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What Is Photon Counting v b

Photon counting

Photon counting technology is very important in detecting weak light.

Applications: Medical, radiation monitoring, biomedical, high energy physics,
LIDAR, etc.

Hamamatsu is well-known as the best supplier of photon counting detectors:

EMCCD/sCMOS
Cameras

Image Intensifiers




Detectable Photon Levels HAMAMATSU

Photon irradiance [photons mm=2s?, A = 500 nm]
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Single photon detection is possible, but with some limitations.



HAMAMATSU

SPPC and MPPC N o eus rmess

SPPC: Single-Pixel Photon Counter

= Only one pixel

= |ncludes Geiger-mode APD and quenching

resistor
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Features of SiPM hrorovirovarbriet

PHOTON IS OUR BUSINESS

What is an MPPC?

Hamamatsu decided to call SIPM as MPPC.

The MPPC (Multi-Pixel Photon Counter) is one of the devices called SiPM (silicon

photomultiplier).

It is a photon-counting device using multiple APD pixels operating in Geiger mode.




Features of SIPM
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Photon —
— — Vaias > Vep
SPPC
5
= Once triggered, the avalanche
O is perpetual; however, the SPPC
Is no longer sensitive to light.
T Time
Avalanche starts
here

VBIAS

-

Rq (quench resistor)

S

(load resistor)

SPAD only indicates if light is detected or not, basically a digital output, and does not provide
any info regarding the intensity of light.

Voltage pulse on R, due to avalanche

A

A

) quench

recovery

T, ~RqCy (recovery characteristic time)

Rq >>Rg

v

time

10s — 100s of ns



Operation of MPPC (SIPM)
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Veias > Vap

Overvoltage, AV = Vg x5 - Vgp
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Features of SiPM HAMAMATSU

Advantages

= Small size and lightweight / thin

= High gain: 10°~106°

= Low operating voltage: less than 70V
= Larger photosensitive area than APD
= High quantum efficiency

= High-speed response: <200ps

= Room temperature operation

= |nsensitive to magnetic fields

Disadvantages

= Large dark count

= Temperature dependence
= Narrow dynamic range

= | arge terminal capacitance




MPPC Performance Has Been Remarkably Improved v b

v/ Dark Count

4 Afterpulse

v/ Crosstalk

v’ PDE (Photon Detection Efficiency)
\/Timing Resolution

4 Larger Area (with Assembly Technology)



PDE: Photon Detection Efficiency
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PDE is defined by the equation below.

PDE = QE x F X AP

QE: Quantum efficiency

F: Geometrical fill factor

AP: Avalanche probability

~ 100
%0

80 ¢

70

1

Geometrical Fill Factor (%6
2 888 8 8

=

0

10 20 30 40

Microcell Piitch (um)

o0 60 70 80 B0 100

Photon detection efficiency (%)

70

60

—514520-7050

—514520-7075

Wavelength (nm)

10



Improving the Fill Factor v b

% Optimization of the trench and active area

*Trench width = Minimum
- Active area = Maximum
(Higher Fill Factor )

© Hamamatsu Photonics K.K. and its affiliates. All Rights Reserved 11



MPPC Series for Industrial Applications

HAMAMATSU
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Photon detection efficiency (%)
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HAMAMATSU

New MPPC Series for Photon Counting Applications o obe evsimess

<MPPC Series> <Application>

S1336x series

(UV-VIS: General) — - General use

S1442x series siLaser icroscope

: — - Flow cytomet
(VIS-NIR: Peak shifted) - Biomedical i



HPK’s Naming Convention of SPAD Products v b

Geiger-mode APD that detects single photons

s N
v
S
il

*This naming is unique to Hamamatsu products.

© Hamamatsu Photonics K.K. and its affiliates. All Rights Reserved. 14



Comparison of MPPC & SPPC

HAMAMATSU
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SPPC SPPC @ Single pixel

N\
N N

Q&Q& € High opening ratio

Can detect long distances
{\ > €4 Counts only one photon

Vi

-

>2 photons 4 Histogram or time correlated
(not direct TOF)

MPPC

X\

Q&% € Multi-pixel

€ Counts multiple photons
Possible to detect distance
In ambient light conditions

f@bk N

Multi-pixel 1 photon

>
>2 photons
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S50um

Monolithic SPAD vs. Hybrid SPAD
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Monolithic SPAD

|
p—tu b /

quard ring

p-substrate

50um

Low NIR sensitivity since fill factor is

Detector limited
Aperture ratio Low
Speed High
Low

Components cost

Challenges Finer design rule

Hybrid SPAD

Hybrid 2D
Detector Array

Support Glass

SPAD Array

Micro bump
bonding

- CMOS Circuit
Technology

Assembled image of
the Hybrid SPAD Sensor

Higher NIR sensitivity since
electronics/ASIC are separate

High
Good
Medium

Bump bonding,
Back illuminated
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ASIC Function for Different Applications
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<Detector>

SiPM

SPAD

<ASIC Function>

<Application>
PET

LiDAR

X-ray photon
counting

Flow cytometer

Spectrometer

Microscopy
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X-ray Photon Counting Module
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15t Gen X-ray photon counting module

USB I/F board

Signal processing board

Bone densitometry

Applications of X

.. Comparator ASIC

-

LYSO:Ce

Module box

MPPC array board y

-ray photon counting

Baggage inspection Cargo inspection
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MPPC for PET Applications

PET. Positron Emission Tomography

Solid State Division
Hamamatsu Photonics K.K.

10/15/2020




TOF (Time of Flight)-PET v b

CRT = 300 ps
- Dd =4.5cm
t2
wma, JOF-PET @
'," “\“ ' Market demand spec was
H 5 CRT=280ps
i % : " | But recently less than 200ps
““Q ""'

& L 4 .
Semus=® CRT (Coincidence Resolving Time) FWHM
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Why Is PET a Photon Counting Application? W ToN 13 o Eus s

y-ray (511keV)

\ Scintillator
(LYSO)
\l ~15,000 photons
Module
MPPC
MPPC output
waveform
ey annihilati '
i gamma-rays 38 At a few p.e. level
C@‘J ® A N

'Subjecf

The timing threshold is to be set as low as
possible in order to reduce the fluctuation.




MPPC S1416x Series
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Features

Lower cost

High PDE around 450nm

Lower voltage operation: Vbr = 37V

Lower temp coef. of Vop: 34mV/°C
Tile-able on 4 sides

Active area lineup:3x3, 4x4, 6x6 mm single

and 2D array
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HAMAMATSU
PDE and CRT PHOTON IS OUR BUSINESS
V=V . . . . . .
70 . _ (Ve=Vop) 300 | | , . . .
- Pixel pitch: 50 ym ;zg 1T L I | —-S14160
60 - Pixel pitch: 75 um [ | > . | 4mmO50um
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HPK ASIC for PET (Latest Version)
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Features

= Low power consumption: 4.5mW/ch, 81mW(/chip

= Number of channels: 18ch/chip

= <200ps CRT at FWHM (3.14mmL0L1, 20mm LFS)

= <15% energy resolution at FWHM (3.14mmLl, 20mm LFS)
= High dynamic range: ~20mA max.

= High count rate: >1Mcps/chip max.

— _ ASIC
1ch
ANEE Current buffer TOT . qurgy
Tl e T ehaper T L (single-ended)
! ! Comp. |
! ! ! 16ch
| % >—_| > £
Pre- post | i DAC | 7
| amp amp | e ! /
MPPC e e L : Hs-comp.
alrra
Y 18ch/chip + \
DAC OR TDC
]
I [
| Timing

SPI Interface

(differential)

FPGA




HPK TDC Specifications
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Resolution ~15ps
Dynamic range 1.28us
Power consumption ~12mW(/ch
Maximum count rate 10Mhz/ch
# of channels 4ch/chip
- TDC clk200
Reference clock
(50/100/200MHz) NN X%
PLL SERIALIZER V «4
clk800] e
4 x4
X/ *Trigger
LVDS input X% FE ‘a, BE
Trigger x32 { READOUT [ 7 | READOUT
*)(4
Trigger
x4 COARSE x4,
clksoo | COUNTER |

200MHz clock

LVDS/Single-ended output

Strobe signal

25



HAMAMATSU

Signal Processing Board CRT W ToN 13 o Eus s

» ASIC board is optimized for SUPER TOF-PET measurement.
» Signal processing board includes ASIC, TDC, HVPS, and FPGA.

Features

Low power consumption: ~1.3W
Excellent coincidence resolving time: <200ps

High energy resolution: ~12% (511keV, LYSO)
Automatic temperature compensation
Digital I/F: High-speed serial or LVDS

26



Timeline of MPPC PET Module Development v s

<——— non-TOF —» <& TOF >

Introduction NSS 2014 < -

NSS 2010

-y -

8x8 PET
module

C11206-
0808

NSS 2016~

Development NSS 2015

NSS 2013

CRT
NSS 20.2. improvement
— : TOF-PET module g Low cost * CRT~210ps

PET module TOF-PET module for Prototype

for Evaluation
Prototype ¢ W Reliabili _
productit\?,'ity Mass production

Low power
DOI type, Brain

PET ~ ~
Four-layer DOI CRT~500ps CRT~280ps OEM
PET Module Development of ASIC for
Central Research TOF Improvement of MPPC CRT~260ps
Lab. \Reduction of optical
crosstalk
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MPPC PET Module’'s Key Components

HAMAMATSU
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B Lutetium scintillator

High quality crystal

* High light output

* No deliquescence

« Superior time resolution

" MPPC: S1416x series

 Low crosstalk

* Low afterpulse

 Low voltage:
Vop=37V typ.

* High PDE: 50%

« High gain: 10° to 108

B ASIC: FE & TDC

High performance CRT
 Low power consumption
‘ * High maximum count rate

« Customizable

® High voltage power
supply

« Low power consumption
 Low cost
« Customizable

28
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Lineup of Power Supply for PET

Features C11204-02
v" MR compatible: C11204-03/-04 v
v" Includes temperature compensation function o/A | oowa | DO/0C it
. Converter > onverter
v' Small size: 11.5x11.5mm (SMD type) T
Selection: T Mo L comena| [0
= C11204-01, -02: High precision type _
= C11204-03, -04: MR compatible type ¥
Package MR
LU Type Compatibility pES e
With - High precision
C11204-01 Leads B - Low ripple noise
- High precision
C11204-02 | Sprtace - - Low ripple noise
- Compact 11.5x11.5mm
With - MR compatible
C11204-03 Leads Yes - Low price
Surface - MR compatible
C11204-04 Mount Yes - Low price
- Compact 11.5x11.5mm




PET Module Test Kit HAMAMPATSY

Data HUB Board
wnth Clock dlstrlbutlon

FRCTR. - =
, ( o ﬁn}*r%f = G

Tt =
-~

h \;

MPPC Module

(with scintillator) Data I/F
MPPC array(4x4mm,12x12ch) + ASIC Board Board in PC

Power supply f
board
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New Standard Module CRT HAMAMATSG

(12x12 Array Module) rreTen s oun musines:
300 s s s ; ‘ ‘

290 | CRT value is <200ps . CRT12xi2map

280 | (average, FWHM)

,,,,,,

270 - ‘
7| — e
250 3 3 3 3

240
230
220
210
200
190
180
170
160
150
140

,,,,,,
|

CRT 12x12 average (FWHM) [ps]

© Hamamatsu Photonics K.K. and its affiliates. All Rights Reserved 31
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CRT: Further Improvements
Reduce to less than 150ps

Solid State Division
Hamamatsu Photonics K.K.

10/15/2020




How to Improve CRT (Timing Resolution) v b

There seems to be 3 ways to improve CRT.

1. Improve the rise time of the scintillator photon
Much research has focused on Cherenkov UV light. But practical
Implementation IS not easy.

2. Improve PDE
PDE of SIPM has been improved in recent years. However, further big
Improvements are not realistic, and the current PDE should be sufficient.

3. Optimize size and performance of SIPM

This approach looks most promising to decrease CRT down to 100ps.
= Keep the higher PDE
= Lower the background (Id, AP, CT, etc.)

33



Single MPPC CRT Evaluation
Individual Readout 6mm

with 20mm LYSO
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300

| | i | |
280 N Higher PDE | Lower dark count
i | tter Is better
—260 W\ o\ 5 beew ,,,,,,,,,,,,,,,,, l ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, A S R
2 W\ ? I | | —@—
=40 LN <:|||:> ,,,,,,,,,,,,,,,,, | 513360-6050
% . : | -m-S13360-6075
=220 A e | —#-514160-6050 |
~‘I'_>zoo L RN PR - SN S— | -m-S14160-4075 |
S oo W E-g o 8 e g g0 OO0
| I N P B e o P S R R
160 ’= w l‘l
140 ‘ ‘ : ‘ ‘ Ve[V
PDE [%] 40 50 50 60
Dark count [kcps] 0.5 0.5 2.2 1.0
Crosstalk +
Delay [% 3 7 7 16
CRT [ps] : .
at 5V & 7V 190, 180 165, 160 180, improved 165, improved
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CRT Improvement by Decreasing Dark Count phvvstevireirberies

~4x4mm MPPC with 4, 14IZI X 20mm LYSO

——S514160-4050 STD
—2—S514160-4050 Smaller Dark

-#-514160-4075 STD

-#-514160-4075 Smaller Dark

pogoed”

10 11 12 13 14 15 1

PDE [%]
Dark count [kcps] 0.5 0.4 2.2 1.0
CT+Delay [%] 14 6 21 17

CRT [ps] at 5V & 7V 180, 170 180, 170 170, ---- 160 150
© Hamamats s KK. and its affiliates. All Rights Reserved. 35



SPTR of MPPC R
In-Pixel SPTR Measured with Spot Laser reTon e oun penes

S13360-1350 S13360-3050

(50pum, 1.3mmn) (50pum, 3mmn)
~260psﬂﬁ_

0
=
e
|_
!
N

- _025 _252

Laser spot size (diameter) <5um

© Hamamatsu Photonics K.K. and its affiliates. All Rights Reserved 36



CRT Experiment for Proof-of-Concept
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350

250

200

150

100 -

50

a b F T
~ | +S13360-6050
s ~ -+S13360-3050
L

E -0-514160-1350
20 S B e e e e s 1

e
CRT depends on the MPPC’s size Small MPPC has better

timing resolution.
6mmL] ~150ps
3mmL] 90~100ps
1.3mm0l] ~80ps

(LYSO): 1mm[J x

Yy

1.3mm 3mml] 6mml]
]
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HPK’s PET Module Development v b

2018~2019 2020 NSS/MIC 2021 NSS/MIC
NSS/MIC

[ Conventional | New Standard Next Target
u u

ASIC modification Readout method
New ASIC design

CRT ~260ps CRT ~200ps CRT ~150ps

Commercial i Sample shipment by
Commercial 51 NEare
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Next Target: CRT ~150ps v b

SPTR of 3mmL}V

as0d

3 methods for improving CRT.

1. Improve the rise time of the scintillator photon ;EE_:;;;;__,__:

Many researchers are investigating how to achieve this by using 123»_';_--_ o

Cherenkov light. 2m1?%

2. Improve PDE

PDE of SiPM has been improved in recent years. SPTR of 1. 3

The increase in PDE is limited by MPPC'’s fill factor. o e
sof - e RN

3. Improve SPTR of MPPC ol \ T

Improving SPTR is quite easy because SPTR s strongly related to :> S R

capacitance, and a small MPPC has very good SPTR. o]
2,
K50,
b‘—__ 5
1’/0;1’; )LPosﬁ\O“ w
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How to Achieve ~150ps ForTon 13 oun susimes:

Divide MPPC into sub-pixels

« Conventional Readout - Sub-pixel Readout
é h ¢ Qontend circuit )

Frontend
circuit

MPPC 1ch l/ V Sub-pixel
(3~6mmL]) (e.g. 2x2) i i
|

pe 4 | pN

>

YY YO

« MPPC and ASIC channels are connected 1 by 1. « MPPC is divided into sub-pixels.
« SPTRis not very good because of the MPPC’s « MPPC'’s capacitance is small, which results in better
large capacitance. SPTR and CRT.
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Experimental CRT Results of Sub-Pixel MPPC
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CRT (FWHM) [ps]

260

240

220

200

180

160

140

120

100

80

—8—-Conventional + 20mm Scinti
-0—-Sub-pixel + 20mm Scinti

—0-Sub-pixel + 5Smm Scinti

-

-
)
-

[ Preliminary ]

4mmo S14160-50

) 3.14mmo X 20mm
~%~2mm0 MPPC + 5mm-Scinti ‘-/ LYSO

Sub-pixel S14160-50
3.14mmo x 20/5mm
I LYSO

Va4

1.>5x2.0mm/ch

Sub-pixel
S14160-50
1mmo X 5mm
LYSO

41



Experimental Results
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CRT (FWHM) [ps]

240

220

200

180

160

140

120

100

-8-Conventional

-0-Sub-pixel

-
-

Experimental results with 20mm LYSO [ Preliminary ]
260

MPPC 1ch |

-1 514160 (4mm])
series Q
4mmao

.. 514160 series
~ 3.5x4.0mm,

2x2 sub-pixel

Sub-pixel
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Summary phvvstevireirberies

HPK standard PET module

« 200ps standard PET module is available for sale.
« All components required for PET are included in the module.
« HPK’s PET module makes it easy to build a TOF-PET ring.

Next target: 150ps PET Module

« 150ps PET module with sub-pixel readout is under development.
* Preliminary experiments show positive results.
« Optimization of the number of sub-pixels and the ASIC will be performed.

 We plan to ship samples by 2021 NSS/MIC.
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www.hamamatsu.com
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