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V A look at the history of instrumentation in particle physics 

Ą complementary view on the history of particle physics, which is 

traditionally told from a theoretical point of view

V The importance and recognition of inventions in the field of 

instrumentation is proven by the fact that 

Ą several Nobel Prices in physics were awarded mainly or exclusively 

for the development of detection technologies

Nobel Prizes in instrumentation (ñtracking conceptsò):

× 1927: C.T.R. Wilson, Cloud Chamber

× 1960: Donald Glaser, Bubble Chamber

× 1992: Georges Charpak, Multi-Wire Proportional Chamber

The History of Instrumentation is VERY Entertaining



1932 C.D. Anderson :

V Particle with positive curvature

and minimum ionisation 

(droplets size)

V Track length is at least 10 times 

greater than the possible length 

of a proton path of this curvature

V Energy loss in a 6 mm of Pb: 

compatible with that of electron

Hypothesis (discovery !) :

Å particle with mass ~me

and charge +1, the positron

Å First anti-particle

Cloud chamber
+ magnetic fieldB

Discovery of the positron by Cloud Chamber 
(1932 by Carl Anderson, Noble Prize 1936)

Positron loses
energy in lead:
narrower curvature

23 MeV at exit

lead plate 

upward going 
positron of 63 MeV 

Cloud Chamber: Discovery of Positron from Cosmic Rays



Bubble Chamber: Neutral Currents Discovery

Invented 1952 by Donald Glaser, Noble Prize 1960

(4.8 x 1.85 m2) chamber with liquid (H2) at boiling point (ñsuperheatedò)
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Similar principle as cloud chamber:

V Instead of supersaturated gas with a vapor, one would 

use liquid (e.g. H2) at boiling point (ñsuperheatedò)

V Charged particles leave trails of ions along its path 

Ą formation of small gas bubbles around ions

was used for discovery of the ñneutral currentò 
(1973 by Gargamelle Collaboration, no Noble Prize) 



Detecting particles was a

mainly a manual, tedious and

labour intensive job ïunsuited

for rare particle decays

1968: George Charpak developed

the MultiWire Proportional

Chamber, which revolutionized 

particle detection and 

High Energy Physics -

which passed from the manual 

to the electronic era.

Electronic particle track 

detection is now standard 

in all particle detectors

1968: MWPC ïRevolutionising the Way Particle Physics is Done

1992:



Cloud Chambers, Nuclear Emulsions + Geiger-Müller tubes 

Ą dominated until the early 1950s: Cloud Chambers now very popular in    

public exhibitions related to particle physics  

Bubble Chambers had their peak time between 1960 and 1985

Ą last big bubble chamber was BEBC at CERN

Since  1970s: Wire Chambers (MWPCs and drift chambers) started  to 

dominate; recently being replaced by Micro-Pattern Gas Detectors (MPGD)

Since late 1980s: Solid state detectors 

are in common use

Ą started as small sized vertex detectors

(at LEP and SLC) 

Ą now ~200 m2 Si-surface in CMS tracker

Most recent trend: silicon strips &

hybrid detectors, 3D-sensors, CMOS 

Monolithic Active Pixel Sensors 

(MAPS) 

ñClassic Detectorsò: Some History and Trends



State-of-the-Art in Tracking and Vertex Detectors
Todayôs3 major technologies of Tracking Detectors:

Silicon (strips, pixels, 3D, CMOS, monolithic):

Ą electron ïhole pairs in solid state material

Gaseous (MWPC, TPC, RPC, MPGDs):

Ą ionization in gas

Fiber Trackers: Ą scintillation light detected with 

photon detectors (sensitive to single electrons)

LHCb Tracker Upgrade (Sci-fibers with SiPM readout):

M. Titov, JINST15 C10023 (2020)
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Particle Interactions with Matter

ñClassicò Detectors (historical 

touch...)

Advancing Concepts Tracking 

Detectors: Silicon / Pixel 

Detectors (G. Calderini lectures)

Advancing Concepts Tracking 

Detectors: Gaseous Detectors

Advanced Concepts in Particle 

Identification (PID) & Photon 

Detectors

Advancing Concepts in 

Picosecond-

Timing Detectors

Advanced Concepts in 

Calorimetry   

Advanced Concepts in TDAQ, 

Computing 



Gaseous Detectors:  A Brief History



V a charged particle passing 

through the gas ionizes a few 

gas molecules;

V the electric field in the gas 

volume transports the 

ionisation electrons and 

provokes multiplication;

V the movement of electrons 

and ions leads to induced

currents in electrodes;

V the signals are processed and 

recorded.

Gaseous Detectors: Working Principle

Example:

Å 10 GeV muon crossing

Å Gas mixture: Ar/CO2 (80:20) %

Å Electron are shown every 100 collisions,

but have been tracked rigorously.

Å Ions are not shown.

At the 100 ɛmï1 mm scale:



V Effectively quite light in terms of gm/cm2, requirement for reducing multiple 

scattering in particle physics

V Few other technologies can easily realize detectors with as large a sensitive 

area as gas-filled devices

V Gas-filled detectors are relatively cheap in terms of $ per unit area/volume

V There are optimized gas mixtures for charged particles detection (high 

energy and nuclear physics), X-rays (synchrotron physics, astronomy) 

and neutrons (neutron scattering, national security)

V Electron transport characteristics are favorable and well characterized

V Gas gain, M (electron multiplication factor), can be achieved, over many 

orders of magnitude (large dynamic range)

V Ionization collection or fluorescence emission can form the signal

Gas Detectors: Why Use Gas as a Medium for Ionization ?



V Ionization statistics in gas

VCharge transport in gas

a) Diffusion

b) Electron and ion mobility

c) Drift velocity

VLoss of Electrons /

Attachment

VCharge multiplication / 

Gas Amplification

Efficient Gaseous Detector development (energy deposit, electric fields, drift velocity

& diffusion, attachment and amplification) is today possible 

with existing precise and reliable simulation tools

Gaseous Detectors: Signal Generation



The actual number of primary electron/ion pairs  

(np) is Poisson distributed:

Detection efficiency of a perfect detector is limited to:

e=1- e
-

thickness e (%)

Argon

GAS (STP)

1 mm 91.8

2 mm 99.3

Helium 1 mm 45

2 mm 70

Number of primary

electron/ion pairs in

frequently used gases:

np

ĄÍÖÙɯÛÏÐÕɯȹ+ȺɯÓÈàÌÙÚɯϘcan be significantly lower than 1

TOTAL IONIZATION: 

ü Primary electron-ion pairs

Ą Coulomb interactions of charged    

particles with molecules

Ą typically ~ 30 primary ionization

clusters /cm in gas at 1 bar

ü Secondary ionization: clusters 

and delta-electrons Ą on average 

90 electrons/cm in gas at 1 bar

Primary

ionization

TOTAL 

ionization

= primary +

secondary

ionization

d-electrons 

(deposits 

are not 

always 

ñlumps)

Gaseous Detectors: Ionization Statistics (I)



Ar/CO2 (70/30):

F. Sauli, M. Titov, 

Review of Particle Physics,

Particle Data Group (2024)

NT ~ 100 e-ion pairs during ionization process (typical number for 1 cm of gas) is not 

easy to detect Ą typical noise of modern pixel ASICs is ~ 100e- (ENC) 

Need to increase number of e-ion pairs Ąé Lé how ??? Ą GAS AMPLIFICATION

Ionization Statistics: Table for Most Common Gases



CHARGE TRANSPORT DETERMINED BY ELECTRON-MOLECULE CROSS SECTION:

Lxcat:

http://www.lxcat.laplace.univ-tlse.fr/]

Magboltz:

S. Biagi, Nucl. Instr. and Meth.  A421 (1999) 234

http://magboltz.web.cern.ch/magboltz/

Transport of Electrons in Gases: Drift Velocity



Large drift velocities are achieved by 

adding polyatomic gases (usually 

hydrocarbons, CO2, CF4) having large 

inelastic component at moderate 

energies of a few eV Ą electron 

òcoolingò into the energy range of the 

Ramsauer-Townsend minimum (at 

Ḑ0.5 eV) of the elastic cross-section.

Large range of drift velocities in gases: 

1 .... 10 cm/µs; typical categories:

V ñslowò gases, e.g. Ar/CO2 mixtures 

1-2 cm/µs, almost linear 

dependence on E-field

V ñfastò gases, e.g. Ar/CF4 mixtures 

~10-15 cm/µs

V ñsaturatedò gases, e.g. Ar/CH4; -
e.g. Ar/CH4 (90/10) ïdrift velocity 
less sensitive to E-field variations and 
nearly constant (useful for drift 
chamber operation)

Even  small addition 

of CO2 to Ar makes  

gas dramatically 

fster

Additives like CO2 & 

hydrocarbons are 

called ñquenchersò 

or ñadmixturesò

Transport of Electrons in Gases: Drift Velocity



Slight problem in gas avalance

Ą Argon atoms can be ionized but also can be brought into excited states

Ą Exited Argon atoms can only de-exite by emission of high-UV photons

ELASTIC

IONIZATION

SUM OF EXCITATION

consequence: UV photons
(>11.6 eV) hit surface
of metals (cathode)

and free new electrons,
ionization energy of Cu = 7.7 eV

Ar *

11.6 eV

Cu

e-

cathode

VERY unstable
operation

ELASTIC

IONIZATION

excitation levels

vibrational levels

Solution

Ą Add gases with many vibrational and 

rotational energy levels: CO2, CH4

Ą Absorption of UV photons over a wide energy 

range; dissipation by collisions or dissociation 

into smaller molecules (see aging effects)

Argon

CO2

Selection of Gas Mixture: Quenching of Photons



Single Wire Proportional Counter: Avalanche Development

Thin anode wire (20 ï50 um) 

coaxial with cathode

Electric field:

 

E(r)=
CV0

2pe0

1

r

 

C=
2pe0

ln b a( )

Avalanche development in the high electric field 

around a thin wire (multiplication region ~< 50 um):

GEORGES CHARPAK, Nobel Lecture, 
December 8, 1992

ü Strong increase of E-field close to the wire

Ą electron gains more and more energy

ü Above some threshold (>10 kV/cm)

Ą electron energy high enough to ionize other 

gas molecules 
Ą newly created electrons also start ionizing

ü Avalanche effect: exponential 
increase of electrons (and ions)

ü Measurable signal on wire 

Ą organic substances responsible for   
ñquenchingò (stopping) the discharge

Different stages in the gas amplification process 

next to the anode wire.



 

dQ=
Q

V0

dV=
Q

V0

dV

dr
drIncremental charge induced by Q moving through dV:

Assuming that the total charge of the avalanche Q is produced at a (small) distance l from the 

anode, the electron and ion contributions to the induced charge are:
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The total induced signal is
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The ratio of electron and ion contributions:

 

q-

q
+
=

ln(a+l)-ln a

lnb-ln(a+l)

For a counter with a=10µm, b=10 m:  q-/q+ ~1% The electron-induced signal is negligible

Neglecting electrons, and assuming all ions leave from 

the wire surface:
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i(t )=-
QC

2pe0

1

t0+t

Total ions drift time:

 

T
+
=
pe0(b2-a2)

m+CV0

q(T
+
)=-Q

Wire Proportional Counter: Signal Development



Operation Modes of Gas Detector: Gain-Voltage Characteristics

V Ionization mode (II):
Ą full charge collection, but no 

multiplication ïgain = 1

V Proportional mode (IIIA):

Ą Multiplication of ionization starts; detected

signal proportional to original ionizationĄ

possible energy measurement (dE/dx)

Ą proportional region (gain ~ 103ï104)

Ą semi-proportional region (gain ~ 104ï105), 

space charge effects

Ą secondary avalanches need quenching

V Limited proportional mode (saturated, 

streamer) (IIIB):

Ą saturation (gain > 106), independent of   

number of primary electrons

Ą streamer (gain > 107), avalanche along the

particle track

V Geiger mode (IV):
Ą Limited Geiger region: avalanche 

propogated by UV photons;

Ą Geiger region (gain > 109), avalanche along

the entire wire



High-rate MWPC with digital readout:

Spatial resolution is limited to sx ~ s/sqrt(12) ~ 300 mm

TWO-DIMENSIONAL MWPC READOUT CATHODE 

INDUCED CHARGE (Charpak and Sauli, 1973)

Spatial resolution determined by: Signal / Noise Ratio

Typical (i.e. óvery goodô) values: S ~ 20000 e: noise ~ 1000e

Space resolution < 100 mm

Simple idea to multiply SWPC cell Ą First electronic device allowing high statistics experiments !!

Multi-Wire Proportional Chamber (MWPC)



MWPC: First Presentation and First Large Experiment

First presentation:

VERSAILLES, 

10-13 September 1968 

First Large Experiiment:

1972-1983:

SPLIT FIELD MAGNET 

DETECTOR: ~ 40 LARGE 

AREA MWPCs @ CERN ISR



Resolution of MWPCs limited by wire spacing

better resolution Ą shorter wire spacing Ą more (and more) wires...

V Small wire displacements reduce field quality

V Need high mechanical precision both for 

geometry and wire tension ...  (electrostatic 

and gravitation, wire sag é)

Multi-Wire Proportional Chamber (MWPC): Wire Displacements

V Several simplifying assumptions are made in 

analytical calculations: electrostatic force acting 

on the wire does not change during wire 

movements, or varies linearly with the 

displacement, the wire shape is parabolic; only 

one wire moves at a time.

V The advantage of numerical integrations using 

Garfield++ program is to simulate the collective 

movement of all wires, which are difficult 

analytically, and to consider all forces acting on a 

wire: forces between anode wire and other 

electrodes (wires, cathode) & gravitational force



THE ELECTRONS DRIFT TIME PROVIDES THE DISTANCE OF THE TRACK FROM THE ANODE:

FIELD

ANODE

The spatial resolution is not limited to the cell size :

FIRST DRIFT CHAMBER OPERATION (H. WALENTA ~ 1971); 

HIGH ACCURACY DRIFT CHAMBERS (Charpak-Breskin-Sauli ~ 1973-75)

Choose drift gases with little dependence vD(E)­ linear space - time relation r(t)

Drift Chambers

Typical single point resolutions of drift chambers: 

50...150 µm depends on length of the drift path

V primary ionization statistics: how many ion 

pairs, ionization fluctuations dominates close to 

the wire

V diffusion of electrons in gas: dominates for large 

drift length

V electronics: noise, shaping characteristics 

constant contribution (drift length independent) 



UA1 used the largest wire / drift chamber of its 

day (5.8 m long, 2.3 m in diameter)

It can be seen in the CERN Microcosm Exhibition

Z Ą ee (white tracks) at UA1/CERN

Discovery of W and Z bosons

C. Rubbia & S. Van der Meer, 

1983/1984: Discovery of W and Z Bosons at UA1/UA2

1984:


