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Abstract

The performance of an 8 x 8 array of 6.0 x 6.0 mm? (active area) SiPMs was evaluated for PET
applications using crystal arrays with different pitch sizes (3.4 mm, 1.5 mm, 1.35 mm and 1.2 mm)
and custom designed five-channel front-end readout electronics (four channels for position
information and one channel for timing information). The total area of this SiPM array is 57.4 x
57.4 mm?, and the pitch size is 7.2 mm. It was fabricated using enhanced blue sensitivity SiPMs
(MicroFB-60035-SMT) with peak spectral sensitivity at 420 nm. The performance of the SiPM
array was characterized by measuring flood histogram decoding quality, energy resolution, timing
resolution and saturation at several bias voltages (from 25.0 V to 30.0 V in 0.5 V intervals) and
two different temperatures (5 °C and 20 °C). Results show that the best flood histogram was
obtained at a bias voltage of 28.0 V and 5 °C and an array of polished LSO crystals with a pitch as
small as 1.2 mm can be resolved. No saturation was observed up to a bias voltage of 29.5 V during
the experiments, due to adequate light sharing between SiPMs. Energy resolution and timing
resolution at 5 °C ranged from 12.7 + 0.8% to 14.6 + 1.4 % and 1.58 £ 0.13 ns to 2.50 £ 0.44 ns,
for crystal array pitch sizes of 3.4 mm and 1.2 mm respectively. Superior flood histogram quality,
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energy resolution and timing resolution were obtained with larger crystal array pitch sizes and at
lower temperature. Based on our findings, we conclude that this large-area SiPM array can serve
as a suitable photodetector for high-resolution small-animal PET or dedicated human brain PET

Nuclear medicine; Instrumentation; PET,; Silicon photomultiplier

[. Introduction

SILICON photomultipliers (SiPMs) are considered the photodetector of choice for fully
integrated PET/MRI systems due to their insensitivity to magnetic fields and compact size
[1-3]. Previous studies have shown that the performance of SiPM-based PET detectors and
systems built with SiPMs are unperturbed in the presence of a strong magnetic field (e.g.
[4-6]). During the last ten years, a variety of SiPM-based PET detector modules or prototype
PET scanners for small-animal and human imaging have been developed (e.g. [5], [7-11]).
However, most of these detector modules were based on SiPM arrays with a total area of less
than 20 x 20 mm?, a limitation imposed by the higher noise of early-generation SiPMs, and
the complexity to design high-performance readout electronics without compromising the
detector performance. One-to-one coupling of crystals to SiPMs with individual electronic
channels for each SiPM, is a straightforward method and excellent single detector
performance (energy resolution and timing resolution) is maintained [12-14]. However, one-
to-one coupling and individual detector readout requires multi-channel readout and the
detector’s intrinsic spatial resolution is limited by the size of the individual SiPM. To
overcome these constraints, light-sharing and signal multiplexing is normally used.
Although the number of readout channels is decreased, signal multiplexing combines the
noise of all SiPMs, thus decreasing the performance of detector modules [15-16]. To provide
an acceptable trade-off between performance and number of read-out channels, 4 x 4 arrays
of SiPMs have been the focus of attempts to resolve crystal arrays with a fine pitch size. Due
to edge effects in the light sharing distribution, in order to resolve all the crystals in the
crystal array, the crystal blocks are typically recessed from the edge of the device by ~2-3
mm. This results in a packing fraction of just 50% - 60% when 4 x 4 SiPM arrays are used
to resolve crystal arrays with a pitch size of ~ 1 mm [7], [11], [17-18].

One way to improve the effective usable area of a SiPM array is to use large-area SiPM
arrays or position sensitive SiPMs (PS-SiPMs) [19-23]. Crystal arrays with pitch sizes of
0.45 mm have been clearly resolved using PS-SiPMs and the effective area of the
photodetector can be > 90% [20-21]. However, the performance of PS-SiPMs reduces
significantly with increasing area making it difficult to develop SiPM-based PET detectors
with areas > 20 x 20 mm? at present [20].

Large-area PMTs, such as the Hamamatsu PMT H8500 and H9500, have been successfully
used for high resolution PET scanners [24-27], however, PMTSs are sensitive to magnetic
fields, and special effort/techniques (for example optical fiber coupling are required to
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extract the scintillation photons out of the MRI bore before detection by the photodetector
for PET/MRI applications. This leads to signal losses and a reduction in signal-to-noise ratio
[28-29].

In recent developments, the noise of SiPMs has been significantly reduced, and photon
detector efficiency (PDE) has been improved using new manufacturing technologies [30-31],
making it possible to use signal multiplexing to read out signals from large area SiPM
arrays. Large-area SiPM arrays (> 50 x 50 mm?), consisting of hundreds of ~ 3 x 3 mm?
SiPM pixels, have been investigated by others. The results show that crystal arrays with ~1
mm crystal pitch can be resolved, and the effective area is greater than 90% of the physical
device size [16], [32].

An 8 x 8 array of 6 x 6 mm?2 SiPMs was fabricated based on the MicroFB-60035-SMT
SiPM by SensL (SensL Technologies Ltd., Ireland). The package size of each SiPM is 7 x 7
mm?2. The MicroFB series is designed for high volume applications and has been extensively
characterized and assessed for reliability [33]. The number of SiPMs is less than half that
used in a SiPM array consisting of 3 x 3 mm?2 SiPMs with similar area, simplifying the
design and implementation of the readout electronics [16], [34]. In this paper, the
performance of this new SiPM array was evaluated using scintillator arrays of varying pitch
sizes (from 1.2 mm to 3.4 mm) and light sharing using different light guides. Performance
was evaluated by measuring flood histogram quality, energy resolution, timing resolution,
and saturation over a range of SiPM bias voltages and at two different temperatures (5 °C
and 20 °C).

[l. Materials and Methods

A. SiPM array and Crystal array

The total area of the 8 x 8 MicroFB SiPM array is 57.4 x 57.4 mmZ, and each SiPM pixel
has an active size of 6 x 6 mm?2, containing 18980 35 pm (active area) microcells with a fill
factor of 64%. The center-to-center distance of two adjacent SiPM pixels is 7.2 mm (Fig.1
(b)), leaving a 1.2 mm dead space between the active area of adjacent SiPM pixels. The
MicroFB devices are fabricated using a p-on-n structure that significantly improves photon
detection efficiency (PDE) for blue light [33]. The breakdown voltage of the MicroFB
SiPMs were all within + 0.25 V of 24.7 V, with a standard deviation of 73 mV [33].
Operating at an over-voltage of 2.5V, these devices exhibit 31% PDE for light with
wavelength 420 nm, well-matched to the emission spectra of LSO or LY SO, which are
widely used as crystals in PET detectors [35-36].

The four crystal arrays used in the experimental tests are listed in Table I. Enhanced specular
reflector (ESR, 3M) was used in all crystal arrays to optically isolate the crystals. The 15 x
15 LYSO array was used to optimize bias voltage and the other three crystal arrays were
used to study the crystal identification ability of the SiPM array. To ensure light sharing
between SiPMs, clear acrylic slabs were used as light guides and coupled between the
scintillator arrays and SiPM surface using optical grease (BC-630, Saint Gobain). The light
guide thickness (1.0 to 3.4 mm) was optimized to produce the best flood histogram for each
array and these values are also given in Table I. The 15 x 15 LYSO array was also directly
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coupled to the SiPM array in some experiments. For each of the arrays tested, the signals
from all 64 SiPMs were used to construct the flood histogram, even though the crystal array
only covers a small subset of the SiPMs in the array. A 3.7 MBq 58Ge point source, located
100 mm above the front face of the scintillator arrays, was used to irradiate the crystals with
511 keV photons.

To position the crystal array, light guide and SiPM array consistently for different
measurements, holders were fabricated using 3D printing methods. The detector module was
placed in a light-tight dark-box and cooled with dry air from an airjet sample cooler (XR
401, FTS Systems, Inc.). The detector temperature was monitored using a Type K
thermocouple (TSTEMP10K, Eutech Inst.). The thermocouple sensor was attached to the
back side of the SiPM array. To reduce moisture inside the experimental box, dry room
temperature air was sent to the box for 30 mins before any experiments. During experiments,
the temperature of the dry air was changed at a rate of approximately 0.3 °C/min to reach the
desired temperature.

B. Front-end detector Readout

Each MicroFB SiPM pixel has two outputs, a fast output and a standard anode-cathode
output, which were used for timing and energy information respectively [33]. The fast output
is the derivative of the internal fast switching of the microcell in response to the detection of
a single photon. The gains of the standard output and the fast output are 3 x 108 and 4.3 x
10 respectively at an overvoltage of 2.5V. The fast output provides low output capacitance
(48 pf for the device used in this SiPM array) and is designed with minimal parasitic
resistance [33]. Fast output signals have a rise time of ~1 ns but the gain is only 2%-4% of
the standard output. Good timing resolution can be obtained using the fast output [37-38]. In
our custom front-end electronics (Fig. 2), the standard outputs of each SiPM were
individually amplified and summed by rows and columns, generating 8 row-sum signals and
8 column-sum signals. The row/column signals were weighted by applying a weighted gain
to each row and column proportional to its location along each axis, generating four signals
(X*, X" and Y*, Y") for position information [39-40]. All the analog operations were
implemented using AD8056 amplifiers (Analog Device, Inc.). The four position signals
were further amplified and shaped by a spectroscopy amplifier (N586B, CAEN) and
digitized with a PowerDAQ (PD2MFS, United Electronic Industries) board [41]. The
centroid of the scintillation light position (x; )) and the deposited energy £ from the 511 keV
photon interaction were calculated as follows:

D G e
x+—x— Tytiv-

)

E=XT4+X"+YT+Y~ (@

The fast outputs of each group of 2 x 2 SiPMs were connected together through 50 Ohm
resistors (each fast output has its own 50 Ohm resistor) and amplified using THS3202
amplifiers (Texas Instruments Inc.). All 16 amplified fast signals were summed together to

IEEE Trans Nucl Sci. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Du et al.

C. Noise

Page 5

form one global timing signal and a constant fraction discriminator (CFD) (584, ORTEC)
was used to generate a time-stamp and to trigger the DAQ board.

To simplify the electronics design, a common bias voltage was applied to all 64 SiPMs in the
array. The bias voltage was generated by a DC power module (N6736B and N6700B,
Agilent Technologies, Inc.), and a bias voltage filter was designed and implemented on the
front-end readout board.

Dark noise is one of the key characteristics of SiPMs. It is caused by thermally-generated
charge carriers reaching the avalanche region. The dark noise rate increases with higher bias
voltage and temperature [1]. The noise is consistent in time at a specific working condition
(bias voltage and temperature) and uncorrelated to the pulses resulting from photon
absorption. The typical dark count rate of these SiPMs is 33.3 kHz/mm? at an overvoltage of
2.5V and a temperature of 21 °C. The noise of the SiPM array was quantified by measuring
the FHWM of a Gaussian fit to the noise distribution on the signal base line. The signal was
the sum of the four position signals (X*, X~ and Y*, Y7), acquired by triggering the
PowerDAQ using the internal trigger generated by the computer clock [21],[41]. The dark
noise was measured with and without the 15 x 15 crystal array present.

D. Flood histogram quality

To quantitatively compare the flood histogram quality a quality metric was developed which
measures the ratio of the separation to the width of the spots from adjacent crystals, in both
the xand y directions.

The crystals in the array were separated into inner crystals, edge crystals and corner crystals
(Fig. 3). One inner crystal has four nearest neighbors, an edge crystal has three nearest
neighbors, and a corner crystal has two nearest neighbors, as shown in Fig. 3. A flood
histogram metric k;was calculated for each crystal across the crystal array using the
following formulae:

V/Dote Doz Dosy Doy Inner cystals

(wortwoy +wiz+wae+wsy+way ) /6

ki= 3/Do1zDozy Dosy
’ (w0w+woy+w1$+z;2, +iu3y)/5 Edge crystals
3/ Do1xDozy C tal 3)
(Woz+woy +wiztway) /4 orner crystals
R 1 X 2
k:WZki k_std= mZ(kl —k?)
i=1 i=1

where Dp;xand Dy, are the distance between the centroids of the x and y projection of the
0% (reference) and 77 (neighboring) crystal, and w;, and wjy, are the FWHMs of the xand y
projections of the spots corresponding to the 07 and # crystals, as shown in Fig. 3. The
mean value of all k;, representing an average ratio of the crystal profile separation to the
FWHM of the profiles, was used as the flood histogram quality metric and the standard
deviation was used as the error range of 4. A larger value of kand a smaller value of k_std
indicate better flood histogram quality.
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E. Saturation of SiPMs

SiPMs are composed of microcells, each with dimensions 10 — 100 pum, operating in Geiger
mode [33]. Since the SiPM response is binary, each microcell is unable to provide the
number of photons detected. If a microcell is irradiated by two or more photons
simultaneously, the resulting current pulse has the same amplitude and duration as that of a
single photon. Due to the limited number of microcells and the required recovery time of the
SiPMs (210 ns for the SiPMs used in this paper), the dynamic range of SiPMs is typically
smaller compared to APDs and PMTs, and linearity of the SiPM response to light intensity
is only maintained when the number of optical photons is much less than the number of
microcells and the microcells are fully charged [42-43]. When this is not the case, the SiPM
signal becomes disproportional to the number of optical photons because some optical
photons that would otherwise be detected are incident on microcells that have fired and are
not fully charged. This saturation effect will cause a compression of the energy spectrum
resulting in artificially good energy resolution and will also degrade the flood histogram
[44].

The saturation of the 8 x 8 SiPM array was studied by comparing the linearity of photopeak
positions obtained with 511 keV photons from a %8Ge source and 662 keV photons from

a 137Cs source. In the absence of saturation, the ratio of the two photopeak positions should
be 511/662 = 0.77.

F. Energy resolution

Energy spectra were extracted for individual crystals in the array. The energy resolution for
each crystal was found by calculating the FWHM of a Gaussian fit to the photopeak and
normalizing to the 511 keV photopeak position. Average and standard deviation energy
resolution were calculated using all crystals in each array.

G. Timing resolution

The timing resolution was measured by operating the detector module in coincidence with a
reference detector, consisting of a single 6 x 6 mm?2 MicroFB SiPM and a polished 5 x 5 x 5
mm?3 LYSO crystal wrapped with Teflon tape. The coincidence timing resolution
(CTRsipps-sipng) of two identical reference detectors was 307 = 10 ps and 326 + 11 ps at

5 °C and 20 °C respectively. The timing resolution was obtained by reading out the fast
outputs.

Timing spectra were extracted for each individual crystal in the crystal arrays by segmenting
the event data according to crystal number using a crystal look up table. The FWHM of a
Gaussian fit to the timing spectra was used to estimate timing resolution.

The estimated coincidence timing resolution (C7R) of two 8 x 8 SiPM array based detectors
was calculated by subtracting in quadrature the contribution of the reference detector using
the following equation:

SiPM—SiPM

CTR= \/5 \/CTR%n,ea,s'u.red - CTR2 / 2 4
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A CFD was used to generate time-stamps for the 8 x 8 SiPM detector module while a
leading edge discriminator (LED) was used to generate time-stamps for the reference
detector. Due to the time-walk of the LED method, a 506 - 516 keV energy window was
applied to the reference detector to select events. Average and standard deviation timing
resolution was calculated using all crystals in the array.

A. Signal pulse shape

B. Noise

The signal pulse shapes from the timing channel and one of the four position channels
(channel X*) are shown in Fig. 4. The red lines were obtained by coupling the 15 x 15
LYSO array to the center of the SiPM array, and the blue lines were obtained by coupling a
single 3.34 x 3.34 x 20 mm?3 LYSO crystal to the center of one SiPM pixel in the SiPM
array. The signal pulse shapes from both the fast output and standard output for a single 3.34
x 3.34 x 20 mm3 LYSO crystal coupled to an individual 6 x 6 mm?2 SiPM (MicroFB-
SMTPA- 60035) are also shown in Fig. 4 (black lines).

The pulse shapes for each configuration were the average of 200 pulses captured with an
oscilloscope (DPO7254, Tektronix, Inc.), obtained at a bias voltage of 28.0 V and
temperature of 5 °C. To generate the pulse shapes shown in Fig. 4, the amplitudes of the 200
pulses corresponding to a particular case were first individually normalized and then
summed and averaged to give an average pulse.

Table 11 details the measured average signal rise time (10% - 90%) for each configuration
given in Fig. 4. As shown in Fig. 4 and Table 11, the signal rise time obtained with the SiPM
array was slower than that obtained with the individual SiPM. Along with this, the signal
rise time obtained with the 15 x 15 LY SO array coupled to the SiPM array was slightly
slower than that obtained with a single LYSO crystal coupled to the center of one SiPM

pixel in the SiPM array, mainly due to the different response times of the SiPMs and the
combination of capacitance and noise of all the SiPMs [45]. In all cases, the fast output has a
faster rise time than the standard output, hence it is better suited for timing measurements.
The rise time did not show any significant improvement when the temperature was
decreased from 20 °C to 5 °C (Table II).

Fig. 5 shows the noise versus bias voltage (Fig. 5 (a)) and ovevoltage (Fig. 5(b)). The
measured results include all noise sources, including the front-end board, NIM modules and
PowerDAQ board. The noise of the front-end board, NIM modules and PowerDAQ board
was ~ 9 ADC channels, which was a constant value during all experiments. The noise
increases with increasing bias voltage and increasing temperature, mainly due to the
increased spontaneous Geiger discharge probability. The noise obtained with the crystal
array present was also higher, possibly due to photons from the SiPM breakdown coupling
into the scintillator and reflecting back into the SiPM again, or scintillation photons
generated by the Lu-176 background within the crystal array, or by cosmic.

IEEE Trans Nucl Sci. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duetal. Page 8

The signal-to-noise ratio (SNR), calculated as the ratio of the 511 keV photopeak amplitude
to the noise, is shown in Fig. 5(c) [21]. The SNR first increases and then decreases with
increasing bias voltage. The best SNR was obtained at a bias voltage of 28.5 V in all cases.

C. Flood histogram

Fig. 6 shows the flood histograms of the 15 x 15 LYSO array (3.34 mm pitch) placed in the
center of the SiPM sensitive area and obtained at a bias voltage of 28.0 V (the optimal bias
voltage for flood histogram quality, see Fig .7). A 425 - 650 keV energy window was
applied to each crystal to select events. All the crystals in the array can be clearly identified.
The dependence of flood histogram quality on bias voltage is illustrated in Fig. 7. Improved
flood histograms can be obtained at lower temperatures, as the SiPM noise is decreased. A
light guide provides modest improvement of the average flood histogram quality value,
however, the standard deviation is significantly reduced indicating that spots are overall
better separated and more evenly distributed.

The flood histogram quality first increases and then decreases with increasing bias voltage.
The decrease at higher bias voltage is because the noise increases quite quickly with
increasing bias voltage as shown in Fig. 5(a). The best flood histogram quality was obtained
at a bias voltage of 28.0 V, however the value was quite consistent between bias voltages of
27 and 29 V.

The size of the 15 x 15 LYSO array (51.0 x 51.0 mm?) is smaller than that of SiPM array
(57.4 x 57.4 mm?). To further investigate the effective detection area of the SiPM array, the
LYSO array was placed at two off-center positions: 1) the center of LYSO array was located
1.7 mm off the away from the center of the SiPM array in both xand y directions to mimic a
16 x 16 LYSO array; 2) the corner of the LYSO array was placed over one corner of the
SiPM array to mimic an LYSO array covering the whole surface of the SiPM array. The
flood histograms obtained for these two configurations are shown in Fig. 8. They were
obtained at a bias voltage of 28.0 V using the 1.2 mm thick light guide.

When the LYSO array was coupled 1.7 mm off-center (the distance of the outermost crystal
to the edge of the active area of SiPM array was 1.06 mm), all the crystals could be clearly
identified. The crystal spots appeared grouped into 2 x 2 crystals, due to the relative position
of the crystals with respect to the SiPM layout.

When a corner of the LYSO array was coupled to one corner of the SiPM array, the two
outer rows/columns of crystals could not be resolved. These two rows/columns of crystals
are almost entirely coupled to the same row/column of SiPMs, hence it is difficult to
separate them, as there is very limited light sharing. A slotted light guide may help to resolve
the outer crystals and will be studied in future work.

D. Saturation of SiPMs

The average ratio of 511 keV to 662 keV photopeak positions for the 15 x 15 LYSO array is
shown in Fig. 9. The ideal ratio, 0.772, is also plotted (gray dashed line). This ratio did not
increase with increasing bias voltage, indicating that saturation was not observed up to 29.5
V in our measurements. This is because there is sufficient light sharing within the crystal
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array and between SiPMs (both with and without a light guide) such that the light is not
concentrated on a single SiPM element.

The results at higher bias voltages were not studied, as this was above the best working
conditions of 28.0 V, and the signals amplitude was sufficient to saturate the electronics.

E. Crystal identification with smaller crystals

Flood histograms of crystal arrays with pitch sizes 1.5, 1.35 and 1.2 mm are shown in Fig.
10. These results were obtained at a bias voltage of 28.0 V and the crystal arrays were
coupled to the center of SiPM array sequentially. A 250 - 650 keV energy window was
applied to each crystal to select events. All the crystals in the LYSO arrays can be resolved
except for some crystals in the 10 x 10 LSO array (1.2 mm pitch size) when the temperature
is at 20 °C.

The corresponding flood histogram quality for each crystal array is shown in Fig. 11.

F. Energy resolution

The energy spectra from four representative crystals in the 15 x 15 LYSO array are given in
Fig. 12(a). They were generated using single events, obtained at a bias voltage of 28.0 V and
using the 1.2 mm thick light guide. The amplitude of the 511 keV photopeak is crystal-
dependent, due to the 1.2 mm dead space between SiPMs. The energy spectrum of the
central crystal (#113, black line) has the lowest photopeak position, as it was located over
the gap of four SiPMs leading to significant light loss.

The average energy resolution across the 15 x 15 LYSO array versus bias voltage is shown
in Fig. 12(b). The average energy resolution improves as the bias voltage increases and there
is a tendency towards better energy resolution when the 1.2 mm light guide is used. The
average energy resolution was 12.7 + 0.8% at a bias voltage of 28.0 V (the optimal bias
voltage for flood histogram quality, Fig. 7), at a temperature of 5 °C, and using the 1.2 mm
light guide.

Fig. 13 shows the average energy resolution obtained for different crystal pitch sizes. Better
energy resolution is obtained at lower temperature. The energy resolution values obtained
with arrays with smaller pitch size is worse than with the 15 x 15 LYSO array, as light loss
is increased for smaller crystal cross-sections [46].

G. Timing resolution

Fig. 14(a) shows measured coincidence timing spectra for several crystals in the 15 x 15
LYSO array, obtained at a bias voltage of 28.0 V and temperature of 5 °C. A 425 - 650 keV
energy window was applied to each crystal to select events.

Fig. 14(b) shows the average estimated CTR for all crystals in the 15 x 15 LYSO array,
obtained at a bias voltage of 28.0 V. Superior timing resolution is observed at lower
temperature. Use of a light guide does not affect average timing resolution but increases
uniformity (lower standard deviation) within the array. Using the 1.2 mm thick light guide,
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CTR was 1.58 £ 0.13 ns and 2.29 + 0.26 ns, obtained at temperatures of 5 °C and 20 °C,
respectively.

Fig. 15 shows the average CTR obtained using crystal arrays with different pitch sizes. A
250 - 650 keV energy window was applied to each crystal to select events. Arrays with
larger crystal sizes showed superior timing resolution, consistent with the energy resolution
results (Fig. 13).

V. Discussion and Future work

The performance of an 8 x 8 SiPM array of 6 mm x 6 mm pixels (57.4 x 57.4 mm? area)
was characterized in detail with a view to its use as a PET detector. Flood histogram quality,
energy resolution and timing resolution were studied with LYSO/LSO crystal arrays with
different pitch sizes (ranging from 1.2 mm to 3.34 mm). The effect of bias voltage and
operating temperature was investigated. The same trends in SNR and flood histogram
quality versus bias voltage were observed for all four crystal arrays tested. The results show
that varying temperature has a significant effect on the performance of these SiPMs, mainly
by affecting noise characteristics. Better performance was achieved at lower temperature, as
the dark count rate (noise) is lower (Fig. 5). An optimized light guide also improved the
performance, especially improving the flood histogram quality and homogeneity (Figs. 6
and 7).

The best working bias voltage for this device was 28.0 V based on the flood histogram
quality results measured with the 15 x 15 array of 3.34 x 3.34 x 20 mm?3 LYSO crystals. The
flood histogram results also showed that all crystals could be resolved in an array with a
pitch size of 1.2 mm, suggesting the capability of this SiPM array for high-resolution small
animal PET, and dedicated scanners for breast and brain imaging. The average energy
resolution at 5 °C and at a bias voltage of 28.0 V ranged from 12.7 £+ 0.8% (3.4 mm pitch
crystal array) to 14.6 + 1.4% (1.2 mm pitch array). The results we obtained are consistent
with those shown in Ref. [9], which were obtained using an array of 6 x 6 mm?2 SiPMs with
a pitch size of 6.5 mm.

The CTR was 1.58 + 0.13 ns, obtained at a bias voltage of 28.0 V and a temperature of 5 °C,
using the 15 x 15 array of 3.34 x 3.34 x 20 mm?3 LYSO crystals. The timing resolution
degraded to 2.50 + 0.44 ns for a 10 x 10 array of 1.13 x 1.13 x 14 mm3 LSO crystals. The
timing resolution may be improved by optimizing the bias voltage. However, in this study
the bias voltage was set to optimize flood histogram quality. The timing resolutions are
similar or better compared with other recent work using large-area SiPM array and similar
readout methods [9], [32]. The timing resolution results indicate the current detector
modules are not suitable for time-of-flight (TOF) PET. When all the 64 fast outputs are
combined together, the signal rise time was slower than that obtained with a single SiPM
pixel (Fig. 4). Factors such as a combination of SiPM capacitance and noise contributed to
the worse timing resolution. Better timing resolution could therefore be obtained by
reducing the combined number of SiPMs and reading out more timing channels [13], [47].
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During our experiments, we found that good energy resolution could also be obtained when
the fast output is used to estimate the deposited energy. Fig. 16 shows a comparison of
energy spectra from the standard and fast outputs. The energy spectra were generated from
coincidence events by coupling a 3.34 x 3.43 x 20 mm?3 LYSO crystal to a single 6 x 6 mm?
SiPM pixel. The energy resolution at 511 keV obtained from the standard output was 8.4

+ 0.1% while the fast output yielded an energy resolution of 9.2 + 0.3 %.

In the future, we plan to read out only the fast output which will be used for both timing and
energy information. Each fast output will be amplified individually and timing information
will be recorded for each fast output signal individually. This will isolate the SiPMs and
should yield timing resolution comparable to that from individual SiPMs (<400 ps) [37-38].
However, application-specific integrated circuit (ASIC) based multi-channel electronics will
be required. ASICs specifically designed for radiation detector, such as PETsys TOF PET
ASIC (PETsys Electronics, Inc.) and RENA-3 (NOVA R&D Inc.) will be investigated.

A Schottky diode readout method is also under investigation by SensL [48]. In this method,
the fast outputs were connected together using a Schottky diode pair per SiPM. CTRs of 304
+5ps, 371 + 4 ps and 480 + 7 ps were obtained by combining 16, 32 and 64 MicroFB
SiPMs (3 x 3 mm? devices) together, respectively.

V. Conclusion

We have evaluated the performance of large-area SiPM array based PET detectors suitable
for different PET applications. Custom front-end readout and multiplexing electronics were
developed with five output electronic channels (four for event positioning and one for
timing) to readout all the 128 SiPM signals (64 standard out and 64 fast outputs). A crystal
array with a pitch size of 1.2 mm was resolved, and the energy resolution was less than 15%
for all scintillator arrays tested. The results demonstrated the 8 x 8 array of 6 x 6 mm?
SiPMs with an area of 57.4 x 57.4 mm? has potential for use for both human and small-
animal PET scanners.

Both arrays with a pitch size of 1.35 mm and 1.2 mm were barely resolved using the five-
channel readout method, however, we believe better results could be achieved using more
channel-intensive readout methods, such as reading out each SiPM signal individually. In
comparing the flood map quality between the two arrays, the different aspect ratios and
therefore light collection efficiency of the arrays must also be considered.

We believe better performance than that shown in this paper can be obtained by further
lowering the temperature to reduce noise [11], [22]. However, it is more complex to
maintain a low temperature as careful consideration of moisture and the working range of
electronics is needed.

New SiPMs with lower noise, such as MicroFC SiPMs have been recently developed by
SensL. The noise of MicroFC SiPM is ~20% of that of MicroFB SiPMs [31]. Better
performance could therefore also be expected from large-area SiPM array based on MicroFC
SiPMs and studies with these devices are planned.
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(a) Photograph and (b) schematic of SiPM array.

IEEE Trans Nucl Sci. Author manuscript; available in PMC 2017 February 01.

1 [72mm
(b)

Page 15



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Du et al.

XX

o
Decoding u}

Fig. 2.

Schematic showing front-end readout.
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Fig. 3.
Picture illustrates an inner, edge and corner crystal and its neighbor crystals used in

calculating flood histogram quality. Each inner, edge and corner crystal has 4, 3 and 2
neighbor crystals respectively.
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Fig. 4.

Signal shape from fast and standard outputs from a single SiPM and the 8 x 8 SiPM array.
For the SiPM array, the fast and standard signal shape are the sum of all 64 signals.
(Abbreviations: SA: SiPM array; SS: Single SiPM; CA: LYSO crystal array; SC: single
LYSO crystal; F: fast output; S: standard output).
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Fig. 5.

Noise versus (a) bias voltage and (b) ovevoltage, (c) SNR versus bias
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Fig. 6.
Flood histogram of the 15 x 15 LYSO array, obtained at a bias voltage of 28.0 V. A 425 -

650 keV energy window was applied to data from each crystal to select events.
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Fig. 7.

Flood histogram quality metric versus bias voltage and temperature, obtained using the 15 x
15 LYSO array.
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Fig. 8.
Flood histograms of the 15 x 15 LYSO array, obtained at a bias voltage of 28.0 V and using

a 1.2 mm thick light guide. A 425 - 650 keV energy window was applied to data from each
crystal to select events.
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Average ratio of photopeak positions versus bias voltage, obtained using %8Ge and 137Cs

sources.
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Fig. 10.
Flood histograms versus crystal pitch size and temperature obtained at a bias voltage of 28.0

V. The flood histograms were better at lower temperature. A 250 - 650 keV energy window
was applied to each crystal to select events.
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Fig. 11.
Flood quality versus crystal pitch size and temperature, obtained at a bias voltage of 28.0 V.
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Fig. 12.

(a) Energy spectra of crystals 1, 65, 106 and 113 in the 15 x 15 LYSO array. The bias
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voltage was 28.0 V and data recorded at a temperature of 5 °C. A 1.2 mm thick light guide
was used. (b) Average energy resolution versus bias voltage for all crystals in the 15 x 15
LY SO array. Results both with and without a 1.2 mm thick light guide (LG) are shown.
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Fig. 13.
Average energy resolution versus crystal pitch size and temperature.
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Fig. 14.
(a) Timing spectra of crystals 1, 65, 106 and 113 in the 15 x 15 LYSO array at a bias voltage

of 28.0 V and temperature of 5 °C , using a 1.2 mm thick light guide. (b) Average (all
crystals) CTR versus temperature for the 15 x 15 LYSO array.
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Fig. 15.
Average CTR versus crystal pitch size. Results were obtained at a bias voltage of 28.0 V.
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Fig. 16.
Comparison of energy spectra measured from the fast output and standard output using one

single 6 x 6 mm?2 SiPM and 3.34 x 3.34 x 20 mm?3 LY SO wrapped with several layers of
Teflon. The bias voltage was 28.0 V and the temperature was 5 °C . The energy resolution
was 9.2 + 0.3 % (fast output) and 8.5 + 0.1 % (standard output) without saturation
correction.
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TABLE |
Scintillator Arrays
; Pitch : :
Scintillator ~ Array size Crystal 2'29 ! Size / Light guide
mm /mm
mm
LYSO 15x 15 3.34x334x20 34 1.2
LYSO 9x9 143 x1.43 %12 15 2.8
LYSO 8x8 1.28x128x12 135 3.0
LSO 10x 10 1.13x1.13x 14 1.2 3.2
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TABLE Il
Signal rise time (10%-90%)
Rise time / ns
Case Signal type
5°C 20°C
SiPM Array + LYSO Array Fast 231206 23106
(SA+CA) Standard  38.8+14 386+13
SiPM Array + Single LYSO Fast 222+04 223+05
(SA+5C) Standard  36.7+1.1 36.9+11
Single SiPM + Single Lyso ~~ Fast 45+03 47404
(88 +5C) Standard  209+12 21.8+12
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