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a b s t r a c t

Compact high-resolution panel detectors using virtual pinhole (VP) PET geometry can be inserted into
existing clinical or pre-clinical PET systems to improve regional spatial resolution and sensitivity. Here
we describe a compact panel PET detector built using the new Though Silicon Via (TSV) multi-pixel
photon counters (MPPC) detector. This insert provides high spatial resolution and good timing
performance for multiple bio-medical applications. Because the TSV MPPC design eliminates wire
bonding and has a package dimension which is very close to the MPPC's active area, it is 4-side buttable.
The custom designed MPPC array (based on Hamamatsu S12641-PA-50(x)) used in the prototype is
composed of 4�4 TSV-MPPC cells with a 4.46 mm pitch in both directions. The detector module has
16�16 lutetium yttrium oxyorthosilicate (LYSO) crystal array, with each crystal measuring
0.92�0.92�3 mm3 with 1.0 mm pitch. The outer diameter of the detector block is 16.8�16.8 mm2.
Thirty-two such blocks will be arranged in a 4�8 array with 1 mm gaps to form a panel detector with
detection area around 7 cm�14 cm in the full-size detector. The flood histogram acquired with 68Ge
source showed excellent crystal separation capability with all 256 crystals clearly resolved. The detector
module's mean, standard deviation, minimum (best) and maximum (worst) energy resolution were
10.19%, 70.68%, 8.36% and 13.45% FWHM, respectively. The measured coincidence time resolution
between the block detector and a fast reference detector (around 200 ps single photon timing
resolution) was 0.95 ns. When tested with Siemens Cardinal electronics the performance of the detector
blocks remain consistent. These results demonstrate that the TSV-MPPC is a promising photon sensor for
use in a flat panel PET insert composed of many high resolution compact detector modules.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

1.1. VP-PET systems

High resolution detector inserts with virtual pinhole (VP) PET
geometry have been demonstrated effective in improving regional
spatial resolution and sensitivity of existing clinical and pre-
clinical PET scanners [1]. Dedicated insert devices have been
developed by different research groups, e.g. pre-clinical insert
device designed in partial or full ring [2–4] and the insert device
for clinical applications with half-ring geometry [5].

A compact flat panel detector which provides a relatively large
detection area offers versatile detector geometry for multi-purpose
VP-PET applications. For organ-specific clinical applications, instead of

building a dedicated PET scanner, higher resolution imaging applica-
tions with improved sensitivity are possible using a flat panel insert
device (shown in Fig. 1), potential uses include clinical imaging of head
and neck, breast, internal mammary nodes, prostate, etc. The simula-
tion study in a Siemens Biograph 64 PET/CT scanner of a silicon
detector insert with detection area similar to our flat panel detector
shows significant improvement in resolution with hot rods phantom
study [6]. Silicon detectors have much lower density than lutetium
yttrium oxyorthosilicate (LYSO) based detectors, thus the proposed
silicon probe detector was composed of 10 layers to achieve reasonable
detection efficiency. This multiple layer detector is read out by
complicated electronics and the timing performance (� 10 ns coin-
cidence timing resolution) is worse than the scanner detectors (less
than 2 ns) based on lutetium oxyorthosilicate (LSO), so a wide time
window would be applied for coincidence events acquisition.

In addition to applications in biomedical imaging, PET technol-
ogy is used in other fields. We recently built a dedicated PET
imager for plant sciences [7]. The spatial resolution of our PlantPET
is approximately 1.25–1.5 mm; this is mainly limited by the upper
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half-ring which uses bigger crystals with a 2.4�2.4 mm2 cross-
section. We expect to achieve up to 1 mm resolution with a flat
panel insert (shown in Fig. 2). Improved resolution is important for
imaging small plants like Arabidopsis thaliana, a model plant for
genome analysis.

1.2. Compact detector module design based on TSV MPPC photon
sensors

The previously reported half-ring human insert device is based
on position sensitive photo-multiplier tube (PS-PMT) [5]. In contrast
to these PS-PMTs, solid state photo-multipliers (SS-PMT), which are
also called as silicon multiplier (SiPM), or multi-pixel photon
counters (MPPC) provide advantages including compact physical
profile and insensitivity to magnetic fields. For our VP-PET insert
applications, MPPC based detectors offer the additional benefit of
reduced Compton scatter from the photon sensor's low-density
packaging materials. Several PET systems based on MPPC show
excellent performance with respect to small crystal separation
capability, good energy and timing resolution [8–12]. VP-PET insert
devices are designed to be as compact as possible; this strategy
imposes fewer space constraints when placing an insert close to the
regions of interest (ROI) for different clinical applications.

The VP-PET insert detector system described here is meant to
be integrated into commercial PET scanners to enhance their

image resolution. Our current approach dictates the detectors to
be compatible with the read-out electronics of commercial PET
scanners. The Siemens Biograph 64 clinical PET scanner's block
detector is composed of a 13�13 LSO crystal array. Its Cardinal
electronics can support up to 16�16 crystals per array with a
change of its singles event data format. We contracted Siemens
Molecular Imaging Inc. to modify its firmware to support this
function. For plant PET insert, the scanner uses the Siemens
QuickSilver electronics which supports block detectors, each
composed of a 20 x 20 LSO crystal array. As a result, the proposed
VP-PET flat panel detector module, which has 256 crystals per
block, can be decoded by the QuickSilver electronics without any
additional firmware modification.

In small modular detector design, edge crystals require special
consideration because they are a big portion of the total crystal
number. The previous generation 3�3 mm2 MPPC sensor com-
monly used for small animal PET systems has 0.5 mm dead space
around its sensitive area due to packaging. As a result, a finished
MPPC array has an overall dimension much greater than the

Fig. 1. VP-PET geometry with flat panel insert and the setup used for internal
mammary nodes and breast imaging. One flat panel configuration is used for most
of the applications. For some applications, like breast imaging, another panel can be
added and positioned at around 901 to each other.

Fig. 2. Geometry configuration of plant PET system with flat panel. The green half-
ring detector is composed of detector modules with 1.59�1.59�10 mm3 crystal
pitch size. The flat panel detector is rendered in yellow and its crystal pitch size is
1�1�3 mm3. The larger, upper half-ring outlined in white lines is composed of
bigger crystals with 2.4�2.4�10 mm3 pitch; this upper ring is turned off when
the flat panel detector is used to acquire coincidence data. (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of
this paper.)

Assembled array (top view)

Assembled array (side view)

Crystal array

L1: MPPC array L2: Resistor network

Acrylic light guide

Fig. 3. The detector module consists of crystal array, light guide, MPPC photon
sensor array and resistor network printed circuit board (PCB), from top to bottom.

4.46

3.4

16.80

16.40

Fig. 4. Cell layout of the custom made 4�4 MPPC arrays. The dark blocks indicates
the sensitive area of each individual cells, the green edges show the dead space
around each MPPC cell, and the dark blue block is the PCB board on which the
MPPC cells are populated. The dotted white lines mark the outer size of the crystal
array and light guide that couples with the MPPC arrays. (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of
this paper.)
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sensitive area needed for the scintillator array. Complex light guide
designs are often used to couple the crystal array and photon
sensor with different sizes to regulate the light propagation for
edge crystal identification [13,8,14]. Such designs result in good
edge crystal separation even for very small crystals, but also bring
in some performance degradation. Both energy and timing resolu-
tion of edge crystals are worse than center crystals; this is mainly
caused by the light loss with the complex light guide structure.

Hamamatsu (Hamamatsu Photonics K.K.) is the first manufac-
turer to provide a commercially available 4-side buttable MPPC
cells with the through surface via (TSV) fabrication technique [15].
The TSV MPPC offers at least two clear advantages beyond
traditional edge wire bonding design. First, it shortens the traces
between the individual micro-cells and wire bonding pads which
greatly reduces the trace-induced parasitic resistance and capaci-
tance; although not studied in this paper, this feature will
potentially improve timing performance [16]. Second, with this
TSV process, a single cell's dead space from the four edges is
greatly reduced to a minimum of 100 μm. As a result, the MPPC
array can have an outer dimension that approaches that of the
crystal array; this feature significantly simplifies the light guide
design for our proposed compact detector modules. The single TSV
MPPC cell performance has been previously reported [15,17]. This
paper explores the potential advantage of using the new TSV
MPPC in a compact detector module design that maintains a good
and uniform performance for all the crystals. Compact detector
module design is also vital for flat panel detector to be used for VP-
PET insert systems.

2. Materials and methods

2.1. System design concept

Our flat panel PET detector is composed of 32 high resolution
block detectors arranged in a 4�8 array and mounted on a carbon
fiber plate. Four detector blocks form a module, which is read out by
a 16-channel amplifier board. Signals from the 8 amplifier boards
can be read out by either Siemens QuickSilver [18] (for small animal
and plant PET scanners) or Siemens Cardinal (for clinical PET
scanner) electronics. With this 4�8 array configuration, the flat

panel has an active area of 7 cm�14 cm. The thickness of the block
detector is only 7.5 mm. The targeted dimensions of the entire panel
detector will be comparable to a smart phone with a 5-in. screen
(amplifier boards will be enclosed in a separated box).

2.2. Detector block

The stacked structure of the compact detector module is shown
in Fig. 3. Each module hosts a 16�16 LYSO crystal array with a
crystal size of 0.92�0.92�3 mm3 at 1 mm pitches, giving a
16 mm�16 mm detection area. The acrylic light guide regulates
the light propagation with narrow cuts on four edges to improve
identification of corner crystals. The 4-side buttable TSV-MPPC cell
is very suitable for compact high-resolution detector block
designs. We custom designed a MPPC array with an active area
that matches the crystal array's dimension; this greatly simplifies
the light guide design. The resistor network is on a separated
printed circuit board (PCB) connected to the MPPC array via a
high-density small connector (0.4 mm Razor BeamTM LP Ultra Fine
Pitch socket strip and terminal strip, Samtec, Inc.), allowing
different multiplexing schemes to be applied by replacing only
this layer of PCB.

The dimension parameters of the custom made MPPC array are
shown in Fig. 4. The TSV MPPC cells from Hamamatsu are pre-
mounted on a small PCB to provide a pin grid array (PGA)
footprint. Those PCB mounted cells have 200 μm dead spaces.
The new TSV MPPC cells have a very good uniformity in Vop
(operating voltage recommended by the manufacturer based on
the breakdown voltage of the MPPC cells) distribution. Fig. 5

Fig. 5. Operation voltage (Vop) distribution of 1200 cells and standard deviation of Vop with the assembled arrays after sorting.

Fig. 6. The alignment of crystal array with light guide and MPPC array.
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Fig. 7. Schematic diagram of readout electronics for human (top) and plant PET (bottom) insert system. Different amplifier circuits are used to provide different output
analog signal characteristics that are compatible with Siemens' clinical and pre-clinical PET scanners. For human PET insert application, a 32-channel high voltage supplier
controlled by an MCU board functions MPPC bias voltage controlling and gain compensation. For plant PET insert application, this function is distributed to each amplifier
board that has an MCU and 4-channel high voltage supplier integrated. DEA: Detector Electronics Assembly, MUX: Multiplexer board, GIM: Gantry Interface Module, ACS:
Advanced Computer System, MCU:Microprogrammed Control Unit, EPM: Event Processing Module, ESR: Event readout Module.

Fig. 8. Upper: schematic diagrams of the DPC resistor network applied and the amplifier circuit. Lower: the picture of the 16-channel amplifier board used for flat panel
detector readout.
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shows the Vop distribution of 1200 cells and standard distribution
deviation (STD) of Vop with the assembled array after sorting
them into groups of 16 cells each. With the finished MPPC arrays,
the STD of Vop of most arrays is less than 0.02 V which is
equivalent to 1% variation of the MPPC cell's gain. A
16.8�16.8 mm PCB holds the MPPC cells. The cells spread to the
maximum space and the active area of the MPPC array reaches
16.4 mm�16.4 mm, slightly more than the crystal array size. The
current-limiting resistors and temperature sensitive resistors are
mounted on the backside of the PCB board. The finished array
contains 4�4 MPPC cells with 4.46 mm pitch in both directions,
resulting in 1.06 mm gaps between adjacent cells which are filled
with white reflector material that provides two functions. First, it

“increases” photon collection efficiency. Without a reflector, light
shining into the gaps would be lost. Second, the protective epoxy
layer on top of the MPPC die is transparent and light cross-talk
happens between MPPC cells without this reflector layers. As
shown in Fig. 6, the light guide is made of 1.8 mm acrylic sheet
with straight cuts of different depths at 1 mm (aligned with the
first crystal) and 2.5 mm (aligned with the center of the third
crystal) from the edges for edge crystals separation.

2.3. Readout electronics

Fig. 7 shows the readout electronics chains for human and
plant PET insert projects. The resistor network PCB board has the
same size as the custom made MPPC array board; conventional
discretized positioning circuits (DPC) are applied [19] for both
projects. After the resistor network, 16 anode signals are reduced
to 4 position encoded analog signals and fed into a 16-channel
amplifier board which supports a total of 4 detector modules. The
required signal characteristics for Cardinal and QuickSilver elec-
tronics are different, so readout analog circuits are customized. For
human insert applications, a simple voltage feedback fast amplifier
board is used here and Fig. 8 shows the detailed circuit diagram
and the actual PCB boards. For plant insert applications, the
amplified signal is followed by a buffering stage, which also
converts the signal from negative single-end to positive pseudo-
differential mode to be compatible with QuickSilverTM readout
electronics. The silicon based photo-multipliers are very sensitive
to environmental temperature changes. To minimize the tempera-
ture fluctuation due to the heat generated by the amplifier boards,
the detector modules are connected to the amplifier boards with
62-cm flat flexible cables. These long cables also allow us to place
only the detector modules and their carbon fiber enclosure inside
the scanner's FOV to minimize Compton scatter that would
otherwise be created by the amplifier boards. To maintain a
constant gain of the MPPC detectors, a micro-controller (MIC)
board that monitors temperature of detector modules by reading
the signals from the temperature sensors mounted on individual
detector modules was implemented for the human insert applica-
tions. This MIC controls a 32-channel high-voltage supply module
(EVAL-AD5535EB, Analog Devices Inc.) and a stable MPPC gain is

Fig. 9. Schematic diagrams of the detector block testing system. The lighter blocks are standard NIM modules. Custom designed analog circuit boards are shownwith darker
blocks. A commercial MicroTCA based multi-channel digitizing system is used for data acquisition.

Fig. 10. Flood histogram and profiles (along of row #8 and column #8) of detector
#612 (working at 0.7 V over manufacture recommended operation voltage).
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achieved by changing the bias voltage corresponding to the
temperature change. For the plant insert applications, each of
the 8 amplifier boards has an MIC; temperature monitoring and
high voltage tuning are done by the amplifier board itself.

The analog signals from the amplifier boards are sent to
harness boards that provide the right signal assignment and cable
connectors for the two different readout electronics systems. For
human insert application, 6 extra detector electronics assemblies
(DEAs) are added and the singles event from insert and scanner

DEAs goes through a multiplexer board (MUX) before being sent to
the coincidence processor. With this MUX, events from both
detector systems are acquired simultaneously, without affecting
the functionality of all the detectors in the original human PET
scanner. For plant insert applications, the low resolution half-ring
is disabled, and its corresponding electronics processing modules
(EPM) are used to readout the insert detectors.

2.4. Testing system and settings

Fig. 9 shows the schematic diagram of the detector testing setup.
A 68Ge point source with 1.36 MBq (40 μCi) activity is used for all
the tests performed here. The MPPC array in the detector works at
0.7 V over manufacturer recommended operation voltage. The
detector module is kept at room temperature (about 22 1C) and
singles data is acquired, which is used for the following crystal
histogram calculation and energy resolution measurement. The
total singles and coincidence events data acquisition is completed
with a time duration of around 3 h without temperature induced
gain variation compensation.

The testing system used here is based on standard NIM modules
(as defined in Fig. 9) and some custom designed analog circuit
boards. A commercial MicroTCA based multi-channel digitizing
system (uDigitizer, Nutaq Innovation Inc.) provides 32 ADC chan-
nels each running at 125 Msps with 14 bits precision. The analog
signals from the fast amplifier board have 20 ns rising edge. A
shaping circuit board is added to the signal path before the analog
signals are sent to the uDigitizer. For timing measurement, a
3�3�20 mm3 LSO crystal is coupled to SensL's FB series 3 mm
SiPM cells with its fast output signal sent to the trigger circuit and
acts as a reference detector. The timing performance of the
reference detector is measured in [20] and the single photon timing
resolution (SPTR) is around 200 ps with the working condition
recommended, which is sufficient for evaluating our detector
block's timing performance.

For energy resolution, the acquired block flood histogram is
first segmented to allocate the singles events to individual crystals.
The crystal energy resolution is calculated by applying Gaussian
fitting around the photon peak region of the energy spectra. All the
energy resolution reported here does not include corrections for
the non-linear response of the MPPC detectors.

Timing resolution for single crystals is calculated with þ15/
�15% energy window applied for individual crystals. The timing
resolution of the whole block and its center 10�10 crystal array is
calculated with þ20/�20% energy window applied for valid
events selection. Gaussian fitting is then used to calculate the
timing performance parameters.

Fig. 11. Left: crystal energy resolution map of the whole block. Right: photon peak (from raw data of ADC values) map of the whole block.

0 2000 4000 6000 8000 10000 12000 14000
0

1

2

3

4
x 104 Whole block energy spectrum

ER=20.8793%
Peak=7360.2084

ADC bins

0 2000 4000 6000 8000 10000 12000 14000
0

0.5

1

1.5

2

2.5
x 104 Center 10 x 10 crystals energy spectrum

ER=15.1851%
Peak=7521.7674

ADC bins

0 2000 4000 6000 8000 10000 12000 14000
0

50

100

150

200

250
Crystal #85 energy spectrum

ER=10.9859%
Peak=7580.9459

ADC bins

Fig. 12. Energy spectrum of the detector block (top), center 10�10 crystals
(middle) and a single crystal (bottom).
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3. Results

3.1. Crystal separation capability

The flood histogram in Fig. 10 acquired with 1 M singles events
shows excellent crystal separation capability, with all the 256
crystals clearly resolved. The profiles are also provided along row
8 and column 8 of the detector module. The measured average

peak-to-valley ratios from row #8 and column #8 crystals are
3.2 and 3.5 respectively.

3.2. Energy resolution

As shown in Fig. 11, the detector module has the mean,
standard deviation, minimum (best) and maximum (worst) energy
resolution of 10.19%, 70.68%, 8.36%, 13.45% FWHM, respectively.
The detector exhibits good uniformity in terms of individual
crystals’ energy resolution even for edge crystals. Two out of the
four corner crystals show the worst energy resolution, which was
due to a slight misalignment of the light guide with the crystal
array. The map of measured energy spectrum peak value of
individual crystals is not consistent with the crystal energy
resolution map, and demonstrates a special pattern. This is
believed to be caused by the non-uniform gain for each charge
injection point in the unsymmetrical DPC resistor network. Never-
theless, the energy resolution map shows that this did not have a
significant impact on the uniformity of energy resolution for
individual crystals. The energy resolution shown in Fig. 12 of the
whole block is � 20% FWHM (� 15% for the center 10�10

Fig. 13. Left: crystal timing resolution map of the whole block. Right: time offset (with fast reference detector) map of the whole block detector.
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Fig. 14. Timing spectrum of the detector block (top), center 10�10 crystals
(middle) and a single crystal (bottom). 20%/�20% energy window is applied for
valid events selection. The blue dotted curves represent the raw data and the red
curve is the Gaussian fitting results. (For interpretation of the references to color in
this figure caption, the reader is referred to the web version of this paper.)

a
b c d e

Fig. 15. The layout of a half-size prototype of flat panel detector device under
testing including (a) support plate (made of black delrin now), (b) high voltage
supply cables (high voltage supplier not shown), (c) long flat flexible cable for
position encoded analog signals, (d) high resolution block detectors and (e) 16-
channel amplifier boards.
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crystals, the region that light propagation is not affected by the
cuts in the light guide).

3.3. Timing resolution

Fig. 13 shows the timing performance of a detector module
with the mean, STD, minimum (best) and maximum (worst) time
resolution of 0.95 ns, 70.08 ns, 0.79 ns, 1.55 ns FWHM, respec-
tively. Fig. 14 shows the measured coincidence timing spectra with
the whole block, center 10 �10 crystals and single crystal
(Column 6, Row 6) giving timing resolutions of 1.23 ns, 1.00 ns
and 0.92 ns respectively. The measured results show a uniform
timing performance of most crystals. Although the five crystals at
the center of one edge show the worst timing performance, their
energy resolution is not the worst which mean the light loss is not
the dominant factor. Fig. 13 also shows the map of time offset
between individual crystals of the detector module and the
reference detector. The measured variation is 0.37 ns and the
maximum difference reaches 1.60 ns. This timing degradation is
most likely caused by the different transient time of individual
MPPC cells and the length of connected traces on the PCB board;
detailed calibration is required when using this MPPC array for
Time-of-Flight applications. The block timing performance can be
improved by applying a time lookup table for individual crystals.
We expect the timing resolution between two detector modules to
be better than 1.31 ns FWHM based on the measured mean time
resolution, which performs better than the detectors in the Sie-
mens Biograph scanner and is comparable with the detectors in
the Siemens InveonTM scanner.

3.4. Test with commercial scanners

Fig. 15 shows the layout of the flat panel detector under testing
with commercial scanner electronics. Due to the similar readout
electronics between Siemens's pre-clinical and clinical scanners,
the assembled detector blocks are only tested with Siemens
Cardinal electronics. All the crystals are clearly separated in
Fig. 16. The acquired flood histograms are similar to that acquired
with the 14 bits 125 Msps ADCs in Fig. 10 and block energy spectra
also look similar. The quality of the 4 consecutively assembled
detector blocks are very consistent.

4. Conclusion

We have developed a versatile panel detector for multiple PET
insert projects with VP-PET geometry. It features compact detector
block design with custom built MPPC array, light guide and analog
electronics. This design allows detector block to be tiled with
1 mm gaps. The new 4-side buttable (200 μm gaps) MPPC-based
high resolution PET detectors demonstrate good performance in
terms of crystal separation, energy (10.1970.68%) and timing
resolution (0.9570.08 ns). These excellent characteristics are
attributed to consistent performance of individual MPPC cells
due to the new TSV process. Detectors tested with commercial
scanner electronics show similar performance, demonstrating the
compatibility of these compact detectors for the proposed VP-PET
insert applications.
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