
Cherenkov and Scintillation Photon Counting Detectors

Josh Cates

Applied Nuclear Physics Program, Nuclear Science Division, Lawrence Berkeley National Laboratory

Workshop on Hybrid Cherenkov/Scintillation Detection Technologies
E-mail: jcates@lbl.gov



BGO for High Sensitivity Lower Cost TOF-PET Systems
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Bismuth Germanate (BGO)

• ~10k ph/MeV

• Decay Time: ~300 ns

• Cherenkov yield: 

~17 at 511 keV
BGO

Cherenkov / Scintillation Profile

Gundacker et al 2020 Phys. Med. Biol. 65 025001

High UV Detection Efficiency in 

Modern SiPMs

Broadcom NUV-MT

SiPM Arrays
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~50% PDE 

300-400 nm



Semi-monolithic BGO photon counting detector
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Optical bandpass filter
• External optical crosstalk 

suppression

Time

…

Photon “bitstream”

T
im

e
-t

o
-d

ig
it
a

l 

c
o

n
v
e

rt
e

r 
(T

D
C

)

Semi-monolithic crystal
• Spatiotemporal sparsity in optical photon arrivals at each channel
• 3D event positioning capability

Cherenkov

Scintillation

Related works
Cates et al (2024) Phys Med Biol 69 045025

Lee et al (2024) Nucl Instrum Method A 1061 169101
Lee et al (2023) IEEE NSS MIC RTSD Conf Rec 10338409

Cates et al (2022) Phys Med Biol 67 195009
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Analog SiPMs + Readout electronics
• Low-noise high-frequency shaping
• Photon pulse trains per channel

Analog pulse train

June 4th, 2025 Workshop on Hybrid Cherenkov/Scintillation Detection Technologies



Detector module and readout
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16×1 2-mm SiPMs
• Broadcom AFBR-S4N22P014M
• Overvoltage = 16 V

Front-end 
board

BGO
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(BG40)
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Na-22

BGO 

detector
16 E

(0.75 GS/Sa)

Readout

2×2×3 mm3 LYSO:Ca,Ce
 + 4-mm SiPM (AFBR-S4N44P014M)

Digitizer used as TDC

Signal processing chain
×16

• Measured 16 channel 
SPTR = 60±7 ps FWHM

2.68 mm

1 mm

2 mm
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Low Noise High Frequency Front-End for Excellent SPTR

51

High device capacitance for large area SiPMs reduces

amplitude and slew of single light photon detection pulse,

whereby influence of electronic noise dominates.

Single Photon Pulse vs. SiPM Area

June 5, 2022

Low Noise High Frequency Front-End  to minimize influence 
of electronic noise on SPTR

SPTR Measured with ps-Pulsed Laser

15   ps FWHM - 2 mm
20   ps FWHM - 4 mm
100 ps FWHM - 6mm

Single Photon Pulses

𝜎𝑛𝑜𝑖𝑠𝑒
𝑑𝑉
𝑑𝑡

=

55 ps (23 ps 𝞂)
45 ps (19 ps 𝞂)

4 mm
2 mm

Cates et al 2018 Phys. Med. Biol. 63 185022 Lee et al. Transactions on Rad. Plas. Med. Sci. vol 9, no 4, 2025
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Example 511 keV Interactions in the Detector

6

A
m

p
lit

u
d
e

 [
V

]

June 4th, 2025 Workshop on Hybrid Cherenkov/Scintillation Detection Technologies



Detector 3D Positioning Calibration

7

Fan-beam calibration
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X: Convolution neural network

DOI: Max-to-mean (MM) ratio

DOI ↓ MM ↓

DOI ↑
MM ↑MM =

Max(E1, E2, … , E16)

Mean(E1, E2, … , E16)

→ Segment the crystal into 43 (X) × 4 (DOI) voxels by interaction position

3.17 x 2 x 5 mm3 Average 3D Positioning Resolution
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As applied in Hybrid Optical Detectors
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SiPM channel

1621 …

…1

43

168

…

Interaction position (Crystal voxel)

2

115

12 …

42
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EOS

https://nino.lbl.gov/eos/home.html

SiPMs

Translated 
Technique

1. Position Event with Light Map
2. Collect “Nth”PDDs using opposing 

PMTs as time reference
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As applied in Hybrid Optical Detectors
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EOS

https://nino.lbl.gov/eos/home.html

1. Position Event with Light Map
2. Collect “Nth”PDDs using opposing 

PMTs as time reference

T1st-TRef

pTotal pFast

T1st-TRef

pTotal pFast

Tref

Tref
• Potential method for PMTs without 

dichroicons.
• Might add another dimension of 

information in analyses for labeling photons 
as Cherenkov/Scintillation with dichroicons.
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Fast readout electronics applied to LAPPD/HRPPD
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IEEE NSS/MIC 2025 ABSTRACT/SUMMARY 2

Fig. 1. The full block diagram single channel architecture for LUSTAR is shown. The focus for the first test chip is to demonstrate timing performance of
the core channel architecture before targeting further integration in future versions.

Fig. 2. A transistor-level diagram of the LUSTAR front-end regulated
common gate amplifier topology.

Fig. 3. A chip-level block diagram of the first prototype version of LUSTAR.

to specific sub-blocks. Each test block is expected to be routed

to independent pads for dedicated testing. A synthesized digital

core w/ a slow UART interface will provide the ability to

configure various thresholds, resistive loads, and delays for all

blocks/channels.

A. Front-end Regulated Common Gate Amplifier

We use a direct current injection topology, the regulated

common gate amplifier [4] to directly interface with the SiPM

sensor output. Generated current pulses are directly injected

TABLE I
CHANNEL SUB-BLOCK SPTR TARGET CONTRIBUTIONS

Channel Sub-Block Target [ps]

RCG Amplifier 12
Discriminator 5
Current Starved Inverter Delay Line 5
LVDS TX 5
The target SPTR contributions for each channel sub-block are
given. Contributions are expected to add in quadrature for the
full channel.

to the input node of this amplifier. We designed the front-end

to target up to 3k photons detected dynamic range (depending

on load resistor selected) while keeping timing jitter to below

12ps rms and maintaining excellent SNR. The exact imple-

mentation is shown in Figure [?]. Separate timing and energy

paths exist with independently programmable resistive load

values. Both the Marano [1] and older Corsi [2] SiPM models

were implemented in Virtuoso for modeling the SiPM front-

end based on Broadcom’s target SiPM specific parameters.

I I I . CONCLUSION

Thegoal of the current funded work is to demonstrate proof-

of-concept for a scalable integrated ASIC solution for readout

of TOF-PET detector systems with thousands of channels.

The first test chip is implemented in a commercial 65nm

CMOS process. Top-level chip integration is on-going and

the chip is expected to be submitted for fabrication prior to

the conference. Testing is expected to begin the same month

as the conference. For the first test chip, optimizing power

consumption was secondary to timing performance. However,

we expect to target less than 20mW/channel for a planned

second 16 channel test chip as part of this current work.
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LAPPD with Segmented Readout

Example Detector 

module from our work

64 

channels

64 

channels

Edge-

Mounted 

Readout

Chip in Development

NIH 1R21EB034885
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Maybe use this in relation to LAPPD/HRPPD
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Real Photon Counting Example
All Channels

Cumulative Amplitude Distribution for Photon Data 

Streams

LAPPD with Segmented Readout
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