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Particle interaction

Idealistic views of an elementary particle reaction

• Usually ‘detect’ only end products, not reaction 
itself.

• To reconstruct reaction mechanism & involved 
particles, need maximum info on end products 
(particle type, momentum, energy, trajectory ...) 
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Interaction of radiation with matter

Interaction of radiation with matter basis of detectors

Interactions of different types of particles with matter

• Detector type presentation will be purpose driven 
e.g. what they are supposed to do (track particles, 
measure energy, identify particle type …) ! 

• Particle interaction with matter explained along side 
to better connect detector Û particle interaction. 
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Detectors: general overview

Detector type selection based on several points:
• primary purpose of detector (measure, count, veto)?
• what needs to be measured & with which resolution

(point, time, energy, momentum, velocity, etc ...)? 
• what radiation/particle rate has detector to sustain?
• what is an acceptable dead time? dead-time-less?
• does environment limit choice somehow (limited 

space?, magnetic field?, restriction on output size?,  etc…)
• area to be covered ↔ cost ?   
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Pulse mode operation

If time constant (= RC) of circuit large then voltage µ
charge  Þ measurement of the deposited energy  

Evolution of detector techniques due to :
• performant production techniques & electronics
• current mode operation (measuring average 

current) Þ pulse mode operation (current Þvoltage)   

Knoll

Knoll
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Multiple scattering

Bethe-Bloch formula 
/ Landau tails

Ionization of gases

Wire chambers

Drift and diffusion in gases

Drift chambers

Micro gas detectors

Silicon detectors strips/pixels

Momentum measurement

Silicon as a detection medium

Particle Physics Experiments 2025
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Momentum measurement

Β

Β

magnetic rigidity:

(E.Wilson)
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Momentum measurement

Momentum measurement

sagitta s determined by 3 measurements with error s(x): 

for N equidistant measurements, one obtains 
(R.L. Gluckstern, Nuclear Instruments & Methods 24 (1963) 381)

For example: L = 1 m, B = 1.4 T, s(x) = 175 µm, N = 15
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(𝑠 ≈ 5.25 cm / 𝑝! [GeV])
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Multiple Scattering

Elastic scattering
Incoming particle (charge z) interacts “elastically” 
(no momentum transfer) with target nuclei of charge Z. 
cross section for this electromagnetic process

u  average scattering angle 𝜃 = 0 
u  cross section for 𝜃 → 0 infinite !!
u  causes a change of particle direction !!

Multiple Scattering
sufficiently thick material layer ® 
particle undergoes many scatterings: multiple scattering
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Approximation 
  

𝑋! = radiation length of medium (definition later)
(accuracy £ 11% for 10-3 < ⁄𝐿 𝑋! < 100)

”Highland” formula:
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Momentum measurement

Back to momentum measurements:                         
contribution from multiple scattering (b  = 1 & z = 1)

For example: Ar (X0 = 110 m), L = 1 m, B = 1.4 T
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independent of p !

distribution sufficiently described by a Gaussian though
tails shows sin'( ⁄𝜃 2 behaviour (”Moliere” distribution). 
approximative formula assumes Gaussian distribution. 
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Momentum measurement

Momentum measurement in experiments with solenoid 
magnet:

polar angle determined from a straight line fit 𝑅 = 𝑅(𝑧) 
𝑁 equidistant points with error 𝜎(𝑧)

+ multiple scattering contribution….
 
 
 

In most practical cases: 

In summary:
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d

Position resolution of particle impact point.

Further reading: R. Frühwirth et al., Data Analysis Techniques for High-Energy Physics

Position resolution

One or several sensitive detector elements (e.g. wire in a 
wire chamber or strip in a silicon strip detector) will see  
the signal from particle passage depending on orientation 
of particle with respect to the plane of detector elements.
Let d be the spacing of detector elements.
Position of particle impact point 
on the plane of detector elements 
then given with a precision of:

For binary readout (i.e.                              
knowledge whether particle                  
gave signal or not on a                                                     
specific detector element)                                                 
equal sign valid. For                   
analog readout (i.e.                                       
pulse height information)                                        
position resolution is better. The theoretical lower limit is:

 
assuming particle next to a wire only fires this wire & a 
particle passing between two wires fires only 2 wires.
NB! other effects like e.g. electronics noise or charge 
diffusion can deteriorate initial resolution significantly. 
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Interaction of charged particles

Detection of charged particles 
How do they loose energy in matter ?
u Discrete collisions with atomic electrons of material

 

Collisions with nuclei not important since average energy
loss inversely proportional to target mass (me<< mN). 
classical derivation of energy loss given in W.R. Leo: Techniques for 
nuclear & particle physics experiments (Springer 1987) p. 22-23.

u If energy transfer big enough ð ionization,  
otherwise excitation.

Ionization & excitation basis for particle measurements 
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Instead of ionizing atom, under certain conditions photon 
can also escape material (marginal source of energy loss)
      ð Emission of Cherenkov or Transition radiation. 

utilized for particle identification (see later).
NB! electrons have to be treated separately since then  
mprojectile = mtarget making assumptions made in extraction 
of upcoming formulas not valid anymore. For electrons 
also photon emission via “bremsstrahlung” is a significant 
source of energy loss (see electromagnetic shower discussion)
Particle Physics Experiments 2025
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Bethe-Bloch formula

u dE/dx (“stopping power”) in [MeV g-1 cm2]
u dE/dx depends only on b, independent of mprojectile

u Formula takes into account energy transfers

u electron density of material ne = NA Z / A 
 
u Bethe-Bloch only valid for “heavy” particles (m ³ mµ). 
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Bethe-Bloch formula
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For more details see e.g.  J.D. Jackson, Classical electrodynamics, section 13
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~ independent
of material

• dE/dx first falls µ  
1/b2 (precisely b-5/3), 
kinematical factor
• minimum at bg » 3 
minimum ionizing 
particle (MIP), dE/dx 
» 1-2 MeV g-1 cm2)
• then again rising due to ln g2 term, relativistic rise,
due to relativistic expansion of transverse electric field        
® significant contributions from more distant collisions.
• relativistic rise cancelled at high g by “density effect”, 
polarization of medium screens more distant atoms.
parameterized by d (material dependent) ® Fermi plateau

Z/A does not 
differ much for 
various 
elements, 
except for 
hydrogen (H2)!
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dE/dx measurement in the CMS Tracker

Particle range

Range of particles in matter

Range 
approximately 
proportional to 
kinetic energy 
square at low 
energy & 
approximately 
proportional to 
the kinetic 
energy at high 
energy where 
the ⁄𝑑𝐸 𝑑𝑥 is 
about constant.

Particle Physics Experiments 2025
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Landau tails

𝛿-electrons leads to broadening of area, where charge is
deposited Þ worse spatial resolution for such particles. 

For thick layers & high density materials:
® many collisions.
® (more) Gaussian(-like) distribution of energy loss. 

Real detectors (limited sampling) do not measure <dE/dx>, 
but energy DE deposited in a layer of finite thickness dx.

For thin layers (& low density materials):                                              
- few collisions, some high energy transfers (“d-electrons”)  
- energy loss distribution, “Landau” distribution, show large 
fluctuations towards high losses due to these d-electrons

Particle Physics Experiments 2025
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Ionization of gases

Primary & total ionization

Fast charged particles ionize the atoms of a gas.

 

Often the resulting primary electron will have enough 
kinetic energy to ionize other atoms.
  

 

  

total number of created
electron-ion pairs.
DE = total energy loss
Wi = effective <energy loss>/pair
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Wi (eV)

Primary ionization Total ionization

Number of primary 
electron-ion pairs in  
frequently used 
(detector) gases

~ 100 pairs/cm in Ar
~ 50 pairs/cm in CH4
~ 310 pairs/cm in Xe
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26

pdg.lbl.gov

(Lohse and Witzeling, Instrumentation In High Energy Physics, World Scientific,1992) 

Ideal detector gas:  
high density, low Wi       
& chemically “inactive” 
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» 100 electron-ion pairs are not easy to detect! 
Electronic noise of amplifiers » few hundred e- (ENC) !
Need to increase the number of electron-ion pairs. 
Gas amplification 
Cylindrical field geometry (simplest) Þ

Electrons drift towards anode wire (» stop & go, see later).
Close to anode wire electric field sufficiently high (~MV/m) 
so that electrons gain enough energy for further ionization 
® 
exponential 
increase 
of number of 
electron-ion pairs.
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a ~ O (10 µm)    
b ~ O (mm-cm)

proportional
chamber / straw

(drift) tube detector

Gas amplification
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From ionisation to gas amplification.
Let 1/a be the mean free path between each ionization

a = a (e, density, gas type)

e=e(r)
temperature, pressure

gas amplification:

( )εα !"#" −×= !"#
Where A & B gas dependent constants and p pressure. 

Korff’s approximation:

Ar:CO2   
80:20 % A  B

      1/Torr×cm V/Torr× cm

He     3  34
Ne     4 100
Ar     14 180
Xe     26 350
CO2   20 466
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Choice of amplifying gas

Choice of gas: 
Dense noble gases. Energy dissipation mainly                
by ionization! High specific ionization.
De-excitation of noble gases only possible via         
emission of photons, e.g. 11.6 eV for Argon. 
Above ionization threshold of metals, e.g. Copper 7.7 eV.
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® new avalanches ® 
permanent discharges !

Solution: Add poly-atomic gases such as 
methane as quenchers. 
Absorption of photons in a large energy range 
(many vibrational & rotational energy levels). 

!

"

Energy dissipation 
by collisions or 
dissociation into 
smaller molecules.
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Signal 
formation

Avalanche formation: within a few wire radii & t < 1 ns!
(assume all charge created a small distance l from anode) 
Signal induction both on anode 
& cathode due to moving 
charges (both electrons & ions).

Signal formation
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Electrons collected by anode wire, i.e. dr small (few µm). 
Electrons contribute very little to detected signal (~ 1 %).

Ions have to 
drift back to 
cathode, i.e.  
dr big. Signal 
duration 
limited by total 
ion drift time !! 

Need electronic signal differentiation to limit dead time.

(F. Sauli, CERN 77-09)

(F. Sauli, CERN 77-09)
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(lC = total capacitance of wire, r0 (R) = anode (cathode) radius)

Particle Physics Experiments 2025
Position detectors & Tracking



Kenneth Österberg VI/22

Operation modes:
n Ionization mode: full charge collection, but no  

charge multiplication.
n Proportional mode: above threshold voltage 

multiplication starts. detected signal proportional to 
original ionization ® energy measurement (dE/dx), 
secondary avalanches have to be quenched. Gain 
104 - 106.

n Limited Proportional ® Saturated ® Streamer 
mode: strong photo-emission leading to secondary 
avalanches, merging with the original avalanche. 
requires strong quenchers or pulsed HV. High 
gain(1010),                                                                     
large signals

n  

Operation modes of gas detectors

® simple 
electronics.

Geiger mode: 
massive               
photo           
emission.                    
full length of    
anode wire 
affected. 
Stop discharges 
by cutting down 
HV. Strong 
quenchers 
needed as well. 

Particle Physics Experiments 2025
Position detectors & Tracking



Kenneth Österberg VI/23

Multi wire proportional chamber (MWPC)

(G. Charpak et al. 1968, Nobel prize 1992)

Capacitive coupling of non-screened parallel wires? 
Negative signals on all wires? Compensated by 
positive signal induction from ion avalanche.

Address of fired wire(s) give only 1-dimensional info.

Multi wire proportional chambers

field lines & equipotentials around anode wires

Normally digital readout:
spatial resolution limited to !"

!
" ≈σ ( 𝑑 = 1 mm, 

𝜎# = 300 µm )

Typical 
parameters: 
L = O (cm), 
𝑑 = O (mm),
 r$%&'= O (10 µm)

L

𝑑
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Derivatives of proportional chambers

A ‘derivative’ 
u Resistive plate chambers (RPC)
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Gas: C2F4H2, (C2F5H) + few % isobutane
(ATLAS, A. Di Ciaccio, NIM A 384 (1996) 222)

Time dispersion » 1..2 ns ® suited as trigger chamber
Rate capability » 1 kHz / cm2, efficiency ³ 90 % 

!"#$%

Double & 
multi-gap 
geometries ® 
improve timing 
& efficiency

comparatively cheap Þ large-area coverage 
operation close to streamer mode (to get sufficient signal)

used by all LHC experiments for triggering on muons !!

No wires !

foam

graphite + insulator

Particle Physics Experiments 2025
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Muon/tracking chambers at LHC

Particle Physics Experiments 2025
Position detectors & Tracking

~ 100 µm

used for muon
chambers @ LHC 
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Micro-pattern gas detectors

Faster and more precision ? ® smaller structures
Micro-Pattern Gas Detectors (MPGD)

  

MWPC (Multi Wire Proportional Chamber)

GEM

ØSpatial 
resolution
ØRate capability

advanced PCB technology
(Printed Circuit Board)

MSGC (Micro Strip Gas Chambers) 
Photolithographic techniques

The “daddy” of 
proportional counters

Particle Physics Experiments 2025
Position detectors & Tracking

A. Oed, NIM. A 263 (1988) 351;    
A. Barr et al., NPB 61 (1988) 264.

MicroMegas

Y. Gioma-
taris et al., 
NIM A 376 
(1996) 29.
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Micro-pattern gas detectors

u Common advantages of 
MPGD family:
n Good efficiency a 99% 

efficiency in GEMs for a 
multiplication of 6500 

n Good spatial resolution  
 a MicroMegas ~10 µm
n Good gain at high rate 
     GEM’s  > MHz/mm2

n Good energy resolution            
and gain stability

n Good time resolution
    even down to ~25 ps for 

MicroMegas (PICOSEC)
n With careful design & 

production also good     
aging rate achievable

Long term aging test for triple GEM
No degradation after 2.7 C/cm2

NIM A 478 (2002) 263

Particle Physics Experiments 2025
Position detectors & Tracking

pdg.lbl.gov
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Micro-pattern gas detectors

u   GEM: Gas Electron Multiplier

field lines in 
GEM detector
microphoto of 
GEM foil
single GEM + 
readout pads

how avoid aging effects due to radiation? reduce 
electric field ® thicker foils or several layers (foils)

Particle Physics Experiments 2025
Position detectors & Tracking

F. Sauli, NIM 
A 386 (1997) 531 

140 − 200 µ!

50 − 120 µ!
50 µ!"#$%C'("
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Multiple GEM-detectors

C. Buttner et al, NIM A 409(1998)79;
S. Bachmann et al, NIM A 443(1999)464

DRIFT 
FOIL

GEM 1

GEM 2

GEM 3

READOUT

DRIFT

TRANSFER 1

TRANSFER 2

INDUCTION

To reduce ageing effects, ion feedback and 
discharge probability, GEM-amplification is 
usually done in stacks of foils                                                 
instead increasing the                                             
thickness of the foils.                                            
This will also increase                                                    
the gain of the detector.
In multiple-GEM                              
detectors the drift is                                                             
set to few mm with                                                     
electric fields ~few                                                     
hundred volts/cm
Distances                                                                    
between foils                                                                           
set to be 2 mm                                                                
& electric field                                                               
between foils                                                             
~ 2-4 kV/cm
To achieve the                                                              
same gain as                                                                        
with single GEM                                                                 
system need                                                                    
over 100V less                                                                  
voltage over                                                                      
the GEM-foils.

Particle Physics Experiments 2025
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TOTEM T2 detector

65(j) x 24(h) = 
1560 pads
pads: Dh x Dj = 
0.06 x 0.015p ® 
2 x 2 mm2 __                

7 x 7 mm2

strips: 256 (width 
/pitch: 80/400 µm) 

• tripple-GEM’s 
(Gas Electron 
Multiplier)  

• resolution: ~ 
80 µm (radial), 
~ 1° (phi) 

readout board

fully equipped 
tripple-GEM

pads

strips

Particle Physics Experiments 2025
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TOTEM T2 detector

One half 
of T2 
telescope 
at IP5 
before 
CMS 
end-cap 
closure  
in 2010 

One T2 quarter assembled & ready 
at CERN for installation in 2009

Particle Physics Experiments 2025
Position detectors & Tracking
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Drift chambers
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Drift chambers

what happens during drift towards the anode wire ?
  
F  diffusion ?
F  drift velocity ?

First studies: T. Bressani, G. Charpak, D. Rahm, C. Zupancic, 1969.
First operational chamber: A.H. Walenta, J. Heintze, B. Schürlein, 
NIM  92 (1971) 373. 

x

measure arrival 
time of electrons 
at sense wire 
relative to time 𝑡.
    

 𝑥 = 𝜈3 𝑡 − 𝑡*
  

𝜈0 = drift velocity

Particle Physics Experiments 2025
Position detectors & Tracking
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Drift and diffusion in gases 

Drift & diffusion in gases 
No external fields: 
Electrons & ions will lose energy due to collisions 
with gas atoms ® thermalization

Undergo multiple collisions, an originally localized 
ensemble of charges will diffuse along with time 𝑡

𝐷: diffusion coefficient
𝑁: number of e--ion pairs
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≈= !"ε

!
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!"
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External electric field:

!"

Ε

“stop & go” traffic due to 
scattering from gas atoms ® 
drift velocity ∝                       
electric field:

𝜏 (𝜈, 𝜖, 𝑁1$%) mean time between collisions,            
ν (𝜖) = velocity (kinetic energy) of electron/ion,                            
𝑁()* = number of gas molecules per unit volume  

Particle Physics Experiments 2025
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𝑑𝑁
𝑁

= ⁄𝑒4 ⁄6" 789 𝑑𝑥 4𝜋𝐷𝑡

𝜎6 𝑡 = 2𝐷𝑡 or
𝐷 = ⁄𝜎6:(𝑡) 2𝑡

𝜈' = 𝜇𝐸

𝜇 = ⁄𝑒𝜏 𝑚
(mobility)

gaussian 
spread
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Drift and diffusion in gases 

Electron Swarm Drift

Electric  Field

Ds, Dt
s

Drift

Single electron Several electrons Many electrons

sLAnode Wire

Uncertainty on first electron:

𝑁 =100  Þ 𝜎/ ≈ 0.4 𝜎2

F. Sauli, Gas filled Detectors, IEEE 2002 Detection threshold
𝜈:  instantaneous velocity

𝑁#$%:  # of molecules/unit volume
𝜎:  collision cross section
𝜆:  average mean free path

typical electron drift 
velocity: few cm/µs
 

ion drift velocities: »
1000 times smaller

𝜎 depends strongly on       
electron energy 𝜖 due 
to interference effects 
with molecules 
(“Ramsauer”)

typical settings

Particle Physics Experiments 2025
Position detectors & Tracking

𝜏 =
1

𝑁;'(𝜎(𝜖)𝜈
=
𝜆
𝑣

𝜎&: position uncertainty first 𝑒'
𝜎(: uncertainty on drift length

𝜎/ ≈ ⁄𝜎2 8 𝜋 2 3𝑙𝑛𝑁
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Drift tubes 

Particle Physics Experiments 2025
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Drift and diffusion in gases 

In presence of electric & magnetic fields,

drift & diffusion are driven by 𝐸×𝐵 effects

!

"

#$

B&

αD

tan 𝛼< = 𝜔𝜏
𝛼<: Lorentz angle

𝜔 = ⁄𝑒𝐵 𝑚 :
cyclotron frequency

cyclotron frequency

!"#
!! !!

Special case:

longitudinal diffusion (along 
B-field) unchanged. In 
transverse projection 
electrons forced on circle 
segments with radius ⁄𝜈! 𝜔 
transverse diffusion 
coefficient appears reduced
		

𝐷2 𝐵 = ⁄𝐷-= > (1 + 𝜔:𝜏:)
   

very useful … see TPC’s ! 

Transverse diffusion (µm) for a 15 
cm drift in different Ar/CH4 mixtures

(A. Clark et al., 
PEP-4 proposal, 1976)

Look at 2 special cases:

Special case:

Particle Physics Experiments 2025
Position detectors & Tracking

𝐸 ∥ 𝐵

𝐸 ⊥ 𝐵

= 2 T
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Drift Chambers

Time Projection Chamber (TPC) ® full 3-D tracking
u xy from end plate gaseous detector (MWPC, GEM..)
u z from drift time
u in addition:                                                                        

dE/dx information
PEP-4 TPC

transverse diffusion 
significantly 
reduced by B-field.

requires precise 
knowledge of 𝜈3 ® 
LASER calibration + 
correction for gas p & T
drift over long distances ® good gas quality required 
& not able to handle high rates (drift times µs - ms)
space charge problem from positive ions, drifting back 
to midwall ® gating

Gate open Gate closed 
DVg = 150 V

ALEPH TPC
(ALEPH coll., NIM A 294   

(1990) 121,W. Atwood et. Al, 
NIM A 306 (1991) 446)

Ø = 3.6 m, L = 4.4 m
sRf = 173 µm
sz = 740 µm
(isolated leptons)

gate
anode plane

drift region

cathode pads
Particle Physics Experiments 2025
Position detectors & Tracking
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MPGD TPC

Because of MWPC limitations (rate, resolution…), 
new generation of TPC’s use GEM's or Micromegas 
This can enable continuous readout TPC and 
increase the granularity of the whole system

ALICE GEM TPC @ LHC

Particle Physics Experiments 2025
Position detectors & Tracking



ALICE GEM TPC
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UH & 
HIP

VI/39

for quality assurance of GEMs



ALICE GEM TPC

Particle Physics Experiments 2025
Position detectors & Tracking Kenneth Österberg

Installation of 
new GEM TPC 
into ALICE in 
August 2020

Preparation of  
new GEM TPC 
installation 

VI/40

for quality assurance of GEMs



FAIR/Super-FRS GEM TPC
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UH & 
HIP

FAIR (Facility for Antiproton and Ion Research) under 
construction @ GSI in Darmstadt, Germany. One of five 
scientific projects: NUSTAR studying radioactive ion 
beams with Super-FRS (fragment separator) beam line



FAIR/Super-FRS GEM TPC

Particle Physics Experiments 2025
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Silicon detectors

Silicon detectors                         
Solid state detectors have a                       
long tradition in measurement

of energy (Si, Ge, Ge(Li)).

Interested in their use

as precision trackers !

G band gap energy: Egap = 1.12 eV.
G Ecreation(electron-hole pair) = 3.6 eV (~ 30 eV in gas) 
® large number of charge carriers per unit energy 
loss ® good energy resolution

G high specific density (r = 2.33 g/cm3) ® compact
G high mobility: µelectron

 = ~1400 cm2/Vs, µholes = ~ 450 
cm2/Vs (depends somewhat on doping concentration 
and temperature) ® fast charge collection (< 30 ns)

G detector production by microelectronic techniques    
® small dimensions ® high spatial resolution

G rigidity of silicon allows thin self supporting  
structures. typical thickness 250-300 µm ®                                
~ 24 000 - 32 000 e--hole pairs (average)

H But no charge multiplication mechanism!!

Some characteristic numbers for silicon

Si sensor

ATLAS
SCT

Particle Physics Experiments 2025
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Semiconductor

How to obtain a signal ?

Most detectors make use of reverse biased p-n junctions

E•f

E

valence band

conduction band

h

e

In a pure intrinsic 
(undoped) material 
electron density n   
& hole density p 
equal. n = p = ni

Silicon: ni » 1.45×1010 cm-3

!""#µ$

%#&$

%#&$

This volume
has 4.35 ×108 free charge 
carriers, but only 3.2 ×104  e-
hole pairs produced by a MIP. 

® Reduce number of free charge carriers, 
 i.e. first dope & then deplete the detector

For semiconductors n · p = ni2 = constant

Semiconductor: valence band (nearly) filled & 
conduction (conductance) band (nearly) empty

Electron Configuration for Si:
  
K   2
L   8
M   4 + 4 by bonding ® 8 group
                                    

Particle Physics Experiments 2025
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𝒏𝒊 ∝ 𝑇,/"𝑒. ⁄0!"# "1$2
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Doping & pn junction

!"

!

#$

B$
C

n-type: Add elements from 
Vth group, donors,  e.g. P, 
As. Free electrons Þ 
electrons majority carriers.  

!"

!

#$

B$

C

p-type: Add elements 
from IIIrd group, acceptors, 
e.g. B, Ga. Free holes Þ 
holes majority carriers. 

p n pn junction (= diode)
(without bias)

D. A. Fraser, the physics 
of semiconductor devices 

diffusion of e- into p- 
zone, holes into n-zone
® potential difference   
stopping diffusion ®   
thin depletion layer 

no free charge carriers
in depletion zone

peak electric field at   
boundary between 

p- & n-zone

Particle Physics Experiments 2025
Position detectors & Tracking
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Reverse bias & full depletion

reverse bias voltage applied (~ 100V) ® thin depletion 
zone extended over full junction ® fully depleted detector. 
energy deposited in depletion layer, due to e.g. charged 
particles, creates free e--hole pairs. In field, e-’s drift to-
wards n-side, holes towards p-side ® detectable current

forward bias

p doped n doped

reverse bias

unbiased

capacitance:

 

depletion layer
thickness:

electric field:

A : diode area
r : resistivity
µ : mobility
𝜀 : permittivity
Vbias: bias voltage

!"#$

!"#$

%

%

!
"#
!$%

µρε

ε

=

≈

!"
#A% ε

=!"

doping 
concentration

detector grade
1012 cm-3 (n) - 
1015 cm-3 (p+)

electronics grade

1017(18) cm-3

resistivity ~ 4 kW·cm ~ 1 W·cm

!"#!" #
$%&' !"
"
#!$
%

−=

Particle Physics Experiments 2025
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Silicon detectors

Spatial information by segmenting p doped layer ® 
single sided microstrip detector. schematically !

250-300 µm

SiO2 
passivation

readout capacitancesd = 50-150 µm

(A. Peisert, Instrumentation in High
 Energy Physics, World Scientific)

ALICE: single sided
micro strip prototype

spatial resolution 
with digital readout:  

!"
!

" ≈σ

spatial resolution 
improves with 
analog readout  
by up to a factor 2  

defines end of depletion 
zone + good ohmic contact

Particle Physics Experiments 2025
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Second coordinate: Double sided strip detectors

CMS Tracker

also ALD

ALD = atomic
layer deposition
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Silicon detectors

u Hybrid Active Pixel Sensors (HAPS) 
n segment silicon to diode matrix
n also readout electronic with same geometry
n connection by bump bonding techniques

n First experiment WA94 (1991), WA97 (“Omega”)
n HAPS detectors extensively used at LHC (ATLAS, 

ALICE & CMS) due their good ability to do tracking 
in high multiplicity environment with a high precision.

Flip-chip assembly: 
pixel detector bump-bonded to readout electronics 

Second coordinate: square segmentation ®

RD 19, E. Heijne et al., 
NIM A 384 (1994) 399

Particle Physics Experiments 2025
Position detectors & Tracking
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Silicon detector characteristics

Particle Physics Experiments 2025
Position detectors & Tracking

8 𝐴

A = surface area
of pn-junction

current density 
𝐽 vs current 𝐼:     
𝐼 = 𝐽 8 𝐴
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Silicon detector characteristics

tg = charge 
carrier gene- 
ration life    
time (~10-3 s)

Þ Ge 
detectors 
must be 
cooled !!

temperature. 7 K decrease in T halves 
current. Lower T ⇒ increase generation 
life time tg Þ Si detector cooled !!

good I-V curve

bad I-V curve

D
(current 
per area)

Particle Physics Experiments 2025
Position detectors & Tracking

tg ∝ 𝑇.!.4 𝑒5 ⁄67 12 *

Δt = energy difference between 
trap and intrinsic Fermi levels 

* see e.g. A. Chilingarov, JINST 8 (2013) P10003
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Silicon detector trends: monolithic pixels 

Particle Physics Experiments 2025
Position detectors & Tracking

Most promising technology: MAPS
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Silicon detector trends: monolithic pixels 

Particle Physics Experiments 2025
Position detectors & Tracking

installed 2021 for LHC Run 3 

(not fast enough for CMS & ATLAS)
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Silicon trackers

DELPHI 
1990

DELPHI 
1994

DELPHI 
1996

CDF 
2001

CMS 2009

5.90 m ,  |h| < 2.5

1.1
65

 m

0.24 m

0.22 m

Particle Physics Experiments 2025
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1 m

pixels & 
µstrips

pixels & 
µstrips
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Purpose of silicon trackers

Silicon trackers

CMS high pileup event with 78 reconstructed vertices
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Distinguish short-lived particle

Motivation: distinguish decay products of b hadrons or 𝜏
leptons (flying few 100 𝜇m to few cm before decay) from parti-
cles coming from initial collision point (= ”primary vertex”).

two methods: a) signed impact parameter (= distance of 
closed approach from particle trajectory to primary vertex) 

negative part of 
distribution used for 
obtaining resolution (no 
lifetime effect expected): 

usually use impact
parameter significance

impact parameter
resolution:

primary vertex contr. depends on beam size: mostly small

lifetime 
part

!"#$%"&'(")'*+, ⋅= δσδ!

!
"#$%&$'(%)*

!
+,-&&*./&"

!
$'&%-(0/

! σσσσδ ++=

Particle Physics Experiments 2025
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Distinguish short-lived particle

!""#
!
!

!
"#$%&'()* +=σσ

primary 
vertex

extrapolation error    
to primary vertex 
optimised by having
1. first measurement 
as close as possible, 
2. lever arm d large
3. spatial resolution
ss as good as possible

!"#$%&'&(
)*+ ,

-'./&')&0.11
2.-&'*.1)3.--241-5"6

)3.--241-
)3.--241-7 !"

#
Σ∝= α

θ
α

σ

(multiple scattering µ 1 / pT = 1 / p sinq & Ö x length of 
traversed material; for a barrel geometry µ Ö x / sinq ) 

_
_____

Particle Physics Experiments 2025
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b) Decay length = cbgt as distance between primary
and a separately reconstructed ”secondary vertex”
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Tracker material

LHC silicon trackers (Run 1 & 2)

2014 new  
innnermost pixel layer: +12 x 106 channels

2017 new pixel detector: 
1856 modules, 124 x 106 channels
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Radiation Damage in Silicon Sensors

Radiation damage in silicon sensors

A major issue for 
LHC detectors !

! "! #! $! %! C! '!
()*+,-

"!"#

"!"$

"!"%

"!"C

./.01) 2P

42R.S/4T) 2P

89/4T) 2P

)/.:2S)+:0S;2<:0<S/4T) 2P
=[?)])A0SS21=[?)])A0SS21

B9C21B9C21

$C"!"%+,]#$C"!"%+,]#

=[?)])A0SS21=[?)])A0SS21

B9C21B9C21

!"#!A%&%D(()*%+)I)-I.*

Some definitions
� fluence: 
F = dN/dA [cm-2]
� dose: 
D = dE/dm [Gy = J/kg]
Specification of absorbed 
dose / fluence not sufficient.    
Damage depends both on 
particle type (e,p,n,p,g...) & 
energy !  Many effects & 
parameters involved            
(not all well understood)!
 Damage caused mainly by
non ionising energy loss

Particle Physics Experiments 2025
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Crystallographic defects:
Bulk effects: Lattice damage, 
vacancies & interstitials.
  

Surface effects: Charge          
build-up, increased surface 
leakage currents (controllable 
by careful fabrication & design  
e.g. multiple guard rings). 
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NIEL hypothesis (a good enough approximation!): damage 
∝ energy deposition in collisions which displaces atoms

!"#!" !"#$ !"#% !"#& !"#' !"#( !"#) !"#* !"#+ !"#! !"" !"! !"+ !"* !")
,-./M1234353.6748V3:;
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!"#*
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!""
!"!
!"+
!"*
!")
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!"" !"! !"+ !"* !")
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"?'
"?%
!

+

)

53</.=5[53</.=5[

,M=5[,M=5[

,.=/=5[,.=/=5[

!"#$%&
!&

"#$%'
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!

!
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Main radiation induced macroscopic changes:
1. Sensor leakage current increase (∝ junction volume)

!"!! !"!# !"!$ !"!% !"!C

'EF*+I-#K
!"-/

!"-C

!"-%

!"-$

!"-#

!"-!
0-12P'F45F-F6F17F#CF8 +I0-12P'F45F-F6F17F#CF8 +I
0-12P'F45F-F6F8 +I0-12P'F45F-F6F8 +I
0-12P'F45F-F%F8 +I0-12P'F45F-F%F8 +I
0-12P'F45F-F$F8 +I0-12P'F45F-F$F8 +I

0-12P'F45F-F69"F +I0-12P'F45F-F69"F +I
0-12P'F45F-F%!"F +I0-12P'F45F-F%!"F +I
0-12P'F45F-F!$"F +I0-12P'F45F-F!$"F +I
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Radiation Damage in Silicon Sensors

D
(E

) /
 D

(E
n=

1M
eV

)
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⁄Δ𝐼 𝑉 ≈ 𝛼Φ!" 
𝛼 »  4 × 10-17 A/cm 

shows
strong
tempe-
rature
depen-
dence
(without
even
consi-
dering
radiation
damage)

Relative  
damage
 (normal-
ized to    

damage 
caused    

by 1 MeV 
neutrons)
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2. Depletion voltage change & type inversion. Tricky.

!"#! !"" !"! !"$ !"%

&D(()(!"!$(*+#$(,

!

-
!"
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!""
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!"""

-"""

!"#!

!""

!"!

!"$

!"%

(.""(/(.""(/

!"!0*+#$!"!0*+#$

12(#(342&112(#(342&1

342&(R67&8VRW6342&(R67&8VRW6

6(#(342&6(#(342&

);<3<(=8W+([?(]A6V 3W8=(B$,

“Donor 
removal”

“Acceptor
creation”

Radiation Damage in Silicon Sensors

p+

n+

+ -
+ --

+ -

++ -

+ -n

Φ−≈ Φ− βδ!""!## !

Neff: space-charge concentration 
d » 6 × 10-14 cm2 (donor removal)
b » 0.03 cm-1 (acceptor creation)

Udep µ |Neff|

Charge trapping in defects 
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3. Charge collection efficiency decrease (& in case of 
underdepletion get larger charge spread ® worse

resolution)
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Radiation Damage in Silicon Sensors

� Defect engineering. 
 Introduce specific impurities in silicon, to influence defect 
formation. Example Oxygen

   Diffusion Float Zone Oxygenated (DOFZ) silicon       
generally used in LHC detectors. Gain a factor 3.
Development still going on with e.g. Czochralski silicon

that naturally contain more oxygen. 
� New detector concepts
 3D detectors ® “horizontal” biasing. Lower depletion volt-
age, faster charge collection & better radiation hardness 

RD50    http://rd50.web.cern.ch/RD50/     

How to cope with the radiation damage ?
Possible strategies (utilized by LHC collaborations):
�  Geometrical: build sensors such that they stand     
high depletion voltage (up to 1000 V)
�  Environmental: sensors at low temperature (-20ºC). 
®  Slower reverse annealing. Lower leakage current. 

Particle Physics Experiments 2025
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standard geometry 3D geometry

ATLAS & CMS use 3D detectors for their pixel detectors



Radiation Damage & TOF Detectors

More advanced methods (cont.) RD42
http://cern.ch/rd42

comparable 
resolutions   
& S/N ratios 
with silicon…
but become 
polarized @ 
large particle 

� New materials
 Diamond. Grown by Chemical Vapor Deposition. Bandgap 
large (~6 eV). No doping required! Naturally radiation hard     
ATLAS & CMS use diamond detectors as luminosity monitors

S/N-ratio vs 
irradiation for 
diamond & 3D 
pixel detector 

with same 
electronics 

Latest development: use solid state detectors also
for time-of-flight (TOF) (”4D-vertexing”) due to their
compactness, reliability & variable segmentation
Timing resolution
proportional to 
capacitance (low
capacitance ®
diamond) & inversely
proportional to signal-to-
noise ratio (high signal-
to-noise ratio ® low
gain avalanche silicon 
detectors, LGADs)

LGAD (gain ~ 5-20) achieved by
adding extra highly doped layer

Particle Physics Experiments 2025
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fluxes


