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1. Introduction

The coincidence time resolution (CTR) of radiation detectors for time-of-flight positron emission tomography 
(TOF-PET) has been improved in recent decades. The system CTRs of current clinical TOF-PET range from 200 
to 600 ps full width at half maximum (FWHM) (Schung et al 2015, Vandenberghe et al 2016, Sluis et al 2019) and 
these CTRs are equivalent to a position resolution of 30–90 mm along a line of response (LOR). If the system CTR 
of the TOF-PET can be improved down to 30 ps FWHM, the position resolution will approach 4.5 mm along 
the LOR, which is of the order of the spatial (x, y ) resolution of current clinical TOF-PET systems. In such a PET 
system with an extremely high time resolution, image reconstruction processes, which tend to amplify the noise 
of the PET images, are not required and the quality of each detected photon will be maximized because the TOF 
information can directly yield position information of positron annihilation, at the order of the spatial (x, y ) 
resolution of the PET image. Such direct position determination will allow us to image radiotracer accumulation 
in a patient event-by-event, and it will allow us to get better images or similar images at shorter scan times. Thus, 
it is worthwhile to develop radiation detectors with a CTR of 30 ps FWHM for PET imaging.

There are two approaches to obtain a high CTR: (1) increasing the light collection efficiency (LCE), and (2) 
detection of Cherenkov photons. High CTR can be obtained with increase of the LCE because photon counting 
statistics will help improve the CTR (Cates et al 2015). Techniques for increasing the LCE using scintillation-
based detectors have been reported (Knapitsch and Lecoq 2014, Berg et al 2015). Modifying the crystal surfaces 
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Abstract
Radiation detectors dedicated to time-of-flight positron emission tomography (PET) have been 
developed, and coincidence time resolution (CTR) of sub-100 ps full width at half maximum 
(FWHM) has been achieved by carefully optimizing scintillators and photodetectors. Achieving a 
CTR of 30 ps FWHM by using a pair of annihilation γ-rays would allow us to directly localize the 
annihilation point within an accuracy of 4.5 mm. Such direct localization can potentially eliminate 
the requirement of image reconstruction processes in clinical PET systems, which would have a 
huge impact on clinical protocols and molecular imaging. To obtain such a high CTR, researchers 
have investigated the use of prompt emissions such as Cherenkov radiation and hot-intra band 
luminescence. Although it is still challenging to achieve a CTR of 30 ps FWHM even with a 
Cherenkov-based detector, the experimentally measured CTR is approaching the goal. In this work, 
we developed a Cherenkov-radiator-integrated micro-channel plate photomultiplier tube (CRI-
MCP-PMT), where there are no optical boundaries between the radiator and photocathode, and its 
timing performance was investigated. By removing the optical boundaries, reflections are eliminated 
and transmission to the photocathode is improved, resulting in high timing capability. As a result, a 
CTR of 30.1  ±  2.4 ps FWHM, which is equivalent to a position resolution of 4.5  ±  0.3 mm along a 
line of response (LOR), was obtained by using a pair of CRI-MCP-PMTs.
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selectively can increase the efficiency with which scintillation light is collected by a photo-detector and alleviate 
the optical mismatch between the scintillation crystal and entrance surface of the photo-detector, resulting in 
improvement of the energy and timing resolution. Using a low-aspect-ratio crystal is also effective to improve the 
LCE relative to that of a high-aspect-ratio one (Cates and Levin 2018).

CTR of sub-100 ps FWHM has been observed using a fast scintillator, such as LGSO:Ce or LSO:Ce:Ca, cou-
pled to a silicon photomultiplier (Nemallapudi et al 2015, Cates and Levin 2016). In the case of a scintillation-
based detector, prompt emission, including Cherenkov radiation and hot-intra band luminescence, plays an 
important role in improving the CTR (Lecoq et al 2014, Gundacker et al 2016, Cates and Levin 2018, Gundacker 
et al 2018). Bismuth germanate (BGO) crystal, which is widely used as the conventional scintillator for non TOF-
PET scanners, showed a CTR of several hundreds of pico-seconds, based on the detection of Cherenkov photons 
(Kwon et al 2016, Brunner et al 2017), revealing the potential of BGO as a scintillator for TOF-PET. Detection 
of Cherenkov photons using semiconductor detectors coupled to silicon photomultipliers can yield sub-nano-
second CTR (Ariño-Estrada et al 2018). Thus, the importance of detecting Cherenkov photons has been demon-
strated.

In the case of a Cherenkov-based detector where the Cherenkov radiator does not emit any scintillation pho-
tons, CTR of sub-100 ps FWHM has been measured (Korpar et al 2011, Ota et al 2019). However, the number 
of Cherenkov photons emitted by a photoelectron with energy of several hundreds of keV is only 30 at most 
(Lecoq et al 2010, Brunner et al 2014, Dolenec et al 2016, Ota et al 2018). Therefore, it is necessary to effectively 
guide the Cherenkov photons to the photocathode of the photo-detector and increase the LCE. The Cherenkov-
based detector of Korpar et al (2011) or Ota et al (2019) consists of a lead fluoride (PbF2) as the Cherenkov 
radiator (refractive index 1.82 at 400 nm) coupled to a micro-channel-plate photomultiplier tube (MCP-PMT) 
with a magnesium fluoride (MgF2)-based window face plate (WFP) (refractive index 1.39 at 400 nm). Therefore, 
optical boundaries exist between the radiator and the photo-detector, reducing the LCE. As increasing LCE can 
improve timing resolution (Cates et al 2015), one approach to improving CTR is to eliminate the optical bounda-
ries.

In this work, we propose a detector where the optical mismatches are quite mitigated, to increase the LCE 
and improve the timing performance. The proposed technique is simpler than those used in the previous detec-
tors (Knapitsch and Lecoq 2014, Berg et al 2015). We developed a new MCP-PMT where the Cherenkov radiator 
is integrated, which is referred as a Cherenkov-radiator-integrated MCP-PMT (CRI-MCP-PMT). The timing 
performance of the detector was experimentally investigated. Finally, we demonstrated the high CTR of the pro-
posed detector.

2. Materials and methods

2.1. Cherenkov-radiator-integrated MCP-PMT (CRI-MCP-PMT)
The WFP of the ordinary MCP-PMT was replaced by a lead glass, which was used as a Cherenkov radiator. Owing 
to a large effective atomic number of the lead glass and high transparency of more than 80% in the visible region, 
the lead glass-based WFP is sensitive to 511 keV γ-rays and a large number of Cherenkov photons will be emitted 
in the lead glass. The dimensions and the active area of the lead glass were 11 mm φ  ×  3.2 mm and 11 mm φ, 
which are the same as those of the ordinary MgF2-based WFP.

In the case of the ordinary MCP-PMT, a multialkali photocathode is deposited on the MgF2-based WFP. 
However, direct deposition of the photocathode on the lead glass initiates a chemical reaction between them and 
the photocathode will be insensitive to visible light. To prevent the chemical reaction, an Al2O3 intermediate layer 
was optically stacked between the lead glass and the photocathode by using an atomic layer deposition method. 
The radiators with and without the intermediate layer after being exposed to alkali metals and a conceptual view 
of the Al2O3 layer are illustrated in figure 1(a). The radiator without the layer completely turned black, whereas 
no color change was observed for the one with it. Transmission measurements from 300 to 800 nm using a spec-
trophotometer (UH4150, Hitachi High-Technologies Corporation) can be also shown in figure 1(b). The inter-
mediate layer efficaciously protects the radiator from the chemical reaction throughout the visible region. In this 
way, the CRI-MCP-PMT without any optical boundaries was developed.

2.2. Experiment and analysis
Figure 2 illustrates experimental setup for evaluation of the CTR. A pair of CRI-MCP-PMTs were located face-to-
face and exposed to an 22Na point source collimated by a 1.0 mm φ  ×  50 mm Pb collimator. The entrance surface 
of the CRI-MCP-PMT was covered by a black tape (Super 33+, 3M) to suppress reflections of the Cherenkov 
photons in the radiator. Signals of the CRI-MCP-PMTs were directly monitored by an oscilloscope (Keysight, 
DSO-404A) at 20 GS s−1 with a set bandwidth of 4.2 GHz. Two hundred data points per input channel were 
stored event-by-event. A high-voltage of  −3100 V was supplied to each CRI-MCP-PMT.
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The best CTR was analyzed while scanning the threshold level for timing pick-off and a pulse area window. 
A spline curve was obtained from the waveform data event-by-event using the TSpline3 class method in ROOT 
(Brun and Rademakers 1997), and detection timings at arbitrary threshold levels were numerically calculated as 
shown in figure 3(a). In this study, the threshold level was determined as the ratio of the pulse height and scanned 
from 2% to 26% to avoid time walk correction according to Ota et al (2019). The pulse area window was scanned 
with a step size of 1.25  ×  10−3 V ns, and its width was set to 0.015 V ns. A histogram of the pulse area of the detec-
tor is illustrated in figure 3(b).

The CTRs were evaluated as the functions of the threshold level for timing pick-off and pulse area window. 
A function of ‘single Gaussian  +  constant’ was fitted to the histogram of the time difference between the two 
detectors, and the CTR was defined as the FWHM of the Gaussian. Throughout the fitting procedure, the fitting 
parameters’ errors are defined as 1σ.

The total measurement time of the experiment was 2110 min, and the number of coincidence events was 
20 256.

Figure 1. (a) Radiators with and without the Al2O3 intermediate layer after being exposed to alkali metals for the photocathode. 
No color change was observed for the lead glass-based WFP with the intermediate layer fabricated using atomic layer deposition 
technique. (b) Results of transmission measurements from 300 to 800 nm. The lead glass with Al2O3 intermediate layer is as 
transparent as the pure lead glass throughout the visible region.

Figure 2. Experimental setups for CTR measurement. A pair of CRI-MCP-PMTs were placed face-to-face and exposed to a 22Na 
point source using a 1.0 mm φ Pb collimator. The entrance surfaces of the CRI-MCP-PMTs were covered by black tapes to suppress 
reflections in the radiator.
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3. Results

From the experiment, we found that the CTRs depend on the threshold levels for timing pick-off and pulse area 
window. The CTRs as the functions of the threshold level and pulse area are shown in figure 4(a). The pulse area 
region larger than 0.03 V ns could not be investigated due to the small number of coincidence events.

The best CTR is obtained with a high pulse area and low threshold level relative to the pulse height. How-
ever, the lowest threshold level does not provide the best CTR; therefore, an optimal threshold level should be 
used. The best CTR of 30.1  ±  2.4 ps FWHM at 5% threshold level with the pulse area window from 0.021 25 to 
0.036 25 V ns was obtained, whereas the worst CTR was 48.3  ±  1.5 ps FWHM at 3% threshold level with the pulse 
area window from 0.001 25 to 0.016 125 V ns. The histogram of the best CTR is illustrated in the figure 4(b). The 
pulse area window for the best CTR contained 3.2% of the total collected events. The two side peaks around the 
main peak were caused by the direct detection in the MCP (Ota et al 2019). At a high threshold level, the CTR 
becomes worse once the pulse is larger than 0.025 V ns. This is because the data includes overflow events, where 
the threshold level for timing pick-off cannot be properly defined.

CTRs of 41.9  ±  0.6 and 34.6  ±  1.4 ps FWHM at the 5% threshold level were obtained when using all the col-
lected events, and 15% of the collected events, respectively.

4. Discussion

The CTR of 30.1 ps FWHM, which corresponds to a position resolution of 4.5 mm along the LOR, was obtained 
using the pair of CRI-MCP-PMTs. Since the position resolution of 4.5 mm is of the order of the spatial (x, y ) 
resolution of clinical PET scanners, direct position reconstruction would be feasible. This timing performance 
is owing to nonexistence of the optical boundaries, thinness, and the low-aspect-ratio of the radiator. According 
to Cates and Levin (2018), the low-aspect-ratio crystals have the potential to improve the timing performance 
compared to conventional high-aspect-ratio crystals like 3  ×  3  ×  20 mm3.

From figure 4(a), higher pulse area window provides better CTR at the optimized threshold level. Threshold 
optimization is required in the case of scintillation-based detectors to minimize the CTR as well (Seifert et al 
2012, Cates et al 2015), where enormous number of photons are emitted and detected by a photo-detector within 
a nanosecond. Estimating that approximately 3 Cherenkov photons are detected in the high pulse area region 
(pulse area  >  0.02 V ns), this mitigates the single photon time resolution (SPTR) by a factor of 1/

√
3. Since the 

SPTR of CRI-MCP-PMT is the same as that of R3809 MCP-PMT (25 ps FWHM (Hamamatsu Photonics K. K. 
2019)), the SPTR-based timing uncertainty will be 20.4 ps FWHM (

√
2 × 25/

√
3). This value is almost the same 

as the photon-travel-spread in the radiator. According to Ota et al (2018), the photon-travel-spread in a PbF2 
radiator with 3.0 mm thickness is 17.0 ps FWHM. Thus, the achievable CTR will be 26.5 (=

√
20.42 + 17.02) ps 

FWHM. The difference between the experimental result and the theoretical value may be due to electrical noise 
and the difference in the radiator and its dimensions.

The physical factor which most strongly limits the CTR is the small number of the detected Cherenkov pho-
tons. If the number of detected photons could be increased to 10, the predicted CTR would be 20.3 ps, which is 
equivalent to a position resolution of 3.0 mm along the LOR.

Figure 3. (a) Raw data of the CRI-MCP-PMT and the spline curve. The threshold level for timing pick-off is numerically scanned 
from 2% to 26% for the pulse height using the spline curve. (b) Histogram of the pulse area obtained from the CRI-MCP-PMT. The 
pulse area window is set to 0.015 V ns and scanned with a step size of 1.25  ×  10−3 V ns.
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In this study, fully digitized signals were used to obtain the best CTR. However, digitizing all the signals from 
all the PET detectors is not practical. The timing performance was also evaluated using a conventional analysis 
method involving leading-edge-discrimination and time walk correction. As a preliminary result, the CTR of 
34.0 ps FWHM was obtained.

Although the CTR of 30.1 ps FWHM was obtained, the detection efficiency of γ-rays will not satisfy the 
requirement of clinical PET detector. The radiator should be replaced by an optimal one, such as PbF2 with 
20 mm thickness, to increase the detection efficiency. Quantitative comparison between the Cherenkov-based 
and scintillator-based detector is required. In addition, multi-anode readout structure is also required so that 
the CRI-MCP-PMT is position sensitive. As a technique of multi-channelization is already available in R10754 
(Hamamatsu Photonics K. K.), a multi-anode CRI-MCP-PMT can be developed.

5. Conclusions

In this study, we developed the CRI-MCP-PMT to improve the LCE and timing performance. The CTRs were 
measured and analyzed as functions of the threshold level for timing pick-off and pulse area. The dependence of 
the CTR on the threshold level and pulse area arises due to the photon counting statistics, which is observed in 
the case of the scintillation-based detector as well. Consequently, the best CTR of 30.1  ±  2.4 ps FWHM, which 
is equivalent to a position resolution of 4.5  ±  0.3 mm along the LOR, was obtained at 5% threshold for the pulse 
height with the pulse area window ranging from 0.021 25 to 0.036 25 V ns by using a pair of CRI-MCP-PMTs.
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