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Outline

@ My focus: probabilistic consideration of detection and detectors
¢ Photon-number-resolving photodetectors
— Silicon Photomultipliers (SIPM)
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Flux of photons — stochastic process
Number of photons —random variable

A

U

»
»

Probability distribution of
number of photons in space

@ Probability distribution Pr(N =n | dr, t)
of a random variable fully >
characterize the random variable

»

Probability distribution of
number of photons in time
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Detection of photons — stochastic process
Detector response (photoelectrons) —random variable

U

»
»

Probability distribution of
number of photoelectrons
in the response

@ Statistical results of photodetection:

1. Random number of photoelectrons

in a time interval (pulse duration) N gy
=> Energy resolution

Pr(T =1t)

2. Random time of the pulse arrival T

= Time resolution Probability distribution of
the response arrival time

Spatial resolution ~ pixel / detector size (non-random) in the most of photodetector designs
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Ultimate photon detection at quantum level

To determine 3D (space-time) distribution o R

of photons with precise Mean and & & i

lowest possible StdDev e
¢ In numbers @ £ .!' SRR
¢ Intime cubicle SEifssiec: &
+ [n space Vo L HHHHRHT éﬁ%&

E. Fossum, Sensors, 2016

@ ldeally:
¢ From single photons to o
¢ Without losses
¢ Without noises
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Input-dependent characteristics of output (SNR, RES)
Internal characteristics of photodetection (DQE, ENF)

®© SNR— DQE Characteristics of output signal

. Signal-to-Noise
@ Resolution — ENF

SNR - /LtT _:un — /LlS — IL[S
or o1 Jol+ENC?
Signal (s, o5) Resolution = Noise-to-Signal

2 2
RES = NSR = 2T — Joi +ENC

Hs Hs
xgl Signal + Noise (uy, o)

{é Characteristics of photodetection

4
4

b
Y

Noise (i, o,= ENC) Detective Quantum Efficiency
2
+ DQE - SNROlZ'It = 1
Ko ‘ SNR2  ENF
%v ,,,,,,,, Total Excess Noise Factor
d 2
ENF = S=oan L
RES! DQE
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Resolution (RES) and Excess Noise Factor (ENF)
of stochastic processes in photodetection

Total Excess Noise Factor Specific Excess Noise Factor
2 02
ENF(X,, = random) = S ENF(X,, =1) =1+ Zou
RESin /uout

@ Resolution at output = Total ENF-times degraded Resolution at input
@ Total ENF is a product of Specific ENFs

RES (Yout) = RES(Xm) MY} EI\”:total = RES(Xm) ) \/ENFprocessl ) ENFprocessZ"'

I RES(Yout)
RES(Xin) ~NFoan \R
Input photon distribution Photodetection processes Output charge distribution
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Resolution of single photon
requires detection with Gain

Input: single photon x4, =1, o, =0

Output: some total signal i, o

Total signal is a sum of photosignal («;,05) and electronic noise (0,ENC)
ENC - equivalent noise charge (electrons)

Single photon resolution demands for Gain:

Mean photosignal > Noise => Gain > ENC (FWHM)

o, ol +ENC? _ENC _ENC ENC ~ 10° @ BW ~1 GHz or At =1 s

~ Gain ~ 102 - _
1 o |geatio 0 # ENC ~ 102 @ BW ~100 KHz or At = 10 us

RES =

FWHM (Gain)

A

Single photon|~ 6(1)
Gain

Noise (u,, 0,= ENC)

— — . 4
— I, .
- / Gain = FWHM = 2.35 og,, =>
! ENF = 1.18 — threshold ENF
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@ Multiplication (Xin=1) .
Yout of any distribution

ENF

@ Photon detection (Xin=1)

=1+

gain

ENF of specific detection processes

2 PDF(Xin)=5(X)
gain

Gain ]f_xmzl =

»

Bernoulli distribution 1 PDF(xin)=5(x)
PDE-(1-PDE) 1 @i _ —>
ENF ., =1+ — Xin=1
bee PDE? PDE >

@ Dark counts (Xin=Npe)

Photoelectrons

Npe and Ndark ~ Poisson distribution —

ENF,., =1+

Sergey Vinogradov

Dark counts

pe

v

I PDF(Yout)

KutGan

A
PDF(Yout) = Bernoulli

? Yout = PDE

I RES(Yout)

VN
|\Idark / + # //IxﬁNpemdark
N !
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Resolution of photodetector for Poisson photons

Incident photons - Poisson (N ;,); Output signal - electrons - (s, o)

to =N, -PDE-Gain o2, =N, -PDE-Gain?-ENF + ENC®

out

2 Eama=ama=a=a=a=d
RES,  — Cout _ ENF N ENC 2 HH
How  \|Npn-PDE (N - PDE -Gain) : i
PDE —Photon Detection Efficiency EESEEEE Il{:;
ENC — Equivalent Noise Charge, electrons @ fHEERdE I-c:l]III
ENC ~ 10° @ BW ~1GHz y PR
cubicle ZZIF H .Q}S)
@ Contributions: l HHHHT Q\f
X x

+ Shot noise of photoelectrons
¢ Excess noise of multiplication &
+ Electronic noise ENC

v ldeal photon detector:

v PDE = 100% 1
v ENC/Gain — 0 RESeu = RES;, = N,
v ENF=1 P
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Optimization of Photodiode

Anti Reflective Silicon

. Layer Dioxide(SO,)

RES = Jout _ ENF ENC? Anode(-)

* i N ®DE (N PDE.Gain)

v Focus on max QE and large signals

Intrinsic Layer of
v Nph>>ENC |  Undoped or Lightly
v Gain=1ENF=1 Doped (N-)

Semiconductor

v PDE ~ 80% - 90%,

RES(N,)= |[——— Cathode(+)
N, -PDE
100 =
90 i ,’:,“-!,'»J“:"'FJ“Z'.,:"I;(_ X o v S
2 go ] /‘%‘MN\* B - SN
0 - .
§ 7 ot \ S 100-300 m
I . \ X | =N
g 60 : 40 mkm —
§ und Hi-Rho % [\
= A TonumHa NoANoMKM (100300 mrm) \ L\ . \
g 30 T 300 MM B [ N ' \\ \
= 40 1 GRS SO0 i | «OBbeMHbIRN KpemMHUA (40 Mkm) lﬁ-—) 3
: &l ooww | || [ || D IR [N N
{E . SE—A0 3 OBbIHHbIA KpemHWiA (16 MkM) o MKM'\ \'\
¥ 10 1+— 16 MKM — g—A W
77 | | | | ProsRey
450 550 650 750 850 950 1050

[OnuHa BONHbI, HM
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Optimization of Avalanche Photodiode (APD)

Ec
Cathode —= [ (p)

Mo \|Niw-PDE (N, - PDE -Gain)’

v Focus on optimal balance: Gain vs ENF;,

2
RES(N,,) = 2o — END ENC

Conventional APD: ENF (Gain) ~ Gain

Ey

. : ENC?
Min R at Gain ~ ,3/2 ~ 27 —
N |ENC=100,N =1 0 Wi x
. . . . Excess noise factor vs APD gain
Optimal gain ~ 30 —typical practical value e Rt
1001 : 3
1‘ k=0
{| — k=0.02 (Si)
||~ k=0.45 (GaAs/InGaas) |
|1 — k=0.9 (Ge)
@ s |[=k=02 (Al?nAp
v ]
&
g |
) e lO’E
2 | /
+ O 4ai '
T [ ENF,,=1+—"" & | T
- - g
Gain | -
U "bé"*&_}é: 1 ‘/ — ; |
i} \J 1 10 100 1 000
Gain
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Optimization of vacuum photomultiplier

out

o, ENF ENC?
RES(N) = = N, 0 )
oh (N,, - PDE-Gain)

@ Focus on max QE:
v Gain>>ENC A
v ENF=1.1..1.3 -is determined by dynode emission of ~ 4 electrons ENF ~1+— ~1.25
v QE~20% - 30% 4
ENF

RES(N )= [——%an_
" 74N, -PDE Dyngdes
Photon ( P A W i U )
Photo- 3 —
electron A Y0 / Anode
: : / R
Secondary “  Read-out
R R Ll & I z | electrons | ‘-0
/ ] o [ o] IR J— cocevcnnces
Ar =
Pizotocaz‘h(;de V:‘_ + L
Acceleration Voltage =
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Optimization of Geiger mode APD array

Excess noise factor vs APD gain

o ENF ENC2 ‘ o ftffvaﬁoussemiconductom
RES(N,)=—ou — + =
P N -PDE . 2 EERT N
'LIOUt ph ’ (N ph * PDE Galn) _ :fg:i»gelr)‘“
t:o (Tk=D2(flints) Y :

1 10 100 1000
Gain

v 1. Focus on triggering of Geiger breakdown and binary detection of single photons

1 Single Photon Avalanche Diode (SPAD)
RES(N ) =
ph * PDE Cathode Anode «——Active Area—: Anode  Cathode IEl

N, <1 - —T
PDE = FF -QE - P,, —
FF —fill factor, geometric effciency - a— -

) p guard-ring HV-nwell p guard-ring

FF = Active Area / Total Area
QE —quantum effciency p-sub >
P,, — probability of avalanche - "I-);p;h_ T

A. Tosi, F. Zappa, MiSPiA: microelectronic single-photon 3D imaging arrays, Proc. SPIE (2013)
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Optimization of Geiger mode APD array

Excess noise factor vs APD gain

2
E N F E N C 10 for various semiconductors

O - —
RES(N ) = out = + :ik:()
ph N . -PDE . )2 | ko (oot
'LIOUt ph (N h° PDE Galn) | — k=09 (Ge)
p 5 |l k=02(Alnts) J
2 s
&
1 / , ‘
1 10 100 1000
Gain

v 2. Focus on active quenching of Geiger breakdown (electronics => inactive area)

RES(N ) 1 Single Photon Avalanche Diode (SPAD)
e PDE |
ph ) Quenchin \;\‘\~\ FO/PG
v, Circuit ey e . [ Output multiplexer
QE . PAV FF = 3% ate SPAD gateenable B Timing/Counting Delay Looked Loop
output bus 16 multiphase clocks
1 1 ROM e coarse bits [5:0] 1) u )
actor, geometric effciency - T iinape
. it - 4l ‘ dEIll .
FF = Active Area/ Total Area — s o SRR T T I qIITEn 3
clocks 16 multiphase clock synchronizer P f;r 4 a
- = (fine TDC) 3 0 g dB é
QE —quantum effciency | | : e
i 16 to 4 encoder P P
P,, —probability of avalanche —_— -
“modeselect | | buffer I Output multiplexer

x°x

A. Tosi, F. Zappa, MiSPiA: microelectronic single-photon 3D imaging arrays, Proc. SPIE (2013)
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RES(N,,) = 2o —

v Focus on high Gain low excess noise Geiger breakdown

Silicon Photomultiplier

NP

ENC?

#ax \[Nw-PDE (N, -PDE (Gaip)

v

v

v

RES(N,,) =

Sergey Vinogradov

Gain >> ENC
ENFg.i, — {
PDE — max

ENF

N ,, - PDE

10

Model

Excess noise factor

100-

Excess noise factor vs APD gain
for various semiconductors

k=0 | /
k=0.02 (Si)
k=0.45 (GaAs/InGads) | v

k=0.9 (Ge) ’ /

k=0.2 (Allnas)

Gain

Experiment

10

APD)

Noise-factor, F

. _
4““#
£ R0 K DM g —

ART

A

10

10

10

0

10°

Average gain, A

[Model] D. Shushakov, V. Shubin, Proc. SPIE (1995)
[Experiment] K. Linga, E. Godik, J. Krutov, D.A. Shushakov, V. Shubin, S. Vinogradov, E. Levin, Proc. SPIE (2006)
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ENF

1.05

104

1.02

1.01

1.00

Excess Noise Factor vs Overoltage dependence

4 6 8 10 12 14 16 18

Overvoltage, V
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SIPM concept:
Basic studies at Lebedev Physical Institute (1970s-1990s)

@ Avalanche with Negative Feedback (ANF) concept:

+ Avalanche development by strong positive feedback ANF
— Geiger mode avalanche breakdown with high overvoltage :Ii>gh gain
+ Avalanche quenching by strong negative feedback JLfOW e
— Passive quenching by built-in elements (ANF APD) +
Capacitive (feedback ~ avalanche charge) Fast time

Resistive (feedback ~ avalanche current)

SiO,

Ti

metallic electrode avalanche layer Initial
/ photoelectron
7 ‘ i /
% p-Si /)
+ 9 — S 7=
—,4 Current filament «— @/ /-
7 Z
1 /
Z ® - 7
7 X /

- Accumulated \ depleted and
feedback layer (wide-band minority carriers quasineutral
semiconductor) (inversion layer) layers

V. Shubin, D. Shushakov, Encyclopedia of Optical Engineering 2003; DOI: 10.1081/E-EOE 120009727
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Si Resistor

KpeMH1eBbIN POTOYMHOXNTEND
Silicon Photomultiplier (SIPM)

\ Al-conductor

n

5(1)

p_
) Guardring N
{
f
l'. Substrate p+ /
pixels
Resistor hv E
~1 MOhm i |
Al
Depletion7
Region

2 um

SiPM, B. Dolgoshein et al., MEPhI / Pulsar, 2000-2003

Sergey Vinogradov

FWHM (Gain)

PMT H11284-100UV (ENF = 1.14)

S 8000;_ Pedestal LED data
S, 70001 H11284-100UV
Gai § 6000 (-2000 V)
aln O E
5000F- ™
4000f- 2pe.
3000F-
2000f-
1000F- . T
- S 3l i e m T
0Ei.. A e e T e
60 80 100 120 140 160 180 20

0 220
ADC [ch]

Gain = FWHM = 2.35 0y, =>

ENF = 1.18 - nopoe paspeweHusi 1 pomoHa

5000

T. Cogami et al, NIMA 2016

SiPM (MEPhI/Pulsar)

4000 4

3000 -

Counts

2000 4

1000

Principles of Detection and Characteristics of Photosensors

OO 7SO0

B0 &850 900 S9ED 1000 1050
Q0C channe|
R. Mirzoyan et al., NDIP, 2008
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Correlated avalanche events:
SiPM crosstalk (CT) — ENF.

| Emission from SiFM |

Hot carrier photon emission =

hv 50

=
o

40

30

20

# of Photons/e nm

10

) ,, M

o e L 1
200 1000 1200 1400 1600
Wawvelength[nm]

II|III\|IIII|III\|III\|IIII|III\|II\I|II
i
_—

T T
s00

B
o
L=

R. Mirzoyan, NDIP, 2008

o
@

<
51

3 p.e.

o
>

2 p.e.

=}
a

Afterpulses

Noise Factor
=
B

=}
@

e}
~

2

1 T T T T T T T
2.0E+04 7.0E+04 1.2E+05 1.7E+05 2.2E+05 2.7E+05 3.2E+05 3.7E+05

Gain (main peak)

10 ns Hamamatsu (Hamamatsu MPPC) K. Linga et al, Proc. SPIE (2006)
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Correlated avalanche events:
SiPM afterpulsing (AP) — ENF,p

@ Afterpulsing: electron/hole trapping — emission — new avalanche

Ompuﬁ SN
primary_’* * *
avalanche -

AtimeI I

afterpulses

- Conventional type

[ Y o e After Pulse

0 50 100 150 200 250 0 50 100 150 200 250 300 (ng
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SIPM nonlinearity:
Random losses — ENF,

@ Henunelinocts => norepu potonoB => ENF, 1) Mo A4enkam
ENF => nerpamanus paspemrerus Nph °
@ Henuneiitnocts SIPM:

¢ 1) U3-3a orpannuenHoro uucia staeek ENFy, pix

¢ 2) U3-3a mepTBOro BpemeHnu (BoccranoBieHus ssueikn) ENFy, peap

50

Random losses = ENF
%)
Z
v
0
X Uout
Q- ) .
T ~— Photon signal 2) Mo mepTBOMY BpeMeHM
o distribution ) )
'-;. — SSPM equivalent Photoelectron mean arrival rate per pixel = A
® photon distribution
5 o — Calibration
-?’ Mout n
P — SSPM signal N
% distribution
"

Gcalibrated
Min ”calibrated S
7 =
: — Dead time
0 50 100 >

Number of photons, Nph
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Detective Quantum Efficiency (DQE)

@ Resolution SNR DQE
2 2
RES, . = Tout _ ENF N ENC : SNR. . _ Mo DOE = SNROlZJt
Hu \ N PDE (N, . PDE-Gain) ou SNR;,
@ SiPM (and others with Gain >> ENC):DQE PDE FF-QE-P,,
1 ENF ENF,, -ENF. -ENF,, -ENF -ENFy
|
— 50 um pixels
> — 10 um pixels o
S 0.8 ©
£ 5
= 0.6
2
S N
o 0.4
qz) ENC, DCR <\Ipix, Trecov
2 0.2
o \
0
1078 0.1 10 ¥ 100 % 100 &k 10

Number of photons per pulse
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Main trends in SIPM R&D

1. Max QE, P,, == max PDE & DQE — beneficial for any applications and designs
2. High DQE (~ in a limited Dynamic Range)
- «Big cells», “Scientific SiPM”
3. High Dynamic Range (~ with a limited DQE)
- «Small cells», “HDR / UHDR SiPM”
PDE FF.QE-P,,

DQE=——=
ENF  ENF,, -ENF.; -ENF,; - ENF - ENF,
1 [
— 50 um pixels
— 10 um pixels
0.8
0.6

0.4 2 \
N 2N

T 0.1 10 x 100 & 10° % 10

Detective Quantum Efficiency

DQE

Number of photons per pulse
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DQE of photodetectors:
Map of competitiveness

@ Detection of 10 ns pulse @ max spectral sensitivity

0.8

= SiPM
= SPAD
m— PMT
= APD

PIN

0.6

/

0.4

Detective Quantum Efficiency

0.2

>

0

Sergey Vinogradov

15104 1,078

Principles of Detection and Characteristics of Photosensors

/ 111 TN (TN
/1 W‘P
A NG D
! Bl
001 01 1 10 100 110°  1:0% 10 1x10°  1.10°

Number of photons per pulse
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Evolution of CCD/CMOS imagers

= Shrinkage speed becomes slower recently.
* In 2017, 0.9 um pixel began to be mass produced.

2 —
© (un?) - Microlens ¢ CCD
o _ l Inner Microlens ¢ CMOS
f 100 Shifted Microlens
2 = Lightpipe
OE- - Pinned PD o
2 10 L //
= - 50% shrink Stac
s B 0 shrinkage
= B in 3.5 years ‘00.‘ j
1 ] L .

80 85 90 95 00 05 10

Mass Production Year
@ In 2015, several organization reported low noise < 0.3 e- rms

N. Teranishi, Recent Progresses of Visible Light Image Sensors, Cern Detect. Semin. (2018).

VKTC

RMS, .. = [electrons] Si — photodiode of 1x1x10 um® => RMS___ ~\l.
q

noise noise
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Pinned Photodiode (PPD) and modern CMOS imagers

Transfelr Gate

Sense Node N

Y

VRST X[E

RST —I

[0 srrts L
L

Fill Factor Recovery: Microlenses

Sel Y

Pepi -
Quantum efficiency (%)

100
Fig. 2. Pixel architecture and cross section of the pinned photodiode used as 90
a reference. L1 is the transfer gate length and Lppp is the PPD length. 80
70
60
Viore Vhrre 50
PMD L PMD L 40
sn/ﬁ%‘ STI - 30

| PPD “PrGsN N — PPD Presy, 20 -

| 10
0 1 1 1 1 1 1 %@‘5&
¢ 300 400 500 600 700 800 900 1000 1100
X Wavelength (nm}
PPD PPD N O O
) triangles — front-side illumination without microlenses,
e '\ circles — front-side illumination with microlenses,
o dashed line — back-side illumination imager,
e solid line — back-side illumination imager IMEC
L , Sense Node . Sense Node
During integration During transfer ) - ) . )
Y. Bai, et al “Silicon CMOS imaging technologies”,
Proc. SPIE 2008
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Quantum Image Sensor:
photon-number-resolving CMOS imager (Eric Fossum)

Sensing node size <500 nm !!!
Capacitance < 1 fF .
Gain ~ C/q ~ 1mV/e _ 2: H=1.01 =210

Noise ~ 0.15 e RMS
=>ENF < 1.02

o A 1 A A " J
T\mln[' ; 4 0 1 2 3 4 5 6 7 8 9 10 414 0 1 2 3 4 5 6 7 8 9 10
M Photoelectron Number Photoelectron Number
= 1r

09t H=3.24 H=4.31
08+

Probability Densit
o
(4]

e
o

e
o

05}

=
=
=
=
—
=
=
-
e
——
-
-

e
a

Probability Density
o
w

o
N

01F

4 0 1 2 3 4 5 6 7 8 9 10 -1 0 1 2 3 4 5 6 7 8 9 10
FIGURE 2. A Dartmouth QIS test chip Photoelectron Number Photoelectron Number
contains 20 different 1 Mjot QIS arrays and
was fabricated by TSMC in a modified 45/65
nm 3D-stacked BSI CIS process.

Fig. 4. Experimental demonstration of photoelectron counting.

J. Ma et al., Photon-number-resolving megapixel image sensor at room temperature without avalanche gain, C
E. Fossum, Advances in Detectors: The Quantaimage sensor (QIS): Making every photon count, Laser Focus
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Characterization of photon-number-resolving detectors

@ Characterization of SiPM and photon-number-resolving detectors

Sergey Vinogradov Principles of Detection and Characteristics of Photosensors SENSE Detector School, Ringberg, 19 June 2019 28



Characterization: PDE

@ Photon Detection Efficiency ~ probability to detect single photon
@ Absolute calibration of PDE of your photodetector

¢ 1. “Single photon-on-demand” source or
¢ 2. “Paired photons” down conversion technique (Alan Migdal, NIST)

Detection of paired photons

~" N(detl)=N_,-PDE
Signal
° APD1 N(det2) =N, - PDE,
Pump e A\ N(coin12) = N ... - PDE, - PDE,
—®—> Generation ey ‘ _
o APD2  — PDE, = N (coinl2)
Idler 7 N (det 2)
v/ — PDE, = N (coinl2)
N (detl)
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Characterization: PDE

@ Photon Detection Efficiency ~ probability to detect single photon

@ Reference calibration of PDE of your photodetector
+ 3. Calibrated photodetector and uncalibrated Poisson light source
— From metrology center (e.g. NIST) (PIN or others e.g. SIPM)
— Zero-peak method is recognized as the best for SIPM
— Attention to integration time - TBD

Poisson photons ., with dark counts s, Output Charge Distribution Histogram
or muitiphoton pulse detection
DUT : o <:>
|:>DUT (N — 0) — e—(ﬂN PDEpyr +4p) jzg
PDUT (N D — 0) =e " o 222 % ﬂ
o 250 )
_ bt /[ | ]
PDE =-in| Barueo =0 | R g
— | hd

Hy Pour (N, =0) 122 TR Itﬁﬂu‘tw

Reference detector: o-%ﬁ%lﬂ A o e
-2.50E+5 0MQEX0| 2.50E+5 5.00E+5 7.50E+5 1.0pE+6 1.25E+6 1.50E+6 1.75E+6 2.00E+6
. 1 In |: PREF (N NaD = O)i| Charge, electrons
N
PDEREF PREF (N D — 0)
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Characterization: PDE

@ ICASIPM-2018
Swapping Sensors vs. Optical Splitter

Pulse Generator

Liquid LED 200 Hz G_ate Picoscope 5203
Fiber Pulser | PM5786 _ Signal 5
HV-source/Picoammeter g,/
Trigger Out Keithley
Digitizer =
9 Dark box g
Pid Alazar =
"E“‘ Cremat 110  ORTEC 410 ATS 9870 —
Vi 10k +QV —
LI} % Channel B o Collimator é i
SpECU\éTE_H“ D’IUF \ f
Integrating | g’\/\f\f\f‘ —l B
Sphere Channel A & VAL VA WA | § o —
e A PTI00 | A [ |
Mini-Circuits ’ Le Croy
ZFL SO0LN+ Shaping  Attenuator 612A T
N. Otte MPPC Personal Computer
Keithley ; .
200p | Mulimeter Y. Musienko
Pro:
- Measure reference and DUT simultaneously Pro:
- no beam splitter
Contra:
- Possible wavelength dependent splitting ratio Contra:
- Photons can trickle out over long time from integrating sphere - reference and DUT need to be measured in sequence

- need a monitoring device
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Characterization: PDE

@ ICASiPM-2018 Summary of the Photon Detection
Efficiency Working Group

Proposed Standard Setup

® Use calibrated SiPM as reference (i.e. no PiN diode) - splitting ratio of ~ 1
@ Standard “PDE Box"

Dark Box
55cm
S|PM
Optical Flber
pulsed , v _' -
light q - —
source Diffuser . |
Sync. out SI DRS4 v5

s. E. Engelmann
Nepomuk Otte
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Characterization: Gain

@ Gain: Mean Gain and Variance of Gain (ENF)
@ Mean = Gain =y, —u, = distance between peaks (0-1, 1-2...)

Qutput Charge Distribution Histogram
for multiphoton pulse detection

File  Edit WVertical Hariz/A:

, 500
Mal!j;.:;:;ilion 450
] \
n 300 / I \ I ﬁ
5 250 / I L4 '
it 200 ?| l ;
150 hi ‘ 4 f\ “
o R
] Lo e | & w’f \.,-""Jr‘L Nt

-2.50E+5 O\OOE+0 2.50E+7 5.00E+5 7.50E+5 1.00E+6 1.25E+6 1.50E+6 1.75E+6 Z2.00E+6

Charge, electrons
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Characterization: ENF of Gain

2
_ g ai n Math1 Position
E N Fg aln - 1 + — 2 | Ma-IME::iIE ‘

@ Variance = Var(Gain) = o, =0 —0o;

& Correct if zero-peak dispersion is exclusively
due to electronic noise
& Baseline fluctuations of zero-peak

: Output Charge Distribution Histogram
due tO precedlng dark events (TBD) GO g—:% for multiphoton pulse detection
&

500
450
400
1.05 350 ¢
@ 300

1.04 & 250 4
1.03 \ m?gg & ! s \ X}
o w40 I
1.01 \\n, e 53_ “, 7| At | W V'; \J'.n;

1.00 : , . -2.50E+5 0.00E+0 2.50E+5 5.00E+5 7.50E+5 1.00E+6 1.25E+8
0.0E+00 1.0E+05 2.0E+05 3.0E+05 Charge, electrons

Excess Noise Factor vs Gain dependence

f
4

4

ENF

Gain
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Characterization: crosstalk

@ Crosstalk events initiated by a single primary avalanche event

@ Counting mode Triggering mode

File  Edit  Vertical Horiz/4cq  Trig  Display  Cursors Measure  Math  Utiitles Help

(Butons
Curs1 Pos

17.2mY

Curs2 Pos

5.6mY

S50 mv

1 0 ns
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Characterization: crosstalk
Initiated by non-random primary

@ Crosstalk initiated by non-random primary =>
All events are crosstalk Pct = Z Ndrk(>1) Dark amplitude histogram

t t Ndrk (1)
except some extra
Pct = DCR(>1.5) DCR vs threshold
dark counts => DCR(>0.5)
I DCR 5
to be subtracted as Poisson p—1— [1 B DORL ] exp(DCRys - 7)
events (if not negligible) 05
T T 05 pe threshold SES MEPhIPULSARAPD, U=57.5V, T=28 C
:ll] =
5 F T~ 10000
* ] PDF:
107 1.5 pe threshald ——. fl All events produced by 15 primary
- ) ]
10*;— 2.5 pe threshold E 100 Vi I/ fi{ ’ﬁ
B ,5' I h‘
Y Wi
~S0 100 150 200 250 300 ' ' ' S
Threshold [IHT] 0 1100 300 400 RODO

P. Eckert et al, nima.2010.03.169]. ch. ADC
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Characterization: crosstalk
Initiated by Poisson primaries

@ Crosstalk initiated by Poisson

primaries => Multiphoton histogram

Photo- and CT events in the 15t P(1) = Ppoisson(1)-(1-Pct)
P()

peak are independent Pct=1- Ppoisson()
. pOIsSson
P(l) — PpOIS(]) PCt(O) Output Charge Distribution Histogram

for multiphoton pulse detection

%106 | 0.5 pe threshold > jgg
é" C 400

IUSE— 1.5 pe threshold 350 // \\ "&

C » 300 |
I e
10 2.5 pe threshold LE 200 / \ ?| l ;
ol & U 1o 19 LA
NSy
| | | | | A I - V’j V-nM

P. Eckert et al, nima.2010.03.169]. Charge, electrons
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50 100 150 200 250 300
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@ Common-sense analysis of correlated events

Characterization: afterpulsing
by histogram of interarrival times

@ Contributions are fitted separately in specific time frames
& Correctness of expressions as a sum of fast + slow AP (?order statistics?)

@ 1 05 Dark-Noise Time-Spectrum
- ?\—‘\
5 E Thermal noise distribution
‘,a‘ C After-pulse distribution
= 104 §_ Fit function
3L
10°:
2
107
- i Fitrange
10
1 § 11 | L1l |
102
10 10

Mg [ At)

]|:-.|:-:

Sergey Vinogradov

At)

P. Eckert et al, NIMA 2010

- TRR

I

tp/ Ttp

-."":I.F':'-".T:'.E:f e Terf A ;I"‘.; --".Ti'-::. - e

Principles of Detection and Characteristics of Photosensors

Amplitude (p.e.)

Probability

3 rroy S— — -
N TR o B v o DICT
- Aty D -
.b'-.n."
L
eenopen DeC] :
| » RS L -
- ey 1
0 aand aad a2 aaaand a2 aaaand a s aaaasl 4 4 4 aal
- - ~ ~dh -~ S i
10" 10 10 10 101 10

.'\ e 4 -
=10

10’

{1 10° 10! 10"

Inter-time (s)

F. Acerbi et al, TNS 2016
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Characterization: afterpulsing
by cumulative distribution of interarrival times

1,0
| —U =36V
0,8 1 ExpDec1 Fit of Sheet1 D
L 06
/N8
8 .
= 0,4 \
@) Equation y = Al*exp(-x/t1) + y0
| 0.2 A1 0,58857 + 3,01468E-
—i ’ t1 3,40751E-5 £ 6,9877
v T Adj. R-Square 0,9978
0,0 N
T TTTTIT T T TTT T T T T T Trr0T T T rrorrm L R R Correction on lost
1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 0,001 dark counts at Tmax
¢ should be applied:
, S _
C('\’Dlzdark_correction - exp(—DCR 'Tmax)

S. Vinogradov, NSS/MIC 2016
Experimental example — courtesy of E. Popova, D. Philippov... , NSS/MIC 2016
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Characterization: afterpulsing
by cumulative distribution of interarrival times

Feorr(t, Poorr) = 1 — (1 = Fiotqi (¢, Npp, DCR)) - exp(DCR - t)

1,0

—U =36V

0,8 ?N ExpDec1 Fit of Sheet1 D

0,6 . \\
0,4 \
Equation y = Al*exp(-x/t1) + y0 10
) y0 0£0 ’
02 A1 0,58857 + 3,01468E-

’ t1 3,40751E-5 £ 6,9877
1 |Adi. R-Square 0,9978 0,8
0,0 |

0,6 1

CCDF

< 1- Pcorr

1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 0,0C
t, s

CDF_corr

0,4 +

Now we are ready to play with correlated event

CDF or PDF applying any models and analysis 0,2 §
of timing behavior. o

: 0,0 =i g —
Total numbe_r of_aft_erpglsmg_ events could be of B9 AL AL AL
the geometric distribution with Pcorr. ts

S. Vinogradov, NSS/MIC 2016
Experimental example — courtesy of E. Popova, D. Philippov , NSS/MIC 2016
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Joint characterization of CT & AP
by CCDF time distribution

Seamless measurement of CT+AP at short times:
Q(t) instead of I(t) measurement of time interval from primary to secondary event

Total duplication probability

10% —— 1.0%
9% / 0.9%
8% / 0.8%
7% / 0.7% w
L 6% 7 06% &
8 5% N 5%,
/ File  Edit “ertical Horizddcg  Trg Display  Cursors Measwe  Math { Help
4% Tek  Run : E:amplr:a: : : : : E:_ _
304 : : ] : : : : . : :
. : I : : ; : : : : - Gurs1 Pos
2%
1% -+
0% hotmnnce o st 2 e e
0.0E+00 5.0E-09 1.0E-08 1.5E-08

Time after primary event, s

1- Ptotal (At) = (1— Pdrk(At)) - (1- Pap(At))
1- Ptotal (At)

Pap(At) =1- SR A CDF
dPap(At)
At) = ————= PDF
p(At) AL

Math1  12.7pYs 1.0nz
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The end

Thank you for your attention!

Questions?
Objections?
Opinions?

vin@lebedev.ru
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