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Abstract—-PET with its quantitative powers is becoming
increasingly popular in the clinic. While the detector spatial
resolution and sensitivity directly affect its ability, it has been
shown that including the time-of-flight information further
enhances its powers. Currently numerous approaches are being
pursued to improve spatial resolution and timing, but most
involve trade-offs. We describe here the development of a high-
resolution PET detector with time-of-flight capabilities. The
detector design is based on our previously developed pixelated
Anger-logic detector where an array of individual crystals is
readout by an array of larger photomultiplier tubes (PMTs)
coupled to it via a light-guide. Depth-of-interaction (DOI)
measurement in this design is accomplished by making use of a
dual crystal-layer offset relative to each other. With a target
spatial resolution of 1-2 mm, we have carefully evaluated the
performance of several 1.5 x 1.5 and 2.0 x 2.0 mm? and 10-20 mm
long LYSO crystals readout by several appropriately sized
PMTs. Experiments and simulations were used to investigate the
design, and optimize performance of the detector. An
experimental prototype using a single 8 x 7 array of 1.5 x 1.5 x 12
mm®’ LYSO crystals readout by a 7-PMT array of the
Hamamatsu R4124 PMTs was developed. A high-speed
waveform sampling data acquisition system based on the DRS4
switched-capacitor that digitizes data at 5 GS/s was also built.
Experimental evaluations demonstrate that the detector provides
very good timing and also successfully discriminates 1.5 x 1.5
mm~ cross-section scintillation crystals. Bench-top timing
measurements with a dual-layer detector demonstrate that
relatively good timing can be maintained in a stacked crystal
arrangement, suggesting the feasibility for extending the
approach to incorporate DOI with this design.

I. INTRODUCTION

WHILE the importance of detector spatial resolution and
sensitivity on overall PET performance are well
understood, including the time-of-flight (TOF) information
adds significantly to the quantitative powers of PET [1-3].
With the resurfacing of TOF-PET in this past decade have
been significant advances in developing high performance
detectors [4]. Most of the detector advances though have
performance trade-offs, and researchers are still exploring
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ways to develop a detector with high spatial and temporal
resolutions. We describe here the development of a high-
spatial resolution scintillation detector with time-of-flight
capabilities. While such a detector would have numerous
applications, we are particularly interested in demonstrating its
relevance in a limited-angle tomograph where the TOF data
would help eliminate artifacts arising from the limited angular
sampling [5].

II. MATERIALS AND METHODS
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Fig. 1. A schematic of the proposed high-resolution TOF PET detector: The
detector design is based on our previously developed pixelated Anger-logic
detector [6] wherein an array of individual crystals are readout by a hexagonal
arrangement of PMT coupled to it via a single continuous light-guide. Lef?: side
view, Right: top view.
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A. Detector design

The detector design is based on our previously developed
pixelated Anger-logic detector [6] where an array of
individual crystals is readout by an array of larger PMTs
coupled to it via a light-guide (illustrated in Fig.1). The light-
spread from a single gamma interaction is limited to a 7-PMT
cluster arranged in a hexagonal arrangement. This type of
detector has been extensively studied previously and
successfully used to develop a non-TOF PET scanner (A-PET)
where an array of 2 x 2 x 10 mm® crystals were readout by 19
mm PMTs [7].

PMT Model Quantum | Transittime | pie g
) Efficiency spread

(diameter, mm) (at 420 nm) (ns) (ns)
R4998 (25) 22 0.16 0.70
R3478 (19) 27 0.36 1.30
R4124 (13) 25 0.50 1.10
R1635 (10) 25 0.5 0.80

Table 1. A comparison of select commercially available fast

photomultiplier tubes appropriate for our design of a high-resolution time-of-
flight PET detector. All the above tubes are manufactured by Hamamatsu
Photonics [8].

With a spatial-resolution of the order of 1-2 mm in mind, we
carefully evaluated crystals with smaller cross-sections (1.4 x
1.4 mm* & 1.95 x 1.95 mm?). To increase detector sensitivity,



crystal lengths of 12-15 mm were chosen. Several fast PMTs,
appropriately sized to read-out the smaller cross-sectional
crystals were also procured (Table I).

B.  Timing with small cross-sectional scintillation crystals

We are developing a TOF PET detector and it is imperative
that the detector has good timing resolution. Since the small-
cross-section and long crystals have inherently poorer light
collection efficiency we tried to carefully evaluate the timing
performance of several small and long crystals coupled with
appropriate fast PMTs listed earlier. Each of the crystals were
wrapped with Teflon on five sides and grease-coupled directly
to each of the different PMTs. While a detailed study of the
crystal surface finish optimization and its effects on timing
resolution is in order (and currently underway), here we report
on the measurements with diffuse and polished surface finish
on the entrance face of the scintillator. For comparison, we
also include measurements with a 4 x 4 x 22 mm® LSYO
crystal that is similar in size to the crystals used in some
commercial TOF-PET scanners.

Coincidence timing resolution (ps, FWHM)
Hamamatsu 4x4x22 |1.95x1.95x15| 1.4x1.4x12 [1.4x1.4x12mm?
PMT model | MM?LYSO [ mmPLYSO | mm’LYSO | LYSO (diffused
(polished (polished (polished entrance, other
surfaces) surfaces) surfaces) faces polished)
R4998 245 250 284 280
R3478 305 300 300 285
R4124 315 300 285 280
R1635 230 250 240 230

Table II. Coincidence timing measurements for different (size) individual
LYSO crystals placed directly on several test PMTs outlined in Table 1. The
timing measurements indicate that comparable or better timing can be
achieved even with small and long scintillation crystals. Measurements with a
4 x 4 x 22 mm’ LYSO crystal are also shown for comparison. All
measurements are precise within +5% and were performed with a 511 keV
Na source and a small LaBr; (5% Ce), XP20D0 PMT combination as the
reference detector. Two such reference detectors for this measurement had a
coincidence timing of 225 ps FWHM.

Our timing measurements (shown in Table II) indicate that
reading the small cross-sectional crystals with fast PMTs
yields comparable (or better) timing than presently achieved
with crystals used in clinical whole-body time-of-flight
scanners [9-11]; indicating their suitability for building a high
spatial resolution time-of-flight PET detector.

C. Waveform sampling data-acquisition

With a consistent improvement in the achievable timing
resolution of modern-day detectors, researchers are soon
approaching limits where digital signal processing techniques
offer flexibility and superior performance in comparison with
traditional processing schemes [12-13].

Given the versatility, we assembled a waveform sampling
data acquisition system to acquire and process data from our
prototype detectors. The DAQ was based on the CAEN
N6742, which is a NIM module housing 16 channels based on
the DRS4 chip [14-16]. Each channel on the digitizer has 1
Vp-p dynamic range and can be digitized at SGS/s with 12-bit
precision. Data from the detector is digitized with minimal use
of NIM electronics. The digitized data is transferred to a host
computer via USB and all analysis is performed offline via

custom code developed in MATLAB. Fig. 2 shows the
schematic of the data acquisition system.
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Fig. 2. A schematic of the detector setup and data acquisition system used to
evaluate detector performance. Data was acquired with minimal NIM electronics
and a waveform sampling DAQ based on the CAEN-N6742 module [14]. The
N6742 digitizer is based on the DRS4 chip [15-16] and provides 16 channels
that can each be digitized at 5 GS/s. A small LaBr; (5% Ce), XP20D0 PMT
combination was used as the reference detector.

III. INITIAL SIMULATION STUDIES

To initially evaluate the positioning capabilities of the
proposed high-resolution detector, we performed Monte Carlo
studies using our Montecrystal program [6]. A single array of
15 x 1.5 x 15 mm® LYSO crystals were readout by a
hexagonally packed arrangement of 13 mm and 19 mm PMT
respectively. Simulations were used to choose a light-guide
thickness such that the light-spread function at the center of
the detector did not extend beyond the 7-PMT-cluster and
suggested the use of a 6 and 9 mm thick light-guide to couple
the 13 and 19 mm PMTs respectively. A narrow beam of 511
keV photons was incident on the detector and the interaction
locations were measured with Anger-logic using the 7 PMTs.
Fig. 3 show position spectra from a region of the detector
directly over the central PMT. While both the PMTs could
help discriminate the 1.5 mm wide crystals, as expected the 13
mm PMTs provide superior crystal discrimination when
compared with the 19 mm PMTs.
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Fig. 3. Simulation studies demonstrating the resolving capabilities of the
detector: An array of 1.5 x 1.5 mm® LYSO crystals were readout by a hexagonal
arrangement of the 19 mm and 13 mm PMTs respectively. Shown above are
position spectra from the scintillation crystals laying directly over one half of the

central PMT in the detector readout by 19 mm PMTs (left; see six 1.5 mm wide
crystals) and 13 mm PMTs (right; see four 1.5 mm wide crystals) respectively.

IV. EXPERIMENTAL EVALUATION OF PROTOTYPE DETECTOR
PERFORMANCE

Since the 13 mm PMTs showed superior detector
performance, to demonstrate feasibility, an experimental
prototype was developed using an 8 x 7 array of 1.5 x 1.5x 12
mm® LYSO crystals (which were readily available) readout by
an array of 13 mm PMTs (R4124). As suggested by
simulations a 6.2 mm light-guide was used between the



crystal-array and PMTs. Fig. 4 shows a photo of the crystal
array, PMT and the assembled detector. To evaluate detector
performance, a 511 keV *Na was placed between the
prototype detector and a reference detector consisting of a
small LaBr; (5% Ce) directly coupled to a Photonis XP20D0
PMT. All seven R4124 PMTs were biased with a single bias-
line set to 1200 V. PMT signals from the test and reference
detector were digitized with the CAEN N6742 and stored to
disk. All data was processed offline. Signals from all seven
PMTs were combined with Anger-logic to determine the
crystal interaction location within the array.

LYSO crystal
array

AT-PMT array using the R4124 PMTs

A

Fig. 4. Lefi: Photo of a single 13 mm diameter R4124 PMT and 8x7 array of
LYSO crystals (1.5x1.5x12 mm® each) used to build a first prototype detector.
Right: Assembled prototype detector showing the crystal array and the array of
seven R4124 PMTs used to readout the crystal array. A 6.2 mm thick light-guide
was used between the crystal-array and PMTs.
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Fig. 5. Left: Flood histogram acquired from the prototype detector with a *Na
source and the waveform sampling DAQ described earlier. Signals from all 7-
PMTs were combined with Anger-logic to measure the interaction location
within the array. Right: A profile (indicated in red) drawn through a single row
of the acquired flood histogram. All crystals within the array can be clearly
resolved demonstrating the spatial resolution of the detector.

Fig. 5 shows the flood map from one such acquisition. All 56
crystals within the array can be resolved, demonstrating the
spatial resolution of the detector. While all the crystals in the
flood map can be resolved, the results do not exactly match
with predictions from simulations. Optimizing the surface
finish and reflector properties of the crystal array should
improve crystal discrimination. Another concern with the
current prototype is the limited active-area (~60%) of the
R4124 PMT, which affects the sampling of the light-spread-
function within the detector. Also shown in Fig.5 is a profile
of the position spectra from a row of crystals near the center of
the detector. To measure energy and coincidence timing
resolution, the respective spectrum was calculated by
selectively gating on individual crystals within the flood-map.
Fig. 6 shows sample energy and timing spectrum for
interactions occurring in a crystal near the center of the

detector; energy resolution of 14 % FWHM and timing
resolution of 350 ps FWHM were measured for that single
crystal. Fig. 7 is a histogram of the energy and timing
resolution for individual crystals from the 8 x 7 LYSO array.
An average energy resolution of 15.5 % FWHM and timing
resolution of 380 ps was measured for the detector.
Accounting for the timing contributions from the reference
detector (247 ps FWHM for two reference detectors in
coincidence) an average coincidence timing resolution of 475
ps is predicted for two such detectors in coincidence.
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Fig. 6. Typical energy (leff) and coincidence timing (right) spectra from a
single 1.5 x 1.5 x 12 mm® LYSO crystal located near the center of the entire 8 x
7 crystal array.
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Fig. 7. Histogram of the energy (/eff) and timing resolutions (right) measured
for individual crystals from the 8 x 7 LYSO array: An average energy resolution
of 15.5 % FWHM was measured for the entire detector. A best time resolution
of 350 ps FWHM, and an average time resolution of 380 ps FWHM were
measured. Accounting for the timing contribution from the reference detector
(247 ps FWHM for two reference detectors in coincidence), an average
coincidence time resolution of 475 ps can be measured for two such detectors in
coincidence.

The above detector measurements are consistent with our
previous experiences [17], which have shown a 10-20% loss in
coincidence timing resolution when moving from a single-
crystal placed directly over a single PMT to an array of crystals
coupled to a PMT-array via a light-guide. Carefully minimizing
the light-loss by optimizing the light-guide thickness should
further help in improving detector performance.

V. DEPTH-OF-INTERACTION STUDIES

Experimental studies have already demonstrated the ability
of the detector to decode small cross-section crystals, and
offer good energy and timing resolutions. Since we are
exploring its first application for a limited-angle TOF scanner
for clinical imaging, we make use of long (10-20 mm) crystals



to increase the scanner sensitivity. The longer crystals though
are prone to parallax errors, especially in a small ring diameter
scanner e.g. breast scanner. The addition of depth-of-
interaction (DOI) information should help in improving
overall performance of the scanner. DOI information can be
measured by making use of a dual-layer detector. In this
configuration the additional layer could be coupled end-on-
end (phoswich) or could be offset relative to the first layer in
1-D or 2-D. While the availability of a fully digital DAQ
should in principle allow implementing a phoswich detector,
the intrinsically different decay times and light-output needed
for the two layers can cause significant variations in timing
resolution. While this would require a more careful
investigation, for this work we investigate the feasibility of
using a dual-offset layer for DOI measurements.

A. Simulation studies

The simulations used earlier (Section III) were used again to
evaluate the DOI capabilities of the detector. A two-layer
detector consisting of 1.5 x 1.5 mm* LYSO crystals, 7 mm thick
at the near-end and 10 mm thick (close to the PMT-array) was
modeled and readout by a 6 mm light-guide and an array of 13
mm PMTs. Fig. 8 shows a flood map of the detector response
from a portion of the crystals directly over the central PMT. The
flood map demonstrates reasonable crystal discrimination for
crystals from both the layers.

Dual-layer o

offset -%

crystal °

array ©

jol

[Cightguide ] 4

Y Y g

2]

PMT §

array =

4 S N l
¢ fiaen s i Edge of
Center of Transverse direction  central PMT

central PMT

Fig. 8. Lefi: Schematic of a dual-layer detector extended to provide depth-of-
interaction information. Right: Simulations were used to evaluate the DOI
discrimination capabilities of the detector. A two-layer detector comprising of a
1.5 x 1.5 mm® LYSO crystals (7 mm thick layer at the entrance face, and a 10
mm thick layer near the PMT-array) was readout by an array of the R4124
PMTs coupled to a 6 mm light-guide. The two crystal layers were offset relative
to each other in 2-D. Figure shows expected flood map from a region directly
over the central PMT.

While this suggests feasibility of incorporating DOI in the
above detector, the flood map obtained through experimental
evaluations (Section IV) suggests that improvements are
necessary to accommodate the additional crystal layer with the
current prototype. We are currently investigating methods to
improve performance of the prototype detector. Since the dead
area surrounding the photocathode of the R4124 PMT is of
significance we are exploring the use of a multianode PMT. The
higher active-area and improved sampling of the multianode
PMT should help improve detector performance. Timing
measurements with a single 1.4 x 1.4 x 12 mm® LYSO crystal
coupled to a Hamamatsu H8500 multianode PMT and the
previously described reference detector (Table I) provides a

timing of 320 ps FWHM. Also, initial flood-map measurements
with the previously described 8 x 7 crystal array coupled to a
H8500 PMT improves crystal discrimination (not shown here).
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Fig. 9. Top: Illustration of the various dual-layer detector configurations
under which a careful evaluation of detector timing resolution was performed.
Bottom: Bench-top measurements with readily available individual crystals (15
mm long each) indicate that good timing can be achieved with two separate,
stacked layers of crystals in the detector. All crystals used (1.95 x 1.95 x 15 mm’
LYSO) had polished surfaces and were Teflon wrapped. All measurements are
accurate within +5% and were performed with a 511 keV **Na source and a
small LaBr; (5% Ce), XP20D0 PMT combination as the reference detector.
Two such reference detectors had a timing of 225 ps FWHM. Since the head-
on measurement (gamma source normal to the short-face of the crystal) includes
effects from the various depths (along the length of the crystal) along which the
gamma-ray interacts, the measurements were also performed with the beam in a
side-on position (normal to its long side). For the side-on measurements, the
beam was about 5 mm wide. The measurements demonstrate that good timing
can be obtained with a dual-layer crystal array wherein the two layers are offset
relative to each other.

B. Timing with a dual-layer scintillation detector

While the concept of using a stacked layer of scintillators to
decode DOI has been experimentally demonstrated earlier [18-
19], a careful evaluation of the timing properties of the
detector has not been performed. Our primary goal was to
develop a TOF detector with high spatial resolution. Hence we
tried to evaluate the relative loss in timing when employing a
dual crystal-layer to include DOI-decoding. Since the goal of
the study was to primarily evaluate the relative timing loss in
crystals arranged in a dual-layer configuration, a 2 x 2 array
with readily available 1.95 x 1.95 x 15 mm® polished, LYSO
crystals was assembled. All the four crystals were Teflon
wrapped and used on the bottom layer (closer to the PMT) of a
dual-layer crystal array (Fig. 9). For simplicity of fabrication,
the exposed short-sides of all the four crystals were bare and
had no reflector on them. An identical single LYSO crystal,
Teflon wrapped on all five sides was used as the top-layer (i.e.
away from the PMT). The various detector configurations
under which timing performance was evaluated (phoswich, 2-
D stacking and 1-D stacking) are illustrated in Fig. 9 (1.a, 1.b
and 1.c). For comparison purposes, we also separately



benchmarked the timing of the individual 2 x 2 array and the
single crystal used on the top-layer. To help understand the
timing losses from the exposed top-surfaces of the bottom-
layer the benchmarking was performed with and without
Teflon on its top surfaces. Since each crystal was long (15
mm), and the DOI of the gamma-ray would affect the timing
measurements, the measurements were performed with the
beam in the head-on (normal to the crystal-face) and side-on
(normal to the long side) directions.

Measurements demonstrate that good timing can be obtained
with a stacked crystal arrangement (Fig. 9), indicating their
suitability to decode DOI in the proposed high-resolution TOF
detector design. We show that there are systematic losses in
timing when transitioning from a single crystal layer to a
stacked-layer. Better timing is achieved from a single layer
when compared with the same crystal used on the bottom-
layer of a dual-layer detector. This could be explained by the
increase in the effective length of the crystal (30 mm versus 15
mm originally). Further degradation of the timing is observed
from the top-layer. However, as the total crystal-length in the
final design is expected to be shorter than 30 mm, we expect
better timing performance than measurements presented here.

VI. CONCLUSIONS

This paper discusses the development of a high-spatial
resolution detector with time-of-flight capabilities. With a
target spatial resolution of 1-2 mm we initially studied the
timing performance of several small cross-sectional crystals
readout by appropriately sized fast PMTs. Subsequently a first
prototype detector comprising of a 8 x 7 array of 1.5 x 1.5 x
12 mm® LYSO crystals readout by a hexagonally packed
arrangement of seven Hamamatsu R4124 PMTs was
developed. Experimental evaluations demonstrate the ability
of the detector to decode the small (cross-section) and long
crystals while maintaining sufficiently good timing (475 ps on
average for two such detectors in coincidence) and energy
resolution (15.5 % FWHM on average). We also evaluated the
initial feasibility of extending the detector to incorporate DOI-
decoding. Bench-top measurements with individual crystals
indicate that reasonably good timing can be achieved even
with two separate, stacked layers of crystals in the detector.
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