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Abstract

Thallium bromide (TlBr) is a semiconductor material and, simultaneously, a good Cerenkov 

radiator. The performance of a TlBr detector that integrates two different readouts, the charge 

induction readout and the detection of Cerenkov light, was evaluated. A TlBr detector with 

dimensions of 4×4×5 mm3, with a monolithic cathode and an anode segmented into strips, was 

manufactured. One of the bare and polished 4×4 mm2 faces of the detector was coupled to a 

silicon photomultiplier (SiPM) to read out the Cerenkov light. Simultaneous timing and energy 

resolutions of <400 ps full width at half maximum (FWHM) and ~8.5% at 511 keV, were 

measured using the Cerenkov detection and charge induction readouts, respectively. A coincidence 

time resolution of 330 ps was obtained when selecting Cerenkov events with amplitudes above 70 

mV. The combination of both readouts showed the potential to resolve the depth-of-interaction 

(DOI) positioning, based on the improvement of energy resolution when selecting events with 

similar electron drift times. This manuscript sets the stage for a new family of semiconductor 

detectors that combine charge induction readout with the Cerenkov light detection. Such detectors 

can provide, simultaneously, outstanding timing, energy, and spatial resolution, and will be an 

excellent fit for applications that require the detection of high-energy gamma photons with high 

timing accuracy, such as time-of-flight positron emission tomography (TOF-PET) and prompt 

gamma imaging (PGI) to assess the particle range in hadron therapy.

Introduction

Semiconductor radiation detectors are an attractive choice for applications that require good 

energy resolution and spatial localization. Semiconductor materials with high atomic 

number and density, such as cadmium telluride (CdTe), cadmium zinc telluride (CZT), and 

thallium bromide (TlBr) provide much higher detection efficiency compared to other 

commonly used semiconductors such as silicon. High detection efficiency is an 

indispensable trait for detectors when used in medical imaging applications.

The utilization of CdTe or CZT in full-size positron emission tomography (PET) scanners 

has been studied (Ishii et al. 2007) and has provided very competitive spatial resolution. 

However, the timing properties of state-of-the-art time-of-flight PET (TOF-PET) scanners, 

which have <500 ps timing resolution, are extremely challenging for semiconductor 

detectors to match. CdTe and CZT detector-based benchtop systems have achieved, at best, 
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~5–10 ns full width at half maximum (FWHM) coincidence time resolution (CTR) 

(Abbaszadeh and Levin 2017, Ariño et al. 2013, Groll et al. 2016, Mitchell et al. 2008, 

Morimoto et al. 2011, Vaska et al. 2007). Furthermore, CdTe and CZT are not competitive in 

terms of stopping power compared to the dense scintillators commonly used in PET 

scanners.

Timing resolution in semiconductor detectors is intrinsically limited by the difference of the 

mobility of electrons and holes (Owens 2016). A dramatic improvement in the timing 

properties of TlBr was achieved by using the Cerenkov light emitted promptly after the 

interaction of a gamma ray with the TlBr bulk (Ariño-Estrada et al. 2018a). CTR as good as 

430 ps FWHM was measured between a TlBr crystal of dimensions 3×3×5 mm3 and a 

reference detector. Two properties in combination uniquely position TlBr to work with this 

approach: First, the very high index of refraction of 2.6, which lowers the threshold for 

Cerenkov light generation and therefore increases the Cerenkov light yield. Second, the 

transparency of TlBr above approximately 460 nm (Ariño-Estrada et al. 2018a) due to its 

relatively large bandgap energy of 2.6 eV. A similar approach is not practical in CdTe or 

CZT, as the material is only transparent at long wavelengths where there is very little 

Cerenkov emission.

The utilization of Cerenkov light as a fast timing signal in TlBr might be combined with the 

standard charge induction readout of semiconductor detectors in the same device to achieve 

an outstanding performance, simultaneously, in energy, spatial, and timing resolution, as 

well as detection efficiency. In fact, TlBr has better stopping power at 511 keV than any of 

the traditional scintillators used for PET imaging. Such a detector would be of interest for 

the next generation of TOF-PET detectors and carries the additional advantages over 

commonly-used lutetium (Lu)-based scintillators of no background, and a material that 

should be very economic to produce in large quantities because of low raw material costs, 

low melting temperature, and tendency to form large crystal grains (Hitomi et al. 2011). 

Further, it could be used for in vivo proton range verification (PRV) in hadron therapy, by 

detecting the highly energetic prompt-gammas emitted near the Bragg peak (Pausch et al. 

2018).

In this manuscript, the first-ever semiconductor detector that simultaneously combines the 

detection of Cerenkov light with the signals induced in the electrodes by the charge carriers 

is presented. This new kind of detector is called a Cerenkov Charge Induction (CCI) TlBr 

detector. The timing resolution of this detector, based on the Cerenkov light detection, the 

energy performance, based on the charge induction readout, and the depth of interaction 

(DOI) estimation by combining both readouts, are reported. This work will set the stage for 

a new family of detectors able to provide high performance in time, energy, and spatial 

resolution, as well as high detection efficiency for gamma photons.

Materials and Methods

The TlBr was grown by the traveling molten zone (TMZ) method, more details on the 

material growth can be found in Churilov et al. (2008). A parallelepiped, slightly larger than 

4mm × 4mm × 5mm, was cut from a TlBr wafer. This sample was then lapped, polished and 
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chemically etched. An electrode layer was deposited on two opposed 4×5 mm2 faces. One of 

the electrodes was segmented into strips of 0.4 mm width and 0.1 mm inter-strip distance. 

The detector was mounted on a custom printed circuit board (PCB) and the 4×5 mm2 faces 

were wrapped with Teflon tape to act as a reflector. The top 4×4 mm2 face of the detector 

was placed in direct contact with a silicon photomultiplier (SiPM) S14160-3050HS 

(Hamamatsu Photonics K.K., Hamamatsu, Japan) using a small volume of optical grease 

(BC-630, Saint-Gobain, Courbevoie, France). Figures 1a–c shows several photographs of the 

detector. The optical readout of the CCI TlBr detector will be referred to as “TlBr-SiPM” in 

the rest of the manuscript.

The CCI TlBr detector was operated in coincidence with a reference detector to evaluate its 

timing properties, the setup is depicted in Fig. 1-d. A 22Na source with an approximate 

activity of 4.44 MBq (120 μCi) was used. The reference detector consisted of a lutetium fine 

silicate (LFS) scintillation crystal with dimensions 3×3×20 mm3 coupled to a 

S14160-3050HS (Hamamatsu Photonics K.K.) SiPM. Both SiPMs were operated at 20°C 

and a biased at 40.5 V, 3.5 V over-voltage.

The SiPMs were read out using the Ketek Eval-Kit PCB (Ketek GmbH, Münich, Germany). 

The output signals were digitized using the DRS4 evaluation board from Paul Scherrer 

Institute (PSI, Villigen, Switzerland), with a sampling rate of 5 Gs/s and a record length of, 

approximately, 200 ns. The DRS4 was set to trigger on coincidences between the 

preamplifier signals of both SiPMs, with a trigger threshold of 450 mV and 5 mV in the 

reference and TlBr-SiPM detector, respectively. Three waveforms were recorded per event: 

the preamplifier output of the reference detector, the raw output of the reference detector, 

and the preamplifier output of the TlBr-SiPM.

The digitized preamplifier output signals of each SiPM were analyzed to obtain the detection 

time. Leading edge thresholding was used, with the trigger threshold set at 3.5 mV following 

subtraction of the baseline of each signal. Linear interpolation between the two closest 

points to the amplitude threshold was used to obtain the time stamp. The amplitude of the 

monitor signal of the reference detector was used to measure the energy deposited in the 

reference detector. The monitor signal of the TlBr-SiPM was not recorded as it was too weak 

to provide any meaningful information.

The readout board described in Ariño-Estrada et al (2018b) was used to measure the energy 

resolution. Seven anode strips of the CCI detector were each connected to a charge sensitive 

preamplifier CR110 (Cremat, West Newton, MA) to keep them at the same potential. The 

bias voltage was applied to the common electrode and its signal was not read out. The 

preamp output of a representative strip located in the center of the detector was read out and 

will be referred to as “charge induction signal” in this manuscript. The charge induction 

signal was split. One branch was fed into a spectroscopy amplifier (Canberra model 2021 

(currently part of Mirion Technologies, Inc.), San Ramon, CA), with a shaping time of 10 

μs, and was used to measure the energy. The other branch was fed into a fast filter amplifier 

(FFA) 579 (ORTEC, Oak Ridge, TN) with integration and differentiation times of 500 ns. 

This branch was used to measure the drift time of electrons.
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The outputs of the spectroscopy amplifier and the FFA were digitized with a desktop 

digitizer DT5740D (CAEN Inc., Via Reggio, Italy) with a sampling rate of 62.5 Ms/s and a 

record length of approximately 64 μs. The trigger output of the DRS4 board was used as an 

external trigger for the DT5740D. The trigger time in the DT5740D was set at 40% of the 

record length, thus acquiring for 25.6 μs prior to the trigger, and for 38.4 μs after the trigger. 

The baseline of the spectroscopy amplifier signal was subtracted and its maximum 

amplitude and was used as the energy measurement of the event. The trigger signal was in a 

common position for all the events and was used as the start signal for the electron drift, 

while the peak of the FFA signal was used as the stop. The difference between these two 

points was taken as the measurement of the electron drift time. The detector was biased at 

−800 V and kept at 20°C.

Results

Figure 2-a shows the FWHM of the CTR, as the threshold on the TlBr-SiPM pulse 

amplitude is varied. The FWHM was evaluated by linear interpolation of the histogram bins 

immediately above and below the half maximum of the peak on each side of the curve. 

Uncertainty for each FWHM measurement was taken as the square root of the sum of the 

square of the distances between each interpolated time point to the furthest adjacent bin. The 

increase of the uncertainty values with increasing threshold is due to the reduction of 

counting statistics.

Figure 2-b shows the pulse amplitude distribution for events in the TlBr-SiPM detector. The 

even distribution of the peaks suggests each peak of greater amplitude corresponds to an 

increment of one photon. However, a comprehensive characterization of the SiPM noise 

properties will be needed to confirm these measurements. Figure 2-c shows the coincidence 

time distribution for all the events in the dataset and a CTR of (370±5) ps. The best result 

achieved is when events with an amplitude above 70 mV are accepted, yielding a CTR of 

(330±10) ps FWHM, see Fig. 2-d.

Figure 3-a shows the spectroscopy for all events in the dataset. The majority of events had 

drift times compressed between 0 and, approximately, 8 μs. The expected maximum electron 

drift time was ~7 μs. Events with negative or greater drift times were likely due to 

interactions that took place elsewhere than in the active volume defined by the strip and thus 

provided a random drift time measurement. The 511 keV photopeak and K-edge escape peak 

(~425 keV) can hardly be resolved due to the high ballistic deficit in the detector.

Figure 3-b shows the spectroscopy of the subset of events with drift times between 4 μs and 

4.4 μs. The two energy peaks can be resolved much better in this case and thus shows the 

potential of significantly improving energy resolution by using the electron drift time 

measurement. The energy resolution was measured by linear interpolation between the 

histogram bins above and below the half maximum on each side of the peak and was, 

approximately 8.5% at 511 keV, which shows potential for improvement by using a depth-

correction strategy.
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Discussion

Results show that both readouts, Cerenkov light and charge induction, can be utilized 

simultaneously. Cerenkov events generated by 511 keV gammas show a CTR <400 ps 

FWHM, which allows CCI TlBr detectors to be used in TOF-PET. Moreover, for the subset 

of events with greater amplitudes, the CTR improves to 330 ps FWHM. The very significant 

improvement of energy resolution based on the drift time gating shows the potential for 

energy measurement correction based on the drift time. Prompt gamma timing (Golnik et al. 

2014) is a very good fit to CCI detectors as well given its timing resolution and the much 

higher yield of generation of Cerenkov photons for gammas >1 MeV of energy. The energy 

resolution could be used in PRV for prompt gamma spectroscopy (Hueso-González et al. 

2018) in combination with the PGT to improve the range assessment accuracy.

CCI TlBr detectors can provide 3-D spatial localization by combining electrode 

segmentation and DOI estimation. An individual drift time-energy measurement calibration 

per device would account for the typical variability of drift properties of charge carriers in 

compound semiconductor materials (Ariño-Estrada et al 2014). Next steps in the 

development of CCI TlBr detectors will include the study of variability among different 

anode elements in the same device, a thorough characterization of their positioning 

capabilities, variability of electron drift times among devices extracted from the same ingot, 

and effects between anode elements such as charge sharing. The potential fine 3-D 

segmentation and high energy resolution of CCI TlBr detectors make them very good 

candidates to build Compton telescopes for high energy gammas (Llosá et al. 2016, Draeger 

et al. 2018). A very accurate analysis of the Cerenkov radiation created by the detection of 

high energy gammas might allow estimation of the momentum of the Compton recoil 

electron to reduce the uncertainty of the measurement of the Compton angle.

Different CCI detector configurations from the one presented in this work might be studied 

in the near future. Dual-sided-strip-detector readout or a pixelated anode with a monolithic 

cathode can be pursued. The combination of position-sensitive virtual Frisch grid readout 

(Bolotnikov et al. 2016) and Cerenkov light detection could provide extremely high energy 

and spatial resolution as well. All these options would provide the outstanding timing 

accuracy, 3-D positioning, and energy resolution that characterize CCI detectors.

Besides providing outstanding timing accuracy, the Cerenkov readout might help with 

resolving pile-up events or providing information about the recoil electron in Compton 

interactions between gammas and the TlBr. CCI detectors are a novel and promising choice 

for the detection of high energy gamma rays for applications that require very good timing, 

spectroscopic, and spatial resolution.
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Figure 1. 
a) Segmented electrode of the CCI detector used in the measurements. b) Hybrid TlBr 

detector mounted on a custom PCB board. c) mechanism used to couple the SiPM to a CCI 

TlBr detector d) Schematic of the readout setup.
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Figure 2. 
All plots were obtained from the same dataset. Coincidence events with deposited energy in 

the reference detector around the 511 keV peak were included. a) CTR vs minimum 

amplitude acceptance of events in the TlBr-SiPM detector. Error bars are derived from the 

linear interpolation used to obtain the FWHM. b) Pulse amplitude of the TlBr-SiPM readout, 

referred to as Cerenkov amplitude. c) CTR for events with an amplitude in the TlBr-SiPM 

detectors above 20 mV. d) CTR for events with an amplitude in the TlBr-SiPM detectors 

above 70 mV.
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Figure 3. 
All plots come from the same dataset shown in Fig. 2. Coincidence events with any 

deposited energy in the reference detector were included. a) Spectroscopy of the 22Na source 

using the charge induction readout. b) 22Na spectroscopy of the subset of (a) with events 

with selected electron drift times between 4 μs and 4.4 μs. Energy resolution at the 511 keV 

photopeak is ~8.5%.
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