
Photon Detectors
EDIT2020, Feb. 27th, 2020, DESY

W. Ootani  ICEPP, The University of Tokyo

• Introduction 
• Basic Properties of 

Photo-detector 
• Vacuum photo-

detector 
• Solid-state photo-

detector 
• Comparison 
• Summary �



• Introduction 
• Basic Properties of 

Photo-detector 
• Vacuum photo-

detector 
• Solid-state photo-

detector 
• Comparison 
• Summary



W. Ootani, “Photon Detectors”, EDIT2020, Jan. 27th, 2020, DESY 3

�
= person performing religious ritual with fire, 
symbolising something precious and glorious

© NPO法人もりの学校

PHOTOMULTIPLIER TUBES
Basics and Applications
FOURTH EDITION

Hamamatsu Photonics, PMT handbook

火= “Fire”

人= “Person”

“Light, Photon”
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Why Does Photo-Detection Matter?
• Photons to be detected 

• Photons emitted from object under study 
• Photons generated in detector medium by particle interaction 

 Object under study

Detector medium

Photo-detector

Photons

Photons

ParticlesParticle detector

Photo-detector



W. Ootani, “Photon Detectors”, EDIT2020, Jan. 27th, 2020, DESY

• Basic concept 
• Covert light (photon) to electric signal 

• Detection process 
• Photo-conversion (photoelectric effect) 
• Photoelectron collection 
• Electron multiplication 

• Building blocks 
• Light window 
• Photocathode material 
• Electron multiplier 

5

How Does Photo-Detector Work?

Photo-detector

Photon

Electric signal

Photoelectron

Photoelectric 
conversion

Electron 
multiplication
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Brief History of Photo-detector

1873   Discovery of photoconductivity in Selenium (Se) by W. 
Smith  
1905   A. Einstein paper to explain photoelectric effect as quantum 
effect 
1913   First photoelectric tube by Elster and Geiter 
1919   Invention of photomultiplier by J. Slepian 
1950s First semiconductor photodiode (Ge) 
1967   Invention of APD 
1970   First CCD device 
1990s Development of SiPM

Beaune 2005 D. Renker, PSI

From PM to SiPM

PM‘s have been developed during almost 100 years. The first photoelectric tube was 
produced by Elster and Geiter 1913. RCA made PM‘s a commercial product in 1936. 
Single photons can be detected with PM‘s.

The high price, the bulky shape and the sensitivity to magnetic fields of PM‘s forced 
the search for alternatives.

PIN photodiodes are very successful devices and are used in most big experiments 
in high energy physics (CLEO, L3, BELLE, BABAR, GLAST) but due to the noise of 
the neccesary amplifier the minimal detectable light pulses need to have several 100 
photons.

Avalanche photodiodes have internal gain which improves the signal to noise ratio 
but still some 20 photons are needed for a detectable signal. The excess noise, the 
fluctuations of the avalanche multiplication limits the useful range of gain. CMS is the 
first big experiment that uses APD’s.

SiPM‘s can detect single photons. They have been developed and described since 
the beginning of this millennium (patent of Z. Sadygov 1996). 3 years ago B. 
Dolgoshein presented their properties and possible applications here in Beaune.
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Categories of Photo-detector
• Vacuum photo-detector 

• Discrete dynode: PMT, MaPMT,… 
• Continuous dynode: MCP-PMT 
• Silicon-based electron multiplier: HPD, HAPD 

• Solid-state photodetector 
• Photodiode/PIN photodiode 
• APD 
• SiPM 
• CMOS 
• CCD 

• Gaseous photo-detector 
• Photo-ionisation (TMAE, TEA, …) 
• Electron multiplier (GEM, MWPC,…) 

←not covered today
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Photoelectric Effect
• Two types of photoelectric effect 

• External photoelectric effect 
• Photoelectric effect with emission to vacuum 
• Electrons are excited to conduction band and diffuse to photocathode surface 

loosing some energy 
→If electrons still have energy above vacuum level, they can be emitted to vacuum 
→Collected to electron multiplier 

• Vacuum photo-detector, gaseous photo-detector 
• Internal photoelectric effect  

• Photoelectric effect without emission to vacuum 
• Electrons are excited to conduction band 
→Generate photocurrent 
→Electron multiplication in the same material 

• Solid-sate photo-detector

© Hamamatsu Photonics K.K.
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Figure 2-2: Photocathode band models
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2.2 Photoelectron Emission6) 7)

Photoelectric conversion is broadly classified into “external photoelectric effect” by which photoelectrons 
are emitted into the vacuum from a material and “internal photoelectric effect” by which photoelectrons 
are excited into the conduction band of a material. The photocathode has the former effect and the latter is 
represented by the photoconductive or photovoltaic effect.
Since a photocathode is a semiconductor, it can be described using band models as shown in Figure 2-2: (1) 
alkali photocathode and (2) III-V compound semiconductor photocathode.

©Hamamatsu Photonics K.K.
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Photo-sensitive Materials
• A wide range of wavelength to cover! 

• Different types of photo-sensitive materials to be utilised 
• QE<50% for photocathode for vacuum photodetector 
• QE<80% for silicon 

 4.1    Basic Characteristics of Photocathodes 35

Figure 4-3: Typical spectral response characteristics of semiconductor crystal photocathodes

Figure 4-2 (b): Typical spectral response characteristics of transmission type photocathodes
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Fig. 4. The quantum e$ciency of various photo cathode as a function of wavelength.

1. Owing to its high gain ('10!), the vacuum
devices can reduce the electric noise contribu-
tion to completely negligible level. This makes
photon counting possible.

2. On the other hand, the photo diode (PD)
achieves the best energy resolution, if the num-
ber of photons exceeds 10", owing to its high QE
and low ENF.

3. The characteristics of APD fall between the
PMT and the Photo diode. It has better energy
resolution than the PMT and the PD in the
range of 100 and 10" photons. This is because
the APD has higher QE than PMT and higher
gain than the PD, but lower gain than PMT and
worse ENF than PMT and PD.

4. The HPD is somewhat similar to the APD. It's
poor QE can be compensated by the excellent
ENF. The gain is higher than APD, which
makes the resolution better than the APD in the

region of 10}100 photons. The HAPD can cover
even fewer photon numbers, down to single
photon because of its high gain. However both
HPD and HAPD still su!er from poor QE,
which is an intrinsic property of the vacuum
device.

5. The VLPC is the ideal device for photon count-
ing with high QE (as a solid state device), high
gain and low ENF (similar to the PMT).

As one can see from this analysis, the major
advantage of solid-state devices at the large num-
ber of photons comes from their high quantum
e$ciency (QE). In order to further improve the
energy resolution of the vacuum devices, increased
QE is essential. To achieve this, solid-state photo-
cathodes such as GaAs and GaAsP have been un-
der development [12]. Fig. 4 shows the quantum
e$ciency of various photo-cathodes as a function

K. Arisaka / Nuclear Instruments and Methods in Physics Research A 442 (2000) 80}90 87

SECTION IV.

K.Arisaka IEEE/NSS 2012

Visible Infra redUVVUV



• Introduction 
• Basic Properties of 

Photo-detector 
• Vacuum photo-

detector 
• Solid-state photo-

detector 
• Comparison 
• Summary



W. Ootani, “Photon Detectors”, EDIT2020, Jan. 27th, 2020, DESY 11

Crucial Properties
• Crucial properties for photo-detector 

• Sensitivity incl. spectral response 
• S/N  (gain + noise) 
• Linearity 
• Signal fluctuation 
• Timing performance 
• Area (large or compact, depending on purpose) 
• Immunity to magnetic field 
• Radiation hardness 
• Ageing 
• … 
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Sensitivity
• Different ways of measuring sensitivity 
• Pulse operation 

• Quantum Efficiency (QE) = Efficiency for photoelectric conversion [%] 
• Photon Detection Efficiency (PDE) [%] 

• Continuous (current) operation 
• Radiant sensitivity (Responsivity)  

= output current / input power [A/W]

QE =
Nphotoelectron

Nphotonphotocathode

Photon

Photoelectron
S = QE ⋅e

Ephoton

= QE ⋅e ⋅λ
hc

PDE = εFF ⋅QE ⋅εtrg

PDE = QE ⋅CE ⋅εmultPMT:

SiPM: 

Collection eff. for photoelectrons from 
photocathode to electron multiplier Efficiency of electron 

multiplication (~1)

Geometrical fraction of active area
Efficiency of triggering 
Avalanche multiplication
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Signal Fluctuation
• Source of signal fluctuation 

• Photoelectron statistics (Poisson distribution) 
• Additional statistical fluctuation in multiplication 

process 
• Signal fluctuation characterised by 

Excess Noise Factor (ENF) 
• Large ENF worsens energy resolution 

Input light

Photoelectron
Photocathode

Light window

Electron multiplier

Signal out

Vacuum tube

ENF =
σ OUT

2

σ IN
2 = 1+

σM
2

M 2 M: multiplication gain

σ
E
= ENF

Npe

Npe : # of photoelectrons

ENF for photo-detectors
ENF

PMT 1.3
MCP-PMT ~1

HPD ~1
APD 2 (Gain=50)
SiPM 1.3



W. Ootani, “Photon Detectors”, EDIT2020, Jan. 27th, 2020, DESY 14

Timing Performance
• Fast response of photodetector crucial for some applications 
• What determines time response of photodetector? 

• Signal shape 
• Rise time, fall time, duration 

• Transit time spread (T.T.S.) 
• Photoelectron statistics 
• S/N 

HPD

SiPM

K.Arisaka IEEE/NSS 2012

 4.3    Characteristics of Photomultiplier Tubes 51

The time response is mainly determined by the dynode type, but also depends on the supply voltage. In-
creasing the electric field intensity or supply voltage improves the electron transit speed and thus shortens 
the transit time. In general, the time response improves in inverse proportion to the square root of the sup-
ply voltage. Figure 4-17 shows typical time characteristics vs. supply voltage. 
The following section explains the definitions of photomultiplier tube time characteristics and their mea-
surement methods.

(1) Rise time, fall time, and electron transit time
Figure 4-18 shows a block diagram for time response measurements and Figure 4-19 illustrates the defi-
nitions of the rise time, fall time, and electron transit time of a photomultiplier tube output.

Figure 4-19: Definitions of rise/fall times and electron transit time

Figure 4-18: Measurement block diagram for rise/fall times and electron transit time
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Definitions of rise/fall times and electron transit timeAs the light source, a laser diode is used that emits a sufficiently short pulse of light relative to the time 
characteristics of the photomultiplier tube and so can be regarded as a delta-function light source. A 
high-speed oscilloscope is used to acquire an output waveform of the photomultiplier tube in real-time 
or sampling mode. This output waveform is composed of waveforms which are produced by electrons 
emitted from every position of the photocathode. Therefore, the rise and fall times are mainly deter-
mined by the electron transit time difference that depends on the incident light position and also by the 
electric field distribution and intensity (supply voltage) between the electrodes.
As indicated in Figure 4-19, the rise time is defined as the time for the output pulse to increase from 10 
to 90 percent of the peak pulse height. Conversely, the fall time is defined as the time required to de-
crease from 90 to 10 percent of the peak output pulse height. In time response measurements where the 
rise and fall times are critical, a waveform distortion tends to occur and so proper impedance matching 
must be provided. In some cases, a voltage-divider circuit with damping resistors is used. (See section 
5.1.5 of Chapter 5.) THBV4_0418EA

Measurement block diagram for rise/fall times and electron transit time
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©Hamamatsu Photonics K.K.
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Linearity
• Linearity is crucial especially for energy measurement 
• For ideal photon detector, signal output ∝ input #photon 

CERN, SiPM workshop, 16.02.2011 Y. Musienko (Iouri.Musienko@cern.ch) 30

Linearity and dynamic range

(B. Dolgoshein, TRD05, Bari)

This equation is correct for light
pulses which are shorter than
pixel recovery time, and for an
“ideal” SiPM (no cross-talk and
no after-pulsing)

SiPM linearity is determined by its total number of cells 

In the case of uniform illumination: 

For correct amplitude measurements the SiPM response should be corrected for its non-linearity !

B. Dolgoshein, TRD2005

PMT MCP-PMT HPD APD SiPM
Dynamic range 

(p.e.) 106 107 107 107 103

SiPM linearity

 60 CHAPTER 4    CHARACTERISTICS OF PHOTOMULTIPLIER TUBES

Figure 4-31: Pulse linearity

Figure 4-30: Block diagram for pulse mode linearity measurement
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By repeating this measurement while varying the distance between the LED light source and the 
photomultiplier tube so as to change the output current of the photomultiplier tube, linearity curves 
like those shown in Figure 4-31 can be obtained.
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Block diagram for pulse mode linearity measurement
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©Hamamatsu Photonics K.K.
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Immunity to Magnetic Field
• Some particle detectors operated in magnetic field 

• Tracking detector and other detectors in magnetic field at collider detectors 
• Immunity to magnetic field is required 
• Otherwise light is transmitted via long optical fibre to 

photodetector placed outside without B-field 

Metal
Channel

Fine
Mesh

MCP
PMT

Solid
State

Linear
Focus

HPD
APD

Immunity to B-field

APD@ECAL
HPD@HCAL

K.Arisaka IEEE/NSS 2012
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Area
• Different requirements for sensor area  

• Solid-state photodetector →Compact → High granularity 
• Vacuum-based and gaseous photodetectors →Large are coverage 

HPD

SiPM

K.Arisaka IEEE/NSS 2012

PMT (20”φ)

SiPM (1x1mm2)
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Vacuum Photo-detector
• PhotoMultiplier Tube (PMT) and its variants 
• Old device, but still used in many projects 
• Concept 

• External photoemission at photocathode in vacuum 
tube 

• Electron multiplier 
• Signal extraction at anode 

• Advantages 
• High gain 
• Wide spectral range to cover 
• Large area  
• Low dark current 
• Excellent timing performance 
• Radiation hardness 
• Linearity, stability 

• Disadvantages 
• Moderate QE 
• Non uniformity 
• Bulky 
• Expensive

Input light

Photoelectron
Photocathode

Light window

Electron multiplier

Signal out

Vacuum tube

© Hamamatsu Photonics K.K.
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G = δ1 ⋅δ 2!δ n

© Hamamatsu Photonics K.K.

Nphoton

QE

CE δ1

δ2 δ3 δn

Signal Generation

Signal = Nphoton ⋅QE ⋅CE ⋅G

Quantum efficiency

Collection efficiency 
(Photocathode → 1st dynode)

Gain

δ：Secondary emission rate at dynode
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Light Window
• Transmission in light window is crucial for shorter wavelength 

• Need (expensive) UV-transmittng window for UV light  4.1    Basic Characteristics of Photocathodes 39

4.1.3 Spectral response characteristics
The photocathode of a photomultiplier converts the energy of incident photons into photoelectrons. The 
conversion efficiency (photocathode sensitivity) varies with the incident light wavelength. This relationship 
between the photocathode and the incident light wavelength is referred to as the spectral response 
characteristics. In general, the spectral response characteristics are expressed in terms of radiant sensitivity 
and quantum efficiency.

(1) Radiant sensitivity
Radiant sensitivity is defined as the photoelectric current generated by the photocathode divided by 
the incident radiant flux (W) at a given wavelength, expressed in units of amperes per watts (A/W). 
Furthermore, relative spectral response characteristics in which the maximum radiant sensitivity is 
normalized to 100 percent are also conveniently used.

(2) Quantum efficiency
Quantum efficiency is the number of photoelectrons emitted from the photocathode divided by the num-
ber of incident photons. Quantum efficiency is symbolized by η and is generally expressed as a percent. 
Incident photons transfer energy to electrons in the valence band of a photocathode, however not all 
of these electrons are emitted as photoelectrons. This photoemission takes place according to a certain 
probability process. Photons at shorter wavelengths carry higher energy per photon compared to photons 
at longer wavelengths and contribute to an increase in the photoemission probability.

(3) Measurement and calculation of spectral response characteristics
To measure radiant sensitivity and quantum efficiency, a standard phototube or semiconductor detector 
which is precisely calibrated is used as a secondary standard. At first, the incident radiant flux LP at the 
wavelength of interest is measured with the standard phototube or semiconductor detector. Next, the 
photocurrent IK of the photomultiplier tube to be evaluated is measured. Then the radiant sensitivity Sk (A/
W) of the photomultiplier tube can be calculated from the following equation:

Figure 4-5: Spectral transmittance of window materials
THBV4_0405EA
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©Hamamatsu Photonics K.K. (modified)
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Dynode Discrete Type
• Multi-stage photoelectron multiplication 
• Different dynode structures

 2.4     Electron multiplier (dynode) 19

Figure 2-6: Secondary emission model of electron multiplier
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2.4 Electron multiplier (dynode)
As stated above, the potential distribution and electrode structure of a photomultiplier tube is designed to 
provide optimum performance. Photoelectrons emitted from the photocathode are multiplied by the first 
stage through the last stage (up to 19 stages) in the electron multiplier, with current amplification ranging 
from 10 to as much as 108 times, and are finally sent to the anode.
Major secondary emissive materials17)-21) generally used are alkali antimonide (Sb), beryllium oxide (BeO), 
and magnesium oxide (MgO). These materials are coated onto a substrate electrode made of nickel, stain-
less steel, or copper-beryllium alloy. Figure 2-6 shows a model of the secondary emission multiplication of 
an electron multiplier.

Figure 2-7: Secondary emission ratio
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Figure 4-12: Types of electron multipliers
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4.2 Basic Characteristics of Dynodes
This section introduces typical dynode types currently in use and describes their basic characteristics: 
collection efficiency and gain (current amplification).

4.2.1 Dynode types and features
There are a variety of dynode types available and each type exhibits different gain, time response and lin-
earity depending upon the structure and the number of stages. The optimum dynode type must be selected 
according to application. Figure 4-12 illustrates the cross sectional views of typical dynodes and their fea-
tures are briefly discussed in the following sections. The mesh type is explained in detail in chapter 9. The 
microchannel plate type is explained in detail in chapter 11. The electron bombardment type is explained in 
detail in Chapter 12.
There are also combination dynodes such as a box-and-line type and a circular and linear-focused  type that 
utilize the advantage of each dynode.
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Figure 2-3: Circular-cage type
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2.3 Electron Trajectory
In order to collect photoelectrons and secondary electrons efficiently on a dynode and also to minimize 
the electron transit time spread, electrode design must be optimized through an analysis of the electron 
trajectories.12)-16)
Electron movement in a photomultiplier tube is affected by the electric field which is dominated by the 
electrode configuration, arrangement, and also the voltage applied to the electrode. The electron trajectories 
are determined by finding the potential distribution and solving the equation for motion.
The electron trajectories from the photocathode to the first dynode must be carefully designed in 
consideration of the photocathode shape (planar or spherical window), the shape and arrangement of 
the focusing electrode, and the supply voltage, so that the photoelectrons emitted from the photocathode 
are efficiently focused onto the first dynode. The collection efficiency of the first dynode is the ratio 
of the number of electrons landing on the effective area of the first dynode to the number of emitted 
photoelectrons. This is usually from 60 to 90 percent.
The second and subsequent dynodes in the electron multiplier usually consist of several to more than ten 
stages of secondary-emissive electrodes having a curved surface. Figures 2-3, 2-4 and 2-5 show typical 
electron trajectories of a circular-cage, linear-focused, and metal channel type of electron multipliers.

Figure 2-4: Linear-focused type
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Figure 4-12: Types of electron multipliers
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Types of electron multipliers

4.2 Basic Characteristics of Dynodes
This section introduces typical dynode types currently in use and describes their basic characteristics: 
collection efficiency and gain (current amplification).

4.2.1 Dynode types and features
There are a variety of dynode types available and each type exhibits different gain, time response and lin-
earity depending upon the structure and the number of stages. The optimum dynode type must be selected 
according to application. Figure 4-12 illustrates the cross sectional views of typical dynodes and their fea-
tures are briefly discussed in the following sections. The mesh type is explained in detail in chapter 9. The 
microchannel plate type is explained in detail in chapter 11. The electron bombardment type is explained in 
detail in Chapter 12.
There are also combination dynodes such as a box-and-line type and a circular and linear-focused  type that 
utilize the advantage of each dynode.
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Figure 4-12: Types of electron multipliers
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4.2 Basic Characteristics of Dynodes
This section introduces typical dynode types currently in use and describes their basic characteristics: 
collection efficiency and gain (current amplification).

4.2.1 Dynode types and features
There are a variety of dynode types available and each type exhibits different gain, time response and lin-
earity depending upon the structure and the number of stages. The optimum dynode type must be selected 
according to application. Figure 4-12 illustrates the cross sectional views of typical dynodes and their fea-
tures are briefly discussed in the following sections. The mesh type is explained in detail in chapter 9. The 
microchannel plate type is explained in detail in chapter 11. The electron bombardment type is explained in 
detail in Chapter 12.
There are also combination dynodes such as a box-and-line type and a circular and linear-focused  type that 
utilize the advantage of each dynode.

Circular cage 
• Compact, high speed Box-and-grid 

• High collection efficiency

Linear focused 
• Fast response, good linearity

Venetian blind 
• Suitable for large diameter
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4.2 Basic Characteristics of Dynodes
This section introduces typical dynode types currently in use and describes their basic characteristics: 
collection efficiency and gain (current amplification).

4.2.1 Dynode types and features
There are a variety of dynode types available and each type exhibits different gain, time response and lin-
earity depending upon the structure and the number of stages. The optimum dynode type must be selected 
according to application. Figure 4-12 illustrates the cross sectional views of typical dynodes and their fea-
tures are briefly discussed in the following sections. The mesh type is explained in detail in chapter 9. The 
microchannel plate type is explained in detail in chapter 11. The electron bombardment type is explained in 
detail in Chapter 12.
There are also combination dynodes such as a box-and-line type and a circular and linear-focused  type that 
utilize the advantage of each dynode.

Fine mesh 
• Good immunity to B-field
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4.2 Basic Characteristics of Dynodes
This section introduces typical dynode types currently in use and describes their basic characteristics: 
collection efficiency and gain (current amplification).

4.2.1 Dynode types and features
There are a variety of dynode types available and each type exhibits different gain, time response and lin-
earity depending upon the structure and the number of stages. The optimum dynode type must be selected 
according to application. Figure 4-12 illustrates the cross sectional views of typical dynodes and their fea-
tures are briefly discussed in the following sections. The mesh type is explained in detail in chapter 9. The 
microchannel plate type is explained in detail in chapter 11. The electron bombardment type is explained in 
detail in Chapter 12.
There are also combination dynodes such as a box-and-line type and a circular and linear-focused  type that 
utilize the advantage of each dynode.

Metal channel 
• Compact, high speed

Secondary electron emission 
at dynode
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Dynode Non-discrete Type
• Micro Channel Plate (MCP) 

• Electron multiplication in micro glass capillaries (channels) 
→MCP-PMT 

• Silicon device as electron multiplier 
• Photo-diode (PD), Avalanche photo-diode (APD) 
• Hybrid PMT 
→HPD, HAPD 

 212 CHAPTER 11    Microchannel Plate-Photomultiplier Tube

MCPs are quite different in structure and operation from conventional discrete dynodes and therefore offer 
the following outstanding features:

1) Compact and lightweight
2) Fast time response
3) Two-dimensional detection with high spatial resolution
4) Stable operation even in high magnetic fields
5) Sensitive to charged particles, ultraviolet radiation, X rays, gamma rays, and neutrons
6) Low power consumption

There are various types of detectors that utilize the advantages offered by MCP, for example fast time re-
sponse photomultiplier tubes that incorporate an MCP (MCP-PMT), image intensifiers for low-light-level 
imaging, and streak tubes for ultra-fast photometry.

Figure 11-1: Schematic structure of an MCP and its principle of multiplication
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11.1 Structure

11.1.1   Structure of MCP
Figure 11-1 (a) shows the schematic structure of an MCP. The MCP consists of a two-dimensional array of 
a great number of glass capillaries (channels) bundled in parallel and formed into the shape of a thin disk. 
Each channel has an internal diameter ranging from 6 to 25 microns with the inner wall processed to have 
the proper electrical resistance and secondary emissive properties. Accordingly, each channel acts as an 
independent electron multiplier. The cross section of a channel and its principle of multiplication are illus-
trated in Figure 11-1 (b). When a primary electron impinges on the inner wall of a channel, secondary elec-
trons are emitted. Being accelerated by the electric field created by the voltage VD applied across both ends 
of the MCP, these secondary electrons bombard the channel wall again to produce additional secondary 
electrons. This process is repeated many times along the channel and as a result, a large number of electrons 
are released from the output end.

 230 CHAPTER 12    HPD (Hybrid Photo-Detector)

Figure 12-2: Electron bombardment gain characteristics

Figure 12-1: Schematic principle of an HPD
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12.1 Operating Principle of HPD
Figure 12-1 shows the operating principle of an HPD. The HPD consists of a photocathode that converts 
light into electrons and a semiconductor device (avalanche diode or AD) designed for electron bombard-
ment, sealed into a vacuum tube. When light enters the photocathode, photoelectrons are emitted from the 
photocathode according to the amount of light. These photoelectrons are accelerated by a high negative 
voltage ranging from a few to about 10 kilovolts supplied to the photocathode and are then bombarded onto 
the avalanche diode where electron-hole pairs are generated according to the incident energy of the photo-
electrons. This is called "electron bombardment gain." A typical relation between this electron bombard-
ment gain and the photocathode supply voltage is plotted in Figure 12-2. This electron bombardment gain 
is in principle proportional to the photocathode supply voltage. However, there is actually a loss of energy 
during electron bombardment due to the insensitive surface layer of the avalanche diode, so their propor-
tional relation does not hold at a low voltage. In Figure 12-2, the voltage at a point on the voltage axis (hori-
zontal axis) where the dotted line intersects is called the threshold voltage [Vth].

MCP

APD
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Voltage Divider
• Electron multiplication at multistage dynodes 

• Voltage divider circuit to provide proper voltage gradient over dynodes 
• Two types of grounding scheme: anode grounded & cathode grounded 
• Anode grounded 

• Both pulse and DC mode operations are possible 
• Cathode grounded 

• Only pulse mode is possible 
• Safer coupling between detector medium (scintillator) and PMT 
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Figure 5-2: Voltage-divider circuit example (anode grounded) Figure 5-3: Voltage-divider circuit 
example for photomultiplier tube

Figure 5-1: Schematic representation of photomultiplier tube operation
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Voltage-divider circuit example (anode grounded)
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In practice, as shown in Figure 5-2, the interstage voltage for each electrode is supplied by using voltage-
divider resistors (100 kilohms to 1 megohms) connected between the cathode and the anode. In some cases, 
transistors or Zener diodes are used with voltage-divider resistors. These circuits are known as voltage-
divider circuits. Voltage-divider circuits for typical photomultiplier tubes are designed to have a voltage 
division ratio suitable for each type of photomultiplier tubes.
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5.1 Voltage-Divider Circuits

5.1.1   Basic operation of voltage-divider circuits
To operate a photomultiplier tube, a high voltage of 500 to 3000 volts is usually supplied between the cath-
ode (K) and the anode or plate (P), with a proper voltage gradient set up along the photoelectron focusing 
electrode (F) or grid (G), secondary electron multiplier consisting of about 10 stages of electrodes or dyn-
odes (Dy) and depending on the photomultiplier tube type, an accelerating electrode or accelerator (Acc). 
Figure 5-1 shows a schematic representation of photomultiplier tube operation using independent multiple 
power supplies but is not actually a practical method. Instead, a voltage-divider circuit is commonly used 
that divides the output of a single high voltage power supply by using resistors.

Anode grounded
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............................................................................... (Eq. 5-1)

5.1.2   Anode grounding and cathode grounding
As shown in Figure 5-2, the general technique used for voltage-divider circuits is to ground the anode and 
apply a large negative voltage (-HV) to the cathode. This scheme eliminates the potential voltage difference 
between the photomultiplier tube anode and the external circuit, making it easier to connect to an ammeter 
or current-to-voltage conversion amplifier (operational amplifier). This scheme provides a signal output in 
both DC and pulse modes and so is used in many applications.
In this anode grounding scheme however, if a grounded metal holder, housing or magnetic shield case is 
brought near the glass bulb of the photomultiplier tube or makes contact with the glass bulb, electrons in the 
photomultiplier tube are attracted toward the ground potential near the bulb and strike the inner wall of the 
bulb. This may produce a glass scintillation resulting in a significant increase in noise. Also, in the case of 
head-on photomultiplier tubes, if the bulb or faceplate near the cathode is grounded, the slight conductivity 
of the glass material causes a small current to flow between the cathode and the ground. This may cause 
electrical damage to the photocathode and possibly lead to drastic deterioration. For this reason, extreme 
care must be taken when designing a housing for photomultiplier tubes or using an electromagnetic shield 
case. It is also very important to ensure that the materials have sufficiently good insulation properties when 
wrapping the bulb of a photomultiplier tube with foam rubber or similar shock-absorbing materials before 
mounting the tube within its electromagnetic shield case at ground potential. 
The above problems with the anode grounding scheme can be solved by “HA treatment” in which the 
bulb surface is coated with black conductive paint and connected to a point at cathode potential, and the 
conductive coating further covered with an insulating material for safety. However, in photon counting 
and scintillation counting where a grounded scintillator is usually coupled directly to the faceplate of a 
photomultiplier tube, the cathode is grounded with a high positive voltage applied to the anode as shown 
in Figure 5-4. This grounded cathode scheme uses a coupling capacitor (Cc) to separate the positive high 
voltage (+HV) applied to the anode from the signal and cannot extract a DC signal and so is only used for 
pulse output. In scintillation counting using this voltage-divider circuit, a problem concerning baseline shift 
may occur if the count rate increases to a very high level, or noise may be generated if a leakage current is 
present in the coupling capacitor, so care should be taken regarding these points.

The current Id flowing through the voltage-divider circuit shown in Figures 5-2 is called the voltage-divider 
current, and is closely related to the output linearity described later. The divider current Id is approximately 
the supply voltage V (= -HV) divided by the sum of the resistor values as given by the following equation (Eq. 
5-1).

Id = V
(R1+R2+R3+R4+R5)

Figure 5-4: Voltage-divider circuit with grounded cathode
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• Secondary emission ratio δ 
• Average # photoelectrons emitted per incident 

photoelectron at each dynode 
• Dependent on inter-dynode voltage ΔV (=HV/

(n+1)) 
• Poisson fluctuation of  δ (√δ)→ ｍain source of 

gain fluctuation 
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Figure 4-15: Gain vs. supply voltage
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where A should be equal to an/(n+1)kn. From this equation, it is clear that the gain µ is proportional to the 
kn exponential power of the supply voltage. Figure 4-15 shows typical gain vs. supply voltage. Since 
Figure 4-15 is expressed in logarithmic scale for both the abscissa and ordinate, the slope of the straight 
line becomes kn and the current multiplication increases with the increasing supply voltage. This means 
that the gain of a photomultiplier tube is susceptible to variations in the high voltage power supply, such 
as drift, ripple, temperature stability, input regulation, and load regulation.

............................................................... (Eq. 4-9)

......................................................................................... (Eq. 4-8)

......................................................................................... (Eq. 4-7)

...................................................................................... (Eq. 4-6)

........................................................................................................ (Eq. 4-5)

µ = (a·Ek)n = an( )kn = A·VknV
n+1

Accordingly, in the case of a photomultiplier tube with α=1 and the number of dynode stages = n, which 
is operated using an equally-distributed divider, the gain µ changes in relation to the supply voltage V, as 
follows:

µ = α·δ1·δ2···δn   

where α is the collection efficiency.
The product of α · δ1 · δ2 ····· δn is called the gain µ (current amplification), and is given by the following 
equation:

Then

The anode current Ip is given by the following equation:

= α·δ1·δ2···δn
Ip
Ik

Ip = Ik·α·δ1·δ2···δn

δn = Idn

Id(n-1)

These electrons are multiplied in a cascade process from the first dynode → second dynode → ....
the n-th dynode. The secondary emission ratio δn of n-th stage is given by

δ i ∝ ΔV k    k = 0.7 − 0.8

G = δ1 ⋅δ 2!δ n ∝ HV kn

Gain
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Figure 2-6: Secondary emission model of electron multiplier
THBV4_0206EA

THBV4_0206EA

Secondary emission of dynode

SECONDARY
EMISSIVE
SURFACE

SUBSTRATE ELECTRODE

PRIMARY ELECTRON SECONDARY
ELECTRONS

2.4 Electron multiplier (dynode)
As stated above, the potential distribution and electrode structure of a photomultiplier tube is designed to 
provide optimum performance. Photoelectrons emitted from the photocathode are multiplied by the first 
stage through the last stage (up to 19 stages) in the electron multiplier, with current amplification ranging 
from 10 to as much as 108 times, and are finally sent to the anode.
Major secondary emissive materials17)-21) generally used are alkali antimonide (Sb), beryllium oxide (BeO), 
and magnesium oxide (MgO). These materials are coated onto a substrate electrode made of nickel, stain-
less steel, or copper-beryllium alloy. Figure 2-6 shows a model of the secondary emission multiplication of 
an electron multiplier.

Figure 2-7: Secondary emission ratio
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Time Response

• Parameters for photo-detector time response 
• Waveform (rise-time, fall-time, S/N) 
• Spread of electron transit time (Transit Time Spread, 

T.T.S.) 
• PMT is a fast photo-detector 

• Carefully designed electron trajectories with minimum 
TTS 

• TTS < 1ns 
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The time response is mainly determined by the dynode type, but also depends on the supply voltage. In-
creasing the electric field intensity or supply voltage improves the electron transit speed and thus shortens 
the transit time. In general, the time response improves in inverse proportion to the square root of the sup-
ply voltage. Figure 4-17 shows typical time characteristics vs. supply voltage. 
The following section explains the definitions of photomultiplier tube time characteristics and their mea-
surement methods.

(1) Rise time, fall time, and electron transit time
Figure 4-18 shows a block diagram for time response measurements and Figure 4-19 illustrates the defi-
nitions of the rise time, fall time, and electron transit time of a photomultiplier tube output.

Figure 4-19: Definitions of rise/fall times and electron transit time

Figure 4-18: Measurement block diagram for rise/fall times and electron transit time
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Definitions of rise/fall times and electron transit timeAs the light source, a laser diode is used that emits a sufficiently short pulse of light relative to the time 
characteristics of the photomultiplier tube and so can be regarded as a delta-function light source. A 
high-speed oscilloscope is used to acquire an output waveform of the photomultiplier tube in real-time 
or sampling mode. This output waveform is composed of waveforms which are produced by electrons 
emitted from every position of the photocathode. Therefore, the rise and fall times are mainly deter-
mined by the electron transit time difference that depends on the incident light position and also by the 
electric field distribution and intensity (supply voltage) between the electrodes.
As indicated in Figure 4-19, the rise time is defined as the time for the output pulse to increase from 10 
to 90 percent of the peak pulse height. Conversely, the fall time is defined as the time required to de-
crease from 90 to 10 percent of the peak output pulse height. In time response measurements where the 
rise and fall times are critical, a waveform distortion tends to occur and so proper impedance matching 
must be provided. In some cases, a voltage-divider circuit with damping resistors is used. (See section 
5.1.5 of Chapter 5.) THBV4_0418EA
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Figure 4-22: T.T.S. (Transit Time Spread)
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In this measurement, a trigger signal from the pulsed laser is passed through the delay circuit and then 
fed as the start to the T.A.C. (Time-to-Amplitude Converter) which converts the time difference into 
pulse height. Meanwhile, the output from the photomultiplier tube is fed as the stop signal to the T.A.C. 
via the C.F.D. (Constant Fraction Discriminator) which reduces the time jitter resulting from fluctua-
tion of the pulse height. The T.A.C. generates a pulse height proportional to the time interval between 
the "start" and "stop" signals. This pulse is fed to the M.C.A. (Multichannel Analyzer) for pulse height 
analysis. Since the time interval between the "start" and "stop" signals corresponds to the electron transit 
time, a histogram displayed on the M.C.A., by integrating individual pulse height values many times in 
the memory, indicates the statistical spread of the electron transit time. At Hamamatsu Photonics, the 
T.T.S. is usually expressed in the FWHM of this histogram, but it may also be expressed in standard de-
viation. When the histogram shows a Gaussian distribution, the FWHM is equal to a value which is 2.35 
times the standard deviation. The T.T.S. improves as the number of photoelectrons per pulse increases, 
in inverse proportion to the square root of the number of photoelectrons. This relation is shown in Figure 
4-23.
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4.3 Characteristics of Photomultiplier Tubes
This section describes important characteristics for photomultiplier tube operation and their evaluation 
methods, and photomultiplier tube usage.

4.3.1 Time characteristics
The photomultiplier tube is a photodetector that has an exceptionally fast time response.1) 23)-27) The time 
response is determined primarily by the transit time required for the photoelectrons emitted from the pho-
tocathode to reach the anode after being multiplied as well as the transit time difference between each pho-
toelectron. Accordingly, fast response photomultiplier tubes are designed to have a spherical inner window 
and carefully engineered electrodes so that the transit time difference can be minimized.
Table 4-3 lists the timing characteristics of 52-millimeter diameter head-on photomultiplier tubes categorized 
by their dynode type. As can be seen from the table, the linear-focused type and metal channel type exhibit the 
best time characteristics, while the box-and-grid and venetian blind types show rather poor properties.

Unit: ns

0.7 to 3
3.4

 to 7
 to 7

2.5 to 2.7
0.65 to 1.5

1 to 10
10
25
25

4 to 6
1 to 3

1.3 to 5
7

13 to 20
25
5

1.5 to 3

16 to 50
31

57 to 70
60
15

4.7 to 8.8

0.37 to 1.1
3.6

 Less than 10
 Less than 10

Less than 0.45
0.4

Linear-focused
Circular-cage
Box-and-grid
Venetian blind
Mesh
Metal channel

T.T.S.: Transit Time Spread

Rise timeDynode type Fall time Pulse width 
(FWHM)

Electron transit 
time T.T.S.

Table 4-3: Time characteristics (52-mm diameter head-on photomultiplier tubes)
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Figure 4-21: Block diagram for T.T.S. measurement
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(2) T.T.S. (Transit Time Spread)
When a photocathode is fully illuminated with single photons, the transit time of each photoelectron 
pulse has a fluctuation. This fluctuation is called T.T.S. (Transit Time Spread). A block diagram for T.T.S. 
measurement is shown in Figure 4-21 and typical measured data is shown in Figure 4-22.
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Output waveform
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FALL TIME: 2.92 ns
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Figure 4-20: Output waveform
THBV4_0420EA

Figure 4-20 shows an actual output waveform 
obtained from a photomultiplier tube. In gen-
eral, the fall time is two to three times longer 
than the rise time. This means that when 
measuring repetitive pulses, care must be tak-
en so that each output pulse does not overlap. 
The FWHM (full width at half maximum) of 
the output pulse will usually be about 1.5 to 2 
times the rise time. 
The electron transit time is the time inter-
val between the arrival of a light pulse at 
the photocathode and the appearance of the 
output pulse. To measure the electron transit 
time, a PIN photodiode is placed as reference 
(0 seconds) at the same position as the photo-
multiplier tube photocathode. The time inter-
val between the instant the PIN photodiode 
detects a light pulse and the instant the output 
pulse of the photomultiplier tube reaches its 
peak amplitude is measured. This transit time 
is a useful parameter in determining the delay 
time of a measurement system in such appli-
cations as fluorescence lifetime measurement 
using repetitive light pulses.

Typical PMT signal

Transit Time Spread (TTS)
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Effect of External Magnetic Field
• PMT is quite sensitive to external magnetic field 

• Electron trajectory can easily be modified 
• Somewhat dependent on dynode type 
• Easily affected even by earth magnetic field (~0.05mT) → need magnetic shield! 

• Some PMT type has moderate immunity, but strongly dependent 
on B-field direction 
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Figure 13-8: Magnetic characteristics of typical photomultiplier tubes
THBV4_1308EA

It is preferable that the photomultiplier tube be used in locations where no magnetic source is present. In 
particular, avoid using the photomultiplier tube near such devices as transformers and magnets. If the pho-
tomultiplier tube must be operated in a magnetic field, be sure to use a magnetic shield case. Refer to sec-
tion 5.4 of Chapter 5 for more details and specific usage of magnetic shield cases.
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13.3 Effects of External Magnetic Fields

13.3.1   Magnetic characteristics
In photomultiplier tube operation, because electrons travel along a long path in a vacuum, their trajectories 
are affected by even a slight magnetic field such as terrestrial magnetism, possibly causing an anode 
sensitivity variation. A prime reason for this sensitivity variation is that the electron trajectories are affected 
by the magnetic fields. Particularly, photomultiplier tubes having a long distance between the photocathode 
and the first dynode or a small first-dynode opening in comparison with the photocathode area are more 
vulnerable to effects of a magnetic field. For most head-on photomultiplier tubes, the anode sensitivity 
will be reduced by as much as 50 percent by a magnetic flux density of below 0.1 to several milliteslas. 
The sensitivity is most vulnerable to a magnetic flux in the direction parallel to the photocathode surface 
(X axis). Side-on photomultiplier tubes area less affected by magnetic fields since the distance from the 
photocathode to the first dynode is short. The magnetic flux density at which the anode sensitivity reduces 
50 percent is approximately 3.5 milliteslas for 28 mm (1-1/8 inch) side-on types. Metal-package type 
photomultiplier tubes (R9880 series) offer excellent immunity to magnetic fields because they have a short 
distance from the photocathode to the first dynode and the metal case has magnetic shield effects. Figure 
13-8 shows the effects of magnetic fields on typical photomultiplier tubes. Also note that the higher the 
supply voltage to a photomultiplier tube, the less the effects of magnetic fields.
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13.3.3   Magnetization
Some dynode substrates are made from nickel with magnetic properties, and the photomultiplier tube 
leads and electrodes are also made from metals which can be magnetized. There will be no problem as 
long as the photomultiplier tube is operated in a weak magnetic field such as from terrestrial magnetism. 
If the magnetic field strength increases and exceeds the initial permeability of the dynode substrate and 
electrode materials, they will remain magnetized even after the magnetic field has been removed (residual 
magnetism). The gain after the magnetic field has once been applied will differ from that before the 
magnetic field is applied. If magnetized, they can be demagnetized by applying an AC magnetic field to the 
photomultiplier tube and gradually attenuating it.

In applications where a photomultiplier tube must be used in a highly magnetic field or magnetization of 
the tube is unwanted, photomultiplier tubes made of nonmagnetic materials are required. Photomultiplier 
tubes for highly magnetic fields use nonmagnetic materials for the dynode substrate, and so is capable of 
stable operation in highly magnetic fields and also minimal magnetization.

Figure 13-10: Magnetic characteristics of photomultiplier tubes for highly magnetic fields (2)
THBV4_1310EAb

THBV4_1310EAb

Magnetic characteristics of photomultiplier tubes for highly magnetic fields (2)
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MCP-PMT
• MCP 

• Thin glass plate with many micro channels 
• Performance 

• High gain of 106 with two stage MCP 
• Excellent time performance (TTS~50ps) 
• Operational in B-field 
• Position sensitive by segmented anode readout 

• Ageing issue  
• Photocathode damaged by neutral gas and feedback ion from MCP 

 212 CHAPTER 11    Microchannel Plate-Photomultiplier Tube

MCPs are quite different in structure and operation from conventional discrete dynodes and therefore offer 
the following outstanding features:

1) Compact and lightweight
2) Fast time response
3) Two-dimensional detection with high spatial resolution
4) Stable operation even in high magnetic fields
5) Sensitive to charged particles, ultraviolet radiation, X rays, gamma rays, and neutrons
6) Low power consumption

There are various types of detectors that utilize the advantages offered by MCP, for example fast time re-
sponse photomultiplier tubes that incorporate an MCP (MCP-PMT), image intensifiers for low-light-level 
imaging, and streak tubes for ultra-fast photometry.

Figure 11-1: Schematic structure of an MCP and its principle of multiplication
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Schematic structure of an MCP and its principle of multiplication

(a) Schematic structure of an MCP (b) Principle of multiplication
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11.1 Structure

11.1.1   Structure of MCP
Figure 11-1 (a) shows the schematic structure of an MCP. The MCP consists of a two-dimensional array of 
a great number of glass capillaries (channels) bundled in parallel and formed into the shape of a thin disk. 
Each channel has an internal diameter ranging from 6 to 25 microns with the inner wall processed to have 
the proper electrical resistance and secondary emissive properties. Accordingly, each channel acts as an 
independent electron multiplier. The cross section of a channel and its principle of multiplication are illus-
trated in Figure 11-1 (b). When a primary electron impinges on the inner wall of a channel, secondary elec-
trons are emitted. Being accelerated by the electric field created by the voltage VD applied across both ends 
of the MCP, these secondary electrons bombard the channel wall again to produce additional secondary 
electrons. This process is repeated many times along the channel and as a result, a large number of electrons 
are released from the output end.
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Figure 4-12: Types of electron multipliers
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Types of electron multipliers

4.2 Basic Characteristics of Dynodes
This section introduces typical dynode types currently in use and describes their basic characteristics: 
collection efficiency and gain (current amplification).

4.2.1 Dynode types and features
There are a variety of dynode types available and each type exhibits different gain, time response and lin-
earity depending upon the structure and the number of stages. The optimum dynode type must be selected 
according to application. Figure 4-12 illustrates the cross sectional views of typical dynodes and their fea-
tures are briefly discussed in the following sections. The mesh type is explained in detail in chapter 9. The 
microchannel plate type is explained in detail in chapter 11. The electron bombardment type is explained in 
detail in Chapter 12.
There are also combination dynodes such as a box-and-line type and a circular and linear-focused  type that 
utilize the advantage of each dynode.

d=3-25μm

L=500μm
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MCP-PMT for Belle II TOP Counter
• Belle II Time-Of-Propagation (TOP) counter 

• Based on DIRC (Detection of Internally Reflected Cherenkov light) concept 
• Linear array of MCP-PMT to measure one coordinate and time of propagation → 

2D image reconstruction 
• Excellent K-π separation 

• Short lifetime issue 
• Photocathode damaged by neutral gas and feedback ion from MCP 
• Extension of lifetime by ALD (atomic layer deposition) coating on MCP 

(a) Photograph (b) Part of the cross
section.

Fig. 1. Photograph (a) and part of the cross section (b) of the MCP-PMT.

2. Improvement of the lifetime

To improve the lifetime of the ALD MCP-PMT, some processes to reduce the residual gas were
applied. Eight ALD MCP-PMT samples with those processes were produced to evaluate the effect on
the lifetime. The measured lifetime for those samples are shown bellow.

2.1 Setup of the lifetime measurement
Figures 2 and 3 show the setup of the lifetime measurement. An LED emits several photons at

a repetition rate of 100 kHz to degrade the photocathode. The output charge from the MCP-PMT is
measured by a CAMAC ADC during the LED run. A single photon laser with 400 nm wavelength is
used to monitor the variation of the QE by measuring the relative hit rate. The hit rate is measured
by a CAMAC TDC. A reference PMT is used to check the intensity of the laser. The absolute QE

Fig. 2. Block diagram of the lifetime measurement setup.

spectrum is measured between an interval of the lifetime test in another test bench by using light from
a xenon lamp [6].

2.2 Result of the lifetime measurement
Figure 4 shows the result of the lifetime measurement. The lifetime is calculated by Eq.1. The

relative QE at 400 nm did not drop significancy for some samples. For those samples, the lower
bound of the lifetime was estimated from the QE drop at a longer wavelength, which was more
significant than the one at 400 nm. All samples have a longer lifetime than 13.6 C/cm2. Therefore,
it was confirmed that the lifetime is improved by the additional processes. These types are called
life-extended ALD MCP-PMTs.

2

Fig. 3. Photograph of the inside of the dark box.

Fig. 4. Result of the lifetime measurement. The dots with an error bar represent the relative QE measured by
the hit rate of the MCP-PMT. The round points show the result of the absolute QE measurement. The vertical
black dashed line shows the accumulated charge estimation at 50 ab−1 of the Belle II integrated luminosity at
5.0 × 105 gain of the MCP-PMT.

2.3 MCP-PMT without the Al layer
We made two life-extended ALD MCP-PMTs without the Al layer on the second MCP to inves-

tigate the residual gas from the second MCP. Figure 5 shows the result of the lifetime measurement
of two samples. The lifetime was 3.3 C/cm2 and 3.8 C/cm2. They have a shorter lifetime than the
ALD types with the Al layer. It indicates the residual gas from the second MCP is still a dominant
factor of the QE drops.

3. After-pulse measurement

3.1 After-pulse and feedback ion
The lifetime of the MCP-PMT is yet shorter than usual PMTs. To utilize the MCP-PMT in other

high intensity experiments, further study for extension of the lifetime is necessary. To understand
the mechanism of the QE drop, we measured the effect of the feedback ions. The ion species are
identified by analyzing the after-pulse distribution. The multiplied electrons ionize the residual gas,
which are fed back to the photocathode along the electric field. When they reach and react with the
photocathode, some electrons are emitted. They are the source of the after-pulse. The delay time with
respect to the photon signal is related to the flight time of the ion. It can be written as a function of the
mass of the ion (mion) and the applied voltage (V): t ∝ √mion/V . Therefore, the feedback ion species

3
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LAPPD
• Large Area Picosecond Photo Detector (LAPPD™) 

• MCP-based large area (and affordable) photodetector with 
picosecond timing 

• Performance 
• Large area 20cm×20cm 
• High gain 107 

• Excellent uniformity 
• High photocathode QE 

• Low dark noise rate (100Hz/cm2 @gain=6×106) 
• mm position resolution (electronics limited) 
• Timing resolution < 50ps (electronics limited) 

• Possible applications 
• Neutrino experiments 
• Collider experiments 
• 0νββ experiments 
• Medical 

(a) (b)

Figure 1: a) Exploded view of LAPPD showing glass detector enclosure, glass

x-spacers and MCPs b) A photograph of an LAPPD.

Figure 2: The LAPPD in the dark box enclosed in Ultem housing with high

voltage connectors, and SMA connectors for signal readout.

impedance. Gain was measured as a function of MCP volt-

age, using a charge sensitive amplifier and an ADC, and subse-

quently measured using DRS4 [9] waveform samplers.

Photocathode uniformity. The quantum e�ciency of the pho-

tocathode was measured across the LAPPD window by scan-

ning a 365 nm UV LED in an X-Y pattern of 3mm steps.

The LED light was focused onto LAPPD window with a small

lens resulting in an illuminated area of �2.5 mm in diameter.

The intensity of the input light was measured with a Thorlabs

SM1PD2A photodiode, and a Keithley 6485 picoammeter. The

photocurrent was collected and measured by connecting both

sides of the entry MCP to a Keithley 2400 sourcemeter, with

a 42 volt bias voltage between the MCP and the photocathode.

The quantum e�ciency is calculated from the ratio of these two

quantities, less the dark current in each.

Gain measurements. Single photoelectron MCP pulses for the

gain measurement were produced by directing a 405 nm 63 ps

FWHM laser pulse from PiLas model PiL040-FC laser to a se-

lected point on the LAPPD window. The laser was triggered

externally at various rates. The trigger pulse was also used

to provide a 12 µS window for the ADC, so the pulse height

analyzer could detect charge pulses from the LAPPD response

from the laser, if there were any, with minimal inclusion of dark

pulses. A neutral density filter (NE540B from Thorlabs) was

used on the laser to reduce the intensity to the single photon

level. Assuming the number of photoelectrons follows Pois-

son distribution the average number of photoelectrons per laser

pulse should not exceed 0.22 [10]. In this case the probabil-

ity of producing more than one photoelectron is statistically

suppressed at 90% level. The LAPPD responded to 4 out of

every 20 laser pulses thus satisfying this condition. Gain mea-

surements were also made using waveform sampling where the

time/charge area of each MCP pulse is used to infer the charge

in the pulse.

Dark Count Rate. The Dark Count Rate was measured by a

direct readout of LAPPD dark pulses with a 1GHz bandwidth

oscilloscope at a threshold of 4mV.

Timing Resolution. The time variation between the initiation

of a photoelectron and the arrival of the MCP pulse at the end

of a strip is of interest for timing applications. This variation

represents the timing uncertainty of the LAPPD. The time vari-

ation was measured as follows. 63 ps FWHM 405 nm laser

pulse was simultaneously fed onto a fast photodiode and tested

LAPPD using a beam splitter. The laser intensity to LAPPD

was reduced by neutral density filters to produce single photo-

electrons. The time di�erence between the monitor pulse and

the corresponding pulse from a single strip was measured by

analyzing waveforms from DRS4 waveform samplers. There is

also a �25 ps jitter in the width of the DRS4 timesteps, which

is not corrected here. Hence, the quality of the measurement

is somewhat environment-dependent, and the result here may

not be the best achievable with the LAPPD. The LAPPD transit

time variation may be extracted as a sum of squared variations

as �2

meas = �
2

LAPPD + �
2

laser, where �meas being the measured

time variation, �LAPPD is the Transit Time Spread of the tested

LAPPD and �laser is the width of the laser pulse.

Spatial Resolution. DRS4 waveform samplers were also used

to determine spatial resolutions for single photoelectrons scan-

ning both along-strips as well as across-strips. In the presented

version of LAPPD the strips were 5.2 mm wide spaced by 1.7

mm gaps. X-Y position of the MCP charge cloud deposition

may be measured with the LAPPD microstrip anode as follows.

Along a strip, the position of the charge pulse may be inferred

by measuring the relative time of arrival of pulses at each end

of the strip, as the charge deposited by the MCP makes its way

to ground at both ends. Timing variability at a given position

provides the uncertainty of the position. Across-strip position is

determined from a ”center of mass” calculation that uses charge

measured on five (or more) adjacent strips. The centroids are

derived using distribution of the signal between five (or more)

adjacent as a function of incident laser cross-strip position.

4. Results

Photocathode quality. Examples of QE scans for the four

consecutively sealed LAPPD37, LAPPD38, LAPPD39 and

LAPPD40 measured at 365 nm are shown in Figure 3. The

mean QE at 365 nm was measured to be 24.3%, 17.8%, 25.3%

and 17.1% respectively. Lower QE measured in LAPPD38

and LAPPD40 are due to non-optimal photocathode deposition

(temperature, vacuum etc.). At optimal deposition conditions

QE values exceeding >20% were demonstrated.

2

Figure 3: QE maps measured for LAPPD37, LAPPD38, LAPPD39 and

LAPPD40. Average QE values are indicated in the figures.

Pulse height distributions and gain. At a high gain the MCPs

operate in saturation mode in which the electron-avalanche size

is somewhat confined due to space charge e�ects. This leads

to a peaked pulse height distribution for single photoelectrons.

Detector gain at a given threshold can then be calculated as the

average of the single photoelectron pulse height distribution.

Examples of the single photoelectron pulse height distributions

and corresponding gains measured in LAPPD39 and LAPPD40

are presented in Figure 4. To plot the pulse height distributions

shown in Figure 4 a data set of 10000 waveforms recorded with

DRS4 digitizers was analyzed. In the recent LAPPDs a gain

of 10
7

was achieved at a reasonably low dark count rate (see

below) and MCP voltage setting.

Figure 4: Single photoelectron pulse height distributions measured in

LAPPD39 and LAPPD40 at various MCP voltages. The respective gain val-

ues calculated from the pulse height distributions are also shown.

Dark count rate. The dark count rate has been tremendously

reduced compared to earlier tiles as shown in Figure 5 on ex-

ample of LAPPD39 and LAPPD40. In LAPPD39 the dark rate

stayed below 1000 Hz/cm
2

(dashed red line in the plots) within

the full range of MCP and photocathode voltages up to MCP

gain of 10
7
. At optimal operation conditions with 200V at the

photocathode and a gain of 6 · 10
6

the observed dark count rate

was only 100 Hz/cm
2
. For LAPPD40 the dark count rate was

well below 1000 Hz/cm
2

up to a gain of 6 · 10
6
. The orange

line on the plots represents the dark rate by MCPs only with the

reversed photoelectron extraction field.

Figure 5: Dark count rate as a function of MCP voltage measured at various

photoelectron extraction fields or photocathode voltages.

Timing Resolution. A key feature of LAPPD is its picosec-

ond timing ability. Arrival time jitter of photoelectron signal

measured in LAPPD40 at 400V bias between the photocath-

ode and top face of the entry MCP is shown in Figure 6a.

From a Gaussian fit the measured Transit Time Variation �meas
was calculated to be 79 ps. Given the assumption above that

�2

meas = �
2

LAPPD + �
2

laser, the LAPPD transit time variation

�LAPPD was calculated to be about 50 ps. It was also shown in

Figure 6b that the measured transit time variation is a function

of photoelectron extraction field. At a photoelectron extraction

field that corresponds to 200V potential di�erence between the

photocathode and the entry MCP �meas approaches about 80 ps

(that corresponds to �LAPPD of 50 ps).

(a) (b)

Figure 6: a) Transit Time Variation measured in LAPPD40 at 400V bias be-

tween the photocathode and top face of the entry MCP; b) Transit Time Varia-

tion as a function of photoelectron extraction field.

Spatial Resolution. In LAPPD31 the relative arrival time

sigma of pulses observed at both ends of a strip was 36 ps at

one position, as shown in Figure 7a. Signal transmission speed

3

A.V. Lyashenko et al., NIMA958(2020)162834

dead area due to 
mechanical support!
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Image Intensifier Tube
• Principle 

• Photo-cathode + MCP + Phosphor screen 
• Low level light amplified to observable level 

• Night vision application 

https://nightvisionhome.com/

©Hamamatsu Photonics K.K.

©Photonis
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Metal Channel Dynode PMT
• Metal channel dynode 

• Electron multiplication confined in narrow channel  
• Fast response 
• Some immunity to magnetic field 

• Multi-anode PMT (MaPMT) 
• Segmented anode readout →position sensitivity 
• Application to RICH detector 

• AMS, COMPASS, GlueX,… 
• Flat panel PMT 

• Hamamatsu H9500 
• 50×50cm2 

• Active area coverage 89%  
• 16×16 multi anode readout (pixel size 2.8×2.8mm2) 
• Crosstalk ~5%(typ)

29. 11. 2018
(slide 10)

November 27-29, 2018
PD18

Samo Korpar
Univ. of Maribor and J. Stefan Institute

Metal channel dynode PMTs
Metal channel dynode (Hamamatsu):
• multiplication is confined in a narrow channel

→ multi-anode designs
→ some tolerance to modest magnetic field

• ~ 30 mm x 30 mm
• gain up to 107, excellent single photon detection
• gain variation typ. 1 : 2.5;
• cross-talk typ. < 2% (for 2x2 mm2 pads)
• low DCR, few counts/cm2/s

• Multi-anode PMTs (MaPMTs), ~30x30mm2

• Flat-panel PMTs, ~50x50mm2

• Both in many different anode segmentations
• Excellent active area coverage up to ~90%

• Micro PMT – small, flat, single channel device

50 mm
Hamamatsu H9500
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Micro-PMT
• PMT is not necessarily bulky! 
• μPMT™ from Hamamatsu Photonics K.K. 

• Produced by Micro Electro Mechanical Systems 
(MEMS) technology 

• Tiny, easy to mass produce, high shock resistance 

4

H12400 SERIES
MICRO PMT ASSEMBLY The H12400 series is a high sensitivity 

photosensor that combines a Micro PMT 
with a voltage divider circuit. The H12400 
series can be installed even in narrow 
spaces due to its small size.
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(at +25 °C)■ SPECIFICATIONS

1Measured at the peak sensitivity wavelength           2Supply Voltage: -900 V    
3After 30 minutes storage in darkness                       4T.T.S.=Transit Time Spread (FWHM)
5No condensation

Peak sensitivity wavelength
Window material
Effective area
Dynode number of stages

Maximum 
ratings

Cathode

Anode 2

Gain 2
Operating ambient temperature 5
Storage temperature 5
Weight

3(X) × 1(Y)
Borosilicate glass

12
-1150
126
5

100
200
—
0.2
62
15
70

2.1 × 104

1.2
8.0
1.3

3.5 × 105

+5 to +50
-20 to +50

11

420

0.3
3

630

300
400
—

0.45
60
30
100

1.5 × 104

0.6
6

2.5 × 105

nm
mm
—
—
V
µA
µA

µA/lm

—
—

mA/W

A/lm

A/W

nA

ns

—
°C
°C
g

Supply voltage
Divider current
Average output signal current

Luminous sensitivity

Blue sensitivity index (CS 5-58)
Red / White ratio
Radiant sensitivity 1

Luminous sensitivity

Radiant sensitivity 1

Dark current 3

Time response

Between anode and cathode

Rise time
Transit time
T.T.S. 4

Min.
Typ.
Typ.
Typ.
Typ.
Min.
Typ.
Typ.
Typ.
Max.
Typ.
Typ.
Typ.
Typ.

Parameter H12400-01-01

50
80
8.0
—
80
30
160

1.6 × 105

2.0 × 106

H12400-00-01 H12400-20-01 Unit

Bialkali
Multialkali

Extended red multialkali

for visible range
for visible to near IR range
for visible to near IR range

300 nm to 650 nm
300 nm to 850 nm
300 nm to 920 nm

H12400-00-01
H12400-01-01
H12400-20-01

■ PRODUCT VARIATIONS
Type No. Spectral response Photocathode material Features

World's smallest and lightest photomultiplier tube*
Micro PMT ™

Easy to
mass produce

Micro PMT can be produced in high 
volume while still maintaining high 
reliability and performance. What makes 
this possible is overall integrated usage 
of our in-house advanced technologies 
for MEMS (micro-electro-mechanical 
systems), semiconductor manufactur-
ing, electron trajectory design, 

vacuum sealed packaging, and 
vacuum processing.

High shock
resistance

Micro PMT devices offer strong shock 
resistance since anodic bonding by 
MEMS technology is utilized to join 
the silicon substrate to the glass 
substrates. This high cushioning or 
shock resistance makes them ideal 
for developing high-performance, 

hand-held testing and analysis 
devices.

High sensitivity
and fast response
Micro PMT utilizes the same high 
precision structure for electrode 
arrangement as conventional 
PMTs and so provides the high 
sensitivity and fast response 
needed from a PMT.

Customizing
support

Feel free to consult with us on 
customizing to match customer 
usage conditions and 
environments.

Tiny dimensions
Micro PMT has a three-layer 
structure where a silicon 
substrate is sandwiched 
between two glass substrates. 
Utilizing only three components 
gives tiny dimensions 
impossible up until now.

* By our research (as of December 2015)
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Full-scale Micro PMT image!

Micro PMT works on the same vacuum tube 
technology and principle as conventional PMTs 
and so can deliver the same performance as 
conventional PMT yet in a compact and 
light-weight unit.
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needed from a PMT.
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support

Feel free to consult with us on 
customizing to match customer 
usage conditions and 
environments.

Tiny dimensions
Micro PMT has a three-layer 
structure where a silicon 
substrate is sandwiched 
between two glass substrates. 
Utilizing only three components 
gives tiny dimensions 
impossible up until now.

* By our research (as of December 2015)
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technology and principle as conventional PMTs 
and so can deliver the same performance as 
conventional PMT yet in a compact and 
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H12400 SERIES
MICRO PMT ASSEMBLY The H12400 series is a high sensitivity 

photosensor that combines a Micro PMT 
with a voltage divider circuit. The H12400 
series can be installed even in narrow 
spaces due to its small size.
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Type No. Spectral response Photocathode material Features



W. Ootani, “Photon Detectors”, EDIT2020, Jan. 27th, 2020, DESY 34

Hybrid Photo-detector (HPD)
• Combination of vacuum-tube + 

solid-state electron multiplier 
• Conversion of photon to photoelectron 

at photocathode 
• Multiplication at solid-sate electron 

multiplier  
• Hybrid Avalanche Photo-detector 

(HAPD) at Aerogel RICH (ARICH) 
at Belle II 

 230 CHAPTER 12    HPD (Hybrid Photo-Detector)

Figure 12-2: Electron bombardment gain characteristics

Figure 12-1: Schematic principle of an HPD
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PHOTO-ELECTRONS
PHOTON

-8 kV Electron
bombardment
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1500 times
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PHOTOCATHODE 
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12.1 Operating Principle of HPD
Figure 12-1 shows the operating principle of an HPD. The HPD consists of a photocathode that converts 
light into electrons and a semiconductor device (avalanche diode or AD) designed for electron bombard-
ment, sealed into a vacuum tube. When light enters the photocathode, photoelectrons are emitted from the 
photocathode according to the amount of light. These photoelectrons are accelerated by a high negative 
voltage ranging from a few to about 10 kilovolts supplied to the photocathode and are then bombarded onto 
the avalanche diode where electron-hole pairs are generated according to the incident energy of the photo-
electrons. This is called "electron bombardment gain." A typical relation between this electron bombard-
ment gain and the photocathode supply voltage is plotted in Figure 12-2. This electron bombardment gain 
is in principle proportional to the photocathode supply voltage. However, there is actually a loss of energy 
during electron bombardment due to the insensitive surface layer of the avalanche diode, so their propor-
tional relation does not hold at a low voltage. In Figure 12-2, the voltage at a point on the voltage axis (hori-
zontal axis) where the dotted line intersects is called the threshold voltage [Vth].
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TynodeⓇ
• Transmission type dynode 
• Developed for Timed Photon Counter (TipsyZero) 

• Time resolution a few ps 
• Position resolution ~10μm 
• Compact 
• Operational in B-field 

• Recent Tynode prototype 
• 5nm MgO membranes coated with 2.5nm TiN 
• Achieved transmission yields of 5.5 

Tynode®
Trynode®

Dynode: amplification by multiplication

New: the Transmission Dynode

The Timed Photon Counter PC “Tipsy”concept:
advancing PMT’s

3

• Transmission dynodes – Tynodes
• Dark noise free electron multiplication 

mechanism
• Stacking the photocathode, Tynodes and 

pixel chip Æ compact device
• Pixelated detector Æ spatial resolution 

(imaging)
• Operation of the detector in high B-field.
• Time resolution: few ps due to form factor 

and straight electron path’s
• 2D spatial resolution = 10 µm

Photomultiplier tubes
• High gain
• Low noise
• Secondary Electron Yield (SEY)

j

Gain = GN

…Can we make it smaller? 

4

Path towards first prototype

• We have created many tynodes of various sizes and materials

• Most recently, we have achieved transmission yields of 5.5 with 5 nm MgO membranes, 
coated with 2.5 nm TiN, without other special surface treatments

• Now working towards building a first prototype device

5



• Introduction 
• Basic Properties of 
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• Vacuum photo-
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detector 
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• Summary
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Solid-state Photodetector
• Photodiode 

• Simplest solid-state photodetector 
• Photovoltaic effect in semiconductor PN junction 

(Si, InGaAs,…) 
• Depletion layer with internal electric field 

around P and N layers  
• Incident photon generates e-h pair  around 

depletion layer and thus current even without 
bias voltage 

• Same mechanism as solar battery 
• PIN photodiode 

• Un-doped intrinsic semiconductor regions 
between P and N layers (p-i-n diode) 

• Higher field with external bias voltage 

• Performance 
• QE~100% 
• Large dynamic range 
• Insensitive to B-field 
• Cheap! 
• but no internal gain (G~1)
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APD
• Avalanche Photo-Diode (APD) 

• Photodiode operated with higher reverse voltage 
• Avalanche multiplication in depletion layer  
• Main contribution from electron instead of hole because of its higher ionisation 

coeff. 
• Internal gain (50-500) @ linear mode  

3

Si APD1.

The APD is a high-speed, high-sensitivity photodiode 
that internally multiplies photocurrent when a specific 
reverse voltage is applied.
The APD, having a signal multiplication function inside 
its element, achieves higher S/N than the PIN photodiode 
and can be used in a wide range of applications such as 
high-accuracy rangefinders and low-level light detection 
that use scintillators. Though the APD can detect lower level 
light than the PIN photodiode, it does require special care 
and handling such as the need for higher reverse voltage 
and consideration of its temperature-dependent gain 
characteristics.
This describes Si APD features and characteristics so that 
users can extract maximum performance from Si APDs.

1 - 1  Features

•  High sensitivity: built-in internal multiplication

 function

•  High-speed response

•  High reliability

1 - 2  Principle of avalanche multiplication

The photocurrent generation mechanism of the APD 
is the same as that of a normal photodiode. When light 
enters a photodiode, electron-hole pairs are generated 
if the light energy is higher than the band gap energy. 
The ratio of the number of generated electron-hole 
pairs to the number of incident photons is defined as 
the quantum efficiency (QE), commonly expressed in 
percent (%).   The mechanism by which carriers are 
generated inside an APD is the same as in a photodiode, 
but the APD is different from a photodiode in that it has a 
function to multiply the generated carriers.
When electron-hole pairs are generated in the depletion 
layer of an APD with a reverse voltage applied to the PN 
junction, the electric field created across the PN junction 
causes the electrons to drift toward the N+ side and the 
holes to drift toward the P+ side. The higher the electric 
field strength, the higher the drift speed of these carriers. 
However, when the electric field reaches a certain level, 
the carriers are more likely to collide with the crystal 
lattice so that the drift speed becomes saturated at 
a certain speed. If the electric field is increased even 
further, carriers that escaped the collision with the 
crystal lattice will have a great deal of energy. When these 
carriers collide with the crystal lattice, a phenomenon 
takes place in which new electron-hole pairs are 
generated. This phenomenon is called ionization. These 
electron-hole pairs then create additional electron-hole 

pairs, which generate a chain reaction of ionization. This 
is a phenomenon known as avalanche multiplication.
The number of electron-hole pairs generated during the 
time that a carrier moves a unit distance is referred to as 
the ionization rate. Usually, the ionization rate of electrons 
is defined as “α” and that of holes as “β.” These ionization 
rates are important factors in determining the multiplication 
mechanism. In the case of silicon, the ionization rate of 
electrons is larger than that of holes (α > β), so the ratio at 
which electrons contribute to multiplication increases. As 
such, the structure of Hamamatsu APDs is designed so that 
electrons from electron-hole pairs generated by the incident 
light can easily enter the avalanche layer. The depth at which 
carriers are generated depends on the wavelength of the 
incident light. Hamamatsu provides APDs with different 
structures according to the wavelength to be detected.

[Figure 1-1]  Schematic diagram of avalanche
 multiplication (near infrared type)

Electric field strength E

High voltage

Avalanche 
layer

1 - 3  Dark current

The APD dark current consists of surface leakage current 
(Ids) that flows through the PN junction or oxide film 
interface and generated current (Idg) inside the substrate 
[Figure 1-2].

[Figure 1-2] APD dark current

Carriers that are not multiplied

Ids

Idg

PN junction

Avalanche region

Multiplied carriers

-

- -

The surface leakage current is not multiplied because 
it does not pass through the avalanche layer, but the 
generated current is because it does pass through. Thus, 
the total dark current (ID) is expressed by equation (1).

ID = Ids + M Idg

M: gain

............ (1)

KAPDC0006EC

KAPDC0011EA
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APD

PD 
• V<VAPD 
• No internal gain (G=1)

APD 
• VAPD<V<VB  

• Liner mode operation 
• Linear output w.r.t input light 
• Internal gain (G=50-500)

GM APD 
• VB <V 

• Geiger mode operation 
• Internal gain (G=105) 
→SiPM

36
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Solid state devices

VAPD
full depletion

PD  APD
GM

APD

basis for building alternative to PMT

APD: avalanche photo-diode 

• Bias BELOW V
bd   

(VAPD < V <Vbd)  

• Linear Mode/ AMPLIFIER device
• Multiplication < 103 (lim. by fluctuations) 

•  
Sensitivity ~ 5 ph.e

•(1ph.e. at low T with slow electronics...)

GM-APD: Geiger Mode

• Bias ABOVE Vbd  (a few V)

• BINARY device
• Gain: ∼106 (lim. by C)
• Single ph.e. resolution

•  
Limited by dark count rate

• Need Reset (Quenching)  

h+

E

electric field
in the reversed
bias diode

V+

depletion region

n+ πp p+

hν

Reverse biased junction: 
internal gain via impact 
ionization in high E field

G.Collazuol Scuola Nazionale LNL2013
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CMS ECAL

4

Barrel (EB)
36 supermodules (1700 crystals)
Total of 61200 PbWO4 crystals
Avalanche PhotoDiode readout
coverage: |η|<1.48

Endcap (EE)
4 half-disk Dees (3662 xtals)
Total of 14648 PbWO4 crystals
Vacuum PhotoTriode readout
coverage: 1.48<|η|<3.0

Preshower (ES)
Two Lead/Si planes
137216 Si strips (1.8x61mm2)
coverage: 1.65<|η|<2.6

Barrel
Endcap

Preshower

Barrel supermodule

Crystal Barrel & 
Endcaps (PbWO4) + 
Lead/Si Preshower

The CMS Electromagnetic Calorimeter

Two crystal producers: 
BTCP (Russia)

SIC (China)

5

The excellent resolution and electron/photon ID of the CMS ECAL was 
crucial in the discovery and subsequent characterisation of the 

125 GeV Higgs Boson
The continued excellent performance of ECAL in the entire pseudorapidity 

range is a key component of many searches for new Physics

Physics output

CMS-PAS-HIG-16-040

CMS-HIG-16-041

H→γγ H→ZZ→4l

Mass resolution in best 
category ~1%

26

CMS ECAL
• The CMS ECAL was designed with challenging goals:

- Extreme energy resolution in the harsh LHC radiation environment
- achieve 1% mass resolution for low-mass Higgs in the γγ decay channel

- Hermetic and compact detector with coverage up to |η| = 3.0
• Solutions were obtained through intense R&D campaigns

- Lead tungstate (PbWO4) crystal calorimeter 
- compact, fast, radiation tolerant

- Radiation and B-field tolerant APD and VPT photodetectors
- Fast and radiation hard on-detector readout and trigger primitive generation

Lead Tungstate (PbWO4) crystal Avalanche PhotoDiode (APD) Vacuum PhotoTriode (VPT)

PbWO4 crystal

26

CMS ECAL
• The CMS ECAL was designed with challenging goals:

- Extreme energy resolution in the harsh LHC radiation environment
- achieve 1% mass resolution for low-mass Higgs in the γγ decay channel

- Hermetic and compact detector with coverage up to |η| = 3.0
• Solutions were obtained through intense R&D campaigns

- Lead tungstate (PbWO4) crystal calorimeter 
- compact, fast, radiation tolerant

- Radiation and B-field tolerant APD and VPT photodetectors
- Fast and radiation hard on-detector readout and trigger primitive generation

Lead Tungstate (PbWO4) crystal Avalanche PhotoDiode (APD) Vacuum PhotoTriode (VPT)

Hamamatsu APD S1848 (two 5x5mm2)

D.A.Petyt PANIC2017

• Successful operation of APD at 
CMS barrel ECAL 
• PbWO4 crystal + APD (Hamamatsu S1848) 
• Hamamatsu APD S1848 
• two 5×5mm2 
• High QE ~75% 
• Gain ~50 
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Silicon Photomultiplier (SiPM)
• SiPM = Multi-pixelated Geiger-mode APD (G-APD) 

• Tiny G-APD cells are connected in parallel together with resistor for self-
quenching of avalanche 

• Each G-APD cell is a “binary” device. The same charge from each photon 
trigger 

• SiPM output is a sum of signals from triggered G-APD cells 
• SiPM output is proportional to # of impinging photons 

• SiPM = “analogue” device 
• Pioneering works by Russian institutes in late 80s (Golovin, 

Dolgoshein, Sadygov) 

1pe
2pe
3pe
4pe

© Hamamatsu Photonics K.K.

© Hamamatsu Photonics K.K.

…
G-APD

Quench 
resistor

©Rey Hori



W. Ootani, “Photon Detectors”, EDIT2020, Jan. 27th, 2020, DESY 42

Closer Look at Cell
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The reliability and reproducibility of MPPC 
K. Sato, R. Yamada, Y. Takahashi, T. Nagano, and K. Yamamoto 

Abstract– Multi-Pixel Photon Counter (MPPC) is solid-state 
photon counting device consisting of a Geiger-mode APD and 
quenching resistor at the most basic level. To improve the total fill 
factor of a MPPC array, we have adopted new technologies such 
as metal quenching resistors (MQR), through-silicon vias (TSV), 
stealth dicing (SD), and highly accurate assembly techniques. We 
have confirmed the reliability of these new technologies. The 
innovative technologies that make up the new MPPC will expand 
the realm of potential applications. 

I. INTRODUCTION 

PPC is part of a family of multi-pixel, self-quenching 
Geiger-mode avalanche photodiodes [1], generally 

referred to as Silicon Photomultipliers (SiPM) [2,3]. The 
MPPC is a photon counting capable detector with high gain, 
low bias voltage required for operation, compact size, and is 
immune to damage by shock and vibration as well as magnetic 
fields. Positron Emission Tomography (PET) and High-energy 
physics (HEP) experiments are examples of typical 
applications that benefit from these features [4,5]. In 
applications that require a large photodetection area, the 
geometric fill factor within the entire MPPC array becomes 
especially important.  

We have developed new MPPC arrays with higher total fill 
factor by adopting four innovative technologies: metal 
quenching resistors (MQR), thorough-silicon vias (TSV), 
stealth dicing (SD), and highly accurate assembly techniques. 

II. METAL QUENCHING RESISTOR 
In the newly developed line of MPPCs, MQRs are used 

instead of poly-Si for quenching. MQR has a high 
transmittance which allows for it to be put directly on the 
photosensitive surface to achieve a higher fill factor without 
reducing the sensitivity of the MPPC (see fig. 1).  Also, the use 
of MQR improves resistance uniformity. It is difficult to 
maintain uniformity when using poly-Si as a resistor because 
of its variations in grain size and grain boundary states. 
However there are some concerns regarding MQR [6].  It may 
be more susceptible to thermal stress, and the resistance value 
may change through oxidation. In order to make sure of the 
reliability of the MQR, we put it through thermal cycling and 
continuous operation tests at high temperature and humidity. 

Thermal cycling between -20 C and 70 C was carried out 
63 times for 41 MPPC samples which have 400 resistors in 
each device. We indicate this reliability as Mean Time to 
Failure (MTTF). By means of this test, MTTF is calculated 
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over 4.5  103 cycles between -20 C and 60 C by the Coffin-
Manson model at a 60 % confidence level (Coffin-Manson 
exponent: m = 4) [7]. The continuous operation test was done 
at 60 C and 90 % relative humidity (RH) for 38 MPPCs. With 
this test, MTTF is calculated at over 1.5  104 days under 25 
C and 60 % RH by the vapor pressure accelerating model at 

60 % confidence level (accelerating factor: n = 2) [8]. We 
confirmed that there are no instances of disconnection by 
thermal stress or change of resistance in these tested MPPCs. 
The use of MQR is reliable under normal operating conditions. 
 

III. THROUGH-SILICON VIA 

Adopting TSV technology allows the MPPC to make an 
electrical contact on the backside, eliminating the space 
needed for wire bonding. This makes it possible to realize a 4 
side buttable configuration with very narrow gap between 
neighboring active areas. This gap can be reduced down to 200 

m, which is equivalent to the gap in traditional monolithic 
type devices. 
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M 
Fig. 1.  SEM images of a MPPC which has 25 m micro-cell pitches. 

The left figure is a conventional MPPC while the right figure shows the 
newly developed MPPC.  Whereas the quenching resistor of conventional 
MPPC is placed around the photosensitive area, MQR is placed on the 
photosensitive area. 

Fig. 2.  The cross section view of the TSV structure. The non-sensitive 
region is about 0.4% of the active area in the case of 3mm x 3mm devices. 
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SiPM Advantages
• Advantages 

• High photon detection 
efficiency 

• High internal gain 
• Immunity to magnetic field 
• Single photoelectron 

resolution 
• Good timing resolution 
• Low bias voltage 
• Low power consumption 
• Compact  
• Low cost 

• Weak points 
• Large area is difficult 
• Temperature dependence 
• Noise 
• Radiation hardness 
• Saturation 

Sensor size (single) 1×1 - 6×6mm2

Cell size (cell pitch) 10 - 100μm

Quench resistor 10k - 10MΩ

Internal gain 105 - 106

Photon detection efficiency (PDE) 20 - 50%

Time resolution (single photon) O(100ps) (FWHM)

Dark noise rate 50k - 1M Hz/mm2

Bias voltage 20 - 70 V

→Possible replacement with PMT!
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Signal Generation
• SiPM cell operation cycle (simplified model)  
① Photo-generation of carrier ➔ avalanche (switch ON) 
② Self-quenching (switch OFF) 
③ Re-charge cell 

• Signal for light detection 
• Convoluted with light emission time distribution 

Vbd

RD

RQ

Vbias

CD

RD: series resistance of micro-
plasma in avalanche 
CD: cell capacitance 
Vbd: breakdown voltage 
Vbias: bias voltage 
RQ: quench resistor 

hν
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[Figure 1-7] Pulse waveforms 

(a) S10362-11-050C (previous product) 

 
 
(b) S12571-050C (improved product) 

 
 
[Figure 1-8] Afterpulses vs. overvoltage (typical example) 
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High photon detection efficiency 
The MPPC has a peak sensitivity at a wavelength around 400 to 500 nm. The MPPC sensitivity is referred to as 
photon detection efficiency (PDE) and is calculated by the product of the quantum efficiency, fill factor, and 
avalanche probability. Among these, the avalanche probability is dependent on the operating voltage. Our 25 
Pm pitch MPPC is designed for a high fill factor that vastly improves photon detection efficiency compared to 
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Single Photoelectron Resolution
• Excellent single photoelectron resolution 

• High internal gain 
• Good cell-to-cell gain uniformity 

• Can be worsened by electrical noise and pileup due to dark noise 
and after-pulsing 

• Practically single photoelectron peak can not be resolved for 
>6×6mm2 sensor area due to increasing dark noise 
• Good photoelectron resolution still possible even for large area sensor at low temp. 
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Gain
• High internal gain of 105-106 

• Proportional to over-voltage (ΔV = Vbias - Vbd) 
•  Easily measured from single photoelectron charge 
•  Gain fluctuation is quite small 

• Cell-to-cell uniformity on capacitance and Vbd  

• Small statistical fluctuation in avalanche multiplication (⬌Poisson fluctuation in 
APD) 
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Photon Detection Efficiency (PDE)

• Fill factor εFF 
• Fraction of active area, typically 50-70% 
• Dead area due to signal line, guard ring, trench,… 

• Quantum efficiency QE 
• Probability of photo-generation of carrier 
• Dependent on reflectivity on Si surface and absorption length in Si 

• εtrg 
• Probability for generated carrier to trigger avalanche 

PDE = εFF ⋅QE ⋅εtrg
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photon counting device consisting of a Geiger-mode APD and 
quenching resistor at the most basic level. To improve the total fill 
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referred to as Silicon Photomultipliers (SiPM) [2,3]. The 
MPPC is a photon counting capable detector with high gain, 
low bias voltage required for operation, compact size, and is 
immune to damage by shock and vibration as well as magnetic 
fields. Positron Emission Tomography (PET) and High-energy 
physics (HEP) experiments are examples of typical 
applications that benefit from these features [4,5]. In 
applications that require a large photodetection area, the 
geometric fill factor within the entire MPPC array becomes 
especially important.  

We have developed new MPPC arrays with higher total fill 
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quenching resistors (MQR), thorough-silicon vias (TSV), 
stealth dicing (SD), and highly accurate assembly techniques. 

II. METAL QUENCHING RESISTOR 
In the newly developed line of MPPCs, MQRs are used 

instead of poly-Si for quenching. MQR has a high 
transmittance which allows for it to be put directly on the 
photosensitive surface to achieve a higher fill factor without 
reducing the sensitivity of the MPPC (see fig. 1).  Also, the use 
of MQR improves resistance uniformity. It is difficult to 
maintain uniformity when using poly-Si as a resistor because 
of its variations in grain size and grain boundary states. 
However there are some concerns regarding MQR [6].  It may 
be more susceptible to thermal stress, and the resistance value 
may change through oxidation. In order to make sure of the 
reliability of the MQR, we put it through thermal cycling and 
continuous operation tests at high temperature and humidity. 

Thermal cycling between -20 C and 70 C was carried out 
63 times for 41 MPPC samples which have 400 resistors in 
each device. We indicate this reliability as Mean Time to 
Failure (MTTF). By means of this test, MTTF is calculated 
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over 4.5  103 cycles between -20 C and 60 C by the Coffin-
Manson model at a 60 % confidence level (Coffin-Manson 
exponent: m = 4) [7]. The continuous operation test was done 
at 60 C and 90 % relative humidity (RH) for 38 MPPCs. With 
this test, MTTF is calculated at over 1.5  104 days under 25 
C and 60 % RH by the vapor pressure accelerating model at 

60 % confidence level (accelerating factor: n = 2) [8]. We 
confirmed that there are no instances of disconnection by 
thermal stress or change of resistance in these tested MPPCs. 
The use of MQR is reliable under normal operating conditions. 
 

III. THROUGH-SILICON VIA 

Adopting TSV technology allows the MPPC to make an 
electrical contact on the backside, eliminating the space 
needed for wire bonding. This makes it possible to realize a 4 
side buttable configuration with very narrow gap between 
neighboring active areas. This gap can be reduced down to 200 

m, which is equivalent to the gap in traditional monolithic 
type devices. 
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Fig. 1.  SEM images of a MPPC which has 25 m micro-cell pitches. 

The left figure is a conventional MPPC while the right figure shows the 
newly developed MPPC.  Whereas the quenching resistor of conventional 
MPPC is placed around the photosensitive area, MQR is placed on the 
photosensitive area. 

Fig. 2.  The cross section view of the TSV structure. The non-sensitive 
region is about 0.4% of the active area in the case of 3mm x 3mm devices. 
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Photon Detection Efficiency (PDE)
• εtrigger (electron) >> εtrigger (hole) 

➔Higher PDE for carrier generated in p+ layer 
• λ-dependence of absorption length in Si 

➔Different λ-dependence of PDE depending on depth 
of p+ layer 

From the linear fit of the forward IV plots, the values of Rqmcell
can be calculated (indicated in the legend). It can be noticed that
hundreds of kO have been found for the Rqmcell of FBK-irst, SensL
and HPK devices once much higher value of !thousands of kO has
been found for the Photonique device.

The dynamic analysis of different SiPM prototypes revealed a
signal shape (indicating a Geiger avalanche) as shown in Fig. 2.
Following these shapes, a trecovery ranging from 10ns up to 220ns
has been estimated for FBK-irst, SensL and HPK devices, once a
much longer value (4300ns, not visible in the plot) has been
estimated for Photonique device.

The G has been determined from the time integration of the
output signals during an integration window to be equal to
trecovery. Fig. 3 confirms a linear variation of the G as a function of
the DV independent of the SiPM prototype, but with different
slopes, as a function of the mcell geometry. The G ranges from
1"105 to 4"106, once the Cmcell, calculated from the slope of the
linear fits, shows values ranging from 25 to 500 fF for the FBK-irst,
SensL and HPK devices. For what concerns the Photonique device,
the G was calculated using an integration window of !40ns,
therefore much less than trecovery corresponding to this device.
This choice is correlated with G values reported in the data sheet
provided by Photonique and it was determined by the
experimental difficulties accounted for very long integration
windows.

The DCR (counts/s) of different SiPM prototypes was studied as
a function of the ratio DV/VBD (Fig. 4). Two remarks can be
highlighted: (1) the Photonique, FBK-irst and SensL devices (n+/p
mcells on p-type substrate) present a relatively slow parabolic
increase of the DCR for DV/VBD up to 10–15%, once the HPK devices
(p+/n mcells on n-type substrate) show a faster parabolic
dependence for DV/VBD up to only few %; (2) the DCR of

Photonique and FBK-irst/I run devices ranges from 0.5 to
2.5MHz for DV/VBD of 5–10%, the FBK-irst/II run and SensL
devices present less than 1MHz for DV/VBD up to 15% and HPK
devices show less than 1MHz for DV/VBD of few %.

As it has been noticed from the graphical representation of the
DCR vs. DV/VBD, an optimal DV/VBD can be estimated for each
device: !10–13% for Photonique, FBK-irst and SensL devices and
!2–5% for HPK devices. If DV/VBD exceeds the indicated values,
the DCR becomes too big and experimental difficulties can be
found in applications where no external trigger can be used to
announce the photons arrival.

An experimental set-up providing triggered light for the entire
visible range is extremely difficult to build. Therefore, the PDE vs.
l ranging from 350 to 800nm has been studied with continuous
light, applying the optimal DV/VBD indicated above. The Photo-
nique, FBK-irst and SensL devices (Fig. 5(a)) show maximum PDE
values of !6–10% in the green region (500–600nm), while HPK
devices (Fig. 5(b)) present maximum PDE values of !20–40% in
the blue region (420nm). The main differences in between the
PDE values could be explained by (1) a higher etrigger
corresponding to HPK devices (p+/n mcells on n-type substrate)
with respect to the Photonique, FBK-irst and SensL devices (n+/p
mcells on p-type substrate) for blue incident light and (2)

ARTICLE IN PRESS

Fig. 2. Single-mcell dark signals shape of the SiPM.

Fig. 3. The gain of the SiPM prototypes vs. DV.

Fig. 4. The DCR of the SiPM prototypes vs. DV/V
BD
.

Fig. 5. (a) The PDE vs. l of the Photonique, FBK-irst and SensL devices and (b) HPK
devices.
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Figure 25. Simplified schematic view of one cell of a G-APD. Not shown are the passivation layers, the
quenching resistors and the Al connection lines. Left is the so-called p-on-n structure (predominantly blue-
sensitive) and right the n-on-p (predominantly red-sensitive) structure.

a measurable signal. According to figure 23, a much higher overvoltage is required to obtain a
reasonable blue-sensitivity of n-on-p structures compared to that required in the case of a p-on-n
structure [59].

G-APDs are produced in the following way: At first, a thin epitaxial layer (2 to 4 µm) is
grown on a wafer (typically 300 µm thick) of low resistivity, which is needed for the handling
but has no other function. The first step towards a p-n junction is the diffusion of dopants with
high concentration into the epitaxial layer. So far all layers - the wafer (substrate), the epitaxial
layer and the heavily doped volume created by diffusion - are of the same type of silicon, n-type
or alternatively p-type. The junction is then formed some 0.5 µm below the surface by a shallow
diffusion (or ion implantation) with the opposite dopant. In a final step, an extremely thin but
heavily doped layer is created on the surface, which distributes the potential uniformly over the
whole area of the diode. Further production details like provisions to suppress the surface currents,
the passivation of the surface with SiO2, the creation of polysilicon quenching resistors and the
aluminization are omitted here. The final structure is schematically shown in figure 25.

The so-called p-on-n structure (left pane in figure 25) will be preferentially sensitive to blue
light, which is absorbed in the first fraction of a µm (see figure 2 for the absorption length of
light in silicon) An electron-hole pair is created but only the electron will drift to the high field of
the p-n junction and trigger a breakdown with high probability. Photons with longer wavelengths,
in contrast, will mostly be absorbed in the n-layers behind the p-n junction and holes will drift
towards the junction. They have a smaller triggering probability and consequently their PDE will
be reduced (figure 26).

The situation is opposite for the n-on-p structure (right pane in figure 25). Photons with short
wavelengths have a reduced PDE and the peak PDE is shifted to longer wavelengths up to �550 to
600 nm (figure 27).

The PDE depends on the overvoltage (figure 28). Operation at high gain (high bias voltage) is
favored but, in most cases, a compromise needs to be found because at high gain the dark currents
and the dark count rate become very high and the optical crosstalk increases.

A semiconductor material other than silicon, in which the carriers have a higher mobility and
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Figure 25. Simplified schematic view of one cell of a G-APD. Not shown are the passivation layers, the
quenching resistors and the Al connection lines. Left is the so-called p-on-n structure (predominantly blue-
sensitive) and right the n-on-p (predominantly red-sensitive) structure.
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whole area of the diode. Further production details like provisions to suppress the surface currents,
the passivation of the surface with SiO2, the creation of polysilicon quenching resistors and the
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in contrast, will mostly be absorbed in the n-layers behind the p-n junction and holes will drift
towards the junction. They have a smaller triggering probability and consequently their PDE will
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Linearity
• Non-linearity (saturation) caused by 

finite number of cells 
• Good linearity as long as Npe < Ncell 
• Limiting factors 

• Incoming photon intensity 
• Cell size 
• Cell recovery time 

• Need careful calibration for many 
photons 

• Smaller cell mitigates saturation 

CERN, SiPM workshop, 16.02.2011 Y. Musienko (Iouri.Musienko@cern.ch) 30

Linearity and dynamic range

(B. Dolgoshein, TRD05, Bari)

This equation is correct for light
pulses which are shorter than
pixel recovery time, and for an
“ideal” SiPM (no cross-talk and
no after-pulsing)

SiPM linearity is determined by its total number of cells 

In the case of uniform illumination: 

For correct amplitude measurements the SiPM response should be corrected for its non-linearity !

B. Dolgoshein, TRD2005
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Noise

F. Acerbi, PD18
Primary
dark counts

DiCT
or pCT DeCT

Afterpulsing

Cross-section of the SiPM microcells. SiPM waveforms acquired 
with the oscilloscope 

SiPM noise Æ different components, related to different physical phenomena.

nov-18 Fabio ACERBI  - SiPM overview   @ PhotoDet2018 (Tokyo) 52

Noise in SiPMs

Optically-induced 
Afterpulsing

Afterpulsing
pCT

DeCT

DiCT + DeCT + Afterpulsing Î correlated noise

• Dark noise 
• Thermally generated carrier 
• Random 

• Correlated noise 
• Direct optical cross-talk 
• Delayed optical  cross-talk 
• After-pulsing 

• Correlated noise increases gain 
fluctuation and thus excess noise 
factor (ENF) 
• Energy resolution is deteriorated with 

increased ENF

ENF =1+σG
2

G 2
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Dark Noise
• Signal from avalanche triggered by randomly generated carrier 

• Improved as <50kHz/mm2 for recent devices 
• Two sources 

• Thermally generated 
• Dominates at room temperature 
• Drastically reduced at low temperature 

• “Field-assisted” generation (Tunnelling) 
• Dominates below 200K 

• After-pulsing 
• Easy solution = Setting higher threshold (>1pe, 2pe, …)
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Figure 29. Thermally (left) and field-assisted generation (right) of free carriers, which can trigger a break-
down.

6.2.5 Dark counts

A breakdown can be triggered by an incoming photon or by any generation of free carriers in the
depleted layer of a few micron thickness (figure 29). The latter produces dark counts with a rate of
100 kHz to several MHz per mm2 at 25�C and with a threshold at half of the one photon amplitude.
Two main processes are responsible for dark counts, thermally generated e-h pairs and so-called
field-assisted generation of free electrons.

Thermally generated free carriers can be reduced by cooling. There is a factor 2 reduction of
the thermally generated dark counts every 8�C drop in temperature.

Field-assisted generation without the help of a phonon (trap-assisted tunneling [62, 63]) has,
compared to the thermal generation, a relatively small effect. It can only be reduced by operating
the G-APDs at a smaller electric field, thereby lowering the gain and reducing the PDE.

The dark counts can be influenced by the G-APD production process aiming to minimize the
number of generation-recombination centers (GR center), the impurities and crystal defects, which
give rise to the Shockley-Read-Hall process.

Dark count events can have amplitudes twice or even several times higher than the amplitude
of a single cell breakdown. The responsible effect, the optical crosstalk, will be discussed in the
next section.

The count rate falls dramatically when increasing the threshold of the readout electronics.
Each increase of the threshold by the equivalent of the 1 photo-electron amplitude reduces the
noise count rate by almost one order of magnitude (figure 30). When the threshold is set to a value
higher than the 4-photoelectron amplitude, the dark count rate is below 1 kHz.

In first order, the thermal generation of carriers is proportional to the depleted volume, which,
for every cell, is the area times the thickness of all the layers on top of the low-ohmic substrate. In
the p-type layers, the electrons and, in the n-type layers, the holes drift towards the high field region
of the junction. The electrons will trigger a breakdown with higher probability than the holes. In
standard p-on-n type G-APDs, the thickness of the p-layer is normally much thinner than in the
n-on-p G-APD (see figure 25). Consequently, the lowest rate of dark counts can be expected for
the p-on-n type G-APD (left pane of figure 25).

– 31 –

J.  Csathy et al. NIMA 654 (2011) 225–232  

only absorber is the WLS fiber. This arrangement increases
substantially the amount of light collected in the fiber.

3.1. Choice of the WLS fiber

The emission spectrum of the TPB [17] and the absorption
spectrum of most WLS fibers partially overlap. We chose the
BCF-91A made by Saint-Gobain [18] which has a wide absorption
peak. Using the spectra from Refs. [17,18] we estimated the
conversion efficiency from 128 to 500 nm to be around 50%.

The choice of the WLS fiber was also motivated by a typical
size of available fibers. The 1 mm !1 mm square fiber is a
reasonable match for the 1 mm2 active area of the SiPM.

The major limiting factor in such a setup is the low trapping
efficiency of the WLS fibers. The fibers with the highest trapping
efficiency are the multiclad fibers with square cross-section. The
fiber used in the experiment had a trapping efficiency of 7.3%
and an attenuation length of 4 3.5 m [18].

3.2. Optical coupling

The optical connection between the fiber and the SiPM was
realized as follows: First the fiber was glued in a squared shape
plastic connector (Fig. 8) taking care to keep the edges of the
square fiber aligned with the connector. The fiber end was polished
together with the connector. The SiPM was placed in an Al holder
that was also designed to keep the SiPM aligned and prevent
twisting. The plastic connector was fixed with screws to the Al

holder. With the screws on each facet of the holder we could shift
the plastic connector by 71 mm in all directions in the plane of
the SiPM. The relative position of the fiber to the SiPMwas tuned in
the dark room using a LED pulser and monitoring the signal of the
SiPM with an oscilloscope. In the position where the SiPM signal
was maximal, the plastic connector was fixed. The screws fixing
the connector in the final position were also pressing it down on
the SiPM to ensure a close contact.

The sensitive surface of the MPPC is protected by a 0.3 mm
thick epoxy resin that prevents direct contact with the polished
end of the fiber. From the total reflection angle inside the fiber we
can calculate that the total illuminated area is about 35% larger
than the surface of the MPPC. For this reason we assume that the
optical coupling causes a further 35% loss of light at most.

3.3. Mechanical setup

To hold the fibers inside the dewar a simple aluminum structure
was designed. Three vertical bars with holes in them keep the coil of
WLS fiber in place about 1 cm distance from the wall of the dewar.
The distance between two parallel fibers is 1 cm. The holder with
the fibers is shown in Fig. 9. The volume enclosed by the fiber coil is
approximately 17 l (23.8 kg Ar). The VM2000 foil coated with a TPB
solution was glued to the internal walls of the dewar and the
radioactive sources were placed immediately next to the dewar.

The thickness of the LAr between the HPGe detector and the
vertical walls of the dewar is only about 7 cm.
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Optical Cross-talk
• NIR luminescence during avalanche 

• ~3 photons generated for 105 carriers (A. Lacaita et al.,IEEE TED 1993) 
→NIR photon can generate carrier in neighbouring cell and then induce another avalanche 

• Two types of cross-talk 
• Direct (same timing as primary signal) 
• Delayed 

• Direct cross talk can be reduced by trench filled with opaque material 

CERN, SiPM workshop, 16.02.2011 Y. Musienko (Iouri.Musienko@cern.ch) 18

Optical cross-talk

Light is produced during cell discharge. Effect is 
known as a hot-carrier luminescence:
105 carriers produce ~3 photons with an 
wavelength less than 1 µm

Light emitted in one cell can be absorbed by another cell. Optical cross-talk between cells causes 
adjacent pixels to be fired Æ increases gain fluctuations Æ increases noise and excess noise factor !

(R. Mirzoyan, NDIP08, Aix-les-Bains)

Light emission spectrum from SiPMSiPM is not an ideal multiplier!

A. Lacaita et al., IEEE TED 2013 

 

 

13

� � »¼
º

«¬
ª|
2kT
Eg expATTN 2

3

p.e.0.5 ······ (4) 

A: arbitrary constant 
Eg: band gap energy [eV] 
T: absolute temperature [K] 
k: boltzmann’s constant [eV/K] 

 
Figure 1-18 shows a relation between the dark count rate and the ambient temperature when the gain is set to 
a constant value. 
 
[Figure 1-18] Dark count rate vs. ambient temperature 

(photosensitive area: 3 mm sq, pixel pitch: 50 Pm, typical example) 
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Crosstalk 
When light enters one MPPC pixel, there may be cases where a pulse of 2 p.e. or higher is observed. This is 
because secondary photons are generated in the avalanche multiplication process of the MPPC pixel and those 
photons are detected by other pixels. This phenomenon is called the optical crosstalk. 
 
[Figure 1-19] Crosstalk example 
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Optical crosstalk superimposed on primary pulse

F. Wiest et al., PhotoDet2012 
PhotoDet 2012, June 13-15, 2012, LAL Orsay, France 4 

KETEK Trench Technology 

� Each microcell is completely 
surrounded by an optical trench 
isolation 

� The trench is quite narrow with a 
width of 1.0 µm 

� Together with the trench technology 
an effective impurity gettering has 
been implemented 

Section 

Top View 

Section 
of Trench 

1 µm 
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KETEK Trench Technology 

� Each microcell is completely 
surrounded by an optical trench 
isolation 

� The trench is quite narrow with a 
width of 1.0 µm 

� Together with the trench technology 
an effective impurity gettering has 
been implemented 
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After-pulsing
• Some of carriers are trapped in a deep trapping level in energy 

band gap ➔ delayed release  ➔ trigger another avalanche 
• Can be reduced by  

• Better quality of wafer and epi. layer 
• Reduced gain 

Véronique PUILL, NDIP14, SIPM tutorial 
40 

After-pulses 
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Ptrig: avalanche triggering proba 

W: trap lifetime 

Breakdown Æ production of a large number of charge carriers Æ some of 
them are trapped in deep trap levels 

These carriers may be released at some time  and trigger a new breakdown 
avalanche event : afterpulse (described in term of probability)  

v'V² 

P. Eckert, NIM AA 620 (2010) 
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Results 1: Afterpulse

Random noise

Afterpulsing

Tag the next pulse of the triggered pulse
and make a histogram of the time interval
between triggered and the next pulse

Random pulsing distributes exponentially;
afterpulsing is observed as the excess 
from random pulsing.

Area ratio of afterpulsing to all events 
represents the probability to trigger an 
afterpulse.

5 parameters: 

Fit function

is fixed to the value measured by scaler.

Saturday, March 14, 2009

H.Oide et al., TIPP09

The UV sensitivity improvement of MPPC
K.Sato, K.Yamamura, T.Nagano, S.Kamakura, R.Yamada, Y.Takahashi, K.Yamamoto

Solid State Division, HAMAMATSU PHOTONICS K.K., Hamamatsu, Japan

VCI 2013 
Id: 180

1) Liquid Xenon and Argon as the scintillator

2) UV sensitivity and basic characteristics improvement

3) Temperature stability of quenching resistor using by metal resistor

4) Package reliability 5) Conclusion
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New�MPPC�afterͲpulse�ratio�is�
much�improved�from�20%�to�3%

Physics experiments are also an important 
application of the MPPC. High sensitivity, 
low dark counts, and rapid response make 
the MPPC suitable for many experiments.  
However, some new physics experiments, 

using liquid scintillators, require shorter 
wave-length (UV, VUV) detection than the 
conventional MPPC. 

䞉

 

Dark matter detection
ZEPLIN, LUX, DARWIN, XENON100

䞉

 

Double beta decay measurement
EXO

䞉

 

Search for rare decay mode
MEG

The MPPC is the highly sensitive photon counting solid state 
device which has peak sensitivity around 440nm. This wave-length 
was chosen for the purpose of detecting LYSO scintillator 
illumination which is widely used in Positron Emission Tomography.

Liquid�Argon Liquid�Xenon

Cross talk suppression

Conventional 
MPPC

New 
MPPC

䕺:�Conventional MPPC

䖃:�NewMPPC

The conventional MPPC include the “pseudo” output within its  signals. 
Our improved MPPC device eliminates these undesirable 
characteristics

We enhanced the PDE of the  short wave-length region 
with mixed techniques such as reflection control, active 
area fabrication methods improvement etc.
The improvement is still in progress to enhance the 

Liquid- Argon region sensitivity (around 128nm).

The quenching resistor value increases as environmental 
temperature decreases. The larger resistor makes the 
pulse amplitude lower and the tail longer. Metal quenching resistor achieved 1/5 temperature dependence

adopting the metal 
quenching resistor

Epoxy resin 
w/ conductive adhesive glue

cracked at 1cycle 
conductivity: good > 20cycles

Silicone resin 
w/ conductive adhesive glue

small crack at 10cycles 
minor detachment at 20 cycles 
conductivity: good > 20cycles

bare 
w/ conductive adhesive glue

no visible damage: at > 20cycles    
conductivity: good at > 20cycles

bare 
w/o conductive adhesive glue

no visible damage: at > 20cycles    
conductivity: good at > 20cycles

The package reliability is one of the 
concerns for liquid scintillator application.  
We did the thermal shock test for several 
kinds of samples which are different with 
regards to potting and adhesive of base 
material.

Thermal shock test

䞉Temperature : -196 degC
䞉

 

N2 purged : 
prevent the condensation

䞉

 

Testing flow:
put into the liquid nitrogen (5min.)
leave on room temperature (5min.)
check conductivity and damage

䕔 VUV sensitivity
We improved the VUV sensitivity (especially at the liquid Xenon emission wave-length: 178nm) 

by controlling the AR thickness, material type and active region thickness. 
䕔 Temperature stability

Metal quenching resistors achieved 1/5 temperature dependence to the traditional MPPC 
(using poly-Si resistor). 
䕔 Characteristics improvement

After pulsing was decreased to <3%, which widen the operating voltage region significantly. 
䕔 Package durability

We checked the effects of various potting materials as well as the presence of  the die bonding 
adhesive. The results showed that the silicone potting is more tolerant than the epoxy but that the 
bare package is the most reliable.

HAMAMATSU works to continuously improve the MPPC not only the 
device characteristics but also the reliability of the package to develop a 
suitable product for noble liquid gas scintillator applications.

With Resin

Without Resin

K. Sato, et al.,VCI2013
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Temperature Dependence
• In general, SiPM has to be operated at controlled temperature. 
• Temperature dependence of SiPM 

• Breakdown voltage 
• ΔVbd / ΔT = 55mV/deg (MPPC), 25mV/deg (AdvanSiD) 
• Gain can be drastically changed when temperature varies, if Vbias is not adjusted accordingly.  

• Dark noise rate 
• ×2 reduction every 8deg temp. reduction 

• Quench resistor 
• Signal shape can be changed. 
•  Improved by using metal quench resistor instead of poly-Si (Hamamatsu MPPC)

The UV sensitivity improvement of MPPC
K.Sato, K.Yamamura, T.Nagano, S.Kamakura, R.Yamada, Y.Takahashi, K.Yamamoto

Solid State Division, HAMAMATSU PHOTONICS K.K., Hamamatsu, Japan

VCI 2013 
Id: 180

1) Liquid Xenon and Argon as the scintillator

2) UV sensitivity and basic characteristics improvement

3) Temperature stability of quenching resistor using by metal resistor

4) Package reliability 5) Conclusion
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New�MPPC�afterͲpulse�ratio�is�
much�improved�from�20%�to�3%

Physics experiments are also an important 
application of the MPPC. High sensitivity, 
low dark counts, and rapid response make 
the MPPC suitable for many experiments.  
However, some new physics experiments, 

using liquid scintillators, require shorter 
wave-length (UV, VUV) detection than the 
conventional MPPC. 

䞉

 

Dark matter detection
ZEPLIN, LUX, DARWIN, XENON100

䞉

 

Double beta decay measurement
EXO

䞉

 

Search for rare decay mode
MEG

The MPPC is the highly sensitive photon counting solid state 
device which has peak sensitivity around 440nm. This wave-length 
was chosen for the purpose of detecting LYSO scintillator 
illumination which is widely used in Positron Emission Tomography.

Liquid�Argon Liquid�Xenon

Cross talk suppression

Conventional 
MPPC

New 
MPPC

䕺:�Conventional MPPC

䖃:�NewMPPC

The conventional MPPC include the “pseudo” output within its  signals. 
Our improved MPPC device eliminates these undesirable 
characteristics

We enhanced the PDE of the  short wave-length region 
with mixed techniques such as reflection control, active 
area fabrication methods improvement etc.
The improvement is still in progress to enhance the 

Liquid- Argon region sensitivity (around 128nm).

The quenching resistor value increases as environmental 
temperature decreases. The larger resistor makes the 
pulse amplitude lower and the tail longer. Metal quenching resistor achieved 1/5 temperature dependence

adopting the metal 
quenching resistor

Epoxy resin 
w/ conductive adhesive glue

cracked at 1cycle 
conductivity: good > 20cycles

Silicone resin 
w/ conductive adhesive glue

small crack at 10cycles 
minor detachment at 20 cycles 
conductivity: good > 20cycles

bare 
w/ conductive adhesive glue

no visible damage: at > 20cycles    
conductivity: good at > 20cycles

bare 
w/o conductive adhesive glue

no visible damage: at > 20cycles    
conductivity: good at > 20cycles

The package reliability is one of the 
concerns for liquid scintillator application.  
We did the thermal shock test for several 
kinds of samples which are different with 
regards to potting and adhesive of base 
material.

Thermal shock test

䞉Temperature : -196 degC
䞉

 

N2 purged : 
prevent the condensation

䞉

 

Testing flow:
put into the liquid nitrogen (5min.)
leave on room temperature (5min.)
check conductivity and damage

䕔 VUV sensitivity
We improved the VUV sensitivity (especially at the liquid Xenon emission wave-length: 178nm) 

by controlling the AR thickness, material type and active region thickness. 
䕔 Temperature stability

Metal quenching resistors achieved 1/5 temperature dependence to the traditional MPPC 
(using poly-Si resistor). 
䕔 Characteristics improvement

After pulsing was decreased to <3%, which widen the operating voltage region significantly. 
䕔 Package durability

We checked the effects of various potting materials as well as the presence of  the die bonding 
adhesive. The results showed that the silicone potting is more tolerant than the epoxy but that the 
bare package is the most reliable.

HAMAMATSU works to continuously improve the MPPC not only the 
device characteristics but also the reliability of the package to develop a 
suitable product for noble liquid gas scintillator applications.
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only absorber is the WLS fiber. This arrangement increases
substantially the amount of light collected in the fiber.

3.1. Choice of the WLS fiber

The emission spectrum of the TPB [17] and the absorption
spectrum of most WLS fibers partially overlap. We chose the
BCF-91A made by Saint-Gobain [18] which has a wide absorption
peak. Using the spectra from Refs. [17,18] we estimated the
conversion efficiency from 128 to 500 nm to be around 50%.

The choice of the WLS fiber was also motivated by a typical
size of available fibers. The 1 mm !1 mm square fiber is a
reasonable match for the 1 mm2 active area of the SiPM.

The major limiting factor in such a setup is the low trapping
efficiency of the WLS fibers. The fibers with the highest trapping
efficiency are the multiclad fibers with square cross-section. The
fiber used in the experiment had a trapping efficiency of 7.3%
and an attenuation length of 4 3.5 m [18].

3.2. Optical coupling

The optical connection between the fiber and the SiPM was
realized as follows: First the fiber was glued in a squared shape
plastic connector (Fig. 8) taking care to keep the edges of the
square fiber aligned with the connector. The fiber end was polished
together with the connector. The SiPM was placed in an Al holder
that was also designed to keep the SiPM aligned and prevent
twisting. The plastic connector was fixed with screws to the Al

holder. With the screws on each facet of the holder we could shift
the plastic connector by 71 mm in all directions in the plane of
the SiPM. The relative position of the fiber to the SiPMwas tuned in
the dark room using a LED pulser and monitoring the signal of the
SiPM with an oscilloscope. In the position where the SiPM signal
was maximal, the plastic connector was fixed. The screws fixing
the connector in the final position were also pressing it down on
the SiPM to ensure a close contact.

The sensitive surface of the MPPC is protected by a 0.3 mm
thick epoxy resin that prevents direct contact with the polished
end of the fiber. From the total reflection angle inside the fiber we
can calculate that the total illuminated area is about 35% larger
than the surface of the MPPC. For this reason we assume that the
optical coupling causes a further 35% loss of light at most.

3.3. Mechanical setup

To hold the fibers inside the dewar a simple aluminum structure
was designed. Three vertical bars with holes in them keep the coil of
WLS fiber in place about 1 cm distance from the wall of the dewar.
The distance between two parallel fibers is 1 cm. The holder with
the fibers is shown in Fig. 9. The volume enclosed by the fiber coil is
approximately 17 l (23.8 kg Ar). The VM2000 foil coated with a TPB
solution was glued to the internal walls of the dewar and the
radioactive sources were placed immediately next to the dewar.

The thickness of the LAr between the HPGe detector and the
vertical walls of the dewar is only about 7 cm.
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Time Resolution
• Excellent timing performance of SiPM  

• Signal charge generated in very thin layer (< a few 
μm) 

• Single Photon Time Resolution (SPTR) 
• Major component: Gaussian jitter ~O(100ps) (FWHM) 
• Minor slow tail (~O(ns)) from carrier drift from neutral 

region 
• Strong dependence on ΔV, weak 

dependence on λ

ACERBI et al.: CHARACTERIZATION OF SINGLE-PHOTON TIME RESOLUTION: FROM SINGLE SPAD TO SILICON PHOTOMULTIPLIER 2681

Fig. 5. Timing jitter FWHM ( mm SiPM #1) acquired discriminating

events with 1, 2, or 3 photons per laser pulse, as a function of the threshold

voltage used on front-end amplified output signal. Solid lines are FWHM of

acquired histogram; dashed lines represent FWHM of the Gaussian fits.

Fig. 6. Single-photon timing response of a mm SiPM #1 at two excess

biases ( nm).

1-photon, 2-photons and 3-photons curves of the timing jitter

(Full-Width at Half-Maximum, FWHM) as a function of the

threshold voltage, with 2.4 V of excess bias. Dashed lines are

the FWHM of the Gaussian fit on the curve, which usually are
narrower due to the tail after main peak in the timing response

(see examples in Fig. 6). Jitter deteriorates for low and high

threshold: in the first case the threshold is within the electronic
noise, in the second because the slope in pulse shape reduces.

At the end of each measurement, we considered the minimum

values of the 1-photon curve as the timing jitters (or SPTR),

used in the timing-jitter vs. bias plots.

IV. SINGLE-PHOTON TIME RESOLUTION

A. Measurements at nm

Wemeasured the single-photon time resolution of mm

SiPM at wavelength of 425 nm at different excess biases. As

shown in Fig. 6 the timing histograms are very sharp (i.e.

Fig. 7. Comparison between single-photon timing response of the single cell

and of the mm SiPM #1. The inset reports the timing jitter of both detec-

tors as a function of excess bias (dashed lines are FWHM of the Gaussian fits).

without long tails or second peaks), also when plotted in log-

arithmic scale. The timing jitter FWHM is about ps

at 2.4 V of excess bias and it reduces to ps at 7.4 V.

In the figure, the dashed lines are Gaussian fits that consider
mainly the left side of the histogram. Indeed, generally, the

single-photon timing response of a SPAD, as well as of a SiPM,

is made of a main peak followed by a tail, which is typically

due to carriers absorbed in the neutral region, which have to

diffuse towards the active area to trigger an avalanche (at times

more delayed) [16]. However, in this case, the tail is very small

and does not change with excess bias.

Note that unless otherwise specified, the timing jitter reported
are extracted from the raw data.

Expressing the SPTR as (to compare with other works) we

obtain a value of about 34 ps, at 7.4 V of excess bias, which is

comparable with the best MCP-PMTs [8].

To investigate the limiting factors of the measured SiPM

timing resolution, we first characterized the timing jitter of a
square - m side SPAD identical to a single SiPM cell, from

the same wafer. The comparison between the single-photon

timing responses of the two devices is shown in Fig. 7. It can

be noted that the two shapes are similar; there are no additional

tails or enlargements on the right part of the SiPM response

which could indicate cell-to-cell non-uniformity (e.g. different

electric fields or breakdown voltages).
The timing jitter of the single cell is about ps FWHM

at 3 V of excess bias and it reduces to ps FWHM at

higher voltages.

The higher SPTR of SiPM could be due to: i) a non-uniform

behavior of the cells, i.e. either differences in performances or a

different path length between cell and bonding pad (which gives

different peaking time), ii) higher capacitances and parasitic in-

ductances, which would give a slower signal with lower am-

plitude, iii) higher baseline fluctuation in the SiPM due to the

higher overall dark count rate, which reflects on a pulse ampli-
tude and a threshold crossing-time spread.

To investigate these aspects, we characterized also the timing

jitter of a larger silicon photomultiplier with mm area.

F. Acerbi et al., IEEE-TNS 61(2014)2678

G. Collazuol et al., NIMA 581(2007)461

Beaune 2005 D. Renker, PSI

Properties and Problems: Timing: Timing

Carriers created in field free regions 

have to travel by diffusion. It can take 

several tens of nanoseconds until they 

reach a region with field and trigger a 

breakdown.

At low gain the lateral spreading of the 

depleted volume can be uncomplete 

and can enhance the diffusion tail.

Pictures from S. Cova et al., Evolution and Prospect of 

Single-Photon Avalanche Diodes and Quenching Circuits 

(NIST Workshop on Single Photon Detectors 2003)

S. Cova et al., NIST Workshop on  
Single Photon Detectors 2003 

Different sets of data were collected for each device at
l ¼ 800 and 400 nm, by varying the over-voltage ðDV Þ and
the light intensity conditions, but always keeping the rate
on the single SiPM cell in the range 15230 kHz.

The analysis of each set of data consists first in selecting
single photo-electron signals (s.p.e. peaks) by requiring
proper signal shape, pulse height and width. Typical rise-
time and FWHM width are $ 1 and $ 3 ns, respectively.
Low instantaneous intensity and low noise are obtained by
requiring absence of additional peaks and voltage fluctua-
tions below 1mV r.m.s., respectively, within an interval of
% 50 ns around the selected s.p.e. peak.

To reconstruct the s.p.e. time with minimized effect from
the electronic white noise a zero crossing filter [5] is applied
as follows: first a ‘‘reference’’ s.p.e. signal V rðt & t0Þ is built
unaffected by the noise and depending on a reference time
t0. Then V rðt & t0Þ is slid along the time axis, by varying the
reference time t0, until a best fit to the measured s.p.e.
signal VaðtÞ is obtained. The condition of optimum timing
is given by solving in t0 the following eq.

R
ðqV rðt & t0Þ=

qtÞV aðtÞdt ¼ 0. Finally, the fluctuations of the SIPM
response time are studied by taking the difference between
successive s.p.e. peaks modulo the measured laser period
ðT ¼ 12:367 nsÞ.

In almost every set of measurements it is found that the
distribution of time differences for data at l ¼ 400 nm fits
(with good w2) to a gaussian plus a constant term, the latter
being consistent with the contribution from the dark rate
(% level). On the other hand data at l ¼ 800 nm need an
additional exponential term, with typical time scale of 1 ns
and integral contribution at the level of few 10%. Such
slow component might be related to carriers generated by
long wavelengths in the neutral regions beneath the
depleted layer and reaching the latter by diffusion. The
characteristic time is compatible with t$ L2=pD [6] where L
is the electron diffusion length and D is the electron
diffusion coefficient in silicon. In the following we’ll focus

on the dominant contribution to the resolution, i.e. the
gaussian part, and discuss the related sigma st term
extracted from the fit.
Fig. 2 shows the resolution ðstÞ as a function of the over-

voltage ðDV Þ for one of the IRST devices. The resolution
for the single photo-electron is at the level of 70 ps under
standard working conditions ðDV $ 324VÞ and reaches the
level of 50 ps at DV $ 6V. The results for all the measured
IRST devices are in fair agreement. The shape of the
resolution as a function of DV is in qualitative agreement
with the results in Ref. [7]. Statistical fluctuations in the
avalanche development are due mainly to lateral propaga-
tion [8–10]. Work is in progress to simulate the timing

ARTICLE IN PRESS

Fig. 1. Photo-detection efficiency as a function of wavelength at various over-voltages for a device with fill factor of Ae ¼ 20%.
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Fig. 2. Time resolution st as a function of over-voltage at l ¼ 400nm
(circles) and at l ¼ 800nm (squares). Better resolution is reached at
shorter wavelengths. The electronic noise contribution is directly measured
(triangles) to be small compared to the device resolution. Lines are for eye
guiding.
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λ=400nm
λ=800nm

jitter from 
electronic noise

SPTR vs. ΔV

The best SPTR was measured on the detector ASD (FWHM¼
120 ps), the ‘‘wide trace’’ MPPCs and the two SPMs show approxi-
mately the same behavior (150–160 ps). The ‘‘wide trace’’ MPPCs
show better SPTR than the standard one.

3.2. SiPM SPTR as a function of the temperature

The variation of the temperature is a critical parameter for the
behavior of SiPM as it implies the change of its breakdown
voltage, gain and DCR [4,5]. To study its effect on the timing
resolution, we performed measurement between 0 and 20 1C at
constant DV (which is calculated at 20 1C for a bias voltage value
that gives the best SPTR). Only 9 mm2 MPPC could be measured,
the SPM and ASD showing too much dark count rate (E10 MHz
at 20 1C).

Fig. 4 shows the results at 0, 10 and 20 1C and for different
wavelengths. As the MPPC and ASD show a stable behavior with
the temperature increase, we observe a small trend to the
degradation of the SPTR (10–15%) for the SPM. We assume that
this is due to the fact that the difference of temperature is too
low to affect in a significant way the mobility of the charge
carriers [6].

These variations with the temperature are independent of
the pixel size and on the wavelength of the light detected by
the SiPM.

3.3. SiPM SPTR as a function of the wavelength

Fig. 5 shows the SPTR variations with the wavelength at a
temperature of 20 1C. We ob serve 2 different behaviors: a trend
to the improvement of the SPTR when the wavelength increases
for the MPPCs whereas the contrary is observed for the SPMs and
the ASD. For all these detectors, SPTR and PDE (photon detection
efficiency) do not achieved their best value at the same wave-
length [2] (as the MPPC PDE is best in blue and the SPM’s is best
in red).

Fig. 2. Laser and SiPM signals on the oscilloscope with the CFD ratios, coincidence window and histograms of the measurements (SiPM amplitude and Dt between the
SiPM and the laser trigger signals). The SiPM signal, in this example, arrives before the laser trigger due to the delay put between the laser driver and the oscilloscope.

Fig. 3. 1 mm2 SiPM SPTR as a function of the over-voltage.

Fig. 4. 1 mm2 and 9 mm2 SiPM SPTR as a function of the temperature at constant
DV and for different wavelengths.

V. Puill et al. / Nuclear Instruments and Methods in Physics Research A ] (]]]]) ]]]–]]] 3
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Radiation Hardness
• Radiation hardness → well-know issue of SiPM 
• Radiation damage 

• Neutron, proton →Bulk damage by Non-Ionizing Energy Loss (NIEL)  
• γ-ray, X-ray→Surface damage at Si-SiO2 interface by ionising energy loss 

• Effect of radiation damage 
• Mostly increase of dark noise 
• Change in breakdown voltage, gain and PDE for higher dose  

• Possible solutions 
• Operation at lower temperature to reduce dark noise 
• Reduce volume to be damaged by thinning down epitaxial  layer or substrate 
• Better insulator material to reduce surface damage 
• Other material than Si?

Fig. 1. Most reliable evaluation of the displacement damage
functions for neutrons, protons, pions and electrons as recom-
mended by the ROSE collaboration [15] (see text for details).

which most likely will lead to detector replacements
every operational year [5,6].

3. NIEL scaling of bulk damage

The bulk damage produced in silicon particle
detectors by hadrons (neutrons, protons, pions,
others) or higher energetic leptons is caused prim-
arily by displacing a Primary Knock on Atom
(PKA) out of its lattice site resulting in a silicon
interstitial and a left over vacancy (Frenkel defect).
Both can migrate through the silicon mono-crystal-
line lattice and may finally form complex point
defects together with impurity atoms being resident
in the silicon. However, the original PKA can only
be displaced if its energy is higher than the binding
energy of +25 eV. The energy of a recoil silicon
PKA or any other residual atom resulting from
a nuclear reaction can of course be much higher.
Along the paths of these recoils the energy loss
consists of two competing contributions, one being
due to ionization and the other caused by further
displacements. At the end of any heavy recoil range
the nonionizing interactions are prevailing and
a dense agglomeration of defects (disordered re-
gion) is formed. Both, point defects along the par-
ticle paths and such clusters at the end of their
range may be responsible for the various damage
effects in the bulk of the silicon detector but ioniz-
ation losses will not lead to any relevant changes in
the silicon lattice. Hence the bulk damage depends
exclusively on the Non Ionizing Energy Loss
(NIEL) and it has widely been verified that it is
strictly proportional to this value (NIEL scaling
hypothesis). As an equivalent expression for the
NIEL value the displacement damage function
D(E) is used here. It can be calculated employing
the individual reaction cross section, the energy
distribution of recoils produced by that reaction,
the partition between ionizing and nonionizing en-
ergy loss of the recoils and finally summing over all
different reaction channels possible for the initial
particle and its energy. For neutrons a comprehen-
sive description can be found in Ref. [7] and the
whole issue of NIEL scaling for all relevant par-
ticles will be published shortly [8]. A systematic
comparison of the various damage effects observed

experimentally in silicon for different particles as
function of energy has been used for selecting the
most reliable evaluations of the displacement func-
tion. They are displayed in Fig. 1 [9—12] and spe-
cifically exclude or supercede older tabulations
[13,14]. More details can be found in Refs. [7,8,12]
and literature cited there.

A few details should however be mentioned. The
minimum energy of neutrons transferring enough
energy for displacements by elastic scattering is
190 eV. Yet, as can be seen from Fig. 1, the damage
cross section rises below that value with decreasing
energy. This is entirely due to neutron capture, for
which the emitted gamma rays result in a recoil
energy of about 1 keV, much higher than the dis-
placement energy of 25 eV (see above). Therefore
this part of the displacement damage cross section,
misleadingly described as the “disappearance part”
in the original paper published by Lazo [14], can
by no means be neglected in general. For spectra to
be expected in the inner detectors of the LHC
experiments it does however not play a significant
role. For neutrons with energies in the MeV range
an increasing number of nuclear reactions opens up
adding to the displacement function. Up to about
20 MeV an accurate and almost complete date
basis does exist which was used as a reliable source
for damage calculations [9]. At higher energies
theoretical approaches had to be used [10].
The proton damage function is on the other hand

G. Lindstro( m et al. / Nuclear Instruments and Methods in Physics Research A 426 (1999) 1—15 3

I. SILICON DETECTORS

Damage function for Si

G. Lindstrom, et al., NIMA 426(1999)1
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New Development
• Digital SiPM 

• SiPM arrays with integrated electronics 
• digital SiPM from Philips 
• 3D-dSiPM for LXe TPC of nEXO (low temp.) 

• Features 
• Counting # of fired cells 
• Time stamp of first fired cell (per die) 
• Cell-by-cell active control ➔ disable hot cell 
• Active quenching

Outer dimensions 32.6×32.6 mm2

Pixel pitch 4×4 mm2

Pixel active area 3.9×3.2 mm2

# of cells 6936(3200)
Cell size 59.4×32(64) mm2

Pixel fill factor 54(74) %
Tile fill factor 75(55) %

Operational bias voltage 27±0.5 V

Fig. 10. Histograms of the photon counts for attenuated laser pulses.

counts, or optical crosstalk between the two diodes. The true
rate of optical crosstalk can be determined by subtracting the
expected randomly coincident dark counts using the previously
measured DCR map (Fig. 8). This procedure is carried out for
all diodes of the 5 × 5 test field separately. The resulting
optical crosstalk between the light generator diode and all its
neighbors is shown in Fig. 9.

VI. LASER MEASUREMENTS

A picosecond laser (36 ps FWHM, λ = 410 nm) was used
to characterize the photon counting performance of the test
chip. The defocussed laser beam was attenuated to flux levels
of one to fifty photons per pulse, and one million pulses were
acquired for each attenuator setting. The trigger threshold was
set at the first photon level and all events were validated. The
average number of photons in the pulse for each measurement
is derived from the histograms shown in Fig. 10. The data
was acquired at 3.3 V excess voltage and -20 ◦C to suppress
the dark count offset due to the finite collection time of the
sensor. The measurement was repeated at room temperature
with essentially the same results except for photon fluxes
below ten photons per pulse, where accumulated dark counts
became visible as a fixed offset of the number of detected
photons.

The time resolution for each attenuator setting was obtained
from the same data set. The time resolution as a function of
the mean number of photons in the laser pulse is shown in
the Fig. 11. The time resolution follows the 1/N relationship
predicted by theory [3]. The only exception is the first point,
which shows an improved time resolution. The root cause of
this anomaly is currently being investigated.

The contributions of individual system components to the
time resolution of the sensor were investigated separately at
low and high photon fluxes. The contribution of the TDC to the
time resolution is 20 ps full-width at half-maximum (FWHM).
Under low light flux conditions, the SPAD contributes 54 ps
FWHM mainly due to the avalanche spreading uncertainty.
Negligible jitter but significant systematic skew of 110 ps
FWHM have been found in the trigger network. Manual fine-

Fig. 11. Time resolution at low photon counts.

tuning of the wire lengths is underway to eliminate the trigger
network skew in future designs.

VII. TEMPERATURE SENSITIVITY

One drawback of the analog SiPM is its pronounced
sensitivity to temperature variations. Temperature affects the
ionization coefficients of the electrons and holes in silicon [4].
This leads to a temperature drift of the breakdown voltage of
the diode. Assuming constant biasing conditions, any change
in the breakdown voltage Vbd leads to a proportional change
of the SiPM gain G, according to

G =
C (Vbias − Vbd)

q
(3)

with C being the diode capacitance including any parasitics,
and q the electron charge.

In the digital SiPM, the voltage level at one of the SPAD
terminals is sensed and digitized by an logic gate. Therefore,
the digital SiPM is insensitive to any change in the breakdown
voltage as long as the switching threshold of the gate is
reached. The remaining drift observed in the digital SiPM is
due to the change in the photon detection efficiency, caused
by the temperature-dependent avalanche initiation probability.
This drift can only be compensated for by adapting the bias
voltage of the device.

One advantage of the digital SiPM is the possibility to
integrate the bias voltage generator on the same die. A variable
bias voltage source could be realized using e.g. a charge pump
circuit. The charge pump, together with a suitable temperature
sensor or direct breakdown voltage measurement circuit would
allow to completely compensate any temperature dependencies
of the photon detection efficiency of the device. It would
also simplify system integration, as the breakdown voltages
of individual devices can differ significantly from each other.

We measured the drift of both PDE and TDC using an
attenuated picosecond laser with approximately 2100 photons
per pulse. The nominal time resolution at this photon count
was 24 ps FWHM. We observed a drift of 0.33% per degree
Celsius in the average number of photons per pulse over a
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Figure 2. Close-up of a cell and simplified schematics.

few photons per event. For example, the position of the photon can be detected and stored to the
accuracy of the SPAD size, typically several tens of microns. Additionally, this information can be
used to correct for the propagation delay non-uniformity of the trigger network and so to improve
time resolution. The above figure illustrates also one characteristic of the new concept: by integrat-
ing part of the readout on-chip, the sensor becomes application specific integrated circuit (ASIC).
In this particular example, the digital Silicon Photomultiplier is intended to be used as a detector
for scintillation light. A modified concept is needed to make the sensor also a good candidate for
Cherenkov light detectors. Extensions of the current digital Silicon Photomultiplier architecture to
this effect will be presented below.

2 Sensor architecture

Like its analog counterparts, digital silicon photomultiplier pixels consist of arrays of Geiger-mode
microcells, each capable of detecting single photons. Contrary to the conventional SiPM, however,
each cell is capable of detecting and storing exactly one photon. Upon the detection of a photon,
the avalanche is actively quenched using a dedicated transistor, and a different transistor is used
to quickly recharge the diode back to its sensitive state. SPAD breakdown results in an immedi-
ate voltage change of approximately the excess voltage at the anode. Upon reaching the inverter
threshold, the anode voltage is forced to the breakdown voltage level by closing the quenching
transistor, thereby stopping the current flow through the diode. The combination of the diode ca-
pacitance and the quenching transistor feedback ensures proper storage of the information. The
quenching transistor is disconnected and the diode is reset to sensitive state by a separate recharge
transistor (figure 2).

– 2 –
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Concept of digital SiPM
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Furthermore, the skew in the trigger network currently limits the single photon time resolution.
To achieve optimal performance, the trigger network needs to be manually tuned to minimize its
skew. This is has already been done in simulation (figure 8) and needs to be verified in silicon. Nev-
ertheless, even a perfectly balanced trigger network will suffer from process variations. Therefore,
further improvement in the time resolution could be achieved if the position of the triggered diode
were known. As there is at most one photon detected per pixel, this can be realized using a scheme
shown in the figure 14. Every cell is connected to a horizontal and a vertical data lines. When a cell
detects a photon, the position of the cell becomes visible at the periphery of the array as a signal on
these two lines. The trigger signal can be used to latch-in the data lines into a register, which can
be evaluated to calculate the diode position as a binary value. As this position is directly linked to
the skew map, the skew map can be used to completely correct for the actual trigger network skew
of the sensor.

Optical crosstalk in the sensor and random coincidence of the photon with a dark count will
make the position information ambiguous. Normally, this situation can be easily detected, as more
than one line becomes active, and the event could be discarded. However, as optical crosstalk oc-
curs most likely between neighboring cells the approximate position could still be estimated if two

– 9 –
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3D-dSiPM for nEXO
3	dimensional	digital	SiPM for	
nEXO

10

And	in	Canada

8

• U.Sherbrooke (QC,	Canada)
• Photo-detector	tier	design
• Electronics	tier	design
• 3D	assembly

• In	collaboration	with	
Teledyne-DALSA	(Bromont,	
QC,	Canada)
• Photo-detector	fabrication
• 3D	assembly
• (CMOS	chip	made	by	TSMC)

Performance benefits
• Sensitivity
   - High PDE
   - Tunable dark count levels due to 
     digital control
• Speed
   - Excellent timing resolution  
     (20 ps clock, 60 ps intrinsic)
• Robustness
   - Insensitive to magnetic fields
   - Lower sensitivity to temperature variations             
     than analog devices (no gain dependency)    

Digital Silicon Photomultiplier

How it works
Working principle of a digital silicon photomultiplier

Help and guide
PDPC is setup to help and guide you 
through the whole process of integration 
of this disruptive technology by designing 
optimal solutions for your application and 
by providing consultancy and support.

Figure 1a: One array comprises 
              16 dies (8x8 pixels)

Figure 2: First photon hits the sensor, integrated photon counter 
increases to 001 and integrated timer measures arrival time of first 
photon per die.

Figure 4: The chip has measured the 3 photons that have hit the  
sensor during the desired length of the detection process.

Figure 1b: One die comprises 
               4 pixels

Figure 3: Second photon hits the sensor, the integrated photon
counter increases to 002.

Figure 5: At the end of the detection process, the values of the 
integrated photon counter and timer can be read out via a digital 
interface.

Figure 1c: One pixel Figure 1d: Photo of a die

Benefits for system manufacturers
• Fully digital, no mixed signal processing
• Fully scalable while maintaining intrinsic  
  performance
• Lower system cost due to reduced electronic 
  requirements
• Low power consumption
• Very compact
• Customizable design
• Higher levels of integration (modules,  
  subsystems) with standard interfaces are 
  deliverable

Philips digital SiPM  
DPC6400-22-44 (DPC3200-22-44)
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New Development
• SiPM for deep UV light 

• Detection for scintillation light from LXe (λ=175nm) and LAr 
(λ=128nm) 

• Recent development by Hamamatsu and FBK 
• VUV-MPPC for MEG II LXe detector 

• Hamamatsu MPPC S10943-4372 
• PDE 15-20% at λ=175nm  
• 12×12mm2 (discrete array of four 6×6mm2 chip) 
• 50μm cell pitch 
• Metal quench resistor 
• Suppression of after-pulsing/cross-talk

plot in Fig. 7 shows the PDEs obtained for the three MPPCs as a
function of the over-voltage. The PDE is approximately 8% for the

μ50 m pixel MPPCs and approximately 13% for the μ100 m pixel
MPPC at =V 3 Vov . The PDE contains the fill factor, the sensitive
area efficiency, such as ε= × × PPDE QE trigger, where QE is the
quantum efficiency of the active area, ε is the fill factor, and Ptrigger
is the probability that an incoming photon triggers a Geiger-ava-
lanche multiplication [4]. The fill factor is 40% for -50UM and 62%
for a for -100UM [7], so the difference of the PDE in our mea-
surement is about consistent to the difference of the fill factor.

The basic properties of the MPPC shown in Fig. 2 (gain and
cross-talk) are measured as a function of the over-voltage at the
liquid nitrogen temperature, while the α-ray data are obtained
inside the liquid argon. Because the breakdown voltage depends
fairly strongly on temperature (approximately 50 mV/K), the
breakdown voltage at the liquid argon temperature needs to be
determined independently. The precision of the breakdown vol-
tage determination (+

− V0.17
0.21 ) is found to be one of the major sources

of the systematic uncertainty in the PDE measurement. The sys-
tematic uncertainty due to the correction factor k for the counting
loss is conservatively calculated by assuming that all photons were

triggered simultaneously or non-simultaneously (k¼1). The re-
lative uncertainty is approximately 1% for the μ50 m pitch
(3600 pixel) MPPCs and approximately 10% for the μ100 m pitch
(900 pixel) MPPC. Moreover, for the V2-50UM model, different
MPPCs are used to observe the LAr scintillation (V2-50UM-(2)) and
estimate the gain and cross-talk (V2-50UM-(1)). This difference
comprises another major source of the systematic uncertainty. The
relative uncertainty in the PDE is assigned as approximately 30%
for the VUV2 MPPC and 10–20% for the VUV3 MPPCs, as shown by
the dotted lines in the plot in Fig. 7.

5. Summary

A new multi-pixel photon counter (MPPC) with a sensitivity to
VUV light (wavelength <150 nm) has recently been developed by
Hamamatsu Photonics K.K. We tested the new MPPC under cryo-
genic temperatures ( − °190 C) and measured several of its basic
properties. We then successfully detected the scintillation light of
LAr (wavelength¼128 nm) with this MPPC. The photon-detection
efficiency was measured to be approximately 8% for μ50 m pixel
MPPCs and approximately 13% for a μ100 m pixel MPPC at =Vov
3 V.

In the recent WIMP dark matter search experiments using li-
quefied noble gas (argon and xenon), it has been reported that the
background events at the detector surface may be mis-re-
constructed as events at the center of the detector. These mis-re-
constructed events remain in the signal region and limit the in-
strument sensitivity. For the ANKOK experiment, we are at-
tempting to improve the spatial reconstruction resolution by ar-
ranging the MPPC. For the double-phase argon detector the spatial
resolution in terms of electron drift direction is determined very
precisely (O( <mm)) by the time difference between direct and
secondary scintillations caused by the drifted electrons (time
projection). However, the resolution in the transverse plane is
limited by the size of the PMT (typically 3 in). Positioning a small
MPPC (3 mm"3 mm) at the detector wall in the gaseous argon
phase might improve the spatial resolution sufficiently to distin-
guish the background events from the wall, as the VUV MPPCs are
expected to detect direct 128 nm scintillation light, which contains
more emission position information than light wavelength-shifted
by TPB. To conclude, this new MPPC may lead to new designs for
argon scintillation detectors in the near future. Thus, further de-
velopment toward their practical application including low-back-
ground techniques is desired.
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bilities. The expected number of photons was evaluated from
the solid angle subtended by the active area of the chip to the
spot �-source assuming the scintillation light yield of the �-ray
of (51 ± 5) � 103 photons/MeV [11]. The contribution from
the reflected light on the surrounding wall with the VUV anti-
reflecting coating was evaluated to be negligibly small, while
the reflection on the surface of the gold foil surrounding the
spot �-source was found to be non-negligible and taken into ac-
count in the estimation of the PDE. Fig. 8 shows the measured
PDE for two chips as a function of the over-voltage where the
systematic error of the measurement comes mainly from the er-
ror in the scintillation light yield for �-rays (10% [11]) and the
uncertainty in the estimation of the e�ect of the reflection on
the surface of the spot �-source (5%). The PDE was measured
to be 14–21% depending on the over-voltage, which su�ciently
fulfils the requirement for the MEG II LXe detector.

3.3. Performance of Large-area Sensor in LXe

While a highly granular scintillation readout is required for
the MEG II LXe detector, the maximum size of the active area
of the standard MPPC (6 � 6 mm2) is even too small to manage
the corresponding enormous number of readout channels. The
optimal sensor size for the LXe detector is found to be about
10 � 10 mm2. The large sensor capacitance of 5 nF expected
for that sensor size will be an issue due to the resultant long
pulse-decay-time. The signal readout by transimpedance am-
plifiers with a low input-impedance to mitigate the long pulse-
decay-time is not possible for the LXe detector because of the
non-negligible impedance of the signal cable as long as 12 m
between the sensor and the amplifier. The long cable is re-
quired to transmit the signal from the inside of the detector
cryostat to the readout electronics placed outside the cryostat.
A single sensor with a large active area of 139 mm2 is, there-
fore, formed by connecting four independent small MPPC chips
(5.95�5.85 mm2 each) in series to avoid the increase in the sen-
sor capacitance. The scheme of the series connection, which is
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Figure 8: Measured PDE for two VUV-MPPC chips as a function of the over-
voltage. The error bars and the strips represent the statistical and the systematic
errors, respectively. The contributions from the correlated noises are corrected
for using the measured probabilities.

made on a signal readout PCB underneath the sensor, is illus-
trated in Fig. 9. The four chips are connected in series with
decoupling capacitors in between such that the four chips are
biased by a common voltage. This connection scheme is more
advantageous than the simple series connection. The bias volt-
age is the same as the one for the single chip in contrast to
the four times higher bias voltage required for the simple series
connection. There is no voltage di�erence between the adja-
cent chips, which eliminates the risk of the discharge between
the adjacent chips. Four chips with almost the same breakdown
voltage are selected to assemble each sensor in the production
by the company such that the four chips within each sensor have
the same gain when biased by a common voltage.

The typical waveform for the signal with two photoelec-
trons (primary photoelectron overlapped with optical cross-
talk) from the four chips connected in series is shown in the
bottom of Fig. 10. The waveform from the four chips con-
nected in parallel, which is equivalent to a single large sensor
of 139 mm2, is also shown for comparison in the top of Fig. 10.
The pulse-decay-time for the series connection was measured
to be 25 ns, which is five times shorter than that for the paral-
lel connection. Fig. 11 shows the charge distribution obtained
for low-level light pulses from the blue LED for the four chips
connected in series operated in LXe at �V = 7 V. The photo-
electron peaks are clearly resolved with a single photoelectron
resolution as good as 12%. Fig. 12 shows the gain computed
from the single photoelectron charge measured as a function of
the over-voltage.

The energy resolutions of the large-area VUV-MPPC were
measured for visible light and LXe scintillation light. The sen-
sor was illuminated by light pulses from a blue-LED with a con-
stant intensity and the resolution was measured as the standard
deviation of the Gaussian function fitted to the charge distribu-
tion. The measurement was repeated for di�erent light intensi-
ties by varying the voltage to the LED to study the dependence
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Figure 9: Scheme of the series connection of the four MPPC chips on the
VUV-MPPC.
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Fig. 11. PDE as a function of overvoltage (left) and the number of additional correlated avalanches within 1 µs (right). The error bars represent the statistical
errors, whereas the colored bands show the systematic errors which are stated in Table II. These measurements show that within the uncertainties, the required
15% PDE, while still having a correlated avalanche probability lower than 20%, is fulfiled for nEXO. However, a very small range of operation, only up to
a few volts overvoltage, is possible. Data from Stanford setup.

out by performing the optimal linear combination of the two
channels.

The production of ionization electrons Q and scintillation
photons S can be parameterized as

Q = E
W

· (1 − R) (7)

S = E
W

· (Si + R) (8)

where E is the deposited energy (2458.07 ± 0.31 keV during
the 0νββ decay of 136Xe [7], [8]), W is the effective energy
required to create an electron–ion pair (W = 15.6 eV [26],
[27]), and Si is the fraction of scintillation photons produced
by excitation relative to ionization. Si is set to the most
probable value of 0.13 according to [28]. The optimum energy
estimator O canceling the fluctuation of R is

O = S + Q = E
W

· (Si + 1). (9)

under the assumption that the electronics noise is smaller than
the recombination noise.

In nEXO, the energy resolution is dominated by the noise
in the light channel. Therefore, good energy resolution is
strongly coupled to the overall light CE. The scintillation light
will be detected by SiPMs covering up to 4 m2. Moreover,
the transport and PDE are entangled because the SiPM surface
is very reflective at 175 nm due to the large differences
of the indices of refraction between silicon (nSi = 0.682),
silicon dioxide (nSiO2 = 1.61), and LXe (nLXe = 1.66).
The VUV-HD generation SiPMs have a 1.5-µm-thick SiO2
layer on the top surface as layer on the top surface as a pas-
sivation. Assuming a PDE of 15%, our simulations show that
an ϵo, i.e., the product of the PTE and the SiPM PDE, of ≥3%
is sufficient to achieve an energy resolution of σ/Qββ ≤ 1%.
This corresponds to a PTE of 20%, which can already be
achieved by a 60% reflectivity of the cathode and the field
shaping rings and a 50% reflectivity of the anode. We would
like to emphasize that these assumptions are relatively con-
servative. Therefore, the average number of photoelectrons is

then 1985 at 2458 keV. The average number of dark events
within the longest possible integration window of 1 µs and
for the maximum measured value of 2 Hz mm−2 is only 10
and is, therefore, negligible.

As for the noise in the charge channel, ionization electrons
are detected on pads without any amplification besides the
electronics preamplifier stage that introduces an equivalent
noise charge of about σq = 200 e− per channel. Given the
current choice of 3-mm pixel pitch (studies of the optimal
value are still ongoing), the charge of a 0νββ decay will
be distributed over about 10 channels on average, which will
bring the equivalent noise charge back to about σq = 600 e−.
This is comparable to the value that was achieved by EXO-200
for one channel (σq = 800 e−) with a readout pitch of 9 mm.
We can consider this to be roughly the cutoff value below
which the charge noise can be considered subdominant for the
overall energy resolution, as indicated by simulations where
the effects of diffusion, electronics noise, and the channel
multiplicity are taken into account. This holds true as long as
the main contribution to the energy resolution is noise from
the light channel. As we improve ϵ0, the improvement of the
energy resolution will then be limited by σq . Other sources of
fluctuations are known to be negligible.

With these assumptions, the average number of detected
SiPM avalanches A can be written as

A = ϵo · S · (1 + %) (10)

where ϵo is the overall efficiency of detecting a scintillation
photon, S is the average number of scintillation photons, and
% is the average total number of correlated avalanches per
avalanche within 1 µs at all orders. The optimum estimator
can then be written as

O = Q + A
ϵo(1 + %)

. (11)

Introducing the Fano factor FQS for the combined produc-
tion of scintillation and ionization, the energy resolution

Authorized licensed use limited to: University of Tokyo. Downloaded on February 21,2020 at 04:03:38 UTC from IEEE Xplore.  Restrictions apply. 

VUV-SiPM from FBK

K. Ieki et al., NIMA 925(2019)148-155



• Introduction 
• Basic Properties of 

Photo-detector 
• Vacuum photo-

detector 
• Solid-state photo-

detector 
• Comparison 
• Summary



W. Ootani, “Photon Detectors”, EDIT2020, Jan. 27th, 2020, DESY

• Replacement of PMT with SiPM 
61

Photo-detector Comparison
PMT PD/PIN APD SiPM

QE [%] <40 <90 <90 <40 (PDE)
Gain 106 1 102 106

Operating voltage ~1kV 0-5V 100-1kV 20-70V
Temp. sensivitiy Low Low High Medium

Size Bulky Compact Compact Compact
Large area Yes No No No

Time jitter [ns] >0.05 NA >0.2 >0.1
Mechanical robustness No Yes Yes Yes

B-field immunity No Yes Yes Yes
Noise Low Low Medium High
Price High Low Low Low

• Photo-detector choice depends on requirements for experiments!  
• Recent trends = Replacement of PMT with SiPM 
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T2K
• A large number of MPPCs totalling ~56,000 

used in several detectors in T2K 
• Working fine for ten years 
• # of bad channel < 0.28% incl. problem of readout 

electronics

Detector # of ch # of bad ch
2010 2012

Fraction of bad ch
2010 2012

A. Minamino @ IEEE Dresden 2008

T2K MPPC specifications
Item Spec

Active area 1.3 x 1.3 mm2

Pixel size 50 x 50 mm2

Num. of pixels 667

Operation 
voltage

70 V (typical)

PDE @ 550nm ~ 25 %

Dark count
(Gain = 7.5 x 105)

< 1.35 Mcps 
@ 25 deg.

(Thre. = 0.5 p.e.)
Num. of device 56,000

S10362-13-050C
Developed for T2K

1.3 mm

Produced by
Hamamatsu Photonics

17

A. Minamino, Next generation photosensor worksop 2010

T. Kikawa, Next generation photosensor worksop 2012
MPPCの使用方法 

�プラスチックシンチレータからの 
光を波長変換ファイバー(Y-11) 
を通してMPPCで検出。 

�ファイバー、MPPC間のコネクタ 
は独自に開発。 

� 光量損失を最低限にする。 

� 高い再現性。 

 

8 2012年12月25日 

FGDにおけるファイバーMPPC読み出し 

INGRID, FGDのコネクタ ECAL, P0D, SMRDのコネクタ 

ファイバー用キャップ 
MPPC 

コネクタ 

PCBボード 

ファイバー 

ファイバー用コネクタ 

MPPC用コネクタ 
MPPC 

キャップ 

第4回次世代光センサーワークショップ 

INGRID on-axis neutrino detector 
• On-axis detector is crucial for off-axis measurements

– Monitor beam direction, intensity and mean energy

– Beam coverage ~ 10×10 m2

– Off-axis angle measurement accuracy goal is 1 mrad (< 15 
MeV shift on off-axis peak energy)

– 10k n interactions per day at full power (750 kW)

11

INGRID “cross” is formed with 
14 identical modules + 2 diagonal
modules made of plastic 
scintillator planes and iron targets
surrounded by VETO planes.

T2K off-axis near detectors
• The off-axis near detectors provide

– Off-axis beam measurement based on CCQE

– Beam ne contamination

– Super-K background measurements (NCp0)

– Precise cross-section measurements with very large statistics

13

Off-axis 
detectors

On-axis detector
(INGRID)

ND280

T2K off-axis near detectors 
(ND280)

T2K on-axis near detectors 
(INGRID)

MPPC readout (FGD)
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• Highly granular scintillation readout 
• 216 × PMTs(2-inch) on γ-entrance face are 

replaced with 4092 × VUV-MPPCs (139mm2 

each) 
• Energy and position resolutions will be improved 

by a factor of two.

63

MEG II LXe Detector

2” PMT
MPPC 

(12×12mm2)

MEG (MC) MEG II (MC)

Gamma-ray	DAQ 10

• aaEvent	display

Zoom	in

MEG	IMEG	II Granularity
improvement
by	MPPC

MEG II (Data)
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Calorimeters for ILC
• Highly granular calorimeter for ILC detector based on 

Particle Flow Algorithm (PFA) 
• AHCAL: ~107 × (30×30×3mm2 scinti. tile + SiPM)  
• ScECAL: ~107 × (5×45×2mm2 scinti. strip + SiPM) 

• SiPM technology allows 
• SiPM and readout electronics are integrated in active volume 
• Calorimeters in solenoid field of 4T

PFA

XII ICFA School on Instrumentation in Elementary Particle Physic: Calorimetry BOGOTA’,  November 25th - December 6th 2013

Calorimetry @ ILC: SiW ECAL

!70

ScECAL

AHCAL

MC

Particle Flow Calorimetry Felix Sefkow     Tokyo, March 11, 2016 

MC

AHCAL Developments  Felix Sefkow     CERN, February 5, 2014

MC

Felix Sefkow   

Industrialisation: Numbers!

• The AHCAL 

• 60 sub-modules 

• 3000 layers 

• 10,000 slabs 

• 60,000 HBUs 

• 200’000 ASICs 

• 8,000,000 tiles and SiPMs

75

• One year 

• 46 weeks 

• 230 days 

• 2000 hours 

• 100,000 minutes 

• 7,000,000 seconds

Katja Krüger  |  AHCAL prototype overview   |  10 Sept 2013  |  Page 16/16

Conclusions and Outlook

preparations for a full engineering prototype:
> multi-layer DAQ: first version running, next steps:

 integration of LDA
 switch to HDMI readout

> work on quality assurance & infrastructure

> more hardware, especially tiles+SiPMs, 
in production

next testbeams at DESY:
> 1 week in October 2013
> 11 days in December 2013
> 2 weeks in January 2014

Katja Krüger  |  AHCAL prototype overview   |  10 Sept 2013  |  Page 3/16

going from 1 HBU to a detector prototype: 1D 

> single HBUs extensively tested and calibrated in lab
> cross check the calibration and the uniformity of all channels on one 

chip with MIPs in testbeam
> operation of a slab with 6 HBUs
> power pulsing with a full slab: started (more details in talk by S. Chen)

Mathias Reinecke  |  CALICE meeting  |  Sept. 10th, 2013  |  Page 5 

New 8 HBU2 boards 

> All 8 new HBU2s have been tested 
and work fine. 

> Problem: Significant spread of board 
dimensions within the 8 boards. 
Landmarks differ up to 0.4mm 
(0.1mm was specified). 

> Problems during PCB assembly and 
with the steel cassettes (individual 
cassettes needed). 

> From the discussion with PCB manufacturer: For the next order, there will be 
a pre-compensation process step for the inner pcb layers before the pressing 
operation. This will solve the problem as it did for the first 6 HBUs.   

Katja Krüger  |  AHCAL prototype overview   |  10 Sept 2013  |  Page 14/16

Going mass production: more tiles+SiPMs

> ITEP produced direct-readout tiles (+ Ketek 
SiPMs with 12100 pixels) for 2 HBUs, 
paperwork ongoing

> NIU: 1 HBU with top-view SiPMs being tested
> Uni HH produced direct-readout tiles for 

8 HBUs, Ketek SiPMs with 2300 pixels for 
8 HBUs delivered and being tested now
(more details in talk by K. Briggl)

> expect Hamamatsu MPPCs for 4 HBUs from 
Japan, ITEP agreed to produce direct-readout 
tiles 

> mass assembly: talk by P. Chau
> testing several different options now, but for

practical reasons will need to converge to
1 or 2 for larger prototypes (but this will not be 
an advance decision for ILD calo)

ITEP

Uni HH

MC

New AHCAL prototype Felix Sefkow   March 23, 2017

Progress in SiPMs and tile design

• SiPMs sensitive to blue light → no need for WLS fibres 
• New generation of industrial SiPMs: drastically improved 

over the past years 
– Dramatically reduced dark rate and increased photon 

detection efficiency 
– Better signal-to-noise ratio, allows simpler tile design 
– After-pulses and inter-pixel cross-talk largely reduced 
– Noise rate decreases quickly with threshold, much more 

stable operation 
• Excellent uniformity (operating voltage, gain) 

– Simplified calibration  
• High over-voltage operation 

– Reduced temperature sensitivity
4

Surface mounted SiPMs & tiles 
• with MPPC SiPMs 2700 px

Physics prototype
2006 - 2011

Technological prototype

Old ITEP tiles with WLS fibre 
1200 px SiPMs Suitable for automated mass assembly

For comparison: SiPMs in physics  
prototype 2 MHz dark rate, 30% cross talk

MC

Particle Flow Calorimetry Felix Sefkow     Tokyo, March 11, 2016 

MC

AHCAL Developments  Felix Sefkow     CERN, February 5, 2014

MC

Felix Sefkow   
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> ITEP produced direct-readout tiles (+ Ketek 
SiPMs with 12100 pixels) for 2 HBUs, 
paperwork ongoing

> NIU: 1 HBU with top-view SiPMs being tested
> Uni HH produced direct-readout tiles for 

8 HBUs, Ketek SiPMs with 2300 pixels for 
8 HBUs delivered and being tested now
(more details in talk by K. Briggl)

> expect Hamamatsu MPPCs for 4 HBUs from 
Japan, ITEP agreed to produce direct-readout 
tiles 

> mass assembly: talk by P. Chau
> testing several different options now, but for

practical reasons will need to converge to
1 or 2 for larger prototypes (but this will not be 
an advance decision for ILD calo)

ITEP

Uni HH

Mathias Reinecke  |  CALICE main meeting  |  Mar. 22nd, 2017  |  Page 4 

Large Scale Hardware Production 

> Large scale production: 

� 160 HBUs with SP2E in BGA and 23k Hamamatsu 
S13360-1325PE – in two steps of 80 HBUs 

� 50 DAQ interface modules (DIF, CALIB, POWER, 
CIB). 

> Widely shared electronics production:  

� SP2E ASICS: Omega; Chip-test: Uni Wuppertal 

� Tiles: Uniplast (Russia); Tile-check, wrapping: Uni 
Hamburg; Tile Assembly, cosmics tests: Uni Mainz. 

� MPPC sample test: Uni Heidelberg. 

� Tile checks, cassettes, small stack power supply: 
MPI München 

� PCBs, initial test, cassettes, module assembly, 
commissioning/calibration: DESY 

> Assembly steps for series production required!   

> Modules expected Aug./Sep. 2017 

HBU5_BGA 

2×16 wedges

48 layers × 3 slabs

6 HBUs

Scint. tile + SiPM

Pion 100GeV

AHCAL prototype

e, μ, π

Test beam＠CERN/SPS H2
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Still Only Possible with PMT!
• Hyper-Kamiokande 

• Next generation neutrino experiment 
• 10 times larger fiducial volume (190kton) than Super-

Kamiokande (SK) 
• 40000 × new PMT with 2 × sensitivity than SK 

• Has been approved! 
• Aiming at start-up in 2027



W. Ootani, “Photon Detectors”, EDIT2020, Jan. 27th, 2020, DESY 66

Summary
• Photo-detector is one of the most crucial items in HEP experiment detectors 
• Three types of photo-detector 

• Vacuum photo-detector 
• Solid-state photo-detector 
• Gaseous photo-detector (not covered today) 

• Vacuum photo-detector 
• ~100 years old!  
• Successful applications in many HEP projects 
• Still viable or even only possible solution for many projects 
• Still improving performance even with new ideas 

• Solid-state photo-detector 
• PD and APD have been successfully used in many HEP experiments 
• Vast progress in development of SiPM technology since last two decades 
• More and more applications of SiPM because of many advantages 
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Useful References 
• Lectures in previous EDIT 
• Vacuum photo-detector 

• PMT Handbook (Hamamatsu Photonics K.K.) 
• K.Arisaka, “Vacuum Photon Detectors”, IEEE/NSS2012 

• Solid-state photo-detector 
• Opt-semiconductor Handbook (Hamamatsu Photonics K.K.) 
• V. Puill, “Tutorial SiPMs”, NDIP2017 
• G. Collazuol, “Status and Perspectives of Solid State Photo-detector”, RICH2013 

• Gaseous photo-detector 
• F. Sauli, “Photon detection and imaging with gaseous counters”, NDIP2017 


