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@ Lecture overview

Lecture 1

Introduction to photodetectors
Classical photomultiplier Tubes
Scintillators
Use case of classical photomultipliers and plastic scintillators
Classical PMTs in calorimetry
Use cases of classical PMTs and calorimeters

Lecture 2

MultiAnode photomultiplier Tubes (MAPMTS)

RinglmagingCHerenko(RICH) detectors

Use case of MAPMTs and in RICH detectors
Scintillating fibers and fiber trackers

Use case of MAPMTs in scintillating fiber tracking detectors
Silicon photodetectors
Use case dbiPMsand Time of Flight
Use case dbiPM4dn scintillating fiber tracking detectors
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MultiAnode photomultiplier Tubes

Figure from [4]
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@ MultiAnodePhotoMultiplierTubes MAPMTs

To understand the MAPMT, we first need
to introduce the metal package PMT

This is s modern small size version of the
classical PMT, but made significantly
smaller by fine machining technologies

This is actually the type used in ATLAS
TILE calorimeter and the additional
veto station for FASER shown in the
first lecture

In the MultiAnodeversion, a segmentation
is introduced to divide the anode into
separate channels

Each anode has a separate pin for
measuring the signal

The dynode structure naturally also need a
segmentation at least as fine as the anode

In the shown 64 channel version, it can be

seen that dynode structure actually is
twice as segmented as the anode
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@ MultiAnodephotomultiplier Tubesg Pros and cons

Gain uniformity of a state of the art MAPMT
(Hamamatsu H13700, 256 channels)

Radiation tolerant P1 ;a

Pros forMultiAnodephotomultiplier Tubes
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TOP VIEW
Cons foMultiAnode photomultiplier Tubes Crosstalk of a state of the art MAPMT
(Hamamatsu H13700, 256 channels)
Typically large gain fluctuations (also internally in a unit) P1 be
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Figures from [4]
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@ MultiAnodephotomultiplier Tubeg Producers

There is unfortunately only one producer of MAPMTSs.

HAMAMATSU

PHOTON IS OUR BUSINESS
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RingIlmaging Cherenkov (RICH) detectors
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@ Basics of Ringnaging Cherenkov (RICH) detectp@herenkov radiation

Cherenkov radiation is X
electromagnetic radiation emitted <
when a charged particle passes
through a dielectric medium at a
speed treater than light in that
medium:

e @
EVL

Since the reflective index, is known, this gives a correlation between the Cherenkov
angle] , and the velocity of the particl@®, (wbeing the velocity of light in vacuum)

So if the Cherenkov angle can be determined, then the velocity of the particle can be
derived, which together with the momentum measured by other systems can be used
for identification of the particle

In 3 dimensions the Cherenkov light form a cone while the particle passes the medium

If the medium is short, the cone becomes a ring when projected onto a plane and the
Cherenkov angle can be determined by thegdiameter ~ =====- «

A more advanced type of RICH uses a spherical mirror to focus the light onto a focal
plane, making a ring (the focusing means that the position is only depending on the
Cherenkov angle, not the emission point) Figures from [14]
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Use case of MAPMTs and in RICH detectors
The LHCb RICH detectors
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@ Use case of MAPMTs and in RICH deteeiine LHCb RICH detectors

Two RICH detectors are part of LHCb RICHL1 side view RICH2 top view
RICH1 |
o _MAPMTs
Cherenkov medium: £, gas Magnetic .
: Shield
Momentum range: 2 GeV/€60 GeV/c e MAPMTs
Coverage: 2mrad- 300 mrad ‘
Quartz
RICH2 window
g0 e
Cherenkov medium: GBas =
Spherical
Momentum range: 30 GeV£A100 GeV/c Mirror
Coverage: 1mrad- 120mrad _ - Beam pipe

4 Central tube
]

Both uses spherical mirrors for parallel to point focusing

VELO exit wind
Both have the photodetectors moved out of the detector —  '§

acceptance (to minimize material in the acceptance)

> Track T

. Spherical mirror

Side View gcaL HCAL va Ms \\ Plane

M Mirror

M2

!‘ Flat mirror

X oy Quartz plane
- Magnetic shielding

Figures from [15]
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@ Use case of MAPMTs and in RICH detee

H R13743
The LHCb RICH detector uses two differc~* amamatsu

MAPMTSs:

Hamamatsu R13742:
1 inch

8 x 8 channels
12 stage
2528 units (161792 channels) in use

Hamamatsu R13743:
2 inches

8 x 8 channels
12 stage
384 units (24576 channels) in use

For optimal active area, the MAPMTs are
installed side by side

The smaller one (with higher granularity)
are installed in the positions with higher g
photon flux to keep down the occupancy

Figures from [15]
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“) Use case of MAPMTs and in RICH deteefine LHCb RICH detecto&gnals

The MAPMT signals are typical signal photoelectrons

Important to have almost no noise

Thresholds must be adjusted with great care Early event displays:

Run 256107 - evID 24731767

Run 256107 - evID 24731767

RICH1

Pedestal
—

1 photoelectron

10°

10° £
B :
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Charge

Figures from [15]
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@ Scintillating fibers
The core of the fiber is polystyrene doped with scintillator and wavelength shifter, just like the plastic scintillatoesl coviee first lecture
Around is a cladding made of Plexiglass
When a charged particle passed the core, photos are emitted in all directions
The majority of the photons (eventually) leaves the fiber
A minor part of the photons are trapped in the fiber by total internal reflections

The critical angle is determined by:
| G oo(—ee*) ot O o@J

The trapping efficiency per side is about ~3.1 %

Square fibers: ~4.2 %
Double cladded: ~5.4 %

Fiber end view Fiber side view

Lost photons
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@ Scintillating fibers producers and typical products

There are only two producer of high quality plastic scintillator fibers (link on the logos):
Both have standard products of round and square with single or double cladding and diameters between 0.25 and 3 mm

3

Cladding

7 (PMMA)

Core(PS)

-—T

Cladding Thickness : T=2% of S
Numerical Aperture: NA=0.55
Trapping Efficiency : 4.2%

Round Fiber (D)

EDIT 2026

Cladding Thickness: T=2% of D
Numerical Aperture: NA=0.55
Trapping Efficiency : 3.1%

LUXIUM

SOLUTIONS

/ Outer Cladding(FP)

Inner Cladding
(PMMA)

Core (PS)

Cladding Thickness : T=2%(To)+2%(Ti)

=4% of D
Numerical Aperture : NA=0.72
Trapping Efficiency : 5.4%

Introduction to photodetectors and their applications in HEP

(former SainiGobain Crystals)

Fiber Emission Emission Decay # of Photons
Color Peak, nm Time, ns per MeV**
BCF-10 blue 432 27 ~-8000
BCF-12 blue 435 3.2 ~8000
BCF-20 green 492 2.7 -8000
BCF-60 green 530 7 -7100
BCF-91A green 494 12 n/a
BCF-92 green 492 27 n/a
BCF-98 n/a n/a n/a n/a
11-03-2026

Characteristics / Applications

General purpose; optimized for diameters >250um
Improved transmission for use in long lengths

Fast green scintillator

3HF formulation for increased hardness

Shifts blue to green

Fast blue to green shifter

Clear waveguide

Sune Jakobsen
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https://www.crystals.saint-gobain.com/radiation-detection-scintillators/fibers
http://kuraraypsf.jp/
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@ Scintillating fiber trackers

To illustrate the concept of a fiber tracker, start with a single square
scintillating fiber

Then position several fibers parallel to it next to one another
This makes up a fiber layer

Position a another fiber layer perpendicular to the first one

If an ionizing particle passes the two layers, light will be emitted in the fibers
that are hit

Some of the light is transported to the end of the fibers
At the end of the fibers, photodetectors are positioned

By knowing which fibers had light, the particle position can be reconstructed
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Use case of MAPMTs In scintillating fiber tracking detector
The ATLAS ALFA detector
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@ MAPMT and scintillating fibeyUse case: ATLAS ALFA: Introduction

EDIT 2026

LHC

Beam pipe

Introduction to photodetectors and their applications in HEP

Approach the
beam to few mm
with Roman Pot.

A

Only used in *
dedicated high
I * runs.
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@ MAPMT and scintillating fibeyUse case: ATLAS ALFA: Fibers

EDIT 2026

Figures from [1] and [16]
Introduction to photodetectors and their applications in HEP 11-03-2026
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500 um scintillating square fibers (Kuraray STEIStype)

Cladding
F N (PMMA)

| — Core (PS)

<— T

Aluminum coated to avoid the primary scintillating light
to reach another fiber and make cretdk
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V MAPMT and scintillating fibeyUse case: ATLAS ALFA: Main detector

The main detector has 64 - in detector plate
fibers per layer: SR e R

24 with 90 degree cut
40 with 45 degree cut

Another layer is mountec
on the backside of the
support plate

The fibers are active
~20 um from the cut

10 Ulayer and 16V Staggering of plates
layers are stacked to
Improve resolution - = : - ]

Measured resolution is mm....'..'.....;;;.‘..'..-.......‘.'..,;

.l'lll‘l!.lll!ll'kll(l’lll! SErEsFID. ¥EL L

better than 30 Hm S ——"
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1460 fibers in a detector i e
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Y MAPMT and scintillating fibeyUse case: ATLAS ALFA: MAPMTs

Hamamatsu R76000-64 64 MAPMT channels

Fiber connector

— - " P
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Y MAPMT and scintillating fibeyUse case: ATLAS ALFA: MAPMTs support

MAPMT support and magnetic shielding Gmetal) MAPMTSs for one detector
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Silicon photodetectors

Figure from [1] and [3]
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@ Silicon photodetectors Internalphotoeffect

Photodiodes (PIN diodes)
P(I)N type: pegion(intrinsic)rregion

o7

+ +
P layer needs to be very thin (below 1 um), as visible light is rapidly absorbed by silicon b I(n) n
Main drawback: Gian = 1, so many photons needed to a good signal h e
|
g
+
Avalanche photodiode (APD)
Similar to the PIN diode, but with a high reverse bias voltage applied (o) "
. : : L , p 1(p p n
Due to the doping profile, some region has a high internal field
The free electrons makes avalanches in the region due to impact ionization
This leads to internal gain of 1AM00
Very high sensitivity to temperature and bias voltage
9
Multiplikation
[E(x)|
Absorption /<)
—
Figures from [3] and [17] X
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@ Silicon photodetectors Geiger Mode Avalanche Photodiode (BMD)

Geiger mode Avalanche PhotodiodeABD or GNVADP)

Operation beyond the linear mode

Operation sequence

—
.C
()
00
~—
00
ie,

EDIT 2026

Ready G, charged to ¥|as

Avalanchetriggered by photon, switch turned ONg discharging towards break down voltagé ), |, grows to

Quenching the avalanche stopped by the voltage reaching the break down voltage

Rechargingswitch turned OFF,@& recharged from break down voltage tg

Ready to repeat

Linear
mode

<

>
o
P2

<

-

Bias voltage

Figures from [18]
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@ Silicon photodetectors SiPMqaka MPPC, MGPD, S

Multipixel GMAPD array
Known under many nameSiPMs MPPC, MGPD, SPREIPSMRS t 5 X

Commonly now referred to aSiPM(SiliconPhotoMultiplierg

It is build up from serial connected GMPDs
Serial connected GMPDs

Quench resisters

The charge from each GKIPD is analogy summed

Since the charge from each GMPD is equal and has a small spread, the summed signal
directly showed how many GMIDPs fired => Photon counting

Quench

-V,
o BIAS

resister

GI\/I-APIi‘ 77‘

Quench resister

EDIT 2026

y |
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Figures from [18]
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\BIPSMRS t 5 X

~ Notice that only part of the surface is photosensitive
20QY " (lots of optimization to minimize this in the last years)
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Use caseSiPMst scintillating fibers

@ SIPMg; Pros and cons

Pros

forSiPMs
High quantum efficiency andietection efficiency

Mechanically robust

Tolerant to even very high magnetic fields
Small and easy to integrate

Operates at moderate voltage (below 100 V)
Available in arrays

Cheap per unit and per channel

Very good time resolution

High gain (so cheap electronics can be used)

Cons folSiPMs

EDIT 2026

The gain is very temperature depended
The gain is very BIAS voltage depended

Linearity is limited (depending on the number of G\DPS)

Very noisy per area (~100s kHz/mMinPE noise) at room temperature

The noise dramatically scales with neutron radiation

Figure from [19]
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@ SIPMg: Producers

There are many producers 8iPMglinks under the logos), the list is not exhaustive:

@ BROADCOM- BRUNO KESSLER

EDIT 2026

L CENTER FOR
SENSORS & DEVICES

FONDAZIONE

<"

HAMAMATSU

. PHOTON IS OUR BUSINESS

Introduction to photodetectors and their applications in HEP
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https://sd.fbk.eu/en/projects/detail/sipm-evolution/
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjEmYDSlbn-AhVG62EKHW0bD0cQFnoECAwQAQ&url=https%3A%2F%2Fwww.onsemi.com%2Fproducts%2Fsensors%2Fphotodetectors-sipm-spad%2Fsilicon-photomultipliers-sipm&usg=AOvVaw3UJhtY0e-cBVKvSnNv7p3l
https://www.broadcom.com/products/optical-sensors
https://www.aptechnologies.co.uk/support/SiPMs/intro

MAPMTs RICH Use case of MAPMTs + RICH Scintillating fiber trackers  Use case of MAPMTs + scintilldtoanfiifestodeectors Use case obiPMst Time of Flight Use case dbiPMst+ scintillating fibers
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\
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Section based on [21]
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@ SiPMsand Time of Flight: CMS MIP Timing Detector (MTD)

Precise timing information can be used to cope with high pileup
[ a{ A&d UGUKSNBFT2NF LI IFYyYyAy3a G2
The aim is a time resolution of 33
Steel Return Yoke  Silicon Tracker
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Inorganic scintillator: 165888 crystals = -

Photo detector: 33177&iPMs

To minimize noise (Dark Count Rate, DCR) of the -
SiPM the plan is to operate them a5 °C BTL : |n| < 1.48 Calorimeter
CMS Had
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Figures from [21], [22] and [23]
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@ SiPMsand Time of Flight: CMS MIP Timing Detector (MUDystals

Crystal details:

Lutetium Yttrium Orthosilicate crystals doped with CeriiMJO:Qe
Size: ~3 mm x 3 mm x 57 mm
Density: ~7.1 g/cth

Refractive index 1.82
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Figures from [21], [22] and [23]
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MAPMTs

RICH Use case of MAPMTs + RICH  Scintillating fiber trackers

Use case of MAPMTSs + scintill#tcanfiifeotodeectors Use case ofiPMst Time of Flight Use case dbiPMst+ scintillating fibers

@ SiPMsand Time of Flight: CMS MIP Timing Detector (M HIBMSs

SiPMdetails (2 companies in competition):

3 mm x 3 mm active surface

| SiPM parameter | Specification | FBK-NUV-HD | HPK-$12572 | HPK-HDR? |
Active area - ~ 9 mm? ~ 9 mm? ~ 9 mm?
Cell pitch < 20 pm 15 ym 15 ym 15 ym
Cell recovery time < 10ns 7 ns 8.5 ns < 10ns
Capacitance < 600 pF 530 pF 295 pF 585 pF
Number of cells > 20k ~ 40k ~ 40k ~ 40k
Vi, (=30°C) - 342V 63.0V 358V
dV,,/dT - 41 mV/°C 59mVv/°C | 37mV/°C
SV, /10" neq/cm2 <02V <01V 02v <01V
DCR-T coefficient - 1.76 1.90 1.79
ENF <11 < 1.05 1.07 < 1.05
Parameters after 3000 fb !
Optimal OV > 1V 1.6V 15V 12V
PDE - 15% 13% 23%
Current/device - 1.32 mA 0.77 mA 1.30 mA
Static power consumption < 50 mW 50 mW 50 mW 50 mW
Gain > 13 x10° 21 x10° 1.45 x 10° 1.55 x 10°
DCR/SiPM - 42 GHz 37 GHz 55 GHz
PDE/+/DCR =20 2.3 2.1 3.1
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Use case obIPMsand in tracking detectors

The LHCISciFdetector

Section based on [20]
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@ SiIPMsand scintillating fiberg use case: LHC3xiFtracker

1) Area Active area of about 340%n

2) Hit detection efficiency:Larger than 99 %.

3) Spatial resolutionBetter than 100 um in the bending plan of the magnet (vertical).

4) Noise cluster rateBelow 10 % of signal in all region of the detector.

5) Material budget:Less than 1 % radiation length per each of the 12 detection layers.

6) Readout speed40 MHz with no deadime.

7) Life time:Integrated luminosity of 50 fbwith the above
specified performance.

EDIT 2026

Side View

SciFi
Tracker

1 module with 8 mats
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@ SiPMsand scintillating fiber use case: LHGxiFtracker¢ Scintillating fibers

Double cladded roundibres @ 250 um (Kuraray SG38MJ) was selected:
About 300 photons/MIP Outer cladding (FP) /

Inner cladding (PMMA) /—total internal reflection

3-=-1.42.

Attenuation length ~3.5 m
3-4 p.e.detected @ 240 cm for a sindiber (trapping fraction, attenuation

and PDE of Silicon photomultiplier) / 450
Emission peak ~450 nm F;%
3%
Very nonrruniform dose profile expected ° L
S25 et ererepererrrpr=r| % / NI 9.568 / 18
. . . El ly 1150 = 9.323
Irradiation campaigns shows about 35 % loss of signal at the expected dose | A 3625 = 5.119
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@ SiPMsand scintillating fiber: LHCRciFE Scintillating fibers quality assurance

12000 km of fiber (incl. prgproduction & spare), 950 spools Problem if there is a bump on a fiber
Quality assurance procedure:
Attenuation length and light yield (for every spool).

Radiation hardness {pays), decay time, bending radius (for a fraction of spools).

Scanning for diameter anomalis (bumps).
wSY2@If 2F 0A3 o6dzYLlA O6k5 B mann xYO0O ¢AlGK2dzi Odzi
The light yield suffers at the removed bumps, but with 6 fibers in a mat it is tolerable. —

-

Lk

L= _---\
Verification of cladding integrity. —

Spool from Kuraray ‘
5 ré . (e
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@ SiPMsand scintillating fiber: LHCRciF Fiber mat production

Custom winding machiné = 80 cm wheel with fine thread).
Mat size: 2650 mm x 140 mm.

1500 mats produced at 4 sites (incl. spares).

The ends of the fiber mats were milled to optical quality.
One fiber mat end gets a mirror glued onto it.
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