
Multi-Wire Proportional Chamber (MWPC)

MWPC ...

substantial functionality improvement 
due to cathode strips/pads ...7.2 Planar drift chambers 191
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Fig. 7.5. Illustration of the resolution of ambiguities for two-particle detection
in a multiwire proportional chamber.

this procedure. In case of multiple tracks also the second cathode must
be segmented to exclude ambiguities.

Figure 7.5 sketches the passage of two particles through a multiwire pro-
portional chamber. If only one cathode were segmented, the information
from the anode wires and cathode strips would allow the reconstruction
of four possible track coordinates, two of which, however, would be ‘ghost
coordinates’. They can be excluded with the help of signals from a second
segmented cathode plane. A larger number of simultaneous particle tracks
can be successfully reconstructed if cathode pads instead of cathode strips
are used. Naturally, this results also in an increased number of electronic
channels.

Further progress in the position resolution of MWPCs as well as in
the rate capability has been achieved with the development of gaseous
micropattern chambers. These detectors are discussed in Sect. 7.4.

7.2 Planar drift chambers

The principle of a drift chamber is illustrated by Fig. 7.6. The time !t

between the moment of the particle passage through the chamber and the
arrival time of the charge cloud at the anode wire depends on the point
of passage of the particle through the chamber. If v! is the constant drift
velocity of the electrons, the following linear relation holds:

x = v! · !t (7.9)

Cathode readout
yields:

2-dim. information
true 2d: use pads ...

high spatial resolution 
due to center of gravity reconstruction

resolving ambiguities
using second strip pattern or pads 

Can wires be avoided?



Micro-strip Gas Chambers (MSGC)

Can one avoid wires? • Andererseits braucht man eine hinreichend dicke Gasschicht, um genügend Ionenpaare
zu erzeugen und so die notwendige Nachweiswahrscheinlichkeit zu erreichen.

Die MSGC (Abb.7.14) erlaubt es, dieses Problem zu lösen. Die Ionen haben nur einen Weg
von ! 100µ zurückzulegen.

Abbildung 7.14: Schematischer Aufbau einer MSGC

Die Feldkonfiguration ist in Abb.7.15 gezeigt :

a)

Kathode

..
Substrat

Anode

Ruckseite b)

Verstarkung

Konversion
+ Driftraum

Transferraum

..

Abbildung 7.15: Feldkonfiguration in einer MSGC a) in der Nähe der Anode/Kathode
b) in der GEM Mittelelektrode

Wichtig : Glas muß leiten (e! nicht Ionen).
Man erreicht das heute so :

!x = 40 µ
"ion = 1 µs
"e! = 1 ns

Zuverlässige Raten 106 mm!2 s!1 (MWPC 104 mm!2 s!1)
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Anode realized via microstructures
on dielectrics ...

Simple construction (today)
Enhanced stability & flexibility
Improved rate capabilities

First MSGCs developed in 1990ies ...

drift cathode

3mm gas gap
[Ar+vapour]anode

[~5 μm]

cathode
[~50 μm]

200 μm

backing electrode

substrate
[ceramics ...]

Schematics of MSGC
field lines

E-field

anode

cathode

cathode

high field directly above anode
ions drift only 100 μm; yields low dead time ...

Problems: charging of isolation structure
[ ➛ time-dependent gain; sparks, anode destruction]



Micro-strip Gas Chambers (MSGC)

MGSCs prone to aging problems ...
Solution: intermediate grid ...

214 7 Track detectors

e

particle

HV
micromesh

readout strips100  m

3  mm

40  kV/cm

1  kV/cm

Fig. 7.36. The layout of the Micromegas detector [11, 95].

and GEM [94] detectors, widely used now by many groups. Both of them
demonstrate good performance.

The Micromegas design is shown in Fig. 7.36. Electrons released by
charged particles in the conversion gap of 2–5 mm width drift to the mul-
tiplication gap. This gap of 50–100 µm width is bordered by a fine cathode
mesh and an anode readout strip or pad structure. A constant distance
between cathode and anode is kept with dielectric pillars with a pitch of
! 1 mm.

A high electric field in the multiplication gap (30–80 kV/cm) provides
a gain up to 105. Since most of the ions produced in the avalanche
are collected by the nearby cathode, this device has excellent timing
properties [96] and a high-rate capability [97].

Another structure providing charge multiplication is the Gas Electron
Multiplier (GEM). This is a thin (! 50 µm) insulating kapton foil coated
with a metal film on both sides. It contains chemically produced holes of
50–100 µm in diameter with 100–200 µm pitch. The metal films have dif-
ferent potential to allow gas multiplication in the holes. A GEM schematic
view and the electric field distribution is presented in Figs. 7.37 and 7.38.
A GEM-based detector contains a drift cathode separated from one or sev-
eral GEM layers and an anode readout structure as shown in Fig. 7.37.

e
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readout board

!VGM

Fig. 7.37. Detailed layout of a GEM detector.
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Fig. 7.38. Electric field distribution in a GEM detector [11, 94].

The electrons are guided by the electric drift field to the GEM where they
experience a high electric field in the GEM channels thereby starting ava-
lanche formation in them. Most of these secondary electrons will drift to
the anode while the majority of ions is collected by the GEM electrodes.
One GEM only can provide a gain of up to several thousand which is suf-
ficient to detect minimum-ionising particles in the thin gaseous layer. By
using two or three GEM detectors on top of each other, one can obtain a
substantial total gain while a moderately low gain at each stage provides
better stability and a higher discharge threshold [95, 98, 99].

7.5 Semiconductor track detectors

Basically, the semiconductor track detector is a set of semiconductor
diodes described in Sect. 5.3. The main features of detectors of this family
are discussed in various reviews [100–102].

The electrodes of the solid-state track detectors are segmented in the
form of strips or pads. Figure 7.39 shows the operation principle of a
silicon microstrip detector with sequential cathode readout [103].

A minimum-ionising particle crossing the depletion gap produces on
average 90 electron–hole pairs per 1 µm of its path. For a typical detector
of 300 µm thickness this resulted in a total collected charge well above the
noise level of available electronics. The optimal pitch is determined by the
carrier di!usion and by the spread of ! electrons which is typically 25 µm.

e.g.:	Micromegas
	 	 GEM detectors [Sauli, 1997]

Micromegas
detector
G ~105

Schematics
of GEM detector

Micromegas:
Fine cathode mesh collects ions
still fast; no wires ...

GEM (Gas Electron Multiplier):
Thin insulating kapton foil
coated with metal film ...
Contains chemically produced
holes [100-200 μm] 

Electrons are guided by high
electric drift field of GEMs ...

Avalanche production ...
	 Electrons drift to anode 
	 GEM collects ions



Micro-strip Gas Chambers (MSGC)

Micro photo
of a GEM foil

GEM field 
configuration

Schematics
of a GEM foil

GEM
Gas Electron Multiplier
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Ionization Chambers – Signal Shape

Pulse mode operation
derive signal for single ionizing particle [R = ∞]

Final signal independent of ionization 
position and of detector dimension ... 
[see also Geiger counter]

U(t)z0

Schematic view
of an ionization chamber

particle

Time evolution of pulse height:

= − N

Cd
[e(d− z0)− e(0− z0)] = −Ne

C

with:

Typical:

vd,e  = 4 cm/μs
vd,ion	 = 4 cm/ms

Time t

–ΔU

–Ne/C

–Ne (d-z0)/Cd

~ve

~vion

Pulse shape ...
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Ionization Chambers – Signal Shape

Response time of chamber: τ = RC 

  Must be sufficiently large with respect to tsignal

Example: 2 x 2 x 10 cm3 chamber

  Electron drift time: t–max = d/vd,e = 2cm/4cm/μs = 500 ns 
  Ion drift time: t+max = d/vd,ion= 500 μs

Suppress ion signal by C’R’ high pass filter 
with time constant τ’=R’C’
  Chose: t–max < τ’ < t+max

  Ex.:   τ’  = 1μs 
   C  = 1pF, R  = 10MΩ 
   C’ = 1pF, Ctot= CC’/(C+C’) = 0.5 pF 
   R’  = τ/C = 1 μs/0.5 pF = 2 MΩ

Features: 

	 linear rise; exponential fall 
 dead time Tdead ≈ τ’ 
	 position dependent pulse height 
	 position dependent resolution

particle
U(t)

Pulse mode operation
[Use RC circuit; R finite]

–ΔU

Time t

–Ne/C

–Ne (d-z0)/Cd

~ve

Schematic view
of an ionization chamber

Pulse shape
with RC circuit ...

~exp[-t/τ']

td (e)
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Ionization Chambers – Frisch Grid

Removal of
position dependent signal ...
[O. Frisch, 1944]

Introduce wire plane 
at intermediate potential ...

Shielding of induced charges 
Wire plane transparent to electrons

Signal on anode only generated
by electrons that have passed the Frisch grid

All electrons appear at the same distance
thus: no position dependence ...

Difficulty: Small signals ...
Need sensitive, low-noise pre-amplifiers ...

Principle:
Frisch Grid

Time t

–ΔU

–Ne/CF

t = (z0 -d) vd,e

Pulse shape with 
Frisch grid and RC circuit ...



Ionization Chambers – Music II

Multiple sampling 
ionization chamberParameters:

	 gas 
	 pressure 
	 active area 
	 depth 
	 electric field 
	 potential 
	 ionization
 	 drift velocity

P10 (Ar/Methan 90/10) 
1 atm
102 x 60 cm2

51 cm
150 V/cm 
9 kV
70 Z2 pairs/cm
5 cm/μsec

Fragment 
charge spectrum



Ionization Chambers – Na 48

Liquid Krypton 
Ionization Chamber

LKr Calorimeter Electrode Structure Detail on ribbons
and spacer-plate

Homogeneous LKr; gain = 1
184 cells formed by thin electrodes; cell size: 2x2 cm2

Each cell formed by two drift gaps sharing readout electrode
Electrodes: CuBe ribbons



x = x0 ± vD · tD cosαL

y = y0 ± vD · tD sinαL

x =
� tD

0
vD dt

Drift Chambers – Principle

Measure drift time tD 
[need to know t0; fast scintillator, beam timing]

Determine location of original 
ionization:

Simple Drift Chamber Setup
But: here, uniform drift field requires
high-voltages in case of large area detectors

If drift velocity changes 
along path:

In any case:
Need well-defined drift field ...
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PWC's  lies in the time resolution (ca. 270 nsec) and 
the double track resolution, which is limited by the 
wire distance. 

In the following the system is described, the limits 
of space resolution are discussed and tests with a 
complete read-out system are reported. Finally an 
effect of gas multiplication has been found that could 
be useful for further developments. 

2. Principle of the localisation by drift time measurement 
The system described in this article consists of a 

multiwire proportional chamber with large wire 
spacing. The position of the ionising particle is deter- 
mined by the wire with an accuracy of the wire 
spacing as in ordinary PWC's  and in addition by 
measuring the drift time of the electrons to the wire. 

An almost linear dependence of the drift time on the 
position of ionisation is highly advantageous. Such a 
dependence is shown by gases where the drift velocity 
is nearly independent of the electrical field strength, 
e.g. pure ethylene or a mixture of 90% argon with 10% 
methane (fig. 1). 

The space resolution which may be reached depends 
on the accuracy of drift time measurement, the size 
of  the primary ionisation, and the diffusion of the 
electrons on their way to the region of gas multipli- 
cation which gives rise to a drift time jitter. 

The time accuracy is limited by the jitter of gas 
amplification and by electronics. The measurements 
which will be discussed below showed a jitter of  less 
than 4 nsec  (fwhm), which is equivalent to a space 
resolution of 0.18 mm for the gases used. 

The extension of the primary ionisation has been 
found by Charpak et al. 4) to be even smaller than this 
limit. 

The main influence on the space resolution is given 
by the diffusion of the drifting electrons. This effect is 
described by the Einstein formula: 

cr = (AsZ)  ~ = (2Ot) ¢, (1) 

with D the diffusion coefficient, s the path  length 
and t the drift time. In our case the variation of D 
with time has to be taken into account; thus (i)  may 
be rewritten: 

with /~ the mobility and E the electric field strength. 
D/I t  is related to the mean agitation energy of the 
electrons g by 

D/I~ = -~ 8. (4) 

This quantity has been measured by several authors s'6) 
and a summary is given by BrownT). 

The calculation for the maximum drift path (10 mm) 
under the operating conditions of the chamber yields 
cr = 0.37 mm for the argon mixture and a = 0.14 mm 
for ethylene. The effect of diffusion has been observed 
in the measurements described below (fig. 4). The 
results agree with the prediction in the case of the argon 
mixture. For ethylene an upper limit of ~r =0.15 mm 
was found. 

To get unambiguous information on the position 
one must pay attention to two things: 

- -  the precise boundary of the drift region belonging 
to one wire; 

High vo, ta__..__ _ _  _ t 

- - ~ ~ ] ~  High Volfage 

~ . _ _ _ _  

?" Jr- __2 ~-=. 

Counting / . Wires(CW) / Htgh Voltage 
[ It " X  / ,Plane(HV) 
I . . . . . .  / 

~, I • ~ ................ I m 
I 

Amplifier 

I /solating Tube I / 
Hostaphan 

To use more convenient quantities (2) can be written as 

a = 2 D / t t ( s )  ds  , (3) 
\ ,j o E ( s )  

Fig. 2. Construction of the chamber. Counting wires (CW) 
gold plated tungsten 20ffm diameter; potential wires (PW) 
Cu-Be 100ffm diameter; high voltage plane (HV) AI-Mg 
70 ffm diameter; isolating tubes ceramic; frame plexiglass; most 
probable pulse height for minimum ionising particles 40 mV; 
high voltage 2.05 kV for Ar+CH4 filling and 4.30 kV for C2H4 
filling. The potential wires are connected to the high voltage at 

the end not visible in the figure. 

Drift Chambers – The First One
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[A. Walenta, J. Heintze, PI]
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change significantly and gives the correct width of the 
source, whereas the same quantity for the argon 
mixture grows with the drift length from 0.7 mm to 
1.1 mm fwhm caused by the diffusion discussed above. 

The right-left discrimination (measured with a 
source collimated to 1 mm fwhm) of the double wire 
system is shown in fig. 5. The abscissa represents the 

512 
Counts/ 
Chantlel 

0 

512 

a )  b) 

a) b) c) 

c) 

d) 

d) e) 

i ! ~  Ar+CH4 

'200 '300 nsec- 
f) 

'300 nsec 
Drift Time 

D i s t a n c e  from the Wire [mini : 
a) 1.8 c) 55 e )  8.5 
b) 3.7 d) 7.4 f) 9.2 

Fig. 4. Drift time distribution in CzH4 and in A r + C H 4  for a 
collimated source (0.7 m m  fwhm). 

position of the source and the ordinate the efficiency 
of a single wire. The third curve gives the efficiency 
for coincidences between the wires. The maximal delay 
between the signals is 170 nsec. It can be seen that 
coincidences occur only in a narrow region and that 
the separation by the potential wires and by the double 
wires is satisfactory. The absolute efficiency has been 
measured with 8 wires because the /~-rays of about 
1 MeV energy produce very high scattering angles. 
Within a gate of  320 nsec the effiicency was 99.9% 
without change in the region of the double wires. 
Within a gate of 274 nsec (the maximum delay of the 
drift time curve fig. 1) an efficiency of 98.6% was 
obtained since the efficiency in the region of the 
potential wires decreases slightly due to the high 
diffusion (fig. 4). To avoid this efficiency loss the last 
pulse of  the clock train corresponds to a delay of 
320 nsec (fig. 3). 

6. Tests with the computer on-line 
The whole system has been developed for a high 

energy experiment in CERN to be used in a magnetic 
spectrometer. In this experiment a space resolution of 
a ~ 0.5 mm is sufficient and the argon mixture will 
be used because of the lower high voltage and because 
of the approximately linear drift time curve. Therefore 
the following measurements were done with this gas. 

The computer receives the information as to which 
wire has seen a particle and in addition a number 
between 1 and 15 representing the distance between 
the track and the wire. Coincidences between double 
wires are interpreted as particle tracks between them. 
The result for three source positions are shown in 
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5( 

/ / 
99.6% 

I • CWt 
• CW2 
• CWt • CW2 

"~:~..~ . . . . . . . . .  \,,._._~_3./. 
i 

'l 0 ;I 101 I' mm Position of the i I t Collimated Source CWI CW2 PW 
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N 

I I : -t0 
I 

PW 

Fig. 5. Left-right discrimination for the double wire system with a collimated source (1 mm fwhm). 

J.Heintze

Drift Time Distribution 
in Ar+CH4 and C2H4



Vieldrahtgeometrien

Vieldrahtkammern sind

• Driftkammern und

• Proportionalkammern

zugleich: In einem möglichst homogenen Driftfeld nähern sich die Elektronen dem Draht

(Anode) ! dort inhomogenes stark ansteigendes Feld ! Multiplikation ! zurückdriftende

Ionen induzieren Signal.

Technisch wird ein elektrisches Feld mit diesen Eigenschaften (siehe Abbildung 2.28) durch

die in Abbildung 2.27 gezeigte Anordnung erzeugt. Durch experimentelle Optimisation

Abbildung 2.27: Vieldrahtproportionalkammer.

Abbildung 2.28: Elektrisches Feld einer Vieldrahtproportionalkammer. Man sieht die

technische Realisierung eines homogenen Driftfeldes mit starkem Feldstärkeanstieg

in der Nähe des Drahtes (Elektronenmultiplikation).

ergibt sich eine große Vielfalt an Geometrien (siehe Abbildung 2.32).
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Drift Chambers – Field Formation

Electric Field lines
for an MWPC

Regions of low E-field



Drift Chambers – Field Formation

Modified MWPC ...
Introduce field wires to avoid
low field regions, i.e. long drift-times

30 mm 
15

 m
m

 
ground

Anode
[3.5 kV, Ø 50 μm]

Cathode
[-2  kV, Ø 200 μm]

Cathode lines
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Field wires are
at negative potential ...

Anode wires are
at positive potential ...

Cathode planes are
at zero potential ...

But: 

Uniform drift field requires:
Gap length/wire spacing ≈ 1 
i.e. for typical convenient wire spacing
one needs thick chambers ...
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194 7 Track detectors

t2

particle

t1

Fig. 7.9. Resolution of the left–right ambiguity in a drift chamber.

Fig. 7.10. Illustration of the field formation in a large-area drift chamber.

the anode are the main limiting factors. The determination of the coor-
dinate along the wires can again be performed with the help of cathode
pads.

The relation between the drift time t and the drift distance in a large-
area (80 ! 80 cm2) drift chamber with only one anode wire is shown in
Fig. 7.11 [19]. The chamber was operated with a gas mixture of 93% argon
and 7% isobutane.

Field formation in large-area drift chambers can also be achieved by
the attachment of positive ions on insulating chamber surfaces. In these
chambers an insulating foil is mounted on the large-area cathode facing
the drift space (Fig. 7.12). In the time shortly after the positive high
voltage on the anode wire has been switched on, the field quality is insuf-
ficient to expect a reasonable electron drift with good spatial resolution
over the whole chamber volume (Fig. 7.13a). Positive ions which have
been produced by the penetrating particle now start to drift along the
field lines to the electrodes. The electrons will be drained by the anode
wire, but the positive ions will get stuck on the inner side of the insulator
on the cathode thereby forcing the field lines out of this region. After a
certain while (‘charging-up time’) no field lines will end on the covers of
the chamber and an ideal drift-field configuration will have been formed
(Fig. 7.13b, [20, 21]). If the chamber walls are not completely insulating,
i.e., their volume or surface resistance is finite, some field lines will still

Principle of an 
adjustable field multi-wire drift chamber

Introduction of voltage divider 
via cathode wire planes ...

Schematics of voltage divider chain
very few (or only one) anode wires

space point resolution limited by mechanical accuracy
[for large chambers: σ ≈ 200 μm]

But: hit density needs to be low.

Features:
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Fig. 7.11. Drift-time–space relation in a large drift chamber (80!80 cm2) with
only one anode wire [19].

cathode

large-area cathode

insulator

cathode
+HV
(anode)

Fig. 7.12. Principle of construction of an electrodeless drift chamber.

(a)

(b)

(c)

Fig. 7.13. Field formation in an electrodeless drift chamber by ion attachment
[20, 21].

end on the chamber covers (Fig. 7.13c). Although, in this case, no ideal
field quality is achieved, an overcharging of the cathodes is avoided since
the chamber walls have a certain conductivity or transparency to allow
for a removal of surplus surface charges.

Drift time space relation 
for a large drift chamber (80x80 cm2) with only one anode wire

Gas:
Ar+Isobutane 97/7
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Fig. 7.11. Drift-time–space relation in a large drift chamber (80!80 cm2) with
only one anode wire [19].

cathode

large-area cathode

insulator

cathode
+HV
(anode)

Fig. 7.12. Principle of construction of an electrodeless drift chamber.
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Fig. 7.13. Field formation in an electrodeless drift chamber by ion attachment
[20, 21].

end on the chamber covers (Fig. 7.13c). Although, in this case, no ideal
field quality is achieved, an overcharging of the cathodes is avoided since
the chamber walls have a certain conductivity or transparency to allow
for a removal of surplus surface charges.

Drift Chambers – Field Formation

Alternative:

Field formation by charging 
(insulated) chamber walls with ions ...

Electrodeless drift chamber
[Allison et al., 1982]

Requires some charging time ...

Large-area cathode

+ HV (anode)

Cathode
Insulator

Cathode

Before charging up: 
field line end at cathode ...

After charging time: 
no field line end at cathode ...

To avoid overcharging:
Finite resistance of insulator
[i.e. some field lines end at cathode]



Cylindrical Drift Chambers

anode wire

potential wire

anode wire
potential 
wire

Application:

Collider experiments
[cylindrical wire arrangement needed]

Characteristica:

Cylindrical symmetry
Open drift cell geometry

Require: Simple space-time relation
given by E,B field and drift cell geometry
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potential wire

anode wire

(a)

(b)

Fig. 7.16. (a) Illustration of an open drift-cell geometry. (b) Field lines in an
open drift cell [36].

(a)

(b)

anode wire

potential wire

Fig. 7.17. (a) Illustration of a closed drift-cell geometry. (b) Field lines in a
closed drift cell [36].

200 7 Track detectors

(a)

(b)

anode wire
potential wire

Fig. 7.18. (a) Hexagonal drift-cell geometry. (b) Field lines in a hexagonal drift
cell [36].

All wires are stretched between two end plates which must take the
whole wire tension. For large cylindrical wire chambers with several thou-
sand anode and potential wires this tension can amount to several tons.

The configurations described so far do not allow a determination of the
coordinate along the wire. Since it is impossible to segment the cathode
wires in these configurations, other methods to determine the coordinate
along the wire have been developed. One way of determining the z coor-
dinate is the charge-division method that requires to measure the signals
arriving at both ends of the anode wire. Since the wire has a certain
resistivity (typically 5–10 !/cm), the charges received at the ends depend
on the position of the avalanche. Then the ratio (q1 ! q2)/(q1 + q2) (q1
and q2 are the corresponding charges) determines the point of particle
intersection [37, 38]. Equally well, the propagation times of signals on the
anode wires can be measured at both ends. The charge-division technique
allows accuracies on the order of 1% of the wire length. This precision
can also be obtained with fast electronics applied to the propagation-time
technique.

Another method for measuring the position of the avalanche along
the sense wire uses spiral-wire delay lines, of diameter smaller than
2 mm, stretched parallel to the sense wire [39]. This technique, which

anode 
wire   

Cylindrical Drift Chambers

7.3 Cylindrical wire chambers 199

potential wire

anode wire

(a)

(b)

Fig. 7.16. (a) Illustration of an open drift-cell geometry. (b) Field lines in an
open drift cell [36].

(a)

(b)

anode wire

potential wire

Fig. 7.17. (a) Illustration of a closed drift-cell geometry. (b) Field lines in a
closed drift cell [36].
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anode wire

(a)

(b)

Fig. 7.16. (a) Illustration of an open drift-cell geometry. (b) Field lines in an
open drift cell [36].

(a)

(b)

anode wire

potential wire

Fig. 7.17. (a) Illustration of a closed drift-cell geometry. (b) Field lines in a
closed drift cell [36].
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Fig. 7.16. (a) Illustration of an open drift-cell geometry. (b) Field lines in an
open drift cell [36].
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Fig. 7.17. (a) Illustration of a closed drift-cell geometry. (b) Field lines in a
closed drift cell [36].
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(a)

(b)

anode wire
potential wire

Fig. 7.18. (a) Hexagonal drift-cell geometry. (b) Field lines in a hexagonal drift
cell [36].

All wires are stretched between two end plates which must take the
whole wire tension. For large cylindrical wire chambers with several thou-
sand anode and potential wires this tension can amount to several tons.

The configurations described so far do not allow a determination of the
coordinate along the wire. Since it is impossible to segment the cathode
wires in these configurations, other methods to determine the coordinate
along the wire have been developed. One way of determining the z coor-
dinate is the charge-division method that requires to measure the signals
arriving at both ends of the anode wire. Since the wire has a certain
resistivity (typically 5–10 !/cm), the charges received at the ends depend
on the position of the avalanche. Then the ratio (q1 ! q2)/(q1 + q2) (q1
and q2 are the corresponding charges) determines the point of particle
intersection [37, 38]. Equally well, the propagation times of signals on the
anode wires can be measured at both ends. The charge-division technique
allows accuracies on the order of 1% of the wire length. This precision
can also be obtained with fast electronics applied to the propagation-time
technique.

Another method for measuring the position of the avalanche along
the sense wire uses spiral-wire delay lines, of diameter smaller than
2 mm, stretched parallel to the sense wire [39]. This technique, which

Open 
drift-cells geometry

potential wire

anode wire

potential wire   

anode wire   

potential wire   

A

A

B Closed 
drift-cells geometry
[more wires]

B C Hexagonal 
drift-cells geometry
[intermediate configuration]
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(b)(a)

Fig. 7.20. Drift trajectories of electrons in an open rectangular drift cell
(a) without and (b) with magnetic field [42, 43].

Figure 7.21 shows the r! projections of reconstructed particle tracks
from an electron–positron interaction (PLUTO) in a cylindrical multiwire
proportional chamber [44]. Figure 7.21a shows a clear two-jet structure
which originated from the process e+e! ! qq̄ (production of a quark–
antiquark pair). Part (b) of this figure exhibits a particularly interesting
event of an electron–positron annihilation from the aesthetic point of view.
The track reconstruction in this case was performed using only the fired
anode wires without making use of drift-time information (see Sect. 7.1).
The spatial resolutions obtained in this way, of course, cannot compete
with those that can be reached in drift chambers.

Cylindrical multiwire proportional chambers can also be constructed
from layers of so-called straw chambers (Fig. 7.22) [45–49]. Such straw-
tube chambers are frequently used as vertex detectors in storage-ring
experiments [50, 51]. These straw chambers are made from thin aluminised
mylar foils. The straw tubes have diameters of between 5 mm and 10 mm
and are frequently operated at overpressure. These detectors allow for
spatial resolutions of 30 µm.

Due to the construction of these chambers the risk of broken wires is
minimised. In conventional cylindrical chambers a single broken wire can
disable large regions of a detector [52]. In contrast, in straw-tube chambers
only the straw with the broken wire is a!ected.

Because of their small size straw-tube chambers are candidates for high-
rate experiments [53]. Due to the short electron drift distance they can
also be operated in high magnetic fields without significant deterioration
of the spatial resolution [54].

Very compact configurations with high spatial resolution can also be
obtained with multiwire drift modules (Fig. 7.23) [51, 55, 56].

In the example shown, 70 drift cells are arranged in a hexagonal struc-
ture of 30 mm diameter only. Figure 7.24 shows the structure of electric
field and equipotential lines for an individual drift cell [55]. Figure 7.25
shows a single particle track through such a multiwire drift module [55].
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Fig. 7.20. Drift trajectories of electrons in an open rectangular drift cell
(a) without and (b) with magnetic field [42, 43].

Figure 7.21 shows the r! projections of reconstructed particle tracks
from an electron–positron interaction (PLUTO) in a cylindrical multiwire
proportional chamber [44]. Figure 7.21a shows a clear two-jet structure
which originated from the process e+e! ! qq̄ (production of a quark–
antiquark pair). Part (b) of this figure exhibits a particularly interesting
event of an electron–positron annihilation from the aesthetic point of view.
The track reconstruction in this case was performed using only the fired
anode wires without making use of drift-time information (see Sect. 7.1).
The spatial resolutions obtained in this way, of course, cannot compete
with those that can be reached in drift chambers.

Cylindrical multiwire proportional chambers can also be constructed
from layers of so-called straw chambers (Fig. 7.22) [45–49]. Such straw-
tube chambers are frequently used as vertex detectors in storage-ring
experiments [50, 51]. These straw chambers are made from thin aluminised
mylar foils. The straw tubes have diameters of between 5 mm and 10 mm
and are frequently operated at overpressure. These detectors allow for
spatial resolutions of 30 µm.

Due to the construction of these chambers the risk of broken wires is
minimised. In conventional cylindrical chambers a single broken wire can
disable large regions of a detector [52]. In contrast, in straw-tube chambers
only the straw with the broken wire is a!ected.

Because of their small size straw-tube chambers are candidates for high-
rate experiments [53]. Due to the short electron drift distance they can
also be operated in high magnetic fields without significant deterioration
of the spatial resolution [54].

Very compact configurations with high spatial resolution can also be
obtained with multiwire drift modules (Fig. 7.23) [51, 55, 56].

In the example shown, 70 drift cells are arranged in a hexagonal struc-
ture of 30 mm diameter only. Figure 7.24 shows the structure of electric
field and equipotential lines for an individual drift cell [55]. Figure 7.25
shows a single particle track through such a multiwire drift module [55].
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Drift Chamber – Spatial Resolution

Resolution determined by
accuracy of drift time measurement ...

Influenced by:

Diffusion [σDiff. ~ √x]
see above: σ2 ~ 2Dt = 2Dx/vD ~ x  ...

δ-electrons [σδ = const.]
independent of drift length; yields constant 
term in spatial resolution ...

Electronics [σelectronics = const.]
contribution also independent of drift length ...

Primary ionization statistics [σprim = 1/x]
Spatial fluctuations of charge-carrier production result in 
large drift-path differences for particle trajectories close to the anode  ...
[minor influence for tracks far away from anode]
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Fig. 7.7. Spatial resolution in a drift chamber as a function of the drift path
[5, 16].

Fig. 7.8. Illustration of di!erent drift paths for ‘near’ and ‘distant’ parti-
cle tracks to explain the dependence of the spatial resolution on the primary
ionisation statistics.

on the chamber ends is divided linearly by using cathode strips connected
to a chain of resistors (Fig. 7.10).

The maximum achievable spatial resolution for large-area drift cham-
bers is limited primarily by mechanical tolerances. For large chambers
typical values of 200 µm are obtained. In small chambers (10 ! 10 cm2)
spatial resolutions of 20 µm have been achieved. In the latter case the time
resolution of the electronics and the di!usion of electrons on their way to

ionization 
cluster
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cluster
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wire

cathode 
wire

particle 
track 

particle 
track 



δx =
�

x2 + (δx0)2 − x = x




�

1 +
�

δx0

x

�2

− 1



 ≈ x

2

�
δx0

x

�2

∝ 1
x

δx0 = �dmin� =
� ∞

0
xe−2Nx 2N dx =

1
2N

Drift Chamber – Spatial Resolution

Primary ionization statistics: 

Step 1: 	Consider a track passing 
	 	 through an anode wire ...

Ionization

Anode
wire

d

Track

Probability of no ionization 
within distance d:

P0(d) = e−2Nd

Average minimum distance of closest 
ionization cluster:

N:	number of ionizations
	 per unit length

with

Step 2: 	Track at distance x ...

Anode
wire

δx0

Track

Ionization

x

Normalization

σ2
�dmin� =

� ∞

0
(x− 1

2N
)2e−2Nx 2N dx =

1
4N2



D ∼ λ2
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1/n
2

1/n
∼ 1

n

Drift Chamber – Spatial Resolution

σ2
x =

�
1

64N2

�
· 1
x2

+
2D

vd
· x + σ2

const

1st ionization statistics diffusion electronics
δ-electrons

Possible 
improvements:

Increase N by 
increasing pressure ...

Decrease D by
increasing pressure ...

[n: particle density in gas]
[increases with pressure]

i.e.: increase pressure ...
[up to 4 atm possible]



L2 =
A1

A1 + A2
· L L1 =

A2

A1 + A2
· L

Drift Chamber – Determination of z

charged particle

signal wire

ionization

Signal 1
Amplitude A1

L2

L1

Signal 2
Amplitude A2

Total
wire length: L = L1 + L2

Principle of
Charge Devision Method

Determination 
of L1, L2:

Precision of charge 
devision: ~1% of wire lengths

Also possible: time 
measurement on both ends
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Magnetic Spectrometer Resolution

Momentum determination
in a cylindrical drift chamber ...
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R: bending radius
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Magnetic Spectrometer Resolution

Momentum measurement 
uncertainty:

Good 
momentum resolution:

- large path length L
- large magnetic field B
- good Sagitta measurement

s

R

ϕ/2

L

Uncertainty σs depends on number and spacing of track point 
measurements; for equal spacing and large N:

see: Glückstern, NIM 24 (1963) 381 or
	 Blum & Rolandi, Particle Detection ...

Multiple scattering
contribution:

16 27. Passage of particles through matter

Eq. (27.14) describes scattering from a single material, while the usual problem
involves the multiple scattering of a particle traversing many di!erent layers and
mixtures. Since it is from a fit to a Molière distribution, it is incorrect to add the
individual !0 contributions in quadrature; the result is systematically too small. It
is much more accurate to apply Eq. (27.14) once, after finding x and X0 for the
combined scatterer.

Lynch and Dahl have extended this phenomenological approach, fitting
Gaussian distributions to a variable fraction of the Molière distribution for
arbitrary scatterers [35], and achieve accuracies of 2% or better.

x

splane
yplane

!plane

"plane

x /2

Figure 27.9: Quantities used to describe multiple Coulomb scattering. The
particle is incident in the plane of the figure.

The nonprojected (space) and projected (plane) angular distributions are given
approximately by [33]

1
2" !2

0

exp
!
"""#!

!2
space

2!2
0

$
"""% d" , (27.15)

1"
2" !0

exp
!
"""#!

!2
plane

2!2
0

$
"""% d!plane , (27.16)

where ! is the deflection angle. In this approximation, !2
space # (!2

plane,x + !2
plane,y),

where the x and y axes are orthogonal to the direction of motion, and
d" # d!plane,x d!plane,y. Deflections into !plane,x and !plane,y are independent and
identically distributed.
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Magnetic Spectrometer Resolution

Multiple scattering
contribution:
[cont'd]

σp

p
=

σφ

φ
=

14 MeV/c

p

�
L

X0
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p
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1

LX0
· p

eB
∼ 1√

LX0B

momentum
independent

Generally pt measured:

Momentum [GeV/c]

σp/p [%]

Total
uncertainty

σp

p track
measurement

σp

p multiple
scattering

Examples:

Argus:
ATLAS:

σpt/pt = 0.0092 + (0.009 pt)2

σpt/pt = 0.0012 + (0.0005 pt)2

[ATLAS nominal; TDR]

For 
momentum p:

using



Gemessen wird s ! 1
R ! 1

p , d.h. nur R ! 1/p besitzt eine Gaußverteilung (Abb.7.30).
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Strahlr = E Spur/ p

Abbildung 7.30: Verteilungsfunktion der Größe E
p für Müonen aus dem Zerfall Z0 " µ+ µ!

[93]

7.9 Nicht behandelte Gasdetektoren

Funkenkammern mit Ferrit–Kern–Auslese
mit magnetostriktiver Auslese

Streamerkammern
optische Funkenkammern

Diese Gasdetektoren sind heute nur noch von historischem Interesse.
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Magnetic Spectrometer Resolution

E/p

C
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nt
s

Momentum resolution
for muons in Z ➛ μμ

s ~ 1/R ~ 1/p measured!
➛ 1/p is Gaussian



Magnetic Spectrometer Resolution

Momentum determination
in fixed target experiments ...

magnetic field

LHCb Tracking

Schematics of a 
Spectrometer
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Tracking Tracking
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T1 T2 T3
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2. Description of chamber and read-out 
A schematic view of the full drift chamber sys- 

tem is shown in fig. 1. The cylinder halves have 
a substructure consisting of 4 ° cells. The 42 sense 
wires in each cell are further divided into three 
subgroups of 14, 18, and 10 wires with median ra- 
dii of r =  26 cm, 51 cm, and 76cm, respectively, 
and 8 mm radial sense wire separation. The tested 
prototype, seen in cross-section in fig. 2, contains 
the outer subgroups of three adjacent 4 ° cells. The 
cell boundaries consist of lines of "drift field 
wires", while the sense wires in each cell are se- 
parated by "potential wires". The staggering of 
the sense wires to the right and left of the radius 
vector is introduced to resolve the right-left am- 
biguity. The sense wires are 25/zm diameter non- 
magnetic stainless-steel wires*, with a high resis- 
tivity (2.8 kI2/m) essential to the charge division 
measurement. All other wires are 100/zm diame- 
ter Be-Cu wires. The wire positioning accuracy is 
<~50/zm and is achieved by crimping the wires 
into tubes of 80/.zm inner diameter, located in pre- 
cisely drilled holes. 

The magnetic field measurements were done 
* "S tab l e -Ohm 800" wire, manufac tu red  by the California 

Fine Wire Co. 

with a 15cm long chamber, while the charge 
division results were obtained with a chamber 
of the full length, / =  144.0cm. The gas mix- 
tures used, Ar-C2H6(54% Ar, 46% C2H6) and 
X e - C 2 H  6 ( 5 0 %  X e ,  5 0 %  C2H6) , are known to show 
electron drift velocity saturation at drift fields 
above about 1.2 kV/cm even in a magnetic field2). 
The operating potentials were chosen accordingly. 
The gas multiplication was then about 2!104 . 
The voltage distribution along the line of drift 
field wires was such that the drift field was con- 
stant, independent of the radius from the axis of 
the chamber. The calculated equipotential lines at 
typical working conditions for the Ar-C2H6 mix- 
ture (farif t : - 1 . 5 0  kV/cm) are shown in fig. 3. 

The read-out system is shown schematically in 
fig. 4. A fast current preamplifier with input im- 
pedance 70 .c2 is connected to each end of the 
sense wire. The drift time signal is derived from 
this fast signal (threshold=0.7/zA), while the 
pulse heights in either end of the wire are mea- 
sured on integrated and shaped signals with peak- 
sensing ADCs. It is shown in ref. 1 that the 
coordinate z along the wire (fig. 4) can be deter- 
mined as z=A/(A+B), where A and B are the 
pulse heights at the two ends of the wire. 

(cathode) drift field wires at 
potential -V(r)=-or-b field shaping w i r e s  

. . ~ .  at potential -Vn 

TY . . • . . . . . . . . . . . . . . . .  

JE • ~ • • 
• ~ ' "  ~ l * grounded guard • E " 8mm Edrift • ,  

• " / , r a m  - " " 

• lE'drift 
° X o = O  = 

° ~ ° ~ ° "  ° X o  X ° = o ,  Oxo • 

o s e n s e  w i r e s  at ground potential 
= potential wires at potential -HVI 

Fig. 2. Cross-sect ional  view of  one of  the  three adjacent 4 ° cells of  the  test modu le  (ring 3). There  are 10 active sense  wires 
in each cell, s ince the  first and last wires are not  read out.  The  sense  wire spacing is 8 m m  and the s taggering with respect 
to the radius vector is _+0.4 ram.  T he  potentials - l ' n  were chosen in the  tests  to give a cons tan t  potential difference between 
the f ield-shaping wires. 
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t2

particle

t1

Fig. 7.9. Resolution of the left–right ambiguity in a drift chamber.

Fig. 7.10. Illustration of the field formation in a large-area drift chamber.

the anode are the main limiting factors. The determination of the coor-
dinate along the wires can again be performed with the help of cathode
pads.

The relation between the drift time t and the drift distance in a large-
area (80 ! 80 cm2) drift chamber with only one anode wire is shown in
Fig. 7.11 [19]. The chamber was operated with a gas mixture of 93% argon
and 7% isobutane.

Field formation in large-area drift chambers can also be achieved by
the attachment of positive ions on insulating chamber surfaces. In these
chambers an insulating foil is mounted on the large-area cathode facing
the drift space (Fig. 7.12). In the time shortly after the positive high
voltage on the anode wire has been switched on, the field quality is insuf-
ficient to expect a reasonable electron drift with good spatial resolution
over the whole chamber volume (Fig. 7.13a). Positive ions which have
been produced by the penetrating particle now start to drift along the
field lines to the electrodes. The electrons will be drained by the anode
wire, but the positive ions will get stuck on the inner side of the insulator
on the cathode thereby forcing the field lines out of this region. After a
certain while (‘charging-up time’) no field lines will end on the covers of
the chamber and an ideal drift-field configuration will have been formed
(Fig. 7.13b, [20, 21]). If the chamber walls are not completely insulating,
i.e., their volume or surface resistance is finite, some field lines will still

Drift Chambers – Ambiguities

Difficulty:

 Time measurement cannot distinguish 
 whether particle has passed right or 
 left from a wire ...

"Left-Right Ambiguity"

 Solution: "Staggered wires"
 Use multiple (two) layers 
 displaced relative to each 
 other ...

Particle track

Staggered wires

Staggering in 
a cylindrical drift chamber [see later]



Drift Chambers – Ambiguities

Methods to resolve 
left-right ambiguities ...
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Aging in Wire Chambers
352 12 Ageing and radiation e!ects

Fig. 12.4. Examples of depositions on anode wires [3].

12.2 Radiation hardness of scintillators

Scintillators, Cherenkov media, wavelength shifters and readout fibres
are susceptible to degradation due to both natural ageing and radi-
ation e!ects. High radiation fields will reduce the light output and
transmission of the transparent media. If scintillators are used in cal-
orimeters as sampling element, non-uniformities of response might be
created as a consequence of non-uniform irradiation. Light losses and

Avalanche formation can be considered 
as  micro plasma discharge. 

Consequences: 

	 Formation of radicals i.e. molecule fragments
	 Polymerisation yields long chains of molecules 
	 Polymers may be attached to the electrodes 
	 Reduction of gas amplification 

Important:
Avoid unnecessary contamination ...

	 Harmful are ...

	 Halogens or halogen compounds
	 Silicon compounds
	 Carbonates, halocarbons
	 Polymers
	 Oil, fat ...
	 ....
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particle track

field-shaping cathode strips
potential wires
anode wires

!

Fig. 7.26. Segment of a jet drift chamber (after [35, 57–59]). The field-forming
cathode strips are only shown on one side of the segment (for reasons of simplicity
and not to overload the figure the two inner rings 1 and 2 show only five and the
outer ring 3 only six anode wires).

overpressure also suppresses the influence of primary ion statistics on the
spatial resolution. However, it is important not to increase the pressure
to too high a value since the logarithmic rise of the energy loss, which
is the basis for particle separation, may be reduced by the onset of the
density e!ect.

The determination of the coordinate along the wire is done by using
the charge-division method.

The r! projection of trajectories of particles from an electron–positron
interaction in the JADE drift chamber is shown in Fig. 7.27 [57, 58]. The
48 coordinates along each track originating from the interaction vertex can
clearly be recognised. The left–right ambiguity in this chamber is resolved
by staggering the anode wires (see also Fig. 7.28). An even larger jet
drift chamber was mounted in the OPAL detector at the Large Electron–
Positron collider LEP at CERN [60].

The structure of the MARK II jet chamber (Fig. 7.28 [61, 62]) is very
similar to that of the JADE chamber. The ionisation produced by particle
tracks in this detector is collected on the anode wires. Potential wires
between the anodes and layers of field-forming wires produce the drift
field. The field quality at the ends of the drift cell is improved by additional
potential wires. The drift trajectories in this jet chamber in the presence
of the magnetic field are shown in Fig. 7.29 [61, 62].

Features:

Large number of sense wires
Large drift cells

field shaping cathode strips
[both sides]

potential wires

anode wires

particle track

Allows good dE/dx determination
[many measurements]

But: long drift times ...

Lorentz
angle
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Jet Drift Chambers – JADE

First Jet-Chamber
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Figure 2. Geiger and Rutherford sitting by their apparatus (circa 191 1 ). 

Figure 3. Scientists from the JADE experiment and their apparatus (1983). 

Jet Drift Chambers – JADE

Length: 2.34 m; R = 57 cm 
Max.: 47 measurements
[σrΦ = 180 μm, σz = 16 mm]



Jet Drift Chambers – JADE
B.Naroska,e~ephysicswiththeJADEdetectoratPETRA
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a

b

Fig.5.1.Examplesofatwo-jetandathree-jeteventintheJADEdetector.

energyoftheprimarypartonsthehadronsarestronglyboostedintothepartondirectionandthe

two-jetstructurecanberecognisedeasilybyvisualinspection(fig.5.la).Thetransversemomentumof

theparticleswithrespecttothejet-axisislimitedwithanaverage
(~~)

300MeV,thesamevalueas

measuredatlowerenergies.Afractionofeventsshowsadifferentstructure,theeventsaremoreplanar

andsomehaveaclearthree-jetstructure(fig.5.ib).Thesefeaturescanbequantifiedforexampleby

thethrustvalue,definedas

T=max~~~
p~

(5.20)

thep~aretheparticlemomenta,andthesumrunsoverchargedandneutralparticles.’nisthevector

alongtheaxiswithrespecttowhichtheexpressionismaximal.Thrustapproachesthevalueof1for

two-jet-likeeventsandis0.5forsphericalevents.Thethrustdistributionsfor‘I~=14,22,34and

44GeVareshowninfig.5.2.Thepeaksatlargethrustvalues,whichgetnarrowertowardshigher

energies,correspondtothetwo-jet-likeevents.Alongtailtowardssmallthrustvaluesexistsevenat

highcentre-of-massenergies.Itcannotbedescribedbytwo-jeteventswithlimitedtransverse

momentumbutiswellreproducedbyamodelwhichcontainsadditionalgluonemissionaccordingto

perturbativeQCD.

Anotherwaytodescribetheeventshapeisatwo-dimensionalDalitzplot,theQ-plot.Foreachevent

thenormalisedmomentumtensorTapiscalculated:

Tap~
Pta~t~/~p~

(a,/3=x,y,z).

C

‘IntheJADEexperimenttheinclusionofneutralparticlesispossibleduetothesmallgrainlead-glassarrayswithalmostcompleteangular

coverage.Includingneutralparticleshastheadvantagethattheparticlemultiplicityisapproximatelydoubledcomparedtousingonlycharged

particles.Thisinturnfacilitatesthejetdefinition.
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Fig. 3. Schematic view of part of one of the 24 jet chamber 

sectors. Anode wires are depicted with " x "  symbols, and 

potential wires with "o"  symbols. 

calibration procedures,  and performance of the d E / d  x 

system have been given in detail elsewhere [8] and only 

a short summary of these results is presented. 

2. Description and operation 

The sensitive volume of the jet  chamber  is a cylin- 

der with a length of about 4 m with conical end plates 

and is divided in d~ into 24 identical sectors, each 

containing a sense wire plane with 159 anode wires and 

two cathode wire planes that form the boundaries 

between adjacent sectors. The anode wires are located 

between radii of 255 mm and 1835 mm, equally spaced 

by 10 mm and alternating with potential  wires. The 

maximum drift distance varies between 3 cm and 25 

cm. To resolve left-right ambiguities, the anode wires 

are staggered by _+ 100 ~m alternately to the left and 

right side of the plane defined by the potential  wires. A 

schematic drawing of a section of a jet chamber  sector 

is shown in fig. 3. Gravitational sag of the anode wires 

reaches a maximum of 192 ~m at z = 0. A solid angle 

of 73% of 4w is covered with 159 points on a track, 

and 98% of 4-rr with at least eight points• 

The anode wires are at ground potential,  and the 

potential  wires are maintained at - 2 . 3 8  kV, determin- 

ing the chamber  gas gain. The outer  cathode wires are 

held at - 2 5  kV graded to - 2 . 5  kV at the inner 

cathode wires, leading to an electric drift field of 890 

V / c m .  Electrostatic deflection of the anode wires 

reaches a maximum of 57 ~ m  at z = 0. More details of 

the high voltage system are described in refs. [6,8]. 

The chamber  is operated with a gas mixture of 

88.2% argon, 9.8% methane,  and 2.0% isobutane at a 

pressure of 4 bar. The gas pressure chosen optimizes 

[9] particle separation using d E / d x ,  and is also a 

compromise between high pressure to minimize diffu- 

sion effects that degrade spatial resolution at long drift 

distances, and low pressure to minimize multiple scat- 

tering for good momentum resolution. A track travel- 

ling perpendicularly to the anode wires encounters 

4.9% of a radiation length of material due to the 

chamber  gas. The gas is recirculated and purified in a 

closed system and the oxygen content is kept below 2 

ppm to minimize electron at tachment over long drift 

distances. The water  content of the gas is maintained 

at 500 + 50 ppm to alleviate wire aging and to reduce 

field distortions at the field degraders at the outer  

radius of the jet chamber. 

In the jet chamber  tracking volume, the magnetic 

field of 0.435 T is measured to be uniform to within 

_+0.5%. The Lorentz angle by which drift paths are 

tilted due to the magnetic field is c~ L = 20 °. The given 

high voltage configuration results in a gas gain of 104 

and a drift velocity that is approximately saturated at 

L' D -- 53 ~zm/ns. 

100 MHz flash analog-to-digital converters (DL300 

FADCs  [10]) digitize the waveforms of amplified sig- 

nals from each end of every anode wire, and 256 (or 

1024) samples are stored in fast memories.  The FADCs  

have a 6-bit resolution, which is effectively extended to 

8 bits by a nonlinear response function. By reading out 

data in special pulser runs, pedestals in the FADCs  are 

determined to better  than 0.1 counts and show a stabil- 

ity of better  than 0.03 counts for any channel over a 

period of one week. Zero  suppression, linearization, 

and pedestal  subtraction are performed, and then drift 

times, charges and z-values are calculated online by a 

microprocessor system. Hits are recognized using a 

"difference of samples" (DOS) algorithm [11], and the 

charge of a pulse is obtained by integrating each pulse 

over 200 ns with respect to the start of the pulse. Af ter  

the readout  and processing, the event size of an aver- 

age hadronic decay of the Z ° is 45 kbytes. 

3. Calibration 

The desired spatial, angular, and momentum reso- 

lution puts high demands on the stability of the coordi- 

nate measurements  and therefore on the stability and 

precise knowledge of several detector  parameters  such 

as drift velocity c'i~ and Lorentz angle a L. This section 

outlines how coordinates are calculated and describes 

the calibration procedures used to determine the vari- 

ous parameters  needed for coordinate reconstruction. 

3.1. Coordinate reconstruction 

In the R - ~  plane, space points x and y are calcu- 

lated in a sector reference f lame with the x axis along 
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Fig. l. Schematic view of the OPAL central detector. 

chamber  and  the  cal ibrat ion and correct ion procedures  

necessary to achieve design goals, this repor t  presents  

measu red  point  resolut ions and  the  pe r fo rmance  of the  

jet  chamber .  In some cases, the  pe r fo rmance  of the jet  

chamber  combined  with the  o ther  e lements  of the  

O P A L  centra l  de tec tor  will be  shown. The  description,  

\ /Q 
1 

f 

Y 

Fig. 2. A hadronic Z ° decay event tracked in the jet chamber. The lower jet contains an inclusive electron visible as high 

momentum track pointing at a high energy deposit in the electromagnetic calorimeter. The track fulfils the d E / d x  requirement 

for electrons. 

Opal Jet Chamber
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Interior of OPAL drift chamber
Length: 4 m; R = 185 cm; 159 measurements per track

[σrΦ = 135 μm, σz = 60 mm]
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OPAL Jet Chamber installation



Time Projection Chambers
6. TPC - Time Projection Chamber

Gregor Herten / 6. Driftchamber 27

Developed by D. Nygren in the 70!s.

Large gas volume with central electrode.

Drift distance of several meters.

Signal registered with MWPC, anode wires and 

cathode pads provide x,y ;  drift time gives z. 

Transverse diffusion reduced (electrons spiral 

around E-field, since E || B, Lamor radius < 1 

µm)

Very good 3D hit resolution and dE/dx.

Long drift times (" 40 µs), thus rate limitations 

and very good gas quality required. 
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Driftchambers during Construction
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Electronic 'bubble chamber'
Full 3D reconstruction ...
	 xy	 :  from wires and pads of MWPC ...
	 z	 :  from drift time measurement

TPC principle
[rz view]

	 Momentum measurement ...
	     space point measurement
	     plus B field ...

	 Energy measurement ...
	     via dE/dx ...

TPC setup:
	 (mostly) cylindrical detector
	 central HV cathode
	 MWPCs at end-caps of cylinder
 B   to E  ➛  Lorentz angle = 0 ‖ 

Charge transport :
	 Electrons drift to end-caps
	 Drift distance several meters
 Continuous sampling of induced 
 charges in MWPC

TPC principle
[rΦ view]



Time Projection Chambers

Advantages:
	 Complete track within one detector
	 yields good momentum resolution

	 Relative few, short wires (MWPC only)

	 Good particle ID via dE/dx

	 Drift parallel to B suppresses transverse
	 diffusion by factors 10 to 100

particle track

gating plane
cathode plane 
anode plane

induced charge

pads

E
➛

Negative
 high-vo

ltage

planed

Challenges:
	 Long drift time; limited rate capability
	 [attachment, diffusion ...]

	 Large volume [precision]

	 Large voltages [discharges]

	 Large data volume ...

	 Extreme load at high luminosity; gating 
	 grid opened for triggered events only ...

Typical resolution:
 z: mm; x: 150 - 300 μm; y: mm
	 dE/dx: 5 - 10% 



Time Projection Chambers
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Gating in a TPC
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Aging Effects in Wire Chambers
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Micro Strip Gas Chambers MSGC
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Resistive Plate Chambers RPC

HIGH RESISTIVITY ELECTRODE

GAS GAP

GRAPHITE COATING

INSULATOR

READOUT STRIPS Y

HV

GND

~2mm

Bakelite

Bakelite

Initial condition after
applying high voltage

Surface charging of
electrodes by current flow
through resistive plates

After a discharge electrons
are deposited on anode and
positive ions on cathode
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6. Gating in TPC

Gregor Herten / 6. Driftchamber 28

Problem:

• Ions drift back to central electrode

• Disturbs homogeneity of electric field in drift region. 

Solution:

• ions are collected on shielding grid

• only electrons from triggered events reach amplification region, others are 

collected at gating grid. 

• external trigger required. 
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Resistive Plate Chambers RPC

HIGH RESISTIVITY ELECTRODE

GAS GAP

GRAPHITE COATING

INSULATOR

READOUT STRIPS Y

HV

GND

~2mm

Bakelite

Bakelite

Initial condition after
applying high voltage

Surface charging of
electrodes by current flow
through resistive plates

After a discharge electrons
are deposited on anode and
positive ions on cathode
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6. Gating in TPC

Gregor Herten / 6. Driftchamber 28

Problem:

• Ions drift back to central electrode

• Disturbs homogeneity of electric field in drift region. 

Solution:

• ions are collected on shielding grid

• only electrons from triggered events reach amplification region, others are 

collected at gating grid. 

• external trigger required. 

Difficulty: 	space charge effects due to slow moving ions
	 	 change effective E-field in drift region ....

	 	 Important: most ions come from amplification region 

Solution: Invention of gating grid; ions drift towards grid ...
  [Also: shielding grid to avoid sense wire disturbance when switching]

	 	 Requires external trigger to switch gating grid ...



Time Projection Chambers

 2

ALICE – A Large Ion Collider Experiment – at LHC 

Data taking rate:

~ 1 kHz  in  pp

a few 100 Hz in PbPb

ALICE Detector
with large TPC ...



ALICE TPC: Konstruktionsparameter

Grösste Cylindrische TPC:
Länge 5m
Durchmesser 5m
Gasvolumen 88m3

Detektorfläche 32m2

Auslesekanäle ~570 000

Hochspannung:
Kathode -100kV 

Materialbuget X0
Cylinder aus 
Kompositmaterialien der 
Luftfahrtsindustrie (X0= ~3%)

Time Projection Chambers

ALICE TPC:
	 Length: 5 meter
	 Radius: 2.5 meter
	 Gas volume: 88 m3

 Total drift time: 92 μs
	 High voltage: 100 kV

	 End-caps detectors: 32 m2 
	 Readout pads: 557568
	 159 samples radially
	 1000 samples in time

	 Gas: Ne/CO2/N2 (90-10-5)
	 Low diffusion (cold gas)

	 Gain: > 104

 Diffusion: σt = 250 μm
 Resolution: σ ≈ 0.2 mm
 σp/p ~ 1% p; ε ~ 97%
 σdE/dx/(dE/dx) ~ 6%
	 Magnetic field: 0.5 T

	 Pad size:	 5x7.5 mm2 (inner)
	 	 6x15 mm2 (outer)

	 Temperature control: 0.1 K
	  [also resistors ...]

Material: Cylinder build from composite 
material of airline industry  (X0= ~ 3%)



Time Projection Chambers 6. ALICE   TPC

34

Simulated heavy ion collision in the ALICE TPC. 

View inside the ALICE TPC

View inside
ALICE TPC
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Simulated heavy ion collision in the ALICE TPC. 

View inside the ALICE TPC

Simulated heavy 
ion collision inALICE TPC


