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Abstract—Photon detecting Geiger-mode solid-state devices are
being actively researched and developed because, unlike photo-
multiplier tubes (PMT), they can be used in high-magnetic-field
and radio-frequency environments, such as in magnetic reso-
nance imaging (MRI) scanners. In addition, some Geiger-mode
solid-state devices have higher photon detection efficiencies than
PMTs and higher gains than avalanche photo-diodes (APD). We
tested Geiger-mode solid-state photomultipliers (SSPM) inside
a 3 T MRI to study the possibility of using them in combined
PET/MRI scanners. Approximately 16% energy resolutions and

1.3 ns coincidence time resolutions with 22Na and lutetium
yttrium oxyorthosilicate (LYSO) were obtained for full-width at
half maximum (FWHM) for T1, T2, and gradient echo T2 MRI
pulse sequences with little MR image degradation. The study
shows that SSPMs have excellent potential for use in combined
PET/MRI scanners.

Index Terms—MRI, multimodal imaging, PET, PET/MRI.

I. INTRODUCTION

POSITRON emission tomography (PET) scanners, which
enable quantitative measurements of physiological char-

acteristics by the in-vivo imaging of biochemical substances,
have been used to investigate biochemical and pathological
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phenomena, diagnose disease, and to determine prognosis after
treatment. Magnetic resonance imaging (MRI) provides superb
high soft-tissue contrast as compared with computer tomog-
raphy (CT), and does not require the use of ionizing radiation,
which is particularly beneficial for pediatric and pregnant
patients [1]. Therefore, it is expected that combined PET/MRI
scanners represent the future for biomedical imaging, and that
these scanners will either supplement or compete with PET/CT
for basic research and clinical applications [2], [3]. However,
one major obstacle of the combined PET/MRI system with
photomultiplier tubes (PMT) is that these tubes are extremely
sensitive to even low magnetic fields, i.e., of only 20–30 gauss.

One of the proposed PET/MRI methods involves the transfer
of light signals from scintillation crystals located inside an MRI,
via long optical fibers, to PMTs located outside the magnetic
field [4], [5]. The main limitation of this method is that energy
resolution is degraded due to light loss during optical transfer.
Simultaneous PET/MRI acquisition using PET detectors with
the poor energy resolution caused by long optical fibers is not
favorable in clinical environment because the large number of
scattered photons that have not been removed sufficiently due to
the poor energy resolution will degrade the quality and contrast
of the PET image.

The use of semiconductor photo-detectors, such as avalanche
photodiodes (APD), rather than PMTs offers an alternative de-
velopment option which is currently being pursued by several
research and commercial groups. APDs are compact and in-
sensitive to magnetic fields as compared with PMTs, and these
properties are desirable for PET/MRI [6]. Even though APDs
have been successfully incorporated into small animal [7]–[9]
and human brain PET/MRI units [10], [11], available APDs
have low gains of an order of hundreds and thus require elabo-
rate preamplifiers.

Geiger-mode solid-state devices are being developed for
photon detection by several companies, and are referred
to as Geiger-mode photo-detectors (GMPD), multi-pixel
photon counters (MPPC), silicon photomultipliers (SiPM),
and solid-state photomultipliers (SSPM). All of these devices
consist of many mini-cells, each of which, when struck by a
photon, generates an avalanche of electrons. Some of these de-
vices have promising characteristics, e.g., relatively high gains

and high photon detection efficiencies (20 50%) at
photon wavelengths of 420 nm. Moreover, the high gains of
these solid-state devices can be advantageous in harsh environ-
ments, such as in MRI scanners versus APDs. Other advantages
of these solid-state devices include a fast pulse rise time of

1 ns, and significantly lower operating voltages of 100 V
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TABLE I
SPECIFICATIONS OF THE SSPM (SSPM_0611B4MM_PCB)

compared to typical APDs and PMTs. The typical coincidence
time resolution of APDs is on the order of a handful of ns
[9]–[11], and the poor time resolution lead to higher numbers
of random and multiple events in the data sample, causing the
degradation of PET images and not be appropriate for PET
scanners with a capability of time of flight (TOF).

The feasibility of the SiPM concept has been demonstrated
in scintillation based PET scanner readout elements, where they
achieved energy resolutions of about 22% and coincidence time
resolutions of 2.1 ns [12]. In addition, we also found that SSPM
(SSPM_0604BE_CER, Photonique SA, Switzerland) coupled
with LYSO resulted in a 25% energy resolution and a 4.5 ns time
resolution in combination with a Na radiation source [13]. The
SSPM used in our previous test has a single photon detection
efficiency of 10% at 400 nm, a signal rise time of 5 ns and 556
micro-cells with a sensitive area of mm . The previous test
was measured with LYSO crystals of size of mm .

In this study, we tested a new SSPM
(SSPM_0611B4MM_PCB) inside a 3 T MRI, 3.0T
VH/i EXCITE E2M4 (GE, USA), to study its possible use in
PET/MRI scanners. After describing the specifications of the
SSPM, SSPM-LYSO couplings, and signal readout, we present
the energy and coincidence time resolutions of SSPM-LYSO
couplings exposed to a Na positron source outside and inside
the 3 T MRI. Then we present the energy and coincidence time
resolutions of SSPM-LYSO couplings during the simultaneous
acquisition of data with the 3 T MRI using various MRI
sequences. Finally, MRI phantom images with and without the
SSPM-LYSO couplings inside an 8-channel head coil were
also compared.

II. MATERIALS AND METHODS

A. Geiger-Mode Solid-State Photomultipliers

The specifications of the SSPM_0611B4MM_PCB provided
by the vendor are shown in Table I. Its sensitive area was

mm and its packaging area mm . Given the high
single photon detection efficiency (25% at 440 nm) and the fast
signal rise time of this device, it has the potential to deliver good
energy and high temporal resolutions. Even though the gain of
this unit was about a factor of 10 lower than that of the de-
vice (SSPM-0604BE-CER) we previously tested [13], its gain
was much higher than those of typical APDs, and therefore, its
output signals did not require elaborate preamplification.

B. SSPM-LYSO Couplings and Signal Readout

A Lucite structure was used to fix two SSPM-LYSO cou-
plings. Each SSPM-LYSO coupling was constructed attaching

a SSPM to a LYSO crystal of size of mm . We chose
this crystal size to match the sensitive area of the SSPM. The
LYSO crystal was wrapped with three layers of 3M enhanced
spectral reflector (ESR) polymer except for the surface facing
the SSPM. Optical grease (BC-630) of refractive index 1.463
was applied to the interface between the SSPM and the LYSO
crystal. A Bq Na radiation source was positioned be-
tween two SSPM-LYSO couplings, at a distance of 3 mm from
the face of each LYSO crystal. We did not bother precisely to
align the SSPM-LYSO couplings and the radiation source since
the precise measurement of event rates was not our purpose.

Since the amplifier obtained from Photonique SA produced
positive signals, we added an extra capacitor and resistor to in-
vert signals so that they were compatible with the VME/NIM
system. We also added protective diodes, which limited voltages
applied to the SSPMs to 33 V, particularly during the simulta-
neous acquisition of SSPM-LYSO couplings with the 3 T MRI
scanner. We applied 32.3 V to both SSPMs. The applied voltage
was measured between the cathode and anode of the SSPM.

Only nonmagnetic electronic components were used, as were
connectors to signal and power cables. PVC insulated cables
were used for the power supply, and BNC cables for signal
extraction. However, PVC insulated cables of length 30 cm
were used from the electronics board to the BNC cables for
easy shielding the circuit board with a copper sheet (thickness
0.15 mm) shielding box. Since the NIM/VME data acquisition
system and power supplies to the SSPMs had to be located
in the MRI controller room outside the MRI scanning room,
signal cables of length 20.0 m were used to transfer signals to
the NIM/VME system between the MRI room and the MRI
controller room. Power supplies for the SSPMs and amplifier
circuit boards were placed in the MRI controller room. 15 m
long power cables were used to apply voltages to the SSPMs
and amplifier circuit boards.

Fig. 1 shows the data flow diagram used for the test setup.
Amplified signals were used to generate coincidence signals to
measure charges and coincidence timings using NIM and VME
modules. Appropriate lengths of cables were added to ensure
that signals arrived within the ADC GATE of 300 ns and that
TDC START pulses arrived before TDC STOP pulses. To dis-
criminate signals and noise, we used a CAEN N485 NIM con-
stant fraction discrimination module. In addition, we also used
a CAEN V965 VME ADC module, which measures integrated
charges of up to 800 pC with 200 fC/bit resolution. To measure
arrival time differences between START and STOP pulses, we
used a CAEN V775N VME TDC module, which measures time
differences of up to 140 ns with 35 ps/bit resolution. The ampli-
fier circuits were placed inside the copper sheet shielding box
shown in Fig. 2.

C. Test of SSPM-LYSO Couplings Outside and Inside 3 T MRI

The Lucite structure for the SSPM-LYSO couplings and
the radiation source were attached to the outside of the head
coil, shown in Fig. 2, which also shows the copper-shield box
alongside the head coil. This arrangement of the SSPM-LYSO
couplings and the copper-shield box around the head coil
was selected after considering likely crystal positioning and
the positions of readout elements around the head coil. This
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Fig. 1. Schematic diagram of data flow. “Amp. Signal” in the figure stands for “amplified signal.”

Fig. 2. SSPM-LYSO couplings and the copper-shielding box around the head
coil.

arrangement also provided ample space for crystals and readout
elements. Moreover, if the head coil is used for transmitting
RF pulses and receiving MRI signals, this arrangement could
simplify RF shielding since RF shielding has to ensure only the
blocking of RF from the head coil.

The SSPM-LYSO couplings and the amplifier circuits were
placed outside and inside the 3 T MRI, the positions of the
SSPM-LYSO couplings and of the amplifier circuits enclosed in
the copper-shield box outside the head coil, as shown in Fig. 2.
When we tested the SSPM-LYSO couplings and the electronics
board inside the 3 T MRI, they were always positioned at the
center of the 3 T MRI. The energy and the coincidence time
distributions were obtained with requiring coincidence of sig-
nals from the SSPM-LYSO couplings. We limited the number
of coincidences to 5,000 events, such that the statistics of the
events were the same as in the simultaneous acquisition of the
SSPM-LYSO couplings and the MRI.

To check possible saturation with 511 keV photons, we built
a SSPM-LYSO coupling and tested the dependence of charge on
gamma-ray energy obtained with a variety of radiation sources
( Tc keV, I keV, Na keV, and

Cs keV). The applied voltage to the SSPM-LYSO cou-
pling was 29.8 V, the voltage recommended by the vendor for
this particular device. The ADC charge was measured using the

TABLE II
PARAMETERS OF THE MRI PULSE SEQUENCES

CAEN V965 ADC module with a 300 ns GATE generated from
the SSPM-LYSO signal with a threshold of 30 mV. Except for
this saturation test done at 25 C, all the tests were performed
inside the MRI room which maintains a stable temperature of
20 C.

D. Simultaneous Acquisition of Data From SSPM-LYSO
Couplings and 3 T MRI

Energy and coincidence time distributions, requiring coinci-
dence of signals from the SSPM-LYSO couplings during T1,
T2 and gradient echo T2 MRI pulse sequences were simul-
taneously obtained. Even though each MRI sequence lasted 2
minutes, the duration of SSPM data taking in each sequence was
shorter than 2 minutes since we had to rely on manual coordina-
tion of data taking. RF pulses were generated by the body coil,
and the head coil received MRI signals. A cylindrical phantom
filled with water was positioned inside the head coil to evaluate
MR images. Table II shows the parameters of the MRI pulse se-
quences used during simultaneous acquisition. The image ma-
trix size and field of view for all the pulse sequences were 256

256 and 160 mm, respectively. The echo train length of the
fast spin echo (T2) was 16.

III. RESULTS

A. Test Results of SSPM-LYSO Couplings Located Outside
and Inside 3 T MRI

Fig. 3 represents the dependence to the charge on gamma-ray
energy obtained with a variety of radiation sources ( Tc

keV, I keV, Na keV, and Cs keV)
and shows a good linear property within this gamma-ray energy
range. The straight line in Fig. 3 represents a linear fit of data.
Judging from Fig. 3, we are confident that the SSPMs used in
this paper do not saturate with 511 keV photons.
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Fig. 3. Dependence of charge on gamma-ray energy obtained with a variety of
radiation sources ( Tc : 140 keV, I : 362 keV, Na : 511 keV, and

Cs : 662 keV). The straight line represents a linear fit of data.

Fig. 4. Energy spectra of a SSPM-LYSO coupling obtained (a) outside and
(b) inside the 3 T MRI scanner in the MRI room.

Fig. 4(a) and (b) respectively represent the energy distribu-
tion obtained from the SSPM-LYSO couplings outside and in-
side the 3 T MRI, and show almost no degradation of energy
resolution. Energy resolution was 16.3% outside the 3 T MRI,
and 15.6% inside. The energy resolutions were determined by
fitting photoelectric peaks corresponding to 511 keV, assuming
a Gaussian distribution. Since the fit errors of the energy res-
olutions were 0.7%, this difference is due to statistical limi-

Fig. 5. Coincidence time distributions of two SSPMs obtained (a) outside and
(b) inside the 3 T MRI scanner in the MRI room.

tations rather than improved energy resolution inside the 3 T
MRI scanner. The fit ranges and the Gaussian curves are indi-
cated by thick solid lines in histograms of Fig. 4(a) and (b). This
energy resolution of 16.3% outside the MRI scanner is signif-
icantly better than that of SiPMs [12], and our measurements
using a previous SSPM version [13]. The energy resolution ob-
tained was slightly poorer than the 14.0% energy resolution ob-
tained for APDs directly coupled to LSO crystals [7], but was
much better than the 23.2% energy resolution of APDs coupled
to LSO crystals using optical fibers [8]. The difference between
Gaussian peak positions was negligible outside and inside the
3 T MRI. Fig. 4(a) and (b) show the energy distributions of
one SSPM-LYSO coupling. The other SSPM-LYSO coupling
gave similar distributions, even though energy resolutions out-
side (17.7%) and inside (15.7%) the MRI scanner were poorer.

Fig. 5(a) and (b) show coincidence time distributions ob-
tained from the SSPM-LYSO couplings outside and inside
the 3 T MRI, respectively. Coincidence time resolutions were
1.06 ns outside and 1.26 ns inside the 3 T MRI. Time resolu-
tions were obtained by fitting the coincidence time distribution
assuming a Gaussian distribution. The fit ranges and the
Gaussian curves are respectively indicated by thick solid lines
in histograms. The fit errors of the coincidence time resolutions
were 0.06 ns. The events in Fig. 5(a) and (b) were required to
be in the Gaussian fit ranges shown in Fig. 4(a) and (b). The
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Fig. 6. Pulses from SSPM-LYSO couplings taken outside the 3 T MRI scanner and during the simultaneous acquisition of the spin echo T2 sequence.

excellent time resolution of 1.06 ns due to the fast rise time
of the SSPMs was remarkable compared to the several ns of
APDs [8]–[11]. Coincidence times and resolutions were only
marginally different outside and inside the 3 T MRI scanner.

B. Test Results for Simultaneous Acquisitions From
SSPM-LYSO Couplings and 3 T MRI

Fig. 6 shows the pulse shapes from SSPM-LYSO couplings
taken with an oscilloscope (Tektronix, USA) outside the 3 T
MRI, and during the T2 spin echo sequence inside the 3 T MRI
scanner. The upper trace in each oscilloscope image shows the
signal from the SSPM-LYSO coupling, while the lower trace
represents the signal from the SSPM-LYSO coupling when the
voltage to the SSPM-LYSO coupling was set at zero. The upper
and lower oscilloscope traces taken during this simultaneous ac-
quisition show characteristic RF pulses of 127 MHz from the
3 T MRI scanner. The characteristics of the RF pulses demon-
strate the possibility of filtering out these RF pulses using notch
or band filters if desired. It is also possible to not take data from
SSPM-LYSO couplings during RF transmission. However, we
did not examine this possibility during the present study.

Fig. 7(a) and (b) respectively show energy and coincidence
time distributions of the SSPM-LYSO coupling obtained during
simultaneous acquisition using the above-described gradient
echo T2 sequence. A 15.0% energy resolution and a 1.18 ns
coincidence time resolution were obtained for simultaneous
acquisition. The 511-keV peak value of the photoelectric effect
and the coincidence time were similar to those obtained outside
the MRI scanner. The events in Fig. 7(b) were required to be in
the Gaussian fit ranges shown in Fig. 7(a). We obtained similar
energy and coincidence time resolutions of the SSPM-LYSO
couplings during simultaneous acquisition using spin echo T1
and fast spin echo T2 sequences (Table III).

This energy resolution of 15.0% acquired while applying
MRI pulse sequences is better than the 18% of APDs directly
coupled to LSO crystals [7], and much better than the 24.1%

Fig. 7. ADC distribution of SSPM and coincidence time distributions of the
two SSPMs obtained during the simultaneous acquisition of the gradient echo
T2 sequence. (a) Outside and (b) inside the 3 T MRI scanner.

of APDs coupled to LSO crystals using optical fibers [8]. Al-
though it is difficult to compare the coincidence time resolution
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TABLE III
SUMMARY OF RESULTS SHOWING ENERGY AND COINCIDENCE TIME RESOLUTIONS OF BOTH SSPMS, ALONG WITH THE 511 keV PEAK VALUES

AND COINCIDENCE TIMES. ADC VALUES ARE OFFSET-SUBTRACTED. ADC OFFSET VALUES WERE 1046 FOR CHANNEL 0 AND 1076 FOR CHANNEL 1,
RESPECTIVELY. THE FIT ERRORS WERE ABOUT 1.0% FOR ENERGY RESOLUTIONS, AND �0.1 ns FOR COINCIDENCE TIME RESOLUTIONS

Fig. 8. MRI phantom image and its profiles shown by horizontal and vertical lines, obtained without SSPM-LYSO couplings or the copper-shielding box.
(a) Phantom image; (b) horizontal and (c) vertical profiles.

of 1.18 ns obtained during the simultaneous acquisition of
the gradient echo T2 sequence with the results from APDs
coupled to scintillation crystals due to a lack of reported results,
we do not doubt that this result is substantially better than that
obtainable using APDs.

We have found that the performance of SSPM-LYSO cou-
plings was not changed substantially, i.e., energy resolution of

16% and coincidence time resolution of 1.3 ns were main-
tained, by magnetic field strength and MRI pulse sequence dif-
ferences. For SSPM-LYSO couplings to be useful for combined
PET-MRI scanners, MR images should not be degraded appre-
ciably during simultaneous acquisition. Fig. 8 shows an MR
image of the water-filled phantom shown in Fig. 2, and its image
profiles along the horizontal and vertical lines. The MR image in
Fig. 8 was obtained without the SSPM-LYSO couplings or the
shielding box. The MR image of the water-filled phantom, ob-
tained during simultaneous acquisition using the gradient echo
T2 sequence, is shown in Fig. 9, which also shows its image
profiles along the horizontal and vertical lines. Figs. 8 and 9
show negligible differences in image profiles. We also obtained
similar MR images for spin echo T1 and fast spin echo T2
sequences.

IV. SUMMARY AND CONCLUSION

In the present study, we measured the energy and coincidence
time resolutions of SSPM-LYSO couplings outside a 3 T MRI
scanner, and compared these with the results obtained inside the
3 T MRI scanner during T1, T2 and gradient echo T2 pulse
sequences. Table III provides a summary of energy and coinci-
dence time resolutions, along with 511 keV peak values of the
photoelectric effect and coincidence times. These findings show
that energy and coincidence time resolutions of LYSO-SSPM
couplings do not strongly depend on magnetic field strength and
the MR pulse sequence used. The energy resolutions during the
MR pulse sequence were not degraded much because the MRI
RF pulses did not coincide much with the coincidence events in
the LYSO-SSPM couplings.

In the presence of the earth’s magnetic field only, we ob-
tained an energy resolution of 16.3%, which was better than the
21% previously reported for SiPMs [12] or the 25% reported
for SSPMs [13]. This energy resolution is slightly poorer than
the 14.0% reported for APDs directly coupled to LSO crystals
[7], but much better than the 23.2% of APDs coupled to LSO
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Fig. 9. MRI phantom image and its profiles shown by horizontal and vertical lines, obtained during the simultaneous acquisition of the gradient echo T2 sequence.
The SSPM-LYSO couplings and the copper shielding box were present inside the 3 T MRI bore. (a) Phantom image; (b) horizontal and (c) vertical profiles.

crystals using optical fibers [8]. We also obtained a better coin-
cidence time resolution of 1.06 ns than has been reported previ-
ously, i.e., 2.1 ns for SiPMs [12], 4.8 ns for SSPMs [13], and a
handful of ns for APDs [8]–[11]. Recently, SiPMs with a sub-ns
time resolution and 10 20% energy resolution were also re-
ported [14], [15].

During the simultaneous acquisition of the gradient echo T2
sequence, an energy resolution of 15.0% is better than the 18%
of APDs directly coupled to LSO crystals [7], and much better
than the 24.1% of APDs coupled to LSO crystals by optical
fibers [8]. Although it is difficult to compare the coincidence
time resolution of 1.18 ns with the results from APDs coupled to
scintillation crystals, due to a lack of reported results, we do not
doubt that this result is substantially better than that achievable
using APDs. We believe that SSPM-LYSO coupling results in
better energy and coincidence time resolutions than APDs cou-
pled to comparable crystals, due to their higher gain and rapid
response times, especially in noisy environments, such as those
within MRI scanners.

Considering that the small number of SSPM-LYSO couplings
and electronics components placed in the MRI scanners during
the present study, the observed negligible degradation of the
MRI images may not be too surprising. However, the robust
pulses of SSPM-LYSO couplings as compared with those of
APDs may require thinner shielding to protect SSPM-LYSO
couplings and readout electronics from RF and gradient pulses.
Thinner shielding may improve MR images since gradient and
RF pulses, due to thinner shielding, should then reach objects
being imaged without significant loss.

Even though the number of triggered events in each case was
5000 events taken over less than 2 minutes resulting in the 5%
fitting errors of energy and coincidence time resolutions, we did
not try to take more events with this experimental setup. En-
ergy and timing resolutions of the PET system in a combined
PET and MRI would depend on a lot of factors, such as the
RF shielding, and RF and noise pickups to electronics and ca-
bles. This simple experimental setup is too limited to study these
complicated issues.

In conclusion, the present study demonstrates that SSPMs
have excellent potential for use in combined PET-MRI
scanners.
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