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Particle Detectors 

§  Introduction:  
–  From visual to electronic detectors 
–  Some generalities 

§  The “building blocks” 
–  Gas detectors 
–  Scintillators 
–  Semiconductors 
–  Calorimeters 
–  Cerenkov and transition radiation detectors 

§  Detector systems, some examples 
–  (Dark matter searches) 
–  (Detectors in Space) 
–  Nuclear physics 
–  Experiments at the LHC 
–  (Neutrino experiments) 
–  Astroparticle physics experiments 
–  (Applications in medicine and other fields, see later during this school) 

§  Large collaborations: Where are the students? 
§  Conclusions or recommendations 

Lecture at the African School for Fundamental Physics 
Kumasi, Ghana 2012	
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Who am I? 
Ulrich.Goerlach@iphc.cnrs.fr 

§  Born in Göttingen, Germany 
 interested in science at the age of 
about 14  

§  Physics (and Math) studies at the 
Universities Göttingen and 
Heidelberg 

§  Diploma (now Master) and PhD at 
the Max Planck Institute for 
Nuclear Physics in Heidelberg 

§  Post-doc (particle physics) at CERN, 
Geneva 

§  Researcher at University Heidelberg 
§  Researcher at CERN Geneva 
§  Researcher at DESY, Hamburg 
§  University Professor at the UdS, 

(Université de Strasbourg), IPHC 
§  Responsible for the Master in 

subatomic Physics 

Göttingen 

Heidelberg 

Geneva 

Hamburg 

Strasbourg 

Institut Pluridisciplinaire
Hubert CURIEN

STRASBOURG



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors 2012 

23/07/2012   3 

CMS 
experiment at the LHC 

H 0 !  µ+µ"µ+µ"
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CMS 
experiment at the LHC 

H 0 !  µ+µ"µ+µ"
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Stellenbosch, South Africa, August 2010 (D. Froidevaux, CERN)  
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What do we want to observe? 
§  Collisions, interactions, creation and decay of 

particles (elementary or composed), which are 
invisible from first principles, even under a big 
microscope 

§  These particles are characterised by their 
masses, electric charges, spin, polarization. 

§  Their energy can vary from keV (Dark Matter 
searches, Nuclear physics) to GeV or TeV 
(particle physics) up to ZeV (1021eV cosmic rays) 

§  Measure precisely the particle 4-vectors                
and all other quantities  E / c,

!p( )
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Seeing particles: 
Rutherford scattering 

Experiment by Hans Geiger and Ernest Marsden 
1909 
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1932  
Discovery of  
the positron by 
C.D.Anderson 

6 mm Pb 

e+ 63 MeV 

e+ 23 MeV 

Cloud chamber (C.T.R. Wilson) 
Over-saturated vapour :  
the ionization clusters become  
the condensation  nuclei  
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 Emulsions 
§  The grains of AgBr (Ø 0.1-0.2 µm) are disolved in a gel; 

§  Ionization reduction → Ag 

§  → the film becomes black 

§  Very high spatial resolution 

6.4 TeV 32S 
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Bubble chambers 

Liquid gas under rapid decompression 

Ionization clusters à bubbles 
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Chambre à bulles •  Liquid gas under over 
pressure (H, D, He, ...  

•  Boiling point under pressure 
is much higher  

•  The retraction of the 
“piston” will de-compress 

the gas ⇒ 

•  Temperature will be higher 
than the boiling point 

•  Ionisation of the gas   ( τ  
≈10-10s) 

•  Bubbles (boiling) will be 
formed around the ionization 

clusters 

•  Photo ! 

piston 

caméras 
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The bubble density 
is proportional to 

the ionization  
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The spark chamber 
 »How to see the invisible" 

§  One sees “live” the passage of the particles (like the muons induced 
by cosmic rays, about 100/m²/sec) 

§  A historic instrument 
used in the years 
1960-1980 at 
accelerators 

§  Some important 
discoveries were made 
with this detector, like 
the discovery of the 
muon-neutrino 



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors 2012 

23/07/2012   18 

The spark chamber, how does it work ? 

1.  A charged particle will ionize the gas (He) in 
the chamber and at the same time generate 
some light in the two scintillators on top and 
bottom. 

2.  The coincidence between the two scintillator 
signals will trigger a fast high voltage (6-8 kV) 
pulse sent to each second electrode  

3.  This will provoke a spark where the particle 
had ionized the gaz. 

4.  The sparks will be aligned to the trajectory of 
the charged particle and thus visualize its 
passage. 

Scintillator 

Scintillator 

               

High Voltage 

6-8 kV 
pulse 

Coïncidence 



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors 2012 

23/07/2012   19 

And you will see this 
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P e- 
e- 

Quark 
energy (e-) = 30 GeV 
energy (p)   = 900 GeV 

Deep inelastic electron-proton scattering 
H1 Experiment at the HERA (e-p) collider, DESY - Hamburg 

Scattered e- 

Neutral current event 

Z0 

space 

ti
m

e 
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P e- 
e- 

Quark 

energy (e-) = 30 GeV 
energy (p)   = 900 GeV 

H1 Experiment at the HERA (e-p) collider, DESY - Hamburg 

Deep inelastic electron-proton scattering 

e- 

νe 

u 

d 
W- 

Q² 

d u 

νe 

Charged current event 

Missing transverse Energy ! 

TE
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Some basics of particle detection 
§  Energy loss of charged particles by ionization 

–  Non-relativistic, minimum ionizing and relativistic 

§  Nuclear interactions of hadrons (nuclear interaction length) 

§  Bremsstrahlung of electrons (and muons) 

–  Critical energy and radiation length 

§  Photo effect, Compton scattering and conversion of gammas to electron-
positron pairs 

§  ⇒ electromagnetic and hadronic showers 

§  Cerenkov effect and transition radiation 
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Some general characteristics of electronic 
detectors 

Single detector  
(the building blocks) 

§  Energy-response function 
and linearity 

§  Time-response and dead time 

§  Energy, spatial or angular and 
time resolution 

§  Efficiency of a detector 

§  Availability and price !!! 

§  … 

Combination of many detectors 
à experiment 

§  Propagation of charged 
particles in a magnetic field, 
reconstructing their 
trajectories  

§  Measure the energy of 
electrons, photons and jets 

§  Detect muons as penetrating 
particles 

§  Particle identification! 

§  Trigger (event selection) and 
Data acquisition (DAQ) 

pT (GeV / c) =  0.3 B Tesla( )R m( )
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Gas detectors 
§  Ionisation chambers 
§  Proportional counters 
§  Multi Wire Proportional chambers 
§  Drift chambers and Time Projection Chambers 
§  Many many more ….. 
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Ionisation and excitation 
 in a gas 

§  Excitation : X+p → X*+p 
"   σ ≈10-17 cm2 

§  Ionisation : X+p → X++p + e-  
"  σ ≈10-16 cm2 

"  Primary and secondary (δ-electrons)  
"  Penning effect: Ne* + Ar → Ne + Ar+ + e-  
"  Formation of molecular ions: He+ + He → He2

+ 

Gaz Excitation 
(eV) 

Ionisation 
(eV) 

Energie moyenne 
pour (e-, ion) (eV) 

(e-,ion+) /cm au minimum 
d'ionisation ntotal 

H2 10.8 15.4 37 14 
He 19.8 24.6 41 16 
Ne 16.6 21.6 35 42 
Ar 11.6 15.8 26 103 
CO2 10.0 13.7 33 62 
CH4 13.1 33 107 
C4H10 10.8 23 113 

 nprimary≈ntotal x1/3  
§  Recombinationn :  

–  X+ + e- → X + hν	


–  X-+Y+ →  XY + hν 

§  Electron attachement : 

 X+ e- →  X- + hν	


Electrons are not free anymore ! 
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Mobility and collection of charge 

    

vD = µ ! E ; E = electric field;  p = pressure

in general it's more complicated µ=µ E, p( )
vD electrons( )! vD ions( ) " E / p

Drift velocity for ions 

 vD 

B. Jean-Marie NIM A159 
(1979) 213 

Vitesse_argon_ethane.
pct 

 vD 
Plateau 

Drift velocity for electrons 

Ar/ethane, different 
concentrations 

66 10 /cm s⋅52 10 /cm s⋅

1kV/cm à P=10 torr 

76kV/cm à P=1atm 
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ΔUmax=ΔQ/C 

++--+++-++---+-+-+- ++--+++-++---+-+-+- 
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Drift velocity vD 
 

 vD(e-) >> vD(ions) 
 

 vD ~ E/p 

ΔE ->  charges ΔQ+ = Ne 
 and      ΔQ- = - Ne 

X0 
 

Ionisation chamber 

ΔUR 
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Signal formation in a planar drift chamber 
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Cathode 

Anode Amplificateur 

Cylindrical ionisation chamber 

§  Non-uniform electric 
field 

§  Drift velocity is not 
constant 

§  ΔU+<ΔU-  The 
electron signal 
dominates 

!
E =

U0

r ln ra / ri( )

v! = !µ!E
!U +

!U !
=
ln ra / r0( )
ln r0 / ri( )

ra = 1cm, ri = 30!m ! "U + / !U ! = 0.12
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Electric field in a cylindrical geometry 

   

Poisson's equation:
!V = 0;  V (x) =  Potential; cylindrical coordinates : 

1
r
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r "V
"r

#

$
%

&

'
(+

1
r2

"2V
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+
"2V
"z2

symetry
! "## $##

= 0; * 1
r
"
"r

r "V
"r

#

$
%

&

'
( = 0

V (r = ra ) = 0;V (r = ri ) =U0; *V =U0

ln r / ra( )
ln r1 / ra( )

%
E = +

%
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%
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Signal in a cylindrical ionisation 
chamber !

E r( ) = U0

r ln ra / ri( )

Energie: 1
2CU0

2 ! 1
2CU

2 = 1
2CU0

2 " N q U0

r ln ra / ri( )
dr

r0

ri ,a

#

$U " r!ri% !%% = "
Ne
C
ln r0 / ri( )
ln ra / ri( )

$U + r!ra% !%% = "
Ne
C
ln ra / r0( )
ln ra / ri( )

&

'

(
(

)

(
(

$U +

$U "
=
ln ra / r0( )
ln r0 / ri( )

r0=ra /2

=
ln2

ln ra / 2ri( )

ra ! 2ri * $U + < $U "; ra = 1cm, ri = 30!m * $U + / $U " = 0.12
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Fil anode !

Haute!
 Tension!
+!

Ampli!

Condensateur!
gaz ! Cathode!

Rc=1cm!

Rf=20µm!

V=0!

V+!
1500 volts!

Particule !

Après B.Jean-Marie, Roscoff 2000, école IN2P3, MERCI! 

Proportional Counters 
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T=0	

Passage of a charged 
particle	

Creation of paires     
ion-electron.	


104 electrons 

104 ions + 

T~100ns!
The primary electrons have sufficient 
energy to ionize the gas. This 
multiplication happens close to the 
wire, where the field is very high and 
stops when all electrons have reached 
the wire 

+ + + + + + + 
+ 

- - - - - 
- - - - - - 

+ + + + + + + 
+ 

- - - - - - - 
- 

+ + + + + + + 
+ 

- - - - - - 
- 

- 

T de 0 à 100ns	

Ions and electrons are 
separated by the electric 
field.	
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+ 
+ + + 

+ 
+ 
+ 

The essential points:"
⇒  Very high field close to the anode wire"
⇒  Creation af an avalanche around the 

anode"
⇒  Slow motion of the ions"
⇒  The gas is at the same time the 

detecting and amplifying material"

T~150ns	

The electrons have been collected by the wire, all ions 
(primary and secondary) migrate slowly to the cathode. 
An electric signal is produced by this mouvement of the 
charges	


T some ms 
The secondary ions from the 
avalanche have reached the 
cathode, the counter is ready for 
the next particle . 
. 

+ + + + 
+ + 
+ 

+ Migration of 
the ions 
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100µm 

Gerbe_2.pct 

Simulation of an avalanche 

M. Matoba, IEEE Trans. Nucl. Sci. NS-26, 160 
(1979) 

Atmospheric 
pressure 

760 
Volts 

6.9 torr 
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The role of the gas 
In practice one uses a mixture of 
gases, a noble gas and a 
molecular gas: 

 Noble gas: Ar, He, neon, xenon, 
krypton to favour ionisation. 

High excitation energies, the 
photons from the de-excitation 
can generate new electrons by 
photoelectric effect on the 
cathode, which will provoke a 
second avalanche and so on. The 
detector is not stable 

A molecular  gas: CO2, CH4, C2H6, 
C4H10, have a lot of vibrational 
and rotational degrees of 
freedom. These exitations can 
absorbe some of these photons.  
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Townsend coefficient 

The Townsend coefficient α describes the 

multiplication of an electron in a gaz . 

α = Number of electrons produced in 1cm 

λ = 1/ α  is the mean free path of the 

electron 

 The growth of the number of electrons is  

  

1atm  = 1,013x105 pascal 
 = 1013 Hecto pascal 

 = 1,013 bar  
 = 760 Torr 

1pascal= 10-4 N/cm2  

 = 7,501 10-3 mm Hg 

1 torr  = 1 mm Hg = 133,3 pascal   

! =" ionisation

NA

VMol   log-log 
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The Townsend coefficient α	


  lin-lin 



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors 2012 

23/07/2012   41 

If the probability of ionisation is proportional to the electron energy, 

the coefficient α depends linear on the energy,  

this is the case in noble gases and if the gain does not exceed 104. 

 

 

 

 

 

   

   

dN = N0 !" ! dx;   N (x) = N0 e" x

#G
!   

$G = exp(" ! x) " exp(keV )

N (x) = N0 e
! x

!G
!

!=! E ,x( )! "!!! N (x) = N0 exp ! r( )dr
rE>Eavalanche

rfil

!
"

#

$
$

%

&

'
'
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! "### $###

The gain 

Otherwise 
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Simplified scheme of different regimes of gas counters  
 schématique ! 

  I.  ionization mode: full charge 
collection, but no multiplication; 

II.  proportional mode: multiplication of 
ionization; detected signal 
proportional to original ionization → 
possible energy measurement (dE/
dx); secondary avalanches are  
quenched; gain ~ 104 – 105 

III.  limited proportional mode 
(saturated, streamer) strong 
photoemission; secondary 
avalanches merging with original 
avalanche; requires strong 
quenchers or pulsed HV; large 
signals  →  simple electronics;     
gain ~ 1010 

IV.   Geiger mode – massive 
photoemission; full length of the 
anode wire affected; discharge 
stopped by HV cut; strong 
quenchers needed as well 

Gain reduction by 
space charge from 

the avalanche 

CE
R
N

 A
ca

de
m

ic
 T

ra
in

in
g 

Pr
og

ra
m

m
e 

20
04

/2
00

5 
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Geiger Müller (1928) 

•  Multiplication with very high gain, G=106-8 

•  Secondary avalanches, triggered by UV photons can completely cover 
the wire 
• Space charge Q=1010 will stop avalanche independant of initial charge 
• « Quenching » with a gaz or limit high voltage with R 

•  output amplitude is contant  
• Very high dead time,  

C 

HT 

R 
signal 
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Response time 
§  Interaction of particle or photon in the  detector 
§  Formation of charges or of scintillation light 
§  Collection of charges / photons 
§  Amplification and integration 
§  Read-out 
⇒  << ps   →  ms 

Dead time 
§  Time necessary in order to be « ready » for the next event. During this time 

the detector (or it’s read-out electronics is partially or completely 
insensitive to new particles. 

§  Restoration time: time until the detector has completely recovered.  

§  « pile-up » :  superposition of pulses  

§  One has to understand, to measure and correct 
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Response and dead time 
Latency te 

Dead time   tm 

Time resolution tr 

Restoration time tR 
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Temps mort 

50-100 µs 

<1µs 1µs-50µs 

Amplification limited 
by not fully 

recovered field 

50µs-100µs 
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Dead time and efficiency 

time 
Dead time 

particle 

A :   detector is dead  

B :  dead time is up-dating 

§  If the counting rate is larger then (dead-time)-1 you have to correct! 

f = real rate of N particles hitting the detector within time interval T
!f =  measured rate of  !N particles registered during interval T

each hit will cause a dead time "
!N " = total dead time ;      during this time you loose  !N #" # f  particles

N = f #T = !N + !N #" # f

f = !N /T
1$ !N /T( )"

=
!f

1$ !f "

Cas A : 
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Dead time and efficiency 

f = real rate ;  !f =  measured rate: !N registered events in time T ;  dead time "
Only particles which arrive within an interval  > "  are registered
Distribution of the intervals t  between two particles 
Pdistrib t( ) = f # exp $ ft( )

P t > "( ) = Pdistrib t( )
"

%

& dt = exp $ f"( )     

is the probability that two particles are seperated by a time t >  "
measured events !N  is then:
!N "( ) = N # exp $ f"( )  to solve numerically

Cas B : 

 f’ 

 f  1/τ	


two solutions ! 

time 
Dead time 

particle 

A :   detector is dead  

B :  dead time is up-dating 
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Return proportional mode  
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Cathode 

Anode Amplificateur 

Rdiff 

Cylindrical proportional chamber 

§  For a cylindrical 
proportionel chamber 
the majority of the 
signal comes from the 
slow moving ions. The 
electrons contribute 
only ≈ 1% 

!
E =

U0

r ln rc / rf( )

!U +

!U !
! 1

cr

fr

!U +

!U "
=
ln rc / ravalanche( )
ln ravalanche / rf( )

rava#rf

ravalanche •
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§  G. Charpak et F. Sauli en 1970 au 
CERN 
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"  Wire: tungsten 30-50µm,  

"  Surface : 10x10cm2 → 4×4m², 

 t= 100ns 

"  Counting: 105/fil, signal: qq mV,  

"  gas: argon+n-pentane. 

"   Each wire is connected to an 
amplifier 

   
   

   
   

   
   

 7
.5

 m
m 

d 

Anode wire 
40µm 

Cathod grid 

        Spacial Resolution: d/√12 

  Proposed by G. Charpak in 1967	


+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 

+ 

- 

- 

- 

- 

- 

- 

- 

- 
- 

- 

⇒  Ionisation 

⇒  Drift 

⇒  Amplification 

⇒  Read-out 

Multi Wire Proportional Chamber 
(MWPC) 
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Multi Wire Proportional Chamber 
(MWPC) 
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Cathode 

Anode Amplificateur 

Rdiff 

Cylindrical proportional chamber 

§  Most of the signal 
comes from the ions 
Electrons contribut 
only ≈ 1% 

§   k = number of mean 
free path λ  

!
E =

U0

r ln rc / rf( )

!U +

!U !
=
ln rc / r0( )
ln r0 / rf( )

; r0 = rf + k!; rf ! k!

=
ln rc ! ln rf + k!( )
ln rf + k!( ) / rf!
"

#
$
%
ln rc / rf( )
k! / rf

! 1

cr

fr
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Cylindrical proportional 
chamber : 

signal formation  

  

U (+) (t) = dU
dr

dr =
r0=r( t0 )

r( t )

! "
Ne
C

ln(r(t) / r0 )
ln(rc / rf )

r0 # rf ; C / l = 2$%
ln(rc / rf )

U (+) (t) = " Ne
2$%l

ln(r(t) / rf )

dr
dt
= µE(r) =

µCU0

2$%
1
r

;

rdr =
µCU0

2$%
dt; integration between rf and r

r(t) = rf
2 +

µCU0

$%
t

U (t) = " Ne
4$%l

ln 1+
µCU0

$%rf
2

t
&

'
((

)

*
++ = "

Ne
4$%l

ln 1+ t
t0

&

'
(

)

*
+; t0 =

$%rf
2

µCU0

Ttotal =
t0

rf
2

rc
2 " rf

2( ) = $%
µCU0

rc
2 " rf

2( )
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MWPC 

efficiency 

Amplifier 

threshold 

delay 

Sequential 
read-out 

(multiplexing
) 

d 

Fils 40µm 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 

+ 

- 

- 

- 

- 

- 

- 

- 

- 
- 

- 

Binary read-out :  

Resolution:  

d/√12;  d=2mm à σ ≈ 0,6 mm 
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§  Two-dimensional read-out via cathodes 

1.0 7 mm

0.2 5 mm

1.6 3 mm

(a)

C1 C1 C1 C1 C1

C2C2C2C2

Anode wire

Cathode stri ps

(b)

        

C1

Avalanche 



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors 2012 

23/07/2012   59 



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors 2012 

23/07/2012   60 



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors 2012 

23/07/2012   61 

Drift Chambers	


B. Jean-Marie NIM A159 (1979) 
213 

Vitesse_argon_ethane.pct 

Drift velocity of electrons: 

50 µm/ns 

Spacial resolution  100-200 µm 

 

Scintillator 

HV 
negative 

Degraded  
potentiel 

HV 
positive 

Drift of electrons 

 t0	


 t	
  X
!

shielding Al 
2.5 
cm 

.6 
cm 

Chambre_a_deri
ve_2.pct A. Breskin et al  Nucl. Instr. 

Meth.A124 (1975) 189 

shielding Al 
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CMS Muon chambers 
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CMS Muon chambers 

Cut view of a drift tube chamber in its final position inside 
the CMS iron yoke. Two superlayers with wires along the 

beam direction and a third crossed one can be seen as well 
as the honeycomb panel providing rigidity to the chamber. 
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CMS Muon chambers 

Sketch of a cell showing drift lines and isochrones: (a) 
corresponds to the old design [1], and (b) corresponds to 

the new design used in Q4. The plates at the top and bottom 
of the cell are at ground potential. 
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"   DTs used in muon systems and ATLAS TRT 

"   Primary electrons drift towards thin anode 
wire 

"   Charge amplification during drift (104) in 
high E field in vicinity of wire: E(r)  U0 / r 

"   Signal rises with number of primary e’s (dE/
dx) [signal dominated by ions à need 

differentiator] 

"   Macroscopic drift time: vD / c ~10–4 à ~30 ns / 

mm 

"   Determine vD from difference between DT 
signal peaking time and expected particle 

passage 

"   Spatial resolution of O(100 µm) 

Drift Tubes (DT) in ATLAS:  

inner detector and muon spectrometer  
"   Classical detection technique for charged particles based on gas ionisation 

and drift time measurement 

Charged particle 

Anode 
wire (HV+) 

Cathode (HV–) 

Nobel 
Gas 

Ionised 
electrons 

drifting to wire 

TRT:  Kapton tubes,       ∅ =   4 mm 

MDT: Aluminium tubes,  ∅ = 30 mm 

Ions  
drift to 

cathode 

Drift circle 

From D. Froidevaux, ASP 2010 
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"   DTs used in muon systems and ATLAS TRT 

"   Primary electrons drift towards thin anode 
wire 

"   Charge amplification during drift (104) in 
high E field in vicinity of wire: E(r)  U0 / r 

"   Signal rises with number of primary e’s (dE/
dx) [signal dominated by ions à need 

differentiator] 

"   Macroscopic drift time: vD / c ~10–4 à ~30 ns / 

mm 

"   Determine vD from difference between DT 
signal peaking time and expected particle 

passage 

"   Spatial resolution of O(100 µm) 

Example: muon in MDTs Example: muon in MDTs (aligned !) 

Drift Tubes (DT) in ATLAS:  

inner detector and muon spectrometer  
"   Classical detection technique for charged particles based on gas ionisation 

and drift time measurement 

Charged particle 

Anode 
wire (HV+) 

Cathode (HV–) 

Nobel 
Gas 

Ionised 
electrons 

drifting to wire 

TRT:  Kapton tubes,       ∅ =   4 mm 

MDT: Aluminium tubes,  ∅ = 30 mm 

Ions  
drift to 

cathode 

Drift circle 

From D. Froidevaux, ASP 2010 
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The ATLAS Muon Spectrometer 

Big wheel, Feb 2007 

From D. Froidevaux, ASP 2010 
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y 

z 

x 

E 

B drift 

charged track 

Wire Chamber to 
detect the tracks 

gas volume 

Time Projection Chamber (TPC): 
Gas volume with parallel E and B Field. 

B for momentum measurement. Positive effect: 
Diffusion is strongly  reduced by E//B (up to a factor 5).  

 

Drift Fields 100-400V/cm. Drift times 10-100 µs. 

Distance up to 2.5m ! 

W. Riegler/CERN 
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y 

z 

x 

E 

B drift 

charged track 

Wire Chamber to 
detect the tracks 

gas volume 

Time Projection Chamber (TPC): 
Gas volume with parallel E and B Field. 

B for momentum measurement. Positive effect: 
Diffusion is strongly  reduced by E//B (up to a factor 5).  

 

Drift Fields 100-400V/cm. Drift times 10-100 µs. 

Distance up to 2.5m ! 

W. Riegler/CERN 
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ALEPH 

TPC DELPHI	
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•  Gas Ne/ CO2  90/10% 

•  Field  400V/cm 
•  Gas gain >104 

•  Position resolution σ= 
0.25mm 

•  Diffusion: σt= 250µm 
•  Pads inside: 4x7.5mm 
•  Pads outside: 6x15mm 
•  B-field: 0.5T 

 W. Riegler/CERN 

ALICE TPC: Detector Parameters 
Largest TPC: 

•  Length 5m 

•  Diameter 5m 

•  Volume 88m3 

•  Detector area 32m2 

•  Channels ~570 000 
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23/07/12 W. Riegler, CERN 

TPC installed in the ALICE Experiment 
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23/07/12 

First Pb Pb Collisions in the ALICE TPC in Nov 2010 ! 
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Scintillators 
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Scintillators 

1. Number of produced photons should be high 
2. And should be proportional to the deposited energy. 
3. Transparent. 
4. Short signals. 
5. Good optical properties. 
6. Refraction close to 1.5 . 

•   Organic scintillators (molecules) 

•   Inorganic scintillators (crystals) 

•   Gas scintillators (atoms) 

A good scintillator : 
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Scintillators  

§  Inorganic Scintillators 
 Crystal structure 

–  → 40 000 hν/MeV 
–  High Z material,  
–  High density 
–  Time constants of ns - µs 
–  High price! 
–  ∼ radiation hard  
Used for 
–  Gamma detection 
–  Medical imaging 
–  Electromagnetic 

calorimeters 

§  Organic scintillator 
 plastic or liquid 

–  → 10 000 hν/MeV 
–  low Z, 
–  Low density ≈ 1g/cm³ 
–  Large choice of emission 

spectra 
–  Time constants of typically ns 
–  “low” price 
–  Sensitive to radiation 
Used for  
–  Charged particle detection 
–  TOF, Veto counters, calorimeters 

Fluorescence : < 10 ns 
Phosphorescence >> 10 ns 
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Scintillator crystal 

PbW04 cristal 

X0 < 0.9 cm 

CMS 



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors 2012 

23/07/2012   80 

Excitons: 
 Pairs (e-,trou)  (⇒ band below 
conduction band), but mobile 
within the crystal, will hit the 
activator atoms : 

Transfer of energy 
→  Excitation of activator  atom 
→  Radiative transition: lumière 
→  Non-radiative transitions: 

vibrations (phonons) of the 
whole crystal, (energy loss) 

Scintillator - crystals 

  

Light emission of energy E = h!
E = h!  <  Egap; " d  =  0.02 -1 µs

dN (t)
dt

=
N0

" d

exp #t / " d( )

$max  %  410 - 600 nm

Activator level 

5-
10

 e
V 

Energy  lost 

Energy lost 

Energy → light 

NaI(Tl) 

Three steps! 
1.  Absorption ⇒excitons/ionisation 
2.  Transfer to  activator 
3.  Fluorescence of the activator 
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Properties of inorganic scintillators 
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Emission spectra of inorganic scintillators  
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Efficiency of a detector 
§  Absolute or total efficiency 

 
 

–  This depends on the geometry between the source and the 
detector 

§  Intrinsic efficiency 

  
! tot =

particles or gammas( )  registered

particles or gammas( )  emmitted

 
! int =

particles or gammas( )  "registered"

particles or gammas( )  in the acceptance of the detector

   

! tot = 1" exp
"Sp

#

$

%
&

'

(
)

*

+
,
,

-

.
/
/

probability of an interaction
! "## $##

0
12
43

probability of an emmission in direction 4
%

# =attenuation length; 1
#
=5 0 nb

6
7
8

9
:
;

; Sp = Depth of the detector

  
! tot " ! int #!geom
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NaI (Tl) 
•  Reference/standard of efficiency: ε = 1,22×10-3 

• Cylindrical detector NaI(Tl),  7,62(∅) x 7,62(l) cm3 

• Source of 60Co (1,33 MeV) at 25 cm 
 
Properties of NaI: 
•  Z = 53 high ⇒ good efficiency 
•  Relatively short decay time (230 ns) 
•  intense signal 
•  Relative good energy resolution 
•  But NaI is very hygroscopic!! 
 

l 
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µ = 0.007 cm-1 

µ = 0.18 cm-1 

µ = 0.6 cm-1 
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Respone of NaI 

K. Grupen, Univ Siegen 
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Energy Resolution 
Detector response : 

§ For a fixed energy the detector will respond 
each time slightly different 

§ All measurements will be distributed around a 
mean value with a certain width 

§ This distribution can be approximated by a 
Gaussian with 

–  Mean µ and  

–  A width FWHM 

§ The resolution R is defined by 

§ Two energies closer than FWHM cannot be 
resolved  anymore  

Energy deposited 

Signal (charge, light, … ) 
collected, amplified and 

digitized 

→ Histogram 

FWHM 

µ2 

µ3 

µ1 

µ0’ 

E1 E2 E3 

D
et

ec
to

r r
es

po
ns

e 

bEa +⋅=µ

E0 

  

R := FWHM
!

= 2.35!
!

µ, ! 2 =mean and variance 

of the distribution
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Signale (charge, lumière, … ) 
collecté, amplifié et digitalisé 

→ Histogramme 

FWHM 

µ2 

µ3 

µ1 

µ0’ 

E1 E2 E3 

bEa +⋅=µ

E0   

R := FWHM
!

= 2.35!
!
= 2.35

! N

!N

= 2.35 w
E

µ, ! 2 =mean, variance of peak in histogram 

µ =" #µN ;

! =" #! N ; with
"  = calibration factor (electronic gain  etc)
µN = E / w; avec

w =mean energy to create one  "charge or photon" 
µN ,  ! N

2 = Mean number of measured quantities 

(charges or photons created)

Poissons law: ! N
2 = µN ;

$! N / !N = 1 / !N = w / E

D
et

ec
to

r r
es

po
ns

e 

Energy deposited 

Energy Resolution 
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FWHM 

  

P(x)= 1
! 2"

exp -
x #µ( )

2

2! 2

$

%

&
&

'

(

)
)
 ;

µ = mean

! 2 = variance;
FWHM =2.35 !

Gaussien or normal distribution 
±1σ = 68.3% confidence level 

±2σ = 95.5% 

±3σ = 99.7% 

Impossible to separate two signals 
closer than FWHM 

Resolution 

R := FWHM
!
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Amplitude(ADC) ~Volts~charges/photons 

~energy of gamma 

Resolution 

   

N pe = Nh! "#collection $ #quantic;

dN pe = N pe = Nh! "#coll . $ #quant .

#coll . % 0.2& 0.8; #quant . % 0.2(PM )

dE / E = dN pe / N pe '
1

N pe

=
1

Nh! "#coll . $ #quant .

F % 1; #coll . % 0.4; #quant . % 0.2(PM )

( dE / E =) E / E % 1.5% à 1.333 MeV

R = 2.35"1.5%= 3.6% experimental* +*** 5& 8( )%

NaI 

Photo 
peak 

   

Nh! =
E
w

; dNh! = Nh! =
E
w

StatisticsstrictlyPoisson " # 2 = µ;

dE / E = dNh! / Nh! !
1

Nh!

NaI : w $ 25eV / photonscint " 40000h! / MeV
Incomplete collection of scintillation 
photons and finite quantum efficiency will 
reduce the mean number of photo-electrons 
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Organic scintillators 
§  Liquids and plastics 

§  Solvent which absorbs the energy 

§  The excitation energy of the solvent is transferred to the dopant 

§  Emission, reabsorption and re-emission of light 

§  Shift towards longer wave lengths 

§  Fast response, about 5ns 

§  Liquids : 

–  Solvents  liquids: xylene, tolene,benzene,phenylcyclohexane,triethylbenzene,decaline 

–  Dopants for liquids: p-Terphenyl (C18H14), PBD(C20H14N2O), PPO(C15H11NO), POPOP
(C24H16N2O2), ≈ 3g/l 

§  Solids: 

–  Solvents plastics polyvinyltoluene, polyphenilbenzene, polystyrene. 

–  Primary dopants for plastics : PBD, p-Terphenyl, PBO, 10g/l 

–  Secondary dopant POPOP to shift the light to longer wavelengths. 

§  Quality depends largely on low level of impurities 
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Organic Scintillators 

Phosphorescence : 
Slow emission 

 fluorescence  

Prompt emission. 

Radiation less 
transitions 

(Förster)  

 

1 1 0 1T T S S phonons+ → + +The energy 
absorbed by 
the solvent is 
transferred to 
the dopant 
without 
radiation 

 Valence electrons of the π-orbitals 
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Organic Scintillators 

(radiation less transitions) 
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Organic 
Scintillators 

 
 
 
 

emission 
spectra 



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors 2012 

23/07/2012   96 

 
!absorption = !emission

POPOP 

C24H16N2O2 

Absorption and emission 

Stokes shift 
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absorption 
émission C24H16N2O2 
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Light guides 
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Adiabatic light guides 
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Photomultiplier 
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Response function of a Scintillator 

Gaussian peak  

Flat distribution  

continuum 

Germanium Plastic Scintillator 

Two examples of how a scintillator responds to 
mono-energetic photons 

NaI crystal 
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Photo-electric Effect                    

Absorption of γ    Εγ  ≤ 0.1-0.5 MeV 

 

Compton effect 

Scattering   γ -> γ'  0.1 ≤ Εγ  ≤ 10 MeV 

 

Pair production (e+e-)                 

Absorption of γ    Εγ  ≥ 1.022 MeV 
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Scintillating fibers 

( ) 06.0cos1sin
4

;5.20937.0sincos 2
2
12

2
1

1

2
1 =−==

Ω
°=⇒=== θθ

π
θαθ

d
n
n 2

1

0.893 26.7 ; 0.10
4

n d
n

θ
π
Ω

= ⇒ = ° =
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Semiconductor detectors 
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(Ωcm) 
Semi-conductors 
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Semi-conductors 
§  Advantages 

–  Higher density  
"  ρair = 0.0012 g/cm³ 
"  ρplastique, scint. = 1.032 g/cm³; ρNaI = 3.67 g/cm³ 
"  ρSi = 2.33 g/cm³   ρGe = 5.32 g/cm³ 

–  Energy to produce a pair (electron, hole) is very low 
"   wair = 33.8 eV 
"   wplastique, scint = 100 eV par photon; wNaI = 26.3 eV per photon; 

"   wSi =  3.6 eV 
"   ⇒ better energy resolution :    

§  Disadvantages 
–  Needs very high purity 
–  price 
–  Crystal structure sensitive to radiation           

   

dN
N

=
1

N
; E ! N ;

N = numb. of (e,h), h! , (e,ion+ )



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors 2012 

23/07/2012   108 

 Charge mobility Mobility μ is defined 

ve-,h = µe,h E 
~ identical for holes 

and e- 

 

Saturation at higher 

fields(v~107 cm/s) 

i.e. semi-conductors 

are fast 

nsm /40µ

15 /m nsµ
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Parameters Values for Materials Used in Fabricating Semiconductor Radiation Sensors 
[3] 

 
Mobility (velocity/E)  

density 
Z [a.m.u]  

Material 
 

Eg [eV] 
 

w [eV] 
µe 

[cm2/Vs] 
µh 

[cm2/Vs] 

 
τe [s] 

 
τh [s] 

g/cm³  

C 
(diamond) 

5.5 13 1800 1200 2 10-9 2 10-9 3.515 6 

Si 1.12 3.61 1350 480 5 10-3 5 10-3 2.33 14 
Ge 0.67 2.98 3900 1900 2 10-5 2 10-5 5.32 32 

GaAs 1.42 4.70 8500 450 5 10-8 5 10-8 5.32 31,33 
CdTe 1.56 4.43 1050 100 1 10-6 1 10-6  48,52 
HgI2 2.13 4.20 100 _ 1 10-6 2 10-6  53,80 

 

W.Dulinski 

Semi-conductor detectors 
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„n“ 
„p“ 

Intrinsic: 1.5 1010/cm³   (NA = 6.022 1023/cm³ !!) 
n, p :  1013/cm³ 
n+, p+ :  1020/cm³ 

Energy levels within the 
band gap corresponding to 
various n- and p-type 
dopants [6] W.Dulinski 

„Doped“ Semi-conductors 

Impurities 

•  traps 

•  recombination 

   

concentrations of

n(e! ) and p(holes+ ) :

n " p = ni
2 = AT 3 exp !

Eg

kT

#

$
%

&

'
(

N D + p = N A + n (el. neutral)

N A ) 0 n! p n-type( )
n ) N D * p ) ni

2 / N D

1 / + =, ) eN Dµe

 n-type: ND>NA≈0 

 p-type: NA>ND≈0 
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Formation of a depletion zone 
Direct Polarisation 

•   conduction 

•   I ~ I0[exp(qV/kT) - 1] 

G.Hall 

Inverse Polarisation 

•  increase of depletion zone 

•  reduction of capacitance 

Junction p-n 
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Depth of the 
depletion zone 

-xp  xn 

   

d 2!
dx2

= "#(x) / $ ; # x( ) =
eN D 0 < x < xn

"eN A " xp < x < 0

%
&
'

('

N Axp = N D xn

"E(x) = d!
dx

=
"

eN D

$
x +Cn ;

eN A

$
x +C p ;

)

%

&
'
'

(
'
'

"
eN D

$
x " xn( ) ; 0 < x < xn

eN A

$
x + xp( ) ; " xp < x < 0

d! / dx = 0 à  x = xn et à x = -xp
*+ ,-

!(x) =
"

eN D

$
x2 / 2" x . xn( ) +C ; 0 < x < xn

eN A

$
x2 / 2+ x . xp( ) + /C ; " xp < x < 0

%

&
'
'

(
'
'

continuity à x = 0 ) C = /C ;
à x = xn ,!(x) = !0 = contact potentiel; !(x = "xp ) = 0

!0 =
eN D

2$
xn

2 +C et 0 = "
eN A

2$
xp

2 +C

!0 =
e

2$
N D xn

2 + N Axp
2( )

NA ! ND

!0
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-xp  xn 
   

!0 =
e

2"
N D xn

2 + N Axp
2( )

xn =
2"!0

eN D 1+ N D / N A( )
; xp =

2"!0

eN A 1+ N A / N D( )
;

d = xn + xp =
2"!0

e

N A + N D( )
N AN D

N D ! N A (xp ! xn ) #  depletion in p

xn =
1

N D

2"!0

e
N A ; xp =

2"!0

eN A

;

d " xp "
2"!0

eN A

= 2"$ pµh!0 % 0.32 $ p!0µm Si( )

N A ! N D (xn ! xp ) #  depletion in n

xn =
2"!0

eN D

; xp =
1

N A

2"!0

e
N D ;

d " xn "
2"!0

eN D

= 2"$nµe!0 % 0.53 $n!0 µm Si( )

$ # 20000&cm, !0 # 1Volt # d #75µm

NA ! ND

Depth of the 
depletion zone 
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-xp  xn 

Inverse Polarisation 

p n 

Holes move to « - »  

 electrons move to 
contact "+" 

-xp 

 xn 
d 

Depletion 
zone 

 

d
Vbias

= xn + xp =
2! "0 +Vbias( )

e

NA + ND( )
NAND

   

N A ! N D

depletion in n-type d ! xn ! 0.53 !n"0 µm

! ! 2 "104#cm, !0 ! 1V
$ d !75µm
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Zone désertée 

Depletion voltage 

1/
C

2 
  [

nF
-2

] 

   

d
Vbias

= xn + xp =
2! "0 +Vbias( )

e

N A + N D( )
N AN D

N A!N D# $##
2!
e

1
N D

Vbias

Capacitance C %1 / d   & 1
C 2 %Vbias
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G.Hall 

Junction p-n 

Diffused & Ion 
implanted 

oxide window 

robust, flexible 
geometry 

Shottky barrier   

metal-silicon 
junction  

thin metal contact 
more fragile 

+ 
+ + 

+ 
+ 
+ _ 
_ 
_ 

_ 
_ _ 

- 

+ 

- 

+ 

0.1-2µm ⇒ perte 
d’énergie 

20 nm ⇒ small energy loss 
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Surface barrier detectors 
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Signal formation (diode) 

τ∼10 nsec Champ électrique 

-xp  xn 

µe [cm2/Vs] µh [cm2/
Vs] 

1350 480 
nsm /40µ 15 /m nsµE=3kV/cm 

Qtot ! !Eénergie 
déposée; U =

Q
C
=!

Energie

wC
e ;! = coll.eff .

! = " !#

v = dx
dt

= !µeE =
µe
µh

x
!

t = !
µe
µh
ln d
x0

Qe (t) =
e
d
x0 1! exp

µe
µh
t

"

#
$

%

&
'

"

#
$$

%

&
''

Qh(t) = !
e
d
x0 1! exp

!t
!

"

#
$

%

&
'

"

#
$

%

&
'



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors 2012 

23/07/2012   119 

Signal Formation  
PIN diode electric field E= constante 

   

!
E =U0 / d

Energy: 1
2 CU0

2 ! 1
2 CU 2 = 1

2 CU0
2 " N qE dx

x0

x

#

1
2 CU 2 " 1

2 CU0
2 = 1

2 C U +U0( ) U "U0( ) = "NqE x " x0( )
U $U0; U +U0 $ 2U0; U "U0 = %U ;

1
2 C & 2U0 & %U = "Nq

U0

d
x " x0( )

%U = "
N
C

q
d

x " x0( ); q = +e (holes) q = "e (electr.)

x " x0( ) = v±%t ±; v+ < v" v = drift velocity

%U " x!d' !'' = "
N
C

e
d

d " x0( )

%U + x!0' !'' = "
N
C

e
d

x0
  
!U = !U " + !U + = "

Ne
C

= !Q / C
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Interaction des 
particules chargées 

avec le silicium 
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Fission fragments spectrum 
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Identification of masses 

dE
dx

!
1
v2
; Ecin = 1

2mv
2

"

dE
dx

#Ecin !m

Détecteu
r épais 

E 
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High energies 
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Silicon microstrip detectors 

G.Hall 
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Silicon Detector 
Every electrode is connected to an amplifier à  

Highly integrated readout electronics. 

 

 
CMS Outer Barrel Module 
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Micro-connexions  Ø 17-25 µm 
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Hit resolution 
The position resolution will depend on how many strips the charge is deposited on 

For 1 strip clusters the resolution is 
simply: 

For 2 strip clusters the centroid 
calculation gives the resolution of : 

,( ) 1;

12

i amplitude seuil i i

hit

x x x x

σ

> −= Δ = −

Δ
=

3

1
/ ;

2

i i i
i i

hit

x a x A A a

Noise
Signal

σ

=

= =

Δ
∝

∑ ∑

Because of capacitive coupling 
between strips, we don’t need to 
readout every strip to maintain 
good position resolution, BUT, 

because of stray capacitance to the 
back plane, some charge from the 
floating strip can be lost, causing 

problems. 

1 1i i ix x x− +

1 1i i ix x x− +

( )( )
/ 2

22 2

/ 2
/ 2 2

3

/ 2

1

1 1
3 12

P x x dx x dx

x

σ µ
+∞ +Δ

−∞ −Δ

+Δ

−Δ

= − =
Δ

Δ⎡ ⎤
= =⎢ ⎥Δ ⎣ ⎦

∫ ∫

Binary read-out Analog read-out 

Centre of gravity 
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Signal to noise ratio (S/N) 

Michael Moll, CERN Academic Training Programme 2004/2005 
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G.Hall 

Silicon 
microstrip 

detector 

DELPHI, LEP 
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3
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CMS Tracker 
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Pixel detectors 

Pixel 
electronics: 

complex! 

DELPHI-LEP-CERN 
Pixels : 330x330 µm  

152 modules, 1.22 Mchannels 
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Monolithic Active Pixel Sensors  IPHC 

Institut Pluridisciplinaire
Hubert CURIEN

STRASBOURG
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Detection of nuclear gammas 



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors 2012 

23/07/2012   135 

Materials used 
for detectors 

Semiconductors 
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Energy measurement 
of gammas 

 (|NA-ND| ≅ 1010 cm-3): 

§  Egap = 0.74 eV ⇒ 
operation  
temperature : T= 77K 

§   weh=2.98 eV 
⇒excellent resolution 

–  Eγ = 1 MeV, dE ≅ 1 keV 

–  “High” photo peak 
efficiency 

High Purity Germanium 
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Large volume detectors 

§  Depletion zone : 

§  High purity : 
   

d
Vbias

= xn + xp =
2! "0 +Vbias( )

e

N A + N D( )
N AN D

N = N A ! N D ; "0 !Vbias

d
Vbias

=
2!Vbias

eN
; N = N A  ou N D  = net impurity of material

N = 10+13 atoms / cm3 ; Vbias = 3000Volt ;

d
Vbias=3000Volt

= 2.2mm

  

N A ou N D = 10+10 atoms / cm3 ; Vbias = 1000Volt ; ! = 16 " !0;

!0 = 8.85 "10#12 F / m ; F =Coulomb /Volt ; e = 1.6 "10#19Coulomb

d
Vbias=1000Volt

= 1.8cm

d
Vbias=2000Volt

= 2.5cm

d
Vbias=3000Volt

= 3.1cm
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Germanium detectors 
Operation temperature:  T= 77K (Liquid Nitrogen) 

Configuration : co-axial 

Electronics is mounted very close to the Crystal 
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Typical mounting of an 
Germanium detector

(here a Ge(Li)) 
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 Spectrum of 60Co with HPGe 
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Neh =
E
w
!collection

dNeh = Neh =
E
w
!collection

Statistics : Poisson

" # 2 = µ; µ =mean;# 2 = variance

dE / E = dNeh / Neh !
1

Neh

=
1

E
w
!collection

!collection $ 100%; w = 2.98eV E = 1MeV

" dE / E $ 0.0017; Resolution R = 2.35% dE / E = 0.4%
 Fano factor:

# 2 = Fanoµ;

Fano " 0.12 Ge, Si( ); 0.12 = 1 / 2.9

dE / E = dNeh / Neh !
F

Neh

=
1

E
wF

!collection

dE / E = 0.0006; Resolution R = 2.35% dE / E = 0.14%
NaI :
w =25eV / photonscint Light collection: 0.5  PM : Q.E. $ 0.20

dE / E $ 1.6% Resolution R = 2.35% dE / E = 3,7% à 1MeV

Ge(Li) 

NaI(Tl) 
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Calorimetry 



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors 2012 

23/07/2012   144 

Calorimeters 
§  At very high energies the momentum resolution of 

any magnetic spectrometer will deteriorate rapidly 
§  Interactions at high energies 

–  Electromagnetic showers (electrons, gammas, π0… 
–  Hadronic showers, all hadrons! 

§  Working principle 
–  The energy of the incident particle is transformed into a 

large number of secondary particles which can be measured  
–  The number of secondaries is proportinal to the energy  
–  Ionisation, scintillation  Cerenkov… 

Elm :  Conversion of photons into e+e- Bremsstrahlung 

Had :  Nuclear interactions, fragmentation 



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors 2012 

23/07/2012   145 

Showers in calorimeters 

Electromagnetic 
shower 

Hadronic shower 

radiation length X0  

Nuclear interaction 
 length Λ  



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors 2012 

23/07/2012   146 

Energy resolution 
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Electromagnetic shower 

e 
PbW04 CMS, X0=0.89 cm 
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95% in a cone of RM 
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Radiation length 
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ATLAS and CMS EM Calorimeters  
CMS: PbWO4 Scint. Crystal Calorimeter 
Entire shower in active detector material 
"  High density crystals (28 X0) 
"  Transparent, high light yield  
"  No particles lost in passive absorber 
"  High resolution: ~3% / √E (stochastic) 
Granularity 
"  Barrel: Δη × Δφ = 0.0172 rad 
"  Longitudinal shower shape unmeasured 
Read out with avalanche photo diodes 
 

"   ATLAS: LAr Sampling 
Calorimeter 

 

"   Passive, heavy absorber (Pb, 1.1–1.5 
mm thick [barrel]) inter-leaved with active 
detector material (liquid argon) 
"  Overall 22 X0 
"  Accordion structure for full φ 

coverage 
"  Resolution: ~10% / √E (stochastic) 

"   Granularity 
"  Barrel: Δη × Δφ = 0.0252 rad (main 

layer) 
"  Longitudinal segmentation (3 layers) 

D. Froidevaux, ASP 2010 
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The Electromagnetic Calorimeter - ECAL 

Preshower
based on Si sensors

ECAL Barrel
17 xtal shapes

ECAL Endcap
1 crystal shape

Preshower
based on Si sensors

ECAL Barrel
17 xtal shapes

ECAL Endcap
1 crystal shape

Characteristics of PbWO4
X0 = 0.89cm
ρ = 8.28g/cm3

RM (Molière radius) = 2.2cm

78,000 crystals 

2.2 x 2.2 x 23cm (barrel) 

3    x    3 x 22cm (endcaps) 
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The 
Electromagnetic 

Calorimeter - ECAL 
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Energy resolution 
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Sampling calorimeters 
Absorber  
Detector 
Absorber  
Detector 
Absorber  
Detector 
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ATLAS Liquid Argon EM Calorimeter 

Readout electrodes (3 etched copper 
layers) placed in middle of 2.1 mm LAr 

filled gaps by honeycomb spacers 

 

Total of 170k readout channels  

1.7 mm lead absorbers strengthened by 
0.2 mm steel sheets + glass-fibre fabric 

D. Froidevaux, ASP 2010 
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ATLAS 



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors 2012 

23/07/2012   157 

Hadronic showers 
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Hadronic shower 
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Hadronic showers 
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The Hadron Calorimeter - HCAL 

•  CMS HCAL is constructed in 
3 parts: 

–  Barrel HCAL (HB) 
•  Brass (laiton) plates 

interleaved with plastic 
scintillator embedded with 
wavelength-shifting optical 
fibres (photo top right) 

–  Endcap HCAL (HE) 
•  Brass plates interleaved with 

plastic scintillator 
–  Forward HCAL (HF) 

•  Steel wedges stuffed with 
quartz fibres (photo bottom 
right) 

•  ~10000 channels total 



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors 2012 

23/07/2012   163 

The atmosphere as a big calorimeter 
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Extensive Air shower 
1014 eV 

The atmosphere as a big 
calorimeter 
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extensive air shower 

Differences in the shower  
developments give hints  
to the energy and mass  
of the primary  
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Energy of an UHECR 
•  Detectors on the ground  

•  Sampling in one plane 

•  Fluorescence:  
•  sampling of the scintillation light  

–  Information about shower 
development 

–  Xmax is sensitive to the mass of the 
incoming particle : Xmax ~ Λ ln(E0/A) 
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Cerenkov and Transition radiation 
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Cerenkov effect 

•  Coherent superposition of the 
radiation of the atoms 

•  Mainly blue light 
•  Very few photons 
•  Very small energy loss 
•  Identification of particles!   

max

/
/ 1cos

1 1; cos

200 700

C

c

photons

v c c n
c t n
c t n

n n
nm

β

θ
β β

β θ

λ

= >

⋅Δ
= =

⋅Δ

⇒ > =

≈ −
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Exercise 
Blue light in a reactor 

1.  What produces the light? 

2.  Water n=1.333. calculate the 
minimal energy of an 
electron to produce 
Cerenkov light  



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors 2012 

23/07/2012   170 

Cerenkov Detectors 
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Ring Imaging Cerenkov 
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Ring Imaging Cerenkov 



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors 2012 

23/07/2012   173 
W. Riegler/CERN 

1
7
3 

LHCb RICH 
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Transition radiation 

Photon radiation when charged 
ultra-relativistic particles traverse 

the boundary of two different 
dielectric media (foil & air) 

Foil  

(polarised) 

Electron 
with boost γ 

Air (unpolarised) 

+ 
+ 

+ 

Electrical dipole 

Photons 

E ~ 8 keV 

"     Significant radiation for γ  > 1000  

      and > 100 boundaries  

Pr
ob

ab
ili

ty
 to

 e
xc

ee
d 

th
re

sh
ol

d 

γ  factor 

2 GeV 
180 GeV 

2 GeV 

180 GeV 

2 GeV 

180 GeV 

From D. Froidevaux, ASP 2010 

•  Effect can be explained by re-arrangement of electric field 
•  A charged particle approaching a boundary creates a electric dipole with its 

mirror charge 
•  The time-dependent dipole field causes the emission of electromagnetic 

radiation 
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Transition Radiation Detectors 
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ATLAS TRT 
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Experiments 
§  Detector systems, some examples 

–  (Dark matter searches) 
–  Nuclear physics 
–  (Detectors in Space) 
–  Experiments at the LHC 
–  Astroparticle physics experiments 

§  Large collaborations: Where are the students? 
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Nuclear Physics 
gamma spectroscopy 
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BGO 
Large efficiency 

Less energy resolution 

 

 

 

 

Anti-Compton spectrometer 

Shielding, 
Pb ou W 
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Euroball 
at  

Strasbourg 

Several 
years ago 
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Segmented Ge detectors 

Jürgen Eberth, University of Cologne 
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Signal Formation 
Ge-HP 

Cylindrical Geometry 

 e- 
 h+ 



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors 2012 

23/07/2012   185 

Multiple Interactions  
Ge-HP 
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Space experiments 
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L. Serin ESC2011 
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Tagging 
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Collider experiments 
LHC 
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CMS 
ALICE 

ATLAS 
LHC-B 

Le LHC 

7 TeV protons + 7 TeV protons 

•  Ecm=14 TeV 
•  B ≈ 8 Tesla 
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CMS 
ALICE 

ATLAS 
LHC-B 

Le LHC 

7 TeV protons + 7 TeV protons 

•  Ecm=14 TeV 
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Experiments at colliders 

beam 

Target 

Experiment 

 

collider 2CM sE E= =

  ECM
fixed target = 2Mc2E + M 2c4 +m2c4 ! 2Mc2E

But LHCb is NOT a fixed Target experiment ! 
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pp Collisions 
at  LHC 

    

! tot pp = 40"100mb

! H(500GeV) # 1pb

L =1034 cm"2s"1

Beam crossing rate:
40 MHz
25 interactions 

per crossing
!Ntot =109 s"1

!N =10"2 s"1
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Pile up 
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p 

p 

Compact Muon Solenoid 
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ATLAS superimposed to 
the 5 floors of building 40 

CMS	


ATLAS	


How huge are ATLAS and CMS?	


                                         ATLAS         CMS 

Overall weight (tons)       7000          12500 

Diameter                       22 m           15 m 

Length                        46 m            22 m 

Solenoid field                    2 T             4 T 
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LHC... l’infiniment petit vu en Grand 
Exposition du 13 au 25 octobre 2008 au Palais Universitaire de Strasbourg. 
Ouvert du lundi au samedi de 9h à 18h,  Entrée libre 

©
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o 
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n 
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is

di
er

, C
N

R
S 



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors 2012 

23/07/2012   205 

CMS END CAP 

3300 Physicists 
and Engineers 

    39 Countries 

  172 
Institutions 

France 
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CMS Design Goals 

§  A good and redundant muon system (= many 
layers – if one layer fails we can fall back on the 
others) 

§  The best possible electromagnetic calorimeter 
§  A high quality central tracking 
§  A hadronic calorimeter that has good energy 

resolution and that is as hermetic as possible 
§  Affordable! (= ~500 MCHF) 
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Transverse slice through CMS detector 
https://cms-docdb.cern.ch/cgi-bin/PublicEPPOGDocDB/RetrieveFile?docid=97&version=1&filename=CMS_Slice_elab.swf  
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Reconstruction of transverse 
momentum in a magnetic field 

§  Mouvement of a charge z in a uniform 
magnetic field 

§  Momentum resolution dp/p 
§  Spatial resolution of the sagitta dS/S 

dS
S
=
dp

!

p
!

=
80
3 ! z

1
BL2

p
!
dS

B"# $%=Tesla; L!" #$= m; p!"# $%=GeV / c

If the trajectory is 
measured with N 

points:  

R 

S 

L 

Magnetic field B 

A 

B 

S2 = L
2 / 8R

R m!" #$=
1
z
10
3
p
%
GeV / c!" #$
B T!" #$
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Resolution and multiple scattering 
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dp!
p!

=" # p!dS

         $ multiple scattering( )
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CMS Tracker 
Outer Barrel –TOB-	


Inner Barrel –TIB-	

End cap –

TEC-	


Pixel	


 2
.4

 m
	


Inner Disks –TID-	


210 m2 of silicon sensors"
6,136   Thin  detectors (1 
sensor)"
9,096   Thick detectors (2 
sensors)"
9,648,128 electronics channels 

Support Tube&Thermal 
Screen 
• 24.4m3 closed volume 
• operating temperature –
10oC 
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TIB Barrel  

Silicon strip 
detectors 
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Construction of CMS 

Radiation hard highly integrated 
electronics 
128 channels, Amplifier, analogue 
memory, multiplexer 
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The Electromagnetic Calorimeter - ECAL 

Preshower
based on Si sensors

ECAL Barrel
17 xtal shapes

ECAL Endcap
1 crystal shape

Preshower
based on Si sensors

ECAL Barrel
17 xtal shapes

ECAL Endcap
1 crystal shape

Characteristics of PbWO4
X0 = 0.89cm
ρ = 8.28g/cm3

RM (Molière radius) = 2.2cm
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Material in front of your expensive elm calorimeter 
Weight: 4.5 tons Weight: 3.7 tons 

LEP 
detectors 

ATLAS 

•  Conversion of Photons,  
•  Bremsstrahlung of electrons,  
•  Multiple scattering of all charged particles 
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The Hadron Calorimeter - HCAL 

•  CMS HCAL is constructed 
in 3 parts: 

–  Barrel HCAL (HB) 
•  Brass (laiton) plates 

interleaved with plastic 
scintillator embedded with 
wavelength-shifting optical 
fibres (photo top right) 

–  Endcap HCAL (HE) 
•  Brass plates interleaved with 

plastic scintillator 
–  Forward HCAL (HF) 

•  Steel wedges stuffed with 
quartz fibres (photo bottom 
right) 

•  ~10000 channels total 
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The Muon Chambers 

φ superlayer 
of 4 DT 
layers 

φ superlayer 
of 4 DT 
layers 

η superlayer 
of 4 DT 
layers 195000 DT channels 

210816 CSC channels 
162282 RPC channels 

Position measurement: 
Drift Tubes (DT) in barrel 
Cathode Strip Chambers (CSC) in endcaps 

Trigger: 
Resistive Plate Chambers (RPCs) in barrel 
and endcaps 
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The Trigger and Data Acquisition System 

~same as whole 
world’s telecom 
network! 
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CMS Basic Parameters 

Parameter Value 

Bunch-crossing frequency 40 MHz 

Average # of collisions / bunch-crossing 20 

“interaction rate” ~109 

Level-1 trigger rate 100 kHz 

Average event size 1 Mbyte 

Event builder bandwidth 100 Gbytes/sec 

Event filter computing power required 106 SI95 

Event rate saved to mass storage 100 Hz 

Data production 10 Tbytes/day 

Sub-Detector Number of channels 
Pixels 66 x 106 

Silicon microstrips 11.4 x 106 

ECAL crystals 0.076 x 106 

Preshower strips 0.137 x 106 

HCAL 0.01 x 106 

Muon chambers 0.576 x 106 

TOTAL 78.2 x 106 

Length 21.6m 
Diameter 14m 
Mass 12500 Tonnes 
Magnetic field 4 Tesla 

Channel Count 

Trigger and  
Data Acquisition Parameters 

Physical Parameters 
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Puzzle 

Fi nd 4	  s traight 	  trac ks.

View along beam 
line of the inner 
tracking, with a Hà 
4µ event 
superimposed. The µ 
are very high energy, 
so leave straight 
tracks originating 
from the centre and 
travelling to the 
outside 

Make a “cut” on the 
Transverse momentum 
Of the tracks: pT>2 GeV 
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Puzzle 
View along beam 
line of the inner 
tracking, with a Hà 
4µ event 
superimposed. The µ 
are very high energy, 
so leave straight 
tracks originating 
from the centre and 
travelling to the 
outside 

Make a “cut” on the 
Transverse momentum 
Of the tracks: pT>2 GeV 
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H 0 !  ""
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Higgs en γγ	


Simulation in 1997! 

Data 2012 
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France 

Large colaborations: Where are the students? 

3300 Physicists 
and Engineers 

    39 Countries 

  172 
Institutions 

•  Sub divided in smaller groups 
–  Detector, subdetector 
–  Analysis: different topics 
–  Students belong to instituts 

•  International environment 
–  Communication skills ! 
–  Mobility 
–  Good students become well known in the collaboration very fast! 

•  Management 
–  Physicists are (generally) not trained for that 

 changes with time... 
–  Sometimes there are problems, one has to sort them out.. 

•  Students are an extremely important factor 
•  job opportunities outside particle physics  



Ulrich.Goerlach@iphc.cnrs.fr, ASP Particle detectors 2012 

23/07/2012   225 

Astroparticle detectors 
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Super-
Kamiokande 

Cerenkov ring from solar neutrino 

Elastic scattering on electrons 
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L’expérience (Super)-Kamiokande :  
 

Prix Nobel 2002 Masatoshi Koshiba,  
(Kamioka Nucleon Decay) 

Experiment 
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High energy atmospheric showers 
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Pierre AUGER Observatory– southern site 
–  1600 detectors at 1,5 km 
–  3000 km2  
–  24 telescopes in 4 points 
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AUGER 
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aperture box 

shutter 

filter UV pass 
safety curtain 

corrector lens 

(aperture x2) 

440 PMT camera    1.5° per pixel 

segmented 
spherical 

mirror 
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Conclusions 
§  All particle detectors in nuclear, particle and astroparticle 

physics are based on the physics of the interaction of particles 
and radiation with matter 

§  It is possible to measure and reconstruct the interaction of 
elementary particles also in the very difficult environments of 
proton proton collisions at the LHC 

§  Many of the experiments today are large and complex, both in 
their concept and in the new technologies employed 

§  They are run by very large collaborations of scientists, 
engineers and also of students over 10-20 years 

§  We live in exciting times and there is a lot more ahead of us, 
many opportunities for students 

Message to students  

§  It is fun to work on these experiments and their data 


