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Purpose: The MatrixSL-9-30035-OEM (Matrix9) from SensL is a large-area silicon photomultiplier
(SiPM) photodetector module consisting of a 3×3 array of 4×4 element SiPM arrays (total of 144
SiPM pixels) and incorporates SensL’s front-end electronics board and coincidence board. Each SiPM
pixel measures 3.16×3.16 mm2 and the total size of the detector head is 47.8×46.3 mm2. Using 8×8
polished LSO/LYSO arrays (pitch 1.5 mm) the performance of this detector system (SiPM array and
readout electronics) was evaluated with a view for its eventual use in small-animal positron emission
tomography (PET).
Methods: Measurements of noise, signal, signal-to-noise ratio, energy resolution, flood histogram
quality, timing resolution, and array trigger error were obtained at different bias voltages (28.0–32.5 V
in 0.5 V intervals) and at different temperatures (5 ◦C–25 ◦C in 5 ◦C degree steps) to find the optimal
operating conditions.
Results: The best measured signal-to-noise ratio and flood histogram quality for 511 keV gamma
photons were obtained at a bias voltage of 30.0 V and a temperature of 5 ◦C. The energy resolution
and timing resolution under these conditions were 14.2% ± 0.1% and 4.2 ± 0.1 ns, respectively. The
flood histograms show that all the crystals in the 1.5 mm pitch LSO array can be clearly identified
and that smaller crystal pitches can also be resolved. Flood histogram quality was also calculated
using different center of gravity based positioning algorithms. Improved and more robust results
were achieved using the local 9 pixels for positioning along with an energy offset calibration. To
evaluate the front-end detector readout, and multiplexing efficiency, an array trigger error metric is
introduced and measured at different lower energy thresholds. Using a lower energy threshold greater
than 150 keV effectively eliminates any mispositioning between SiPM arrays.
Conclusions: In summary, the Matrix9 detector system can resolve high-resolution scintillator arrays
common in small-animal PET with adequate energy resolution and timing resolution over a large
detector area. The modular design of the Matrix9 detector allows it to be used as a building block
for simple, low channel-count, yet high performance, small animal PET or PET/MRI systems.
C 2015 American Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4905088]
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1. INTRODUCTION

Silicon photomultiplier (SiPM) detectors, also referred to as
multipixel photon counters (MPPCs), are attracting significant
attention in nuclear imaging, especially for positron emission
tomography (PET) applications1,2 due to their potential for
high photodetection efficiency (PDE),3,4 low working bias
voltage, compact size, and insensitivity to magnetic fields
which makes them a promising candidate detector to build PET
or PET/MR systems. Single channel SiPM detectors, coupled
one-to-one to scintillation crystals, have rapidly demonstrated
the potential of SiPM-based PET scanners.5,6 Recently there
has been significant academic and industrial development of
large area multichannel SiPM technologies7–20 giving rise

to many SiPM-based detector and scanner designs. Besides
developing new high performance devices, large-area SiPM
modules are also being developed, and some of these modules
now include the readout electronics to facilitate the fabrication
of PET scanners.16,20,21 Two different types of SiPM detector
designs are of particular interest: pixel array silicon photo-
multipliers, which already have been used in PET scanner
prototypes,22–25 and position-sensitive silicon photomultipli-
ers.10,14,26,27 Large area position-sensitive detectors using a
build-in resistor grid method or other method to connect each
cell in the device require only five readout channels, four
for positioning and one for timing,10,14,26,27 making the elec-
tronic readout relatively simple. However, the spatial and tim-
ing resolution performance of large-area devices is currently
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limited, in part because of the high dark count rate, and
also their high capacitance.28 The pixel array detector is the
standard SiPM implementation and is based on a large number
of separate single SiPM pixels located on the same substrate or
printed circuit board (PCB). The advantage of the pixel array
detector is that 1:1 coupling is possible (minimizing detector
decoding errors), and each individual SiPM pixel provides
excellent timing.20,29,30 However, at the system level many
electronic readout channels will be needed if each pixel is read
out individually or a complex ASIC is needed. Hence, some
channel multiplexing methods are normally used to reduce
the number of readout channels and therefore the cost and
complexity of a PET scanner based on this architecture.31–35

This multiplexing will, however, also degrade the detector
performance.

SensL’s Matrix9 is a modular, large-area SiPM array detec-
tor, which includes the detector head (SiPM arrays), frond-end
board (amplification, multiplexing, and digitization), coinci-
dence board, and data acquisition and readout software. A
“scrambled crosswire readout” technique (see Sec. 2.B) is
used to read out the 144 SiPM pixel signals using just 25
electronic channels, including 16 channels for energy and
timing, and 9 channels to identify which SiPM array has fired.

Given the flexibility and ease-of-implementation of the
Matrix9 we are planning a simple, high-sensitivity, box geom-
etry, small animal PET scanner based on this detector sys-
tem, motivated by the success of a similar geometry PMT-
based system.36 The purpose of this study was to assess
the performance of the Matrix9 detector when using scin-
tillator array dimensions consistent with small-animal PET
applications that require light sharing across SiPM pixels to
achieve competitive spatial resolution. To find the best operat-
ing conditions, the noise, signal, signal-to-noise ratio (SNR),
energy resolution, flood histograms quality, timing resolution,
and array trigger error ratio of the Matrix9 were measured and
compared at five different temperatures, ranging from 5 ◦C to
25 ◦C, in 5 ◦C intervals. Performance at temperatures lower
than 5 ◦C were not studied because the goal was to stay in
a temperature range that can be readily and reliably achieved
when implemented in a PET scanner. Measurements were also

obtained at different bias voltages (∼28.0–32.5 V, in 0.5 V
increments) to determine the optimum operating bias voltage
for the system.

2. MATERIAL AND METHODS
2.A. Matrix9 detector head and crystal arrays

A photograph of the Matrix9 detector head (MatrixSL-9-
30035-OEM) is shown in Fig. 1. The detector head consists of
a 3×3 matrix of SiPM arrays, each with 4×4 SiPM pixels, for
a total of 144 SiPM pixels. The total area of the detector head is
47.8×46.3 mm2. Each SiPM pixel measures 3.17×3.17 mm2

and contains 4774 microcells that are each 35×35 µm. The
PDE is 14% at 2.0 V above the breakdown voltage of 27.5 V.37

The surface of the SiPM array was covered by ∼0.5 mm thick
epoxy glass. The dead space between each SiPM pixel in the
same SiPM array is 0.2 mm and the dead space between each
SiPM array in the x and y directions are 2.22 and 2.75 mm,
respectively. A single bias voltage is applied to all 144 SiPM
pixels on the detector head. The pixels in a Matrix9 detector
head are preselected to give a uniformity within ±10%.

A front-end board (MatrixSL-9-30035) was connected to
the Matrix9 detector head. A scrambled crosswire readout
technique (described in Sec. 2.B) is used to read out the 144
SiPM pixel signals using just 25 electronic channels, including
16 channels for energy and timing, and 9 channels to identify
which SiPM array has fired. Each front-end board can support
one detector head and the coincidence board (Matrix-EVB-
16) can support up to 16 individual detector modules. Two
Matrix9 detector heads were used in coincidence for the timing
measurements, all other measurements used a single Matrix9
detector head.21

Two 8× 8 polished LSO arrays, with a pitch of 1.5 mm
and length 6 mm, separated by enhanced specular reflector
(ESR), were used in all measurements except the count rate
measurements. For each Matrix9 detector, an LSO array was
coupled to the central SiPM array via BC-630 optical grease;
the other eight SiPM arrays in the Matrix9 detector were
covered with black paper, while all nine SiPM array were

F. 1. Photograph of Matrix9 detector head (left) and dimensions in mm (right).
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biased at the same bias voltage. This setup, in which only part
of the Matrix9 active area is coupled to scintillator, allows
mispositioning of events into adjacent SiPM arrays due to
triggering errors to be quantified. Mispositioning of events can
be caused by the readout logic (see Secs. 2.B and 2.C.5).21 The
LSO arrays, detector heads, and front-end electronics boards
were placed in an aluminum light-tight black box connected
to electrical ground for light and electromagnetic shielding.
The temperature inside the box was controlled using an air-
jet crystal cooler (FTS Systems, Inc., Stone Ridge, NY) and
the temperature of the detector head was measured by the
integrated digital temperature sensor of the Matrix9, which is
located under the detector head. The temperature sensor has a
granularity of 0.0625 ◦C.

A single LSO array and Matrix9 detector was used to mea-
sure the noise, signal, SNR, flood histogram quality, and array
trigger errors. For these measurements, a 100 µCi 68Ge point
source was used to irradiate the crystals and was placed 20 mm
above the front end of the LSO array. The count rate for the
measurements was∼20 000 counts/s. For the timing resolution
measurements, the source was located centrally between two
Matrix9 detectors, with a center-to-center distance of 80 mm.
For the count rate measurements, an 8×8 polished LYSO array
(with a pitch of 1.5 mm and length 12 mm, separated by ESR
reflector) was used.

2.B. Scrambled crosswire readout architecture

The Matrix9 detector head consists of 144 SiPM pixels. If
each SiPM pixel were read out individually at least 144 elec-
tronic channels would be needed. To reduce the complexity
of the readout electronics, and retain good performance, a
multiplexing technique is used to read out the 144 SiPM pixels
using only 25 electronic channels (Fig. 2). The 25 electronic
channels consist of 9 cathode signals and 16 anode signals.
In the scrambled crosswire readout method the 16 cathode
pixel signals, one from each of the 16 SiPM pixels in a SiPM
array, are summed to form one SiPM array signal. These 9
array signals in a Matrix9 module are used to identify the
SiPM array in which the light photons interacted. To determine
the interaction position within a particular SiPM array, on the
anode side of the detector readout the nine SiPM pixels with
the same location within an array (e.g., the nine top left pixels)
are summed together to form 16 pixel signals. Consequently,
when a particular SiPM pixel fires, a pulse occurs on its

corresponding array signal channel and the corresponding
pixel signal channel; by analyzing the 9 array signals and the
16 pixel signals the SiPM pixel that fired can be determined.
This technique involves setting two energy thresholds, the
array trigger threshold and the pixel trigger threshold. These
are studied in Sec. 2.C.5.

Each array and pixel signal from the detector head was
passed through a preamplifier and then a comparator. Each
preamplified pixel signal was also fed to a slow shaper provid-
ing CR-RC (Ref. 2) shaping with a shaping time of 500 ns,
allowing the gamma energy deposited in the LSO/LYSO scin-
tillator to be accurately determined. The output of the slow
shaper was connected to a 12-bit serial ADC. The peak value
of the shaped signal was digitized and used as the pixel signal
amplitude.21

Timing information was acquired from the first pulse tran-
sition within the 16 pixel signals by automatically latching
a free-running time-to-digital converter (TDC) value imple-
mented inside the FPGA to record the pulse transition time,
which was then taken to be the interaction time. The pulse
transitions are generated by 16 leading edging discriminators
and a common low level threshold. The TDC is a 16-bit
counter with a timing resolution of 0.5 ns.21

2.C. Detector performance measurements

2.C.1. Signal to noise and energy resolution

To study the dependence of bias voltage and temperature
on detector performance, signal to noise measurements were
performed. As there is no internal trigger in the Matrix9 elec-
tronic system the noise of the detector was acquired by setting
the array and pixel threshold both to be zero, triggering the
system by noise. The noise data (including the noise from
the Matrix9 detector head and the readout electronics) were
acquired with the crystal array coupled to the detector head
and radiation source present. Measurements were carried out
at the same set of bias voltages as the signal data. Linear
interpolation of the data from each of the 16 pixel signal chan-
nels individually allows the 16 full widths at half maximum
(FWHMs) and 16 peak positions of the noise distribution to
be obtained. The average of these 16 FWHMs was treated
as the detector noise, which includes the detector head noise
and noise from the electronic readout. The voltage at the peak
of the noise distribution from each pixel was treated as the

F. 2. Schematic of scrambled crosswire readout technique.
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F. 3. Figure illustrating how flood histogram quality metric was computed. See text for details.

F. 4. Illustration of the measurement geometry for timing. Distance and object size are not to scale.

F. 5. Ghost floods appear due to triggering errors when the array threshold is not set high enough. In this example, the crystal array only covered the center
SiPM array; events appearing in the surrounding eight SiPM arrays are considered trigger errors.

Medical Physics, Vol. 42, No. 2, February 2015
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F. 6. (Top) noise distribution of four representative SiPM pixels (0, 5, 11, and 15). (Middle) noise and (bottom) signal versus temperature and bias voltage.
The error bars in the middle figure are the standard deviation of the noise from the 16 SiPM elements, and in the bottom figure are the Gaussian fitting error.

signal offset of that corresponding pixel channel. The signal of
the detector was measured as the 511 keV photopeak voltage
in the energy histogram (obtained using the summed signal
of all SiPM pixels) and was obtained by setting the array
threshold and the pixel threshold both to 0.3 V. The signal
amplitude was also corrected by subtracting the channel offset.
The SNR was defined as the ratio of the 511 keV photopeak
voltage to the detector noise voltage. The method used to
obtain SNR here is slightly different from the approach we
have used previously,38,39 as the noise is averaged over 16
pixels. The energy resolution was taken as the % FWHM
of the 511 keV photopeak. The saturation of the SiPM was

not corrected because we found it did not greatly impact the
results.

2.C.2. Flood histograms

Detector flood histograms were also calculated from the
data acquired during the detector signal measurements. Four
different methods were used to calculate the gamma photon
interaction position based on center of gravity logic and
compared:

• M1: All energies method—the signal from all 16 pixels in
a SiPM array are used to calculate the interaction position.

Medical Physics, Vol. 42, No. 2, February 2015
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F. 7. SNR versus temperature and (top) bias voltage, (bottom) overvoltage.

• M2: All energies method with offset calibration—the
offset measured above was subtracted from each signal
prior to calculating the position.

• M3: Region of interest (ROI) method—uses the local 9
pixels—the pixel with the maximum signal and its eight
surrounding pixels. If the pixel with the maximum value
is an edge or corner pixel, the missing surrounding pixels
are filled with zeros.

• M4: ROI method with offset calibration.

For the methods involving “offset calibration,” the signal
offset was first subtracted from the signal, if the subtracted
signal was smaller than half of the FWHM measured from the
noise distribution for that pixel, the signal was set to 0.

To quantitatively compare the flood histogram quality, a
flood histogram quality metric was derived from methods
in the literature39 and adapted to the characteristics of the
Matrix9 detector flood histogram. Figure 3 shows a flood
histogram of the 8×8 LSO array. The flood histogram shows
that due to the geometry of the crystal and SiPM array, the
64 crystals are grouped into sixteen 4-crystal groups, which
represent the most difficult crystals to be separated and could
be seen as a worst-case-estimate of the separation capability.
For optimal crystal separation in each 4-crystal group, the
distance between two adjacent crystals should be as large as
possible and the spot size of the crystals as narrow as possible.

This led us to calculate a flood histogram quality parameter ki
for the ith crystal group using the following formula:

ki =
1
4

(
x2− x1

(wx2+wx1)/2 +
x4− x3

(wx4+wx3)/2
+

y1− y3

(wy1+wy3)/2 +
y2− y4

(wy2+wy4)/2
)
, (1)

where wx j and wy j are the FWHMs of the x and y projections
of the flood histogram of the jth crystal in ith 4-crystal group,
and x j and y j are the centroids of the x and y projections of the
flood histogram of the jth crystal, as shown in Fig. 3. The mean
value of the 16 ki’s, 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 k. Here, a larger value of k indicates
better flood histogram quality.

2.C.3. Timing measurements

The timing resolution was measured at several tempera-
tures using the optimal bias voltage determined by the SNR
and flood histogram quality metrics. Different bias voltages
were used at different temperatures (T) to maintain the same
overvoltage. The bias voltage was calculated as (29.7+0.02
× T) volts as the breakdown voltage is known to increase

Medical Physics, Vol. 42, No. 2, February 2015
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F. 8. (Top) energy spectra obtained at a bias voltage of 30.0 V and 5 ◦C and (bottom) energy resolution versus temperature and bias voltage.

linearly with temperature (∼0.02 V/◦C).21 To simplify the
timing resolution measurement, we used the symmetry of the
SiPM detector array and crystal array to calculate the timing
resolution for 16 crystals in each crystal array, as shown by
the blue rectangles in Fig. 4. These 16 crystals represent all
possible light sharing scenarios between crystal and SiPM
array. The Matrix9 uses a leading edge discriminator (LED) to
pick-off the timing information from the pixel signal. The time
walk of the LED drastically degrades the attainable timing
resolution and must be corrected. Using the relationship be-
tween the time pick-off and the corresponding energy of pixel
(from which time information was picked up), a correction
lookup table (LUT) can be created and applied to the timing
data.40

2.C.4. Effect of count rate

To investigate the effect of the count rate and pile up on the
detector performance (signal amplitude, flood histogram, and
energy resolution), a 14×14×3 mm3 phantom filled with an
initial activity of 10.8 mCi 18F was placed 20 mm above the
crystal surface. Count rate and signal data were acquired every
hour for 30 h. The count rate caused by the LYSO background
was also measured by removing the 18F source. Count rate
data were obtained with the array threshold set to 0.3 V and
pixel threshold set to 0.1 V, and the signal amplitude data

were obtained by setting both the array threshold and pixel
threshold to 0.3 V. All the measurements were done at a bias
voltage of 30.0 V and a temperature of 5 ◦C. Energy resolution
and flood histogram quality were calculated using the methods
described in Secs. 2.C.1 and 2.C.2.

2.C.5. Array trigger errors

For the above measurements (noise, signal, SNR, flood
histogram, and timing resolution) events were selected from
the central SiPM array, as determined by the array trigger,
because the LSO array was only located over the central SiPM
array and the other 8 SiPM arrays were covered with black pa-
per. However, in these measurements, we noted that the array
trigger did not always correspond to the central SiPM array.
When this happens, the γ photon interaction position will be
mispositioned to another SiPM array. These mispositioned
γ photons are not just dark noise—as “ghost” flood images
appear in the other eight SiPM arrays, as shown in Fig. 5.
The Matrix9 uses the first arriving pixel trigger to trigger the
data acquisition system to digitize the 16 pixel signals, and the
first arriving array signal to decide which SiPM array these 16
pixels signals come from. Hence if the array threshold is too
low, the array trigger may be triggered by noise and therefore
will not relate to the actual array in which the event occurred.
The array trigger error is related to the array threshold and was

Medical Physics, Vol. 42, No. 2, February 2015
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F. 9. (Top) flood histogram and (bottom) flood histogram quality metric using different positioning methods at different bias voltages. All measurements were
acquired at 5 ◦C.

defined by the following function:

array_trigger_error=

8
i=0

ni−n4

8
i=0

ni

%, (2)

where i = 0,. . ., 8 is the SiPM array identification number,
and ni is the number of events assigned to SiPM array i.
The array trigger error was measured at the same overvoltage
for five different temperatures. The bias voltage applied at a
given temperature T was (29.7+0.02×T) V. At each tempera-
ture, measurements were obtained at a fixed pixel threshold
of 0.3 V (corresponding to ∼150 keV) and different array
thresholds, from 0 to 0.75 V in 0.05 V intervals, and also
with an energy threshold applied during postprocessing of the
data.

3. RESULTS
3.A. Detector noise and signal amplitude

The noise and the 511 keV photopeak signal amplitudes
from the detector are plotted against bias voltage and temper-
ature in Fig. 6. At the lowest bias voltage of 28.0 V, meaningful
data could only be obtained at temperatures at or below 10 ◦C.
The noise increases more rapidly at higher bias voltage than
at lower bias voltage, meaning SiPM pixel dark noise does
not increase linearly with voltage.18,28,37,39 However, unlike
the position-sensitive silicon photomultipliers (PS-SSPM),
noise is not reduced significantly at lower temperature for
a fixed bias voltage, which was significantly reduced for
the PS-SSPM.28 At a given bias voltage, the noise at lower
temperatures is slightly larger than that at higher temperature,
which is mainly due to the decrease of the breakdown voltage
with decreasing temperature. The signal increases with bias
voltage, but the slope decreases as the bias voltage increases.

Medical Physics, Vol. 42, No. 2, February 2015
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F. 10. Flood histogram quality metric based on ROI with offset calibration method at different bias voltages and different temperatures.

3.B. Signal-to-noise ratio

The SNR at different bias voltages and overvoltages, as a
function of temperature, is shown in Fig. 7. The SNR first
increased and then decreased with increasing bias voltage, due
to the variation of the noise and signal shown in Fig. 6. Higher
SNR was achieved at lower temperatures. For all temperatures
the best SNR was obtained at a bias voltage between 30.0 and
30.5 V. Higher overvoltage conditions, such as increased bias
or decreased temperature at a fixed bias result in higher SNR.
This holds true up to approximately 30.0 V where the increase
in dark noise begins to impact the SNR measurement.

3.C. Energy resolution

The global energy spectrum and energy resolution versus
bias voltage and temperature is shown in Fig. 8. At a fixed bias
voltage, the energy resolution improves with lower tempera-
ture. The measured energy resolution was 14.2% ± 0.1% at a
bias voltage of 30.0 V (the optimal bias voltage for SNR from
Fig. 7) and at a temperature of 5 ◦C. At higher bias voltages
and lower temperatures the energy resolution becomes artifi-
cially good because of the nonlinearity of the SiPM (saturation
effects were not corrected).

3.D. Flood histogram quality

Figure 9 shows the flood histogram (top) and flood histo-
gram quality metric (bottom) obtained for different bias volt-
ages at a fixed temperature of 5 ◦C using the four different
position calculation methods. The best flood histogram qual-
ity was achieved using method M4, the “ROI with offset
calibration” method. This gave the best and most consistent
results, as the signal offset has been subtracted and the noise
has been minimized by only using a local cluster of SiPM
pixels for positioning (9 SiPM pixels instead of 16 SiPM
pixels). The best flood histogram quality was achieved for
bias voltages between 30.0 and 31.0 V for all four methods.
The flood histograms also clearly show that an LSO array
with a pitch of 1.5 mm can be resolved, and the separation
suggests that smaller crystals (∼1 mm pitch or smaller) might

also be resolved. Figure 9 (bottom) also indicates that offset
calibration must be performed when the signal is small, as
the offset calibration method dramatically improves the flood
histogram quality.

Figure 10 shows the flood histogram quality metric at
different bias voltages and different temperatures using the
ROI with offset calibration method. The flood histogram
quality first increased and then decreased slightly as the bias
voltage increased, which is consistent with the SNR results
shown in Fig. 7. The best flood histogram quality was achieved
at a temperature of 5 ◦C.

To further investigate the crystal identification ability of
the Matrix9 detector, a 8 × 8 polished LYSO array (pitch
1.5 mm, length 12 mm), a 9×9 polished LYSO array (pitch
1.35 mm, length 12 mm), and a 10×10 polished LSO array
(pitch 1.0 mm, length 10 mm) all using ESR as the inter-
crystal reflector, were also studied. These three crystal ar-
rays were coupled to the detector head sequentially and also
simultaneously (on SiPM section nos. 3, 4, and 5). The goal
of the simultaneous measurement was to evaluate the ability
of the scrambled crosswire readout method to decode mul-
tiple scintillator arrays at the same time. The corresponding
flood histograms, calculated using method M4, are shown in
Fig. 11. All the crystal elements in the three arrays were clearly
resolved except some edge crystals in the 1.35 mm pitch LYSO
array. In this case, the two outer rows/columns of crystals are
both almost entirely coupled to the same SiPM pixels and
it is difficult to separate them, as there is very limited light
sharing.33 A light guide may help to better separate the outer
crystals but was not considered in this work. For the 1.0 mm
pitch array all the crystals are resolved; however, this array
does not extend to the very edges of the active area of the SiPM
array. Nonetheless, it illustrates the potential to resolve small
crystal elements.

To quantitatively compare the results obtained from sequen-
tially and simultaneously coupling the crystal arrays to the de-
tector head, the flood histogram quality and energy resolution
were measured and are listed in Table I. The flood histogram
quality was calculated by taking the average distance/width for
every two adjacent crystals in both x and y direction, in order
to compare flood histograms of the three crystals. Importantly,

Medical Physics, Vol. 42, No. 2, February 2015
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F. 11. Flood histograms of (left column) pitch 1.5 mm, (middle column) pitch 1.35 mm, and (right column) pitch 1.0 mm LYSO or LSO crystal arrays. Flood
histograms shown in top row and bottom row were obtained by coupling crystal arrays sequentially and simultaneously.

the detector performance did not deteriorate when coupling
more than one crystal array to the Matrix9 detector head
simultaneously, supporting the ability to ultimately populate it
with nine crystal arrays at the same time to make a full detector
module.

3.E. Timing resolution

Figure 12 illustrates the measured coincidence timing spec-
trum at a temperature of 5 ◦C (top) and timing resolution
at different temperatures (bottom). The red and blue curves
indicate the results from the raw data and from data corrected
using “LED time walk calibration,” respectively. The solid and
dashed curves in Fig. 12 (bottom) indicate the timing reso-
lution for each method with an open energy window (lower
cut-off is determined by the 0.3 V array threshold applied to
the trigger threshold setting, which is around ∼150 keV) and a
400–650 keV energy window applied to each crystal of the 16

selected crystals in the crystal array. The results, which are the
average of all 256 (16×16) possible crystal pair timing spectra,
show that the LED time walk calibration provided a significant
improvement in the timing resolution. Figure 12 (bottom) indi-
cates that using a narrow energy window improves the timing
resolution, as the amplitude range of events is restricted, thus
reducing time walk effects. A slightly better timing resolution
can be achieved at lower temperature, but the improvement is
rather limited, especially after using the time walk calibration
and using an energy window.

3.F. Count rate effects

Figure 13 shows the flood histogram, and Fig. 14 shows the
flood histogram quality, energy resolution, and signal ampli-
tude (511 keV photopeak) obtained at different count rates. It
is obvious that in very high count rate conditions, the flood
histogram and energy resolution were both degraded. The

T I. Comparison of flood histogram quality metric and energy resolution.

Flood histogram quality Energy resolution (%)

Crystal array (pitch size/mm) Sequentially Simultaneously Sequentially Simultaneously

1.5 4.4 ± 0.5 4.3 ± 0.5 14.4 ± 0.7 14.8 ± 0.8
1.35 3.2 ± 0.7 3.1 ± 0.8 14.7 ± 0.7 15.1 ± 0.9
1.0 2.9 ± 0.3 2.8 ± 0.3 15.5 ± 0.6 16.0 ± 0.7
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F. 12. (Top) timing spectra at 5 ◦C and (bottom) timing resolution at different temperatures. The solid lines correspond to an open energy window (∼150 keV
lower cut off) and the dashed lines to a 400–650 keV threshold.

signal amplitude decreased with increasing count rate, mainly
due to the partial charging of the microcells at high count rate.
The microcells in the Matrix9 SiPMs have a typical recovery
time of 130 ns.37 Under high count rate conditions, the micro-
cells are not fully charged before the next discharge process;

hence, the signal amplitude is decreased. This phenomenon,
as well as pulse pileup, also degraded the flood histogram and
energy resolution. The data show that count rates of ∼100 000
counts/s can be maintained without any performance degrada-
tion.

F. 13. Flood histogram obtained at different count rates.
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F. 14. (Top) flood histogram quality, (bottom left) energy resolution, and (bottom right) signal amplitude versus count rate.

F. 15. Array trigger error versus temperature and array threshold level with (top) a wide open energy window and (bottom) a 400–650 keV energy window.
Note that vertical scales are logarithmic and are not the same for the two plots.
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F. 16. 511 keV photopeak amplitude as a function of temperature for the same overvoltage. The photopeak amplitude still has some small dependence on
temperature.

3.G. Array trigger errors

The Matrix9 has two online discriminators that can be set:
the array threshold and pixel threshold. The array threshold
and the pixel threshold function similarly to a lower level
discriminator in an energy spectrum while the array threshold
is also used to determine which of the nine SiPM arrays
has fired. The array trigger error was measured as the array
threshold level was changed (the pixel threshold was fixed
at 0.3 V) and is plotted in Fig. 15. As expected, the array
trigger error first decreases and then becomes rather con-
stant as the array threshold level is increased. When the array
threshold is higher than the noise of the SiPM array, the prob-
ability of having a trigger from the SiPM array not coupled to
the crystal array is reduced. With the array threshold greater
than 0.3 V, the array trigger error ratio is ∼0.1% [Fig. 15
(top)]. Using a 400–650 keV energy window to filter out
the low energy events does decrease the array trigger er-
ror ratio, but it only has a significant effect when the array
threshold level is higher than 0.2 V. With an energy threshold
set in post processing of the data there is practically no array
trigger error when the array threshold is higher than 0.3 V
[Fig. 15 (bottom)]. The fluctuations seen in Fig. 15 (bot-
tom) are due to the stochastic nature of the measurement
and the very low number of trigger errors that occur in this
regime.

We also measured the array trigger error ratio at a fixed
0.3 V array threshold for different pixel thresholds ranging
from 0 to 0.65 V, in 0.05 V increments. The array trigger error
did not change significantly by increasing the pixel threshold
level (results not shown), which implies that the array trigger
error is mainly dominated by the array threshold level and not
the pixel threshold level. The reason why the array trigger error
was not significantly affected by the pixel threshold is due to
the trigger principles of the Matrix9 electronics system, which
uses the pixel signal to trigger the system and both the pixel
signal and the array signal to validate the event. If the pixel
threshold is low and the system was triggered by noise, there
will not be a valid array signal (array threshold is above noise)
and these noise events will be discarded.21

The array trigger error was evaluated at the same over-
voltage; hence, the array trigger error at lower temperatures
was expected to be smaller than that at higher temperatures,
as the noise of the SiPM is lower. But, we in fact observed a
slight increase in the array trigger error ratio. The reason for
this may be that the bias voltages were changed according to
the expected rate of 0.02 V/◦C in order to keep the SiPM at the
same overvoltage, however, each device may not vary exactly
according to this relationship. Some residual difference in the
511 keV photopeak amplitude, as shown in Fig. 16, was still
observed. At lower temperatures, the signal amplitude is a
little larger, which means the gain is higher, hence the noise is
higher, causing a larger array trigger error.

4. DISCUSSION AND CONCLUSIONS

This study presented a detailed performance test of the
large-area Matrix9 SiPM detector in the context of its possible
application for small-animal PET. We measured the SNR,
flood histogram quality, energy resolution, timing resolution,
count rate effect, and the array trigger error ratio. Both the
noise and signal increase with increasing bias voltage, but only
the signal amplitude is significantly affected by temperature
variations. SNR results and flood histogram quality show that
the overall best performance was achieved when a ∼30.0 V
working bias voltage was applied and better results were ob-
tained at lower temperature. The energy resolution at 5 ◦C
and a bias voltage of 30.0 V was 14.2 ± 0.1%. We believe
that even better SNR and flood histogram quality can be ob-
tained at temperatures lower than 5 ◦C, but these were not
studied here, because our goal is to implement this detector
at a system level with modest and readily achievable levels of
cooling.

To obtain the best flood histogram quality, a ROI with
offset calibration position calculation method was introduced
in this paper. This method considers only nine local pixels to
compute the γ interaction position and gave the best and most
robust result at different bias voltages compared to the other
methods. Using this technique, individual crystals in the LSO
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array with a pitch of 1.5 mm could be clearly resolved and the
results suggested that crystal arrays with smaller pitch could
be resolved as well. This was confirmed by tests on a 9× 9
polished LYSO array (pitch 1.35 mm) and a 10×10 polished
LSO array (pitch 1.0 mm).

With proper timing calibration, a 5.2 ns and a 4.2 ns timing
resolution was achieved at 5 ◦C based on two Matrix9 detec-
tors with a wide-open energy window and a 400–650 keV
energy window, respectively. These values are compatible
with most small-animal PET applications. The array trigger
error, which is an inherent problem of the scrambled crosswire
readout technique, can be reduced by using an array threshold
above 0.3 V. If an energy window is used, the array trigger
error ratio can be further reduced and will not degrade the
flood histogram quality. This is therefore not an issue of any
practical concern. We also demonstrated that the Matrix9 can
read out multiple scintillator arrays simultaneously and that its
electronics can handle event rates of 100 000 counts/s without
any performance degradation.

Our proposed detector design will use nine individual
LYSO or LSO arrays, each coupled to a single SiPM array,
to prevent optical crosstalk between SiPM arrays. Assuming
nine 8 × 8 arrays with a crystal pitch size of 1.5 mm, the
fill factor will be 58.6%. We expect significant problems
would occur if a single large area LSO array were used
across the entire Matrix9 active area, as light sharing across
SiPM arrays complicates the crosswire readout and position
decoding if one crystal is coupled to more than one SiPM
array.

Because the readout naturally allows the light distribution
across all 16 pixels in the array to be sampled, we also will
investigate the extraction of depth of interaction information
using a single ended readout.41 This could allow, without any
increase in complexity, the use of longer crystals in the box
geometry design, improving the sensitivity, while reducing
spatial resolution degradation due to depth of interaction ef-
fects.

With these attractive performance parameters and ease of
use, relatively simple high-resolution small-animal PET and
PET/MRI scanners, or dedicated scanners for breast and brain
imaging, could be based upon these modular Matrix9 large-
area detectors and their associated electronics. In addition,
further advances in SiPM array technology are rapidly occur-
ring. New detectors with enhanced blue sensitivity to match
the emission of LSO and LYSO,3,4,15,42 lower dead space, and
therefore improved PDE have recently become available and
offer the prospect of even better performance. Once these ad-
vances get incorporated into large-area detectors with appro-
priate readout electronics, they will provide attractive oppor-
tunities for small-animal PET scanner designs.
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