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Pulse shape, dark counts, photon-detection efficiency, cross talks were identified as critical
factors affecting timing resolution after an extensive measurement of solid-state
photomultipliers (SSPM) for time-of-flight PET. Among those factors, pulse shape has been
investigated through a SPICE simulation, and the measurement of single photoelectron and
511keV gamma ray pulses. First, we showed that, due to the long recovery tail in a single
photon pulse, the risetime of 511keV gamma ray pulse from LYSO/MPPC is much slower than
the one of PMT. Second, we showed that the parasitic quenching capacitance of the quenching
resistor could play an important role in supplying a quick charge in the avalanche process and
improve the single photon pulse shape. Third, by changing the parasitic quenching capacitance,
we showed that it could be used to improve the risetime of 511keV gamma ray pulse that is
directly related to the timing performance of SSPM.
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1.Introduction

The detector development for time-of-flight (TOF) Positron Emission Tomography (PET)
has been recently intensified due to new advances on both scintillators and photosensors. Faster
or higher light output scintillators provide more photons per unit time in the rising edge of the
signal pulse[1]. Also, higher quantum efficiency photosensors produce more photoelectrons
from a given number of incident photons[2,3]. The increased number of photoelectrons reduces
statistical fluctuation and improve the coincidence timing resolution in a PET detector.
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Fig. 1 Coincidence Timing Resolutions of two detectors (each made of a 3x3x10mm’ LYSO crystal on a
3x3mm” area, 50micron pitch MPPC) shown as a function of bias voltage. A leading edge discriminator
was used for the timing pick-off with the threshold set to 1.5% of 511 keV pulse height.

We have been investigating, as a photosensor for TOF PET, the recently available Geiger-
mode multi-pixel avalanche photodiode, also known as Solid State Photomultipliers (SSPM).
Their advantages are high gain and high photon detection efficiency (PDE) as well as
compactness and magnetic field immunity. While the internal gain is similar to vacuum
photomultipliers (PMT), the higher PDE is expected to improve the timing resolution compared
to a PMT by a relative factor of
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where PDEgspy and PDEpyr are the PDE for SSPM and PMT respectively. However, we found
that the best coincidence timing resolution of 240ps (FWHM) measured with a 3x3x10mm’
LYSO crystal on a Multi-Pixel Photon Counter (MPPC) with an area of 3x3mm’ and 50 micron
pitch was not better than 220ps (FWHM) timing resolution measured on a fast timing PMT
(Hamamatsu H6533) even though PDEyppc and PDEpyr were 40% and 25% respectively. Fig.
1 shows the measured timing resolution as a function of MPPC bias voltage and more details

were reported in reference [4]. Possible factors causing this discrepancy are: a higher rate of
dark counts in MPPC, difference in pulse shape between PMT and MPPC, cross-talks among
MPPC micro-cells and higher electrical noise from the larger capacitance of the MPPC were
identified as the possible causes.

In this paper, we investigate the pulse shape of single photons in MPPC using SPICE
models and show its relationship to the rise time of multi-photon signals, especially, 511keV
gamma energy deposition in a LYSO scintillation crystal. The timing accuracy AT is known to
be sensitive to electrical noise by a proportionality factor given by
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where dV/dt represents the slope of the rising edge of a pulse and &, for electrical noise.
Accordingly, faster rise time results in better the timing resolution. So, using the device model,
we also investigate the effect of the parasitic quenching capacitance on the shape of a single

photon pulse and demonstarate the improvement of the rise time of 511 keV LYSO pulse by
adjusting the parasitic quenching capacitance in the device model.

2.Pulse Shape Analysis

2.1Pulse Shape for 511 keV Gamma ray

A single LYSO crystal of 3x3x10mm’ dimension was wrapped with many layers of Teflon
tape except for the bottom surface that was optically coupled to a 3x3mm® MPPC having 3600
micro-cells of 50x50um’ size. Using a *Na isotope of 511keV gamma rays, the output pulses
were captured on a digital oscilloscope as shown in Fig. 2(a). The intense band in the middle
represents signals from full 511keV gamma ray energy deposited in the LYSO crystal. Using
the same crystal coupled to a Hamamatsu H6533 PMT, the output signal was also captured and
is shown for the comparison in Fig. 2(b) after pulse height normalization. The risetime of MPPC
signal is around 10-15ns that is much longer than 5ns for the PMT. This is due to different
single photon pulse shapes between MPPC and PMT, as explained below.
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Fig. 2 511keV gamma ray pulses from LYSO/MPPC detector recorded with a digital scope (a) in 20ns
time bin and the comparison to a PMT output signal using the same LYSO crystal (b).

2.2Single Photon Pulse Shape

For the study of single photon pulse, the dark count signal from a 3x3mm® MPPC device
was amplified by various high gain and high bandwidth amplifiers. The output was digitized by
Tektronix TDS7404 oscilloscope with 4GHz and 20Giga sample/sec. Fig. 3(a) shows the single
photon pulse signal at the output of Hamamatsu C5594 amplifier with 1.5GHz bandwidth and
x36 gain. A long tail of about 20ns is very noticeable and is due to the recovery of the
avalanched micro-cell. In the case of PMT, the single photon pulse shape is close to a Gaussian
with approximately equal rise and fall-times [5]. Opposite to the PMT symmetric response, the
MPPC showed a long falltime and a very fast risetime of about 0.5ns. The rising edge of a
single photon pulse using Mini-circuit ZX60_4016E amplifier with 4GHz bandwidth and x10
gain is shown in Fig. 3(b). The small risetime is better than that of typical PMT’s, which
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indicates that MPPC can have better timing resolutions than PMTs in case of single
photoelectron events. This was expected due to the fast avalanche process in the depletion
region. This fast risetime, however, was not transferred to the one of 511keV LYSO pulses as
discussed below.
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Fig. 3 Single photon pulses from 3x3mm” MPPC with 50micron micro-cells for C5594 (a) and
7560_4016E (b) high bandwidth amplifiers. Both amplifiers showed close to 0.5ns risetime.

2.3Simulation of 511keV Pulse Shape

The pulse shape of a multi-photon signal from the full energy deposition of 511 keV
gamma ray can be simulated by the convolution of the single photon response pulse and the
intrinsic light emission decay curve of the scintillator. The single photon pulses for both PMT
and MPPC were generated following using Gaussian and tail pulse shapes, respectively. Fig.
4(a) shows Gaussian pulses for PMT with 0.5, 1, 1.5 and 2.5 ns rise-time. Since the single
photon pulses are symmetrical for PMTs, the falltimes are equal the risetimes used. Fig. 4(b)
shows the tail pulses for MPPC with the 0.5, 1, 1.5 and 2.5ns risetimes combined with a fixed
20ns falltime. If PMT and SSPM have the same gain, SSPM will have much smaller pulse
height since the total area is corresponding to the gain. In other words, the long tail pulse will
have much smaller pulse height that can be an important factor for timing. In this simulation, it
is not considered and the y-axis is arbitrary. Also, one more set of tail pulses were generated
with a fixed 1ns rise-time combined with 10, 15, 20, 25, 30ns falltimes as shown in Fig. 4(c).
Multi-photon signals like 511 keV gamma rays were obtained by convolving these single
photon pulses with an exponential simulating the intrinsic scintillation decay time of 45ns from
LYSO. Fig. 4(d-f) shows the convoluted pulses of Fig. 4(a-c), respectively. For Fig. 4(d), the
risetime of all pulses were less than Sns. The small difference in the risetime was due to the
different risetime and falltime in the input Gaussian shapes. Fig. 4(e) shows the simulated pulse
shapes for MPPC with single photon pulses from Fig. 4(b). Again, the difference in the risetime
of single photon pulses does not make noticeable changes in 511keV pulses since the tail is
much longer than the risetime. This indicates that the length of single photon pulse tail is a key
factor for the long risetime of 511keV pulse for MPPC and is confirmed in Fig. 4(f). Here, we
need to remember that the numbers of photons corresponding to the pulse height of the 511keV
signals are very different between PMT and SSPM due to the difference in the tail length. Since
a better risetime generally yields a better timing resolution, we could conclude that any method
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that reduces the duration of the single photon pulse tail would be very helpful to improve timing
performance of SSPM.

3.Electrical Model for MPPC

3.1Typical Electrical model

The electrical model of SSPM was well established by S. Cova and F. Corsi et. al. in the
reference [6] and [7]. The analytical model has been further expanded and confirmed by
measurements on various SSPMs[8-11]. The electrical model suggested and optimized for
SSPM consisted of a capacitor representing the cell diode Cy, a quenching resistor Ry, a
parasitic quenching capacitance C, of R, and a stray capacitance of all electrical traces C,. In
order to simulate Geiger-mode avalanche, a current source was added for a single cell on the left
of the diagram shown in Fig. 5(a). Since an SSPM consists of N micro-cells in parallel, the rest
of (N-1) cells are shown in the middle of the diagram with their respective contribution to
resistance and capacitance. For completeness, the external load resistance R, is added to the
diagram because it is a significant factor for the overall pulse shape when the total capacitance
of the device is large.
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Fig. 4 (a)(b)(c) are for single photon pulse shapes and (d)(e)(f) are for 511keV pulse shapes from the
convolution of (a)(b)(c) and LYSO intrinsic decay of 45ns. (a) and (d) represents PMT case and the rest
for SSPM.

When an avalanche occurs in a cell, the current start flowing through C4 and R,. This
drops the voltage across the cell diode and increases the voltage across the resistor. When the
former drops below the breakdown voltage, the current flow stops and the diode recovers
following RC, time constant. R, can be measured with an I-V curve setup applying the forward
bias. Cy4can be estimated by measuring gains for single photons with Qcparge =Gain*e = Cy(Vpias -
Vireakdown)- Using these measured parameters, several groups explained their observed pulse
shapes [8-11].
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3.2Role of Quenching Capacitance

In order to show the role of the quenching capacitance, the single cell models were utilized
as shown in Fig. 5(b) and (c) without and with C,. The SPICE simulation result with R;=100
kOhm, C4= 22fF and R, =10 Ohm is presented in Fig. 6(a). Without C,, the pulse recovery
follows an exponential decay with time constant R,Cgy, as mentioned above, in a single cell
model. When C, was added, a fast component appears in the beginning followed by R,C4
recovery. This shows that C, is a fast current supply path in the beginning of avalanche.
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Fig. 5 (a) Electrical model used for SSPM. The dotted line contains only SSPM model and, R, and bias
are external components. (b) and (c) shows a single cell model without and with C,, respectively.
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Fig. 6 SPICE simulation of single photon pulse shape with and without C,included in the model (a).
Simulated LYSO pulse shape in case of larger C, (b). The insert represents the zoom of the rising edge.

C, can be estimated by fitting the pulse shape using an analytical model or by a calculation
based on the size of the resistor and physical layout of the device. Both methods carry large
errors. For example, the fitting with a simplified model does not include any other parasitic
capacitance or inductance of wire bonding or traces that are not negligible compared to the
small C, and can change the shape of the fast pulse. Also, since the physical layout is not well
known due to the proprietary manufacturing process, the later method can lead to large error
too. For the demonstration purpose, 4 fF from [12] was used as a baseline.

From the SPICE model, we found that the larger C, is, the higher the initial peak is. With
C, values of 4 fF and 40 {F, the single cell pulse was generated using Fig. 5(a) model and was
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convoluted with LYSO intrinsic decay to generated 511keV pulse shape as shown in Fig. 6(b).
The risetime with Cy= 40 fF is reduce by half and showed 210ps timing resolution compared to
250ps with C4= 4 fF in a MATLAB based simulation.

4.Discussions

We have shown that the slow risetime of 511keV gamma ray pulse from LYSO coupled to
MPPC is due to the long tail of single photon response pulse shape even though it has a very
fast risetime. Based on this observation and using an electrical model for SSPM, we showed that
it is possible to improve the risetime of 511keV gamma ray pulse by changing the single photon
pulse shape. Especially, the role of the parasitic quenching capacitance was modeled to show
that C, plays a key role to supply the initial fast charge supply. We also demonstrated using the
MATLAB simulation that a larger quenching capacitance can be used to speed up the risetime
of 511keV pulse and improve the timing performance.
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