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STAR TPC: Gold on Gold collision at 100+100 GeV
ALEPH at LEP

Gas ionization detectors  are among the principal instruments used for triggering, 
tracking, momentum measurements, vertex measurements, and particle 

identification. Also used for calorimetry, , dosimetry ….
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Gas Ionization Detectors
General types of gas ionization detectors:

• Ionization chambers (no gain)
• Avalanche chambers (gain)

• Wires
• Parallel plates
• Gas electron multipliers (GEM)
• Micro‐megas

Avalanche chamber configurations:
• Geiger tubes
• Streamer chambers
• Drift chambers
• Multi‐wire proportional chambers

(MWPC) 
• Time projection chambers
• Time expansion chambers
• …

Other gas‐based detectors:
• Cerenkov 
• Transition radiation
• Scintillation
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Outline

1.Ionization, energy loss, drift, and diffusion
2.Ionization chambers
3.Proportional and avalanche chambers 
4.Drift chambers
5.Microstructure avalanche chambers
6.Summary
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1. Ionization, energy loss, drift, and 
diffusion
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SEE: The Review of particle Physics,
Journal of Physics G33,1 (2006)
http://pdg.lbl.gov/
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Z/A dependence

Ionization Energy Loss  ‐ source of primary ionization

Stopping Power 
(dE/dx) vs βγ
(Momentum)
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PDG

Muon Stopping 
Power (dE/dx) vs 
Momentum
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Rays
Energetic electrons (>few keV) produced in collisions are the source of secondary ionization and clusters.

Z,A= atomic numbers of molecules
z= charge of particle
x= thickness of gas (gm/cm2)
me=electron mass
β=v/c = incident particle velocity/c
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Other considerations: Multiple Coulomb scattering.

n n

Production of primary e/ion pairs has a Poisson distribution: 
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Ionization Statistics :
Ionization Energy              E
Average Energy/ion pair   W ~ 30 eV for gases
Average no. primaries/cm  n

Average no. pairs/cm         n ~ 100 / 3 (~ 2 6 n )
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Drift and Diffusion of Electrons in Gases

Electric field E=0

Elastic collision, 
recombination, diffusion….

Electric field E>0

Net motion of ions and 
electrons;  longitudinal and 
transvers diffusion

Sauli TSI 2007

Electron and ion clouds drift at constant velocity, diffuse and (in some 
materials, but not noble gases) are diminished by attachment.
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Drift of Electrons in Gases

From classical kinetic theory of gases, in the presence of an electric field 
E at pressure P, electrons are accelerated:

1

Drift velocity  ~

instantaneous velocity
mean free path ( P )
mean time between collisions

eE eEw
m v m

v

 

 











Electron Drift velocity w ~ /

Mobility

Ion Drift velocity w ~ /

e e

e

I I

E cm s

e
m

E cm ms

 







 



     

2
3

1   = Mean Free Path

Density  [ ],  Collision cross section 

cm
N

atN cm
cm

 
 





  

06/08/2018 Bryman GRIDS‐TSI 2018



Bryman GRIDS‐TSI 2018

1Gaussian Diffusion:  
4

Linear Diffusion width    ( ) 2 2

= Diffusion coefficient
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In the presence of electric fields,  
Longitudinal diffusion D  is different 
from Transverse diffusion D

L

T
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Drift and Diffusion in Gases
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Electron  drift velocity 
vs. Electric field for 
mixtures of  
Ar+methane

Molecular cross sections are complex and material dependent; 
drift velocity, diffusion properties vary :

Some gases have low diffusion e.g. CO2 “cool” gas  
Some have larger  diffusion e.g. Ar
(These properties also depend on the presence of magnetic fields)

Example: Ramsaur-Townsend effect in Ar
A minimum in the electron-Atomic cross section at 

1( ) occurs at ~
3

Big effect in Ar and Ar-mixtures.

eV  
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[ ]cmw
s

E [V/cm]

Drift Velocity vs E for Ar CH4  mixtures

Typical value 

w~5 cm
s





Drift and Diffusion in the Presence of Electric and Magnetic Fields
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2. Gas Ionization Chambers
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One solution: Frisch Grid:

Eliminates position dependence of signal on 
anode for ionization  between cathode and grid.

• Electron signal on anode depends on 
position of ionization or drift time.

Example usages for gas ionization  chambers:
• X‐ray energy measurements e.g. keV region
• α energy, position measurements
• Fission fragments

Planar Geometry
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Gas Ionization Chambers–
Cylindrical Geometry
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Grupen
0

0
0

2

0

0

Solve the LaPlace equation: 0

ln
( )

ln

Field  
1(

   

n

(

l

)

)

a

i

a

a

i

r

V
r

V

rr
r

r

r

V

r
r

V r V

r





 

 
 
 

 



 



 


 





E

E

Electric field and drift velocity are not constant.
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at r0
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Charge Collected in an Ion Chamber

For a m.i.p., ~120 ion pairs in 1 cm at STP
in a cylindrical chamber with capacitance 10pf,
what is the voltage change -- is it measurable?

19(120)1.6 10
10

2
This is gernerally too small to detect:

Need GAIN to increase the signal.

Ne xV
C pf

V
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Gas Gain: M
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3. Proportional and Avalanche Chambers
Gas Amplification by Ionization
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Thin Wire
1E
r



Grupen

At high electric fields in gases, excitation 
and charge  multiplication occurs.

Complex secondary processes in mixtures:
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Threshold
Voltage
VT

Grupen

. . .

4

~

Example:  Avalanche starts at ~10 /
50 100  from wire
10  dia. wire at 1-2 kV

m f p few m

V cm
m
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Avalanche Multiplication

N(x)= no. electrons at x

* 75‐100 eV 
needed for high 
ionization 
probability.

*

Gain Factor

Blum & Rolandi
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Process of amplification takes a few ns 
and occurs very close to wire.

-4

5 cm/μs 50 m
50x10  cm 1 ns

5 cm/μs

w n  



Detected signal:
•Negative on anode
•Positive on cathode

•A consequence of E due to charge movement – mainly ions

Proportional 
chamber signal 
is due to motion 
of positive ions!

Ions dominate! Electron signal ~1 %.
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Signal Time Dependence

3Typically, after 10  of maximum drift 
time T,  50% of signal is reached.
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Geiger Counters

High fields Avalanche photons P.E. effect 

Avalanches 
propagate

Transverse propagation of discharge.

Geiger-Muller tube

QµVoltage

~108-10e-/primary

Typical 30m diameter anode.

Gas ~Ar/Xquench 90/10
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Grupen
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Resistive Plate Chambers (RPC)

Ref: Christian Lippmann (GSI) https://web-
docs.gsi.de/~lippmann/files/presentations/gsi-2002.pdf

Resistive electrodes prevent 
sparks at high fields

200 m
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RPC Applications: trigger, timing
•Large areas (low cost/m2)

•Low rates (1 kHz/cm2)

•Good timing (<500 ps; 30-80 ps for 200m gap)

•“Easy” construction – industrial methods

Used by ATLAS at LHC
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Multiwire Proportion Chambers (MWPC)
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Normally digital readout:
spatial resolution limited to

12x
s 

s
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Modern MWPCs: ATLAS Thin Gap Chambers
https://arxiv.org/abs/1509.06329

Wires 50 m dia. gold plated W
Pitch: 1.8 mm
Anode-Cathode dist.: 1.4 mm
Cu strips: 3.2 mm pitch
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4. Drift Chambers

Precision in MWPCs is limited by wire spacing

•Low field region between wires in MWPC

•Variable drift velocity w(E)
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1

0

Try to find a better geometry where drift velocity =constant so

e.g.

t

t

w

x wdt w t  

HV (-)A

Screening electrodes Cathode drift field wires

Field wire ‐ HVField wire ‐ HV Anode wire +HV
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Grupen

70ave m 

Spatial resolution of a drift chamber as a function of drift path
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Straws

Construct Drift Chamber Cells from Wires or tubes
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Straw Tubes
Straw Tube Array

Leading edge 
gives the arrival 
time of the first 
cluster 

Track Reconstruction
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Straw Tubes

ATLAS TRT:   http://iopscience.iop.org/article/10.1088/1748-0221/3/02/P02013/meta

NA62

ATLAS TRT
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MWPC and Drift Chambers:  Second coordinate measurements

Crossed wire planes. Ghost hits. Restricted to low 

multiplicities. Also stereo planes (crossing under small angle).

Charge division. Resistive wires (Carbon,2k/m).
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2nd Coordinate Measurement
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Grupen

Center of Gravity
Method:
(Biases depending 
on number of 
strips hit. )

Induced signals on Cathode strips/pads

Analog readout of 
cathode planes. 
   100 m

2nd Coordinate Measurement
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X-Y Readout in a MWPC: Cathode strips

Charge induced on strips near the wire

Z

Cathode Strips/Pads:
~ 20 50  achievedm 
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Modern MWPCs: ATLAS Thin Gap Chambers
https://arxiv.org/abs/1509.06329

Wires 50 m dia. gold plated W
Pitch: 1.8 mm
Anode-Cathode dist.: 1.4 mm
Cu strips: 3.2 mm pitch



Center of 
gravity

Bias‐corrected
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Time Projection Chamber (TPC) 3‐D Tracking

Track Segment localization:
Anode Amplification Region
(2 coordinates e.g. x,y)

MWPC+ pads, strips, 
GEM + pads, strips, 
Micromegas + pads, strips, 

…
Drift Time: 3rd Coordinate (z)

External trigger time reference

E

B

z

Typical Resolutions:
x,y ~200 µm
z      ~mm

(O. Schäfer, LC)
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TPC Advantages
• 3D track information – track containment
• Limited readout area/channels needed
• Good dE/dx resolution (5‐10%)
• Suppressed transverse diffusion
• Moderate, low mass – limits MCS

TPC Challenges
• Long drift times – limits rate capability
• Large volume – limits precision
• High voltages – breakdowns
• High data volume
• Ion feed back issues (gating grids)
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TRIUMF TPC (1980)

0.85 T

Dave Nygren (1976)
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TRIUMF TPC

Lohse/W

Position resolution vs drift distance

B=0

B=0.23 T

B=0.85 T

Suppression of diffusion
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CERN ALICE TPC
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Particle ID using dE/dx
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Fluctuations in dE/dx for thin absorbers (e.g. gases) are important: Landau distribution.

With a large number of measurements, the truncated mean  energy loss gives best results.
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Grupen

5.  Microstrip Gas Chambers

A. Oed (1988).
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Micromegas
Thin gap parallel plate avalanche chamber 
Charpak and Giomatraris (1996)

3mm1 kV/cm

40 kV/cm
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Micromegas: Good energy and time resolutions.
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GEM

Cu
18m

Polymer
25m Cu

18m 140 µm pitch

Max. fields ~40kV/cm
Gain ~100 ‐ 1000

06/08/2018 Bryman GRIDS‐TSI 2018

Fabio Sauli with a GEM



See “Tactic” TPC manual  ‐‐ one of the GRIDS experiments uses a single GEM layer.
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Good double pulse resolution possible.

Multiple GEM layer to increase the gain.
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6. Summary: Gas Ionization Detectors 

• Gas ionization detectors are found in myriad applications in 
particle and nuclear physics detectors

• Excellent choices for tracking, momentum measurements, 
particle identification, triggering,  low energy x‐ray 
measurements, dosimetry, …..

• Suitable for large and small scale applications requiring high 
precision localization at relatively low cost

• Among the GRIDS experiments is the ``Tactic`` TPC
• GEM gain structure
• Embedded α source
• Possible measurements: MCS, dE/dx, range,  Bragg peak…
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