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Introduction

• Detection and Identification of Particles and Nuclei important in

– high-energy physics

– cosmic ray physics

– nuclear physics

Basic Idea

Every effect of particles or radiation can be used as a working principle for a detector

Main Purpose of particle detectors:

Detection and identification of particles with mass m and charge z

In particle physics: Usually z = 0,±1, but not in nuclear, heavy ion physics, or cosmic

rays
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Examples

• Charged particle (charge z) deflected in

magnetic field → momentum p

ρ ∝ p

z
=

γmβc

z

• Time of flight determines

particle velocity

β =
v

c
∝ 1

t

• Cherenkov angle determines

particle velocity

θC =
1

βn

• Calorimeter measurement provides

energy measurement

• Charge measurement: Ionization Energy

loss
dE

dx
∝ z2

β2
ln(aβγ)

•With all the information together one

can determine the quadri-vector of the

particle.

• Basic detection techniques work mostly

for charged particles only.

• Neutral particles usually detected

“indirectly” via production of charged

particles.
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Introduction (cont.)

Design of Instrumentation and Detectors requires knowledge of

• Basic physics for interaction of charged and neutral particles with matter

• Mechanical Engineering

• Electrical Engineering (high voltage)

• Electronic Engineering

• Interfaces to Trigger, Data Acquisition and Computing

• Software Engineering (calibration)

• Operation (stability)

• To know any one of them is not sufficient

• You have to apply all together to build, operate and use an instrument for your

physics measurement

• Always keep in mind what you want to measure, and what precision (resolution) you

need
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Particle Identification

• Identification of neutral particles

• Identification of charged particles

Neutral particles

• Measure total energy (Calorimeter)

• If no charged track points to signal in Calorimeter: It’s a neutral

• Usually not too many possibilities left.

Example: Hadron calorimeter, no track: most likely a neutron (or K0
L)

• Electromagnetic calorimeter, track, signal: Measure “E/p”.

E/p = 1 for electrons, E/p < 1 for pions

• Long-lived neutral particles (Hyperons), short lived particles (charm, beauty):

Measure 4-vector of decay products and calculate invariant mass.
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Detection of Neutrons

indirect technique: neutrons interact and produce charged particles

• Low Energies (< 20MeV):
n+6Li→ α+3H ⇒ LiI(Tl) scintillators

n+10B→ α+7Li ⇒ BF3 gas counters

n+3He→ p+3H ⇒ 3He-filled proportional counters

n+ p→ n+ p ⇒ proportional chambers with for example CH4

• High Energies (E > 1GeV)
n+235U→ fission products ⇒ coated proportional counters

n+ nucleus→ hadron cascade ⇒ calorimeters
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Identification of Charged Particles

What is Particle Identification?

Two major applications:

1. Beam Particle Identification (Fixed Target)

2. Identification of decay products

In both cases the momentum of the particle is known:

1. By beamline elements (only small momentum bin)

2. Measured by a magnetic spectrometer (wire chambers)

=⇒ Particle Identification reduces to measure the total Energy (calorimeter) or

using some velocity-dependent effect (Time of flight, dE/dx, Cherenkov,

Transition radiation)
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First some Physics Example...
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Reconstruction of Λ+
c

• Λ+
c baryon consists of (udc) quarks

• Mass m0 = 2.284.9GeV/c2 (remember: proton 0.938GeV/c2)

• Lifetime: τ = 2.0 · 10−13 sec

• Decays to Λc → pK−π+ in 5.0% of the time.

• Only in 1 out of 1000 collisions a charm quark gets produced.

Special Theory of Relativity:

E = m · c2

m = m0 · γ

γ =
1

√

1− v2

c2

=
E · c2

m0

p = m · v ≈ m0 · γ · c
Time dilation: t = t0 · γ

Mean flight path: L = c · τ · γ

=⇒ A Λ+
c with momentum 200GeV/c flies on average 5.4mm

=⇒ Do a Fixed Target Experiment – But even there we cannot observe a Λc directly
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What do we do?

• Measure type, direction, momentum, (the 4-vector) and charge of all decay products

• Apply momentum and energy conservation to ”interesting” decay vertex and

calculate energy and momentum of hypothetical mother particle

• Transform into rest system of mother particle to obtain rest mass

• Do this for a lot of events, fill histogram with results

Measuring direction and decay vertex

• Use silicon microstrip detectors

Measuring momentum and charge

• Deflection in magnetic field, measure track angles before and after

with wire chambers

Measuring type (is it a proton?)

• Measure total energy in calorimeter, calculate mass

• Measure velocity with Cherenkov effect
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161718
19

Run:  10439  Spill:  41  Event_in_Spill: 17156  Event: 100034284  Tubes:   63
Date: 98/10/08  22.59.43

Masses: Sigma Proton Kaon Pion Muon Electron Backgrnd

Tracks :
Momenta:

16
-095

17
+154

18
+074

19
-153
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Photomultipliers

Conversion via photoelectric effect:

One photon to one electron,

electrons multiplied

Typical efficiencies: up to 25%

69

Typical Photocathode Spectral Response and Emission Spectrum of Scintillators

A : Borosilicate Glass
B : UV Glass
C : Synthetic Silica
D : Bialkali Photocathode
E : High Temp. Bialkali Photocathode
F : Extended Green Bialkali Photocathode
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Photomultipliers (cont.)

Available from 3/8 inch diameters to ≈ 40cm diameter.

Entrance windows on top (“head on”) or on sides (“side on”)
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“Simple” Method of Particle Identification
Time–of–flight (TOF)

• Put two Scintillation Counters at a known distance L

• Measure time difference ∆t between the two signals

∆t =
L

β1c
− L

β2c
=

L

c









√

√

√

√

√1 +
m2

1c2

P 2
−

√

√

√

√

√1 +
m2

2c2

P 2









P 2 À m2c2 : ∆t ≈ (m2
1 −m2

2)
Lc

2P 2

Good time resolution: 150 psec.

Maximum distance: ≈ 10m (detector), ≈ 100m (beamline).

=⇒ Can measure difference between Kaons and Pions up to a few GeV/c

Also has problem at higher rate and/or multiple particles hitting the same scintillator
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Charged Particles Ionisation Loss

Bethe-Bloch formula:

−dE
dx

= 2π
Z NA

A

2 r2
e me c

2

β2 z2[
1

2
ln

2me c
2γ2β2

I2 β2 − δ

2
]

density correction

δ

2
= ln

h̄ωp

I
+ ln βγ − 1

2

h̄ωp =
√

√

√

√4πNer2
e
me c

2

α
plasma energy

Ne electron density of absorbing material
α fine structure constant
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Bethe-Bloch (cont.)

Example:

Energy loss of muons in iron

• Minimum at 3 ≤ βγ ≤ 4

• Minimum ionizing particles:

– helium: −dE/dx = 1.94MeV/(g/cm2)

– uranium: −dE/dx = 1.08MeV/(g/cm2)

– hydrogen: exceptionally large (Z/A = 1)

• ln γ term: relativistic (logarithmic) rise

• Fermi-Plateau due to density effect

• in gases: Plateau ≈ 60% higher as

minimum ionizing.
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Energy Loss in Gases

PEP4/9-TPC (185 dE/dx measurements, Ar:CH4 at 8.5 atm)
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Landau Distribution

• Bethe-Bloch describes mean energy loss

• Energy loss is distributes asymmetrically

• approximated by

Ω(λ) =
1√
2π

e−
1
2(λ+e−λ)

λ =
(dEdx )− (dEdx )

m.p.

0.123keV

(dE
dx
)m.p. most probable energy loss

• important in gases, thin absorbers

• Argon, βγ = 4:

(dE
dx
)m.p. = 1.2 keV/cm; 〈dE

dx
〉 = 2.69 keV/cm

• For Particle Identification:

– Measure often (typ. 160) to get dis-

tribution

– Use “Truncated Mean”
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Particle Identification via dE/dx

Momentum interval 0.45GeV/c− 0.48GeV/c

OPAL Collaboration, CERN-PPE-94-49
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Radiation by Charged Particles

Radiation is emitted by a charged particle if:

1. v > c/n: Cherenkov radiation

2. ~v/cph = ~v · n/c changes

(a) |~v| changes: Bremsstrahlung

(b) direction of ~v changes: Synchrotron radiation

(c) n changes: Transition Radiation
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Transition Radiation Detectors (TRD)

Transition Radiation: Reformation of particle field while traveling from

medium with ε = ε1 to medium with ε = ε2.

Energy of radiation emitted at a single interface

S =
αh̄z2

3

(ω1 − ω2)
2

ω1 + ω2
γ

α = 1/137, ω1, ω2 plasma frequencies, γ = E/mc2.

Typical values: Air ω1 = 0.7 eV, polypropylene ω2 = 20 eV

Spectral and angular dependence of Transition Radiation:

d2

dϑdω
=

2e2

πc







ϑ

γ−2 + ϑ2 + ω2
1/ω2

− ϑ

γ−2 + ϑ2 + ω2
2/ω2







2

=⇒ Most of radiation in cone with half angle 1/γ: forward in particle direction.
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• Large photon energies ω > γω2 ≈ 25KeV:

large drop of intensity ∝ γ4/ω4

• Medium energies γω1 < ω < γω2:

Logarithmic decrease with ω

• Small energies ω < γω1 ≈ 1KeV:

intensity almost constant

Probability to emit a KeV photon: ≈ 10−2

=⇒ Need a lot of interfaces: stack of foils

Consequences:

• Need minimum foil thickness so particle

field reaches new equilibrium

• Transition ω1 → ω2 and ω2 → ω1 equal

=⇒ Interference effects

• Equally spaced foils: Interference be-

tween amplitude of different foils

• Finite thickness of foils: re-absorption

ofradiation (∝ Z5): Low Z materials.

Typical values used in TRDs:

Thickness: 30µm, distance: 300µm,

materials: mylar, CH2, carbon fibers, lithium.
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Detection of Transition Radiation
X-rays emitted under small angle to particle track

=⇒ X-ray detector sees X-rays and particle dE/dx together.

Typical dE/dx in gas detectors: someKeV/cm and Landau distributed

=⇒ Signals from dE/dx and X-ray similar

Detector: Use “thin” MWPC, with Xenon or Krypton,

several (10) radiator / chamber units to beat Landau

Two identification methods: Charge integration, Cluster counting
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ATLAS Transition Radiation Tracker (TRT)
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Cherenkov Radiation

A charged particle with a velocity v larger than

the velocity of light in a medium emits light.

(Pavel A. Cherenkov, Ilja M. Frank, Igor Y. Tamm, Nobel Price 1958)

Threshold: βthres =
vthres

c
≥ 1

n
γthres =

n√
n2 − 1

Angle of emission: cos θc =
1

β n
=

1
v
c n

Number of photons:
d2N

dEdl
=

αz2

h̄c





1− 1

(βn)2





 =
αz2

h̄c
sin2 θc

d2N

dλdl
=

2παz2

λ2
sin2 θc

5th International Workshop on Ring Imaging Cherenkov Counters (RICH2004)

Dedicated to the Centenary of Pavel Cherenkov’s Birth

November 30 – December 5, 2004, Playa del Carmen, Mexico
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Water Cherenkov

neutrino induced muon in SuperKamiokande

neutrino induced muon (top) and electron

(bottom) in SNO
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Auger Experiment: Water Cherenkov’s

Particle Identification NSS Short Course: Radiation Detection and Measurement Jürgen@IEEE2004-Rome 16Oct04. 36



Threshold Cherenkov Detectors

First (obvious) application: Threshold Cherenkov Detectors

For fixed momentum and only 2 particles to separate (beam line)

More than 2 particles and/or wider momentum range: Several counters at different

thresholds

Material n− 1 γthres
Diamond 1.42 1.10

ZnS (Ag) 1.37 1.10

Lead Fluoride 0.80 1.20

Glass 0.46-0.75 1.22-1.37

Water 0.33 1.52

Aerogel 0.025-0.075 4.5-2.7

CO2 (STP) 430× 10−6 34.1

N2 (STP) 300× 10−6 45

Ne (STP) 65× 10−6 90

He (STP) 33× 10−6 123
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Threshold Cherenkov Detectors

A. Satpathy et al., BELLE Collaboration, hep-ex/9903045

Aerogel: n = 1.015⇒ γthres = 5.84

3.5GeV/c⇒ γπ = 24.2, γp = 2.86

To identify more than 2 particles and/or

to cover wider momentum range: Several

counters at different thresholds

Particle Identification NSS Short Course: Radiation Detection and Measurement Jürgen@IEEE2004-Rome 16Oct04. 38



Particle Identification NSS Short Course: Radiation Detection and Measurement Jürgen@IEEE2004-Rome 16Oct04. 39



Particle Identification NSS Short Course: Radiation Detection and Measurement Jürgen@IEEE2004-Rome 16Oct04. 40



Ring Imaging Cherenkov – The Basics

cos θc =
1

β · n

r = F · θc =
R

2
· θc

Nph = N0 · L · sin2 θc

θc: Cherenkov angle

β: velocity

n: refractive index

r: Radius of ring on focal surface

R: Radius of curvature of

spherical mirror(s)

F : Focal length (F = R/2)

L: Radiator length (usually L = F )

Parallel particles have the same

ring image
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r =
R

2

√

√

√

√

√

√

√

2− 2

n

√

√

√

√

√

√1 +
m2c2

p2
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SELEX RICH: Particle Id negative tracks
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Short History of RICHes

First Generation: Beginning of 1980’s.

Examples: Omega RICH (WA69, WA82), E653 RICH.

Second Generation: End-of 80’s beginning of 90’s.

Examples: Upgraded Omega RICH (WA89, WA94), Delphi, SLD–GRID, CERES.

Third Generation: Mid-End 90’s.

Examples: SELEX RICH, Hermes, Hera-B.

New Generation: BaBar–DIRC, PHENIX, CLEO–III, COMPASS

Future: ALICE, LHC–B, BTeV, CKM, . . .
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RICH – The Reality

• Center of ring depends on track angle =⇒ large detector surface (up to square

meters)

• good resolution of photon position =⇒ large number of “pixels” (up to 100000 or

more)

• Spectrum of Cherenkov photons

dN

dλ
=

2πα

λ2
L sin2 θc

=⇒ Ultraviolet

• refractive index n = n(λ) =⇒ Chromatic dispersion

• Detection of UV-photons: convert photon in electron (photoeffect)

1. small (up to a few thousand) number of pixels: Photomultipliers

2. large number of pixels or area: Time Expansion Chambers with TEA or TMAE

•When using TEC: particle pass through the chambers: dE/dx

•When using TEC: response (memory) time limit rate
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RICH – The Reality

• Center of ring depends on track angle =⇒ large detector surface (up to square

meters)

• good resolution of photon position =⇒ large number of “pixels” (up to 100000 or

more)

• Spectrum of Cherenkov photons

dN

dλ
=

2πα

λ2
L sin2 θc

=⇒ Ultraviolet

• refractive index n = n(λ) =⇒ Chromatic dispersion

• Detection of UV-photons: convert photon in electron (photoeffect)

1. small (up to a few thousand) number of pixels: Photomultipliers

2. large number of pixels or area: Time Expansion Chambers with TEA or TMAE

•When using TEC: particle pass through the chambers: dE/dx

•When using TEC: response (memory) time limit rate
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RICH – The Reality

• Center of ring depends on track angle =⇒ large detector surface (square meters)

• good resolution of photon position =⇒ large number of “pixels” (100000)

• Spectrum of Cherenkov photons

dN

dλ
=

2πα

λ2
L sin2 θc

=⇒ Ultraviolet

• Refractive index n = n(λ) =⇒ Chromatic dispersion

• Detection of UV-photons: convert photon in electron (photoeffect)

1. small (up to a few thousand) number of pixels: Photomultipliers

2. large number of pixels or area: Time Expansion Chambers with TEA or TMAE

•When using TEC: particle pass through the chambers: dE/dx

•When using TEC: response (memory) time limit rate
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RICH – The Reality

• Center of ring depends on track angle =⇒ large detector surface

• good resolution of photon position =⇒ large number of “pixels” (100000)

• Spectrum of Cherenkov photons

dN

dλ
=

2πα

λ2
L sin2 θc

=⇒ Ultraviolet

• refractive index n = n(λ) =⇒ Chromatic dispersion

• Detection of UV-photons: convert photon in electron (photoeffect)

1. small (up to a few thousand) number of pixels: Photomultipliers

2. large number of pixels or area: Time Expansion Chambers with TEA or TMAE

•When using TEC: particle pass through the chambers: dE/dx

•When using TEC: response (memory) time limit rate
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RICH – The Reality

• Center of ring depends on track angle =⇒ large detector surface

• good resolution of photon position =⇒ large number of “pixels” (100000)

• Spectrum of Cherenkov photons

dN

dλ
=

2πα

λ2
L sin2 θc

=⇒ Ultraviolet

• refractive index n = n(λ) =⇒ Chromatic dispersion

• Detection of UV-photons: convert photon in electron (photoeffect)

1. small (up to a few thousand) number of pixels: Photomultipliers

2. large number of pixels or area: Time Expansion Chambers with TEA or TMAE

•When using TEC: particle pass through the chambers: dE/dx

•When using TEC: response (memory) time limit rate
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First RICH Example: The Omega RICH
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WA89: A Hyperon Beam Experiment at the CERN-SPS Using the Omega Facility
Bologna Univ./INFN, CERN, Genoa Univ./INFN Grenoble Univ./IN2P3, Heidelberg MPI, Heidelberg

Univ., Mainz Univ., Moscow Lebedev Phys. Inst.

Bologna
A. Forino, R. Gessaroli, P Mazzanti, A. Quareni-Vignudelli, F. Viaggi

CERN
F. Antinori, W. Beusch, J.P. Dufey, B.R. French, P. Grafström

Genoa Univ./INFN
M. Dameri, R.B. Hurst, B. Osculati, L. Rossi, G. Tomasini

Grenoble Univ./IN2P3
D. Barberis, C. Bérat, M. Buénerd, F. Charignon, J. Chauvin, J.T. Hostachy, Ph. Martin,
M. Rey–Campagnolle, R. Touillon

Heidelberg MPIfK
E. Albertson, K.-H. Brenzinger, W. Brückner, F. Dropmann, S.G. Gerassimov, M. Godbersen,
T. Kallakowsy, R. Michaels, S. Paul, B. Povh, K. Röhrich, A. Trombini, A. Wenzel, R. Werding

Heidelberg Univ.
J. Engelfried, F. Faller, J. Heintze, S. Kluth, S. Ljungfelt, P. Lennert, K. Martens, H. Rieseberg,
H.-W. Siebert, A. Simon, G. Wälder

Mainz Univ., Inst. of Nucl. Physics
E. Chudakov, U. Müller, G. Rosner, H. Rudolf, B. Volkemer, Th. Walcher
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Counting gas: Ethan + TMAE,
1KV/cm, 5 cm/µsec
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Particle Identification Algorithm

• only discrete particle masses: e, µ, π, K, p, Σ, etc.

• Track parameter and momentum known

=⇒ Calculate ring radius for each hypothesis

• “Compare” measured and expected rings for each hypothesis with a maximum like-

lihood method

• for identification, make cuts on likelihood ratios

published in:

U.Müller, J.Engelfried et al.:

Particle identification with the RICH detector in experiment WA89 at CERN.

Nucl. Instr. Meth. A 343 (1994) 279-283.
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Second RICH Example: The SELEX RICH
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Abstract

In this article, construction, operation, and performance of the RICH detector of Fermilab experiment 781 (SELEX)

are described. The detector utilizes a matrix of 2848 phototubes for the photocathode to detect Cherenkov photons

generated in a 10 m neon radiator. For the central region an N
0
of 104 cm~1, corresponding to 13.6 hits on a b"1 ring,

was obtained. The ring radius resolution measured is 1.6%. ( 1999 Published by Elsevier Science B.V. All rights

reserved.

1. Introduction

The Fermilab experiment E781 (SELEX): a seg-

mented large x
F

Baryon spectrometer [1,2], which

took data in the 1996/1997 "xed target run at

Fermilab, is designed to perform high statistics

studies of production mechanisms and decay phys-

*Corresponding author. Now at Instituto de FmH sica, Univer-

sidad Autonoma de San Luis PotosmH , Manuel Nava d 6, Zona

Universitaria, 78240 San Luis Potosi, Mexico. Tel.: #52-48-

262362; fax: #52-48-133874 e-mail; jurgen@fnal.gov.

1Work supported by the US Department of Energy under

contract NO. DE-AC02-76CHO3000.

2Deceased.

3Supported by the Russian Ministry of Science and Techno-

logy.

ics of charmed baryons such as &
#
, $

#
, )

#
and "

#
.

The physics goals of the experiment require good

charged particle identi"cation to look for the di!er-

ent baryon decay modes. One must be able to

separate p, K and p over a wide momentum range

when looking for charmed baryon decays like

"`
#

PpK~p`.

A RICH [3] detector with a 2848 phototube

photocathode array has been constructed [4,5] to

do this. The detector begins about 16 m down-

stream of the charm production target, with two

analysis magnets with 800 MeV/c p
5
-kick each in-

between, and is surrounded by multi-wire propor-

tional and drift chambers which provide particle

tracking. The average number of tracks reaching

the RICH is about 5 per event. First results from

this detector can be found in Ref. [6].

0168-9002/99/$ - see front matter ( 1999 Published by Elsevier Science B.V. All rights reserved.

PII: S 0 1 6 8 - 9 0 0 2 ( 9 9 ) 0 0 0 4 3 - 1
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SELEX RICH Vessel and Gas System

Beam

Beam
Window

Phototube
Array

Mirror
f = 10m1m

Vessel: 10.3m long

2.4m diameter (50m3)

Gas: Neon @ 1 atm

closed volume (⇒ constant refractive

index)

Filling:

• purge with CO2 (≈ 1 day)

• freeze out CO2, replace with Ne

• remove remaining O2 and water

• started with 3 ppm O2

• after 15 months: (20± 12) ppm
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SELEX RICH Mirrors

Spherical, nominal 20m Radius

16 hexagonal mirrors, 46 cm tip to tip

• Glass

– low expansion glass (Schott Tempax),

10mm thick.

– Polished to 19.82m± 5 cm

– Measured with Ronchi Method

(NIMA369 (1996) 69-78)

• Coating

– Aluminum, with MgF2 overcoating

(Acton)

– Reflectivity > 85% at 160 nm

• Mounting

– 3 point mount

– Ball bearing, double differential screw

– Honeycomb panel with carbon fiber

matrix

• Alignment

– Theodolite with Laser in Center of

Curvature

– Vessel movable on wheels lateral to

beam
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SELEX RICH Photon Detection

• Photomultiplier Holder

– Aluminum plate, 2848 (89× 32) holes

– individual quartz windows as gas seal

– aluminized mylar Winston cones

• Photomultipliers

– 1
2

”
diameter, Photocathode 10mm

– 608 Hamamatsu R760

– 2240 FEU60 (with wavelength shifter)

– all PM measured to find operating

voltage

– groups of 32 run on same HV

• High Voltage

– Operating Voltage 900V...1900V

– 6 HV Supplies

– Zener Box (á la ”Berkeley Cow”),

96 outputs

• Crates with Hybrid Chips

– Hybrids contain Amplifier, Discrim-

inator, diff. ECL Driver

• Readout: CROS PWC System

– Integration time 170 nsec
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10 cm

PHOTOTUBE

Aluminum HOLDER PLATE
Aluminized Mylar CONE

Mylar RING

Quartz WINDOW1 inch
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SELEX RICH PM Box
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SELEX RICH Stability – Refractive Index
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SELEX RICH Stability – N0

Nph = N0 · L · sin2 θc
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SELEX RICH Separation

Momentum of particles: 95GeV/c− 105GeV/c

Ring Radius
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SELEX RICH Efficiency – Protons
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SELEX RICH Efficiency – Kaons
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SELEX RICH Efficiency – D0 → K∓π±
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Small statistic: The RICH is too good!!
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A Current RICH: DIRC at BaBar
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DIRC at BaBar
Detection of internally reflected Cherenkov light

Bar

Track 
Trajectory

17.25 mm Thickness
(35.00 mm Width)

Mirror

Bar Box

Standoff Box 

Light
Catcher

PMT Surface

PMT + Base
~11,000
    PMT's

Purified Water

Wedge

91 mm 10mm
4.90 m

4 x 1.225 m �
Synthetic Fused Silica �
Bars glued end-to-end

1.17 m



Window
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DIRC at BaBar – Performance
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Future in RICH: CKM RICHes
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Future Use: CKM

Will use 2 RICHes to really measure velocity. Particle ID comes for free.
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Summary Particle Identification

• Particle Identification (for charged particles) usually measures

the velocity of the particle,

identification is achieved combined with the already known momentum.

• Transition Radiation Detectors mostly used in beamlines, but also to measure decay

products (mostly electron–pion separation)

• Cherenkov effect is used in Threshold Cherenkov Counters

• Cherenkov effect is used in RICH detectors

• RICHes are an established standard detector now, and have a bright future.
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Summary Particle Identification (cont.)
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Recommended Literature

• Claus Grupen: Particle Detectors. Cambridge University Press, 2000.

• Konrad Kleinknecht: Detectors for particle radiation. Cambridge University Press,

2nd edition 1998.

• Richard C. Fernow: Introduction to experimental Particle Physics. Cambridge Uni-

versity Press, 1986.

• Richard Wigmans: Calorimetry. Oxford Science Publishing, 2000.

• Lecture notes and Proceedings of ICFA Instrumentation Schools (since 1987 every

two years).

• Particle Data Book. short summaries of important things.
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That’s it.....
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