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Overview of Particle Identification (PID) techniques
¢ Cherenkov based
¢ Time-of-Flight (TOF)
Overview of photon detectors
¢ Photodetector basics
¢ Vacuum-based
A Photomultiplier
A Microchannel plate
A Hybrid
¢ Solid-state based
A  SiIPM (Geiger-mode avalanche photodiode)
¢ Analog
¢ Digital
¢ Gasbased
¢ Superconducting
DRD4: R&D Collaboration on photodetectors and PID
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Particle Identification (PID) in HEP

A PID in HEP experiments is of great importance

¢ PID techniques based on particles detection via their interaction with matter:
lonization and excitation (Cherenkov & Transition Radiation)

¢ In addition to momentum measurement (magnetic spectrometer), we need

other information (e.g. velocity, etc.) to determine PID

A Applicable methods strongly depend on particle momentum (velocity)

p-Kidentification ranges
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Importance of PID

A Distinguishing between final states with similar topology
A Example from LHCb experiment (CERN)
¢ Invariant mass distribution for B A h*h- decays
¢ Before (left) and after (right) using RICH PID information
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¢ Signal: B°A p*p- (turquoise dotted line)
¢ Other contributions are eliminated ( B°A Kp, B°A 3- body, , BA Kp,
LvA PK, LpA PP)
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Cherenkov radiation

: : : : /8w & wHI Ul C
Gen_erated_ by charged particle traversing dielectric Phvs. Rev 52 378, 1937
medium with speed greater than the local phase
speed of light
¢ Above threshold, a coherent wavefront formed with

conical shaped at well-defined angle that depends on
index of refraction n and particle speed ¢

cosf. = (1/np3)

Number of photons produced per unit path length per
unit energy/wavelength interval of the photon

p
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S. Gambetta
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Detecting Cherenkov radiation

>

Threshold, differential or Ring Imaging Cherenkov (RICH) detectors

¢ RICH: measure Cherenkov angle (extract speedd knowing n), combine with
momentum p to determine particle mass (PID)

)

A Very small number of generated Cherenkov photons

¢ Example: energy loss of a¢g~1 electron in 1 cm of water (1=1.33) as visible
photons (M. 403700 nm) is ~500 eV (~200 photons)

A Compare with ~2 MeV ionization loss

¢ Need to detect maximum number of photons with best possible angular

I'ESO| Utl on g 14 SELEX RICH 97937306 negative tracks
o https://doi.org/10.1007/9783-319-937854
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Threshold Cherenkov detector

Threshold Cherenkov detectors

A
typically employed in beams with
fixed energy
A  Example:
¢ Reduce proton contamination in 50
GeV “ *beam
¢ Choose radiator with refractive
index to have Cherenkov radiation
from “*and not p
A Multiple radiators to increase
momentum range ik Ne gas
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Ring Imaging Cherenkov detectors

Cherenkov cone can be magnified and imaged into a ring using a
spherical mirror, taking advantage of the full information

¢ Threshold of Cherenkov radiation emission
¢ Cherenkov angle dependence on particle velocity

Need single photon detection with high efficiency and spatial resolution
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J. Sequinot, T. Ypsilantis, NIM 142, 3, 377391 (1977
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RICH detector components

>

¢

Radiator

Refractive index to cover a good range of momenta and with low dispersion
to minimise the chromatic error

A Mirrors

¢

¢

>

¢

High reflectivity to minimise photon losses, emission point error,
traditionally glass substrate, with coating

In applications where minimising the material budget is important, carbon
fibre or Be substrates are used

Photon detectors

Need position sensitive photon detectors with good spatial resolution and
large active area
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Cherenkov radiators

A Different types of radiators

¢

Gas: fluorocarbon gases have low chromatic dispersion, narrow Cherenkov
angle, large optics region using mirrors, cover large area

Liquid: small volumes of C F,, (DELPHI), large water tanks (Kamiokande)
Aerogel: limit detector volume, good for low momenta, lower photon yield
Solid (e.g. quartz): allow compact designs, limited to low momenta

vCoFso yQuartz
+Ne ,Aerogel

(- T (o | - ) | [ [T — VR - LI
1 11 1.2 1.3 1.4 1.5

~100 GeV/c ‘ ~1 GeV/c

A Malin families of RICH detectors:

¢
¢
¢

Mirror focused RICH counters: gas radiator
Proximity focused RICH counters: thin liquid or solid radiator
Detection of Internally Reflected Cherenkov light (DIRC): solid radiator
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LHCDb RICH detectors

LHCb RICH detectors:
¢ RICH 1 (C,F;): 2 GeV/c- 60 GeV/c over 25mrad - 300mrad
¢ RICH 2 (CF,): 30 GeV/c- 100 GeV/c over 15mrad - 120mrad

¢ Used Hybrid Photon Detectors (HPD) initially, then moved to Multi -anode
PhotoMultiplier Tubes (MaPMTs) for Upgrade |
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Compass RICH

A Large C,F;yvolume: “-K separation up to 45 GeV/s (60 GeV/c)
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A Photon detection system evolution over the years:

¢ MultiWire Proportional Chamber (MWPC) equipped with solid -state Csl
photocathodes, first upgrade with Multi -anode PhotoMultiplier Tubes
(MaPMTs) equipped with lenses in high momentum region, novel
MicroPattern Gaseous Detectors (MPGD) installed as next upgrade
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Super Kamiokande

A Costs of Cherenkov devices scale with surface rather than with volume:
neutrino experiments and air shower detectors exploit huge (and
Inexpensive) water, air or ice targets that are also Cherenkov radiators

Fully
contained

Fully
contained e

50kton water, D11k PMTs,h =50 cm
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¢ The lightest solid: 3-350 mg/cm?
A Nano-structured material made of 3D

networks of silica (SiO,) particle
clusters

A Optical properties are derived from the
distribution of silica clusters and air - 3 o AL
filled pores Lo AN o Ta

Originally hydrophilic (absorbing 317602 SEI_5.04Y x100,000 103w D15
environmental moisture), one can
render aerogels hydrophobic during
production by a silane -based reagent

A Refractive indext density (4 A w
relationship:

¢ n(M A=K A Ywith k~0.27 cn¥/g for
hydrophobic aerogel]

p

p

M. Tabata
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Aerogel optical properties

A Production of hydrofobic aerogel of outstanding quality driven by Belle
experiment in Japan

¢ Highest transparency obtained near the refractive index of 1.03
¢ ncan be lowered to around 1.003, but transparency decreases rapidly

¢ ncan be increased to about 1.25 with sufficient transparency using the pin
drying method

July 2014 (693 tiles)
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ARICH Belle Il

A Proximity focusing allows “-K separation for 1-4 GeV/c

¢ Two-layer aerogel (n,=1.045, p=1.055) coupled to Hybrid Avalanche Photo
Detectors (HAPD) resilient to magnetic fieldupto 1.5 T

1P
L
l_ 1.7m
aerogel photon
radiator detectors
nl fn2 Cherenkov photons
1.0|45 1.055
aerogel photon
radiator detector

charged particle)

—_~300 mrad

expansion
volume
20 cm
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A

Internally reflected Cherenkov light

N

Cherenkov photons totally internally reflected and propagated through

the radiator (bar, plate) made of synthetic fused silica (quartz)

¢

Photons exit to expansion region with focusing optics: Cherenkov angles

preserved through the radiator
¢ 3D device measuring x, y and time (limited to low momentum range)

¢

E.g.BaBarDIRC ——

/—PMT + Base

o
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Ve
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g / PR
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Belle Il Time Of Propagation

Measures time of arrival of Cherenkov photons with resolution better
than 100 ps: Micro Channel Plate PMT (MCP-PMTSs) developed to have

TTS<50ps and resilient to magnetic field up to 1.5T
¢ Allows “-K separation for 0.5-4 GeV/c

p

Bar/mirror width

,ﬂ)’mm
Prism length
00mm Length 2600 mm i ’
. SRR | Quartz bar | Spherical
Prism width 456 mm ‘ ‘, TidmessZusm E)fpanSI()n J mirror
Photosensor array Prism height 51 mm prism _
width 444 mm not to scale particle
20 Massimiliano Fiorini (Ferrara)
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Time-of-Flight (ToF) detectors

A Extract the velocity from time difference _ t for two particles of known
momentum p between the signals of two (usually scintillation or gas)
counters at a known distance L

Ar L L L \/1 N m%c2 \/l N m%c2
~ Bic P ¢ p? p?

¢ With ~100 psresolution and LeluY wOOw* ywwUl x EUEUD OO w
¢ High particle rates/multiplicities create ambiguities
A Examples: ALICE (MRPC), TORCH project (Cherenkov)

5 \

\
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- N

separation (standard deviation)

o : ! W =
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o
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. t GeV/
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ALICE MRPC TOF

A  TOF detector for ALICE (CERN) basedon Multigap RPC technology
¢ Central barrel Cathode pickup
¢ ~140 n? active area electrodes

Anode pickup
electrode

Differential signal to
front-end electronics

0 1 2 3 4 5 6

p (GeV/c)

Time Resolution (ps)

SNRI 2025 22 Massimiliano Fiorini (Ferrara)



TORCH project

A Proposed large area TOF detector for the LHCb high-luminosity phase

Provide K- separation the 2 15 GeV/c momentum range over 10m

¢ Target resolution 15 ps per track (70 ps per photon)
33.6—

T T T T T T T T T T

Time of flight |
with 10m
pathlength

IGZ = 0.45 rad

time of flight [ns]
3
wn

3341 ~35pSI

1 M| 1 L PR S B PR L | R T T ]
5 10 15 20
momentum [GeV/ c]

Radiator Plate
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Photodetector requirements for PID

A Main requirements for PID detection system
¢ Single photon sensitivity

¢ High photon detection efficiency

¢ Low dark count rate or dark current

¢ Large area coverage, with high active-area fraction
¢ High granularity
c

G

¢

¢

High -rate capability

Timing resolution

Reliability and long -term ageing resistance (including radiation hardness)

? |1 OUEEEOI 2 wuxUOEUUI OIl OUWEOEwWOx1 UEUH
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Basics of photon detection (1)

Goal: Convert light into detectable electronic

signal

Principle:

¢ 4Ul wxi OUOI Ol EUUPEWI | 11
( to photoelectrons (p.e.)

¢ Details depend on the type of the
photosensitive material

¢ Photon detection involves often materials like
K, Na, Rb, Cs (alkali metals) A they have the
smallest electronegativity (highest tendency to
release electrons) A. Einstein

_ Annalen der Physik 17 (1905) 132148
¢ Most photo -detectors make use of solid or
gaseous photosensitive materials

p

p)
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>

>

Basics of photon detection (2)

Solid materials (usually semiconductors)
Multi -step process:

¢

(1) Absorbed w zirdpart energy to electrons (e) in
the material; If E;> E;, electrons are promoted to

conduction band semiconductor =€ vacuum
A In a Siphotodiode, these electrons can createa | };'\i‘
photocurrent A photon detected by Internal E, = electron
Photoeffect | For i affinity
However, if the detection method requires ~ “ | , | [Ef‘f“w Mg, T
extraction of the electron, 2 more steps must - T} {f 7
be accomplished: LI o e e -
ol Aw$s Ol U1 Pal Ewi zUWEDI h ===
losing part of their energy (~random walk) due to
scattering

A SwawyYydYkwl 5wxl UWEOOOPUDOOOWOT EOQwi Ul T wxE
collisions _; ~ 2.55 nm; escape depth_ ~ some tens of
nm) E7=hV>th=EG+EA
ot Aw. OO0awl zUwUI EET DOT wUOT 1 wUUUI EET wpbL
excess energy escape from iy External Photoeffect
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Photodetectors: general properties (1

A Detection of photons proceeds in three steps:

¢

¢

Incident photons generates primary photoelectron or electron -hole (e-h) pair
via the photoelectric/photoconductive effect

Number of electrons increased to a detectable level by charge multiplication,
usually via one or more multiplicative bombardment steps and/or an
avalanche process

Detection of charges induced by secondary electrons

A Important characteristics of a photodetector Include:

¢

~ ~ ~ e ~ Ve

x| OUOI Ol EUUOOUUJl I Ol UEUI Ewxl UWwDOEDPEI (
one e-h pair per incident photon can be generated for _<165 nm)

Collection EfflClency (CE or QQ): the overall acceptance factor other than the

~ ~ ~ "n ~ Ve

TT OTUEUDPOOWOIl wxT OUOI 01 EUUOOUWpYA" $ AL

Photon Detection Efficiency (PDE): the combined probability to produce a
photoelectron and to detect it (PDE =Q, Q.)

Producers often quote the cathode radiant sensitivity S, the ratio between
the photocathode current to the incoming light power

A S=Qeh?
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Photodetectors: general properties (2

¢ Gain (G): the number of electrons collected for each photoelectron generated

¢ Dark current or dark noise: the electrical signal when there is no incident
photon

¢ Dynamic range: the maximum signal available from the detector

¢ Time dependence of the response, which includes:

A Transit Time (TT), which is the time between the arrival of the photon and the
electrical pulse

A Transit Time Spread (TTS), which contributes to the pulse rise time and duration
¢ Single-photon detection capability: important when measuring very -low -
level light intensities
¢ Rate capability: inversely proportional to the time needed, after the arrival of
one photon, to get ready to receive the next (i.e. recovery time)

¢ Stability: essential for long-term operation at elevated counting rates
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Vacuum-based photon detectors

Photocathode and electron multiplication stage are in vacuum
¢ Typically enclosed in vessel made of glass, ceramics, metal

Essentially three types of detectors:

¢ Photomultiplier tubes (PMTS)

¢ Microchannel plate photomultiplier tubes (MCP -PMTS)

¢ Hybrid photodetectors (HPDs)

Vacuum-based photon detectors are still the primary choice of
technology for many applications even 90 years after their invention

¢ Their relatively high gain, large area and excellent intrinsic time resolution
make PMT, MCP-PMT and HPD the most suitable detectors to equip most
Cherenkov-based andToF detectors used in PID
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PhotoMultiplier Tubes (PMTSs)

PMTs have been the most common photodetector in HEP experiments
and medical imaging up to recent years

¢ Large sensitive area

¢ Fastresponse and timing performance

¢ High gain and low noise

A High magnetic fields affect electron trajectories

>
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Hamamatsu Handbook

SNRI 2025 30 Massimiliano Fiorini (Ferrara)



Photocathodes

Opaque photocathode
!
o
T
o
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Semitransparent photocathode
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Red light (A = 600 nm)
a~15-10°cm?
Aa=60nm

Blue light (A = 400 nm)
a~710°cm?
Aa=15nm

Blue light is
stronger absorbed
than red light !

- Make semitransparent photocathode just as thick as

necessary!
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Wavelength sensitivity

A Sensitive wavelength range determined by photocathode material

¢ Usually Cs- and Sbh-based compounds such asCsl, CsTe bialkali (SbRbCs
SbKCy9, multialkali (SbNa2KCs), as well as GaAs(Cs)GaAsP, etc.
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https://doi.org/10.1007/9783-319-937854

SNRI 2025 32 Massimiliano Fiorini (Ferrara)



Wavelength sensitivity

A Low-wavelength cutoff determined by window material

¢ Usually, borosilicate glass for IR to near-UV; fused quartz and sapphire
(Al ,05) for UV; MgF, or LiF for XUV
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Hamamatsu Handbook
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Losses in optical windows

A 2 types of losses:

¢ Fresnel reflection at interface air/window and window/photocathode
A Rpesnel = (n-1)2/ (n+1)2 where nis the refractive index (wavelength dependent)
A Ngass~ 1.5 A Rgesnei~ 0.04 (per interface)

¢ Bulk absorption due to impurities or intrinsic cut -off limit (absorption
proportional to window thickness)

100 — L AT =8% =2-4%

- |
g w0 \
'§ 70 reipnd ! | ! | L1 1 } | . f‘ 1
1 2 !
i o ] ‘ + | . .

w Optical transmission

i | of various glass types

»

0.2 0.3 04 05 06 07 08 0910 1.5 20 25 30

Wavelength (yim) >
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PMT: gain fluctuations

A Secondary emission (SE) from N dynodes: individual dynode gain g~3-
50 (function of incoming electron energy) N
A Total gain M: M:Hgf
¢ E.g.: 10 dynodes with g=4A M =410~ 1@
¢c SEPOwi OUEUUEUDPOOUOWET Ul UOPOI EwEawi Ol
emitted from dynodes (dominated by 1 stdynode gain)

CuBe dynodes

SE coefficient

€ energy - Pulse height )
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PMT: DCR

A Dark Count Rate (DCR): rate of electrical signals in absence of photons

¢ Depends on the cathode type, the cathode area, and the temperature
¢ Typical: few kHz/cm 2 (threshold = 0.5p.e) atroom T
¢ Highest for cathodes with sensitivity at long
¢ Increases considerably if exposed to daylight
¢ Can be reduced by cooling 108 ‘ ‘
L Tl /) ek
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PMT dynodes configurations

The design of a dynode structure is a compromise between:

¢ Collection efficiency (input optics: from cathode to first dynode)

¢ Gain (minimize losses of electrons during passage through structure)

¢ Transit time and transit time spread (minimize path length and variations)
¢ Immunity to magnetic field

A Modern micro -machining techniques allow fabricating fine dynode structures A
avalanche is confined in a narrow channel (Multi -anode)

>

Traditional Position-sensitive
Ty .
————— | S ﬂ \xﬁ / oo
SIG777 | )
ERNNN /
1\ - _~ (Hamamatsu} __,/f
Venetian blind

f—\\ . = Metal-channel
= (fine-machining

— —“h ) techniques)

Linear focussing " Potone) Clrcularcage
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Transit time and B field dependence

A

>

Compact construction (short distances between dynodes) keeps the

overall transit time small (~10 ns) ol ] 0.1m 0.lm _
. . . — — — — — . ns
¢ E.g. estimated transit time v [2.eU 2-e-100V  0.02c
m, 0.5 MeV/c

?%EUU? w/ , 3z Udasighed thutklectronlo@i€s to limit (e)
chromatic and geometric aberrations A transit time spread < 100ps

/| , 3ZUwEUIl wbOwl I Ol UEOQwYI UawUl OUDPUD
field (30-60‘ T = 0.30.6 Gauss)”A magnetic shielding required

2

T T T T
TO-8 METAL PACKAGE PMT

Direction of magnetic field

1
— = T\ a) Head-on type %
0.8 / \ \ ‘ ‘@

o $28 mm \ '
SIDE-ON PMT #13 mm b) Side-on type

04 / \
0.2
c) TO-8 metal package type

. I N
-3 2 -1 0 1 2 3

MAGNETIC FLUX DENSITY (mT)

RELATIVE OUTPUT

Figure 13-8: Magnetic characteristics of typical photomultiplier tubes
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A Examples
¢ Super Kamiokande
A 11,146 Hamamatsu R3600 (50 cm

diameter)
A 22kton fiducial mass
¢ NA62 RICH

A 1,952 Hamamatsu R7400U03 PMTs (8
mm effective diameter) arranged in two
disks

A Winston cones for better light collection

2 x 976 PMTs
' Mirror Mosaic (17m focal length)

NA62 RICH

Beam
—>

Vessel: ~17 m long, filled with Neon _
Super Kamiokande
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Multi -anode PMTs

A Position sensitive PMT: metal channel dynode structure (minimum
spatial spread of secondary e) with multiple independent anodes

¢ Pioneered for HERA-B, later used in the COMPASS, CLAS12GlueX and
LHCb RICH detectors (planned for CBM)

¢ Excellent performance (excellent single photon detection efficiency, very low
noise, low crosstalk), best choice for large areas with small B field

INCIDENT LIGHT
PHOTO ELECTRON PHOTOCATHODE

FOCUSING MESH /
Y

\ \
S i G
S AL I
SLLEL L
P is

1 aAlig
o 2  LHCb RICH

ADC counts

MULTIANODE . L\ &
IR

Hamamatsu Handbook

T

With shield 950 V

0 5 10 15 20 25 30
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A Examples
¢ CLAS12 RICH

A 315 Hamamatsu H12700 (+ 76 H8500),>8 8 channels
array, 6x 6 mm?2 pixels

A ~1 mPinstrumented area (active area ratio 87%)

¢ LHCb RICH
A 2,272 R11265 (R13742, 292.9 mm?) + 768 R12699 ,
(R13743, & 6 mm?), 8x 8 channels array LHCb
A ~3 mPinstrumented area (active area ratio 77%- 87%) T
3 ” g R11265 R12699 t:r'_. F

RICHland  RICH2only T
‘ ‘ » T— f‘ / RICH2 == i ‘“Lf;_
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MicroChannel Plate (MCP) PMTs

A MCP is a thin glass plate with an array of holes (channels with ~5-k Y w4
diameter) A continuous dynode structure
A Main characteristics: Ry
¢ Gain ~10 for single photon (gain depends prey
on L/D ratio: typically 1000 for L/D~40)
¢ Collection efficiency ~ 60% Hamamatsu Handbook
¢ Small thickness, high field (small TTS)
¢ Works in magnetic field \on
¢ Segmented anode Y}\
A position sensitive window with photocathode
~zoovA e dual MCP -
= FITNTINNINIIN TINNVEAARARARAREARAY .
:\ R ;\ Yosiidiiii Sf}, " iif/,f?mmm TITTIIIIT
v ~200V [N
P i ANN
X | | | | — ’
_ HAMAMATSU Anodes — can be stegr{nented D
PHOTONIS according to application needs
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Typical MCP configurations

A Straight channel L T T
¢ Typical gain: 103-10 '_' ;
- IFB limited Y,
¢ Negative exponential Pulse Height Spectrum (PHS) § [ °-"’“’,~;w i
A Curved channel ok w“
¢ Spacecharge limited + dynamic equilibrium - T -
¢ Difficult to bend if small -sized R
A Chevron configuration A
¢ Typical overall gain: 106-107
¢ Almost Gaussian PHS o f = Erf MO
¢ Gain fluctuations dominated by ¥, (first impact) ¥ {;:«"".‘,:’ eov
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MCP spatial and timing effects

>

Spatially

¢ Worst case: elastic scattering @ 45
¢ Range: twice PCMCP,, gap

A Timing

¢ Worst case: elastic scattering @ 90
¢ Range: twice transit time PC/MCP;,

>

¢ -EUUOPWOEDO s and O wpb a

contribution from backscattering

Photoelectron backscattering produces rather long tails

do d4

o

e

7\ B
[N T T T T

AN

Bt — |

counts

103

10°

10

1 L " . M
-500 0 500 1000 1500 2000 2500 3000

TDC [ps]

NIMA 595 (2008) 169172
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MCP timing resolution

A Transit time spread from time -correlated measurement using typically
picosecond laser pulses

¢ Amplifier + CFD + TDC or waveform sampling

OUTPUT VOLTAGE (20 mV/div)

TPMHBO183EA

—

/ 1 SUPPLY VOLTAGE : -3000 V
1RISETIME  :160ps

\ 1 FALL TIME

: 360 ps
7 PULSE WIDTH : 300 ps

TIME (0.2 ns/div)

COUNTS

Hamamatsu

104 TPMHBO178EB
H FWHM 25 ps
108 | = :,_
FWTM 65 ps
102k Y PMT : R3809U-50
g % SUPPLY VOLTAGE: -3000 V
% LASERPULSE  :5ps (FWHM)
: WAVELENGTH  :596 nm
< o e
101 | s
-200 0 200 400 600 800
TIME (ps)
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MCP-PMT charge sharing

A Secondary electrons spread when traveling from MCP_, to anode
¢ May hit more than one anode pad A charge sharing
¢ May improve spatial resolution but degrade time resolution

ADC1/(ADCI1+ADC2)

49 50 51 52 53 54 55 56

x [mm]

Fraction of charge detected by left pad as

a function of laser spot position
NIMA 595 (2008) 169172
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MCP-PMT in large B fields

A Narrow amplification channel and proximity focusing electron optics
allow operation in magnetic field (~ axial direction)
A Amplification depends on magnetic field strength and direction
A Effects of charge sharing and photoelectron backscattering on position
resolution are strongly reduced while effects on timing remain
10’ 1 U =-1000 V =
- Gain | e 2200V ITime Resolution  *
§ * — 100 BINP MCP-PMT 273
@ ® 0-=0deg
.:":- %.80 W 0~ 15deg
v B o 0 = 30 deg
« *3 3 4|8 * 0= 45deg J
10° . % 60
1 s | = st
BINP MCP-PMT #73| g 40 5 T
® ¢~00sg =
5 :::1333::3 ! 20 Uvrv:_:-" -1000 V
* ¢ =45deg Uy = -2200 V
10° 0
00 05 10 15 20 00 05 10 15 20
Magnetic Field B [T] Magnetic Field B [T]
NIMA 595 (2008) 173176
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MCP-PMT ion feedback and ageing

A During the amplification process
¢ Atoms of residual gas get ionized and/or desorbed
¢ Travel back towards the photocathode and produce secondary pulse

A lon bombardment damages the photocathode, reducing QE
A Atoms may react with and degrade the photocathode
A Overall gain reduction also seen
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MCP-PMT ion feedback and ageing

A Conventional MCP -PMTs
¢ Degradation observed @ a few 100nC/cm?

A Possible strategies
¢ Improve vacuum quality
¢ Improve MCP scrubbing
¢ Make more robust photocathodes
¢ Implement ion barrier film
A 5-10 nm Al,O4
A On 1st MCP;, with 40% reduction of collection efficiency
A Between MCPs to recover initial collection efficiency
¢ Seal anode region from PC region
¢ Investigate alternative MCP materials
A  Borosilicate, Alumina, Silicon
¢ Investigate new thin -film technologies
A Atomic Layer Deposition (ALD)
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Electrode

Initiated by the LAPPD Collaboration
Three-step deposition process
¢ Resistive layer

A Al,O03:Mo, Al ,O3:W (50nm) v\

A Rtyp.10to 120 M
¢ ToolowR Y thermal runaway

¢ Emissive layer
A Al,O3 MgO (10nm)
A Secondary Electron Yield (SEY) 16, 3-7 resp. NIMA 912 (2018) 73 77
(SEY 2.53.5 for Pb glass)

¢ Electrode
A NiCr 80/20 (200nm)

Optimization of MCP resistance and SEY

¢ For agiven gain, lower operating voltage

Allow use of insulating materials other than Pb glass
¢ Glass micro-capillary arrays

Emissive
= Layer

Glass
Substrate

Resistive
Layer
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MCP-PMT recovery time and ageing

A  MCP-PMT limitations
¢ Relatively long recovery time per channel
¢ Short lifetime: ageing due ion feedback = °°_"°'
(residual gas in the channels) that hit and Pt soover |
degrade photocathode 00 VO e O A 0 O
. . integrated anode charge [mC/em?] }
A MCPs widely employed as image f |
intensifiers: so far not so used in HEP sEY-.
. " » ‘Halxmamaltsg M(:;P-.PMTs’ o | e o
¢ Interest increased by need to perform 4 70000 75000 20000 25000 30000 35000
. . . . . PANDA Operation Time [a]
Cherenkov imaging within magnetic 2 0 4 50 W _
spectrometers combined with excellent > |
.. . 520
timing resolution s
¢ First use of MCP-PMTs on large scale: 5t
. H Sl ...[ 7 Photek AT200107 |
Time-of-Propagation (TOP) counter (Belle ="t o | proeasisten
” eXpenment)’ and planned PANDA 5;400 nm; PHOTONIS M I;PMT :o 7000 20;00 30;()0—.4;5:02()'::)02:;00
experlment og—— '5oi00‘ ' H?(‘)ou = ‘1CS(|)(;0' = 30000 'Im:i;:'danocjec‘;:f:o'[ch‘m]3560'
. . . . integrated anode charge [mC/cmé)]
A MCP-P MT I|fet|me I|m|ted by the PHOTONIS 9001223 —m— PHOTONIS 9001332 —@— PHOTONIS 9001393 —m— PHOTONIS 9002108
integrated anode charge, which leads to e R e R e
7
a Strong QE reduction D. Miehling, A. Lehmann et al., NIM A 1049 (2023) 168047
¢ From 0.2 C/cm?to >35 C/cn?in recent
years thanks to ALD
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MCP rate capabillity

A Rate limitation, mainly due to the time needed to replenish electrons in
channels after avalanche(t=RC)
A Possible ways to increase rate capiability

¢ Reduce MCP resistance (currently in the order of tens of Mohm)
¢ Lower capacitance
¢ Operation at lower gains

Rate Capability of recent MCP-PMTs  pe./s/cm? (at 10° gain)
10° 10* 10° 10° 10’ 10°
_Illl L) L) L) llllll L llll' o l»Illl L) Illll L) Illll L) L) L

e -M‘m

| | —®— Hamamatsu 1-inch JT0062 (4x4 px)
—®— Hamamatsu 2-inch JS0035 (8x8 px)
Photek 2-inch A1200107 (8x8 px)

Photonis 2-inch 946P541 (3x100 px)
Ll [ l |

10 10° 10* 10°

relative gain

L A A |

1

-
IIII-.

BB A 1[ 1 1 Ll 11]
10° 10’ A
current/area [pA/cm’]

SNRI 2025 52 Massimiliano Fiorini (Ferrara)



MCP-PMT: large area coverage

A Belle Il TOP counter (barrel PID detector)
¢ 512 Hamamatsu R10754 MCPPMTs (QE ~30%, time res. ~3@sr.m.s.)
¢ QE degradation at few C/cm?lead to replacement with Life -extended ALD

16 PMTs x 2 rows
per module

relative QE

33\ Life-extended ALD ";l
‘ (>15 C/cm?)

0.9

T I e

0.8 ALD ' e XMO0267

(>2.5 C/cm?) m KT0074

9 A YH0205
Conventional

(~1 C/cm?)

oo | PR SR N TR SN SRS AN SR TR SN TN N SR TR TR S N ST S T
5 10 15 20 25 30
accumulated output charge (C/cm®)

0.7

0.6

\IllIIIIIIILI_.____

o
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Recent MCRPMT developments

A  TORCH detector by Photek (LHCb Upgrade)
¢ 53x 53mm?2 prototype with 64 x 64 pads; time resolution <30ps
¢ MCP is ALD coated for lifetime > 5 C/cm 2 o
A LAPPD (Incom)
¢ 20 cm square with internal stripline ; capacitively-coupled (CC) .
with anodes (5mm thick glass or 2mm thick ceramic) — 53x53mm?
» active area
¢ HRPPD: 10 cm square with no support structures in window; 2
directly coupled through ceramic anodes (~3mm pixels); L
capacitively -coupled with 2mm anode — 8 columns
A MCP-PMT with embedded Timepix4 ASIC as anode " 6omm pitch
¢ Complete integration of sensor and electronics (554 Opixel pitch, T. Blake Pisa Meeting 2024

195ps TDC bin, data driven read -out up to 160 Gbps)

¢ On-detector signal processing, digitization and data transmission
with large number of active channels (~230 k pixels)

K

Input window, with intemal photocathode coating

PRRR AR AR AR RN

Pt (305 mode

Heat smk

M. Popecki (Incom)

M. Fiorini Pisa Meeting 2024
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Hybrid Photon Detectors

HPDs combine the sensitivity of a o1 ool arey
vacuum PMT with excellent resolutions (1024 elements)
of a Si sensor

¢ Photoelectron accelerated by a potential
difference of ~10-20 kV

¢ Proximity focusing or focusing (Si sensor
smaller than window, high active area

Ceramic carrier

Vacuum
Photocathode

Photon

ratio) A
¢ Very high segmentation possible Z §u:£§' -
Photoelectron detected using: o:i\cal o v s
¢ Segmented PIN diode (HPD) e LHCb HPD

¢ Avalanche photodiode (HAPD)
¢ Silicon photomultiplier ( VSIPMT)
Employed on a large scale:

¢ HPD: RICH1+RICHZ2 of LHCb (Run 1+2),
CMS HCAL

¢ HAPD: Aerogel RICH detector of Belle Il
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Hybrid Photon Detectors

Combination of vacuum photon ‘Photon (C.A. Johansen et al,
. . . . MIN A 326 (1993) 295-
detector (image intensifier) and solid - 298)

Optical input window,

state technologies

Input: collection lens, (active) optical
window, photo -cathode

Gain: achieved in one step by energy
EPUUDXxEUDPOOWOI -sietiel -

detector anode; this results in low gain  Fecusing elecrodes ~
fluctuations

Output: direct electronic signal

Encapsulation in the tube implies: Silicon detector

¢ compatibility with high vacuum
technology (low outgassing, high T
bake-out cycles)

¢ internal (for speed and fine
segmentation) or external

connectivity to read -out electronics
¢ heat dissipation issues

- - ow o=
_.-r;-__,.-"' ,.___i.-".r...-""__.-'-_l.:r,..- A
F .". i

;

.

Photocathode —
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HPDs: main features

A Photo-emission from photo -cathode
A Photo-electron acceleration due to
5 a &ykVv
A Energy dissipation through ionization
and phonon excitation (W ;~3.6eV to
generate 1 eh pair in Si) with low
fluctuations (Fano factor F~0.12 in Si);
A Gain M: M= e(AV —Vth)
Wsi
A Intrinsic gain fluctuations: o, =vVF-M
¢ Overall noise dominated by electronics

Counts

4000

3500

3000

2500 -

2000

1500

1000

500

A $6T 6ow BWAKIYYYIHROE wh

A Suited for single photon detection with
high resolution

KNS

1 1 I 1
100 200 300 400 500
Channel nr

C.P. Datema et al.,
NIM A 387 (1997) 103103
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HPD/HAPD: large area coverage

A Hybrid Avalanche Photo -Detector (HAPD),
Belle Il Aerogel RICH

¢ 420 HAPDs, Hamamatsu

¢ 73x 73 mm?, 144 pixels 4.% 4.9 mm?
¢ Gain 7x 10% QE ~28%

¢ Worksin 1.5 T magnetic field

bi-alkali photon Pombardment

photocathode . gain ~ O(1000)
DN
Y
leJ

300V

, : avalanche
bias % Pixel APD gain ~ O(10)

HV
8KV I
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HPD/HAPD: large area coverage

Si pixel array

LHCb RICH (Run 1 and 2) — | (1024 atemen)
¢ 484 HPDs for a total area of 3.3 i (& Il D)} ; Ceramic carrier
¢ Small (1-3 mT) magnetic field

¢ Granularity at photocathode
2.5< 2.5 mm? (5x de-
magnification)

¢ Custom anode; low noise 145 e

p

Vacuum
Photocathcde

s N

(signal 5000 etyp.) oy Sy
¢ Collaboration with Photonis-DEP \ s gﬁgtwmcs
Optical input
window

Number of photoelectrons

——— experimental curve

- ===~ simulated distribution

nnnnn

C. D’Ambrosio et al. )
NIM A 338 (1994) p. 396.

Number of c

Channel number
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Gaseous Photodetectors

A Photoelectrons generated either on a photosensitive component of the
gas mixture (e.g. TMAE, TEA) or solid photocathode (e.g. Csl, bialkali)
A Electron multiplication happens in an avalanche in the high -field region
of a gaseous detector (as for gaseous tracking detectors)
¢ Cathodes can be structured in pads of few mm size A position -sensitive

¢ Can cover large areas (several M), operate in high magnetic fields, and are
relatively inexpensive

¢ Drawback: sensitive only in the UV
A Examples: ALICE, COMPASS, Hades, JLABHall A

1
/

UV photon /

/
/ | Quartz window
" . . /' ®  Cathode wires

/’/
g . . Anode wires
Photoelectron /
0.5 um Csl
140 150 160 170 180 190 200 210 220 Cathode plane with pads
Wavelength (nm) https:// doi.org /10.1007/9783-319-937854
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Large area coverage

High Momentum Particle ID
(HMPID) detector of ALICE
Radiator
¢ 15 mm liquid C gF;,4

A n~1.2989 @ 175nn,, = 0.77
Photon converter
¢ Reflective layer of Csl
¢ QE~25% @ 175 nm
Photoelectron detector

¢ MWPC with CH , at
atmospheric pressure (4 mm
gap) HV = 2050 V

Analogue pad readout
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