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A theory:

Clear and easy 

understandable 

drawings

and a cafeteria

and a tunnel for the 

accelerator and 

magnets and stuff

To make a collider experiment, one needs:



We will just concentrate on 

Gaseous Detectors

and a

Nobel 

prize

Physicists to operate detector/analyze data

Easy 

access 

to the 

experiment



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



Gas-Based Detectors:  A Brief History



1908: FIRST WIRE COUNTER USED BY RUTHERFORD 

IN THE STUDY OF NATURAL RADIOACTIVITY

E. Rutherford and H. Geiger , Proc. 

Royal Soc. A81 (1908) 141

1928: GEIGER COUNTER 

SINGLE ELECTRON SENSITIVITY

H. Geiger and W. Müller, 

Phys. Zeits. 29 (1928) 

839

1968: MULTIWIRE PROPORTIONAL 

CHAMBER

G. Charpak, Proc. Int. Symp. Nuclear 

Electronics (Versailles 10-13 Sept 1968)

Nobel Prize in 

Chemistry in 1908

Walther Bothe

Nobel Prize in 

Physics 1954 for 

the ñcoincidence 

methodò

Hans Geiger

Ernst Rutherford

Nobel Prize in Physics 1992

George 

Charpak

Fabio Sauli

Jean-

Calude

Santiard

Family of Gaseous Detectors with a Glorious Tradition 



Before MWPC: 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,

(MWPC), which revolutionized 

particle detection & HEP, 

and marked transition

from Manual to Electronics era

1968: MWPC ïRevolutionising the Way Particle Physics is Done

1992:

ñImageò & ñLogic (electronics)ò 

tradition combined into the 

ñElectronics Imageò detectors 

during the 1970ies

G. Charpak, F. Sauli and J.C. Santiard



Biospace: Company Founded In 1989 by Georges Charpak

~ 2000: LOW-DOSE

3D IMAGING

COMMERCIAL AUTORADIOGRAPHY 

SYSTEMS WITH GASEOUS DETECTORS

http://www.biospacelab.com:

Our digital autoradiography system leverages 

the gas detection technology invented by our 

founder Georges Charpak:

Nobel Prize in Physics in 1992.

Multi-Wire Proportional Chambers ïParticle Physics Spin-Off



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:



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)



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

Ą for thin ȹ+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):

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



2a/22

E=0:  thermal diffusion 

E>0:  charge transport and diffusion

Electric Field

Electron 

swarm 

drift

Drift velocity

Diffusion 
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An initially point like cloud of electrons will ódiffuseô because of multiple collisions and assume a 

Gaussian shape. The diffusion depends on the average energy of the electrons. The variance ů2 of the 

distribution grows linearly with time. In case of  an applied electric field it grows linearly with the distance.

Ds, Dt
s

x

Solution of the diffusion equation (l=drift distance)

óColdô gases are close to the thermodynamic limit 

i.e. gases where the average microscopic energy 

e=1/2mu2 is close to the thermal energy  3/2kT.

CH4 has very large fractional energy loss 

Ą low eĄ low diffusion.

Argon has small fractional energy loss/collision Ą

large eĄ large diffusion.

DS, Dt

Transport of Electrons in Gases: Diffusion



Transverse diffusion sT

V CO2 is much cooler gas than CH4 at

low electric fields Ą allows to  

optimize separately diffusion 

properties in the drift and 

multiplication regions (but, CH4 is 

much better quencher than CO2)

V CF4 has the largest drift velocity

V & lowest electron diffusion among 

known gases due to the sizeable 

Ramsauer-Townsend dip in the 

elastic cross-section which coincides 

with a very large vibrational modes 

(but, CF4 has a small quenching 

cross-section of excited Ar states 

and emits light from the far UV to the 

visible light)

Electric field alters the diffusion so 

that it is necessary to introduce two

diffusion coefficients:

longitudinal diffusion (sL) and 

transverse diffusion (sT)

Transport of Electrons in Gases: Diffusion


