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Ionization is one way of energy loss

Emission of photons is another...

Optical behavior of medium is 

characterized by the (complex)

dielectric constant Ů

Å Re ãŮ = n Refractive index

Å Im Ů= k Absorption parameter

Energy Loss by Photon Emission

Both effects are not really contributing to the energy loss of the particles! 

Transition Radiation:

Å is produced by relativistic charged particles 

when they cross the  interface of two media 

of different dielectric constants

Å significant radiation only at large ɔ (O ~ 1000) 

in the keV range.very useful for electron/pion 

separation

Cherenkov radiation-

ñSonic boom for charged particlesò



Typically O(1-2 keV

/ cm) or O(200-

1000) visible 

photons / cm 

Visible photons:

E = 1 - 5 eV; 

ɚ = 300 - 600 nm

Cherenkov Radiation

Ļerenkovradiation is emitted when a charged particle passes 

though a dielectric medium with velocity 

classical picture: wave front or cone under Ļerenkovangle

number of emitted photons per unit length and unit wave length interval

continuous wave front
emission from track

light cone emission
when passing thin medium

speed of

light
in medium

dN/d dN/dE
l

E Emainly UV photons!



Cherenkov Radiation Detectors

Radiator 

+ 

Photon detector

cos ȅmax= 1/n

m̡in = 1/n

Č Particle ID :        Threshold (detect Cherenkov light) 

and Imaging (measure Cherenkov angle) techniques

Unique tool to identify charged particles with a high separation power over a range of 

momentum from few hundred MeV/c up to several hundred GeV/c 

Č Fast particle counters, tracking detectors, performing complete event reconstruction, ... 

n
C

Ö
=Q
b

1
cos

A charged particle with velocity ɓ=v/c  greater than local velocity of light in a 

medium with refractive index n=n(ɚ) may emit light along a conical wave front.

The angle of emission is given:

-
dE

dx Cherenkov

µ z2 sin2qc



Transition Radiation

Predicted by Ginzburg and Franck in 1946

emission of photons when a charged particle traverses through the boundary of two 

media with different refractive index

(very) simple picture

charged particle is polarizing medium

polarized medium is left behind when particle leaves 
media and enters unpolarized vacuum

formation of an electrical dipol with (transition) radiation

Radiated energy per boundary

only very high energetic particles can radiate significant energy

need about g> 1000

in our present energy range reachable with
accelerators only electrons can radiate

but probability to emit photons still small

need many boundaries (foils, foam) to get a few photons

photon energy
y maximum

in X-ray 
region (8 keV)

Simulated emission spectrum
of a CH2 foil stack



Transition Radiation Detectors
Use stacked assemblies of low Z material & many transitions + detector with high Z gas

Å Typical emission angle: Q = 1/g
Å Energy of radiated photons:  ~ g
Å Number of radiated photons: az2

Å Effective threshold: g > 1000

S=
1

3
a z2g wP

( wP » 20eV)

Example: ATLAS Transition Radiation Tracker (TRT)

Å straw tubes with xenon-based gas mixture

Å 4 mm in diameter, equipped with a 30 µm diameter gold-plated W-Re wire



Advanced Concepts in PARTICLE IDENTIFICATION (PID)

Essential to identify decays when 

heavy flavour are present: everywhere

Three legs: dE/dx, Time-of-Flight,

Cherenkov radiation

Admirable workmanship in radiators 

and light transport:

V Vacuum Photon Detectors

ïPMT, MaPMT, MCP - PMT

ïHybrid Tubes (APD, HAPD)

- LAPPD

V Solid State Photon Detectors

ïSilicon-based (VLPC, CCD, SiPM)

V Gas-based Photon Detectors

- Photosensitive  (TMAE/TEA in gas)

- MWPC / MPGD + CsI

V Superconducting Photon Detectors

ïTransition Edge Detectors

ïKinetic Inductance detectors

- Quantum dots, carbon nanotubes

Excellent PID capabilities by combining different

techniques over a large momentum range

ü Threshold Cherenkov Counters ïphoton counting 

(Aerogel + PMT) 

ü RICH Detectors (particle momentum and velocity 

Ą Cherenkov angle and/or yield):

- TOP principle: 1-time of propagation + Cherenkov 

angle (instead of 2D imaging)

- RICH + TOF:  Measure timing of Cherenkov light 

- ALICE MRPC: Gaseous timing

- TRD: Cluster Counting method (dN/dx)

ALICE PID

example:



Imaging Cherenkov Detectors
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Goal: detect the maximum 

number of photons

with the best angular resolution

low chromaticity

high granularity

high packing density

Č minimize  sq
Č maximize Np.e.

                         

       

 

:power Separation

12

ÞÞ

=-
c

n qsqq- Separating two particle types using the signal 

from a RICH detector is illustrated for K and p 

from a test beam

~    Gaussian response, sq~ 0.7 mrad

Peaks are separated by 4 mrad = 6 sq

Generally:  Ns=   |m1
2 ïm2

2|

2 p2sqÕn
2-1 

- Adjusting the position of the cut placed 

between the two peaks to identify a ring as   

belonging to a K or p gives a trade-off 

between efficiency and misidentification



Several Key Photon Detector Technologies



Many Clever Techniques for Ultra-Fast TOF and TOP 

Fast progress in the new DIRC-derived concepts, including time-of-propagation counters -

exceptional time-resolution of O(10ps), based on MCP-PMTs

Belle II Time of Propagation RICH (TOP) 
LHCb TORCH (Time Of internally 

Reflected CHerenkov light) for Run 4/5:

V Prompt production of cherenkov light in quartz bars 

V Cherenkov photons travel to detector plane via total 

internal reflection and cylindrical focusing block

V 70 ps per photon Ÿ15 ps per track

V Photons detected by square micro channel plate 

PMTs; resolution improved by charge sharing 

Installed between drift chamber and calorimeter 

V Single photon efficiency; < 100 ps SPTR

V few mm spatial res.; operation in 1.5T B field 

Based on a DIRC concept: instead of 2D-imaging 

Ą 1D + Time Of Propagation (TOP, path length)

Generic R&D: combination of 

proximity focusing RICH + TOF 

with fastphoto sensors (MCP-PMT 

or SiPM) using Cherenkov photons

from PMT window

Cherenkov photons from PMT 

window can be used to positively 

identify particlesbelow threshold 

in aerogel



Multi-GEM (THGEM) Gaseous 

Photomultipliers:

V Largely reduced photon feedback 

(can operate in pure noble gas & CF4)

V Fast signals [ns] Ą good timing

V Excellent localization response

V Able to operate at cryogenic T

CsI ~ 500 A

Semitransparent

Photocathode (PC)

CF4
770 torr

3 GEM
s= 1.6 ns

Single Photon Time Resolution:

CsI ~2500 A

Reflective 

Photocathode (PC)

200 µm

FWHM ~160 µm 

Beam ~ 100 µm 

Intrinsic accuracy 

s (RMS) ~ 55 µm 

Single Photon Position Accuracy:

E.Nappi, NIMA471 (2001) 18; T. Meinschadet al, NIM A535 (2004) 324; D.Mormannet al., NIMA504 (2003) 93

Micromegas: s ~ 0.7 ns with MIPs

GEM or THGEM Gaseous Photomultipliers (CsI -PC) to detect single photoelectrons 

MPGD-Based Gaseous Photomultipliers



There is a wide variety of techniques 

for identifying charged particles:

- Transition radiation is useful in  

particular for electron identification

- Cherenkov detectors are in 

widespread use. Very powerful, 

tuning the choice of radiator 

- Ionization energy loss is provided 

by existing tracking detectors but 

usually gives limited separation, at 

low p

- Time Of Flight provides excellent 

performance at low momentum

With the development of faster 

photon  detectors, the range of TOF 

momentum coverage should increase

Particle Identification Summary

Pion-Kaon separation for 

different PID methods. 

The length of the detectors 

needed for 3ůseparation. 
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Advanced Concepts Picosecond (a few 10ôs) Timing Detectors 

Examples of timing detectors at a level of~ 30 ps for MIPs and ~ 100 ps for single photons

Several types of technologies are considered for ñPicosecond-Timing Frontierò: 

ü Ionization detectors (silicon detectors or gas-based devices)

ü Light-based devices (scintillating crystals coupled to SiPMs, Cherenkov absorbers 

coupled to photodetectors with amplification, or vacuum devices)



TIMING Detectors with a few 10ôs of picosecond resolution
üRegular PMTsĄlarge area, é but slow

üMCP-PMT Ą fast, but small, and not available in quantities

to over large areas:

Ą ultimate time resolution ~ 3.8 ps (single-pixel devices)

Ą radiation hardness up to ~ 20 C/cm (HPK, ALD-coated MCP-PMT°

Picosecond-level timing was not the part 

of initial HL-LHC detector requirements:

Became available through pioneering R&D

on LGAD / crystals / precise timing with Si:

Fast development of precise timing sensors:

V 4D pattern recognition for HL-LHC 

pile-up rejection: tracking ~O(10ôs) ɛm

& timing detectors ~O(10ôs) ps

ĄATLAS HGTD, CMS ETL (LGAD)

Ą CMS BTL (LYSO +SiPM)

V ps-timing reconstruction in calorimetry

(resolve develop. of hadron showers,

triangulate H Ąggprim. vertices)

Ą CMS HGCAL (Si & Sci.+ SiPMs)

V TOF and TOP (RICH DIRC) PIDĄ

new DIRC applications (~ 10ôs of ps

& 10ôs of ɛmper MIP/pixel)

Ą both at hadron / lepton colliders

V General push for higher luminosity at 

LHC, Belle-II, Panda, Electron-Ion Collid.

Ą Fast timing is needed at colliders, fixed 

target, and neutrino experiments

Challenges: 

V Radiation hardness: LGAD-sensors, 3D-trench Si  sensors, é

V Large scale applications : system aspects of timing detectors

V ñ5D reconstructionò: space-points /  ps-timing are available at 

each point along the track Ą LHCb EoI for LS4 is of general 

interest across experiments;

V LAPPD Ą large-area ps- PID/TOF for hadron/lepton colliders

Incom Inc. company started to produce LAPPDsĄ cost still

has to be controlled

J. Vaôvra, arXiv: 1906. 11322



Basic Principles: Low-Gain Avalanche Detectors (LGAD)

LGADs exploit the avalanche phenomenon of 

a reverse-biased p-n junction: Internal gain 

(~10) is optimized for high bias (fast 

collection, reduced trapping), low noise, 

high rate 

LGAD Structure:
Å Highly resistive p-type substrate

Å n+ and p+ diffusions for the electrodes 

Å p diffusion under the cathode Ą

enhanced electric field Ąmultiplication 

Electric field profile is 

critical since the charge 

multiplication depends 

exponentially on it. 

Critical regions of the LGAD design: 

Å Central area (gain region, multiplication 

layer) 

Uniform electric field, sufficiently high to  

activate mechanism of impact ionization 

(multiplication) 

Å N - Implant Edge Termination

- Lightly-doped N-type deep diffusion (JTE) 

and addition of a field plate 

- Allows high electric field in the central r

region since breakdown voltage 

VBD(Edge) >> VBD (Central) 

Å Periphery

- P-spray/stop: counteracts inversion and 

cuts off  current path

- Biased guard ring around the detection 

region  collects the surface component of 

the current 



CMS Endcap Timing Detectors:ATLAS High Granularity Timing Detector:

TIMING DETECTORS for ATLAS / CMS Phase-II Upgrade

Equipped with LGADs (1.3 x 1.3 mm2 pads) targetting > 50 ps resolution (rad-hard only viable solution)

Two double sided layers in front of Calorimeter endcaps: 

Fluence < 2.5 x 1015 neq/cm2 

Coverage: 2.4 < ɖ < 4.0 with 12 cm < R < 64 cm @ z = 3.5 m 

Two double sided layers in front of Calorimeter endcaps: 

fluence < 1.7 x 1015 neq/cm2 

Coverage: 1.6 < ɖ < 3.0 with 0.31 < R < 1.2 @ z = 3 m 

Pre irradiation 

40-50 ps after 

discriminator with 

full efficiency 

Post irradiation: 4 fC and 50 ps achieved (high/uniform efficiency) 

ü LGAD are currently produced by 3 foundries (CNM, FBK, HPK)

ü LHCb is developing a time-tracking device O(100 ps) device, based on 3D trench Si-sensors with

a more uniform field/charge collection, and a goal to withstand fluence of 1016 - 1017 neq/cm2 

P. Collins @

ICHEP2020



Gaseous Detectors: Micromegas with Timing (RD51 Picosec Collaboration) 

Towards Large Area in Fast Timing GASEOUS DETECTORS

Multi-Gap Resistive Plate Chambers (MRPC): 

V ALICE TOF detector (160m2) achieved time res. ~ 60 ps

V New studies with MRPC with 20 gas gaps using a low-resistivity

400 ɛm-thick glassĄ down to 20 ps time resolution

s~ 25 ps timing resolution (per track)
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Main energy loss of high energy photons/electrons in matter

pair production (g) and bremsstrahlung (e±)

Can characterize any material by its radiation length X0

2 definitions (for electrons and for photons)

X0 = length after an electron looses all but 1/e of its energy by Bremsstrahlung

X0 = 7/9 of mean free path length for pair prodution by the photon

Very convienient quantity

Rather than using thickness, density, material type etc. detector

often expressed as % of X0

tracking detectors should have X0 as low as possible (<< 1 X0)

ATLAS and CMS trackers: 30% - 130% X0

not really ñtransparentò, high probability to initiate electromagnetic showers in 
tracker far before electrons/photons reach calorimeters

ñpre-showerò detectors in front of calorimeter should detect and correct 
measured ECAL 
energy for such early showers

calorimeters should have X0 as high as possible (typically 20...30 X0)

Radiation Length (X0)





Starting from 

the first 

electron/photon 

electromagnetic 

shower 

(cascade) 

develops in thick 

materials:

xB

Electron shower

in lead. 

7500 gauss

in cloud chamber. 

Electromagnetic Cascades (I)



Shower profile for 
electrons of energy:

10, 100, 200, 300é GeV

X0

Longitudinal profile Transverse profile

V Multiple scattering for electrons

V Photons with energies in the region 

of minimal absorption travel away 

from shower axis

Č Molière radius sets transverse 

shower size, it gives the average 

lateral deflection of critical energy 

electrons after traversing 1X0

Transverse shower containment: 

75% E0 within 1RM, 95% within 2RM, 99% within 3.5RM

0

C

M X
E

MeV21
R = ( )1Z

Z

A

E

X
R

C

0
M >>´´

Č Calorimeter granularity !

Electromagnetic Cascades (II)





Interaction of energetic hadrons (charged/neutral) through matter involves nuclear interaction : 

excitation and nucleus break up => production of secondary particles + fragment

a

x

0

3/1

)inel(totalA

)a(I
eNN , A

N

A l
-

=´
s

=l

Å Number of particle produced ~ln (E) with 

average  transverse p of 0.35 GeV/c 

Å For E > 1 GeV, ů~ ů0 A0.7, withů0= 35 mb

and independent of particle type ,́p,K,é

Å Convenient to introduce the hadronic 

nuclear interaction length ïmean free 

path between nuclear collisions

Hadron Showers and Nuclear Interaction Length (lI)

Hadron showers are much 
longer than EM ones ï

how much, depends on Z



Electromagnetic vs. Hadronic Showers

Development of hadronic cascade (shower) by strong interaction of 

hadron with nucleus

Hadronic showers have two 

main components

hadronic

charged hadrons, breaking up of nuclei (binding energy) nuclear fragments, neutrons

electromagnetic

decay of neutral pions:  p0Ą2g  (100% branching ratio)

Hadronic and EM energy component usually have different detector 

response

100 GeV hadronic energy is not 100 GeV EM energy response in detector

In general, hadronic showers are characterized by large fluctuations. complications for 

hadron calorimetry. 


