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… High Energy Physics 

calorimeter
tracker

Light is detected in …

Calorimetry: readout of organic and inorganic scintillators, lead glass, scint. or quartz fibres

àvisible light
à10s to 10000s of photons

Particle Identification Detection of Cherenkov light

UV/blue light
àsingle photons

Tracking: readout of scintillating fibers 

 visible light
àfew photons

PMT

SiPM

MCP-PMT

APD

HPD
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… Astrophysics : IACT (imaging Atmospheric  Cherenkov Telescopes) 

…. Medical systems : imagery, cancer treatment, ..

Light is detected in …

… Neutrino Experiments 
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H    !!!!!

CMS event

ECAL module

Calorimetry
Example: CMS ECAL

PbWO4 crystal

Light

80000 channels

impact of e- or  comming from electromagnetic showers

APD
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Neutrino Experiments

Super Kamiokande

T2K: Tokai-to-Kamioka

60000 channels

110000 channels

2nd generation long baseline neutrino oscillation experiment 

PMT

SiPM
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Cherenkov light detection

Imaging Atmospheric  Cherenkov Telescopes

1500 – 2000 channels/camera

Detection of the very faint light flashes from air showers induced by cosmic rays

PMT or SiPM
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Tracer

(E = 511 keV)

PET 

Medical applications

Radio-isotopic probes

PMT or SiPM

PMT or SiPM
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Outline

 Basic principle of the Photodetection

 Key parameters of the Photodetectors

 The Vacuum photodetectors

 The Silicon photodetectors

Véronique PUILL (LAL), INFIERI School, Oxford 2013

http://www.modeles-powerpoint.fr/
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photon

electrical 
signal

Readout chain

photon

photoelectron

 (nm)

1. Photoconversion: photoelectric effect

2. Photo-electron collection

3. Signal multiplication

Photodetector
(vacuum or solid 
state device)

Basic principle of the Photodetection

Goal of the Photodetection: convert Photons into a detectable electrical signal

9
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Step 1 : the Photoconversion

10

1 or 3 steps process:

Step 1: Absorption of the photon ()  in the material and generation of electrons. If E > Eg, electrons are 
lifted to conduction band

 for Si-photodetector this leads to a photocurrent: internal photoelectric effect 
 for vacuum device (PMT, MCP-PMT, …), 2 more steps are needed to detect a signal: 

external photoelectric effect 

Step 2: diffusion of the electrons through the material toward the boundary to vacuum. The escape 
depth L depends on the material.

Step 3: electrons with sufficient excess energy (larger energy than the work function) reaching the 
surface escape from it  

in vacuum devices
in semiconductor devices

valence band

conduction band

Eg


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Step 2:  the Photoelectron collection

Step 3:  the signal multiplication

Need of a good collection efficiency (CE): probability to transfer the primary p.e or e/h to the 
amplification region or readout channel

11

Once created, the photo-electrons (vacuum devices) or electron/hole pair (Si photodetector) can be 
lost (absorption, recombination) 

The primary photo-electron or electron/hole pair is amplified (photodetector with internal gain)    



Key parameters of the photodetectors

  Sensitivity

  Noise

  Gain

  Linearity

  Time response

12
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Sensitivity

Probability that the incident photon (Nγ) generates a photoelectron (Npe)

PDE [%] = geom [%]× Q[%]×Ptrig [%]   for a SiPM  

geom: geometrical factor
Ptrig: triggering probability

Photo detection efficiency : combined probability to produce a photoelectron and to detect it

PDE[%] = Q [%]×CE [%]   for a PMT
  
CE: collection efficiency

13

Radiant sensitivity Quantum efficiency

γ

pe

N

N
[%]Q 

Sensitivity x Gain x Npe I(A)
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Photodetector noise

The dark noise depends a lot on the threshold  not a big issue when we want to detect hundreds or 
thousands of photons but in the case of very weak incident flux …. 

14

Dark current noise: 

the current that continues to flow through the bias circuit in 
the absence of the light :

vbulk dark current due to thermally generated charges
vsurface dark current due to surface defects

photodet
amplification
shaping

Display or 
storage

Principal noises associated with photodetectors :

 Shot noise: 

statistical nature of the production 
and collection of photo-generated 
electrons upon optical illumination 
(the statistics follow a Poisson process)

signal processing stage
Physical detection stage
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Gain and signal fluctuations

The statistical fluctuation of the avalanche 
multiplication which widen the response of a 
photodetector to a given photon signal beyond 
what would be expected from simple photoelectron 
statistics (Poisson) is characterized by the excess 
noise factor ENF 

v  impacts the photon counting capability for low light measurements
v  deteriorates the stochastic term in the energy resolution of a calorimeter 

ENF

15

²M
1ENF

2
M

M: gain of the photodetector

Gain process in a PMT and in an APD or SiPM 
The photodetector output current fluctuates. 
The noise in this signal arises from 2 sources:

§ randomness in the photon arrivals
§ randomness in the carrier multiplication process
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Linearity

Ideally, the photocurrent response of the photodetector is linear with incident radiation  over a wide 
range. Any variation in responsivity with incident radiation represents a variation in the linearity of 
the detector 

Incident Flux (photons/s)

O
ut

pu
t s

ig
na

l 

Idet =  Flux

IDEAL

16

input signal

ou
tp

ut
 s

ig
na

l

saturated (non linear)

linear region

Idet   Flux

Saturation: issue for the measurement of large number of photons (calorimeter) 
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Time response

 light travels 300 μm in 1 ps

Timing parameters of the signal:

§ Rise time, fall time (or decay time)
§ Duration
§ Transit time (Δt): time between the arrival of the photon  and the electrical signal
§ Transit time spread (TTS): transit time variation between different events             timing  resolution

Dirac light

TRANSIT TIME Δt

17



Véronique PUILL, INFIERI School, Oxford 2013

Important photodetectors parameters

Photon Detection Efficiency  

Dark noise rate     

Correlated noise   

Timing capability   

Signal shape     

Gain                       

Radiation hardness    

Geometry        

Temperature dependence 

Packaging          

Large dynamic range (Calo, Astro, ..)

Timing Resolution (TOF PID, PET, …)

Energy resolution (Calo, PET, ..)

Large or complicated systems 
(HEP, Astro, medical appli, …)

Photodetectors  parameters System requirements

18
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Vacuum Photodetectors

 Photomultipliers

 Micro Channel Plate Photomultipliers

Véronique PUILL (LAL), INFIERI School, Oxford 2013

http://www.modeles-powerpoint.fr/
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Photomultipliers

20 inch
1740 cm²
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Photomultiplier structure

PHOTONIS PMT book

R976
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 Photoconversion in the PMT: crossing of the window

window + photocathode glass envelopes for PMTs

Transmittance of different material for the window
The choice of the window depends on the 
wavelength of the light we want to detect but also 
on the radioactive environment.

HAMAMATSU  PMT book
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§ R : reflexion coefficient
§ Pv: exitation proba to vacuum level
§ k: full absorption coefficient
§ L: p.e mean escape length
§ Pe: extraction proba to the PC surface

1. photon absorption and generation of an e-/hole 

2. pair diffusion of the e- to the surface

3. emission of the e- in the vacuum

s
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






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Band model for alkali photocathode

 Photoconversion in the PMT: the photocathode

Quantum efficiency Q

Light absorption in photocathode

k
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Photocathode materials and Q of PMT

25

K. Arisaka, IEEE NSS 2012

O. Kalekin, RICH 2010

Homogeneity of the photocathode deposition and variations in 
collection efficiency (depends on the PC geometry)

Photocathode materials:

§alkali metals (Sb, K, Rb, Cs)
§compound semiconductors 
(GaAsP,  GaAs, InGaAs)
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New Photocathodes: SBA & UBA

                            R. Mirzoyan NIMA 567 (2006) 230–232

R878

Detection efficiency uniformity

E. Leonora, Photodet2012
HAMAMATSU, PMT catalogue

reduction of the losses   SBA 
enhancement of the efficiencies  UBA 
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reflexion loss extraction efficiency

loss in the PC
excitation efficiency
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Gain of the PMT

photon

photo-electron impact on the first dynode
(multiplication coeff : 1)

multiplication by n dynodes and signal on the anode

G = 1 x 2 x 3 x . . . x n 

Photoelectron multiplication: secondary emission of electrons by the dynodes
The HV is supplied through a resistive voltage divider

The gain of the PMT depends on the emission coefficient of the 
dynode (and on the bias voltage) and of their number:

        105 < G < 106

For  800 < HV < 2000 V
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Example of dynodes configurations

large collection area on the first dynode 

Fine Mesh

Good output linearity
High immunity to magnetic fields

 Good output linearity
 Fast time response

 Good detection efficiency (good CE)
 Slow time response

 compact
 Fast time response

Metal channel

focus of the e- path 

thin dynodes produces by 
micromachinning and precisly 
stacked

Large variety of dynode types available
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Multi anode PMT (MaPMT)

•Compact
•Good timing performances
•Good immunity to magnetic field

H8500 response uniformity

G. Collazuol, SuperB meeting, 2011

H8500 (8 x 8)

metal channel dynodes  +  special anode configuration

avalanche confined 
in a narrow channel

multi-anode design

position sensitive PMT 

H
AM

AM
AT

SU
 P

M
T 

bo
ok

•
•Cross-talk
•Non uniformity across 
the channels

Need of space segmentation of the light detection 
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Example of ASICs for MaPMTs

MAROC (Multi Anode Read-Out Chip)

CLARO

64 channel inputs:
Variable gain current preamps (8 bits/ch.)
• 64 trigger outputs + 2 OR outputs
• 1 mux. analog charge output
• 1 digitized charge output (8, 10 or 12 bits ADC)
• Trigger efficiency= 5fC
• Variable slow shaper (20-100 ns)
• 10 bits DAC as threshold

G. Collazuol, SuperB meeting, 2011

S. Conforti, PhotoDet 2012

Readout of the MaPMT 64 channels of the ATLAS luminometer
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K. Lung, arXiv:1202.2628v2 [physics.ins-det], 2012

Noise of a PMT: Dark current

Id needs to be minimized for low 
intensities measurements
→ cooling

Dark current (Id): current when photomultiplier is operated in complete darkness

•  due to leakage currents between electrodes and insulating    
surfaces (ohmic leakage)
•depends on the cathode type, the cathode area, and the 
temperature (thermionic emission)
•  is highest for cathodes with high sensitivity at long 
wavelengths (low work function)
•  increases considerably if exposed to daylight

DCR of different photocathodes

HAMAMATSU PMT book

Ohmic leakage 

thermionic 
emission
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Noise of a PMT: Afterpulsing

Afterpulses: small signals, few p.e level, that appear after the main pulse

§ short delay afterpulses (up to several tens of ns after the 
signal)  caused by the elastic scattering of the electrons from 
the first dynode. 

§ long delay afterpulses(several tens of ns to several µs 
after the main pulse) caused by the positive ions which are 
generated by the ionization of residual gases Time distributions of late pulses

E.
 L

eo
no

ra
,  

VL
Vn

T0
9

Can be distinguished by the time interval that separates them from the true pulse  use of 
coincidence techniques to minimize their effect 
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Radiation tolerance of PMTs 

HEP Detector near accelerator (LHC, ILC) : very hostile environment for PMT

Damages caused by:

  ionizing radiation: energy deposited by particles in the detector material (the unit of  absorbed dose 
is Gray (Gy)  ==> 1 Gy = 1 J/kg = 100 rad ) and by photons from electromagnetic showers 

 neutrons created in hadronic shower, also in the forward shielding of the detectors and in  beam 
collimators

33

Øimportant deterioration of the window transmittance (Borossilicate glass)
Øno effect for visible light with Silica window 

HAMAMATSU PMT book
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Radiation tolerance of PMTs 

γ: 60Co, E = 1.22 MeV
Dose = 20±1 Mrad

Dark current of PMT R762

A. Sbrizzi LUCID in ATLAS

34

Øincrease of the dark current (scintillation of the glass window)

Neutron   E = 100 KeV
Dose = 10 years of LHC in phase Iγ: 60Co, E = 1.22 MeV

Dose = 20±1 Mrad

Øno important change of the gain and quantum efficiency
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Progress in PMT development 

35

80 years of existence and still in R&D !

                some examples …
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Improvement of Q for large PMT and for UV light

76 mm

Extremely low radioactivity
Low temp: Liquid Ar(- 186 °C) 

Y. Yoshizawa, Photodet 2012

Y.
 Y
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Large water Cherenkov and scintillator detectors for long baseline neutrino oscillations, proton decay, 
supernova and solar neutrinos experiments
 

R11780 (12-inch)Need for PMT with: 

ülarge-area
ühigh Q in UV

J. Brack, arXiv:1210.2765v2

Scintillation detector for Dark Matter experiments (scintillation light from Xe nuclear recoil resulting from 
the scattering of WIMPs*) need  for Ultra low background PMT working at low temp 

3- inch metal bulb PMT

* WIMP: weakly Interacting Massive Particles
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Latest MaPMT developments

§Extended green bialkali PC (Q= 14 % @ 550 nm)
§2 x 2 multianode
§4 x 4 multianode
§8 x 8 multianode

PMT with extended green Bialkali photocathode

Compact packaging multianode PMTs

HPK, private communication
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Decrease of the after-pulse

HPK, private communication

R&D in the structure of the PMT (dynode)

Lower after-pulse %

old

new

Producers and Physicists work together to 
increase the PMT quality
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Improvement of the timing response

HPK, private communication

R&D in the structure of the PMT (electrode)

Better TTS
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Silicon PMT

Micro PMT

HPK, private communication
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Micro-Channel Plate Photomultipliers

R&D in Research Institutes (BINP, Russia – 
IEHP, China – LAPP collaboration, USA -, …)
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Micro Channel Plates PMT: MCP-PMT

Faceplate

Photocathode

Dual MCP

Anode

Gain ~ 106

Photoelectron DV ~ 200V

DV ~ 200V

DV ~ 2000V

photon

Photodetector multiplication chain = Micro Channel Plate

array of holes (10-100 mm diameter) in a glass plate

  high gain:  107 with 3 MCP stages
                         single photon sensitivity

  very fast time response: 
                                          signal rise time = 0.3 – 1.0 ns

                                             TTS < 50 ps
  quantum efficiency comparable to that of standard PMT
  multi-anode available

  lifetime (QE drops)
  price
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MCP-PMT gain & quantum efficiency

M.Barnyakov, AFAD 2013

BINP

T. Inami, TIPP 2011
A. Lehmann, Elba Conference 2012

MCP-PMT bias voltage > PMT bias voltage 

Q homogeneity

BINP

Photonis BURLE

HAMAMATSU
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MCP-PMT aging
A.

 L
eh

m
an

n,
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Co
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 2

01
2

ionisation of atoms of 
residual gas

travel back toward the 
photocathode 

production of secondary pulses

ion bombardment  damages the 
photocathode  reduces the Q

1

2 3

4

Different ways of improvement (depending on the producer):

§Protection layer on the photocathode
§Improvement of the vacuum
§Treatment of the MCP surfaces (atomic layer deposition)
§New photo cathode

T M Conneely, PHOTEK

High photon rate  aging problem

PHOTEK
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MCP-PMT time response

J. 
Va

vr
a,

 S
LA

C-
Pu

b-
14

27
9

Single Photoelectron Timing resolution

 SL10 SPTR @ 405 nm – 3.5 kV

L. Burmistrov, LAL A. Yu. Barnyakov, NIMA 598

BINP

§high electric field between PC and 
MCPin and MCPout and anode  
negligible effect of the angle distribution of 
the p.e

§e- transit time in the secondary 
multiplication process very short

→ very good TTS
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New MCP-PMT developments
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New MCP-PMT developments
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Operation of PMT and MCP-PMT in magnetic 
field

separate the particles

reduce the detector size

B
curves the 
trajectory 
of charges 
particles reduce the detector  price

easier analysis

                     PMT

PMT very sensitive to magnetic field  shielding required (µ metal)

 earth magnetic field = 30-60 mT

48

Albert Lehmann RICH 2010

MCP-PMT

                     PMT

HAMAMATSU PMT book
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Silicon Photo Multiplier

Véronique PUILL (LAL), INFIERI School, Oxford 2013
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Internal photoelectric effect in Si

Band gap (T=300K) = 1.12 eV (~1100 nm)

Number of electron / incident photon as a function of 

I(λ) : initial photon flux
I(λ,z) : photon flux on the distance z from SiPM surface
α(λ): optical absorption coefficient
z : penetrated thickness in Si

Beer-Lambert law z)(e)(I)z,(I 

valence band

conduction band

Eg


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The Pin photodiode

Øp layer very thin (< 1 µm)

Øhigh QE (80% @ 700nm)
 

ØGain = 1 
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The Avalanche Photodiode

multiplication

Bias voltage : few 100 V

Øhigh QE (80% @ 700nm) 
ØGain = 50 – 100
Ø high variation with temp. and  bias voltage : 
G = 3.1%/V and -2.4 %/K 

Ionization coefficients  for electrons and  for holes

0

200

400

600

800

1000

1200

0 100 200 300 400 500

Bias Voltage [V]

G
ai

n

D. Renker, 2009 JINST 4 P04004
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APD
• VAPD <  Vbias < VBD 

• G = M (50 - 100)
• Linear-mode operation

Photodiode
• 0 < Vbias < VAPD  (few volts)

• G = 1
• Operate at high light level
       (few hundreds of photons)

From PIN photodiode to Geiger mode APD

-70 -60 -50 -40 -30 -20 -10 0

2E-11

2E-10

2E-09

2E-08

2E-07

Reverse bias voltage(V)

d
io

d
e

cu
rr

e
n

t 
(A

)

Geiger mode 
APD

APD modeVBD photodiode 
mode

VBD: breakdown voltage

Geiger mode -APD
• Vbias > VBD

• G   
• single photon level
•

h

Rs=50

GM-APD
n+ (K)

  p++ (A)

Rq

-Vbias

output

Time (a.u.)

Cu
rr

en
t (

a.
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) Standard output signal
Q = 105-106e

Q Q Q
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üGM-APDs (pixel) connected in parallel (few hundreds/mm²)
üEach cell is reverse biased above breakdown
üSelf quenching of the Geiger breakdown by individual serial 

resistors

Each element is independent and gives the 
same signal when fired by a photon  

output charge is proportional to the number of
of incident photons 

Valeri Saveliev, ISBN 978-953-7619-76-3, pp. 352

Structure and principle of a SiPM
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Development of the signal 
G

. B
is

og
ni

, R
ES

M
D

D
10

VBD : breakdown voltage
RQ : quenching resistance
RD : diode resistance
CD : diode capacitance
VBIAS : bias voltage

VBD

1  2: avalanche triggered, switch closed
CD discharges to VBD with the time 
constant  
asymptotic grows of the current

DD CR 

2  3 : avalanche quenched, switch open
capacitance charged until no current 
flowing with the time constant DQ CR' 

3 1 : reset of the system.  The carrier traversing the high-field 
region triggers the avalanche

t=0: carrier initiates the avalanche

0<t<t1: avalanche spreading

t1<t: self-sustaining current limited 
by series R

Time sequence 

G.Collazuol, LIGHT11

RD
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Dimensions: 1 mm² to 16 mm²

Matrixes: 4 to 256 channels

Pixel size: 15 µm, 25, …, 100 µm 

Packaging: metal (TO8), ceramic, plastic, with pins, surface mount type, matrix (wire bonding, TSV 

(Through Silicon ViaThrough Silicon Via)

What does it look like?
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Producers of SiPMs 

57

many names like Silicon PM (SiPM), Geiger APD (G-APD), Metal Resistive layer Semiconductor (MRS-
APD), Multi Photon Pixel Counter (MPPC), SiPM, SPM,… SiPM is by now the most used name 
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Gain of a SiPM

58

104 < Gain < 106

e

)VV(C

e

Q
  Gain

BDbiaspixelpixel 


Defined as the charge developed in one pixel by a primary carrier

Charge (pC)

Gain of 1 mm² SiPM (25°C)

N. Dinu, NDIP08

§ linear increase of the gain  with Vbias

§ slope of the linear fit of G as a function of Vbias 
 pixel capacitance (tens to hundreds of fF)

§ increase of the gain with the pixel dimensions
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Single photon detection performance
The resolution of SiPM allowed very precise analysis of the detecting photon flux up to single photon

Single photons are well separated in a wide range
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avalanche in one pixel  proba that a photon triggers 
another avalanche in a neighboring pixel without delay

Cross-talk : amplitude = 2 p.e

carriers  trapped during the 
avalanche can produce 
delayed secondary pulses

After-pulses

Dark counts

Noise sources of a SiPM

pulses triggered by non-photo-
generated carriers (thermal / tunneling 
generation in the bulk or in the surface 
depleted region around the junction)
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Dark Count rate (DCR) 

Best way to decrease the Dark Count rate: 

üoperate the SiPM at lower gain

ücooling (factor 2 reduction of the dark counts 
every 8°C)

Variation with temperature

G.Collazuol, NIMA 628

FBK-irst
V= 1.5 V

S. Gundacker, PhotoDet 2012

Breakdown triggered by thermaly generated carriers  dark counts with a rate of 80 kHz to several 
MHz /mm² at 25°C when the threshold is set to half of the one photon amplitude.

The dark count rate falls rapidly with increasing 
threshold with steps that depend on the crosstalk 
probability 
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After-pulses
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◆: Conventional MPPC

●: New MPPC
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Cross-talk

P. Eckert, arXiv:1003.6071v2

Trenches between pixels

A. Tadday, SiPM Workshop DESY 2012

An avalanche in one pixel may 
produce an optical photon wich can 
trigger another avalanche in a 
neighboring pixel without delay: 
probability 3.10-5 / carrier to emit 
photons with E > 1.12 eV
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Large SiPMs: large sensitive area but high DCR …
ASD-SiPM4S HAMAMATSU S10985 KETEK PM3350

Ongoing R&D to increase the active area at KETEK, AdvanSiD, Excelitas (6 x 6 mm²) 
Other solution to get larger area : connection of several channels of a matrix

* datasheet data

ZECOTEK MAPD-3N STMicroelectronics

64
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PDE = Q · Ptrig·geom

 geom : geometrical Fill Factor
.

fraction of dead area due to structures 
between the pixels (guard rings, trenches)

Sensitivity : Photo Detection Efficiency (PDE)
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Q: carrier Photo-generation
 .

probability for a photon to 
generate a carrier that reaches 
the high field region in a pixel

    Ptrig : avalanche triggering
.

probability for a carrier traversing the
high-field to generate the avalanche

e+

hole

W.Oldham , IEEE TED (1972)
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PDE shape is dependent of the structure: 
 p-on-n is more blue sensitive than n-on-
p (e- trigger avalanches at short )
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V. Chaumat, PoS(PhotoDet 2012)058

After-pulses and X-talk taken into account 

PDE of SiPMs 

Otte, PD09 
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New VUV SiPMs

     HAMAMATSU

UV-enhanced MPPC under development (collaboration between Hamamatsu, ICEPP and KEK) : removal of 
the  protection coating and optimization of the MPPC parameters                currently sensor size: 3×3mm² 
(cell size = 50 µm)

 = 165 nm = 165 nm

W. Ootani, PhotoDet2012

vPDE (165 nm)  = 10 % (best sample)

vGain  106 @ 165 K

vDCR = 0 @ 165 K

vlarge Rq  long tail ( 150 ns)

Possible solutions:

 ✤ Remove protection coating
 ✤ Thinner p+ contact layer
 ✤ Optimize reflection/refractive 

index on sensor surface

PDE for VUV is  0 for commercial devices because of 
the low transmission for VUV of the sensitive layer due to:

 ✤ protection coating (epoxy resin/silicon rubber)
 ✤ insensitive layer (p+ contact layer with ~zero field)
 ✤ absorption length in Si for VUV photon: ~5nm
 ✤ high reflectivity for VUV on Si surface

67

Almost no detection of the UV light  limitation of the suitability of SiPMs for Noble-gas detectors
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New NUV SiPMs

FBK NUV-SiPM (Near-UV SiPM)

Designs available:  1x1, 2x2, 3x3, 4x4mm2

Results (FBK measurements):

 ✤ PDE (350 nm)  =  30 % (FF = 45 %)

 ✤ DCR = 200 kHz @ 20°C (V = 5V)

1x1mm2    50x50 µm2 cell 
DCR

E. Popova, 
PhotoDet2012

E. Popova, NDIP2011

Collaboration between Excelitas, MEPHI and 
MPI  : 1×1 mm² (cell size = 100 µm)

Excelitas

Ongoing R&D to improve the PDE in the VUV + large area (> 10 mm²)

 ✤ PDE (350 nm)  =  50 % 

 ✤ DCR = 800 kHz @ 20 °C (V = 4V) 

68

A. Ferri, NIMA 718

http://www.sciencedirect.com/science/article/pii/S0168900212011539
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Time response of SiPMs 

slow component: minor non Gaussian tail 
with time scale of several ns due to minority 
carriers,  photo-generated in the neutral regions 
beneath the depletion layer that reach the 
junction by  diffusion.

fast component of Gaussian shape with 50 ps< σ <  150ps 
The fluctuation are due to the variance of the transverse 
diffusion speed and the variance of transverse position of 
photo-generation.

active layer very thin 
breakdown development fast    → good timing properties expected 
big amplitude of the signal

Time spread distribution
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Time response of SiPMs 

= 400 nm, V = 4V

Timing resolution as a function of the incident number of 
photons

V.
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ll,
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SPTR (FWHM) as a function of 
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SiPM saturation

Output signal: proportional to the number of fired cells as long as Nphoton x PDE << Ntotal

Nfiredcells: number of excited pixels
Ntotal: total number of pixels
Nphoton: number of incident photons in a pulse

2 or more photons in 1 cell look exactly like 1 single photon

A. Nassalski, IEEE n° 57

MPPC 9 mm²

The saturation is a limiting factor for the 
use of SiPM where large dynamic range of 
signal (5000 – 10000 photons/pulse) has to 
be detected (calorimetry)
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Saturation: solution = large dynamic range 
large dynamic range in Calorimetry or PET                high density SiPM : device with more than 1000 cells/mm²

HAMAMATSU

fast cell recovery time (~4ns)  the linearity for Y11 (WLS fiber) light of 4489 cells/mm² MPPC corresponds to a SiPM
with ~ 12000 cells/mm²

1.2 104

Y.
 M

us
ie

nk
o,

 N
D

IP
-2

01
1

1 mm²
4489 cells
cell size : 15 µm
gain = 2 105

72

*

1 mm²
4489 cells
cell size : 15 μm 
gain = 0.7x106 

recovery time = 8 ns

KETEK

2.2 x 2.2 mm²
4404 cells
cell size : 15 μm 

FBK

RGB-SiPM-HD

* measurements by Y.Musienko @ CERN

▲: 15um New
▲: 15um Conventional

HPK, private communication
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Saturation: solution= very large dynamic range 

3 x 3 mm²    

1350000 cells (15000/mm²)    

gain = 105    

slow cell recovery time : 300 µs

7 104/pulse !!!!

73

ZECOTEK
MAPD-3N

Special design: both the matrix of 
avalanche regions and the individual 
passive quenching elements are 
created inside the Si substrate with 
a special distribution of the inner 
electric field 
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Radiation-hardness of  SiPMs (1)

Y. Musienko, LHC on the March workshop 2011

MAPD have a good behavior under irradiation but its 
recovery time is long (300 µs)

HAMAMATSU have developed new MPPC more 
resistant to irradiation

Øincrease of  the DCR
Øchange of the breakdown voltage
Øchange of the gain and PDE dependence as a function of bias voltage

bulk damages caused by 
lattice defects

protons / neutrons 

v limitation of the low light detection capability
v destruction of the device

Radiation hardness, an issue for photodetector in Calorimeters 

74
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J. Anderson CALOR 2012

Y. Musienko, NDIP 2011 

HAMAMATSU and NDL developed new devices : 

§15 μm cell size MPPC (1 mm²) 
§10 μm cell size NDL (0.25 mm²) SiPM  

which survived 1013 n/cm² 1 MeV  equivalent neutron 
flux (108 n/cm² 3 years ago)

75

Radiation-hardness of  SiPMs (2)
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Matrixes: SiPMs discrete arrays

76

ASD-SiPM4S-P-4×4T-50

4x4 channels
1 channel = 4x4 mm²
6400 cells (50 x 50 μm²) 
/channel

FBK 

Zecotek

8x8 channels
1 channel = 3x3 mm²
15000 cells /channel

S11064-025

S11834-3388DF

4x4 channels
1 channel= 3 x 3 mm²
14400 cells (25 x 25 μm²) /channel

HAMAMATSU

64 mm
72 mm

R&D in progress

Matrixes of 16 channels 
with 3 x 3 or 6 x 6mm²

Excelitas Ketek

Segmentation of the light detection + need of larger active area  SiPM matrix 
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SiPMs discrete arrays

77

Philips Digital Photon Counting

32 mm
32 mm

DLS-6400-22-44

8x8 channels
1 channel = 3.9 x 3.2 mm²
6396 cells (59 x 32 μm²) /channel
Electronics embedded

Sensl

ArraySL-4p9-30035

46 mm

48 mm

4x4 channels
1 channel= 3 x 3 mm²
4774 cells (35 x 35 μm²) /channel

SL-4-30035-CER

8x8 channels
1 channel= 6 x 6 mm²
18980 cells /channel
new surface mount package

ArraySM-8

NEW

2.72 mm
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Evolution of the matrix: packaging and technology 

Discrete Array Monolithic Array 3-side buttable Tiling

Requirements for the SiPM matrixes: • improvement of the spatial resolution and PDE
• simplification of the assembly for the building of detectors with 
large surface 

Important effort on the packaging + development of monolithic  SiPM matrices (all the channels are 
on the same substrate)
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SiPMs monolithic arrays

8 x 8 channels 

FBK 

Marcatili  et al, NIMA 659 (2011) 494–498

DASiPM2 project

1E-10

1E-09

1E-08

1E-07

1E-06

1E-05

1E-04

0 5 10 15 20 25 30 35

I rev
[A]

Vrev [V]

IV curves of the 
64 elements

Ongoing R&D at AdvanSiD to improve the performances

C. Piemonte, private communication
79

4 sides tileable 

S11828-3344

Kato et al, NIMA 638 (2011) 83–91

3 sides tileable
1 cathode – 16 anodes

4 x 4 MPPC matrix 
  144 mm²

S10985 - 36x36 mm² 
57600 cells

HAMAMATSU

4x4 channels
1 channel = 3x3 mm²
3600 cells (50x50 μm²)/channel
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Discret array  with TSV technology

Through Silicon Via Technology

Discrete Array

4-side buttable Tiling

NEW June 2013

8x8 channels
1 channel = 3x3 mm²

HPK, private communication

with wire bonding (traces 
to the bonding pads) ⇒　 with TSV 

should have a better PDE and timing resolution 

HAMAMATSU development: another way to improve the fill factor and therefore the PDE
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SiPM matrix readout circuits

W. Kucevisz, SiPM workshop CERN 2010
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SiPM matrix readout circuits: examples

P.S.Marrocchesi

Chip VATA64-HDR16 developed for SiPM applied in Ring Imaging Cherenkov Detector of SPIDER (Space 
Particle IDentifiER) Experiment: 64 channels, low noise, large dynamic range

PETA: (Position-Energy-Time-ASIC) chip was developed within FP7 EU Project HIPERIMAGE

•Amplification (differential voltage amp.)
• Discrimination (per channel threshold trim)
• Time Stamping (50ps bins)
• Integration (self gated, program. int. time)
• Digitization (~8 Bit resolution)
• All digital readout (LVDS handshake)
• Self triggered, asynchronous operation

W. Shen, Heidelberg Detector Workshop 2010
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New techno: Digital SiPM from Philips

T. Frach, 2012 JINST 7 C01112

DLS-3200-22-44

• 3200 cells
• 59 x 64 μm² cell size
• 78% fill-factor

§afterpulsing ~ 0.1% (20 °C)
§DCR = 100 kHz/mm² (20 °C)
§temperature sensitivity ~ 0.33 %/°C
§timing resolution (SPTR) = 60 ps 

(FWHM)
§recovery time : 10 – 40 ns

Array of G-APDs integrated in a standard CMOS process. The signal from each pixel is digitized and the 
information is processed on chip:

● time of first fired pixel is measured
● number of fired pixels is counted
● active control is used to recharge fired cells

time
energy

York Hämisch, TIPP 2011

83

Drawbacks:

Ørequires a dedicated readout provided by Philips (can 
be an advantage when you do not want to develop your 
own electronics !)

Ødead space around the sensor ?

   

Opened question:

what about the radiation 
hardness of this device ?
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New techno: SiPMs with bulk integrated resistors  

                      Advantages

§ simple fabrication process

§ no obstacles in entrance window

§ possible high geometrical fill-factor

§ possibility of antireflective coating

§ possible high cell density

§ Fill factor= 71.6%
§ Cross-talk=15%
§ DCR= 10 MHz/mm² (27 °C)
§ PDE  (440 nm) = 20 %

C. Jendrysik, 12th Pisa Meeting on 
Advanced Detectors, 2012

pitch =130μm  gap =20μm

Using of Silicon bulk as a quenching resistor instead of a polysilicon structure on top of the detector

MPI NDL 

•0.5 ×0.5 mm² cell size : 10 μm
•10000 cells/mm²
•DCR = 9 MHz/mm² (21 °C)
•Gain = 1.2 105 (21 °C)
•PDE  (475 nm) = 8 %
•recovery time : 4.8 ns 

H. Dejun, NDIP2011
84

Promising results

R&D on going at MPI and NDL
to improve the structure and 
the performances
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Conclusion

85
Véronique PUILL (LAL), INFIERI School, Oxford 2013

Quick comparison between PMT, MCP-PMT 

and SIPM
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Advantages and drawbacks of PMTs and SiPMs
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Documentary sources and for more explanations

Lectures and Revues :

§EDIT 2011 school @ CERN
§Vacuum based photodetector, IEEE NSS 2012, Katsushi Arisaka
§PhotoDet 2012 workshop, LAL Orsay: The SiPM Physics and Technology - a Review , Gianmaria Collazuol 
§SiPM workshop, 16.02.2011, CERN:  State of the art in SiPM’s, Yuri Musienko

Books:
vHamamatsu PMT Handbook
vBurle PMT book

Reference articles:

•Photomultipliers from S.Donati
•Silicon Photomultiplier - New Era of Photon Detection from Valeri Saveliev
•Advances in solid state photon detectors from D. Renker  and E. Lorenz
•Silicon Photo Multipliers Detectors Operating in Geiger Regime: an Unlimited Device for Future

Applications from G. Barbarino, R. de Asmundis, G.a De Rosa, C. M Mollo, S. Russo and D. Vivolo

Articles and presentations:

All quoted under the figures and plots of this presentation (my apologies if I forgot some of them)
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The End
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Backup
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MCP-PMT
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QE scans of three K-Cs-Sb bialkali photocathodes grown at Argonne using the PMT 
photocathode growth system acquired from Photonis. The QE values were measured using 
our new Optical Station system. A scan of a Hamamatsu PMT with “Super Bialkali” 
photocathode is also shown as part of the commissioning procedure of the Optical Station. 
The open circle shows the Hamamatsu’s QE scan, while the cross shows the scan done at our 
Optical Station. 

Z. Ysof, TIPP 2011
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HPD
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HPD
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R&D on HPD
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Example of ASICs for MaPMTs

Analog part:
1. Photoelectron counting (20-50MHz)
2. Q-to-T converter
Digital part :
1. Digitization,
2. Memory,
3. Send data to FPGA for triggering

Crucial points
• Power consumption < 1 mW/ch
• data flow ~ 384 bits / 2.5 μs
• Radiation tolerant

SPACIROC

P. Barrillon, LAL, EUSO BAllon
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L. Zhan, et. al., Phys.Rev.D 78:111103,2008
L. Zhan, et. al., Phys.Rev.D 79:073007,2009

Small-amplitude

oscillation due to 13 

Large-amplitude

oscillation due to 12

Reactor experiments:

• Neutrino target: 30m(D)30m(H)
• LS, LAB based : ~20kt 
• Oil buffer: ~6kt
• Water buffer: ~10kt 
• PMT (20”) :~20,000

60 km from Daya Bay and Haifeng  Daya Bay II

Daya Bay

Haifeng

 The Main Scientific goals: 
ðMass Hierarchy

ðMixing matrix elements

ðSupernovae

ðgeo-neutrinos

Ø Next generation Neutrino Experiment in China

Huge Detector （ LS + PMT
Energy resolution ~ 3%/E

Daya 
Bay

Daya Bay 
II
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C. De La Taille
IN2P3 Microelectronic 
Lecture
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C. De La Taille
IN2P3 Microelectronic 
Lecture
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C. De La Taille
IN2P3 Microelectronic 
Lecture
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Annealing  

How to Extend the Lifetime? 

SiPMs cooled to 5°C during the beam  reduction of the dark noise by a factor 3 and minimization of 
the  effects of neutron irradiation 

Beam down period  :  SiPMs heated to ~40°C (post-irradiation annealing )  bring the noise down to a 
residual level

Proposal to Test Improved Radiation Tolerant Silicon Photomultipliers
F. Barbosa, J. McKisson, J. McKisson, Y. Qiang, E. Smith, D. Weisenberger, C. Zorn
Jefferson Laboratory

Heating to above 40°C can reduce the annealing time to less 
than 24 hours

At 25°C, annealing requires at least 5 days
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110Dinu, IEEE NSS 2010

M. Ramilli

no temperature dependence of the PDE

Variations of SiPMs with temperature
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