$A SEES SEAS
5 SEAS AANS NS SASE SREE B

18Xx0e] 8Iql4 QOH'1 404 PSN SINIS

Particle Physics

Application of
SIPMs in
Experiments

i { , , _
GREE S5 NESE ENES SENE SEEE SENN SN SAAN
S5 EEEE ENSE SNAY EEEE NN

S8 EEEE UENN

. ;

T
= anan
et ¥

Hans-Christian Schultz-Coulon
Institut fur Physik

Kirchhoff

il

/'i .

Schwetzingen

ICASIPM
June 2018

1

|
SE88 BN4T
SSES S99 8
SESE suuy
:

BESS $N9% ARER




SIPM Properties

High gain - 105to 107
Compactness 1 mm?2 and larger
nsensitive to magnetic fields uptofew T

_ow operation voltage  20-70V

_arge PDE | Up to 65% (peak @ 400 nm)
Dynamic Range - Npx = O(1000)
Dark-rate - 30 to few 100 kHz/mm?
Cross-talk, after-pulsing 1 -35%

Temperature sensitivity - 20-50 mV/K

Radiation Hardness [ < few x 1013



Overview

Type

Time-of-Flight

Tracking

PID, Cherenkov

Calorimetry

Experiment

Mu3e (Tile), Mu3e (Fibre), Belle? (TOP),
MEG2 (Timing Counter), Panda (ToF),
SHIP (Timing Detector) ...

LHCb (Fibre Tracker),

Belle? (KL & Muon Endcap Detector), ...

Belle 2 (A-RICH), Panda (DIRC), ...

CALICE (AHCAL), CMS (outerHCAL),
CMS (HGCAL), sPHENIX (HCAL),
GlueX (BCAL), Dune (NearDet), ...

Relevant Features

Compactness, large PDE, fast
response, B insensitivity ...

Compactness, high gain, large
PDE, radiation tolerance ...

Compactness, single photon
detection, radiation tolerance ...

Compactness, large dynamic
range, B insensitivity, ...
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The CALIC

Particle Flow Paradigm:

ete- precision physics
requires W/Z mass splitting ...
l.e. 3-4% jet energy resolution @ ~ 50 GeV

Jet energy reconstruction
by individual particle energies ...
requires shower imaging capability

Detector requirements:

Excellent Tracking
[for charged particle reconstruction]

High calorimeter granularity
[for detailed shower reconstruction]

Good calorimeter resolution
[for measuring neutrals]

Charged Particle

= Analog Hadron Calorimeter
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The CALIC

= Analog Hadron Calorimeter

International Large Detector Concept, ILD

Calorimeter
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Showers
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The CALIC

= Analog Hadron Calorimeter

Possible

LC Calorimeter Design

HoaL  ECAL
Cabling Cabling

Barrel
Structure

Cassette
ASIC
' HBU
[Base Unit]
Absorber
Structure
DAQ
Interface
Sector
Connections Half-octant of

Side Module CALICE AHCAL barrel

ECAL



The CALICE Analog Hadron Calorimeter

Possible
ILC Calorimeter Design

Cassette
ASIC
s HBU
K [Base Unit]
""""" Absorber
Structure
DAQ
Interface
HCAL ECAL Sector |
Cabling ~ Cabling Connections Half-octant of

Sandwich calorimeter
based on Scintillator Tiles & SiPMs

Highly integrated electronics
with ultra low-power ASICs

8 Million Channels
requires high data concentration

SiIPM requirements:

SMD Technology

Large Dynamic Range
Blue sensitivity [25%@420 nm]
DCR < 500 kHz

Cross Talk < 3%

Vg spread < 200 mV

Side Module CALICE AHCAL barrel
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HBU Slab

HCAL

Base Un

SPIROC ASIC

R725
o Rg

R69

R4
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Scintillating Tiles




The CALICE Analog Hadron Calorimeter

= 1E T 4
Dynamic Range g w0l CALICEFe-HOAL -
' 2 107} —sGevr 40
Requirement E -~ soGevx |2
—40GeVe" 1R
Gain-Calibr.:  Singe Pixel Spectra 10° 15
MIP-Signal:  Typical 20 p.e./MIP ]
0% T
Physics: e
E... [IMIP]
Fe-AHCAL: up to 200-300 MIPs/hit 3 . . . 1S
W-AHCAL: up to 300-450 MIPs/hit = 12
3 10° fage 49
DR limitations: 5 13
- . . = 1% GALICE W-HCAL 33
Finite number of SIPM pixels  [1500-3000]
Scintillator light vyield [15-20 p.e./MIP] L P” “(‘? j_ev ) )
Readout electronics [0.1 — 150 pC] * g?ﬁﬁﬁ' seal.)
0 - I1é)OI - I2(I)OI - ISOOI | I4(;IO

Hit Energy [MIP]



The CALIC

Saturation and SiPM Dynamic Range

1.2

Nfired / Ntot

Sascha Krause
[Uni Mainz]
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= Analog Hadron Calorimeter

Saturation:
—<pDE N~y
Nﬁred — Ntot {1 — e DNtot }

Practical limit of correction
for erbe Ny = 2 Not ...

For AHCAL:

#MIPs = 300, 20 p.e./MIP
> eppe Ny = 6000

» Niot > 2000
l.e. use S13360-1325PE

S13360-1325PE 2668 pixels
S12571-25P 1600 pixels
S12571-50P 400 pixels
S12571-100P 100 pixels



The CALICE Analog Hadron Calorimeter

SIPM Readout Electronics

Requirements:

High precision charge measurement ...
High signal-to-noise (SNR) ratio ...
Large dynamic range ...

Auto-Trigger mode ...

SiPM bias adjustment ...

Low power consumption ...
[utilize power pulsing; pp]

Spiroc2e:

Current AHCAL prototype r/o solution ...
36 readout channels ...
Shared ADC + TAC ...

KLauS 5:

Optimised for low gain SiPMs ...
36 readout channels ...
Channel-wise ADC ...




The CALICE Analog Hadron Calorimeter

SIPM Readout Electronics

Dynamic Range:
Spiroc2e : <8 fCto 240 pC

KLauS5 : 4fCto 140 pC
Timing Jitter:

Spiroc2e : 300 ps [for MIP signal]

KLauS5 : 50 ps [for MIP signal]

Signal-to-Noise Ratio:

Spiroc2e : <20 @ 160 fC
KLauS5 : 10@40fC

Power Pulsing:

Spiroc2e  : < 250 ps [switch-on-time]
KLauS5 10 ps [switch-on-time]

ADC Qutput [V]
O O —
o)) o) o

O
~

0.2

0.0

KlauS5 DR Measurement

| [ | : | | I | Ll I Ll I Ll | i

0 40 80 120 160
Charge [pC]

[BieqepleH “'le 18 166ug M]



The CALICE Analog Hadron Calorimeter

SIPM Readout Electronics

Dynamic Range:

. < 8fC to 240 pC
4 1C to 140 pC

Spiroc2e
KLauS5

Timing Jitter:

;300 ps [for MIP signal]
50 Ps [for MIP signal]

Spiroc2e
KLauS5

Signal-to-Noise Ratio:

Spiroc2e : <20 @ 160 fC

KLauS5 10 @ 40 1C
Power Pulsing:

Spiroc2e  : < 250 ps [switch-on-time]

KLauS5 10 ps [switch-on-time]

#Entries

103 KlauS5 Single Photon Spectrum
E l[ | MPPCS12571-0100

8 —_ ........................ " ............... Pixel size: 10|Jm ..........
- [ Gain: 1.35 x 105

N

N

@)

.....................................................................................

.............................................................................

....................................................................................................................

50 100 150 200 250
ADC Counts [a.u.]

[BieqiepieH ‘e 18 (BBUg M|

300



The CALICE Analog Hadron Calorimeter

SIPM Readout Electronics

Dynamic Range:
Spiroc2e : <8 fCto 240 pC

KLauS5 : 4fCto 140 pC
Timing Jitter:

Spiroc2e : 300 ps [for MIP signal]

KLauS5 : 50 ps [for MIP signal]

Signal-to-Noise Ratio:

Spiroc2e : <20 @ 160 fC
KLauS5 : 10@40fC

Power Pulsing:

Spiroc2e  : < 250 ps [switch-on-time]
KLauS5 10 ps [switch-on-time]

#Entries [a.u.]

KlauS5 Single Photon Spectrum

=~

8y

- pp enabled; At = 10 ps Q
% @
% pp enabled; At = 60 ps ©
; T
% pp disabled %
©)

o

@

Q,

50 150 200 250

ADC Counts [a.u.]
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High Granularity Calorimeter @ CMS

HGCal




High Granularity Calorimeter @ CMS

T r .0 T | B p— m—

VBF jets + H —=vyy
720 GeV jet, 175 GeV photon

Pileup: 140

L g ;: ..::I |

" -
o *‘&.’ Mg
-600 K Srasy
-600 -500 -400 -300 -100 r
X [mm]

""J -"l |

103

E [MIPS]

102

10



High Granularity Calorimeter @ CMS

[CMS-TDR-17-007]

CMS Simulation Preliminary

CMS pp-collisions at 7 TeV per beam
1 MeV neutron-equivalent fluence in silicon @ 3000 fb-1
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L 100 o
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200 :10“5 55

: LL

150

CMS Fluka Study v.3.7.9.1
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250 300 350 400 450 500
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High Granularity Calorimeter @ CMS

[CMS-TDR-17-007]
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High Granularity Calorimeter @ CMS

[CMS-TDR-17-007]

SiPM-on-Tile

Detector

Outer radius

30
Q5
O &
™ c
)
S o
O o
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Limit between 200y
and 120u sensors

Silicon
Detector
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High Granularity Calorimeter @ CMS

[CMS-TDR-17-007]

fine-pitch connector  reflector foil twinax cable . .
with adapter board ) (4/8 diff. chns.) higher profile
copper cover plate for twinax-cable. UV LED SiPM in cutout of adapter board. stacking connector

with adapter — 10—

in mm,
not in scale

LV_PCB + fiber space for silicon

Scintillator Front-End Board
T\, 1 — —————————————— - -
--------------------------------------------- Passive wing

Scintillator

light calibration system, polyimide isolation (50um)
GBT_SCA, regulator

small tile



High Granularity Calorimeter @ CMS

[CMS-TDR-17-007]

small connector

small connector for
for supply voltages

twinax connection small tiles

Tile Segmentation: N

—
A4

Small tiles > more signal
Larger SIPMs > better S/N

_________

Inner tiles: 4 cm?
Quter tiles: 32 cmZ

HGROCs

(backside),
@ cutout in

copper plate

GBT_SCA,
LED circuits,

regulators
in cutout

dimple with
MPPC
and LED

@) M3 screw to
copper heatsink

Tile-Board with
scintillator tiles, SiPMs,
readout and calibration
electronics ...

Y ole o ol elo| ool e

®  ®&|l® | ®| 6 e ® 6|6 @@ ®

O)
®
O
O)

O)
®
®
O)
®

®
= | G scintillator tile

dimensions in mm,
not in scale!




High Granularity Calorimeter @ CMS

[CMS-TDR-17-007]
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High Granularity Calorimeter @ CMS

ENC [p.e.; 50 ns RMS]

SiPM Radiation Tolerance

Dark current increase
by up to a factor O(1000) ...

Measured for
MPPC S10943-4732

[A=6.15 mm?2]
RMS electronic noise after F = 2x1013 n/cm?
80
¢ T=24.9C
60 . mT=-94C
i e T=-23.5C
40 R s
s |* o
a O
* ]
20 0 o . : - ° © - . ¢
s " o © ¢ °
- e © ° :
0
1 2 3

Overvoltage AU [V]

[200-/ 1-HA1-SD]

ENC [cells]

0.1

ENC for different fluences

and temperatures; Gate= 50 ns

TV

/A/

/k/‘/A

T=+25C

~_aT=-30C

RN
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SREES
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P et

A |
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T=-30C
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4
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Overvoltage AU [V]

Measurements used
for S/N estimates



High Granularity Calorimeter @ CMS

[CMS-TDR-17-007]

Projected SIPM noise level and leakage
current power after taking 3000 flo-1
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Scintillating Fibre Tracker @ LHCb

Upgrade:
y L =2x 1033 cm-—2s
A // New % [Factor 10 rate increase]
SiFi Tracker

Requires new

+ ECAL HCAL u Ms tracking system ...
—— RICH2 M2 M_3 = New vertex detector
T3 M - New Si-strip detector

TlT2 Scintillating fibre tracker




Scintillating Fibre Tracker @ LHCb

T2 13

SiFi requirements: k

High granularity [250um)]
High spatial resolution  [Ax < 100um]

Fast, high efficiency e ~ 99%]
Radiation tolerant [up to 35 kGy]

Low material budget  [<1% Xo/layer]
Large area coverage  [6x5mm2]

module”
with 8 fibre mats

m Cross Section
P e L T . N N NN TS Ofﬁbremat

S L [df=250 um]

Exploded view
of one full module

Half panel




Scintillating Fibre Tracker @ LHCb

Light readout by SiPMs ... T ey

Light yield: 16-20 p.e. [6 layers]
Hit position from pulse height spectrum

module”
with 8 fibre mats

Silicon
Photomuuljtlpller SiPM multi-channel array
' MPPC S13552-H2017

128 channels
104 pixels/channel

pixel size: 57 x 62 pm2
channel size: 0.25 x 1.62 mm?2




Scintillating Fibre Tracker @ LHCb

1MeV neutron Eq. fluence/cm2 for 50 fb-1

Fibre irradiation: 600 To+14
SiPM
Expect dose up to 35 kGy positions 450 |
at end of lifetime i.e. @ 50 fbo- R
W 1e+13
. . . % 200
Expected light yield reduction: 40%
5o 1e+12
SiPM Scintillating Fibre -
-200 =
—a—— Mirrored, non-irradiated
-==-&=== No mirror, non-irradiated W Te+11
-1 ................... M|rrored‘ nDn-Irradlated, 25 ns cut ................ (-E -400 u
0.9 —=&— Mirrored, irradiated, 25 ns cut S <
: : : : 8
0-8 ................. g ................................ ................................ ................ 60-
S 07F. B TN o o T = -600 . . L L . ' . 1e+10
s 0'6 : 5 -400 -300 -200 -100 O 100 200 300 400
3 | . X(cm)
= 0.5 ........ 30-40%
T 0.4 o E-EE_EE ................ Test beam result:
i:.fEJ} 0.3 T T S S TErELn I [non-irradiated mat w/ mirror]
- > _ : _
0.2 = [mC SCiFi Parametric I\/Iodel ...................... ................ % X= 60cm: LY =20 D.€e. |
0.1E—{ [FLUKA radiation dose map folded in] | ................ z x=200cm: LY =16 p.e. »LY =10 P.€. after irr.
D - 1 L | |. | | L | |. | | | | |. | L | | |. | L | | ] | L é [CERN—I_HCb—PUB—201 5—025 y p29]

0 50 100 150 200 250
Distance from SiPM /cm



Scintillating Fibre Tracker @ LHCb

N

I

2 EEE‘:EEEEE:f:::::::':::::::l:::::::':::::::f:::'

o b [—avoas

A [ - AV =35V
T == AV =45V

100 :

SIPM irradiation:

Expect 6 X 1011 ngg/Ccm?2
at end of lifetime i.e. @ 50 fbo-1

Yields massive DCR increase ...

Other observations:

Less than 5% PDE change
Less than 10% change in gain
No change in cross-talk

......

DCR after 6x101" ngg/cm?

T B onbnnhonin g

Ky @2.6V. 10.11 +0.34
I Kp@2.6V: 11.06 £ 0.36
Ky @2.6V. 10.57 +0.34

| S S e
-40 -30 20 0 ;

Temperature [°C]

[peysiiand aq 03 "B 18 ljejeeH D)

1MeV neutron Eq. fluence/cm2 for 50 fb-1

600
SiPM

-400 |-

R i
-600 I | | | | | |
-400 -300 -200 -100 O 100 200 300
X(cm)

SiPM operation @ -40 °C

400

Signal detection still possible @ 6x1011 neg/cm?2

DCR reduced by factor 2 every 10°C
DCR @ 12 MHz/channel, i.e. 30 MHz/mm

le+14

1e+13

1e+12

1e+11

1e+10



Scintillating Fibre Tracker @ LHCb

1MeV neutron Eq. fluence/cm2 for 50 fb-1

SIPM irradiation: 600 fe+14
SiPM
Expect 6 X 1011 ngg/Ccm?2 positions 400 |-
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Scintillating Fibre Tracker @ LHCb

Amplitude

)

SiIPM readout & clustering

Clustering is key
to noise/data reduction ...

Reduces noise from DCR of 12 MHz/ch to
a cluster noise rate 0.8 MHz/128 channels
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Mu3e
11ming Detectors
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/0 ASIC:
STIC 2.0

Mu3e Timing Detectors

Tile Detector

Tiles per station: 3136 [56 x 56]
Tile size: ~ 6.5 x6.5x 5.0 mm3
Time resolution: < 100 ps

Exp. LY: O2K) p.e.

First Prototype
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Mu3e Timing Detectors

. SiPM
Fibre Detector

Fibres mats

Fibres: 32 per layer; length: ~30 cm
Three layers of fibres; @ = 250 um
Time resolution: < 500 ps

Exp. LY: ~ 3-5 p.e.

( Flexprint k
PCB 3 layer fibre mat

[SIPM: MPPC S13552-H2017]



Mu3e Timing Detectors

Fibre Detector roger

First prototype results with multi-layer configuration ...

Detection efficiency > 96 % @ 0.5 thr in Npre ...
Performances for square and round fibres ...
Readout with standalone and prototyping (STiC) DAQ ...

3_ Iayer_
¢ x10% 3 layer time resolution @  x10 3 layer charge collection configuration
-= T e —_— S S m— e — . E 80 RS St e e —— ._.

5 6} | &7 3
I+ i i ++ u | 8
5 1-{ 0 ~ O(B50 ps) [ 20 =
4 [ ] 20 :_ .................... |1 HE11 SO, S thr> 1.5 Nphe .3.
3 : 151
o | 10 |
11 HH ] 3] | S S I ———
0 __a_—-ﬁh-{r"- (R ] oL e
-10 -5 0 5 10 0 40

Time Difference [ng] Nphe



Mu3e Timing Detectors

[W. Shen et al., IEEE TNS Vol. 65 No. 5 (2018) 1196]

o Features:

STIiC 3.0 : 64 channels
MuTriG : 32 channels

Differential and
single-ended readout ...

Integrated TDC [zITI, Fischer et al.]
and digital data processing ...

MUTHG Timing and ToT-based

[Mounted chip] linearised energy measurement ...
[SPTR:180 ps; MPPC S10362-11-100]

SIPM bias tuning ...
[Tuning range: ~ 800 mV]

Serial interface for data

transmission and configuration ...
[MuTrig: up to 1.25 Gbps]




Belle?
Aerogel RICH



Selle 2 — KL Counter, TO

2 and Aerogel

RICH

Endcap KL &

Muon Detector
[Scintillator & SIPMs]

' ........................................... Aerogel

RICH Detector
[HAPDs; SiPMs were considered]

TOP Detector

Time-of Propagation
IMCP-PMTs; SiPMs were considered]



Belle 2 — Aerogel RICH

Proximity focusing
aerogel RICH ...

Requires: single photon detection,
sufficient spatial resolution,
high efficiency ...

Aerogel n1 < n2 Photon-Detectors

Cherenkov
Photons

Charged
] Particle

20 cm cos b = L
ocm + 2 cm nB

HPD

[Hamatsu]




Belle 2 — Aerogel

RICH with Si

PMs

[S.Korpar et al., NIM A 613 (2010) 195]

Full ring in pion beam
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Belle 2 — Aerogel

RICH with Si

PMs
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|.Nakamura, JPS Meeting, Sep. 2008
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[or in general as single photon detectors in harsh rad environments]
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Concluding Remarks

Growing SIPM applications in particle physics

Important requirements:

Compactness, insensitivity to B-fields,
dynamic range, large PDE, fast response,
radiation tolerance ...

With ongoing developments on SIPMs more
to be expected ...



