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Towards Time-of-Flight PET with a Semiconductor Detector

Gerard Arifio-Estradal, Gregory S Mitchelll, Sun Il Kwon?, Junwei Dul, Hadong Kim?,
Leonard J Cirignano?, Kanai S Shah?, and Simon R Cherry?l

1Department of Biomedical Engineering, University of California Davis, Davis, CA

2Radiation Monitoring Devices, Inc., Watertown, MA

Abstract

The feasibility of using Cerenkov light, generated by energetic electrons following 511 keV
photon interactions in the semiconductor TIBr, to obtain fast timing information for positron
emission tomography (PET) was evaluated. Due to its high refractive index, TIBr is a relatively
good Cerenkov radiator and with its wide bandgap, has good optical transparency across most of
the visible spectrum. Coupling an SiPM photodetector to a slab of TIBr (TIBr-SiPM) yielded a
coincidence timing resolution of 620 ps FWHM between the TIBr-SiPM detector and a LFS
reference detector. This value improved to 430 ps FWHM by applying a high pulse amplitude cut
based on the TIBr-SiPM and reference detector signal amplitudes. These results are the best ever
achieved with a semiconductor PET detector and already approach the performance required for
time-of-flight. As TIBr has higher stopping power and better energy resolution than the
conventional scintillation detectors currently used in PET scanners, a hybrid TIBr-SiPM detector
with fast timing capability becomes an interesting option for further development.

1 Introduction

Time-of-flight (ToF) positron emission tomography (ToF-PET) has re-emerged and matured
over the last decade and improved the capabilities of PET imaging [Surti 2015]. ToF-PET
has shown significant advantages over conventional PET in terms of image quality and
overall effective sensitivity. TOF-PET scanners require radiation detectors with a coincidence
timing resolution (CTR) significantly below 1 ns — the more precise the CTR, the better the
ToF performance of the scanner.

ToF-PET provides a Gaussian-like distribution of probability of the positron-electron
annihilation position along the line-of-response. However, ToF-PET does not tackle other
important fundamental aspects such as the parallax error [Schmall et a/. 2016] or the
rejection of photons that undergo scattering before being detected. These require radiation
detectors with depth-of-interaction (DOI) encoding and good energy resolution, respectively.

Scintillation crystals coupled to photodetectors are the standard solution for ToF-PET and
offer good timing performance (<400 ps for current commercial systems). However, the
energy resolution of state-of-the-art lutetium-based detectors (e.g. lutetium (yttrium)
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oxyorthosilicate (L(Y)SO)) at best approach 10% at 511 keV [Szczesniak et al. 2013].
Lanthanum bromide (LaBr3) is a very bright and fast scintillator with an energy resolution
close to 3% at 511 keV, but it has a much lower detection efficiency than L(Y)SO [Schaart et
al 2010].

Thallium bromide (TIBr) is a semiconductor material that can be used as a radiation detector
and can simultaneously achieve high detection efficiency and outstanding energy resolution.
Due to its high density and effective atomic number, TIBr has a higher detection efficiency
than L(Y)SO, or even BGO, the highest stopping power scintillator used for PET (see Table
1). The energy resolution of TIBr at 662 keV is as good as 1.66% [Kim et a/. 2009].
However, the best timing resolution result reported is 6.5 ns full width at half maximum
(FWHM) [Hitomi et al. 2013]. The poor timing resolution, due to the time required for
charge collection, has been a fundamental limitation of all semiconductor detectors as
applied for PET applications. In this study, promptly emitted Cerenkov light produced by
511 keV photon interactions [Mitchell ef a/. 2011] in TIBr is collected using a photodetector
and demonstrates the ability to achieve a CTR that approaches the value needed for ToF-
PET.

The utilization of Cerenkov light to improve the timing performance of PET detectors has
been already demonstrated in scintillators such as BGO [Kwon éf a/. 2016, Brunner and
Schaart 2017] and Cerenkov radiators such as PbWQ, [Somlai-Schweiger and Ziegler
2015]. Given its higher index of refraction (see Table 1), TIBr has a lower threshold energy
for Cerenkov light production and will generate more Cerenkov photons from 511 keV
photon interactions than BGO. Due to its relatively high bandgap of 2.68 eV [Owens 2016],
TIBr is also mostly transparent in the visible part of the spectrum, and, therefore, the
Cerenkov light should not be highly absorbed within the material.

We ultimately propose a hybrid detector where the energy and position are determined as
usual for a semiconductor detector using charge collection, but the timing is derived using
the fast Cerenkov optical signal collected using a photodetector. The advantages of this
approach are: (i) TIBr has a slightly better stopping power and higher photofraction than
BGO; (ii) using the collected charge, TIBr has better energy resolution and potential for
better spatial resolution (including DOI which can be determined by pulse shape changes
with depth) than BGO or L(Y)SO; (iii) the timing using Cerenkov signal has the potential to
be as good as recent results with BGO since TIBr produces more Cerenkov light per
interaction. The two main disadvantages are the relatively small additional cost of adding
photodetectors to the TIBr detector, and a potential decrease in the packing fraction due to
the need to couple both photodetector and the charge collection readouts to the same slab of
TIBr.

2 Materials and Methods
2.1 Optical Absorption of TIBr

The optical absorption of two TIBr samples with 5 mm and 10 mm thicknesses were
measured. The TIBr slabs were manufactured by Radiation Monitoring Devices, Inc., as
previously described [Churilov ef a/. 2008]. A SpectraMax multi-mode microplate reader
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M5 (Molecular Devices, Inc., CA) was used to measure the absorbance of each sample,
covering the wavelength range between 380 nm and 900 nm in steps of 10 nm. The
absorption of a 5-mm thick crystal of lutetium fine silicate (LFS) scintillator also was
measured for comparison. An absorption measurement of the empty holder was used to
estimate the background of the instrument.

2.2 Cerenkov Light Yield in TIBr

The yield of Cerenkov photons generated by 511 keV gamma interactions in TIBr was
simulated. Geant4 v10.3 Monte Carlo software [Agostinelli et a/. 2003] was used for this
purpose. A 3x3x5 mm3 TIBr detector was simulated. A wavelength range of 440-800 nm
was considered, corresponding to the transparent region of TIBr. A constant refractive index
value of 2.63 was used [Refractive index database]. The Livermore photoelectric model was
used in this simulation study [Apostolakis et a/. 2015]. A point source emitting 511 keV
monoenergetic gamma rays was placed 30 mm away from the detector center (perpendicular
to the 3x3 mm? face of the TIBr detector).

2.3 Coincidence Timing Measurements

An NUV-HD SiPM (Fondazione Bruno Kessler, Italy (FBK)) with 30 um microcell size and
4x4 mm? area was coupled to a slab of TIBr with dimensions of 3x3x5 mm3. The 3x3 mm?
faces of the slab were lapped with #600 grit silicon carbide (SiC) slurry, polished on a
polishing pad with 3 micron aluminum oxide (Al>0O3), and chemically etched in a 2%
bromine in methanol solution. One of the 3x3 mm? faces was placed in direct contact with
the SiPM using a small volume of optical grease (BC-630, Saint-Gobain, Courbevoie,
France). The 3x5 mm? faces were also lapped with #600 grit SiC slurry and chemically
etched as previously described without polishing.

The TIBr slab was wrapped with Teflon tape to improve light collection and was placed in a
3D printed holder (Fig. 1 (left)). The 3D printed holder ensured the TIBr and the SiPM were
in contact and incorporated cooled air for temperature control.

The TIBr-SiPM detector was operated in coincidence with a reference detector. The
reference detector consisted of an LFS crystal (3x3x5 mm3) also coupled to an NUV-HD
SiPM. The same 3D printed holder shown in Fig. 1 was used to assemble the LFS crystal
and SiPM. The detectors were mounted on an optical table facing each other with a
separation of 8 cm. A 22Na source with an activity of ~250 kBq (~7 uCi) was used. The
source was aligned with both detectors and was placed ~1 cm from the TIBr-SiPM detector.

The SiPMs in the TIBr-SiPM and the reference detectors were biased at 36 V and kept at
approximately 20°C. Both detectors were read out using the same SiPM readout boards as in
[Kwon et al. 2016] (FBK, Italy). The output signals from both detectors were digitized using
a DPO 7254 oscilloscope (Tektronix, Inc., Beaverton, OR, USA). The oscilloscope was set
with low thresholds to trigger on coincidence events with a coincidence window of 10 ns.
The TIBr-SiPM signal was delayed approximately 8 ns to ensure it was recorded by the
oscilloscope after the reference detector signal. Both signals were digitized at a sampling
rate of 20 GS/s and with a total record length of 50 ns. Each event consisted of two
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waveforms, one from the reference detector and one from the TIBr-SiPM detector. The
signal waveforms were analyzed afterwards with a custom C++ script.

For each event the coincidence detection time and the pulse amplitudes of the reference
detector and the TIBr-SiPM detector were analyzed. The coincidence detection time was
evaluated by applying a simple leading edge discrimination (LED) algorithm on both signals
and computing the difference between their time-stamps. The pulse amplitude of each
waveform was measured from its maximum point and no baseline subtraction was applied as
the signals were stable and the observed baseline was at 0 mV.

Three different setup configurations were used to understand the origin of detected events.
First, the TIBr-SiPM was delayed ~8 ns with respect to the reference detector, which should
demonstrate true coincidences with timestamp differences around 8 ns. Second the TIBr-
SiPM was delayed by ~20 ns with respect to the reference detector, such that only random
coincidences from unrelated singles would be detected given the 10 ns timing window used.
In the third scenario, with the TIBr-SiPM signal delayed ~8 ns, black paper was placed
between the TIBr slab and the SiPM, thus blocking light transmission from the TIBr slab to
the SiPM. This latter dataset was a control to ensure signal was an optical signal from TIBr
and not the result of any direct interactions of 511 keV photons in the SiPM, or electronic
pick up from the reference detector. These scenarios are referred to as “direct”, “delayed”,
and “light blocked”, respectively. A total of 21,700 coincidence events were acquired for
each of these scenarios. Acquisition times were 27 min, 102 min, and 243 min, for the
“direct”, “delayed”, and “light blocked”, respectively. The data was normalized to the total
acquisition time to facilitate comparison. The FWHM and FWTM in the detection time
distributions were evaluated using linear interpolation between the measured points closest
to the half maximum and tenth maximum levels.

3.1 Optical Absorption

The absorption for each of the samples as a function of wavelength are shown in Fig. 2
(left). The absorption range varies from 0, no absorption, to 4, corresponding to full
absorption. As anticipated, TIBr is highly transparent (>87.5% transmission) for energies
below the band gap (2.68 eV, corresponding to wavelengths above ~460 nm).

3.2 Cerenkov Light Yield in TIBr

Figure 2 (right) shows the distributions of the Cerenkov photon yield in TIBr for
photoelectric and Compton interactions. The peak of the photoelectric interaction
distribution was at 11 Cerenkov photons and the average number of photons across both
interaction types was ~9 photons for the same size slab used in the measurements.

3.3 Coincidence timing measurements

Figure 3 (a,b,c) shows the pulse amplitude in the reference detector vs. the pulse amplitude
in the TIBr-SiPM detector for the three scenarios. For the “direct” dataset, the reference
detector pulse amplitude distribution showed a 22Na-like spectrum, with the 511 keV
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photopeak centered at ~0.7 V, and the Compton region ranging from 0-0.44 V. The TIBr-
SiPM detector showed a peak centered at 20 mV, and a second and less populated one at 27
mV. In the “delayed” dataset the counting rate was much lower with events grouped in low
amplitude bins for both detectors. The “light blocked” dataset showed a similar pattern to
the “direct” one with a far lower count rate.

Figure 3 (d,e,f) shows the event detection time (with respect to the reference detector) vs the
pulse amplitude in the TIBr-SiPM detector for the three scenarios. The “direct” dataset
showed a high concentration of events at 9 ns detection time with two main clusters at a
TIBr-SiPM pulse amplitude of 20 mV and 27 mV. An even distribution of events along the
detection time axis was observed in the “delayed” dataset. In the “light blocked” dataset, a
similar pattern to the “direct” dataset was observed at a much lower counting rate,
presumably due to a very small number of 511 keV photons directly interacting in the SiPM,
or from some light leakage/scatter around the blocking paper.

Figure 4 (a) shows the pulse amplitude distribution in the TIBr-SiPM detector for the three
scenarios. For the “direct” dataset, the peaks at 20 mV and 27 mV appeared clearly. Two
smaller peaks at 32 mV and 38 mV were also visualized. These equally spaced peaks are
consistent with the detection of different discrete numbers of optical photons. The “delayed”
dataset showed similar peaks. Almost all signal was eliminated in the “light blocked”
dataset.

Figure 4 (b) shows the FWHM of the detection time for the “direct” dataset applying
different cuts on the pulse amplitude as indicated by the colored boxes in Figure 3 (a,b,c).
The lower energy cut on the TIBr-SiPM detector was varied from 15 to 35 mV. The FWHM
was 620 ps for the 15 mV cut with the best timing value of 430 ps observed for the 25 mV
cut.

Figure 4 (c) and (d) shows the coincidence timing distribution for the “direct”, “delayed”,
and “light-blocked” distributions for different pulse amplitude cuts. The low-amplitude
plateau observed on both sides of the “direct” distribution in Fig. 4 (c) has a width of ~10 ns,
which matches the coincidence time window of the setup. The same plateau was present for
the “delayed” distribution and had a similar counting rate supporting that most these events
are due to random coincidences.

The coincidence time distributions for the three datasets after applying more restrictive pulse
amplitude cuts (Fig. 4, d), showed a narrower peak in the “direct” dataset, and almost no
events in the “delayed” dataset. The plateaus in the “direct” and “delayed” scenarios
practically disappeared. This result confirmed that most of the events in the plateau are due
to random events. The small peak in the “light blocked” distribution was still present after
the energy cuts, suggesting it is due to the detection of photons generated in the same
positron-electron annihilation process.

The FWHM achieved in the coincidence time distribution for the “direct” dataset was of 620
ps and it improved to 430 ps when pulse amplitude cuts were applied. The FWTM in the
“direct” dataset showed a similar improvement, from 1660 ps to 1180 ps. The improvement
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is likely due to the selection of events with higher energy, which on average generate more
optical photons.

The contribution of the TIBr-SiPM detector to the measured CTR, with the more restrictive
energy cuts, will be 430 ps FWHM or better. Thus the expected coincidence time resolution
between two TIBr-SiPM detectors, with the conservative assumption that the reference
detector makes a negligible contribution to the measurement, will be 430 x v2 = 610 ps.

4. Discussion

Based on simulations, TIBr is predicted to produce on average 11 prompt Cerenkov photons
above 440 nm in a 3x3x5 mm3 slab of TIBr following a 511 keV photoelectric interaction.
TIBr, which is transparent in appearance, demonstrated very low absorption for wavelengths
corresponding to energies below the bandgap. As the absorption measurements do not differ
greatly between the 5 and 10-mm thick samples, one can expect to detect Cerenkov light
generated in the TIBr bulk, even for detectors that are ultimately 1-2 cm in thickness.

The detection of Cerenkov light as a result of 511 keV photon interactions was already
reported in BGO [Kwon et al. 2016, Brunner and Schaart 2017]. As TIBr has a higher index
of refraction than BGO and the absorption of TIBr is low across most of the visible spectra,
detection of prompt Cerenkov light in TIBr should be feasible.

The setup used in this paper was designed to detect this prompt Cerenkov signal and
evaluate the possibility of using it for ToF level timing. Controls were used to exclude other
signal sources (electronic coupling, direct interaction of 511 photons in the SiPM, random
coincidences) as major contributors to the excellent timing resolution observed. Moreover,
the pulse amplitude difference between the distributions “delayed” and “light blocked” in
(Fig. 4 (a)) showed that most of the events acquired are due to light detection. While other
sources of radiation-induced luminescence cannot be ruled out, previous measurements
showed no evidence of scintillation light at room temperature in TIBr [Derenzo et al. 2016
and personal communication] and Cerenkov radiation is therefore the most obvious
candidate for the observed fast luminescence.

The sub-ns timing demonstrated here using the observed optical signal represents a dramatic
improvement of the previously measured coincidence timing resolution of TIBr [Hitomi et
al. 2013]. It also is far better than the values of several nanoseconds obtained with other
semiconductor-based detector systems as cadmium telluride (CdTe) or cadmium zinc
telluride (CZT) that have been studied for PET [Abbaszadeh and Levin 2017, Groll et al.
2016, Arino et al. 2013, Mitchell ef al. 2008, Okada et a/. 2002]. It is worth noting that the
approach used here likely would not work for CdTe or CZT, as the smaller band gap results
in high optical absorption of these materials below about 830 nm.

These first results demonstrate the potential for fast timing resolution using semiconductor
detectors, with results already approaching the values needed for ToF-PET applications.
There is still significant room for further optimization to improve timing performance as
well as to develop a hybrid optical/charge-induced readout system than can simultaneously
provide outstanding performance in terms of timing, energy, and spatial resolution.
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Figure 1.
(Left) TIBr slab mounted on a 3D printed holder. (Right) NUV-HD SiPM mounted on the

complementary part of the holder.
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of the Cerenkov yield (440-800 nm) in a 3 x 3 x 5 mm3 slab of TIBr for 511 keV gamma
interactions. Distributions of all interaction events (blue line), photoelectric events (red line),

and Compton events (green line).
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SiPM for the three scenarios: (d) “direct”, (e) “delayed”, and (f) “light blocked”.
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(a) Count rate vs pulse amplitude distribution of the TIBr-SiPM detector for the three
acquisition scenarios. (b) FWHM of the detection time distribution for the “Direct” scenario
vs the minimum pulse amplitude acceptance threshold in the SiPM detector signal. Orange
and green circles denote the datasets represented in (c) and (d), respectively. (c) Detection
time distribution for the three scenarios with an acceptance pulse amplitude based on the
orange box in Figure 3. (d) Detection time distribution for the three scenarios with a pulse
amplitude of the TIBr-SiPM detector signals based on the green box in Figure 3.
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Table 1

Page 13

Density, effective atomic number (Zg¢), linear attenuation coefficient, attenuation length for 511 keV photons,

and index of refraction for LYSO, BGO and TIBr [Berger et al 2010, Cherry et al. 2012, Lewellen 2010,

Owens 2016, Rodney and Malitson 1956].

LYSO | BGO | TIBr
Density [g/cc] 7.1 7.13 7.56
Zest 66 73 74
Linear Attenuation Coefficient for 511 keV [cm™] | 0.86 092 | 1.04
Attenuation Length for 511 keV [cm] 1.16 1.09 0.97
Index of refraction (at 570 nm) 1.81 2.15 2.63
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