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SNR as a Figure of Merit for Product Selection




The Challenge of Selecting a Detetor

HAMAMATSU

PHOTON IS OUR BUSINESS

Quantum Efficiency

Excess Noise Factor

Spectral Range

Dynamic Range

Limit of Detection

Bias Voltage

Mechanical Robustness

Magnetic Field

Design Complexity

Ambient Light Exposure

Temperature Sensitivity

Warm Up Time

Timing

80 - 90%
1
1
Up to 1200 nm (Silicon)
Up to 2.6 um (InGaAs)
Limited by amplifier

nW
Severly limited by readout
noise

Rugged

Immune
Signal integrity

No damage
Low
Instantaneous

Slow

Low

80 - 90%
<100
~4
Up to 1150 nm (Silicon)
Up to 1700 nm (InGaAs)
Limited by amplifier

pW
Limited by readout
noise

~200 V
Rugged

Immune

Signal integrity & temperature

compensation
No damage
High
Instantaneous
Fast

Medium

25 - 50% (PDE)
105~108
~1.05

320 to 900 nm
(Peak 450-470 nm)

Limited by number of
microcells

fw
Limited by dark noise
~ 100,000 cps (Noisy)

~50V
Rugged

Immune
Temperature compensation

No damage
Medium
Instantaneous
Fast

Low
(<1/2” Diameter)

10 - 20% (QE,)
~106
~1.2

190 to 900 nm

Limited by divider current

fw
Limited by dark noise
~ 500 cps (Quiet)

~1000 V
Good

Need protection
High voltage

Can be damaged
Low
Few minutes
Very fast
High
(<1/2” Diameter)
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SIMULATION REFERENCE ONLY

What is Signal to Noise Ratio (SNR) HAMAMATSU

PHOTON IS OUR BUSINESS

% SNR can tell us the relative separation between the signal and the noise.

Signal

—
p—
'\/ Dark Noise? + Signal N oise*+ Readout N oise?
10.06-9 12 90.0E-9 1 16.0€-9 12
.0E-9
14.0€-9
1
£-9
2,069
E-9
08
0.0E-9
6.0€-9 ‘ |
|
@ I
£ so0e9 §
< <
3.0e-9
OE-9 |
| ‘ ‘ ‘
|
i I
1069 | 1
000.0E+0 0 0.0E+0 000.0E40 \-
DOD.OE#) 20.06-3 40.06-3 60.0-3 S80.06-3 100.0E-3 120.0E-3 140.06-3 160.0-3 180.0E-3 200.0€-3 0000E+0 20.06-3 40.0E-3 60.06-3 B80.0€-3 1000€-3 120.0E-3 140.0E-3 160.0€-3 180.0€-3 200.0E-3 0000E+0 20.06-3 40.0€-3 60.06-3 80.0E-3 100.0£-3 120.0€-3 140.06-3 160.0E-3 180.0€-3 200.0E-3
Time {sec) Time (sec) Time (sec)

© Hamamatsu Photonics K.K. and its affiliates. All Rights Reserved. 4



SIMULATION REFERENCE ONLY

What SNR Value Do | Need? i

% SNR < 1 is unusable, and SNR < 3.3 is a challenge. Highest SNR is the goal.
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SIMULATION REFERENCE ONLY

HAMAMATSU

SNR in Other Forms: Image Quality FHGTGN 13038 Busilens

% SNR affects image quality.

SNR=1 ~SNR=33 SNR=10 __ SNR =100

HORIZONTAL SCANNING VERTICAL SCANNING MIRROR
MIRROR / \
' LASER
OBJECTIVE
LENS © \ X-ray source

o‘\ DICHROIC MIRROR

PINHOLE == w——

DICHROIC MIRROR
Conveyor \ X-ray line scan camera
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SIMULATION REFERENCE ONLY
SNR in Other Forms: Position Sensitive Measurement g ot bt

PHOTON IS OUR BUSINESS

% “Location” of noise is generally evenly distributed.
% Center of gravity drifts towards center of active area with low SNR.
SNR =1 SNR =3.3 =10 SNR =100
=L :.. .'. . .'.. .;.:-+-_‘“ ] |
Position sensitive device (PSD)
DETECTOR E-EEFTI-FBEEi'-"ing lens
¥
LT mmvmumsz __ i ——
HEAVIERT. INJECT SAMPLE T
- ‘ Beam-emitting lens
PTG SO - Emitling element Center point
(Semiconductar laser]) |a |
MAGNET INTO MAGIENG FBD A Measuring range g
https://www3.panasonic.biz/ac/ae/service/tech_support/fasys/tech_guide/measurement/laser/index.jsp
https://microbenotes.com/mass-spectrometry-ms-principle-working-instrumentation-steps-applications/
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SIMULATION REFERENCE ONLY

HAMAMATSU

SNR in Other Forms: Pulse Height Distribution (PHD) UGG 1% 0% TN Ees

% Narrow PHD results from nearly identical pulse heights for identical input » High SNR
% Broad PHD results from variation in pulses heights for identical inputs » Low SNR

SNR =1 SNR =3.3 SNR =10 SNR =100

3 W 7:04AM 10K
Isotope Identification
PS: 2154 00
Co-60 98%
Cs-137 96%
Co-57 95%

Side Scatter
Count

a) Size b) Fluorescence

https://www.prweb.com/releases/2014/03/prweb11650449.htm https://www.usgs.gov/media/images/flow-cytometric-dot-plot 8



SIMULATION REFERENCE ONLY

Simulating Signal and Noise S WGTSH 15 S0e Bumniess

% Knowing the signal current, dark current, and noise allows us to simulate waveforms.
Poisson Normal

( L \rg

Photon Dark Readout __ Total
Shot + Shot + Noise = Noise

Simulated Waveform

_ ! 1.0E-6
Noise Noise
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4 800.0E-9
Photocurrent + Dark Current / '
N\ 700.0E-9
\ ) 600.0E-9
w
Dark C ) g 500.0E-9
ark Curren
< J00.UE-Y
\ 300.0E-9
Dark Readout
Shot Noise 200.0E-9
Noise
100.0E-9
000.0E+0
000.0E+0 50.0E-3 100.0E-3 150.0E-3 200.0E-3

Time (sec)
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Generating Basic Waveforms e e e

% Box-Muller Transform to convert uniformly distributed random number to normal distrubiton

x = ,/—=2In(RAND) * cos(2rRAND) x Std. Dev + Mean

Noise Average photocurrent
and dark current

10



Noise Distribution T —

Photon counting Analog measurement

0.1e 1e 10e 100e

Shot noise
(Photon/Dark) ation to

ution

_
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Probability

Normal vs. Poisson Distribution T —

Normal vs. Poisson Distribution
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Generating Basic Waveforms e e e

% Box-Muller Transform to convert uniformly distributed random number to normal distrubiton

x = ,/—=2In(RAND) * cos(2rRAND) x Std. Dev + Mean

Noise Average photocurrent
and dark current

13
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Signal Shot Noise

Dark Shot Noise

Gain

Excess Noise from Gain
Readout Noise
Dominant Noise Sources

Detector Selection Process



Schematic View of Signal and Noise TG 1 DoL. TWEAoe:




SIMULATION REFERENCE ONLY

Schematic View of Signal and Noise S WGTSH 15 S0e Bumniess

% Light itself has noise called photon shot noise due to random photon arrivals.

1
2 * bandwidth

*x time

time =

* time
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HAMAMATSU
PHOTON IS OUR BUSINESS

Statistical Limit of SNR

ISe.

hoton shot noi

is p

it of SNR i

ical lim

The statisti

O

*%

Maximum Theoretical SNR

7

35
2
S
=

S

4

e
>

35
byl
S

e
L

0

"

25
ol

35
&
S
!

3535
585
2ol

3525
!

S5

K555

3525
!

!

Pete%s!
SRR
3535
%!
e

35
byl

2!

by

S

35
byl

S

by

&
%

&
e
S

&
355
3535
355
0%

S
I

4
L

S5

L
LA

%!

e
'5ials
G5

!

%!

S

L
o

L

L

S5

L

L

S5SNI
N

S5

L
L
L

3535
betele!
25
3535
3535
2525
545
25
355

L

Fatele
SR

S5

5

L

LRI
S
(A
feletet~
o 5

%ﬁﬁﬁﬁg
SRR
etelelete

550557

5

4
4
4
4
4
4
4
4
4
4
4

e

e
L
e

g
55
55
35

g
S5
2

25
55
4
35

!
S5
2

&

505558
SIS
oieteteets
aletetetels
SIS

otaserels
S
5
&

355
S5
S
S0
S0
S50
G

4
4
4
4
4
4
4

!
55
!
S5
byl
5
!

4

&
ofa
S5
batal
2
%
S

&
55

4
S5

4
4

4

o
55
4
S

Pl

&35

IR
atele!
etels

5505
X
atele!
etele!
2555
ol
355

4
4
4
4
4
4
4

%t
ﬁt
e

S

=+,
1E+3

UNS wnwixepy

RIS
3&,}

i

25
545

g
S5
&5
%
S
25

i

&
0
S5
S5
55
SR
S5
2555
i

i

%
3535
82
355

&
3535
&5
3535
5o

35

S5

&
3535
3535
ol
s
3535
3535
503
%

S

%
5
4
%5

&5
&
ol
2ol
55
3535
355
%

R

S
'etelste!
etetels!
etetels
55

oletetels
S5

R

&5
&
ol
2ol
&
3535
355

belels!
Sotess
S5

35
el

&
{4
et
LS
als!
555
353
S35
S5

4
3%
355
55

K
3535
&5

G55
S5

POSSIBLE

1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7 1E+8 1E+9 1E+10 1E+11 1E+12 1E+13 1E+14
Photons Detected per Time

1E+0

17



Sampling Time =/= Observation Time S WGTSH 15 S0e Bumniess

% Our definition of sampling time is 7z inverse of the detector & electronics bandwidth.
% Sampling time has no relationship to how long you obseve the detector output.

1
2 * bandwidth

time =

https://creativecommons.org/licenses/by/3.0/us/legalcode
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Integration Period S WGTSH 15 S0e Bumniess

* Higher bandwidth results in more variation in each signal sample.

. 1 Sampling Interval Decreased
T = 2B Bandwidth Increased




Bandwidth Optimization

HAMAMATSU

PHOTON IS OUR BUSINESS

% Higher bandwidth results in faster time response, but also more noise.

Amplifier
Fc =4 MHz

Amplifier
Fc =0.5 MHz

Fast response

Slow response |

B i

N VI T I NN NI N (N T N V1 N I N (L N O 0

R £ S} 1 2 (G R ([ [ 7 1 [ I
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SIMULATION REFERENCE ONLY

HAMAMATSU

Signal Degradation to Low BW g g ke

% Low bandwidth detector and readout circuit will distort fast input signals.

14066 This error is not accounted for in e
SNR calculation!

12.0E-6 1

10.0E-6
0.8

8.0E-6
0.6

6.0E-6

Volts
Input (a.u)

0.4
4.0E-6

0.2
2.0E-6

000.0E+0

-2.0E-6 -0.2
000.0E+0 5.0E-6 10.0E-6 15.0E-6 20.0E-6

Time (sec)

= Degradation can be caused by detector speed or readout circuit bandwidth and slew rate.
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HAMAMATSU

Describing incident light e s

* Incident intensity can be described by Watts or photons per second.
s We can convert from Watts to photons per second by dividing by the energy of the photon

Radiant flux Photons per second
Watts 1/s
Conversion:
Energy of a photon: Watts to Photons per second:
h|Js] c [%] Radiant flux [é]

ElJI =

1
A[m] Photons per second [E] = ED]

h =6.63 %1073 [Js] - Planck’s constant

m
c=3%108 [?] — Speed of light in a vacuum

22



Quantum Efficiency

SIMULATION REFERENCE ONLY

HAMAMATSU

PHOTON IS OUR BUSINESS

% Higher QE improves SNR, lower QE reduces SNR.

X ¢

%

Input Signal
photons

e

Signal =

Osignal = \/ sec
Photoelectrons

photons

* QE% * time
sec

photons _
—— « QE% * time

et

Signal

Photons
Al g |
11 oo

Photoelectrons
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Quantum Efficiency and Photosensitivity




Detection Efficiency Terminology: Photodiode

HAMAMATSU

PHOTON IS OUR BUSINESS

% Photosensitivity can be converted to Quantum Efficiency %.

Photosensitivity (A/W)

0.7

0.6

0.5

0.4

0.3

0.2

0.1

A
Phot tivit [—l
otosensitivity |
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b

A1)

51337-BQ serias

400
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Wavelength (nm)

Quantum Efficiency %
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80.0%

70.0%

60.0% |
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QE[%] = Photosensitivity [ﬂ % EN

q[C]
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Detection Efficiency Terminology: PMT

HAMAMATSU

PHOTON IS OUR BUSINESS

% PMT Collection Efficiency % should also be included to estimate signal.

TPMHBOS14ED

1000

= -210
2 16—
é 100 /_5--..
~ e Sa
cE A=\
> (7417 A\
EQ JIEP == | AN
- Z - 3
D w :ﬂ' f\}'".
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woe 110 » \
(R 10 . A -
= L =%
z 4 113 s
<= — 1
of |
cZ vy
< %
w5 L
8¢C 1 : :
= x
< -II
(@] LI

| — CATHODE RADIANT SENSITIVITY 1
=== QUANTUM EFFICIENCY |
] | | | | A

0.1
100 200 300 400 500 600 700 800 900 1000

WAVELENGTH (nm)

QEcrr[%] = QEcathoae %] * CE[%]

, Photon _ ,
Signal = —or QEcrr[%] * Gain = time

CE[%)] = Dy, Collection Ef ficiency ~ 70% — 90%

J———
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Collection Efficiency vs. Voltage e e e

* Higher applied voltage to the PMT overall results in higher collection efficiency

/’_—#

100

80

60

40

20

RELATIVE COLLECTION EFFICIENCY (%)

0

40 50 100 150

PHOTOCATHODE TO FIRST DYNODE VOLTAGE (V)



Detection Efficiency Terminology: MPPC (SiPM) e e e

% PDE is used to calculate the output signal of MPPC(SiPM).
Photon

sec

PDE[%] = QE[%] * AP[%] * FF[%)] Signal = * PDE|[%] * Gain * time

'I
1

N+

Photon Photon

E{%)] = AP|Y J
v * QE[%] * AP[%] * Gain | + p

Signal =

« QE[%] » (1~ API%])

28



Considerations for SiPM (MPPC) Photon Detection Efficiency ey g

% Large microcells » higher FF% > higher PDE%

50um

= 100
R
= 90 r A 1 t
£ 80 . -
s 70 lm
= 60 i
“ 50
8 a0 = =
s 30 + : Old MPPC Series
g + : New MPPC Series
o 20 » : Trench Series
& 10

0 S - . N R |

0 10 20 30 40 50 60 70 80 90 100
Microcell Pitch (um)

© Hamamatsu Photonics K.K. and its affiliates. All Rights Reserved. 29



Considerations for SiPM (MPPC) Photon Detection Efficiency rerTaT i era ke

s AP% is increased with higher overvoltage
s Overvoltage = Applied Voltage — Breakdown Voltage

AP%(V) — Pe +Ph_ (PePh)

(A=655nm)
1 40
—514420-25um
0.9 _ | —s13360-25um
z 0.8 g\; ol 1 T | .
—_— [T} P i
= 07 g -
S 06 g%
o @
a 0.5 * Pe 5§ 20 =
£ 04 Ph 8
c o 15
S 03 . T
3: 0.2 fc:
0.1 .
0
0
0 2 4 6

o

1 2 3 4 B € T 8 9 10
Overvoltage Over voltage (nm)
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Key Takeaways: Quantum Efficiency Photosensitivity

HAMAMATSU

SSSSSSSSSSSSSSSSSSS

Phototube & Photodiodes

, photons ,
Signal = —— x QE% * time
sec
PMT
, photons . .
Signal = o QE% » CE% * Gain * time

APD

photons

Signal = * QE% * Gain * time

sec

MPPC (SiPM)

photons

Signal = * PDE% * Gain * time

sec

PDE% = QE% * FF% % AP%
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Dark Current & Dark Noise

HAMAMATSU

SSSSSSSSSSSSSSSSSSS
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SIMULATION REFERENCE ONLY

Dark Noise HAMAMATSU

% Dark signal is the average value, its fluctuation is the dark noise.

®
\ Dark

Dark electrons
dark electrons e
Dark = x time
sec

dark electrons

sec E %

33



SIMULATION REFERENCE ONLY

Dark Offset Subtraction T —

*» We can subtract the offset ie. mean dark current, but noise remains.

700.0E-9
600.0E-9
500.0E-9

400.0E-9

Amps

300.0E-9

200.0E-9

100.0E-9

000.0E+0
000.0E+0 50.0E-3 100.0E-3 150.0E-3 200.0E-3

Time (sec)

© Hamamatsu Photonics K.K. and its affiliates. All Rights Reserved 34



SIMULATION REFERENCE ONLY

Dark Subtraction Increases Noise T —

+»» Dark subtraction adds the noise from the dark reference measurement.

- 2 2
Odarkl-dark2 — \/ Gdark1 + adarkz

Odark — Odarkl = Odark2

s 1 2
Odarkl-dark2 — . / 2 x Gdark

Odark1 Odark2

(I e M

| I | |

| L ‘. | ! ‘ I

\ it
LRl ‘ i Hw U .T

‘ |
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SIMULATION REFERENCE ONLY

Intrinsic Gain (ldeal) S WGTSH 15 S0e Bumniess
_ photons ]
) Signal =u*7*QE%*tlme
x QE x Gain —
% K photons _
Osignal = 0 * |[———* QE% * time
Input Signal Photoelectrons Multiplied Signal sec
photons e” e”
A (6 Signal Gain )
ad ' : . :
\_/"UW gggg < Gain amplifies signal and dark
505 equally as well as the amplifying
9560 the noise.
\ Dark y
Dark electrons Multiplied Dark
_ _ dark electrons
e e Dark = u * * time
sec
Gain dark electrons
X 1 Odark = U * cec *time

36



SIMULATION REFERENCE ONLY

Gain Fluctuation T —

% Gain randomly fluctuates
% Excess Noise Factor (F) describes the severity of gain fluctuation.

photons photons
. _ . _bhotons o . _
Signal = p * v QE% * time Osignar = |M% * F * o " QE% x time
20.0E+0
15.0E+0
c
‘w 10.0E+0
(&)
5.0E+0
Ogain = VF
000.0E+0 galn
0 0.1 0.2 0.3 0. 0.5 0.6 0.7 0.8 0.9 1

dark electrons HZ * F x dark electrons *x time’

, o =
Dark = u * * time dark
u sec sec
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Signal and Noise from the Detector

HAMAMATSU

PHOTON IS OUR BUSINESS

** Noise terms can be combined by squaring the terms then taking the square root.

»» Excess Noise caused by gain reduces the SNR from the detector

9.0E+08 | e .

8.0E+08 umwmi$ Odet = \/ Osignal + Odark

7.0E+08 |n ’IW] _— i IZ:::;: ........

""""""""""""" photons dark electrons ,

6.0E+08 L Oget = MZ * F x| ——— « QE% + * time
% : V W ........................... M
s 40e+08 KT

soe+08 |} * —phOtOTLS * QE% * time

SN Raer = hotons dark el
2.0E+08 2 pnotons o ark electrons .
\/u *F*(—sec * QE% + T * time
1.0E+08
0.0E+00
0 0.2 0.4 0.6 0.8 1
Time
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Mechanism of Gain and Excess Noise

HAMAMATSU

SSSSSSSSSSSSSSSSSSS
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Cause of Excess Noise in Avalanche Photodiodes T —

% Impact ionization from both carriers makes APD gain very noisy.

APD
= Low gain many times
» F = Gain*

= x = Excess noise figure
= ~2.0-4.0

" Gain:10 — 100

a:ionization rate of electrons

p:ionization rate of holes

p p

1
FZ“E”Z‘?“‘?

pt+ I E
© o
n+ (S)
4
e
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Geiger Mode APD (SPAD) e e e

% Geiger mode causes the APD output to reach saturation chare.
% Geiger mode gain is almost perfectly uniform ie. low excess noise

log(M)
PD . APD MPPC (SiPM)
M=1 5 c linear region _>5 Geiger region
(no gain) ;
0
\I/BR VBIAS

41



Geiger Mode Array = MPPC (SiPM)

HAMAMATSU

PHOTON IS OUR BUSINESS

MPPC Active Area

13-15-LCT5

Geiger Mode APD
a.k.a Microcell

42



Cause of Excess Noise in MPPC (SiPM) e e e

% Crosstalk can make gain appear higher than expected due to additional microcells firing.

MPPC (SiPM)

= Excess charge from crosstalk

1
u =
= P.. = Crosstalk probability
= '~ 1.05-1.1 e ’ﬁ\gb) T - Window Efiel?
LA (1c)? (Za)gg*\\ %Qb)
\ ,” Charge &
= (Gain: 105 — 106 carriers
\ ,”Secondary
./ photon
N+ substrate “'

J. Rosado (2015). Characterization and modeling of crosstalk and afterpulsing in Hamamatsu
silicon photomultipliers
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Cause of Excess Noise in MPPC (SiPM)

HAMAMATSU

PHOTON IS OUR BUSINESS

% Lower crosstalk MPPC achieves lower multiplication noise

— B e e T —T —T T T T T
B —r I
60 o Competitor 1
’
N ’ -8~ S13360High Precision Series 3x3mm 50um
- " -8~ Hamamatsu Previous Generation
50+ 4 -9 Hamamatsu Previous Generation
i Iy -o- Hamamatsu Previous Generation
e = " =i}~ Competitor2
o B 2] = i i
‘6.:. 40 = ’ @ Hamamatsu Previous Generation
Xx -
S :
0 -
@ 30f
o L
-
o Z
201
101~

poo o by by by 8y

Overvoltage [V]

©

1

B 1+ In(1—Py)
=P.; = Crosstalk probability

F

S. Vinogradov, 2011. Analytical models of probability distribution and
excess noise factor of Solid State Photomultiplier signals with crosstalk

J. Biteau, 2015. Performance of Silicon Photomultipliers for the Dual-Mirror Medium-Sizes Telescopes of the Cherenkov Telescope Array
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Crosstalk Reduction Development S WGTSH 15 S0e Bumniess

% Optical trenches reduce crosstalk by blocking the transmission of secondary photon.

Previous Product S13360-3050CS
(High Precision Series)

25% Crosstalk Probability 3% Crosstalk Probability

50 m'

Optiéé! trench: &

10um

10um

J. Rosado (2015). Characterization and modeling of crosstalk and afterpulsing in Hamamatsu silicon photomultipliers
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Cause of Excess Noise in PMT T —

% Higher 18t dynode gain results in lower excess noise for PMT

ouIT J—

= Variation in dynode emission

lo)
F=5 /\/

=6=D ain !
g § = yNumber of Dynodes

= F~11-14

= Gain:10* — 10°
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Hybrid Photo Detector

HAMAMATSU

PHOTON IS OUR BUSINESS

% HPD gain is closest to ideal noiseless gain because of very high 15t stage gain.

HP

= Electron bombardment x avalanche multiplication

F

§ _ 1500

5—1 1499

~

g Photocathode
Photon /

™ Y

Photo- -8 kV
electron

Electron
Bombardment

Gain
o
1500ﬁme
AD = -
A N
(g\i/gée;r)lche 2t 8 A SN~ Avalanche
I ] Gain
80 times
SMA
Connector
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Excess Noise Factor

GAIN

Operating Consideration for Excess Noise Factor S WGTSH 15 S0e Bumniess

PMT MPPC APD

R9880U-01 ENF vs HV S13360-3050CS ENF vs Vov S2384 ENF vs Voltage

S _ 5
20 T g g 4
1.5 ™ o
T 3
1 S 1.4 P
2 o 2
0.5 = »
S 1
0 2 10 F
500 600 700 800 900 1000 1100 3 ’ 2 0
2 0 2 4 6 8 10 4 80 100 120 140 160 180
Supply Voltage w 0 I 8
vervoltage m Reverse Voltage
. Typ. =800 nm
10 - (Ta=25°0) 10000 : (o :
— Gain Lo 202G
=+= Crosstalk probability ST
5 x 108 || = = Photon detection At 50 -0 °C
Ei efficiency (A=450 nm r |- L~ 1000 ! .! \'4 g .||
4 x 108 < 40 =l / I / |
7 o A N A 4 /
’
= b
108 E%%E 53 wllP ’/ * § 100 7 "/ '/ =
3 P yd =
4 6 20 ~ |
2 x 10 7 ,/;/,‘—{’ T 40 °C
104 / —— 10 — //’(
1 x 108 — 10 FUSE
g
-
"
0 0
0 2 4 6 8 10 1
109
500 600 700 800 900 1000 1100 80 100 120 140 160 180
Overvoltage (V)
SUPPLY VOLTAGE (V)
Reverse voltage (V)
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SIMULATION REFERENCE ONLY

Excess Noise Factor Effect T —

% Output with gain is just an enlarged copy, but noisier.

_ Anode e
Cathode e -
Gain
1000 1000
900 900
800 t 800
1) =]
£ 700 £ 700
- -
2 600 < 600
£ £
& soo & so00
~ ~
Z 2
S 400 5 a0
5 8
3 300 & 300
1) <H]
200 200
100 100
0 0
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 038 09 1
Time (s) Time (s)
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Key Takeaways for Excess Noise e e e

s Detectors with gain add excess noise to the signal which reduces the SNR of the detector output.
% Gain is simply enlarged copy, but noisier.

I MPPC _m-

Excess Noise Factor 1.05-1.1 11-1.2 2-4
(F) (HPD ~ 1.0)
Cause of ENF Crosstalk Dynode secondary Unpredictable ionization
emission variation rate due to minority carrier
ionization
Detector Minimize crosstalk Maximize 15t dynode gain Minimize excess noise
considerations for figure
reducing ENF
Operating Lower overvoltage Higher voltage Lower voltage

considerations for
reducing ENF

© Hamamatsu Photonics K.K. and its affiliates. All Rights Reserved. 50



Benefits of Intrinsic Gain

HAMAMATSU

SSSSSSSSSSSSSSSSSSS
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SIMULATION REFERENCE ONLY

Photodetector with and without Intrinsic Gain i

I 10.0E+3 10.0E+3 10.0E+3 10.0E+3
9.0E+3 9.0E43 | oo0es 9.0E43
Wlo | 8.0E+3 8.0E+3 I 8.0E+3 8.0E+3
7.0E43 7.0E43 7.0E+3 7.0E43
]
Gal n I 6.0E+3 6.0E+3 | 6.0E+3 6.0E+3
I 5.0E+3 5.0E+3 5.0E43 5.0E+3
4.0E+3 4.0E43 I soe 4.0E+3
| 3.0E43 3.0E43 | 3.0E+3 3.0E+3
I 2.0E43 2.0E43 2.0E43 2.0E+3
1.0E+3 1.0E43 _I 1.0F+3 Ll 1083
m M_ L
| | ooo.0E+0 000.0E+0 000.0E+0 000.0E+0
0 0.5 1 0 0.5 i | 0.5 1
I || || | | | || || | | | || | | | || || J

Cathode Signal Anode Signal Read Out Noise Observed Output

r—_—_—_—_—_—_—_—_

|| 0082 10.0E+3 10.0E+3 10.0E+3
. 9.0E+3 9.0E+3 9.0E+3 9.0E+3
Wlth | 8.0E+3 8.0E43 _BOE#3 | 80E3 )
7.0E43 7.0E+3 7.0E+43 7.0E+3
Gain I coes 6.0E+3 I 6o 6.06+3
5.0E+3 . 5.0E+3 5.0E+3
I 4.0E+3 X Galn I 4.0E+3 4.0E+3
I 3.0E+3 3.0E+3 | 3.0E+3 3.0E+3
I 2.0E+3 2.0E+3 2.0E+3 2.0E+3
1.0E+3 — 1.0E+3 | 1.0E+3 1.0E43
I | ooo.0e+0 000.0E+0 || Oco0E+0 000.0E+0
I 0 0.5 1 0 0.5 1 0 0.5 1
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SIMULATION REFERENCE ONLY

Intrinsic Gain vs. External Gain oy o bt e
50.0E43 50.0E+3 . 50.0E+3 50.0E+3
45,0643 asoess . X G aln 45.0E+3 45.0E+3
40.0E43 40,0E43 40.0E+3 40,0643
35.0E+43 35.0E+3 35.0E43 35.0E+43
. . 30.0E+3 30.0E+3 30.0E+3 30,0643
I ntrl n s | c 25.0E+43 25.0E+3 25.0E+3 25.0E+43
20.0E+3 20.0E+3 20.0E+3 20.0E+3
G a i n 15.0E43 15.0E+3 15.0E+3 15.0E+3
10.0E+3 10.0E+3 10.0E+3 10.0E43
5.0E43 5.0E+3 5.0E+3 5.0E43
000.0E+0 000.0E+0 000.0E+0 el o i 000.0E+0
0 0.5 1 0 05 1 0 0.5 1 0 0.5 1
Cathode Signal Anode Signal Read Out Noise Observed Output
50.0E+3 50.0E+3 50.0E+3 50.0E+3
45.0E43 45.0E+3 45.0E43 45.0E+3
40.0E+3 40.0E+3 40.0E+3 40.0E+3
35.0E+43 35.0E+3 35.0E+3 35.0E+3
30.0E+3 30.0E+3 30.0E+3 30.0E+3
EXte rnal 25.0E+3 25.0E+3 25.0E+3 25,0643
. 20.0E+3 20.0E+3 20.0E+3 20.0E43
G ain 15.0E+3 15.0E+3 15.0E+3 15.0E+3
10.0E+3 10.0E+3 10.0E+3 10.0E+3
5.0E+3 5.0E+3 5.0E+3 5.0E+3
000.0E+0 000.0E+0 000.0E+0 000.0E+0
0 0.5 1 0 0.5 1
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100k vs. 1M Gain

SIMULATION REFERENCE ONLY

HAMAMATSU

PHOTON IS OUR BUSINESS

% Readout noise becomes insignificant with high intrinsic gain so adding extra gain has no

improvement.

Amps

90.0E-9

80.0E-9

70.0e-9

60.0E-9

50.0E-9

40.0E-9

30.0E-9

20.0E-9

100,000 Gain

000.0E+0 v

000.0E+0 20.0E-3 40.0E-3 60.0E-3 80.0E-3 100.0E-3 120.0E-3 140.0E-3 160.0E-3 180.0E-3 200.0E-3

Time (sec)

12

-

04

0

900.0E-9

800.0E-9

700.0E-9

600.0E-9

500.0E-9

Amps

400.0E-9

300.0E-9

200.0E-9

000.0E+0

1,000,000 Gain

12

0.8

06

04

02
0

000.0E+0 20.0E-3 40.0E-3 60.0E-3 80.06-3 100.0E-3 120.0E-3 140.0E-3 160.0E-3 180.0E-3 200.0E-3

Time (sec)

© Hamamatsu Photonics K.K. and its affiliates. All Rights Reserved.
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QE%, Dark, and Gain Effect on Detector SNR

SIMULATION REFERENCE ONLY

HAMAMATSU

PHOTON IS OUR BUSINESS

% Increasing QE and decreasing dark increases detector SNR, gain decreases detector SNR.

300.0E-15

250.0E-15

200.0E-15

150.0E-15

100.0E-15

50.0E-15

000.0E+0

Original Increase QE 40% Decrease Dark to 10%
300.0E-15 300.0E-15 3.0E-12
I 250.0E-15 I 250.0E-15 2.5E-12
T 200.0E-15 200.0E-15 2.0E-12
150.0E-15 150.0E-15 1.5E-12
100.0E-15 100.0E-15 1.0E-12
............... Scwis-....-..-....-..-....-..-....-..-W_OE IS SUD,UE_j-S....-..-....
000.0E+0 000.0E+0 000.0E+0

0.5 1. 0 N 1 0
Signal increase by 1.4 J No change in signal

Signal Shot Noise increased by v1.4

7N 1 0
Noise increased by \F

Add x10 Gain

‘1

Dark Noise reduced by v10%
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SIMULATION REFERENCE ONLY

Unnecessary gain e e e

% Adding gain when not needed increases noise, and reduces SNR.

1x Gain (ie gainless) 1,000 Gain

12.0E-8 12.0E-3

Noise increased due to Excess Noise (F)

10.0E-6 4 . i 40.06-3

8.0E-6 8.0E-3

a 8
E 6.0E-6 5 6.0E-3
4.0E-6 4.0E-3
2.0E-6 2.0E-3
0000E+0 e s e B o s B et L e 0000E+0 i
000.0E+0 2.0E-8 4.0E-6 6.0E-6 8.0E-6 10.0E-6 000.0E+0 2.0E-6 4.0E-6 6.0E-6 8.0E-6 10.0E-6
Time (sec) Time (sec)
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HAMAMATSU

Key Takeaways: Benefits of Intrinsic Gain

IS OUR BUS

INESS

* Readout noise can make it impossible to measure weak signals without gain.

* Intrinsic gain raises the signal above readout noise.

+» External (amplifier) gain does not raise signal above readout noise.

% With enough gain readout noise becomes insignificant.

* If readout noise is insignificant, then the system output SNR = detector output SNR

% Gain can only reduce detector output SNR.

/
*

% Increasing Quantum Efficiency % and reducing Dark Noise can improve detector SNR.

S7



Readout Noise

HAMAMATSU

SSSSSSSSSSSSSSSSSSS
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Detector Gain

HAMAMATSU

SSSSSSSSSSSSSSSSSSS

PD / PIN PD @

1x ® -

Phototube
1x

MPPC (SiPM) _

105 - 107 @
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Amplifier Noise TG 1 DoL. TWEAoe:

% Readout noise can come from voltage noise and current noise (amplifier), and Johnson noise

(resistor).
OPAB846ID, IDBV
TYP MIN/MAX OVER TEMPERATURE
0°C to -40°C to MIN/| TEST
PARAMETER CONDITIONS +25°C +25°CI | 70°C(@ | +85°C | UNITS | MAX|LEVEL®
Ip + INoisE [ R,
AC PERFORMANCE (see Figure 1) _— AN
Closed-Loop Bandwidth G =+7, Rg =500, V5 =200mVpp 500 MHz typ C
G =+10, Rg = 50Q, V5 = 200mVpp 400 270 250 225 MHz min B
G =+20, Rg = 5002, V5 = 200mVpp 110 82 80 75 MHz min B €n
(Gain Bandwidth Product (GBP) Gz=+40 1750 1275 1245 1200 MHz min B ]
Bandwidth for 0.1dB Gain Flatness G =+10, R. =100, Vg = 200mVzp 140 40 36 35 MHz min B
Peaking at a Gain of +7 dB typ € CIN in
Harmonic Distortion G=+10, f=5MHz, V5 = 2Vp —I_
2nd-Harmonic R, = 1002 —76 —70 -68 —66 dBc max B +
R, = 5000 —100 -89 87 -85 dBc max B
3rd-Harmonic R, = 100Q —109 -95 -92 -90 dBc max B e
R, = 500Q -112 —105 -101 -96 dBc max B -
1 _2-Tone 3rd-Order Intercept G==+10 f=10MHz 44 41 40 38 dBm_ min B
Input Voltage Noise f> 1MHz 12 1.3 14 1.5 nV/HZ | max B
Input Current Noise f>1MHz 28 35 36 36 pA/NHZ | max E []
Rise-and-Fall Time 0.2V Step 1.2 15 16 1.8 ns max B
Slew Rate 2V Step 625 500 425 350 Vius min B
Settling Time to 0.01% 2V Step 15 ns typ (&
0.1% 2V Step 10 12 14 16 ns max B
1% 2V Step 6 8 10 12 ns max B
Differential Gain G =+10, NTSC, R, = 150Q 0.02 % typ C
Differential Phase G=+10,NTSC, R, = 150Q 0.02 deg typ €

https://www.ti.com/lit/ds/symlink/opa846.pdf



Effect of Terminal Capacitance on Voltage Noise Gain e e e

¢ Detector capacitance, stray capacitance, and op-amp input capacitance contribute to the input

capacitance.
Op-Amp
+
Vn 0
Detector Model

________________________ 1
: I R_f
: i : o
I Iph L Idark Rie term : :
: il I C_input
I ! =r
| - <
! I
L e e e e e e ——————— ]
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Effect of Terminal Capacitance on Voltage Noise Gain rerTaT i era ke

** Input capacitance changes the gain applied to the voltage noise input.

Op-Amp

R_f

C_terminal+C_input % Rz
-

g o



HAMAMATSU

Effect of Terminal Capacitance on Voltage Noise Gain 0ol v

¢ Input capacitance increases the voltage noise gain.

Op-Amp
4+

5

R_f

C_terminal+C_input

v 1

Z.n =
" ImfC

Ry

Vout = Unrms | 1 7
Cin

Vout = UN‘rms(l + sznfcin)
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Reducing Capacitance

HAMAMATSU

PHOTON IS OUR BUSINESS

Vout = erms(1 + sznfCin)

Grounded
housing

Af=1 GO (Buit-in)

=5 pF (Built-in)

Reduce detector terminal

capacitance

eg. smaller area PD

Detector

Input

y S

Output

Bias Voltage

Output trace to op-amp as short
and wide as possible

Back-illuminated
‘Two-dimensional
D

technology

Front-end
IC technology

Si AP
< Flip-chip
i bonding

readout circuit

JFET ‘Bootstrap circuit’ on

===
Amplifier

Power

Supply

\ © Hamamatsu Photonics

the input

Cr
0.25pF
: 5V PHILIPS = I—
BF362 : Rafq
STt L .1._.

Vour=1M+lpp
BW = 350kHz
OUTPUT NOISE = 220nV/\Hz

-5V

12 AT10kHz

HAMAMATSU b—V,

LARGE AREA LTC6244HV out

PHOTODIODE oHss Fota

$1227-1010BQ —

Cpp = 3000pF ~ -5V
https://www.analog.com/media/en/reference-design-
documentation/design-notes/dn399f.pdf

s KKK. and its affiliates. All Rights Reserved 64



Standard Deviation and RMS HAMAMATSU

PHOTON IS OUR BUSINESS

+* We need the RMS of readout noise to calculate the overall SNR.

Shot Noise:
= Noise = Standard Deviation

Readout Noise:
= Noise = RMS = Standard Deviation when the Average is zero (u=0)

Root Mean Squared

)

https://en.wikipedia.org/wiki/Standard_deviation




Calculating RMS from Noise Density e e e

) pA nVv
l = 2.8 *199.99 kHz = 0.89 n4 v =1.2 *199.99 kHz = 379 nV
Nrms m Nrms \/E
INPUT VOLTAGE AND CURRENT NOISE
10 =%
\
NN
£ NN/ Noise
e AN 2.8pA/NHZ
s 8 T TN Current Noise
o 0o amn mhak#ihninp iy A
z> \" A p
2 E Nt 2.8
¥ .. VHz
$3 . 1.2nVAHz
““\-._____ Voltage Noise
00551 5 O

10 100 1K 10k 100k 1™ 10M  100M
Frequency (Hz)
< >

99.99 kHz




Noises Referred to the Input

HAMAMATSU

PHOTON IS OUR BUSINESS

% Noise values converted to electrons at the input of the op-amp, can be compared easily to the

detector noise.

Current Noise

Vinoutr — WNrms Rf

linin = WNrms

time

Ocurrent Noise [e _] = lnin

Op-Amp

\
o

Detetector_Signal+Noise Readout_Noise

Input Referred Noise Values:

Voltage Noise

UNout = Unrms(1 + sznfcin)

vN rms

iUNin = ( Rf + Vnrms2Tf Cipn)

3 UNrms time
Oyoltage Noise [e7] = ( Rf + Vnrms2Tf Cin)

Johnson Noise

4k, TIKIf

i]ohnson = R

__ time |4k,T[K]f
U]ohnson[e 1= q R
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Noise Sources Review

HAMAMATSU

PHOTON IS OUR BUSINESS

Detector Noise

Readout Noise

,t’ _______________________________ "\\ l/’ ------------------------------- ‘\\
I P e Time \/4kaemp[K]f 1
| | | g e = |
hotons Johnson
: Osignatle™] = [u? = F = photons * QE% » Time : : 1 R :
: sec o Time !
1 I I Ocurrent Noise [e_] = INrms I
: _ , dark electrons o |
I Ogarkle™] = |pu**F * - «Time | | B Nrms Time 1
I‘ ,I I‘ Oyoltage Noise [e] = ( R + Vrms2mf Cin) ,I
M J S o1 _J
— 2 2 2

— 2 2
Opetector Noise = \/Usignal + 0gark

R 2 2 2
OReadout Noise = \/ajohnson + Ocurrent Noise + GVoltage Noise

OTotal Noise — \/

2
asignal

2 2 2 2
+ Odark + Gjohnson + OcCurrent Noise + UVOZtage Noise
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Gain Requirement

HAMAMATSU

PHOTON

IS OUR

BUSINESS

% The purpose of intrinsic gain is to raise the signal above readout noise.

photons ,
* QF% * Time*u =  OReadout Noise

Sec

OReadout Noise

hotons .
P sec * QE% * time

u >
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Detector Gain

HAMAMATSU

PHOTON IS OUR BUSINESS

Quantum Efficiency

Excess Noise Factor

Spectral Range

Dynamic Range

Limit of Detection

Bias Voltage

Mechanical Robustness

Magnetic Field

80 - 90%
1
1

Up to 1200 nm (Silicon)
Up to 2.6 um (InGaAs)

Limited by amplifier

nW
Severly limited by readout
noise

Rugged

Immune

80 - 90%
<100
~5
Up to 1150 nm (Silicon)
Up to 1700 nm (InGaAs)
Limited by amplifier

pW
Limited by readout
noise

~200 V
Rugged

Immune

25 - 50% (PDE)
105~106
~1.05

320 to 900 nm
(Peak 450-470 nm)

Limited by number of
microcells

fw
Limited by dark noise
~ 100,000 cps (Noisy)

~50V
Rugged

Immune

10 - 20% (QE.¢)
~106
~1.2

190 to 900 nm

Limited by divider current

fw
Limited by dark noise
~ 500 cps (Quiet)

~1000 V

Good

Need protection

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



Photon Counting

HAMAMATSU
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Photon Counting

HAMAMATSU

PHOTON IS OUR BUSINESS

Comparator
Threshold

Digital Output: et

(Count these pulses)

Using PMT MPPC (SlPM) or SPPC (SPAD)

Photon Counting Module

Counter

Dark = 100 cps

High-voltage ﬁ High-voltage supply circuit
controller

[ Temperature Microcontroller
controller

TE-cooled type st
MPPC

Amplifier

Comparator circuit]

Digital
output

Signal = 500 — 100 cps = 400 cps
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Photon Counting S WGTSH 15 S0e Bumniess

hotons )

pT * QE% * time
PR Readout noise and

dark counts « time excess noise are not

a factor

SNRPho tonCounting —
\/ photons _

0 .
coc QE% = time + 2 *

sec

Comparator
Threshold

Digital Output: =

(Count these pulses)
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SIMULATION REFERENCE ONLY

Photon Counting Device S WGTSH 15 S0e Bumniess
Family Part Number Active Area Dark Count Rate (typ.)
SPPC Module (SPAD) C11202-050 d ® 0.05mm 7 cps
MPPC Digital Module (SiPM) C13366-1550GD ‘ 1.5x1.5mm 2,500 cps
PMT Photon Counting Head H10682-110 -, ® 8 mm 50 cps
10.0E+3

1.0E+3

Z 100.0E+0

10.0E+0

1.0E+0 .
1.0E+0 10.0E+0  100.0E+0 1.0E+3 10.0E+3  100.0E+3 1.0E+6 10.0E+6  100.0E+6
Photons per second

C11202-050 ==(C13366-3050GD H10682-110
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Photon Counting Device

SIMULATION REFERENCE ONLY

HAMAMATSU

PHOTON IS OUR BUSINESS

Family
SPPC Module (SPAD)

MPPC Digital Module (SiPM)

PMT Photon Counting Head

Part Number Active Area Dark Count Rate (typ.)

C11202-050 ‘ ® 0.05mm 7 cps
C13366-1550GD ‘ 1.5x1.5mm 2,500 cps

H10682-110 -, ® 8 mm 50 cps
10.0E+3
1.0E+3 /

Z100.0E+0 -
10.0E+0 f,,p*‘f
1.0E+0 A
1.0E40  10.0E+0  100.0E+0  1.0E43  10.0E4+3  100.0E+3  1.0E+6  10.0E+6  100.0E+6
Photons per second from the sample
C11202-050 ====(C13366-3050GD H10682-110
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Limitations of Photon Counting

SIMULATION REFERENCE ONLY

HAMAMATSU

PHOTON IS OUR BUSINESS

Ideal for Low Light Levels

V(detector)

el

3
3

(In [S1 I 4] o
3 ]

5

V(digital)

3.8V
3.5V
3.2V
2.9v+
2.6V
2.3v+
2.0v+
1.7V
1.4V
1.1V
0.8v+
0.5v+
0.2v+

-0.1V-

0.0us

T
0.1us

T
0.2us

T
0.3us

T
0.4us

T
0.5us

T
0.6us

T
0.7us

T
0.8us

T
0.9us

1.0p¢

V(detector)

99m\V/—
91m\/=
83m\/—
75mV—
67m\V—
59m\/—
51m\v/=
43m\/=
35m\v/—
27 m\V/=
[Tomv-]
11mVv—

3m\v-

-5m

Threshold

3.8V
3.5V
3.2V
2.9v+
2.6V
2.3V
2.0v+
1.7V
1.4V
1.1V
0.8V
0.5V
0.2v—+

A A

y

A

A

-0.1v-

Overlapping
pulses counted
as only 1 photon
event

| | | | 1 1 1 ] ] 1
73Bns 744ns 752ns 760ns 768ns 77Bns 784ns 792ns B800ns 808ns 816ns B824ns
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Signal Counts

SIMULATION REFERENCE ONLY

Count Rate Non-linearity e e e

Expectation: Reality:
Photons Photons Photons ., -
Signaljgea) = ———— * QE% Signalppserved = ———— * QE% * e sec +QPrRecoveryTime)
sec sec
1E+9
1E+8
1E+7
n
1E+6 et
1E+5
1E+4
1E+2
1E+0
1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7 1E+8 1E+9

Photons per second
ir



Upper Limit of Linearity for Photon Counting TG 1 DoL. TWEAoe:

«» Photon count rate

Example:
—In(90%) p .
Max. Count Rate ~ _ _ —1n(90%) P
Pulse Pair Resolution Max. Count Rate = = 5% 10° cps max.
20ns
H13126-01 count region |
1.2x109s1 5x10M st
[ Analog region |
4x10°s', | s
10 . -
. 0
g ""-..\\ T L
z W Y it
6] I SN
= -20
<
5 -30
& e PHOTON COUNTING OUTPUT
40 |- = ANALOG QUTPUT / LOW RANGE
m— ANALOG OUTPUT / HIGH RANGE \
-50 1
1 10 100 1k 10k 100k ™ 10M 100M 1G 10G 100G T

COUNT RATE (s1)

© Hamamatsu Photonics K.K. and Its atflliates. All Kights Keserved 78



Analog Measurement

HAMAMATSU
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Dominant Noise Sources

SIMULATION REFERENCE ONLY

HAMAMATSU

PHOTON IS OUR BUSINESS

Noise Sources:

Signal Shot Noise 300.0E+6
250.0E+6
200.0
S 150.0E+6
100.0E+6

Dark Shot Noise

50.0E+6
000.0E+0

Readout Noise

0.4 0.6
Time

0.8 1

Almost entirely Signal Shot Noise
ie. Signal Shot Noise is dominant
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Dominant Noise Sources

SIMULATION REFERENCE ONLY

HAMAMATSU

PHOTON IS OUR BUSINESS

Noise Sources:

Signal Shot Noise

Dark Shot Noise

Readout Noise

QE%

Signal
SNR = g
0% .n + Ofgrk + 03 ;
Sign Dark Readout Noise
) . photons « OE%  ti
SNR = Signal _ B* e QE% * time
\/O-Szigna \/,uz * Fox —phget,(c)ns * QE% * time
photons * QE% = time
SNR = Sec
\/F *%* QE% * time

300.0E+6 300.0E+6

250.0E+6 250.0E+6

200.0E+6 200.0E+6

150.0E+6 150.0E+6
100.0E+6 100.0E+6

50.0E+6 50.0E+6
000.0E+0 000.0E+0

0 05 1 0 05 1

300.0E+6

250.0E+6

200.0E+6

150.0E+6

100.0E+6

50.0E+6

000.0E+0

05

300.0E+6

250.0E+6

200.0E+6

150.0E+6

100.0E+6

50.0E+6

000.0E+0

05
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Dominant Noise Sources
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Noise Sources:
Signal + BG Shot Noise

Dark Shot Noise

Readout Noise

-

Background offset + BG Shot Noise

SNR =

F

QE%

Signal

Signal

2 2 2
\/O-Signal+BG + Obark + OReadout Noise

. photons

o .
sec " QE% * time

sec sec

\/ Odignat+s \/uz « F o« (RROLONS | BG photons, , o po . 4ime

SNR =

300.0E+6 300.0E+6 300.0E+6
250.0E+6 250.0E+6 250.0E+6
200.0E+6 200.0E+6 200.0E+6
150.0E+6 150.0E+6 150.0E+6
1 1
100.0E+6 100.0E+6 100.0E+6
50.0E+6 50.0E+6 50.0E+6
000.0E+0 000.0E+0 000.0E+0
0 0.5 1 0 05 1 0

05

300.0E+6

250.0E+6

200.0E+6

150.0E+6

100.0E+6

50.0E+6

000.0E+0

0

0.5

photons .

0 .
sec QE% = time

hotons =BG photons
\/F*(p sec + g

sec ) * QE% = time
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Dominant Noise Sources

SIMULATION REFERENCE ONLY
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Noise Sources:
Signal + BG Shot Noise

Dark Shot Noise

Readout Noise * Gain

QE%
F NR — Signal

2 2 2
\/O-Signal+Bg + Opa + OReadout Noise

180.0E+6 180.0E+6 180.0E+6
160.0E+6 160.0E+6 160.0E+6
140.0E+6 140.0E+6 140.0E+6
120.0E+6 120.0E+6 120.0E+6
100.0E+6 100.0E+6 100.0E+6
80.0E+6 80.0E+6 80.0E+6
60.0E+6 60.0E+6 60.0E+6
40.0E+6 40.0E+6 40.0E+6
20.0E+6 20.0E+6 20.0E+6
000.0E+0 000.0E+0 000.0E+0
0 0.5 1 0 0.5 1 0 0.5

) photons o .
SNR = Signal _ U* e * QE% * time
2 photons . Bg photons .
\/GSignal+B \/[.lz * F ( Sec + Sec ) * QE% * time
hotons .
paotons , QE% * time
SNR = Sec
photons , BG photons 0 .
\/F*( sec T seC ) * QE% * time
180.0E+6
160.0E+6
140.0E+6
120.0E+6
100.0E+6
80.0E+6
60.0E+6
40.0E+6
20.0E+6
000.0E+0
0 0.5 1
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Dominant Noise Sources

SIMULATION REFERENCE ONLY
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Noise Sources:

Dark Shot Noise

dark e~
F asece
Gain
180.0E+6 180.0E+6 180.0E+6 180.0E+6
160.0E+6 160.0E+6 160.0E+6 160.0E+6
140.0E+6 140.0E+6 140.0E+6 140.0E+6
120.0E+6 120.0E+6 120.0e+6 120.0E+6
100.0E+6 W 100.0E+6 100.0E+6 100.0E+6
80.0E+6 80.0E+6 80.0E+6 80.0E+6
60.0E+6 60.0E46 60.0E+6 60.0E+6
40.0E+6 40.0E+6 40.0E+6 40.0E+6
20.0E+6 20.0E+6 20.0E+46 20.0E+6
000.0E+0 000.0E+0 M 000.0E+0 000.0E+0
0 0.5 1 0 0.5 0.5 0.5

Signal
SNR = g

2 2 2
\/O-Signal+Bg + ODark + OReadout Noise

. photons .

- Signal _ u Sec QE% * time

* time

dark electrons
2
\/ poxF sec

photons

SNR = S€c
\/ dark electrons
F * *

* QE% = time

time
sec
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Dark Signal vs. Size
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Anode Dark Current (A)

1E+0
[ J

100E-3

10E-3

1E-3

- - "eaa,
100E-6 ° ’0’,——: “““-.-- T o MPPC
’—”ﬂ ““;‘ 0"‘
10E-6 . .”’(.’ . ° ’.0 P ) “‘ e PMT
1E-6 * B e . “ _ _pomee ! * Si APD
—"’ ¢ © e ° ® . ° O = .
1009 2°% S e 0 ° S S P Lttt Si PD
° - o
050 . '____-i_.—-—-'r"'.-% Y e tme e Si PIN PD
- ——.b’-—-._ - .. .." [ 3 ‘.‘
"_—' ® ALY P S ananee®?
1E-9 ° ° °
[ J
100E-12
[ J

10E-12

1E-12

1E-6 10E-6 100E-6 1E-3 10E-3 100E-3 1E+0

Active area (m”2)
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DCR (cps)

Reducing Dark Noise with Cooling
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MPPC (SiPM) PMT

Photodiode

Calculated Value

PMT Temperature vs Dark Count Diec:2005 Dark Current vs. Temperature Typical
1.0E+07 _ Vr=10mV'
10000 i
,I
/I/
! i /
L 4 —
[Gaas ~ /
1.0E+06 _ 1000 = [Gaasp ]
= S 2
)
> = =
. B
* 2
a // Fl
r'S 100 e
1.0E+05 — /
10
-1 -10 0 5 10 20 25 30
1.0E:+04 PMT Temperature [deg.C] mperature

-20 -10 0 10 20 30 40 50
Temperature (°C)

H7422
H7421

C13366
C14455

C13852
C14456

S13362
S14422

®
\ \4

H10330C

C12843
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Summary Detector Selection Process
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Start

Maximize

Calculate using typical
PD specification:

Signal

Signal Shot Noise
Dark Shot Noise
Readout Noise

—

QE% <
F

*If required SNR too low
=> Photon counting

Maximize

QE%

<

Photon Shot Noise is dominant

Dark Shot Noise is dominant

Readout
Noise is
significant
?

lNo

Choose detector:
PD, PIN PD,
or Phototube

!

Photon or
Dark Shot
Noise is
dominant

\/F . dark e~
sec

Calculate
Yes required

Gain

v

Choose detector*:
APD

G PMT

MPPC (SiPM)

*If required gain is too high

=> Photon counting etc.
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SNR vs Input Light

SIMULATION REFERENCE ONLY
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100.0E+6

High Gain Required

10.0E+6

Dark°Noise > Signal Shot Noise >
Sil%glgElghot Noise Dark Shot Noise

10.0E+3
1.0E+3

100.0E+0

Signal-to-Noise Ratio

10.0E+0

1.0E+0
1E+4 1E+6 1E+8 1E+10

Low Gain Required

1E+12 1E+14

Photons per second

Signal Shot Noise

1E+16 1E+18
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Other Things to Consider

HAMAMATSU

PHOTON IS OUR BUSINESS

Photodetector
= QE% . - ®

= Dark Noise A Tl

= Speed

= Dynamic Range o

= Size « B
= Cost -

Optics
= Efficiency
= Size
= Cost

¢ b g &
e 8 o %o

L] ) : .°
e Hamana teu—ss
4 —a o0

Electronics

Integration

Noise
Heat

Speed -
Complexity =
Cost =

Enclosures _
Power consumption 2N
Reliability testing  f+
Supply-chain
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Module Integration
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Hamamatsu Custom Module Capability

Photosensor
Photodicde, image

sensor, efc.

Optical components
Lens, filter, grating,
MEMS mirror

Light emitter
LED, LD, QCL, etc.

Circuitry
Amplifier, driver,
power supply, signal
processing, ADC,
ASIC

Interface
USB, Ethernet, 12C

Mounting technology
Optical coupling, enclosure,
heat dissipation, cooling

v Ful product range of
detectors & light sources

Product Selection

v Over 60 years in-house
design design &
manufacturing experience

v SNR, optical, and signal
simulation

v’ One vendor responsible for
product quality, focus on high-
reliability

v’ Global company with local
sales and applications
support

Evaluation

v" IS0 certified, high-mix, low-
volume production, optimized
for custom-products



Additional Resources T —

Analog SNR https://hub.hamamatsu.com/us/en/interactive_tools/analog-snr-simulator/index.html
Photon Counting SNR https://hub.hamamatsu.com/us/en/interactive_tools/photon-counting-snr-simulator/index.html
Camera SNR & Image https://www.hamamatsu.com/sp/sys/en/camera_simulator/index.html

Technical Notes

Photomultipler Tube Handbook https:/www.hamamatsu.com/resources/pdf/etd/PMT_handbook_v4E.pdf

Opt-Semiconductor Handbook https://www.hamamatsu-news.de/hamamatsu_optosemiconductor_handbook

Opto-Semiconductor Resources

. . https://www.hamamatsu.com/sp/ssd/doc_en.html
(App notes, tech notes, and selection guides)

Hamamatsu Hub

X X https://hub.hamamatsu.com/us/en/index.html#
(Guides, webinars, and tech notes)

MPPC Technical Note https://www.hamamatsu.com/resources/pdf/ssd/mppc_kapd9005e.pdf

Technical Support

Phone: 908-252-7225 https://www.hamamatsu.com/all/en/inquiry/index.htmi?ingtype=3&tcode=t_bh_ad&pt=Contact%20Information%20for%20the%20Americas
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Summary S WGTSH 15 S0e Bumniess

photons

* Upper limit of SNR is Photon Shot Noise * T

sec

« Sampling time: T = % (Narrow Bandwidth improves SNR)

» Gain can improve overall SNR by making Readout Noise less significant.
« Gain multiplies dark and signal equally, so SNR is not improved if Readout Noise is not major source of noise.
» Gain can only reduce SNR of the detector by introducing Excess Noise.
« ENF:. APD >> > MPPC
~2-3 ~1.05-1.1

+ Photon counting can be used to measure the lowest light levels by making readout noise and excess noise less
significant.
« Requires very high gain ~10°
« Counting linearity is limited by detector or electronics pulse pair resolution, typ. max count rate ~10° - 107

» Signal Shot Noise limited measurement can be improved by increasing QE and reducing Excess Noise
* Reduce background light

« Dark Shot Noise limited measurement can additionally be improved by reducing dark current/dark count
« Smaller active area (solid state detectors: PD, APD, MPPC (SiPM)
* Use PMT (large active area, low dark counts)
» Cooling the detector

93



HAMAMATSU

PHOTON IS OUR BUSINESS

www.hamamatsu.com

Contact Information

Dino Butron
dbutron@hamamatsu.com
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Join Us for 10 Weeks of FREE Photonics Webinars (17 Topics) HAMAMATSU
Week # Weekly Topics # of Talks | Talk #1 Date | Talk #2 Date

1 Introduction to Photodetectors 2 26-May-20 | 28-May-20

2 Emerging Applications - LiDAR & Flow Cytometry 2 2-Jun-20 4-Jun-20

3 Understanding Spectrometer 2 9-Jun-20 11-Jun-20
1 Weeks Break

4 | Specialty Products — Introduction to Light Sources & X-Ray 2 23-Jun-20 25-Jun-20

5 Introduction to Image Sensors 2 30-Jun-20 02-Jul-20
1 Weeks Break

6 Specialty Products — Laser Driven Light Sources 2 14-Jul-20 16-Jul-20

7 Image Sensor Circuits and Scientific Camera 2 21-Jul-20 23-Jul-20

8 Mid-Infrared (MIR) Technologies & Applications 2 28-Jul-20 30-Jul-20
1 Weeks Break

9 Photon Counting Detectors — SiPM and SPAD 1 11-Aug-20

To register for other webinars or hear previous webinar recordings, please visit link below:
https://www.hamamatsu.com/us/en/news/event/2020/20200526220000.html
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