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Abstract—A computer simulation study has been conducted to
investigate the design of a PET detector module. The detector
unit consisted of a 24x24 array of pixelated LSO crystals, each
was 4x4x25 mm3 in size, and two 102x102 mm2 microchannel
plate (MCP) PMTs coupled to both sides of scintillators. The
crystal pitch was 4.25 mm and reflective media was inserted
between crystals. The signals from MCP were readout using a
transmission-line scheme. The optical photon inside scintillator
was simulated by using the Geant4 package and the output
signals of the MCP was formed by applying the electrical
responses measured of the MCP to each individual detected
photon. A experimental setup was built using a Photonis planacon
MCP(XP85022) and a Transmission line board to measure the
characteristics of MCP/TL. The measured single photoelectron
response(SER) was fed to the simulation of the electrical signal.
The responses to 511 keV gamma of the test setup were compared
to the simulation results for the validation. The simulation study
results showed an energy resolution of∼11% at 511 keV for the
detector module. When using a 400-600 keV energy window, we
obtained a coincidence timing resolution of ∼323 ps FWHM and
a coincidence detection efficiency of ∼40% for normally incident
511 keV photons. The position resolution was measured to be
∼4.25 mm. The readout at both ends of scintillator made it
possible to infer depth of interaction(DOI) based on the energy
asymmetry and time differences. The simulation study showed
that the design is suitable for Time of Flight(TOF) PET with
DOI capability.

I. INTRODUCTION

M ICROCHANNEL plate (MCP) photomultiplier tube
(PMT) [1] is a promising photodetector for PET ap-

plication due to its excellent positioning accuracy, fast time
response, and compactness in comparison with the conven-
tional PMT. Currently ideas for building large-area MCP
PMT(e.g, 8x8 inch2) cost effectively have been presented
and are under investigation at the University of Chicago and
Argonne National Laboratory [2]. Once the large area MCP
PMT is realized, it would be a good alternative photodetector
to replace the conventional PMT and make various PET
detector designs possible.

We investigated a PET detector-module design that con-
sisted of pixelated, thick LSO crystals and two MCP-PMTs.
The high density and fast decay of the LSO, and the fast timing
characteristics of the MCP-PMT, would make the module
attractive for TOF PET imaging [3]. A transmission-line (TL)
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scheme [4] was employed for reading out the MCP-PMT
outputs for estimating various event informations. This TL
readout scheme can potentially allow us to extend the size
of the detector module without substantially increasing the
number of electronics detection channels. To extract DOI
information, two MCP PMTs are coupled to LSO scintil-
lators at both ends. The compact thickness of MCP makes
this configuration feasible. The computer simulations were
conducted to study the performance properties of this design.
The optical photon’s generation and transport were handled
using Geant4 package. A experimental setup was built with a
Photonis XP85022 MCP and TL board. The measured results
were used as inputs to the design simulation. The comparisons
between the experimental results and the simulation were done
for the validation.

In Section II, the proposed detector configurations, readout
scheme and Geant4 simulation setup are explained in detail.
The experimental test setup and measured results are described
in Section III. The results of the design simulation are shown
in Section IV. The discussions and summary are in Section V.

II. MATERIALS AND METHODS

A. Configuration

Fig. 1. Detector configuration with two modules. Each module consists of
a 24x24 array of pixelated LSO scintillators and two MCP PMTs coupled to
the scintillators at the front and back sides.

The detector configuration with two modules facing each
other is shown in Fig. 1. One detector module consisted of
24x24 LSO pixels and two MCP PMTs that were coupled
to the front and back sides of the scintillator array. For
scintillator material, LSO was chosen due to its high light yield
(30,000/MeV), fast decay(∼40ns), and high density. Each LSO
pixel was 4x4x25 mm3 in size and the crystal pitch was 4.25
mm. Photonis Planacon MCP PMT was used as a benchmark
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in this study. Figure 2 shows a 2 inch Photonis Planacon
MCP PMT (XP85022) [6] and a prototype transmission-line
(TL) board that contains 32 strips. In the simulation study, we
considered 102x102x9.1 mm3 MCP PMT in order to match
the size of the scintillator array. The TL board was assumed
to have 24 strips with 4.25 mm pitch and these strips were
considered as the anodes of the MCP PMT.

We have developed Geant4 [5] based codes to simulate the
interactions of gamma rays with the detector, the generation
and transport of the optical photons inside the scintillator array.
The optical photon’s behavior at the boundary surfaces was
followed by the UNIFIED model. The surface of scintillator
was treated as ground except the interface to the MCP, which
was polished and treated with the optical grease for the higher
light collection. The reflective media was inserted between the
scintillator array. The detector responses to the coincidence
event were obtained. For the coincidence event simulation,
511 keV gamma pairs were generated back-to-back to impinge
on the centers of two modules. To study the uniformity of the
detector-module response, different source positions were also
considered.

Fig. 2. Photonis Planacon MCP PMT (XP85022) with 1024 (32x32) anodes
(left) and the prototype transmission-line board with 32 TL strips(right). One
strip of TL makes contact with one row of MCP PMT anodes and signals are
read out at both ends.

B. Signal forming and readout

Electrical signal was formed using Geant4 simulation out-
puts of the optical photon. Optical photon stops when it hits
the photocathode of MCP PMT and the position and time at
the photocathode are recorded. Photo-electron was generated
depending on the wavelength and quantum efficiency of MCP
PMT. The measured pulse shape with MCP/TL was assigned
to each photo-electron. The observed signal at the TL are
convolution of all photo-electron within the TL. Due to the gap
between MCP layers and anode of the MCP PMT structure,
the spread of the signal at anodes was observed larger than TL
pitch(4.25 mm) and was handled by attributing ∼12% of the
TL signal to the adjacent TLs. The gain variation and transit
time spread were also taken into account in the convolution.

Fig. 3 depicts the TL readout scheme. The pulses in a
TL propagate to both ends of the strip. We assumed that
the waveform of the pulses are recorded with 10-20 GSps
sampling, which was achieved using a digital oscilloscope for
the real test. The energy can be obtained from the sum of two
pulses and the average of two timing is regarded the event
time. The interaction position is extracted from the centroid
of TLs. Two MCPs readout makes the position determination

T0T1 T2

Fig. 3. Principle of Transmission-line readout. Two correlated pulses prop-
agate toward the ends and are readout for energy and timing. By measuring
the time difference, the interaction position along the TL can be inferred.

possible independently. The 24 strips in the forward MCP
PMT run vertically to give x coordinate from the centroid. In
the backward MCP PMT, the strips are rotated 90◦ with respect
to the forward for y coordinate. In addition, the position
information along the TL is available from the time difference
measurement as follows.

X =
ΔT

2
× v (1)

,where ΔT is the time difference T1 − T2 and v is the
propagation speed of the signal on the TL. Compared to the
individual crystal pixel readout, the TL scheme reduces the
number of readout channel efficiently(from 576 to 48).

III. EXPERIMENTAL TESTS

The test setup was built using a Photonis XP85022 MCP
PMT and TL board. The main purpose of setup was to
obtain the single photo-electron response of the MCP/TL.
The simulation study can be more realistic by using the
measured responses as inputs. The another aim is to measure
the responses to 511 keV gamma. For this, the MCP/TL was
coupled with LSO and an additional LSO/PMT was used for
the coincidence setup. The real coincidence setup was also
simulated separately and the measured results were compared
with the simulation for validation.

Fig. 4 shows the assembled XP8500 MCP PMT on top of a
TL board. XP85022 has two layer of Chevron type MCP with
the pore diameter 10 μm. The prototype TL board has 32
micro strips with 1.6 mm pitch. Currently only 4 channels of
TL can be readout with SMA type connectors. The waveform
from the TL board was recorded by Tektronix DP07354 digital
oscilloscope that samples the waveform with 10-20 GSps.

Photonis XP85022 / TL

LED

HV Pulse
Generator

Digital 
Oscilloscope

Tektronix DP07354

Fluke 415B
Lecroy 9211

Light Shielded Box

Fig. 4. Assembled XP85022 MCP/TL.(left) Four TLs at the middle have
SMA type connectors for readout. A block diagram to measure SER with
LED as a light source.
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A. Single Photo-electron Responses

The setup to measure the SER of XP85022 MCP/TL is
shown in a block diagram of Fig. 4. The LED(CMD204UWC-
ND, CML Tech. Inc.) cased in cylindrical holder was placed
on the MCP PMT. The light from the LED was localized
through a 0.8 mm diameter aperture and was controlled by a
pulse generator(Lecroy 9211) at single photon level. The high
voltage(HV) for the XP85022 was set typically at -2300V. The
waveform of three TL were recorded by the oscilloscope. The
pulse shape of single p.e. is shown at Fig. 5. The rise time of
SER was estimated ∼560 ps. The signal spread due to single
p.e was larger than TL pitch and therefore the charge induced
by single p.e, shown in Fig. 5, was obtained by integrating the
pulses from three TLs.
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Fig. 5. Averaged pulse shape of single p.e(left) Only the middle TL was
considered for the shape. Integrated charge distribution due to single p.e.(right)
Due to single spread, charges of 3 TL pulses were summed together.

The absolute gain of XP85022 was measured from the
integrated charge. By varying HV in -2100V and -2500V
range, the gain as a function of HV was obtained as shown in
Fig. 6 and was found well fitted by the exponential function
as expected. The gain at -2300V, which was the nominal HV
for the other tests, was ∼1.5x106. During the readout, only
one side of TLs was used and the other was terminated with
50Ω. This was corrected by multiplying the factor 2 for the
absolute gain.
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Fig. 6. XP85022 MCP gain as a function of HV. Each data point was
calculated from the measured charge distribution.

B. Responses to 511 keV gamma

A LSO scintillator of 1x1x10 mm3 was coupled to the
XP85022 MCP/TL to measure the responses to 511 keV
gamma. All the surfaces of the scintillator was polished. For
a coincidence detector, another LSO of 6.25x6.25x25 mm3

coupled to a Hamamatsu R9800 PMT was placed 3 cm apart.

R9800 PMT

XP85022 MCP/TL

HV : -1300V

HV : -2300V

Digital Oscilloscope
Tektronix DP07354Na22

LSO

LSO

Light Shileded Box

Fig. 7. Setup for 511 keV gamma coincidence event.

The long sides of two LSO scintillators are aligned to increase
the coincidence rate. Na22 of ∼1 μCi activity was used as
positron source at the middle of two units. The waveforms
from three TLs and R9800 PMT were recorded by the digital
oscilloscope. The coincidence event was triggered by requiring
thresholds of 40 mV for the R9800 PMT and 8 mV for the
MCP/TL, respectively. Fig. 7 shows the block diagram of the
coincidence setup.
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Fig. 8. Charge distribution of the MCP/TL from the experiment(left) and
the simulation(right). Charges of the three TLs were summed. The unit was
not not converted to the energy because the energy of 511 keV gamma was
not fully confined in three TL according to the simulation.

The integrated charge distribution of the MCP/TL is shown
in Fig. 8. Charge from the three TLs were summed in the
figure. The peak corresponding to 511 keV and the compton
continuum was seen clearly separated. The energy resolution
at the peak was ∼22% in FWHM. In the same way, the
charge distribution was obtained from the simulation of the
coincidence setup for the comparison and shown in Fig. 8.
In the simulation, the collection efficiency(C.E) was applied
to reflect the ratio of open area inside the MCP in addition
to Q.E. To make the peak value same as in the real test,
the C.E was adjusted to 0.8 which was consistent with the
measured separately. The resolution at the peak and shape of
compton continuum shows differences between the real data
and simulation. Simplified radioactive source distribution in
the simulation might be one of the factor.

Fig. 9 shows the coincidence time distributions between the
MCP/TL and R9800 PMT. Both for the real and simulation
data, the timing was determined by the leading edge time
pickup method by applying 3 mV and 50 mV thresholds
for MCP/TL and R9800 PMT, respectively. To select the
event around 511 keV peak, the charge was required to be
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Fig. 9. Coincidence timing distributions: the experimental test(left) and the
simulation(right).

within [35, 60]pC range in Fig. 8. The measured coincidence
timing resolution, ∼416 ps, was consistent with ∼398 ps
from the simulation. The contribution from R9800 PMT on
the coincidence timing was measured ∼200 ps from the
coincidence setup using two identical LSO/R9800 PMT.

IV. RESULTS : DESIGN SIMULATION

The results shown in this section are obtained by analyzing
20K simulated events. In each event, two 511 keV gamma
were injected to the central scintillator pixel of the detector
whose coordinate was (2.125 mm, 2.125 mm) in XY. The
positron range and accolinearlity were not considered in the
gamma generation. The outputs of Geant4 detector simulation
were combined to produce the signal pulses of the MCP/TL.
The measured SER of the XP85022/TL ( shown in Sec-
tion III-A) was used for this. The gain variation of single
p.e( 80% FWHM) and the transit spread( 80 ps FWHM) were
taken into account for each photo electron.

A. Energy

To obtain event energy, the TL strip having the maximum
signal was searched (called the maximum TL strip below) and
then the signals of the five TL strips centered at the maximum
TL strip were merged. The energy from the forward and
backward MCP/TLs was summed for one detector module.
Fig. 10 shows the resulting energy spectrum, which indicates
a 11.0% (FWHM) energy resolution at 511 keV.
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Fig. 10. Energy distribution of one detector module. The peak at zero
energy corresponds to the events that pass the scintillator array without
interaction. Fitting the photopeak with a Gaussian function indicates a 11%
energy resolution at 511 keV.
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Fig. 11. Coincidence timing histogram. Event time in each module was
determined by applying leading-edge pickup method, with 3 mV threshold,
to the waveforms obtained at the maximum TL strip.

B. Timing and Detection Efficiency

The event time was obtained by applying the LE time pickup
method using 3 mV threshold to the waveforms obtained at the
maximum TL strip. The measured timings at the forward and
backward MCP/TL are averaged to reduce the effect of DOI
on the timing determination. Figure 11 shows the coincidence
timing histogram obtained by using a 400-600 keV energy
window. The result shows ∼323 ps FWHM coincidence timing
resolution. With this energy window, the detection efficiency
for normally incident coincidence events was ∼40%: each
module had a detection efficiency of ∼63%.

C. Position
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Fig. 12. The position reconstructed using the centroid( left) and the time
difference on the TL(right).

The energy weighted centroid of the most energetic 5 TLs
was taken as the interaction position. The coordinate in two di-
mension was calculated separately from the forward/backward
MCP/TL. Fig. 12 shows a reconstructed X position distribution
applying the centroid method on the forward MCP/TL signals.
The energy window of [400, 600]keV was also required for
the figure. Since the scintillator was pixelated all the way, the
lights produced in a scintillator was highly localized and was
reflected in the discrete pattern in the reconstructed position.
The coordinate along the TL also determined based on the
time difference at both ends of TL. Fig. 12(right) shows Y
coordinate distribution calculated from the time difference
of the highest energy TL using the Eq. 1. For the signal
propagation speed of v, c/3 was used(c the speed of the
light). The mean of the position was consistent with the result
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Fig. 13. Energy asymmetry (left) and time difference (right) between the
signals at the front and back MCP-PMTs, as a function of the gamma injection
position along the scintillator.

using the centroid method. The FWTM(Full Width at Tenth
Maximum) of the distribution was comparable to 4.25 mm of
the scintillator pitch.

D. Depth of Interaction

Signals obtained at the two MCP/TLs can be explored for
obtaining the depth where a gamma photon interacts with the
scintillator array [7]. We have investigated the correlations
between the energy asymmetry and time difference between
the signals obtained at the front and back MCP-PMTs with the
depth of interaction (DOI). Energy asymmetry was defined
as the ratio (Efront − Eback)/(Efront + Eback), where Efront

and Eback are the measured energy at the front and back
MCP-MPTs. In this study, 511 keV gamma were injected
from the side of scintillator array along the Z axis with 1
mm step. At each inject point, 20K events were generated for
the simulation. Figure 13 shows the correlations of the energy
asymmetry and time difference as a function of the gamma
injection position along the Z axis. The linear correlation in
time difference and the DOI was clearly seen. The S shape
curve in the energy asymmetry might be effect due to the
total internal reflection; when optical photons are generated
closer to the ends of the scintillator the larger amount of light
bounce to the other side at the boundary of LSO/MCP by
total internal reflection. In addition to the correlation in time
difference, exploiting of this distinctive feature would enhance
the power to extract the DOI and is under investigation.

V. DISCUSSION AND SUMMARY

We investigated the PET detector design adopting the MCP
PMT and TL readout scheme. The detector consists of 24x24
LSO scintillator array coupled by two MCP/TLs at both sides.
The simulation study based on Geant4 was conducted to
evaluate the performance of the detector. The experimental
tests was built using Photonis XP85022 MCP and prototype
TL board and provided the SER for more realistic simulation.
In our preliminary study, we obtained ∼11% energy resolution
at 511 keV and ∼323 ps FWHM coincidence timing resolution
while keeping ∼40% coincidence detection efficiency with
a 400-600 keV energy window. The position resolution was
∼4.25 mm. The energy asymmetry and time difference of the
signals, which are enabled from the feature of the detector,
showed strong correlations with DOI. The simulation study
showed that the design is suitable for TOF PET with the high
sensitivity and the DOI capability.

The primary purpose of this study was to investigate the
feasibility of the detector concept. Therefore, the optimization
efforts enough to get the best performances has not been
done yet and will be followed. The results reported here
were obtained by using simple processing of the output
signals. More advanced processing will be investigated to
achieve better performance properties. For example, the signal
waveforms at the TL can be sampled and digitally processed
for producing more accurate arrival-time estimate (and more
accurate positioning along the TL when estimated by using
the arrival time difference) than the LE method [8]. It is also
possible to analyze the spatial pattern of the TL signals for
improving the estimates of the event position, timing, and DOI.
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