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Motivation

There are many applications demanding for a photon-number-resolving
detection of light pulses, some of them also require an extreme timing

resolution at the multi-photon level (TOF PET, LIDAR, 4D calorimetry)

Why we are interested in SPTR?

We expect that good SPTR provides good timing resolution
One group of people wants to select the best detectors for their application

Another group of people wants to develop SiPMs most suitable for these
applications

Goals of presentation:

1. How to extract SPTR if it hardly measurable due significant electronic
noise contribution

2. What is influence of SPTR and another parameters of SiPM and light
pulse shape on multi-photon time resolution TR
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Timing measurements with KETEK SiPM-+amplifiers assembly

Experimental setup:
picosecond laser (405 nm, FWHM = 40 ps)

advanced timing optimized 3x3 mm? KETEK SiPM
chip and specially designed (by S. Ageev) and §
produced monolithic trans-impedance amplifier(s)
(BW 1.5GHz) on PCB assembly

External KETEK evaluation kit amplifier

7 N
thermal chamber with light protection T=-30" C L ¥ o=
digital oscilloscope LeCroy WaveRunner 62071 % \\
(2GHZ, 20GS/s ) Sensitive Area

New timing optimized SiPM

PMT-monitor for calibration light intensity into Npe

13 June 2018 ICASIPM E.Popova 3



SPTR measurements
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Multi-photon time resolution

Analytical model “Amplitude noise” for timing resolution
(S.Vinogradov)

S.Vinogradov. Evaluation of performance of silicon photomultipliers in LIDAR application.
Proceedings of the SPIE, Volume 10229, id. 102290L 10 pp. (2017)

S.Vinogradov. Approximations of coincidence time resolution models of scintillator detectors with
leading edge discriminator. NIM A https://doi.org/10.1016/j.nima.2017.11.009
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Filtered Marked Point Process, Lo 0 LIVERPOOL &
Campbell theorem sipm© E2

The Cocikeroft Institute te of t
N e e -y A

Intensity of Point Process

) —i = D).
/»(f)—dtN(f) N(t — ) p(2)

Dark noise. Light signal A(%)

Background

N
Point Process (random events) Xp)=2 8-t N - Poissonian & —iidrn(i=1._N)

=1

Dark primary event Photo primary events Correlated event (CT, AP)
| AE) = Ny () PDE-[0,,(t)% 0,00) % 0, (1)
_]l |u L J L
. N
Marked Point Process Y &)= Dht-t) h(@)=Cain h,() Cain-idrfi=1..N)
i=l

Random Gain (amplitude)

Campbell theorem :

Filtered Output E [A(f)] = A(t)*h(t)
True signal detection
Var[A(t)]= A(t)*h* (1)

single Electron Response (IRF) Discriminator False signal detection
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Time Resolution and Photon Number \QM YL H\lRP()()l 8
Resolution SiPM 4:)

2é
4. b o ——

Time Resolution combines

Photon number resolution and filtered point process convolutions

- distribution of photon arrival times g,/

- distribution of single photon detection times th,/f/
- distribution of CT & AP eventtimes Q,.(7/

— o (A1) - IRF = SER pulse shape /1, (1)
_Gﬁme_ (I -

E-l(’) A(t=T, )= Discr

ENE, , | Py * I, I)+ ”O"e
. _\/ tot ['odt l Y,

saer

e fime
“out\’ 2 dt /=

- fD:’scr

Pael®) =10, P * Lrecd ©

Convolution: slower the slowest function P.(?) @¢,,..,

The narrower i-th process distribution O ,(7/ —the better

T ime (1) Current output
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Analytical model
(short laser light & no noise)

Gaussian shape of laser pulse and SPTR allows to get TR dependence on SPTR:

- 1n case if SER i1s a Heaviside step response it has an analytical form:

Gapr_, T e: [l—erf(l)] zasp”.l.646
\/Npe ﬁ \/Npe

- 1in case if SER is a bi-exponential with rise Tr and fall Tf times it has an analytical form:

Ot(Npe) =

For typical SiPM pulses (Tr = 0.5..1 ns, Tf=1...100 ns) dependence of CTR on Tr and Tf is
rather weak, so it can be approximated as:

Osplr
N

pe

o,(N,)~ .(1.4+1.6)
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Time resolution (FWHM), ps

TR vs Light intensity for short laser pulse
(T =-30°C, Uov =4.5V, SPTR (true SPTR without noise contribution)= 147 ps
Pct=0.13, ENFct=1.16, no Dark rate)

Light source — laser, FWHM = 40 ps

3
1x10 NN |. T 117 SPTR
- T L 5 V. T =5:30°C OO Experiment E FWHMt(Npe) ~ ‘15
*~. = = = Model il Npe
- MR » » » Experimental fif
SPTR——*47 Analytical model:
ERAR= TR R Tr = 0.5 ns, Tf=1 ns
- :u [?' TEP
100 NE 210ps
= FWHM (N )~=—-L
pe
5 N
4 pe
™ ,/' \\\
o~ I Experimental Fit
\ 5N
Lasér trigger electronic jitter? /7 N - — LV
(not include in|mpdel) LR s ‘
il
10
0.1 i 10 100 1x10° 210 140 ~ SPTR
corr
Number of photoelectrons per pulse 1,

Extracted SPTR
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TR of SiPM, PMT, APD vs photons/pulse LIDAR

Gaussian laser pulse shape

Laser pulse 40 ps FYWHM Nph=100 Laser pulse 10 ns FYWHM

100 — 1x10°
SiPM

i — PMT

= APD

= e = TR limit

SiPM
— PMT
100 APD
» = TR limit
i

I ..
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0.1

Time Resolution, ns
_}p__ Il
Time Resolution, ns

0.01—=

[ J8

w10’ 0.1 3
1 10 100 1=10° 1 10 100 1x10

Photons per pulse Photons per pulse

Analytical approximation of time resolution model based on filtered marked point process model for

Gaussian laser pulse shape, Gaussian SPTR and bi-exponential single electron response shapeSER with T, and T,

rise

TR = O-ouf(A(r)) . 20—!'23 ) EA'TE'OI' + 4':7'21'56 (D CR- Cdec” E“"\"TFtot + Il;zoi.seJ
T od— A N . N : 72
1% N,. PDE = (N,, PDE)| 2 i
dt
2 2 2
Ous = Olaser T O-spir ENFior = ENFgain *ENFgcr  ENFeorp ENFyy
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TOF PET, scintillator readout

we are interested to estimate a coincidence time resolution CTR on the basis
of known photodetector and scintillator parameters.

’

*Choosing of the best photodetector

*Choosing of the best scintillator

*Choosing of the best photodetector and scintillator
" Photodetector — analogue SiPM

SiPM LIGHT
*single photon time resolution SPTR *T, rise time
pulse shape SERt,, ty.. T, decay time
PDE sphoton numbers
ecrosstalk
*Dark rate

*Electronic noise
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Common understanding of the CTR dependence for scintillator light

I
N

G, ~
pe

o ~ /T
“lty > 1, d

T4 > 0

sptr

CTR depends on

Number of photons ,
Too small for analysis

slightly on tr and o,
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Monte-Carlo simulations of the Time Resolution

the Time Resolution (TR) of SiPMs is extensively studied in experiments and
Monte-Carlo simulations,

Analytical extraction of parametric dependences from Monte-Carlo simulations

Td Td
TR = N ‘B Tps Tons*GSpfr' ST

pe N pe

Td ,
5.545—% 42424 - (1, + Tpy;) +2.291 -

sr +4.938 - 7, - T,y +3332- 02 +
N
2 Td 2,2 td | td
8.969 -0y, - N, +9.821-(z7+ 17, ) N —0.6637 - (7, + T,ps ) - Npe—
e Td . (2 2 353 3
3.305 - (7, + Typs) - Olprr 6.149 - 5, - e 0.3232- (77 + 7,,,) —3.530- 0,
pe
td 2, .2
\ —5.361 - 7, - Tpys * Ogpyy — 9287 - T, - Tpyy - N 5814 (7 + rom_) * O spir
pe

But after obtaining of MC-simulation results is quite difficult to analyse them...

S.E. Derenzo, W.-S. Choong, W.W. Moses, Fundamental limits of timing resolution for scintillation detectors, Phys. Med.
Biol. 59 (2014) 3261-3286. http://dx.doi.org/10.1088/0031-9155/59/13/3261

13 June 2018 ICASIPM E.Popova



TOF PET bi-expanentional light pulse
Analytical Approximation of model for CTR :)

signal:
' — 2 2
ENF,, P \V2r(3r —4) where 05 = \/60115 + O sptr
Gr_sig(as’ Tds Tr) = “ar + 12 (Td + Tr) "O0g |-

5 Tdr tr — rise time, td —
decay time for scint

If Tr<<Td

pe

7\
» EN Fy T V2xQ3x—4)
ar_si_z(as’ ZE TI') = N “Td [T + O

Scintrise time 1.57 1.13 SPTR&OTTS

Almost equal contributions!!!
noise:

-

04 noise(CssTd>Tps Tser) = A |27 - | ENF,,, - DCR - 7, + % ) a 2, +T’2
noise S? > ¥rs *ser/ — = / . . —— -
- Tor ser VS‘E" Nge 2 O'S 0_;2

full (combined): | TR = V22/2In(2) - 0, % 3.33y/02 1, + 07, 0e
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MEPHI MPTR measurements
(T = -30°C, Uov = 4.5V, SPTR = 147 ps, ENFct=1.16):

T \ T
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H Plot H13
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Al 8,35716E9 * 3,36324E9
t1 1,94615E-9 £ 4,05617E-11
1 40 Reduced Chi-Sqr 9,932 _—
I ase r + W LS'fI be r, R-Square(COD) 0,94461
Adj. R-Square 0,94446
Z [ ] Modell ‘ Gauss l
Tr= 80 ps, Td = 1.8ns, o 0 S
Plot H13
I 1 1 - . 3,66473E-80:3?,13386E-11
scintillator-simulated 20 . smoneossomer ||
. - Reduced Chi-Sqr 8,49855
experiment oo

34 36 38 40 42 44 46 48 50
t, ns
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Experiment MPTR with laser+WLS-fiber

MPTR histograms (Tr = 80ps, Td = 1.9ns) :

Experimental Fit
top — Npe = 0.2 bottom — Npe ~ 52.3 Xperl i

MPTR FWHM, ps (CTR with scintillator simulation) vs
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Time resolution (FWHM), ps

Analytical model calculations: MPTR as function of SPTR
for scintillator-simulated pulse
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MPTR has regions with different dependence on SPTR

Kind of plateau for smaller SPTR value is connected with WLS rise time (80 ps)
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Summary

e The multi-photon timing measurements with different pulse shapes were carried out
to show how coincidence timing resolution depends on SPTR.

» Analytical model of “Amplitude noise” has a good agreement with experiment
results for light intensity Npe > 1.

« MPTR for short light pulse may allow to extract true SPTRdetector (not affected by
noise) — should be checked

* Analytical model shows how MPTR depends on SPTR for long scintillator-like
pulses, but it should be checked with more experimental data.

Supported by Russian grants #3.2989.2017/4.6 and 3.8484.2017/9.10
And FAST COST (European Cooperation in Science and Technology) action TD1401.
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SPTR, ps

Timing resolution vs Light intensity (in fired pixels), Uov = 4.5
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Timing measurements with new

PCB — multi-p!
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1500

Timing measurements with new

PCB — CTR simulation
experiment — results
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Analytical model: CTR as function of

Modern analytical approaches:

SPTR and other parameters

mMonte Carlo simulations,
mDetection event statistics,

mOrder statistics of
photoelectron detection time,

mCramer-Rao lower bound
estimation.

13 June 2018
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Timing resolution - analytical model (S.Vinogradov)

\/VCH" (t)] \/Npe . ENFSiPM . [pph g IOSplr ser }t) +— nozse
Gt (Np ) — out _ r ser
e d % *h A
out (t) V t( Di ) DlSCI"lm Npe . |_pph psptr ser j )
dt ou iscrim dt

Filtered marked point process

Analytical model “Amplitude noise” for timing resolution

N e - Number of photoelectrons
- Excess noise factor of SiPM (include DCR, XT, AP)
ENFgpy,
0 - Probability density function of light
ph
- Probability density function of SIPM SPTR
IO sptr
i - Single-electron response function (SER)

ser

Constant threshold at the flrstNPhoton- no CT, no AP, no dark rate
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Experimental data with lidar prototype
laser 40 ps FWHM 405nm

1 ¢ 2 |

A M Antonova and V A Kaplin 2018 J. Phys.: Conf. Ser. 945 012012
SiPM timing characteristics under conditions of a large

Scanning lidar

background for lidars
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Experiment

TR dependence (T =-30°C, Uov =4.5V. SPTR (true SPTR without
noise contribution)= 147 ps, ENFct= :

1+1In(1- Pct)
Pct=0.13, ENFct=1.16, no Dark rate) SPTR
. : ) FWHM (N )= 1.5
Light source — laser, FWHM = 40 ps o) N,
: Analytical model:
110 Tr=0.5ns, Tf=1 ns
S FWHM(N ) ~ 2 10PS
= * pe N
= R pe
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