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Avalanche-Photodioden APD —— CMS ECAL
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Total Weight  : 12500t
Overall D%meter: 15.00m SUPERCSoL ™ RETURN ORC

Overall Length : 21.60m
Magnetic Field 4Tesla
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ransverse slice through CMS detector
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Parameter Value
CMS ECAL StrUCture Radiation length cm 0.89

Moliere radius cm 2.2
Hardness Moh i |
Refractive index 2.3
Peak emission nm 440
% of light in 25 ns 80%

Light yield (23 cm) y/MeV | 100

Barrel: [n|<1.48, 25.8 X,
61200 PbWO, crystals, ~22x23x230 mm3

Endcap: 1.48 <|n|<3.0, 25X, 2 APDs/Xtal

14648 PbWO, crystals, 30x30x220 mm3

Th. Kirn

Silizium Photomultiplier, 5
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The CMS Electromagnetic CALorimeter
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The CMS ECAL

d : intrinsische Schauer Fluktuationen,
Photonstatistik (Flache, QE, F)

b : Elektronisches Rauschen

Kapazitat C (serielles Rauschen),
Dunkelstrom | (paralleles Rauschen)

C : stabilitat, Kalibrationsfehler
Verstarkungsanderungen aufgrund
von Spannungs- bzw. Temperatur-
schwankungen

Th. Kirn

CMS Design Goal :
b8 &2 2l a ~3%, b ~200 MeV, ¢ ~0.5%

1X,=0.9 cm

Silizium Photomultiplier, 7
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Anforderungen an Photosensoren

o Strahlungsharte: 2*10"3 n/cm? + 250 kRad (10 Jahre LHC)
 Einsatz in 4 Tesla Magnetfeld

* Nicht sensitiv auf Teilchendurchgang

 Schnell (<10 nsec)

 Angepalit an PbWO4-Licht (A=420nm)

 Langzeitstabil

* Preiswert (122400 Stucke)

==> 8 Jahre R&D von Hamamatsu ( anfangs auch EG&G)

Mehr als 100 verschiedene Prototypen

Th. Kirn Silizium Photomultiplier,
Hausseminar 21.05.2004




‘ Struktur einer Avalanche Photodiode APD

Sismfa?\i é S r _ E-Feld ’ |_. _

++ Y h
P A g

. -
Konversionszonep _ ¢

4
r //
Multiplikationszone n __, \‘\\ \‘1'\\ \
P S \ %

WA, 01
o Sl
L
—

Driftzone _, d,
Harnsimatsu |
EGCAGx
g
LN OSSN ' ! N, L
Dash and Newman
Photo-conversion electrons from the thin E rbsorotion Lenath of Light in Si =
p-layer induce avalanche amplification at - P g g —
the p-n junction. o w0 o
5 P
= R
. . . . = < r I
Electrons created by ionising particles SR et
traversing the bulk are not amplified. = -~
lf 0.1 e"’
Th. Kirn Silizium Photon "0 w0 s0 w0 10 smo oo

Hausseminar 21 wavelength [nm]



APD Quantenausbeute
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APD: Verstarkung M
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APD: Verstarkung M
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‘ APD: Nuclear Counter Effect
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Excess Noise Factor

APD: Excess Noise Factor F

a and B are the ionization
coefficients for electrons and
holes o >>p

Th. Kirn
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APD: Noise

50
45 - .
= 40 Crotal = | O caratiel T T c
< . total — parallel series
S, 35
.- o
g’ . ¢ Garallel:\/(Ids+|dbM2F)'qT
t =1 |dark (M=50):3 nA P
O 20 P4
X 2
= 15 4KT -C R 1
o 10 o series 2 + —
5 4 9
0 | 900000000000000 00000606 0000000009600
0 100 200 300 400 500
D. Renker M = APD gain
10000 F = excess noise factor
T = shaping time constant
g = electron charge
C (M_SO) . 80 F l4s= dark surface current
T 1000 | - - p lap= dark bulk current
-% R = series resistance of APD and amplifier
e \ C = capacitance of APD and amplifier
3 — k = Boltzmann constant
§ \\ T = absolute temperature
g — g = transconductance of amplifier first stage
10 T T T T _GE —_ B
0 50 100 150 200 250 300 350 400 E E
Voltage [V] Y. Musienko Noise
In. Kirn Silizium Photomultiplier,

Hausseminar 21.05.2004



APD: Radiation Hardness

APD’s irradiated at PSI
70 MeV proton beam for 105 minutes
9x10%2 protons/cm?

= 2x1013 1MeV neutrons/ cm?

= 10 years CMS barrel

4 APDs were irradiated with
10x 10 years of LHC operation

Th. Kirn
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Testbeam Results

Barrel - 3x3 crystals
°E _ 27% _ 140 MeV

- = G &) B @ 0.4%
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CMS-APD Properties

Active area 5x5 mm’

Operating voltage (Vr) ~ 380V

Capacitance 80 pF

Serial resistance <10 Q

Dark Current (M=50) ~3 nA

Quantum efficiency ~75% @ 430 nm

1/M*dM/dV (M=50) 3.3 %

1/M*dM/dT (M=50) -2.3%

Excess Noise Factor (M=50) 2

Distance to breakdown (Vb-Vr) > 40V

Effective Thickness ~6 um

Maximum Gain > 1000

D. Renker

Th. Kirn Silizium Photomultiplier, 18
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.........................................

42um

Resistor
~1 MOhm

<«
2 ns

SiPM main features:

Depletion . Se_nsi’riveésize 1x1Imm? on chip 1.5x1.5 mm?
Region * Gain 2-10
2 um * Upigs~d0V

* Recovery time < 100 ns/pixel

- Number of pixels: ~ 1000/mm?

* Nuclear counter effect: negligible (due to Geiger
mode

- Insensitive to magnetic field

- Dynamic range ~103/mm?

U, ~S0V

bias

B. Dolgoshein: “SiPM in particle physics”,
Bari
for details: NIMA 504(2003)48

Th. Kirn Silizium Photomultiplier, 19
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Geiger Mode PhotoDiode GMPD (SiPM) |

» Number of Pixels ~ 1500/mm?

« Each Pixel has its own voltage connection
via resistor >100 kOhm

 Operating voltage Vbr+10V

* A single photon hitting one of the pixels
triggers a breakdown and an output
signal of ~10”6 electrons

« Due to the individual resistivity the bias

-

voltage of the pixel drops, the breakdown 1 4
Is quenched and after ~100 ns the pixel is 20 pm
armed again.

SiPM produced by CPTA in Moscow

(Center of Perspective Technology and Apparatus)

Unfortunately a thermal?y Ilbe_rat_ed e_Iectron SiPM produced by INRIJINR
haS the Same effeCt and IS Und|5t|ngU|Shab|e- (Institute of Nuclear Research/Joint Institute of Nuclear Research)

Crosstalk due to UV-photons

Th. Kirn Silizium Photomultiplier, 20
Hausseminar 21.05.2004



SiPM: Photon detection efficiency

Photon detection efficiency (Room temperature)
o XP2020 PMT

¢ INR/JINR APD
a CPTA APD
\ ‘rlliriﬂ“‘ YW D. Renker
— F
X Z
lé_l u"*“
#**
/
Pulsar ®o,
B. Dolgoshein T¢¢““++o-o-o-¢
350 400 450 500 550 600 650 700 750 800
Wavelength [nm]
SiPM: € = QE-€,e0m, €4eom™0.3 (possible improvement up to ~ 0.7)
Th. Kirn Silizium Photomultiplier, 21

Hausseminar 21.05.2004



GMPD from INR/JINR: Dark Count Rate

PDE(470nm) [%]

Th. Kirn
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Silizium Photomultiplier,
Hausseminar 21.05.2004
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GMPD from INR/JINR: Dark Count Rate

INR/JINR 0.7x0.7mm?* APD, M~30 000

10000
N i
—%
= 1000 e -
.E ‘_,.. = -’ =
z O
100
0 S 10 15 20 25 30
Temperature [C]
D. Renker
Th. Kirn Silizium Photomultiplier, 23
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GMPD from CPTA: Dark Count Rate

CPTA, 1 mm? M =10°
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Th. Kirn Silizium Photomultiplier,
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Photon Detection Efficiency and Dark Rate

* Photon Detection Efficiency or Probability of Detection is:

* Geometry Efficiency (technology)
* Quantum Efficiency (wavelength dependent)
* Probability that the photoelectron will

trigger an avalanche (bias voltage dependent)

* Dark Count Rate (background signals)
* Probability that the bulk thermal electron will trigger an
avalanche (bias voltage dependent)

The tradeoff is between Single Photon Detection Efficiency and Dark Rate:
While a large bias voltage will increase the detection efficiency, so it will increase
the background rate

V. Saveliev

Th. Kirn Silizium Photomultiplier, 25
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SiPM: Single Photoelectron (single pixel) Spectra

HPD SIiPM
A — 10000
800! 1}pe NIM A 442 (2000) 164-170 0 pe 1 pe
[ Pedesta LJ 8000 -
- ; ;,'J:! 2 pe
600:_ f; Ir 2 pe 6000 -
- g
400{ I l P f\ S 4000- 3 pe
L { ! b !’
i boEe g
200 ! i .( l i FL £e 2000 - 4 pe
Al g b fy Ape | i
. A . )i AVAES B. Dolgoshein
0 200 300 400 500 600 0 100 200 300 400
Channe| 2000 Channel
1800;
- excellent single photoelectron ]
resolution 12001
+ consists of a large number of £ ™
. U -
pixel photoelectron counters = __ ;
with binary readout for each .-
pixel, working as analogue 200-
d ev I C e 0200 4(I)O | 6(I)O 8(I)0
Th. Kirn Silizium Photomultiplier, Channel 26
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SiPM: Single Photoelectron (single pixel) Spectra

INR/JINR APD, 0.7x0.7 mm?, T=2C, M~20 000

2000 — T
1800 — — 17— — T —
1600 — — LT T
1400 — — 1 1 —
1200 g

1000
800
600
400
200

——I———N=1D.1 oh.el. |—
k T |=——N=2.54 phel |7
=== _

Counts

0 100 200 300 400 500 600 700 800 900

ADC, ch.# D. Renker
SiPM.:
- excellent single photoelectron resolution
- consists of a large number of pixel photoelectron counters with binary
readout for each pixel, working as analogue device

Th. Kirn Silizium Photomultiplier, 27
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GMPD from JINR: Crosstalk

A GMPD was illuminated with a small number of photons and a pulse height
spectrum was recorded.

Then Gaussian distributions were fitted to the peaks and the resulting areas were

compared to a Poisson distribution with a mean of 3.65.

From the good agreement we conclude that the crosstalk between pixels is no
more than few percent.
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Th. Kirn Silizium Photomultiplier,
Hausseminar 21.05.2004
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Counts / channel

GMPD from CPTA: Crosstalk

A GMPD was illuminated with a small number of photons and a pulse height
spectrum was recorded.

Then Gaussian distributions were fitted to the peaks and the resulting areas were
compared to a Poisson distribution with a mean of 3.2.

From the good agreement we conclude that the crosstalk between pixels is no
more than few percent.
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Th. Kirn Silizium Photomultiplier, 29
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GMPD from JINR: Uniformity
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S 250

£ 200
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Th. Kirn

INR/JINR 2.7x2.7 mm?* APD, M~20 000

— — X-scan
e = Y-scan
L
1 2 3 5 6
X, mm
D. Renker

Silizium Photomultiplier,
Hausseminar 21.05.2004
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: Voltage dependence

GMPD from JINR
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One pixel gain M, 10°

SiPM Pulsar: Single pixel gain

20 —+——1—F—"F"—"T—"T—"T"TF" """ T 40
® one pixel gain (exp. data) |
one pixel gain (linear fit)
—O— detection efficiency (A=565nm)
15 30
6 x
3 5
10 - % + 20 18
] e ‘/i 1 '§
5 5 10 A&
- 5 1 operating voltage 1
- Photo- AT for AVIV,, for
] detector AM/M=1%  AM/M=1%
o ++—+—+—v—F—"+—7—+—v-+—r——+"1r—+—"—11—T—"—1+—+ 0
0 1 2 3 4 5 6
Ubreakdown:48V Overvoltage AU:U-UbreakdOW”’ v CMS APD O 4V/380V
0.3° '
(M=50) =1.1.103
B. Dolgoshein
Photon detection efficiency € = QE-€,,, SiPM 5 00 0.05V/50V
(M=2-106 ) =1.0-103
Th. Kirn Silizium Photomultiplier, 32
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SiPM Signal

SiPM signal

A e o g,

number of pixels fired N i
S . Npixel_ﬁred =m(1—e ; )

where m- total number of pixels

Np,- number of photons
€ - photon detection efficiency

» saturation of the signal

Th. Kirn Silizium Photomultiplier,
Hausseminar 21.05.2004

-‘l!‘lal.-t—-—u..—-_-.._.._ .

w The oquu’r SiPM signal is pr'opor"rlonal 1'o 1'he

B. Dolgoshein
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GMPD from CPTA: Irradiation 0.5 Mrad

A GMPD with an area of 1 mm2 from CPTA has
been irradiated with 5 kGy (0.5 Mrad) from a 6°Co
source and measured one day after the irradiation.

It was not biased during the irradiation.
No change of the gain (~10°) has been seen.

A change - if any - of the dark current and the CPTA-GMPD before and after irradiation
dark count rate is below 10%.

60000

50000

40000

30000

20000

counts/channel

10000 -

0 ‘
0 100 200 300 400 500
ADC channels

« before irradiation e after irradiation | D- Renker

Th. Kirn Silizium Photomultiplier, 35
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Counts

SiPM: Timing

e Discharge time is ~500 ps,
* Rise time ~ 1ns,

e Single pixel recovery time < 100 ns (Rpixel X Cpixel ~30 ns),
 Timing studied using very fast laser (FWHM = 40 ps)

SIPM

PMT R-5320
1200- ‘ :14nnﬁn !II'IIIIII'I"ITTT'FI"I'IIIIIIllllll'
1000 M Single Photoelectron | g 130000
800 :‘ 100000 : :
500 Jf HH i 80000
_ < b
L HL fvhm € 40000
200 e 3 20000
O . : e e ] I:l Ll i 4 J 4132
500 1000 1500 2000 0 500 1000 1500
Time (ps) Time (ps)
FWHM: Laser (40 ps) + electronics (40 ps) => SiPM (100 ps)
B. Dolgoshein
Th. Kirn Silizium Photomultiplier, 36
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SiPM application for scintillating fiber MIP detection

Kuraray SCSF-3HF(1500)M

Events

100
- NIM A 459 (2001) 440-447
600 - APD
SiPM -
80 g 400 ____ &0.75mm
(D)
= i
@ 1mm W a00 [
60 - <Nphe>=6
T:+200C Fal B ! . ]
e=15% 0 40 80 120
40 -
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* SiPM is better than APD for room temperature
» Limitation: Higher PDE (30-40%) is desirable B. Dolgoshein
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SiPM application for Hadron Tile Calorimeter:
Scintillator Tile + WLS fiber readout

TESLA HCAL-scintillator tiles 50x50x5mm interlayered by 2 cm Fe

Bicron BC 404 50x50x5 mm*
WLS fiber Kuraray Y-11; Imm
Reflector 3M
SiPM 1x1mm,1024 pixels
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SiPM application for Hadron Tile Calorimeter:
Scintillator Tile + WLS fiber readout

Electron 4 GeV
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Limitations for Sci+WLS fiber+SiPM readout - 5-

1. Limited dynamic range (humber of photoelectrons/tile < number’o'

2. OTp’rlcal cross-talk between the pixels e
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SIPM for Single Photon Counting:
Possible Application for Extrem Universe Space

Observatory EUSO experiment

EUSO on the ISS
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EUS0D Geometry

Detector distance = 400 Km

Total field of view = 80"
Geometrical factor =5 = 105 km?® sr
Target air mass = 2 « 10'2 vors
FPixel size = (.B » B) km?
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SiPM for Single Photon Counting:
Possible Application for Extrem Universe Space
Observatory EUSO experiment

— 300000 Photodetectors,working in a single
photon counting mode

Sensitivity in 300-400 nm range PDE 30-40%
Fast(<10 ns), compact,low weight,low

Fluorescence Spectrum
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power consuming

Size 4x4(5x5) mm
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.
ivio Scarsi, July 2002 EUSO:; Extramea Universe Space Obsearvatory




SiPM: Possible Application for
Magic Cerenkov Telescope
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SiPM: TRD based on thin scintillator
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Advan’rages compared to Xe based TRD:

No gas-> inportant for space experiments

No dE/dX relativistic rise for hadrons—> better rejection power
expected for 30 <E/mc< 300

Multiset radiator-detector TRD is possible only with small
amount of the photodetector material > SiPM(< O.5°/oX )

Limitation: need to have SiPM size ~5xb mm ; Dolgoshei
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SiPM - Example of superfast timing:
Time Of Flight Positron Electron Tomography with 3D-

‘F@] —0— ZnO(In)

WO 9y —O— fast plastic scintillator
ey W ZnO(In):
o _ R ~10000 photons/MeV/ns
= : Decay time 650 ps
i : 40 %, (50 picosec |

millivolts

Rise time <100 ps
ield ~ Plastic Sc
- 400-600 nm

Figure 1. Time-of-Flight PET Camera. Annihilation phot
detected by a ring of scintillation crystals. With a conv
PET camera, this localizes the position of the positron to -
segment joining the two crystals. With a TOF PET cam
arrival time difference is used to further restrict the positiol

GEANT based simulation gives for:

ZnO(In) crystal size  (4.5mm) ___ 3p TOF PET resolution of 2 mm(sigma)

S!PM size | 4.5x4.5 mm can be achieved
Sigma of SiPM 50 ps

Sigma electronics 5 ps T . o .
Photon Detection eff. 30% Limitations: * Size 4.5x4.5mm, * PD efficiency 30%

Th. Kirn Silizium Photomultiplier, B. Dolggshein
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SiPM for Single Photon Counting:
Calibration of AMS-02 ACC @ PSI

Th. Kirn

Silizium Photomultiplier,
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Silicon Photomultiplier Summary:
Arguments in favour

Low noise,high gain
Good single electron resolution
Very good timing
Small recovery time
Low charge particle/photon sensitivity
Insensitivity to B
Low bias voltage
Low power consumption
Compactness
Room temperature operation
Good temperature and voltage stability
Simplest electronics
Relatively low cost(low resistivity Si,simple technology)

, L L B. Dolﬂoshein
Th. Kirn Silizium Photomultiplier, 6
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Silicon Photomultiplier Summary:
Drawbacks/Limitations

Small size (only 1x1 mm is carefully studied)

The photon detection efficiency is
not high enough(<20%)

High dark rate

Optical cross-talk between pixels (20 (2) % for gain 106)
Limited dynamic range(1000/mm )

B. Dolgoshein

Very promising are the Geiger mode photodiodes with new structures.

We are at the beginning of the development and big progress can be

expected within one or two years. D. Renker
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