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SiPM Properties

	 High gain 
	 Compactness 
	 Insensitive to magnetic fields 
	 Low operation voltage 
	 Large PDE 

	 Dynamic Range 
	 Dark-rate 
	 Cross-talk, after-pulsing 
	 Temperature sensitivity 

	 Radiation Hardness

	 [  105 to 107 
	 [  1 mm2 and larger 
	 [  up to few T 
	 [  20 - 70 V 
	 [  up to 65% (peak @ 400 nm) 

	 [  Npxl = O(1000) 
	 [  30 to few 100 kHz/mm2  
	 [  1 - 35%  
	 [  20-50 mV/K 

	 [  < few × 1013



Overview

Type Experiment Relevant Features

Time-of-Flight
Mu3e (Tile), Mu3e (Fibre), Belle2 (TOP),  
MEG2 (Timing Counter), Panda (ToF),  
SHIP (Timing Detector) …

Compactness, large PDE, fast  
response, B insensitivity …

Tracking LHCb (Fibre Tracker),  
Belle2 (KL & Muon Endcap Detector), …

Compactness, high gain, large  
PDE, radiation tolerance …

PID, Cherenkov Belle 2 (A-RICH), Panda (DIRC), … Compactness, single photon  
detection, radiation tolerance … 

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

Compactness, large dynamic  
range, B insensitivity, …



Overview

Type Experiment Relevant Features

Time-of-Flight
Mu3e (Tile), Mu3e (Fibre), Belle2 (TOP),  
MEG2 (Timing Counter), Panda (ToF),  
SHIP (Timing Detector) …

Compactness, large PDE, fast  
response, B insensitivity …

Tracking LHCb (Fibre Tracker),  
Belle2 (KL & Muon Endcap Detector), …

Compactness, high gain, large  
PDE, radiation tolerance …

PID, Cherenkov Belle 2 (A-RICH), Panda (DIRC), … Compactness, single photon  
detection, radiation tolerance … 

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

Compactness, large dynamic  
range, B insensitivity, …



CALICE 
Analogue HCAL



The CALICE Analog Hadron Calorimeter

m
kl
 [G

eV
] W,Z separation in  

ννWW and ννZZ events [ILC – LO
I; 2010]

Calorimeter Requirements

ECAL

• Excellent energy resolution for jets – i.e. high granularity
• Good energy/angular resolution for photons – how good ? 
• Hermeticity
• Reconstruction of non-pointing photons

SiW: sampling calorimeter is a good choice

!Separation of energy deposits from 
individual particles

! Discrimination between EM and
hadronic showers

• small X0 and RMoliere : compact showers

• small X0/!I

• high lateral granularity : O(RMoliere)

• longitudanal segmentation

!Containment of EM showers in ECAL

Particle flow drives calorimeter design:

• Tungsten is great :  X0 /!I = 1/25, RMoliere ~ 9mm
EM showers are short/Had showers long

+ narrow EM showers

• However not cheap (very significant fraction of total
detector cost)!

RAL HEP Forum 7/05/2006 Mark Thomson 8

Particle Flow Paradigm:
e+e− precision physics  
requires W/Z mass splitting … 
i.e. 3-4% jet energy resolution @ ~ 50 GeV

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

Detector requirements:

mĳ [GeV]

Excellent Tracking  
[for charged particle reconstruction]

High calorimeter granularity  
[for detailed shower reconstruction]

Good calorimeter resolution  
[for measuring neutrals]

Charged Particle 
Tracks

E.M. 
Showers

Hadron 
Showers
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detector cost)!

RAL HEP Forum 7/05/2006 Mark Thomson 8

mĳ [GeV]

Charged Particle 
Tracks

E.M. 
Showers

Hadron 
Showers

Tracker  
[TPC]

MagnetCalorimeter

International Large Detector Concept, ILD
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Charged Particle 
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E.M. 
Showers

Hadron 
Showers

Tracker  
[TPC]

Calorimeter

CLIC Detector Concept

Magnet

Tracker  
[Silicon]



! auto-trigger on 50 fC (1/3 of photoelectron with a PMT gain
of 106);
! charge measurement up to 50 pC (300 p.e.);
! time tagging better than 1 ns (TDC);
! internal conversion.

The ASIC architecture globally follows a similar architecture as
MAROC with variable gain preamplifier, slow shaper for charge

measurement and fast shaper to drive the discriminators. There
are two parallel channels to perform charge and time measure-
ments. The charge channel integrates two gain paths (high and
low) for small and large signals in order to obtain a good charge
precision ("30 fC). The charge channel is made of a voltage
preamplifier and a slow shaper (with a variable shaping time up
to 100 ns) to shape the input signal. The two shaped signals (high
and low gain) are then stored in two Switched Capacitor Arrays

Fig. 5. Charge linearity using the auto-gain mode and the 10 bit-ADC.

Fig. 6. A half-octant of the HCAL (left) and AHCAL integrated layer (right).

N. Seguin-Moreau / Nuclear Instruments and Methods in Physics Research A 718 (2013) 173–179176

The CALICE Analog Hadron Calorimeter

WLS fiber (figure 4, design based on [8]) is easier to produce. Changing the SiPM position from
the side of the tile to the top would allow for the use of large scintillator plates [9] (“megatiles”)
which cover several SiPMs (figure 5). These di↵erent tile options also have implications for the
assembly and calibration procedure which are currently investigated.

Figure 3. AHCAL scin-
tillator tile with wavelength
shifting fiber

Figure 4. AHCAL scintil-
lator tile without wavelength
shifting fiber

Figure 5. Large AHCAL
scintillator tile (“megatile”)
for SiPMs mounted above
the tile

The layout of the AHCAL for the International Linear collider Detector (ILD) [10] is planned
to consist of two endcaps and a barrel, which is segmented into two rings along the beam
direction. Each of the half-barrels is further segmented into 16 half-octants with a thickness of
40 to 48 layers (figure 6). The layers in turn are segmented into 18 HCAL Base Units (HBUs)
arranged into 3 slabs with a length of 6 HBUs each (figure 7).

Figure 6. AHCAL barrel layout for ILD.
Figure 7. Layer structure of an AHCAL
barrel half-octant.

Several configurations with small numbers of HBUs have been operated successfully in the
lab and studied in beam tests. A slab with the full length of 6 HBUs (figure 8) was tested with
and without power pulsing in the lab and showed good signal uniformity over the full lenght of
the slab of 2.1m. A layer of 2*2 HBUs was calibrated with electrons from the DESY test beam
used as minimal-ionising particles (MIPs) and used to measure hit times in hadron showers in
the SPS test beam at CERN. Most recent, a stack of 8 HBUs (figure 9) was calibrated with
MIPs in the DESY test beam (figure 10) and then used to measure electron showers. The active
layers as well as the steel absorber have the geometry planned for ILD. As next step we plan to
partly equip an ILD sector such that a few layers can be used to identify the shower start and
a few larger layers can be used to measure the correlation of the size and the time of hits in a

3

Cassette

ASIC
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Absorber  
Structure

DAQ  
Interface

Sector  
Connections

Side Module

HCAL 
Cabling

ECAL 
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ECAL
AHCAL

Barrel 
Structure

Half-octant of 
CALICE AHCAL barrel

Possible 
ILC Calorimeter Design



The CALICE Analog Hadron Calorimeter

Sandwich calorimeter 
based on Scintillator Tiles & SiPMs

Highly integrated electronics 
with ultra low-power ASICs

8 Million Channels 
requires high data concentration

! auto-trigger on 50 fC (1/3 of photoelectron with a PMT gain
of 106);
! charge measurement up to 50 pC (300 p.e.);
! time tagging better than 1 ns (TDC);
! internal conversion.

The ASIC architecture globally follows a similar architecture as
MAROC with variable gain preamplifier, slow shaper for charge

measurement and fast shaper to drive the discriminators. There
are two parallel channels to perform charge and time measure-
ments. The charge channel integrates two gain paths (high and
low) for small and large signals in order to obtain a good charge
precision ("30 fC). The charge channel is made of a voltage
preamplifier and a slow shaper (with a variable shaping time up
to 100 ns) to shape the input signal. The two shaped signals (high
and low gain) are then stored in two Switched Capacitor Arrays

Fig. 5. Charge linearity using the auto-gain mode and the 10 bit-ADC.

Fig. 6. A half-octant of the HCAL (left) and AHCAL integrated layer (right).

N. Seguin-Moreau / Nuclear Instruments and Methods in Physics Research A 718 (2013) 173–179176
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[Base Unit]

Absorber  
Structure

DAQ  
Interface

Sector  
Connections

Side Module

HCAL 
Cabling

ECAL 
Cabling Half-octant of 

CALICE AHCAL barrel

Possible 
ILC Calorimeter Design

SiPM requirements: 
	 SMD Technology 
	 Large Dynamic Range 
	 Blue sensitivity [25%@420 nm] 
	 DCR < 500 kHz 
   	Cross Talk < 3% 
	 Vbd spread <  200 mV 
	 … 



The CALICE Analog Hadron Calorimeter
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SPIROC ASIC

SiPMs & 
Scintillating Tiles

HBU Slab



The CALICE Analog Hadron Calorimeter
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Figure 7. Hit energy spectrum for 40GeV positron showers compared to that of 40GeV and 80GeV pion
showers from a GEANT4 simulation.

depth, as opposed to electrons which have a short shower contained in the first half of the calorime-
ter. It was found that this muon rejection was more efficient than the selection based either on
the Čerenkov counter, which does not provide electron-muon separation for 30GeV and above, or
on the muon trigger Mc1 which has an efficiency of about 50%. Particles which interact in the
material upstream of the AHCAL are removed by requiring a good track in the delay wire cham-
bers (χ2/dof < 6), and a MIP-like energy deposition in the multiplicity counter (V1). With these
selection criteria, 45% of all recorded events at 10GeV are accepted. According to Monte Carlo
studies 99.9% of all electron events pass the selection criteria, whereas 99.8% of all muon events
are rejected. The typical fraction of muons in a run is about 5–10%.

The uncertainty on the mean energy of the beam is reported in [21] to be
ΔEbeam
Ebeam

=
0.12

Ebeam [GeV]
⊕0.1%. (5.1)

The first term is related to hysteresis in the bending magnets while the calibration and the un-
certainties on the collimator geometry give the constant term. Since this uncertainty is negligible
compared to the detector uncertainties, we assume the beam energy to be fixed. The dispersion of
the beam energy can be calculated according to [22] from the settings of the momentum selecting
collimators on the beam line and is below 0.24% for all the runs in this analysis.

5.2 Linearity

The linearity of the calorimeter response for a large range of incident particle energies is a key
feature, which allows for an important test of the calibration chain. Electromagnetic showers offer
the most rigorous test for non-linearity correction, since the energy deposited per single tile in
an electromagnetic shower is larger than that in a hadronic shower for the same particle energy.
Figure 7 shows the hit energy spectrum of a 40GeV positron shower compared to the spectra of
40 GeV and 80GeV pion showers. The positron shower clearly has more hits with high energy
deposition, even when the total particle energy is only half that of the pion.

A set of positron runs with incidence normal to the center of the calorimeter face is analyzed.
To minimize the influence of noise, the energy is summed up in a cylinder around the shower axis,
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Figure 2. Distribution of the energy sum over all
cells for 40 GeV e+ data. Data reconstructed using
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Figure 3. Hit energy distribution for the most central
cell with respect to the beam position in layer 3 for
40 GeV e+. Data reconstructed using individual and
average saturation scaling factors are compared to
simulations.

has been determined in situ using the LED calibration system. While for steel and low energy
tungsten data the usage of an average factor of s = 0.8 was found to be su�cient, the high energy
tungsten data exhibit higher single cell energies, such that the usage of the exact scaling values is
required for a correct reconstruction. Hence, individual scale factors are used where available (in
60% of the cells) and the average value of s = 0.8 otherwise. The impact of using individual or
average scale factors is largest for the highest positron energy, as shown for the total energy sum
distribution of the 40 GeV e+ data in figure 2. The data event selection and the simulation used in
this study are introduced in sections 4 and 5. The e�ect is particularly striking in single-cell hit
energy distributions of cells which have an individual scaling factor that di�ers significantly from
the average scaling factor. As an example, the hit energy distribution for 40 GeV e+ for the most
central cell with respect to the beam position in layer 3, as evaluated using the average (0.8) and
individual (0.91) scaling factor is shown in figure 3.

Di�erences between the shower properties reconstructed using individual and average satura-
tion scaling factors decreases towards lower beam momenta and are smaller for hadron showers than
for electromagnetic showers. For this reason, in the reconstruction of the PS data sets with beam
momenta between 1 GeV and 10 GeV used in the study of the energy resolution in sections 7 and 8,
average scaling values as used in [12] were adopted. In this momentum range, the visible energy
and the energy resolution obtained using individual and average scaling agree with each other on
the sub-percent level.

3.2 Temperature correction

The temperature inside the calorimeter is monitored using five sensors per layer. Details about
the temperature measurements are given in [15]. Temperature variations of several degrees were
observed with time and along the beam direction. Due to the temperature dependence of the
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momenta between 1 GeV and 10 GeV used in the study of the energy resolution in sections 7 and 8,
average scaling values as used in [12] were adopted. In this momentum range, the visible energy
and the energy resolution obtained using individual and average scaling agree with each other on
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Figure 7. Hit energy spectrum for 40GeV positron showers compared to that of 40GeV and 80GeV pion
showers from a GEANT4 simulation.

depth, as opposed to electrons which have a short shower contained in the first half of the calorime-
ter. It was found that this muon rejection was more efficient than the selection based either on
the Čerenkov counter, which does not provide electron-muon separation for 30GeV and above, or
on the muon trigger Mc1 which has an efficiency of about 50%. Particles which interact in the
material upstream of the AHCAL are removed by requiring a good track in the delay wire cham-
bers (χ2/dof < 6), and a MIP-like energy deposition in the multiplicity counter (V1). With these
selection criteria, 45% of all recorded events at 10GeV are accepted. According to Monte Carlo
studies 99.9% of all electron events pass the selection criteria, whereas 99.8% of all muon events
are rejected. The typical fraction of muons in a run is about 5–10%.

The uncertainty on the mean energy of the beam is reported in [21] to be
ΔEbeam
Ebeam

=
0.12

Ebeam [GeV]
⊕0.1%. (5.1)

The first term is related to hysteresis in the bending magnets while the calibration and the un-
certainties on the collimator geometry give the constant term. Since this uncertainty is negligible
compared to the detector uncertainties, we assume the beam energy to be fixed. The dispersion of
the beam energy can be calculated according to [22] from the settings of the momentum selecting
collimators on the beam line and is below 0.24% for all the runs in this analysis.

5.2 Linearity

The linearity of the calorimeter response for a large range of incident particle energies is a key
feature, which allows for an important test of the calibration chain. Electromagnetic showers offer
the most rigorous test for non-linearity correction, since the energy deposited per single tile in
an electromagnetic shower is larger than that in a hadronic shower for the same particle energy.
Figure 7 shows the hit energy spectrum of a 40GeV positron shower compared to the spectra of
40 GeV and 80GeV pion showers. The positron shower clearly has more hits with high energy
deposition, even when the total particle energy is only half that of the pion.

A set of positron runs with incidence normal to the center of the calorimeter face is analyzed.
To minimize the influence of noise, the energy is summed up in a cylinder around the shower axis,
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Physics: 
	 Fe-AHCAL:	up to 200-300 MIPs/hit 
	 W-AHCAL:	 up to 300-450 MIPs/hit

DR limitations:

Finite number of SiPM pixels   	 [1500-3000] 

Scintillator light yield	 	 	 [15-20 p.e./MIP] 

Readout electronics                	 [0.1 – 150 pC]
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Large dynamic range ... 
Auto-Trigger mode ... 

SiPM bias adjustment ... 
Low power consumption ...

Spiroc2e:
Current AHCAL prototype r/o solution …  
36 readout channels …  
Shared ADC + TAC …

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

KLauS 5:

Requirements:
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Calorimetry from LC to LHC  |  Felix Sefkow  |  January 24, 2018 14

HGCAL motivation and timeline

HL-LHC: 300 -> 3000 fb-1 to start end of 2026 
• Emphasis moves to vector boson fusion 

initiated processes 
• Narrow and merged jets, isolated objects 
• Pile-up: 200 collisions per BX, keep thresholds 
• Existing end-cap will be degraded at end of 

Run 2 (2023) 
Technical proposal 2015 
• Decision plastic scintillator for CE-H: Nov 2016 
• Decision SiPM-on-tile Mar 2017 
TDR submitted Nov 2017 
• LHCC review Feb 2018 
• EDR end 2020 
Largely building on CALICE developments

High Granularity Endcap Calorimeter for CMS.
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Figure 1.2: Fluence, parameterized as a fluence of 1 MeV equivalent neutrons, accumulated in
HGCAL after an integrated luminosity of3000 fb�1, simulated using the FLUKA program, and
shown as a two-dimensional map in the radial and longitudinal coordinates, r and z.

1.2 Requirements for the HGCAL upgrade
Preserving good performance over the full lifetime will require good (at the level of a few
percent) inter-cell calibration. Adequate calibration accuracy can best be achieved if minimum-
ionizing particles (MIPs) can be cleanly detected in each cell. This requires a good signal-to-
noise ratio (S/N) for MIPs after3000 fb�1, necessitating the use of low-capacitance silicon cells,
of a small size (⇡0.5–1 cm2), and scintillator cells of a small enough size for high light collection
efficiency and S/N, resulting in a high lateral granularity. Fine longitudinal sampling is needed
to provide good energy resolution, especially when using thin active layers (100–300 µm thick
Si sensors). The fine lateral and longitudinal granularity leads to a high cell count. The main
requirements for the HGCAL upgrade can be summarized as follows:

• radiation tolerance: fully preserve the energy resolution after3000 fb�1, requiring good
inter-cell calibration (⇡3%) using minimum-ionizing particles,

• dense calorimeter: to preserve lateral compactness of showers,
• fine lateral granularity: for low energy equivalent of electronics noise so as to give a

high enough S/N to allow MIP calibration, to help with two shower separation and
the observation of narrow jets, as well as limiting the region used for energy mea-
surement to minimize the inclusion of energy from particles originating in pileup
interactions,

• fine longitudinal granularity: enabling fine sampling of the longitudinal development
of showers, providing good electromagnetic energy resolution (e.g. for H ! gg),
pattern recognition, and discrimination against pileup,

• precision measurement of the time of high energy showers: to obtain precise timing from
each cell with a significant amount of deposited energy, aiding rejection of energy
from pileup, and the identification of the vertex of the triggering interaction,

• ability to contribute to the level-1 trigger decision.
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Figure 1.5: Longitudinal cross section of the upper half of one endcap calorimeter. It consists of an electromagnetic compartment (CE-E)
followed by a hadronic compartment (CE-H). The green region to the lower left is instrumented with silicon detectors and the blue region
to the upper right with scintillator tiles.

SiPM-on-Tile: 
	 Dose:	 < 3 kGy 
	 Fluence: 	 < 8 × 1013 neq/cm2

[CMS-TDR-17-007]



Jan 19, 2018CMS HGCal upgrade Huaqiao Zhang @ HKUST

Module tiling

18

CE-E 9th layer CE-H 22nd layer
Layer dependent tiling
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Figure 2.5: Layout of a layer where only silicon sensors are present, the 9th layer of CE-E. The
division into six 60 � cassettes is shown by the alternating colours. The two radial changes
in darkness of colour indicate the changes in silicon thickness. The inner and outer radii are
32.8 cm and 160 cm, respectively.

Outer radius

Inner  
radius

Limit between 300μ 
and 200μ sensors
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and 120μ sensors
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9th layer
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2.3.3 SiPM-on-tile design

As discussed above, the design requirements for the detector are set by the necessity of main-
taining the ability to calibrate individual tiles using minimum-ionizing particles through the
life of the calorimeter. In addition, it is important that the services of the scintillator calori-
meter be compact and not use too large a volume at the outer edge of the calorimeter. After
consideration of several designs, the SiPM-on-tile technology used in the CALICE AHCAL
prototypes [15] was identified as the most cost-effective solution that also provided adequate
performance for particle tracking and identification.

The SiPM-on-tile technology utilizes direct readout of the light from the scintillator tile by a
SiPM that collects the light through a dimple in the surface of the tile. The dimple provides
mechanical space for the mounting of the SiPM and improves the uniformity of response across
the tile by reducing the response for particles which pass very near the SiPM compared with
those at a larger distance [16]. A drawing of a typical square tile developed by CALICE is
shown in Fig. 2.11, and a photograph is shown in Fig. 2.12.

Figure 2.11: Parameter drawing of typical square tiles developed by the CALICE Collabora-
tion. Tiles for the CMS endcap calorimeter will be ring-sections rather than squares due to the
geometry of the endcap.

Figure 2.12: Example of three CALICE 3 ⇥ 3 cm2 scintillator tiles mounted on a PCB that holds
one SiPM per tile. The left two scintillators are unwrapped to show the SiPM within the small
dome at the centre of the tile, while right-most tile is wrapped with reflective foil.

A MIP traversing an undamaged 3 cm ⇥ 3 cm ⇥ 3 mm tile has been shown to generate >20
photoelectrons by the CALICE Collaboration. Our test beam measurements, described in Sec-
tion 7.3.2.2, confirm this performance and demonstrate several important geometric relation-
ships: (i) the magnitude of the MIP signal is proportional to 1/

p
Atile, the inverse square root

166 Chapter 8. Electronics and electrical systems

periphery of the cassette to land all the connectors. In order to avoid motherboards that are
too long, this is accomplished by using passive “wing” boards that connect to the motherboard
and route the signals along the periphery of the cassette as shown in Fig. 8.22. In order to allow
the motherboard assemblies to fit into the active area of the calorimeter, a shallow groove will
be milled out of the outer edge of the cooling plate.
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Figure 8.22: Cross-sectional views of the cassette showing the relative locations of the tile-
boards, the scintillator motherboard, and the cabling and wing PCBs which connect them.

8.1.7 Data formats and rates

The main data types produced by the FE electronics are for the DAQ, i.e. the event data associ-
ated with a level-1 trigger accept (L1A), and for the TPG, i.e. trigger raw data which are used
as input to the TPG. The LpGBT links provide the interface between the FE and BE electronics
systems and the data on these links are described in this section. In all cases, the rates presented
assume an average of 200 pileup events per BX and, for the DAQ case, a L1A rate of 750 kHz.
For details of the simulation used, see Section 10.3.1.2.

8.1.7.1 DAQ data format and transfer

As described in section 8.1.2.4, the DAQ data are buffered within the HGCROC ASIC for the
12.5 µs latency of the L1A. The data associated with the L1A are then zero-suppressed and
formatted for transfer to the concentrator ASIC, which forwards the data on the LpGBT links
to the off-detector DAQ system.

Figure 3.6 shows the average occupancy arising from an average of 200 pileup interactions per
bunch crossing as a function of layer and radius in the x, y plane of the layer. The occupancy is
defined to be the fractional rate at which the channel has a energy deposit above the nominal
0.5 MIP threshold for DAQ readout. It is seen that the occupancies of the sensor channels varies
by about two orders of magnitude across the HGCAL. This means that it is very difficult to have

[CMS-TDR-17-007]
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Tile Segmentation: 
Small tiles ➛ more signal  
Larger SIPMs ➛ better S/N 

Inner tiles: 	 04 cm2 

Outer tiles:	 32 cm2
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Figure 7.27: Example of a tileboard with scintillator tiles, SiPMs, readout and calibration elec-
tronics, and connectors for signals and power.

7.3.4.1 Production strategy and quality control

The currently envisaged scheme starts from what is currently being exercised with the CAL-
ICE AHCAL prototype. With its 23 000 SiPMs the prototype corresponds to about 5% of the
HGCAL scintillator sections. Because it involves considerably smaller amounts of human re-
sources, infrastructure, and time than will be available for the HGCAL production this exercise
serves as a convincing trial of large-scale production.

An overview of the production sequence is given in Fig. 7.28.

Following sample testing of batches of production of SiPMs and automated testing of each
HGCROC, the tileboards are electrically assembled and tested before mounting of the scintilla-
tor tiles, using the integrated LED system. Scintillator batches also need to be verified for light
yield and attenuation. After integration of the scintillator tiles with the tileboard, the com-

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

[CMS-TDR-17-007]
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Figure 2.14: Signal-to-noise ratio for a MIP, after an integrated luminosity of 3000 fb�1, shown
as a two-dimensional map in r and z. The region, at larger z and r, in which SiPMs mounted
on scintillator tiles can provide S/N(MIP) > 5 after 3000 fb�1 is outlined.
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Figure 2.10: Dose constant, Dc, versus dose rate, R, for both in situ measurements from CMS
(boxes) and dedicated studies. Lines corresponding to Dc = 3.6 ⇥ R0.5, and Dc = 2.4 ⇥ R0.5 are
shown. The in situ measurements refer to SCSN81, a PS based scintillator used in the endcaps
of the present detector.

scintillator produced at Protvino [12].

The properties of sample PVT and PS scintillators are given in Table 2.4. Considerations of cost,
performance (at the end of HL-LHC exposure), and ease of assembly will determine the final
choices.

Table 2.4: Properties of candidate polyvinyltoluene (PVT) and polystyrene (PS) scintillators.
EJ-200 BC-408 IHEP SC-301

Base material PVT PVT PS
Light output (% anthracene) 64 64 60
Scintillation efficiency g/MeV 9000 9000 8500
Wavelength of max. emission (nm) 425 425 420
Rise time (ns) 0.9 0.9 1.4
Decay time (ns) 2.1 2.1 2.5
CTE (K�1) 78⇥10-6 78⇥10-6 70⇥10-6

2.3.2 SiPM photodetectors

The light from the scintillation tiles will be read by SiPM photodetectors. These photodetec-
tors, used in several systems including the Phase-1 HCAL upgrade, provide a very high gain
(greater than 105) and an excellent photodetection efficiency (>30%). The photodetectors used

Tile Radiation Tolerance
Measurements based  
on existing detector 
[HCAL endcap]

Dc = 3.6MRad

s
R

1 krad/h

LY = LY0 · exp (�d/Dc)

Dose 
constant:
Dose 
constant:
Dose 
constant:

S/N > 5  
for SiPM-on-Tile Part
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SiPM Radiation Tolerance
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Figure 7.25: RMS electronic noise counts in units of photoelectrons as a function of over-
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Projected SiPM noise level and leakage  
current power after taking 3000 fb-1
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scaling laws:

• The SiPM dark current increases linearly with fluence f , thus the noise RMS in-
creases as

p
f .

• The SiPM dark current is proportional to the area AS of the SiPM, thus the noise
increases as

p
AS.

• The SiPM temperature dependence for HGCAL SiPMs is determined to be a de-
crease in dark current by a factor of 1.88 per temperature decrease of 10 K.

• The observed dark current integrated in the amplifier is proportional to the shaping
time tshape, therefore the noise RMS increases as

p
tshape.

Assuming operation at T = �30 �C and a shaping time of tshape = 15 ns, the noise RMS is
expected to scale as:

N = 2.7 ⇥

s
f

2 ⇥ 1013 neq/cm2
⇥

s
AS

(1 mm2)
.

Since the signal increases linearly with AS, the signal-over-noise ratio increases as
p

AS.

7.3.3.2 On-going R&D on SiPMs for HGCAL

The R&D will concentrate on radiation tolerance studies similar to those carried out by the
CMS HCAL group with new devices to confirm the validity of the scaling laws, in particular
the temperature dependence of noise for irradiated devices. In addition, several effects need
to be taken into account that are not described by the simple scaling model, like saturation,
radiation-induced break-down voltage shifts and self-heating. Figure 7.26 shows the projected
SiPM noise level in both photoelectron equivalent (left), and the leakage current power (right),
after 3000 fb�1.
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Figure 7.26: Projected SiPM noise level in photoelectron equivalent (left) and the leakage cur-
rent power (right) after 3000 fb�1.

For the noise rates of irradiated devices in the GHz range, the fraction of fired and not yet
recovered pixels at any given time becomes non-negligible and decreases the light detection
efficiency. This effect cannot be compensated by a fast shaping time of the pre-amplifier, but
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Figure 7.26: Projected SiPM noise level in photoelectron equivalent (left) and the leakage cur-
rent power (right) after 3000 fb�1.

For the noise rates of irradiated devices in the GHz range, the fraction of fired and not yet
recovered pixels at any given time becomes non-negligible and decreases the light detection
efficiency. This effect cannot be compensated by a fast shaping time of the pre-amplifier, but
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[Factor 10 rate increase]

Requires new 
tracking system …
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High granularity 	 	 	 [250μm] 
High spatial resolution 	 [Δx < 100μm] 

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

Low material budget 	 [ < 1% X0/layer]  
Large area coverage		 [6 × 5 mm2] 

SiFi requirements: T1 T2 T3
~6 m

~5 m

module  
with 8 fibre mats

Exploded view 
of one full module

Half-panel

Endplug

8 fibre mats
with endpieces

Figure 1.3: An exploded view of a finished module.

high photon yield, radiation tolerance) is the condition to build a fibre detector with high135

e�ciency and excellent spatial resolution. All fibres therefor undergo a careful quality136

check before being distributed to the Winding Centres (Sect. 2.5).137

The mat production, the casting, the gluing and machining of the end-pieces, and138

the necessary quality assurance tests of the finished mats will be done at four Winding139

Centres. A Winding Centre should produce 4 mats per week assuming a single shift per140

day. The mats will be shipped to two Module Assembly Centres.141

The first step in the Module Assembly Centers is the cutting of the mats along their142

long edge to their final width. The mats are positioned inside a gluing template. With the143

gluing of the first half-panel the mat positions are fixed. The second half-panel is added144

to build a symmetric and sti↵ module. The modules will be tested and shipped to CERN145

where the detector assembly will take place.146

The fibre mat and module production scheme as well as the production schedule is147

discussed in section 7.2.148

In parallel with the engineering of the detector components and the production tools,149

6

fibre mat

Half panel

mirrorsEndplug

~5 m

SciFi – Overview

3

128 modules (0.5 x 5 m2)
arranged in 3 stations × 4 layers 

(XUVX) 

275 µm

32.59 mm
1 SiPM = 128 channels

Goal: <100 µm resolution over a 
total active surface of ~ 340 m2

1 module = 8 fibre mats

4 silicon photomultipliers (SiPM)

fibre mat
2.4 m

11,000 km of fibres, 524k channels

mirror

Cross Section 
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Scintillating Fibre Tracker @ LHCbSciFi – Overview

4

275 µm

32.59 mm
1 SiPM = 128 channels

Goal: <100 µm resolution over a 
total active surface of ~ 340 m2

1 module = 8 fibre mats

4 silicon photomultipliers (SiPM)

fibre mat
2.4 m

11,000 km of fibres, 524k channels

mirror

Light yield for 6-layer mat:
16–20 photo-electrons
(for particles near mat mirror)

128 modules (0.5 x 5 m2)
arranged in 3 stations × 4 layers 

(XUVX) 

T1 T2 T3
~6 m

~5 m

module  
with 8 fibre mats

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

fibre

fibre

Silicon  
Photomultiplier

Characterisation of SiPM arrays 3

Figure 1: Picture under the microscope of the central channels of H2016_HRQ with the gap between
the two dies.

Figure 2: Footprint of the detector on the left and BGA soldering of the detector on the flex PCB on
the right.

3 Breakdown voltage

The voltage needed to start the avalanche is called the breakdown voltage (Vbd ). Since it is strongly
temperature dependent it is measured at 25�C or after measurement recalculated for 25�C. The over-
voltage (DV) is defined as:

DV = Vbias � Vbd (1)
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Figure 3: The Vbd measured for all 128 channels in two H2016_HRQ detectors. The pattern repeats
itself after 64 channels as every array consists of two dies.

A.Kuonen

SiPM multi-channel array  
MPPC S13552-H2017 
128 channels  
104 pixels/channel 
	 pixel size: 57 × 62 μm2 

	 channel size: 0.25 × 1.62 mm2 



Scintillating Fibre Tracker @ LHCb

Figure 5: Mapping for the 1 MeV neutron-equivalent fluence at z = 783 cm using a
cartesian grid for an integrated luminosity of 50 fb�1. The two red lines are placed at
±2.5m to indicate where the SiPM would be situated.

3 The Scintillating Fibre

Scintillating plastic fibres are considered as the active detector elements for the SciFi
upgrade project. For the time being, all experimental work has been concentrated on the
multi-clad blue emitting fibre of type SCSF-78MJ from Kuraray. It is currently considered
as the baseline fibre due to previous experience and knowledge using scintillating fibres
in other experiments. The question of a possible alternative fibre is briefly addressed
in Sec. 3.2. Discussions with colleagues from Aachen (S. Schael et al., RWTH Aachen,
Germany) have indicated that it will take nearly two years to acquire the amount of
fibre needed for production of the Fibre Tracker given current module production loss
ine�ciencies.

3.1 Properties

We intend to use plastic scintillating fibre with a circular cross section having a diameter
of 250 µm, including two cladding layers of nominally 3% total thickness each. The core of
the fibre is doped polystyrene with two outer claddings of decreasing indices of refraction.
The inner cladding is made of polymethylmethacrylate (PMMA) and the outer cladding
made of fluorinated-PMMA. The trapping e�ciency for isotropically emitted (scintillation)

9

Fibre irradiation:
Expect dose up to 35 kGy  
at end of lifetime i.e. @ 50 fb-1

Expected light yield reduction: 40%

SiPM 
positions

SiPM

3.2 Fibre Simulation

with constant dose, compare Tab. 3.19. The value of xKIT,0 is fixed to the lower
limit of the respective fibre section. Fit curves are plotted in Fig. 3.46 as solid lines
for measurement data and dashed lines for simulation. Parameter values are given
in Tab. 3.20.
Using damage model A, the simulation yields data similar to measurement, see

Fig. 3.46. Values of pKIT,1 show a good agreement of measurement and simulation,
if model A is considered. Though, the overall level of I 0/I in each group of data
points is not reproduced precisely.
This discrepancy may be a result of unknown fibre properties or radiation damages,

respectively, in regions of x where no data were acquired, as mentioned before.
Furthermore, doses measured during the irradiation test have uncertainties of about
20% [23]. Accordingly, the dose profile used in the simulation (Tab. 3.19) might be
incorrect. A deviating dose in a single of the four irradiated sections also a↵ects
the measurement results obtained at those fibre sections that are more distant from
the photodetector, due to the wavelength dependence of radiation-induced light
absorption.

In Situ Irradiation

Scintillating fibres were placed in the LHCb cavern close to the beam pipe to observe
radiation damages in situ during 2012 [23]. Measurements with six bundles of SCSF-
78MJ fibres are compared with the output of corresponding Geant4 simulations.
Four fibre bundles were mounted in the cavern, always two at approximately the
same position with respect to the beam pipe. The remaining two bundles were kept
non-irradiated as reference. Details about this test will be made available in [73].
The received dose distribution is provided by [74]. Table 3.21 and Figures 3.47

and 3.48 specify the dose profiles used in the simulation. The numbers 1 and 2
identify simulated fibres according to the two mounting positions of irradiated fibre
bundles.

Scintillating Fibre
Photo-
detector

Photo-
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1.1m
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Figure 3.47: Simulated dose profile 1 of in situ fibre irradiation.

Scintillating Fibre
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Figure 3.48: Simulated dose profile 2 of in situ fibre irradiation.
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cartesian grid for an integrated luminosity of 50 fb�1. The two red lines are placed at
±2.5m to indicate where the SiPM would be situated.
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Scintillating plastic fibres are considered as the active detector elements for the SciFi
upgrade project. For the time being, all experimental work has been concentrated on the
multi-clad blue emitting fibre of type SCSF-78MJ from Kuraray. It is currently considered
as the baseline fibre due to previous experience and knowledge using scintillating fibres
in other experiments. The question of a possible alternative fibre is briefly addressed
in Sec. 3.2. Discussions with colleagues from Aachen (S. Schael et al., RWTH Aachen,
Germany) have indicated that it will take nearly two years to acquire the amount of
fibre needed for production of the Fibre Tracker given current module production loss
ine�ciencies.

3.1 Properties

We intend to use plastic scintillating fibre with a circular cross section having a diameter
of 250 µm, including two cladding layers of nominally 3% total thickness each. The core of
the fibre is doped polystyrene with two outer claddings of decreasing indices of refraction.
The inner cladding is made of polymethylmethacrylate (PMMA) and the outer cladding
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SiPM irradiation:
Expect 6 ⨉ 1011 neq/cm2  
at end of lifetime i.e. @ 50 fb-1

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

Yields massive DCR increase …
Other observations:

SiPM operation @ -40 °C 
Signal detection still possible @ 6⨉1011 neq/cm2  

DCR reduced by factor 2 every 10°C 
DCR @ 12 MHz/channel, i.e. 30 MHz/mm
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ICASiPM – International Conference on the Advancement of Silicon Photomultipliers

Multichannel SiPM arrays for the 
LHCb scintillating fibre tracker

Lukas Gruber
CERN, PH Department, Geneva, Switzerland

On behalf of the LHCb SciFi Tracker Collaboration
All tests and measurements by EPFL LPHE.

Introduction
A major upgrade of the LHCb detector is foreseen
during the LHC LS2 in 2019/2020.

Two main changes:
• 40 MHz trigger-less read-out
• Luminosity Linst = 2⨉1033 cm-2s-1 (5⨉ the current)

Several detector systems need to be replaced. In
particular, the current downstream tracking system
will be exchanged with a large scintillating fibre
(SciFi) tracker, resulting in a reduced and
homogeneously distributed material budget.

The LHCb SciFi Tracker
The tracking system is going to replace the current inner (silicon strips) and outer (straw tubes)
trackers and will cover a total area of 340 m2. It consists of staggered layers of scintillating fibres,
which are readout by Silicon Photomultipliers.

SiPMs for LHCb SciFi
• Customised 128-channel linear arrays (Hamamatsu MPPC S13552 – H2017)
• Channel size 0.25 x 1.62 mm2

• 104 pixels (57.5 x 62.5 µm2) per channel
• Optimised for:

• High PDE (large pixels)
• Low after-pulse and cross-talk
• Thin entrance window (105 µm epoxy layer)

Correlated noise
The detector shows three types of correlated noise: direct cross-talk, delayed cross-talk and after-
pulse. Correlated noise probabilities were determined by statistical analysis of waveforms based on a
threshold based peak finding and selection algorithm.

After R&D the total correlated noise probability could be reduced to 7% for the H2017 at the
operating point ∆V = 3.5 V. Direct and delayed cross-talk are the dominant sources of noise clusters.
Delayed cross-talk can produce ghost clusters in the consecutive bunch crossing.

• SiPMs are glued on 3D printed Titanium cold-bar,
which will be cooled down to -40℃

• Connection to FE electronics via flex cables
à 524k channels in total
à 4096 SiPM arrays

Pulse shape and quenching resistor (RQ)
The H2017 features a quenching resistor of 520 kΩ, which allows a
large operating range. The recovery time is 85 ns with typically 10%
channel-to-channel variations due to dependence on RQ.

We can distinguish three time
components:
• #short < 1 ns
• #long ∼ 70 ns
• #recovery ∼ 85 ns

à 3 stations (T1, T2, T3) with 4 layers (0º,5º,-5º,0º)
à Each station is 6 x 5 m2 large
à 8 fibre mats of 2.5 m length per module (128 modules)
à 11,000 km of fibre (250 µm diameter)

Requirements:
• Hit detection efficiency ∼ 99%
• Spatial resolution better than 100 µm in the

horizontal plane
• X/X0 ≤ 1% per detection layer
• 35 kGy close to the beam pipe for the fibres
• 6⨉1011 neq/cm2 for the photodetectors

Photon detection efficiency (PDE)
A high PDE matching the emission spectrum of the Kuraray SCSF-78 scintillating fibres is an
important requirement for the SciFi SiPMs.

PDE measurement:
• Xe light source with monochromator
• Photodiode for light calibration
• Correction for correlated noise

and dark counts

To achieve uniform detection efficiency in the SciFi
tracker, all SiPM channels are operated at the same over-
voltage ∆V.
à VBD measurement prior to installation
à Measurement based on low light spectrum
à Grouping SiPMs with similar VBD together (same bias

channel)
à Bias voltage adjustment per channel at FE

Breakdown voltage (VBD)

References
[1] The LHCb collaboration, LHCb Tracker Upgrade, Technical Design Report, CERN/LHCC 2014-001.
[2] A. Kuonen, G. Haefeli, M. E. Stramaglia, O. Girard, Characterisation of the Hamamatsu MPPC multichannel array for
the LHCb SciFi Tracker v.11.2016, Note LPHE-2017-001.
[3] O. Girard, G. Haefeli, A. Kuonen, M. E. Stramaglia, Read-out of irradiated SiPMs attached to short scintillating fibre
module, Note LPHE-2017-002.
[4] O. Girard, Silicon photomultiplier multichannel arrays for the LHCb scintillating fibre tracker, Poster LPHE-2017-001.

Observed radiation effects

SiPM

SiPM

1 SiPM = 2 dies
1 die = 64 channels

Insulation
Metal heat 
spreader

Vacuum-insulated 
bellows

SiPMs

Flex-cables

Titanium 
cold-bar

Dry gas port

RQ at 25 ℃ for even and odd
channels in one SiPM.

Production status
• All SiPMs have been delivered (5500 in total)
• SiPM are mounted on flex cables
• QA procedure:

• Optical inspection for all detectors
• VBD measurement (all)
• 2 per 500 detectors: full characterisation

Fibre emission spectra at
different distances from
the detector.
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DCR ∼ 12 MHz/channel (30 MHz/mm2)
DCR reduced by factor 2 every 10℃

At the end of the lifetime a fluence of 6⨉1011 neq/cm2 is expected. We observe:
• Massive increase in dark count rate (DCR)
• Less than 5% PDE change
• Less than 10% change in gain
• No change in cross-talk
• Single photon detection still possible at 6⨉1011 neq/cm2
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Challenges for the SiPMs in SciFi
• Neutron irradiation of SiPMs leads to a dramatic increase in dark count rate

à Increase in noise cluster rate due to signal like noise clusters
• Irradiation of fibres leads to reduction of light output seen by the SiPMs
• Low light (single photon) detection after irradiation à 12 p.e. for 98% hit detection efficiency

• This requires:
• Low dark count rate & low correlated noise
• High PDE

• Achieved by:
• Fast read-out (short integration time)
• Cooling to -40℃
• Efficient noise rejection by clustering

à Expected cluster rate at 40 MHz read-out: less than 3 MHz per SiPM array Fibre mat with SiPM

AP events (∆V = 7.7 V, 25℃)
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Introduction
A major upgrade of the LHCb detector is foreseen
during the LHC LS2 in 2019/2020.

Two main changes:
• 40 MHz trigger-less read-out
• Luminosity Linst = 2⨉1033 cm-2s-1 (5⨉ the current)

Several detector systems need to be replaced. In
particular, the current downstream tracking system
will be exchanged with a large scintillating fibre
(SciFi) tracker, resulting in a reduced and
homogeneously distributed material budget.

The LHCb SciFi Tracker
The tracking system is going to replace the current inner (silicon strips) and outer (straw tubes)
trackers and will cover a total area of 340 m2. It consists of staggered layers of scintillating fibres,
which are readout by Silicon Photomultipliers.

SiPMs for LHCb SciFi
• Customised 128-channel linear arrays (Hamamatsu MPPC S13552 – H2017)
• Channel size 0.25 x 1.62 mm2

• 104 pixels (57.5 x 62.5 µm2) per channel
• Optimised for:

• High PDE (large pixels)
• Low after-pulse and cross-talk
• Thin entrance window (105 µm epoxy layer)

Correlated noise
The detector shows three types of correlated noise: direct cross-talk, delayed cross-talk and after-
pulse. Correlated noise probabilities were determined by statistical analysis of waveforms based on a
threshold based peak finding and selection algorithm.

After R&D the total correlated noise probability could be reduced to 7% for the H2017 at the
operating point ∆V = 3.5 V. Direct and delayed cross-talk are the dominant sources of noise clusters.
Delayed cross-talk can produce ghost clusters in the consecutive bunch crossing.

• SiPMs are glued on 3D printed Titanium cold-bar,
which will be cooled down to -40℃

• Connection to FE electronics via flex cables
à 524k channels in total
à 4096 SiPM arrays

Pulse shape and quenching resistor (RQ)
The H2017 features a quenching resistor of 520 kΩ, which allows a
large operating range. The recovery time is 85 ns with typically 10%
channel-to-channel variations due to dependence on RQ.

We can distinguish three time
components:
• #short < 1 ns
• #long ∼ 70 ns
• #recovery ∼ 85 ns

à 3 stations (T1, T2, T3) with 4 layers (0º,5º,-5º,0º)
à Each station is 6 x 5 m2 large
à 8 fibre mats of 2.5 m length per module (128 modules)
à 11,000 km of fibre (250 µm diameter)

Requirements:
• Hit detection efficiency ∼ 99%
• Spatial resolution better than 100 µm in the

horizontal plane
• X/X0 ≤ 1% per detection layer
• 35 kGy close to the beam pipe for the fibres
• 6⨉1011 neq/cm2 for the photodetectors

Photon detection efficiency (PDE)
A high PDE matching the emission spectrum of the Kuraray SCSF-78 scintillating fibres is an
important requirement for the SciFi SiPMs.

PDE measurement:
• Xe light source with monochromator
• Photodiode for light calibration
• Correction for correlated noise

and dark counts

To achieve uniform detection efficiency in the SciFi
tracker, all SiPM channels are operated at the same over-
voltage ∆V.
à VBD measurement prior to installation
à Measurement based on low light spectrum
à Grouping SiPMs with similar VBD together (same bias

channel)
à Bias voltage adjustment per channel at FE

Breakdown voltage (VBD)
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Production status
• All SiPMs have been delivered (5500 in total)
• SiPM are mounted on flex cables
• QA procedure:

• Optical inspection for all detectors
• VBD measurement (all)
• 2 per 500 detectors: full characterisation

Fibre emission spectra at
different distances from
the detector.
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At the end of the lifetime a fluence of 6⨉1011 neq/cm2 is expected. We observe:
• Massive increase in dark count rate (DCR)
• Less than 5% PDE change
• Less than 10% change in gain
• No change in cross-talk
• Single photon detection still possible at 6⨉1011 neq/cm2
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Challenges for the SiPMs in SciFi
• Neutron irradiation of SiPMs leads to a dramatic increase in dark count rate

à Increase in noise cluster rate due to signal like noise clusters
• Irradiation of fibres leads to reduction of light output seen by the SiPMs
• Low light (single photon) detection after irradiation à 12 p.e. for 98% hit detection efficiency

• This requires:
• Low dark count rate & low correlated noise
• High PDE

• Achieved by:
• Fast read-out (short integration time)
• Cooling to -40℃
• Efficient noise rejection by clustering

à Expected cluster rate at 40 MHz read-out: less than 3 MHz per SiPM array Fibre mat with SiPM

AP events (∆V = 7.7 V, 25℃)
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Introduction
A major upgrade of the LHCb detector is foreseen
during the LHC LS2 in 2019/2020.

Two main changes:
• 40 MHz trigger-less read-out
• Luminosity Linst = 2⨉1033 cm-2s-1 (5⨉ the current)

Several detector systems need to be replaced. In
particular, the current downstream tracking system
will be exchanged with a large scintillating fibre
(SciFi) tracker, resulting in a reduced and
homogeneously distributed material budget.

The LHCb SciFi Tracker
The tracking system is going to replace the current inner (silicon strips) and outer (straw tubes)
trackers and will cover a total area of 340 m2. It consists of staggered layers of scintillating fibres,
which are readout by Silicon Photomultipliers.

SiPMs for LHCb SciFi
• Customised 128-channel linear arrays (Hamamatsu MPPC S13552 – H2017)
• Channel size 0.25 x 1.62 mm2

• 104 pixels (57.5 x 62.5 µm2) per channel
• Optimised for:

• High PDE (large pixels)
• Low after-pulse and cross-talk
• Thin entrance window (105 µm epoxy layer)

Correlated noise
The detector shows three types of correlated noise: direct cross-talk, delayed cross-talk and after-
pulse. Correlated noise probabilities were determined by statistical analysis of waveforms based on a
threshold based peak finding and selection algorithm.

After R&D the total correlated noise probability could be reduced to 7% for the H2017 at the
operating point ∆V = 3.5 V. Direct and delayed cross-talk are the dominant sources of noise clusters.
Delayed cross-talk can produce ghost clusters in the consecutive bunch crossing.

• SiPMs are glued on 3D printed Titanium cold-bar,
which will be cooled down to -40℃

• Connection to FE electronics via flex cables
à 524k channels in total
à 4096 SiPM arrays

Pulse shape and quenching resistor (RQ)
The H2017 features a quenching resistor of 520 kΩ, which allows a
large operating range. The recovery time is 85 ns with typically 10%
channel-to-channel variations due to dependence on RQ.

We can distinguish three time
components:
• #short < 1 ns
• #long ∼ 70 ns
• #recovery ∼ 85 ns

à 3 stations (T1, T2, T3) with 4 layers (0º,5º,-5º,0º)
à Each station is 6 x 5 m2 large
à 8 fibre mats of 2.5 m length per module (128 modules)
à 11,000 km of fibre (250 µm diameter)

Requirements:
• Hit detection efficiency ∼ 99%
• Spatial resolution better than 100 µm in the

horizontal plane
• X/X0 ≤ 1% per detection layer
• 35 kGy close to the beam pipe for the fibres
• 6⨉1011 neq/cm2 for the photodetectors

Photon detection efficiency (PDE)
A high PDE matching the emission spectrum of the Kuraray SCSF-78 scintillating fibres is an
important requirement for the SciFi SiPMs.

PDE measurement:
• Xe light source with monochromator
• Photodiode for light calibration
• Correction for correlated noise

and dark counts

To achieve uniform detection efficiency in the SciFi
tracker, all SiPM channels are operated at the same over-
voltage ∆V.
à VBD measurement prior to installation
à Measurement based on low light spectrum
à Grouping SiPMs with similar VBD together (same bias

channel)
à Bias voltage adjustment per channel at FE

Breakdown voltage (VBD)
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DCR ∼ 12 MHz/channel (30 MHz/mm2)
DCR reduced by factor 2 every 10℃

At the end of the lifetime a fluence of 6⨉1011 neq/cm2 is expected. We observe:
• Massive increase in dark count rate (DCR)
• Less than 5% PDE change
• Less than 10% change in gain
• No change in cross-talk
• Single photon detection still possible at 6⨉1011 neq/cm2
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Challenges for the SiPMs in SciFi
• Neutron irradiation of SiPMs leads to a dramatic increase in dark count rate

à Increase in noise cluster rate due to signal like noise clusters
• Irradiation of fibres leads to reduction of light output seen by the SiPMs
• Low light (single photon) detection after irradiation à 12 p.e. for 98% hit detection efficiency

• This requires:
• Low dark count rate & low correlated noise
• High PDE

• Achieved by:
• Fast read-out (short integration time)
• Cooling to -40℃
• Efficient noise rejection by clustering

à Expected cluster rate at 40 MHz read-out: less than 3 MHz per SiPM array Fibre mat with SiPM

AP events (∆V = 7.7 V, 25℃)

K½ @ 2.6V:	 10.11 ± 0.34 
K½ @ 2.6V:	 11.06 ± 0.36 
K½ @ 2.6V:	 10.57 ± 0.34

DCR after 6⨉1011 neq/cm2 

[G
.Haefeli et al.; to be published]



Scintillating Fibre Tracker @ LHCb

Figure 5: Mapping for the 1 MeV neutron-equivalent fluence at z = 783 cm using a
cartesian grid for an integrated luminosity of 50 fb�1. The two red lines are placed at
±2.5m to indicate where the SiPM would be situated.

3 The Scintillating Fibre

Scintillating plastic fibres are considered as the active detector elements for the SciFi
upgrade project. For the time being, all experimental work has been concentrated on the
multi-clad blue emitting fibre of type SCSF-78MJ from Kuraray. It is currently considered
as the baseline fibre due to previous experience and knowledge using scintillating fibres
in other experiments. The question of a possible alternative fibre is briefly addressed
in Sec. 3.2. Discussions with colleagues from Aachen (S. Schael et al., RWTH Aachen,
Germany) have indicated that it will take nearly two years to acquire the amount of
fibre needed for production of the Fibre Tracker given current module production loss
ine�ciencies.

3.1 Properties

We intend to use plastic scintillating fibre with a circular cross section having a diameter
of 250 µm, including two cladding layers of nominally 3% total thickness each. The core of
the fibre is doped polystyrene with two outer claddings of decreasing indices of refraction.
The inner cladding is made of polymethylmethacrylate (PMMA) and the outer cladding
made of fluorinated-PMMA. The trapping e�ciency for isotropically emitted (scintillation)

9

SiPM irradiation:
Expect 6 ⨉ 1011 neq/cm2  
at end of lifetime i.e. @ 50 fb-1

Yields massive DCR increase …

SiPM operation @ -40 °C 
Signal detection still possible @ 6⨉1011 neq/cm2  

DCR reduced by factor 2 every 10°C 
DCR @ 12 MHz/channel, i.e. 30 MHz/mm
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Introduction
A major upgrade of the LHCb detector is foreseen
during the LHC LS2 in 2019/2020.

Two main changes:
• 40 MHz trigger-less read-out
• Luminosity Linst = 2⨉1033 cm-2s-1 (5⨉ the current)

Several detector systems need to be replaced. In
particular, the current downstream tracking system
will be exchanged with a large scintillating fibre
(SciFi) tracker, resulting in a reduced and
homogeneously distributed material budget.

The LHCb SciFi Tracker
The tracking system is going to replace the current inner (silicon strips) and outer (straw tubes)
trackers and will cover a total area of 340 m2. It consists of staggered layers of scintillating fibres,
which are readout by Silicon Photomultipliers.

SiPMs for LHCb SciFi
• Customised 128-channel linear arrays (Hamamatsu MPPC S13552 – H2017)
• Channel size 0.25 x 1.62 mm2

• 104 pixels (57.5 x 62.5 µm2) per channel
• Optimised for:

• High PDE (large pixels)
• Low after-pulse and cross-talk
• Thin entrance window (105 µm epoxy layer)

Correlated noise
The detector shows three types of correlated noise: direct cross-talk, delayed cross-talk and after-
pulse. Correlated noise probabilities were determined by statistical analysis of waveforms based on a
threshold based peak finding and selection algorithm.

After R&D the total correlated noise probability could be reduced to 7% for the H2017 at the
operating point ∆V = 3.5 V. Direct and delayed cross-talk are the dominant sources of noise clusters.
Delayed cross-talk can produce ghost clusters in the consecutive bunch crossing.

• SiPMs are glued on 3D printed Titanium cold-bar,
which will be cooled down to -40℃

• Connection to FE electronics via flex cables
à 524k channels in total
à 4096 SiPM arrays

Pulse shape and quenching resistor (RQ)
The H2017 features a quenching resistor of 520 kΩ, which allows a
large operating range. The recovery time is 85 ns with typically 10%
channel-to-channel variations due to dependence on RQ.

We can distinguish three time
components:
• #short < 1 ns
• #long ∼ 70 ns
• #recovery ∼ 85 ns

à 3 stations (T1, T2, T3) with 4 layers (0º,5º,-5º,0º)
à Each station is 6 x 5 m2 large
à 8 fibre mats of 2.5 m length per module (128 modules)
à 11,000 km of fibre (250 µm diameter)

Requirements:
• Hit detection efficiency ∼ 99%
• Spatial resolution better than 100 µm in the

horizontal plane
• X/X0 ≤ 1% per detection layer
• 35 kGy close to the beam pipe for the fibres
• 6⨉1011 neq/cm2 for the photodetectors

Photon detection efficiency (PDE)
A high PDE matching the emission spectrum of the Kuraray SCSF-78 scintillating fibres is an
important requirement for the SciFi SiPMs.

PDE measurement:
• Xe light source with monochromator
• Photodiode for light calibration
• Correction for correlated noise

and dark counts

To achieve uniform detection efficiency in the SciFi
tracker, all SiPM channels are operated at the same over-
voltage ∆V.
à VBD measurement prior to installation
à Measurement based on low light spectrum
à Grouping SiPMs with similar VBD together (same bias

channel)
à Bias voltage adjustment per channel at FE

Breakdown voltage (VBD)
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different distances from
the detector.
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DCR ∼ 12 MHz/channel (30 MHz/mm2)
DCR reduced by factor 2 every 10℃

At the end of the lifetime a fluence of 6⨉1011 neq/cm2 is expected. We observe:
• Massive increase in dark count rate (DCR)
• Less than 5% PDE change
• Less than 10% change in gain
• No change in cross-talk
• Single photon detection still possible at 6⨉1011 neq/cm2
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Challenges for the SiPMs in SciFi
• Neutron irradiation of SiPMs leads to a dramatic increase in dark count rate

à Increase in noise cluster rate due to signal like noise clusters
• Irradiation of fibres leads to reduction of light output seen by the SiPMs
• Low light (single photon) detection after irradiation à 12 p.e. for 98% hit detection efficiency

• This requires:
• Low dark count rate & low correlated noise
• High PDE

• Achieved by:
• Fast read-out (short integration time)
• Cooling to -40℃
• Efficient noise rejection by clustering

à Expected cluster rate at 40 MHz read-out: less than 3 MHz per SiPM array Fibre mat with SiPM

AP events (∆V = 7.7 V, 25℃)
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Introduction
A major upgrade of the LHCb detector is foreseen
during the LHC LS2 in 2019/2020.

Two main changes:
• 40 MHz trigger-less read-out
• Luminosity Linst = 2⨉1033 cm-2s-1 (5⨉ the current)

Several detector systems need to be replaced. In
particular, the current downstream tracking system
will be exchanged with a large scintillating fibre
(SciFi) tracker, resulting in a reduced and
homogeneously distributed material budget.

The LHCb SciFi Tracker
The tracking system is going to replace the current inner (silicon strips) and outer (straw tubes)
trackers and will cover a total area of 340 m2. It consists of staggered layers of scintillating fibres,
which are readout by Silicon Photomultipliers.

SiPMs for LHCb SciFi
• Customised 128-channel linear arrays (Hamamatsu MPPC S13552 – H2017)
• Channel size 0.25 x 1.62 mm2

• 104 pixels (57.5 x 62.5 µm2) per channel
• Optimised for:

• High PDE (large pixels)
• Low after-pulse and cross-talk
• Thin entrance window (105 µm epoxy layer)

Correlated noise
The detector shows three types of correlated noise: direct cross-talk, delayed cross-talk and after-
pulse. Correlated noise probabilities were determined by statistical analysis of waveforms based on a
threshold based peak finding and selection algorithm.

After R&D the total correlated noise probability could be reduced to 7% for the H2017 at the
operating point ∆V = 3.5 V. Direct and delayed cross-talk are the dominant sources of noise clusters.
Delayed cross-talk can produce ghost clusters in the consecutive bunch crossing.

• SiPMs are glued on 3D printed Titanium cold-bar,
which will be cooled down to -40℃

• Connection to FE electronics via flex cables
à 524k channels in total
à 4096 SiPM arrays

Pulse shape and quenching resistor (RQ)
The H2017 features a quenching resistor of 520 kΩ, which allows a
large operating range. The recovery time is 85 ns with typically 10%
channel-to-channel variations due to dependence on RQ.

We can distinguish three time
components:
• #short < 1 ns
• #long ∼ 70 ns
• #recovery ∼ 85 ns

à 3 stations (T1, T2, T3) with 4 layers (0º,5º,-5º,0º)
à Each station is 6 x 5 m2 large
à 8 fibre mats of 2.5 m length per module (128 modules)
à 11,000 km of fibre (250 µm diameter)

Requirements:
• Hit detection efficiency ∼ 99%
• Spatial resolution better than 100 µm in the

horizontal plane
• X/X0 ≤ 1% per detection layer
• 35 kGy close to the beam pipe for the fibres
• 6⨉1011 neq/cm2 for the photodetectors

Photon detection efficiency (PDE)
A high PDE matching the emission spectrum of the Kuraray SCSF-78 scintillating fibres is an
important requirement for the SciFi SiPMs.

PDE measurement:
• Xe light source with monochromator
• Photodiode for light calibration
• Correction for correlated noise

and dark counts

To achieve uniform detection efficiency in the SciFi
tracker, all SiPM channels are operated at the same over-
voltage ∆V.
à VBD measurement prior to installation
à Measurement based on low light spectrum
à Grouping SiPMs with similar VBD together (same bias

channel)
à Bias voltage adjustment per channel at FE

Breakdown voltage (VBD)
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Production status
• All SiPMs have been delivered (5500 in total)
• SiPM are mounted on flex cables
• QA procedure:

• Optical inspection for all detectors
• VBD measurement (all)
• 2 per 500 detectors: full characterisation

Fibre emission spectra at
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DCR ∼ 12 MHz/channel (30 MHz/mm2)
DCR reduced by factor 2 every 10℃

At the end of the lifetime a fluence of 6⨉1011 neq/cm2 is expected. We observe:
• Massive increase in dark count rate (DCR)
• Less than 5% PDE change
• Less than 10% change in gain
• No change in cross-talk
• Single photon detection still possible at 6⨉1011 neq/cm2
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Challenges for the SiPMs in SciFi
• Neutron irradiation of SiPMs leads to a dramatic increase in dark count rate

à Increase in noise cluster rate due to signal like noise clusters
• Irradiation of fibres leads to reduction of light output seen by the SiPMs
• Low light (single photon) detection after irradiation à 12 p.e. for 98% hit detection efficiency

• This requires:
• Low dark count rate & low correlated noise
• High PDE

• Achieved by:
• Fast read-out (short integration time)
• Cooling to -40℃
• Efficient noise rejection by clustering

à Expected cluster rate at 40 MHz read-out: less than 3 MHz per SiPM array Fibre mat with SiPM

AP events (∆V = 7.7 V, 25℃)
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Introduction
A major upgrade of the LHCb detector is foreseen
during the LHC LS2 in 2019/2020.

Two main changes:
• 40 MHz trigger-less read-out
• Luminosity Linst = 2⨉1033 cm-2s-1 (5⨉ the current)

Several detector systems need to be replaced. In
particular, the current downstream tracking system
will be exchanged with a large scintillating fibre
(SciFi) tracker, resulting in a reduced and
homogeneously distributed material budget.

The LHCb SciFi Tracker
The tracking system is going to replace the current inner (silicon strips) and outer (straw tubes)
trackers and will cover a total area of 340 m2. It consists of staggered layers of scintillating fibres,
which are readout by Silicon Photomultipliers.

SiPMs for LHCb SciFi
• Customised 128-channel linear arrays (Hamamatsu MPPC S13552 – H2017)
• Channel size 0.25 x 1.62 mm2

• 104 pixels (57.5 x 62.5 µm2) per channel
• Optimised for:

• High PDE (large pixels)
• Low after-pulse and cross-talk
• Thin entrance window (105 µm epoxy layer)

Correlated noise
The detector shows three types of correlated noise: direct cross-talk, delayed cross-talk and after-
pulse. Correlated noise probabilities were determined by statistical analysis of waveforms based on a
threshold based peak finding and selection algorithm.

After R&D the total correlated noise probability could be reduced to 7% for the H2017 at the
operating point ∆V = 3.5 V. Direct and delayed cross-talk are the dominant sources of noise clusters.
Delayed cross-talk can produce ghost clusters in the consecutive bunch crossing.

• SiPMs are glued on 3D printed Titanium cold-bar,
which will be cooled down to -40℃

• Connection to FE electronics via flex cables
à 524k channels in total
à 4096 SiPM arrays

Pulse shape and quenching resistor (RQ)
The H2017 features a quenching resistor of 520 kΩ, which allows a
large operating range. The recovery time is 85 ns with typically 10%
channel-to-channel variations due to dependence on RQ.

We can distinguish three time
components:
• #short < 1 ns
• #long ∼ 70 ns
• #recovery ∼ 85 ns

à 3 stations (T1, T2, T3) with 4 layers (0º,5º,-5º,0º)
à Each station is 6 x 5 m2 large
à 8 fibre mats of 2.5 m length per module (128 modules)
à 11,000 km of fibre (250 µm diameter)

Requirements:
• Hit detection efficiency ∼ 99%
• Spatial resolution better than 100 µm in the

horizontal plane
• X/X0 ≤ 1% per detection layer
• 35 kGy close to the beam pipe for the fibres
• 6⨉1011 neq/cm2 for the photodetectors

Photon detection efficiency (PDE)
A high PDE matching the emission spectrum of the Kuraray SCSF-78 scintillating fibres is an
important requirement for the SciFi SiPMs.

PDE measurement:
• Xe light source with monochromator
• Photodiode for light calibration
• Correction for correlated noise

and dark counts

To achieve uniform detection efficiency in the SciFi
tracker, all SiPM channels are operated at the same over-
voltage ∆V.
à VBD measurement prior to installation
à Measurement based on low light spectrum
à Grouping SiPMs with similar VBD together (same bias

channel)
à Bias voltage adjustment per channel at FE

Breakdown voltage (VBD)
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Production status
• All SiPMs have been delivered (5500 in total)
• SiPM are mounted on flex cables
• QA procedure:

• Optical inspection for all detectors
• VBD measurement (all)
• 2 per 500 detectors: full characterisation
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At the end of the lifetime a fluence of 6⨉1011 neq/cm2 is expected. We observe:
• Massive increase in dark count rate (DCR)
• Less than 5% PDE change
• Less than 10% change in gain
• No change in cross-talk
• Single photon detection still possible at 6⨉1011 neq/cm2
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Challenges for the SiPMs in SciFi
• Neutron irradiation of SiPMs leads to a dramatic increase in dark count rate

à Increase in noise cluster rate due to signal like noise clusters
• Irradiation of fibres leads to reduction of light output seen by the SiPMs
• Low light (single photon) detection after irradiation à 12 p.e. for 98% hit detection efficiency

• This requires:
• Low dark count rate & low correlated noise
• High PDE

• Achieved by:
• Fast read-out (short integration time)
• Cooling to -40℃
• Efficient noise rejection by clustering

à Expected cluster rate at 40 MHz read-out: less than 3 MHz per SiPM array Fibre mat with SiPM

AP events (∆V = 7.7 V, 25℃)
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Introduction
A major upgrade of the LHCb detector is foreseen
during the LHC LS2 in 2019/2020.

Two main changes:
• 40 MHz trigger-less read-out
• Luminosity Linst = 2⨉1033 cm-2s-1 (5⨉ the current)

Several detector systems need to be replaced. In
particular, the current downstream tracking system
will be exchanged with a large scintillating fibre
(SciFi) tracker, resulting in a reduced and
homogeneously distributed material budget.

The LHCb SciFi Tracker
The tracking system is going to replace the current inner (silicon strips) and outer (straw tubes)
trackers and will cover a total area of 340 m2. It consists of staggered layers of scintillating fibres,
which are readout by Silicon Photomultipliers.

SiPMs for LHCb SciFi
• Customised 128-channel linear arrays (Hamamatsu MPPC S13552 – H2017)
• Channel size 0.25 x 1.62 mm2

• 104 pixels (57.5 x 62.5 µm2) per channel
• Optimised for:

• High PDE (large pixels)
• Low after-pulse and cross-talk
• Thin entrance window (105 µm epoxy layer)

Correlated noise
The detector shows three types of correlated noise: direct cross-talk, delayed cross-talk and after-
pulse. Correlated noise probabilities were determined by statistical analysis of waveforms based on a
threshold based peak finding and selection algorithm.

After R&D the total correlated noise probability could be reduced to 7% for the H2017 at the
operating point ∆V = 3.5 V. Direct and delayed cross-talk are the dominant sources of noise clusters.
Delayed cross-talk can produce ghost clusters in the consecutive bunch crossing.

• SiPMs are glued on 3D printed Titanium cold-bar,
which will be cooled down to -40℃

• Connection to FE electronics via flex cables
à 524k channels in total
à 4096 SiPM arrays

Pulse shape and quenching resistor (RQ)
The H2017 features a quenching resistor of 520 kΩ, which allows a
large operating range. The recovery time is 85 ns with typically 10%
channel-to-channel variations due to dependence on RQ.

We can distinguish three time
components:
• #short < 1 ns
• #long ∼ 70 ns
• #recovery ∼ 85 ns

à 3 stations (T1, T2, T3) with 4 layers (0º,5º,-5º,0º)
à Each station is 6 x 5 m2 large
à 8 fibre mats of 2.5 m length per module (128 modules)
à 11,000 km of fibre (250 µm diameter)

Requirements:
• Hit detection efficiency ∼ 99%
• Spatial resolution better than 100 µm in the

horizontal plane
• X/X0 ≤ 1% per detection layer
• 35 kGy close to the beam pipe for the fibres
• 6⨉1011 neq/cm2 for the photodetectors

Photon detection efficiency (PDE)
A high PDE matching the emission spectrum of the Kuraray SCSF-78 scintillating fibres is an
important requirement for the SciFi SiPMs.

PDE measurement:
• Xe light source with monochromator
• Photodiode for light calibration
• Correction for correlated noise

and dark counts

To achieve uniform detection efficiency in the SciFi
tracker, all SiPM channels are operated at the same over-
voltage ∆V.
à VBD measurement prior to installation
à Measurement based on low light spectrum
à Grouping SiPMs with similar VBD together (same bias

channel)
à Bias voltage adjustment per channel at FE

Breakdown voltage (VBD)
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Production status
• All SiPMs have been delivered (5500 in total)
• SiPM are mounted on flex cables
• QA procedure:
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• VBD measurement (all)
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At the end of the lifetime a fluence of 6⨉1011 neq/cm2 is expected. We observe:
• Massive increase in dark count rate (DCR)
• Less than 5% PDE change
• Less than 10% change in gain
• No change in cross-talk
• Single photon detection still possible at 6⨉1011 neq/cm2
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Challenges for the SiPMs in SciFi
• Neutron irradiation of SiPMs leads to a dramatic increase in dark count rate

à Increase in noise cluster rate due to signal like noise clusters
• Irradiation of fibres leads to reduction of light output seen by the SiPMs
• Low light (single photon) detection after irradiation à 12 p.e. for 98% hit detection efficiency

• This requires:
• Low dark count rate & low correlated noise
• High PDE

• Achieved by:
• Fast read-out (short integration time)
• Cooling to -40℃
• Efficient noise rejection by clustering

à Expected cluster rate at 40 MHz read-out: less than 3 MHz per SiPM array Fibre mat with SiPM

AP events (∆V = 7.7 V, 25℃)

Protons



Scintillating Fibre Tracker @ LHCb

SiPM readout & clustering

PACIFICs 
[64 channels]

Clustering 
FDGAs

Master 
GBT

Electronics Readout 

11

Pacific

FPGA

GBTx

DC/DC
converter

Optical links

2 PACIFICs

Clusterization
FPGA

Master
GBT

10.24 Gb/s

max. 4.48 Gb/s

max. 4.48 Gb/s

SciFi (528k channels) – 4096 GBT links (max. 2.3 TB/s)     

SiPM 8 SiPMs (half module)

DAQ

Microsemi
Igloo2

8 SiPMs with 128 ch. each

Electronics Readout 

11

Pacific

FPGA

GBTx

DC/DC
converter

Optical links

2 PACIFICs

Clusterization
FPGA

Master
GBT

10.24 Gb/s

max. 4.48 Gb/s

max. 4.48 Gb/s

SciFi (528k channels) – 4096 GBT links (max. 2.3 TB/s)     

SiPM 8 SiPMs (half module)

DAQ

Microsemi
Igloo2

DAQ

Clusterization

13

cluster cluster
large sum

cluster
PACIFICr4 ASIC

2 bit/channel
low, middle, 

high threshold
passed

Clustering = key to noise / data reduction:
Dark count rate w/ 6×1011 neq / cm2

~14 MHz / channel 

cluster rate 0.8 MHz / 128 channels
calculate x-position of clusters

A readout ASIC for the LHCb
Scintillating Fibre (SciFi) 
tracker, X. HAN at TIPP 2017

PACIFC Chip

2 bit/channel 
low, medium and  

high threshold

Clustering is key  
to noise/data reduction …  
Reduces noise from DCR of 12 MHz/ch to 
a cluster noise rate 0.8 MHz/128 channels 

cluster

cluster 
[large sum]

cluster

SiPM Channel
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μ+ ➛ e+e−e+
Search for:



Mu3e Timing Detectors

March 8, 2018 19

Recurl station
• 7 modules mounted on end rings
• Total length 36.8 cm
• 3136 channels

Full detector phase I
• 2 recurl station – total of 6272 channels

Tile Detector

• Mechanics – endrings+ 3 cooling support structure
• In Total we fully assembled 3 submodules (96 channels)
• Stand alone module – 16 channel, readout MuTrig/Scope (see following slides)

February 12, 2018 23

Tiles per station: 3136 [56 x 56] 
Tile size: ~ 6.5 x 6.5 x 5.0 mm3 

Time resolution: < 100 ps 
Exp. LY: O(2k) p.e.

March 8, 2018 17

Submodule
• 32 channel
• 3x3 mm2 SiPMs
• FEBA – flex printed PCB
• MuTrig ASIC in BGA package
• Scintillator tiles Ej-228 ~6.5x6.5x5 mm3 , two type (center and edge)
• ESR reflected foil, individual tile wrapping

First Prototype 
DESY Test Beam Result

STiC 2.0
r/o ASIC:
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Fibre Detector

The Mu3e Scintillating Fibre Detector Up Close

final: 128 ◊ 0.25 mm = 32 mm

Hamamatsu S13552: column array SiPM: 128 cells,

250 µm ◊ 1.6 mm each
L. Gerritzen 2018-01-18 5

3 layer fibre mat 
[SiPM: MPPC S13552-H2017]

Fibres mats

SiPM

Flexprint

PCB

Fibres: 32 per layer; length: ~30 cm 
Three layers of fibres;    = 250 μm 
Time resolution: < 500 ps 
Exp. LY: ~ 3-5 p.e.

⌀
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SciFi prototypes: Results

• Confirmed full detection efficiency (> 96 % @ 0.5 thr in Nphe ) and timing 
performances for multi-layer configurations (square and round fibres) with 
several prototypes: individual and array readout with standalone and 
prototyping (STiC) DAQ

35

Trigger 
offline selection: 
hits in 3 layers

3 layer time resolution O(550) ps
3 layer offline array charge 
collection (thr > 1.5 Nphe)

SciFi prototypes: Results

• Confirmed full detection efficiency (> 96 % @ 0.5 thr in Nphe ) and timing 
performances for multi-layer configurations (square and round fibres) with 
several prototypes: individual and array readout with standalone and 
prototyping (STiC) DAQ

35

Trigger 
offline selection: 
hits in 3 layers

3 layer time resolution O(550) ps
3 layer offline array charge 
collection (thr > 1.5 Nphe)

Fibre Detector
First prototype results with multi-layer configuration … 
Detection efficiency > 96 % @ 0.5 thr in Nphe … 
Performances for square and round fibres …  
Readout with standalone and prototyping (STiC) DAQ …

particle

trigger

3 layer 
configuration

0 5 10-10
Time Difference [ns]

0
-5

1

2

3

4

5

6

× 103

# 
En

tri
es

0 10 20 30 40
Nphe

0

5

10

15

20

25

30
# 

En
tri

es × 103 layer time resolution 3 layer charge collection

σ ~ O(550 ps)

thr > 1.5 Nphe

[A. Papa, W
IN 2017]



Mu3e Timing Detectors

STiC 3.0	: 64 channels 
MuTriG	 : 32 channels 

Differential and  
single-ended readout … 
Integrated TDC [ZITI, Fischer et al.] 
and digital data processing … 
Timing and ToT-based  
linearised energy measurement … 
[SPTR:180 ps; MPPC S10362-11-100] 

SiPM bias tuning … 
[Tuning range: ~ 800 mV] 

Serial interface for data  
transmission and configuration … 
[MuTrig: up to 1.25 Gbps]

STiC 3.0 
[Chip layout] Features:

MuTriG 
[Mounted chip]

[W. Shen et al., IEEE TNS Vol. 65 No. 5 (2018) 1196] 
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Belle 2 – KL Counter, TOP and Aerogel RICH

Endcap KL & 
Muon Detector 
[Scintillator & SiPMs]

Aerogel 
RICH Detector 
[HAPDs; SiPMs were considered]

TOP Detector 
Time-of Propagation 
[MCP-PMTs; SiPMs were considered]



Belle 2 – Aerogel RICH

PoS(FPCP2017)037

SuperKEKB and Belle II Riccardo de Sangro

(a) (b)

Figure 11: (a) Principle of operation of the proximity focusing aerogel detector: two consecutive layers of
aerogel have refraction index chosen so as to cause the Cherenkov light to be focused on the photon detectors
plane. (b) Test beam data shows excellent K/p separation, for 2% of p misidentification probability, over a
large momentum range.

Figure 12: The fully assembled A-RICH is ready to be installed on the Belle II forward endcap.

3.4 Electromagnetic calorimeter ECL

The Belle electromagnetic calorimeter consists of 8736 Thallium-doped CsI crystals, and
will be used unchanged by the Belle II experiment (Fig. 13). However, to cope with the higher
level of background expected while operating at SuperKEKB, the readout electronics has been up-
graded [18]. In addition to a shorter signal shaping time, a digital signal processing (DSP) module
has been added to the readout chain in order to record signal waveforms with 1.76 MHz sampling
frequency. The waveforms are then fitted, and the time and amplitude extracted, directly online.
Early prototypes were tested on the Belle backward endcaps; we show in Fig. 14(a) that with the old
electronics (blue circles) the equivalent noise energy snoise increases, in the presence of increasing

10

Aerogel n1 < n2 Photon-Detectors

Cherenkov 
Photons

Charged  
Particle

20 cm
2cm + 2 cm

cos ✓ =
1

n�

Proximity focusing  
aerogel RICH …

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

Forward PID: the Aerogel RICH

24

Beam test measurements

Use two aerogel layers in 
focusing configuration to 
increase n. of photons 
without resolution 
degradation 

n1=1.045, n2=1.055

HPD 
[Hamatsu]



Belle 2 – Aerogel RICH with SiPMs ARTICLE IN PRESS

possibility of increasing the acceptance with light guides. Light
guides in the form of truncated pyramids have been studied. The
acceptance as a function of light guide length, at fixed, 101 in-
clination of the lateral planes, is shown in Fig. 3. Photons have
been generated with isotropic incident angle distribution up to
y¼ 303 and with uniform distribution over the 2:54 mm"
2:54 mm surface of the light guide entry window. The loss of
35% of the photons is mainly due to the 0.3 mm gap between the
light guide exit window and the sensitive volume of the SiPM and,
to a lesser extent, also to refraction out of the light guide and to
absorption. Therefore, the acceptance of an ideal light guide is
about 65%, which is about 4 times larger than the bare geometric
coverage of the SiPM sensitive surface in a module as described

Fig. 1. The photon detector module consisting of 64 SiPMs without (above) and
with (below) the pyramidal light guides. Four SiPMs are grouped into a single
readout channel.

PMT PDE

SiPM PDE

aerogel transmission 

lig
ht

 g
ui

de
  t

ra
ns

m
is

si
on

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

200

λ [nm]

300 400 500 600 900700 800

Fig. 2. The wavelength dependence of the photon detection efficiency (PDE) of one
SiPM detector. Shown also is the efficiency for a typical bialkali multianode
photomultiplier (PMT-PDE, including the photoelectron collection efficiency), the
aerogel transmission and the light guide transmission.

Light guide length [mm]
3

A
cc

ep
ta

nc
e

0.45

0.5

0.55

0.6

0.65

0.7

3.5 4 4.5 5

Fig. 3. (above) Trajectories of photons through the light guide and into the SiPM
sensitive volume (shown as a thick line). (below) Acceptance, i.e. the fraction of
generated photons that hit the SiPM volume, as a function of light guide length.
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measured number is 1.6 photons/ring. Some, if not most of this
discrepancy seems to be explained by an overestimation in the
manufacturer data on photon detection efficiency of the SiPM,
which includes effects of crosstalk and afterpulses (Fig. 2, [10]).
Also other authors [13] indicate that the data given by the
manufacturer could be too optimistic.

The measured improvement by a factor of 2.3 due to light
concentrators with perspex pyramids is also less than the
estimated factor of 3.5, which is the ratio of the expected
acceptance of 54% to the bare geometric coverage of 15.5% of
the SiPM sensitive surface in the module (Fig. 1). This discrepancy
is probably partly due to non-specular reflection and refraction on
the side walls of the light guide. An additional contribution to the
discrepancy could come from less than perfect overlap of the light
guide exit window with the SiPM sensitive surface. Also reflection
on the light guide exit window and effects of inaccurate cutting
have not been accounted for in the calculated acceptance.

We expect to gain a factor of 5 in photon yield by increasing
the radiator thickness to 3 cm and simultaneously switching
to n¼ 1:05 aerogel with 5 cm attenuation length. Optimistically,
another factor of 2 might be obtained by improved production
of the light guides and their coupling to SiPMs. Thus, we
may conclude that our investigations have demonstrated that
such a proximity focusing ring imaging Cherenkov detector is
feasible.
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Full ring in pion beam

Rok Pestotnik
 Jožef Stefan Institute

Module of Silicon photomultipliers as a single photon detector of Cherenkov photons
(slide 17)

May  2 – 7, 2010
RICH2010, Cassis

Beam test setup
●MPPC array w/o or w/ light guide mounted on a 3D stage

●Beam: +120GeV/c pions

●Timing: scintillator

●Tracking: 

● 2 MWPC with delay line readout 

●Readout: multi hit TDC

●Radiator: aerogel 

● n=1.03, d=10mm,

● attenuation length=14mm,

● distance to photon detector 115mm

Detector 
module 
[64 SiPMs]

Detector 
module 
with light guides

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



Belle 2 – Aerogel RICH with SiPMs

Peter Križan, Ljubljana

Expected fluence at 50/ab at 
Belle II:        2-20 1011 n cm-2

Æ Worst than the lowest line

Radiation damage

ÆVery hard to use present SiPMs as single photon detectors in many 
applications (including Belle II) because of radiation damage by neutrons

Æ Also: could only be used with a sofisticated electronics – wave-form 
sampling  

ARTICLE IN PRESS

possibility of increasing the acceptance with light guides. Light
guides in the form of truncated pyramids have been studied. The
acceptance as a function of light guide length, at fixed, 101 in-
clination of the lateral planes, is shown in Fig. 3. Photons have
been generated with isotropic incident angle distribution up to
y¼ 303 and with uniform distribution over the 2:54 mm"
2:54 mm surface of the light guide entry window. The loss of
35% of the photons is mainly due to the 0.3 mm gap between the
light guide exit window and the sensitive volume of the SiPM and,
to a lesser extent, also to refraction out of the light guide and to
absorption. Therefore, the acceptance of an ideal light guide is
about 65%, which is about 4 times larger than the bare geometric
coverage of the SiPM sensitive surface in a module as described

Fig. 1. The photon detector module consisting of 64 SiPMs without (above) and
with (below) the pyramidal light guides. Four SiPMs are grouped into a single
readout channel.
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photomultiplier (PMT-PDE, including the photoelectron collection efficiency), the
aerogel transmission and the light guide transmission.

Light guide length [mm]
3

A
cc

ep
ta

nc
e

0.45

0.5

0.55

0.6

0.65

0.7

3.5 4 4.5 5
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coverage of the SiPM sensitive surface in a module as described

Fig. 1. The photon detector module consisting of 64 SiPMs without (above) and
with (below) the pyramidal light guides. Four SiPMs are grouped into a single
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Fig. 2. The wavelength dependence of the photon detection efficiency (PDE) of one
SiPM detector. Shown also is the efficiency for a typical bialkali multianode
photomultiplier (PMT-PDE, including the photoelectron collection efficiency), the
aerogel transmission and the light guide transmission.
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Fig. 3. (above) Trajectories of photons through the light guide and into the SiPM
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generated photons that hit the SiPM volume, as a function of light guide length.
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possibility of increasing the acceptance with light guides. Light
guides in the form of truncated pyramids have been studied. The
acceptance as a function of light guide length, at fixed, 101 in-
clination of the lateral planes, is shown in Fig. 3. Photons have
been generated with isotropic incident angle distribution up to
y¼ 303 and with uniform distribution over the 2:54 mm"
2:54 mm surface of the light guide entry window. The loss of
35% of the photons is mainly due to the 0.3 mm gap between the
light guide exit window and the sensitive volume of the SiPM and,
to a lesser extent, also to refraction out of the light guide and to
absorption. Therefore, the acceptance of an ideal light guide is
about 65%, which is about 4 times larger than the bare geometric
coverage of the SiPM sensitive surface in a module as described

Fig. 1. The photon detector module consisting of 64 SiPMs without (above) and
with (below) the pyramidal light guides. Four SiPMs are grouped into a single
readout channel.

PMT PDE

SiPM PDE

aerogel transmission 

lig
ht

 g
ui

de
  t

ra
ns

m
is

si
on

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

200

λ [nm]

300 400 500 600 900700 800

Fig. 2. The wavelength dependence of the photon detection efficiency (PDE) of one
SiPM detector. Shown also is the efficiency for a typical bialkali multianode
photomultiplier (PMT-PDE, including the photoelectron collection efficiency), the
aerogel transmission and the light guide transmission.
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[From
 P. Krizan, Talk 2018]

I.Nakamura, JPS Meeting, Sep. 2008

Expected Fluence @ Belle: 2-20 × 1011 @ 50 ab-1

Hard to use present SiPMs for Belle 2 RICH … 
[or in general as single photon detectors in harsh rad environments]

➧



Concluding Remarks

Growing SiPM applications in particle physics

Important requirements:  
	 Compactness, insensitivity to B-fields, 
	 dynamic range, large PDE, fast response, 
	 radiation tolerance … 

With ongoing developments on SiPMs more  
to be expected … 


