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Solid-state devices to detect photons are under active research and development because they,
unlike photomultiplier tubes (PMT), can be used under high-magnetic-field and radio-frequency
environments, such as in magnetic resonance imaging (MRI) scanners. In addition, some of
the solid-state devices have a higher particle detection efficiency and only a slightly less gain
than PMTs, currently the first choice to detect photons in positron emission tomography (PET)
scanners. We have tested solid-state photomultipliers (SSPM) among several different solid-state
devices in the market. This paper describes the test methods and the characteristics of SSPMs
with an emphasis on use in PET scanners. We obtained a 25 % energy resolution and a 4.5-ns
time resolution with ?Na and lutetium yttrium oxyorthosilicate (LYSO), both full-width at half
maximum (FWHM). The number of fired mini-cells and the amplification factor were, respectively,
estimated to be 154 + 37 for **Na and (3.8 &+ 0.9) x 10°. Even though SSPM-LYSO couplings
resulted in worse performances than PMT-LYSO couplings, the solid-state devices have good
potential for use in the PET scanners, especially in combined PET/MRI scanners because the new
solid-state devices appear to have better characteristics, such as a higher quantum efficiency and a
larger number of mini-cells, than the tested SSPMs.
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I. INTRODUCTION

Positron emission tomography (PET) scanners which
enable quantitative measurements of physiological indi-
cations by in-vivo imaging of biochemical substances in

*E-mail: hongseongj@gachon.ac.kr; Fax: +82-32-460-8230

the body have been used for investigations of biochemical
and pathological phenomena, diagnosis of disease, and
judgement of prognosis after treatment. Imaging appa-
rati providing anatomical information, for example, com-
puted tomography (CT) and magnetic resonance imag-
ing (MRI) scanners, are being added to PET scanners
with an excellent functional imaging [1]. A combined
PET/CT system in which PET provides functional in-
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Fig. 1. Pixel matrix of the SSPM.

formation and CT gives anatomical information is being
widely used. MRI has a superb capability for distin-
guishing white-matter from grey-matter in the brain and
for distinguishing high soft-tissue contrast, for which CT
has a limited capability. In addition, MRI is not harmful
to subjects, unlike CT which has to use a high dose of
X-rays to achieve a high resolution. A major obstacle
of a combined PET/MRI system with photomultiplier
tubes (PMT) is that PMTs are extremely sensitive, even
to very low magnetic fields of a few tens of gauss. Even
though avalanche photodiodes (APD) have been success-
fully incorporated into the combined PET/MRI system
[2,3], current APDs have low gains of several hundreds,
requiring elaborate preamplifiers.

High-energy-physics experiments need to measure the
energies of various particles, such as photons, electrons,
and jets with scintillating materials to study various
physics phenomena, such as searches for new particles
and physics beyond the standard model. Since these ex-
periments typically require a large number of channels,
the devices have to be relatively inexpensive. A future
et e collider may require finely segmented scintillating
detectors under a high magnetic field to resolve the jets
[4]. Because of these requirements, high-energy-physics
communities have been developing solid-state devices to
replace PMTs [5].

Several solid-state devices to detect photons are being
developed by several companies under various product
names, such as Geiger-mode photodetectors (GMPD),
solid-state photomultipliers (SSPM), silicon photomulti-
pliers (SiPM), and multi-pixel photon counters (MPPC).
All these devices consist of many mini-cells, as shown
in 1, ranging a few hundred to a few thousand mini-
cells, each of which, when struck by a photon, generates
an avalanche of electrons.

Some of these devices have promising characteristics of
arelatively high gain (~10°), a high particle detection ef-
ficiency (20 ~ 50 %) at an ~420 nm photon wavelength.
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Table 1. Specifications of the SSPM (SSPM-0604BE-
CER).
Parameter Units Typical Values
Peak sensitivity wavelength nm 690
Single photon detection efficiency % 10 at 400 nm
Operating voltage \% 53 — 58
Typical gain 0.5 x 10°
Signal time ns 5
Number of mini-cells 556
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Fig. 2. Lucite structure to fix the SSPM-LYSO couplings
and the radiation source. Each SSPM-LYSO coupling was
inserted into a small piece of lucite structure wrapped with
black tape to shield it from external light.

Recently, the SiPM has been demonstrated a feasibil-
ity for use as readout elements in scintillator-based PET
scanners, obtaining an energy resolution of about 22 %
and a coincidence time resolution of 2.1-ns [6]. The solid-
state devices that we have tested were SSPMs obtained
from Photonique SA in Switzerland [7]. The specifica-
tions given by the vendor are shown in Table 1.

The structure of this paper is as follows: We first de-
scribe a test setup, and then the energy and coincidence
time resolutions of PMT-LYSO couplings exposed to a
22Na positron source. Next the characteristics of SSPM
pulses are compared with those of PMT pulses. After
estimating the quantity of charges generated by a single
mini-cell exposed to one or more photons, we obtain the
SSPM gain at the operating voltage. We then present the
energy and coincidence time resolutions of SSPM-LYSO
couplings exposed to various radiation sources, such as
133Ba, 22Na, 137Cs, and '8F. After describing the rate de-
pendency of the energy and coincidence time resolutions,
we summerize our main results in the conclusion.

II. TEST SETUP

We made a Lucite structure for a fixture of SSPMs
coupled to LYSO crystals and a radioactive source as
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Fig. 3. Circuit diagram to test the SSPMs.
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Fig. 4. Schematic diagram of the data flow.

shown in Figure 2. The LYSO crystals with dimensions
of 1.bmm x 1.5 mm x 7.0 mm were wrapped with three
layers of 3M enhanced spectral reflector (ESR) polymer
except for the surface facing the SSPMs. Optical grease
(BC-630) with a refractive index of 1.463 from Saint
Gobain was applied to the interface between the SSPM
and the crystal. A radioactive source was placed between
the two SSPM-LYSO couplings.

The circuit diagram shown in Figure 3 was used to
apply the bias voltage to the SSPMs. Since the amplifier

DELAY

obtained from Photoniuge SA in Switzerland resulted in
positive signals, we added an extra capacitor and resis-
tor as shown in Figure 3(a) to invert the signal so that
the signal could be used with a VME/NIM system. Fig-
ure 3(b) shows the circuit diagram to bias the SSPMs
to be used with the CAEN NIM amplifier. Figure 4
shows the data flow diagram of the test setup. Two dif-
ferent kinds of discriminators were used to produce NIM
signals, which were later used to generate ADC GATE,
TDC START, and STOP pulses. Unless stated other-
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Fig. 5. Raw pulse from the Hamamatsu H2431-50 PMT
mounted with a single LYSO crystal.

wise, a 300-ns GATE width was used to obtain ADC
values. Appropriate lengths of cables were added to en-
sure that signals arrived within the ADC GATE and
that the TDC START pulses arrived before the TDC
STOP pulses. We used a CAEN V965 VME ADC mod-
ule, which measures integrated charge up to 800 pC with
a 200 fC/bit resolution. To measure the arrival time dif-
ferences between START and STOP pulses, we used a
CAEN V775N VME TDC module, which measures time
differences up to 140 ns with a 35 ps/bit resolution. To
compare coincidence time resolutions, we tried two dif-
ferent kinds of discriminators, namely a CAEN N415A
constant fraction discriminator and a CAEN N840 level
discriminator. The same data flow shown in Figure 4 was
also used to measure the energy and time resolutions of
the PMT-LYSO couplings.

III. RESULTS

1. Energy and Time Resolutions of PMT-LYSO
Couplings

We measured the energy and time resolutions of the
PMT-LYSO couplings to verify the test setup and com-
pared these resolutions with the resolutions of the SSPM-
LYSO couplings. Each LYSO crystal was wrapped
with three layers of 3M ESR polymer except for the
surface facing the Hamamatsu PMT [8]. Each LYSO
crystal was mounted to a Hamamatsu PMT with op-
tical grease (BC-630) of refractive index 1.463. One
Hamamatsu H2451-50 PMT was mounted with a single
1.5mm x 1.5 mm x 7.0 mm LYSO crystal, and the
other Hamamatsu E5859-03 PMT was mounted with a
4 x 4 array of 20 mm x 2.0 mm x 7.0 mm LYSO
crystals. Figure 5 shows a typical pulse from the PMT
mounted with the single crystal. The pulse was captured
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Fig. 6. ADC distributions obtained from the Hamamatsu
H2431-50 PMT coupled to a single LYSO crystal. One ADC
bit corresponds to 200 fC. A pedestal value of 112 has been
taken into account to obtain the energy resolution. The
pedestal value was obtained by measuring the ADC values
with random triggers.

with a Tektronix TDS 3052B oscilloscope, requiring coin-
cidence of two PMT signals, with the 3.0 x 10° Bq 22Na
source between the PMT-LYSO couplings. The voltages
applied to the Hamamatsu H2451-50 and the E5859-03
PMTs were, respectively, —1800 V and +1100 V.
Coincidence signals from the two PMT-LYSO cou-
plings were used to obtain the ADC and the TDC values
of the signals with a 250-ns GATE width and —35-mV
discriminator levels. Figure 6 shows an ADC distribu-
tion from the H2451-50 PMT mounted with a single crys-
tal with an energy resolution of 19 %, as obtained with
a Gaussian fitting near the 511-keV photoelectric peak.
The lower figure of Figure 6, with a log y-scale, also
shows the photoelectric peak of 1.295-MeV photons emit-
ted from 2?Na, with an energy resolution of 8.9 %. Fig-
ure 7 shows a TDC distribution with a coincidence time
resolution of 0.73 ns obtained with the constant fraction
discriminator. Events in the TDC distribution in Fig-
ure 7 were required to have ADC values around the 511-
keV photoelectric peaks for both PMT-LYSO couplings.
A similar test with the level discriminator resulted in a
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Fig. 7. TDC distribution of the PMT-LYSO coupling using
the CAEN NIM constant fraction discriminator. One TDC
bit corresponds to 35 ps.
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Fig. 8. Raw pulse from the SSPM mounted with a single
crystal.

0.96-ns time resolution. The excellent time resolution is
due to the fast rise time of the PMT, as shown in Fig-
ure 5. The Hamamatsu H2431-50 and E5859-03 PMTs
have rise times of 0.7 ns and 2.6 ns, respectively.

2. Characteristics of SSPM Raw Signals

Because of the mini-cell structure of the SSPM shown
in Figure 1, a raw pulse from a SSPM is given by the sum
of individual pulses from individual mini-cells exposed to
photons. Figure 8 shows a raw pulse captured with the
Tektronix oscilloscope and required a coincidence of two
SSPM-LYSO couplings exposed to the ?2Na radioactive
source. The raw pulse shown in Figure 8 consists of over-
lapping multiple short pulses, as expected, and shows a
slower rise time than the PMT raw pulse in Figure 5.
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Fig. 9. Single mini-cell pulses captured with the Tektronix
oscilloscope. The area inside the triangle was used to calcu-
late the quantity of the charges.

3. Charges Generated by a Single Mini-cell Sig-
nal

Figure 9 shows single mini-cell signals captured with
the Tektronix oscilloscope by triggering a signal gener-
ated with a Tektronix AF320 pulse generator. These
SSPM signals were obtained with a 57-V bias voltage
and the Photonique amplifier biased to 5 V. The pulse
generator generated a 100-Hz NIM pulse which was then
used to generate a 70-ns GATE pulse as shown in Fig-
ure 9. Since no smaller signals other than noises were
observed in the oscilloscope, we are confident that the
signals in Figure 9 are, indeed, produced by a single
mini-cell. Using the 50-(2 input impedance of the os-
cilloscope and Ohm’s law, we estimated the quantity of
charges generated by the single mini-cell to be ~2.0 pC.
We also measured the charges of single and double mini-
cells by using the VME ADC. Figure 10 shows the ADC
distributions, where the highest peak corresponds to the
pedestal and the other peaks represent signals for firings
of one and two mini-cells. Since a linear fit of these three
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Fig. 11. ADC distribution with the CAEN NIM amplifier
with a fixed gain of 10. One ADC bit corresponds to 200 fC.
The pedestal value of this measurement was 77.

data points resulted in a slope of 84.5 + 7.0, the charge
generated by the single mini-cell was estimated to be
2.1 £ 0.5 pC, where the error was obtained by quadrat-
ically subtracting the pedestal width from the average
width of the single and the double mini-cell ADC distri-
butions in Figure 10.

4. Gain

One of the advantages of a SSPM is the relatively high
gain of ~ 5 x 10° at operating voltages. We estimated
the gain by assuming that a single mini-cell signal was
caused by one electron-hole pair and was amplified dur-
ing the avalanche process in the mini-cell. The ampli-
fied signal in the SSPM min-cell was then further am-
plified by the Photonique amplifier to give a charge of
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Fig. 12. ADC distribution with the Photonique amplifier
with a pedestal value of 72. One ADC bit corresponds to
200 fC.

2.1 £ 0.5 pC for the single mini-cell signal. The gain
of the Photonique amplifier at a 5-V bias voltage was
obtained by using the photoeletric peak obtained with
the CAEN NIM N979 amplifier, which has a fixed gain
of 10. Figures 11 and 12, respectively, show the ADC
distributions obtained with the CAEN NIM N979 and
the Photonique amplifiers. The voltage applied to the
SSPMs was 58 V. The gain of the Photonique amplifier
was estimated to be 35, comparing pedestal-subtracted
peak positions of 701 for the NIM amplifier and of 2485
for the Photonique amplifier. Using the 2.1 £+ 0.5 pC
charge quantity of the single mini-cell signal and the Pho-
tonique amplifier gain of 35 resulted in a SSPM gain of
(3.8 £ 0.9) x 10°. The energy resolutions of the two
ADC distributions were 25 % for both amplifiers.

5. Energy Resolution

As Figure 12 shows, the energy resolution for a LYSO
with a size of 1.5 mm X 1.5 mm X 7.0 mm was 25
% with the Photonique amplifier. This energy resolu-
tion is worse than the 22 % reported in Ref. 6 in which
a light-mirror cone was inserted, for better collection of
scintillation photons, between the SiPM and a LSO crys-
tal with a size of 2.0 mm x 2.0 mm x 10.0 mm. We
also tested energy-dependent resolutions and linearity in
energy with 33Ba (335 keV), 2?Na (511 keV), and 137Cs
(661 keV) radioisotopes. To prevent ADC saturation in
the VME ADC module, we applied only 57 V to the
SSPMs in this test. Data were taken with a self-trigger
mode for all these radioisotopes, with a —35-mV thresh-
old set to the discriminator. The energy resolution gets
better as the energy of the incident v photon increases,
generating more scintillation photons in the LYSO crys-
tals. The energy resolutions were 39.1 % for 33Ba, 29.7
% for 2?Na, and 23.6 % for '3"Cs. The energy reso-
lution for 22Na became worse due to the lower voltage
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applied to the SSPMs. Figure 13 shows the ADC values
corresponding to the photopeaks obtained with these ra-
diation sources as a function of the incident v energy,
and shows good linearity in the tested range. The bet-
ter energy resolution for higher « energies and the good
linearity in energy show that the number of fired mini-
cells must be smaller than the number of mini-cells in
the SSPM.

6. Number of Fired Mini-cells

Since the tested SSPM has a only 556 mini-cells/mm?,
it is important to estimate the number of fired mini-cells.
If the number of incident photons is small, each single
photon is likely to enter into a single mini-cell. However,
too many incident photons would cause more than one
photon to enter the same mini-cell, losing the proportion-
ality to the incident - energy. Since the charge quantity
of a single fired mini-cell is 2.1 £+ 0.5 pC, the photoelec-
tric peak charge quantity of 324 pC at the middle point
in Figure 13 corresponds to 154 £ 37 fired mini-cells
for 22Na. The expected numbers of the fired mini-cells
were 110 #+ 26 for '3Ba and 196 + 47 for 37Cs, which
were obtained by scaling the v energies emitted by the
isotopes with the 511-keV for 22Na. The good linearity
in the tested range and the better energy resolution for
137Cs than for 2?Na are not surprising with these num-
bers of fired mini-cells.

7. Time Resolution

Since the ~10-ns rise time of the SSPM signal, as
shown in Figure 8, is far slower than the 1 ~ 2-ns rise
time of the PMT signal, as shown in Figure 5, the SSPM
time resolution may not approach the PMT time reso-
lution of 0.73 ns shown in Figure 7. Figure 14 shows a
coincidence time distribution with a resolution of 4.5 ns.
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A similiar test with the conventional level discrimina-
tor resulted in a coincidence time resolution of ~6.8 ns.
Reference 6 reported an excellent coincidence time reso-
lution of 2.1 ns and even mentioned the possibility of us-
ing conventional level discriminators instead of constant
fraction discriminators. However, SSPM raw signals such
as in Figure 8, because of their slow rise times, indicate
a possibility of worse time resolution for a SSPM than
the reported value of 2.1 ns for a SiPM.

8. Rate Dependency

We used a '8F radioactive source to study any change
in the energy and the coincidence time resolutions with
the incident v photon rate. A PET system with a 100-
mm diameter is expected to result in a 2.4 x 10%
photons/mm? of 511-keV ~ particles when a 3.7 x 108
Bq '8F source is positioned at the center of the PET sys-
tem. Since the crystals in the test setup was separated
by 6 mm, a 1.3 x 10°% Bq '®F source was required to
achieve the 2.4 x 10% photons/mm?. Even though the
test began with an activity of 5.1 x 107 Bq and stopped
at an activity of 1.6 x 10° Bq, the energy and time
resolutions didn’t change noticeably during the test.

IV. SUMMARY AND CONCLUSIONS

We have investigated SSPMs with an emphasis on
use in PET scanners. We obtained a 25 % FWHM en-
ergy resolution and a 4.5-ns FWHM time resolution with
22Na and LYSO. The number of fired mini-cells and the
amplification factor were, respectively, measured to be
154 £ 37 for ?2Na and (3.8 £+ 0.9) x 105. We
have shown that SSPMs have a good linear energy re-
sponse up to 197 £ 47 fired mini-cells out of 556 mini-
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cells/mm? and do not show any degradation of energy
and time resolutions for the incident v flux range of a
typical PET application. We find that the constant frac-
tion discriminator gives a better time resolution than the
conventional level discriminator. It would be interesting
to see if new solid state devices would give an ~2-ns co-
incidence time resolution comparable to the APD-LSO
readout [9]. We conclude that solid-state devices have
good potential for use with PET scanners, especially for
combined PET/MRI scanners, because new solid-state
devices with ~1500 mini-cells/mm? are expected to have
an ~25 % particle detection efficiency at 420 nm [8] .
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