 Charge division readout

When our detectors are integrated as a complete PET scdhadarge number of channels is
likely to be problematic. Since larger readout electromins required, along with the number of
detector channels, costs, power consumption and equipsimntvould all diverge. In response,
a resistor network technique is well established, esggdial multi-anode PMTs having several
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Figure 4. A schematic diagram of the resistor network. The blackle&recepresent the positions of the
MPPC array anodes. Boxes filled with black and gray show trengement of the resistor grouBg and
Ry (see also the text). The four readout points are indicatesl(by= 1,2,3,4) .

tens of anodes. A similar method was applied for the MPP§acomfiguration of which is shown
in figure4. In this paper, we used a ladder-like network where we defiinedrouping of resistors
in x andy directions asR, andRy, respectively. There is a huge degree of freedom in the ohmic
values of individual resistors and means of connectioncéeme conducted optimizations of the
resistor values from the perspective of positional regmiias discussed later in this section. Here,
we applied 51 and 10Q for R, andRy, respectively. We first present a successfully reconsiduct
flood image in figuré (top), which was produced as follows. THECs source was exposed to the
detector at 0C consisting of the LY SO scintillator matrix and the MPPGagiwith a bias voltage of
71.9V as well as the other measurements reported in thig.péfeehave four readout channels for
these 16 anodes. Each signal is led to the linear fan-in fmodule and separated into two lines.
One is connected to the CSADC and the other is summed ovelifiegrto generate a trigger with
the discriminator. The andy positions of interaction are calculated by the followingiatipns of
X=(S-S+S-9)/(S+S+S+S) andy = (S + S-S %)/ (S +S+S+S), where§

is the recorded charge from the channel as indicated in fifjuBabsequently we obtain the flood
image (figureb (top)) where all the pixels are nicely resolved. Althougé tluter pixels tend to be
broader peaks, no confusion is recognized. We also extragirbjections of the bottom row and
the left column in figurés (bottom). Subsequently the reconstructed position idraied to match
the real detector dimension, whereupon a positional résalis evaluated. We fit the Gaussian
to each peak in one dimensional profiles like figbrébottom) and then obtained the averaged
FWHM in bothx andy directions gy andagy) as 0.27 and 0.26 mm, respectively. We could also
extract energy spectra from all pixels by selecting everasirad the corresponding peak in the
flood image. Figur® presents thé3’Cs gamma-ray spectra after the linearity correction desdri

in section3. The averaged energy resolution is 9.9% (FWHM) with thissteg network readout,
which is better than with the discrete readout system useédtion3. This is probably because
the resistor chain readout could collect the charges traghesven by leaking scintillation photons
to neighboring pixels. The greater the charges involvetyjrably, the better the energy resolution.

As mentioned above, there are too many degrees of freedohe iresistor parameters. We

tried just 3 criteria withR, andR, to minimize the averaged position resolutian,= /02 + af.
First we change®, = Ry, the result of which is shown in figurg(left). The larger ohmic value
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Figure 5. (Top) The flood field image of #’Cs source irradiation without energy cuts. (Middle) A count
profile in the X-direction from the bottom row in the flood ineg(Bottom) The same as above but in the
Y-direction from the left column in the flood image.

seems preferable. Second we fi¥gd= 39 Q and searched for the belRf as presented in figurg
(middle). In this plotR, = 82 Q was the best, despite possible fluctuation. This result maigate
the optimal combination d®, andR, asRx/Ry~ 1/2. Finally we scanne&, with the R,/R, ratio
fixed at 1/2 as shown in figuré(right). We confirmed thatR,, Ry) = (51 Q,100Q) was optimal
among the data sets we had, though better solutions mayasto e

5 Waveform acquisition

A number of dark counts is an outstanding problem for a di@titin detector utilizing MPPCs
as discussed. Waveform sampling in the GHz range will not enkble us to eliminate the con-
tamination of the dark counts but also enable pulse shaperdigation, which is applicable for
depth-of-interaction PET detectors with fast scintilfate.g., L6, 17]. Although conventional de-
vices such as flash ADCs have been capable of realizing fasferan digitizers, the rising cost
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and power consumption is inevitably a major concern forauimvolving high channel densities
like PET scanners. As a solution, a switched capacitor afngyis alternatively becoming a popu-
lar device. The Domino Ring Sampler 4 (DRS4§][ is one such analog ASIC, which is designed
for flexible usage in wide-ranging experimental fields. DR®plements 8+1 channels opera-
tional up to 6 Gsamples/s and at quite low power consumptWégmemployed the DRS4 evaluation
board [L8] and operated at a sampling rate of 1 GHz. Aiming to deterrttireepotential of this
approach, here we used a B type single channel MPPC ofx® mn? in combination with a
LYSO crystal of 3x 3x 10 mn?. The MPPC is operated at a gain 0% 10° at 20°C, whereupon
the signal is fed into a fast current amplifier (Philippes 49&nd then simply divided by a linear
fan-in/fan-out module. One of the analog signals is coreteth the DRS4 board and the other is
discriminated to generate a trigger to the DRS4.

To improve the energy resolution and effective energy tioles we applied a recursive digital
filter to improve the signal-to-noise ratio as follows. UsiRast Fourier Transformation, we first
produced frequency spectra from waveforms obtained insoaith and without thé3’Cs source
where we found the gamma-ray triggered signals occupieftéhaency space ¢£100 MHz. The
digital filter is described agi] = ay[i — 1]+ (1— a)x[i], wherex[i] andy][i] are the raw and filtered
pulse heights for theth data point, andr is a parameter. This filter works as a low-pass filter so
that we decided that had a cutoff frequency of 100 MHz. Eventually we obtainedwlaeeform
processed by this filter as presented in fig8reén which we also see several intringizdecay
signals derived from the radio-isotopes of Lu containedhaltY SO crystal. We could extract the
pulse height spectrum from this data, as shown in fi@umehich demonstrates the spectroscopic
capability as low as we can fully recognize the 32 keV line.

—10 -
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Figure 9. Pulse height spectrum &t’Cs extracted from the filtered waveforms.

When we use the CSADC, we set the gate width as long as the maxjmlses sufficiently
enclosed. However this width is too long for pulses triggdrg gamma-rays with less energy. Now
that we have the waveform information, we could integrag@aiis over a certain time window like
the CSADC, dynamically varying the integration width alomigh pulse heights. Starting with the
digital filtered waveform, we integrated the signal voltsgering the pulse over a threshold which
we defined as twice as high as the background level deviatilagperformed a direct comparison
of charge spectra calculated with the fixed gate (like the BSPand the dynamic gate width, using
a'%Ccd source. The result is presented in figil@ewhere the 22 keV peak is clearly identified with
the variable gate method. The waveform acquisition andlddtanalysis has been successfully
proved as a powerful method for noise reduction. We note ith#ltis analysis the fixed gate
width is optimized for 88 keV peak events hence no signifidaamrovement in energy resolution
is recognized in figurd0. We think a more apparent difference will appear when we oreaa
wider energy range, for instance, witNa and'°°Cd sources simultaneously.

6 Discussion and conclusion

In this paper, we first presented the excellent timing peréorce of the MPPCs in comparison to
the APDs. The results of our experiment clearly show that RI®Rave promising applicability
for TOF-PET scanners. A commercially available ToF-PETheea (Phillips) recently achieved
~ 500 ps, which is slightly better than our presented resutiwéier, we have already achieved
comparable or better timing performance using recent ptsdof MPPC arraysl9] and a dedi-
cated LSI RQ] in the laboratory.

We also described the performance of a large-area mormltRIPC array newly developed by
Hamamatsu Photonics K.K. for PET applications. This ar@ysists of 44 MPPCs of %3 mn?
pixels, with excellent uniformity of:=7.2% in gain variations over the pixels. We tested the per-
formance of the gamma-ray detector with the MPPC array arek thcintillator matrices. Based

—-11 -
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on the discrete readout system, the averaged FWHM energlutiens for 662 keV gamma rays
were 13.8, 14.7 and 14.0%, for Ce:LYSO, Pr.LUAG and Pr.LWAGES) matrices, respectively.
Although the Ce:LYSO matrix was the best due to the apprtpaission wavelength for the
MPPC, we preferred Pr:LUAG from the perspective of the beiteing resolution for TOF-PET
applications. Improving the quantum efficiency of MPPCsnmuad 300 nm is highly expected.
We also applied the resistor network readout system wheatipyxels were nicely resolved with
a typical position resolution of 0.3 mm. The energy resolutivas an average of 9.9% at 662 keV.
These results indicate the monolithic MPPC array could béulifor medical imaging sensors. Tar-
geting applications such as Dol-PET, we presented the pofitee waveform acquisition system
for the MPPC. Although a PET scanner uses only limited enexgges around 511 keV, in several
cases, the signal intensity could be much smaller than tlesepted in this paper. For example,
Yamamoto et al. (2010)1]7/] demonstrate the Dol-PET/MRI detector with the waveformac
sition, based on the differences in the decay time constdritse sensor head scintillators. The
system employs optical fibers between the scintillatodieshe MRI instruments and the MAPMT
outside, where the light intensities are suppressed bytarfat~ 10. In such cases, a lower energy
threshold is required in the application. We demonstratedibise reduction power with a single
MPPC element in combination with the Ce:LYSO, by the cledectioon of the 22 keV peak us-
ing the DRS4 evaluation board. Further studies are expdoteaisophisticated signal processing
system, which could also be applicable to other field expemis
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