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Principal of a Driftchamber

!"#$%&"'#&&()#*'+(,"'+-'./'"*"0+&.1$'#+'
#1.2"'3(&"''&"*#+()"'+.'&"/"&"10"'+45

• "6+"&1#*'2"/(1(+(.1'./'+(,"'
&"/"&"10"'+4'78"&"'9:'/#$+'
$0(1+(**#+.&'$(;1#*<

• '6=0..&2(1#+"';()"1'9:>

''''''''''''''''''

• (/'2&(/+')"*.0(+:')?'0.1$+#1+'.)"&'/%**'

2&(/+'2($+#10">'

• #2)#1+#;"'./'2&(/+'08#,9"&$>',%08'
*#&;"&'$"1$(+()"').*%,"'@"&'&"#2'.%+'
08#11"*

x vD t( ) td
t
0

t
1

!=

x vD t
1

t
0

–( ) vD"t= =

A?B>''A(,"'+.'?(;(+#*'B.1)"&+"&

C=/("*2'$,#** C=/("*2'*#&;"

2&(/+'&";(.1 ;#$';#(1

carsten.niebuhr@desy.de 18                     Par ticle Detectors 2

vdrift vs E-Field in various Argon-Mixtures
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Examples for Cylindrical Driftchamber Geometries
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Isochrones & Lorentzangle
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6. Driftchamber
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• Get external time reference t0  
(scintillator)

• Measure arrival time of electrons at 
anode t1 

• x- coordinate given by 

• advantage of drift chamber: much 
larger sensitive volume per readout 
channel. 

x =
∫ t1

t0

vD(t) dt



6. Driftchamber

Gregor Herten / 6. Driftchamber 4

• Use graded potential to get uniform drift field.

• Gas amplification near anode wire.

• Position resolution (σ= 50 - 200 µm)
• v(t) distortions near wire
• ionisation fluctuations
• diffusion
• electronic noise

April 18, 2007 Carl Bromberg - Prof. of Physics 12

Drift chambers

• Graded potential, ~uniform drift field

• Drift followed by avalanche at wire

CDF muon chambers

drift cell

• Position resolution (!  =  50-200µ)

– v(t) distortions, e.g., near wire

– ionization fluctuations

– dispersion while drifting

– electronic noise

Particle crosses at time t

Ionization arrives at t + "t
drifting 
ionization

-2-3-4 -3 -4
graded potentials (kV)

field lines particle

  x = ± v(t)!t

+/- left right ambiguity



6. Driftchamber - Intrinsic Resolution

Gregor Herten / 6. Driftchamber 5

• Statistics of primary ionisation: 
100 µm separation

• diffusion of electron cloud

• time jitter in electronics 
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Intrinsic Position Resolution

!"#$%&'(%&)%*$+,)%'%,&$(#),-.'%,&$%)$%&/-.#&*#0$12$'"(##$#//#*')3

• )'4'%)'%*)$,/$+(%54(2$%,&%)4'%,&3$+,%&'$,/$,(%6%&$,/$
+(%54(2$*-.)'#($74(%#)$12$$!899µ5

• 0%//.)%,&$,/$#-#*'(,&$*-,.0$0.(%&6$%':)$0(%/'$',$4&,0#

- 

- ;,(#&'<$#//#*'

• -%5%'4'%,&)$%&$'%5#$(#),-.'%,&$,/$=",-#$*"4%&$
,/$#-#*'(,&%*$)%6&4-$+(,*#))%&6
- *41#-

- +.-)#$)"4+%&6$

- 0#/%&%'%,&$,/$'%5#$(#/#(&*#$t0$#'*

!
1

n

-------
2Dx

µE
----------=

*,&'(%1.'%,&)$',$+,)%'%,&$(#),-.'%,&

carsten.niebuhr@desy.de 22                     Par ticle Detectors 2

Driftchambers during Construction
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Options for Readout of Second Coordinate
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Time Projection Chamber
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Principal of a Driftchamber
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Examples for Cylindrical Driftchamber Geometries
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6. Driftchamber - Drift velocity

Gregor Herten / 6. Driftchamber 6

Some gas mixtures have a strong variation of drift velocity as function of E-field. 

For stable operation it is useful to operate at maximum / plateau.

Typical drift velocities: 2-10 cm/µs = 20-100 ~m/ns.  
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Principal of a Driftchamber
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vdrift vs E-Field in various Argon-Mixtures
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Examples for Cylindrical Driftchamber Geometries
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6. Driftchamber in B-field
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6. Planar Drift Chamber Types
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6. CMS Muon Drift Tubes Chambers 
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Figure 7.5: Sketch of a cell showing drift lines and isochrones. The plates at the top and bottom
of the cell are at ground potential. The voltages applied to the electrodes are +3600V for wires,
+1800V for strips, and −1200V for cathodes.

Figure 7.6: Exploded view of the cathode
electrodes, glued on the I-beams.

Figure 7.7: Exploded view of the end part of
the drift cells showing the different end-plugs
and spring contacts for high voltage connec-
tions.

are placed on both sides of the I-beams (figure 7.6) following a technique similar to that used for
the strip electrodes on the aluminium plates. A cathode consists of a 50-µm-thick, 11.5-mm-wide
aluminium tape insulated from the I-beam by 19-mm-wide, 100-µm-thick mylar tape. This design
allows for at least 3.5 mm separation of the electrode from the sides of the grounded I-beam. At
the extremities the mylar tape is cut flush with respect to the I-beam ends while the aluminium tape
is recessed by 5 mm. Special tools were designed and built to glue the electrode strips to both the
plates and the I-beams. The only difference between the tapes used for the electrode strips and the

– 169 –

Anode wire 50 µm diameter gold-plated stainless steel wire. 

Field electrode on top and bottom: 16 mm wide, 50 µm thick aluminium tape. 

+ 3600 V on wires, + 1800 V on  strips, -1200 V on cathode. 

Ar/CO2 gas mixture, e.g. 85%/15%



6. CMS Muon Drift Tube System
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Figure 7.3: Layout of the CMS barrel muon DT chambers in one of the 5 wheels. The chambers in
each wheel are identical with the exception of wheels –1 and +1 where the presence of cryogenic
chimneys for the magnet shortens the chambers in 2 sectors. Note that in sectors 4 (top) and 10
(bottom) the MB4 chambers are cut in half to simplify the mechanical assembly and the global
chamber layout.

the several layers of tubes inside the same station. With this design, the efficiency to reconstruct a
high pT muon track with a momentum measurement delivered by the barrel muon system alone is
better than 95% in the pseudorapidity range covered by 4 stations, i.e., η < 0.8. The constraints of
mechanical stability, limited space, and the requirement of redundancy led to the choice of a tube
cross section of 13 × 42 mm2.

The many layers of heavy tubes require a robust and light mechanical structure to avoid sig-
nificant deformations due to gravity in the chambers, especially in those that lie nearly horizontal.
The chosen structure is basically frameless and for lightness and rigidity uses an aluminium honey-
comb plate that separates the outer superlayer(s) from the inner one (figure 7.4). The SLs are glued
to the outer faces of the honeycomb. In this design, the honeycomb serves as a very light spacer,

– 166 –



6. CMS Commissioning with Cosmics
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Cosmic Muons measured in all CMS sub-
detectors including Pixel detector. 

Several hundred million cosmics have been recorded.



6. CMS Muon DT Efficiency
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6Drift Tubes layer efficiency. Lower values correspond    groups of 

temporarily disconnected channels.

Muon Barrel: Drift Tubes efficiency

F. Cavallari, Elba 2009



6. CMS Muon DT Hit Resolution
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F. Cavallari, Elba 2009

7

Muon Barrel: Drift Tubes Hit resolution

The hit resolution is computed 

from the residuals between the 

DT hits and the track segments in 

the muon spectrometer.

Typical values 

Good agreement with MC

Magnetic field degrades the 

resolution in the inner chamber in 

the external wheels.

Hit residuals (cm)
-0.2     -0.1        0       0.1       0.2

s ~ 200 – 260 mmµ
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6.  ATLAS Monitored Drift Tubes  (MDT)
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Figure 6.8: Cross-section of
a MDT tube. Figure 6.9: Longitudinal cut through a MDT tube.

reduction of the signal pulse height [165–168]. A disadvantage of this gas mixture is the non-linear
space-drift time relation and the drift time of about 700 ns, which is about 50% longer than is typical
for linear gases such as Ar/CH4. The non-linearity of the Ar/CO2 gas leads to a reduction of spatial
resolution at high counting rates due to the distortion of the electric field created by the positive
ions. At full LHC luminosity, counting rates of up to 30 kHz per tube will be expected due to the
conversion of background photons and neutrons [34, 36, 169]. The corresponding degradation of
the average resolution has been determined in tests at high gamma backgrounds and is expected to
be 60-80 µm per tube at the expected background levels [166, 170–172]. Detailed results are given
in section 6.3.4. An additional complication for tracking comes from the fact that the detailed shape
of the space drift-time relation in ArCO2 depends on environmental parameters like temperature
and pressure as well as on the local magnetic field due to the Lorenz force. In order to maintain the
high spatial resolution under varying environmental conditions, an online calibration system based
on measured tracks is foreseen [173, 174].

A small water admixture to the gas of about 300 ppm is foreseen to improve HV stability.
The effect of this admixture on the drift behaviour is expected to be negligible [175].

6.3.2 Mechanical structure

The main parameters of the MDT chambers are listed in table 6.2. The chambers are rectangular
in the barrel and trapezoidal in the end-cap. Their shapes and dimensions were chosen to optimise
solid angle coverage, while respecting the envelopes of the magnet coils, support structures and
access ducts. The direction of the tubes in the barrel and end-caps is along φ , i.e. the centre points
of the tubes are tangential to circles around the beam axis. While all tubes of a barrel chamber
are of identical length (with the exception of some chambers with cut-outs), the tube lengths in the
end-cap chambers vary along R in steps of 24 tubes. Detailed information on chamber dimensions
and other parameters is available in [176]. The MDT chamber construction is described in [177].

The naming of chambers is based on their location in the barrel or end-cap (B,E), their as-
signment to inner, middle, or outer chamber layer (I, M, O) and their belonging to a large or a
small sector (L,S). The sector number (1–16) and the sequence number of the chamber in a row
of chambers in a sector are added to completely specify a MDT chamber. A BOS chamber, for
example, is located in a small sector of the barrel, outer layer, while an EML lies in the large sec-
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Table 6.2: Main MDT chamber parameters.
Parameter Design value
Tube material Al
Outer tube diameter 29.970 mm
Tube wall thickness 0.4 mm
Wire material gold-plated W/Re (97/3)
Wire diameter 50 µm
Gas mixture Ar/CO2/H2O (93/7/≤ 1000 ppm)
Gas pressure 3 bar (absolute)
Gas gain 2 x 104

Wire potential 3080 V
Maximum drift time ∼ 700 ns
Average resolution per tube ∼ 80 µm

tor of the middle layer of the end-cap. In sectors 12 and 14 (see figure 6.1) of the barrel, special
chambers were designed to keep the acceptance losses due to the ATLAS support structure (“feet”)
to a minimum. Modified BOS chambers are therefore called BOF or BOG, and the modified BMS
chambers BMF. The BEE (Barrel End-cap Extra) are special chambers located in the castellations
of the end-cap toroid cryostats. Although labelled barrel chambers, the BEE are used in the mea-
surement of tracks passing from the barrel to the end-cap. The BEE chambers consist of a single
multi-layer of four tube layers.

As can be seen in figure 6.2, the outer part (in the radial direction) of the EI wheel does not
project into the EO wheel. In order to allow for momentum measurement in this region, an inter-
mediate ring of chambers, the EES and EEL (the “E” is derived from extra) chambers, have been
introduced with an offset of about 3-3.6 m with respect to the corresponding EI wheel chambers.

All regular MDT chambers consist of two groups of tube layers, called multi-layers, separated
by a mechanical spacer. In the innermost layer of the muon detector, each multi-layer consists of
four tube layers to enhance the pattern-recognition performance; in the middle and outer layer of the
muon detector, each multi-layer consists of three tube layers only. Figure 6.10 shows the structure
of a barrel chamber with 2 × 3 tube layers. The height of the support beam between the multi-
layers (spacer) depends on the chamber type, varying from 6.5 mm to 317 mm (tables 6.3 and 6.4).
Detailed information about chamber dimensions and other parameters is available in [176].

During chamber construction, a high precision of tube placement and a high level of mechan-
ical strength had to be achieved in order to maintain the inherent resolution of the drift tubes. The
two multi-layers of a MDT chamber are mounted on a support frame of solid aluminium beams,
providing mechanical rigidity to the structure. The lateral support beams (cross-plates), designated
by RO for readout and HV for the high voltage supply side, are interconnected by two longitudinal
beams. Three kinematic mounting points, not shown in figure 6.10, are attached to the frame for
installation onto the rail system of ATLAS.

The frames also carry most of the interfaces to gas supplies, and to the electrical, monitoring
and alignment services. The 3 (4) tube layers of a multi-layer are joined together with epoxy glue,
layer by layer, after having been carefully aligned on a granite table. The reference surface for the
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Figure 6.10: Mechanical structure of a MDT chamber. Three spacer bars connected by longitudinal
beams form an aluminium space frame, carrying two multi-layers of three or four drift tube layers.
Four optical alignment rays, two parallel and two diagonal, allow for monitoring of the internal
geometry of the chamber. RO and HV designate the location of the readout electronics and high
voltage supplies, respectively.

tubes is the precisely-milled end-plug, which also serves as reference for wire positioning. This
method ensures a high precision of relative wire positioning at construction time.

The straightness of the tubes is required to be better than 100 µm. The relative positioning
of wires reached during production, has been verified to be better than 20 µm. The gap between
adjacent tubes filled by glue is 60 µm. A detailed account of MDT chamber construction and
quality assurance is given in [178–183].

In spite of the solid construction of the MDT chambers, deformations are expected to occur
in the various mounting positions in ATLAS and may change in time when thermal gradients are
present. Therefore, an internal chamber alignment system was implemented, which continuously
monitors potential deformations of the frame. The alignment system consists of a set of four
optical alignment rays, two running parallel to the tube direction and two in the diagonal direction
as shown in figure 6.10. The lenses for the light rays are housed in the middle, while LED’s and
CCD sensors are located in the outer spacers. This system can record deformations of a few µm
and is designed to operate during production, installation, and operation of ATLAS. Details of the
in-plane alignment system of the MDT chambers are given in section 6.5.

Due to gravitational forces, chambers are not perfectly straight but suffer a certain elastic
deformation. The BOS chambers for example, with a tube length of 3.77 m, have a gravitational
sag of about 800 µm when supported at the two ends in the horizontal position. The wires in
the tubes have only 200 µm sag at their nominal tension of 350 g. In order to re-establish the
centricity of the wires, the sag of the multi-layers can be corrected by the sag-adjustment system,
which applies an adjustable force to the central cross-plate. Using the in-plane alignment system as
reference, deformations can be corrected with a precision of about 10 µm. Thus, for each angle of
installation in the ATLAS detector, the sag of drift tubes and wires can be matched, leading to wire
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Out of 1100 chambers:

• 3 chambers not readout (gas system 
problems)

• 2 chambers with HV off

• 32 chambers with HV off for 1 of 
the 2 multilayers

O(100k)
O(1M)
O(10M)

No data available

Statistics/chamber in one long 2008 run

BarrelEndcap C Endcap A

Sector 5
on top

6.  ATLAS MDT System Performance
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Tube & segment 
efficiencies in cosmic 
ray events

•0.1% single dead channels
•1% clustered dead channels (being fixed)
•Noisy channels (> 5% occupancy) < 0.2%

94.5% 99.3%

97.6%
>95% in the Barrel
>93% in the Endcaps

6.   ATLAS MDT Efficiency
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•10% resolution at 1TeV dominated by 
position measurement resolution
•Sagitta ~500µm
•Position measurement ~50µm
(obtained from 3 or 4 hits with 80-90µm 
resolution)
•Systematics must not spoil the overall 
accuracy
•Calibrations and alignment better than 
30µm!

•Alignment system: 12232 optical sensors
•Autocalibration with dedicated data stream 

6.   ATLAS MDT Expected Momentum Resolution
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Figure 1. Layout of the precision chambers in one muon spectrometer endcap. Left: side view; right:

isometric projection. The beam line is horizontal, with the interaction point on the left, outside the picture.

Shown are the four stations EI (CSCs in yellow, EIL1/2 and EIS1/2 in green, EIL4 in blue), EE (red), EM

(brown), and EO (gray). Alignment bars are arranged as the spokes of the wheels (hardly visible). Those

alignment lines that link bars in different wheels to each other are shown as well, while the vast majority of

alignment lines, linking chambers and bars within a wheel, is not shown. The vessel of the endcap toroid

magnet fills the space between the EI and EM stations, up to the inner radius of the EE chambers.

alone contributes 9.3m. The EI, EM, and EO stations are positioned at average distances from

the interaction point along the beam line of 7.5m, 14.1m, and 21.6m, respectively. For the typical

length scale of the spectrometer endcaps of 16m, an alignment accuracy of 40µm thus corresponds

to 2.5 ·10−6 (2.5ppm) of the scale.

1.3 Alignment strategy

The basic concept of the muon spectrometer barrel and endcap alignment systems is:

• Chambers have internal alignment sensors that monitor their individual distortions.

• There is a global alignment system that monitors the positions of the chambers with respect
to each other.

In the barrel region of the ATLASmuon spectrometer, the correction to the track sagitta that is

due to chamber misalignment is, at least conceptually, measured directly. This is done with sensors

on projective alignment lines, i.e. lines pointing to the ATLAS interaction point, which link MDT

chambers along potential muon trajectories.

In the endcap region this is not possible because the endcap toroidal magnet cryostat obstructs

most of the projective alignment lines that would be required. Instead, the global alignment sys-

tem in the endcap establishes a reference grid using alignment bars whose relative positions are

measured by a system of bar-to-bar alignment sensors. Chamber positions are then related to the

– 4 –

With CCD cameras (BCAM) the relative position of chambers is measured.  The optical sensors
are mounted on chambers and alignment bars, which serve as precise 3D calibration devices. 

Layers of tracking detectors 
have to be aligned with respect 
to each other. 

Precision in alignment
should be comparable to 
sagitta error. 

Inner Tracker: mainly use tracks.

Muon system: optical alignment 
and tracks. 
 

Example: ATLAS endcap muon system
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Figure 21. An EM alignment bar. Top: clamped onto the bar tube are platforms with sensors mounted

on them, as well as the kinematic mounts. Detail views show, from left to right: a polar and a radial

BCAM; the gimbal mount; an azimuthal BCAM; two proximity masks; the slip-ring mount; and a ring

for inserting survey targets, together with an LWDAQ multiplexer and two proximity masks on a special

platform. Bottom: attached to the inside of the tube are disks holding components of the in-bar RASNIK

system. Detail views show, from left to right: two CCDs; a lens; a lens and two masks; and a disk without

optical elements. The remaining four views are the same as the first four, in reverse order. The eight in-bar

temperature sensors are attached to these disks.

short short

long

maskCCD lens

medium

short medium

short

CCD lens mask

Figure 22. Schematic representation of the in-bar RASNIK layouts. Top: the layout of the bar prototypes

used in the H8 test, with three RASNIKs (one long, two short ones). Bottom: the layout used in all ATLAS

bars except the EIL4 ones, with four RASNIKs (two short, two medium-length ones). This layout has several

advantages over the prototype: easier calibration with the CMM, larger dynamic range for bar deformations,

redundancy due to the added RASNIK line. The EIL4 bars have a layout with two RASNIKs, resembling

the H8 layout with one of the short RASNIKs removed.
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Alignment bars are up to 10 m long. The 3D position of every platform is measured with a precision 
of 10 µm.  Since the position of every sensor (BCAM) on the bar is know the sensor reading is used 
to determine the position of chambers.  The alignment error of chambers will be about 30 µm. 
An optical system inside the bars measures the deformation of the bar. 
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•Barrel Optical Alignment:  at 
200 µm level for large sectors 
(0.5-1mm for small ones)
•Track based alignment : 
improvement to <50 µm level

BARREL

14.  ATLAS Muon MDT Chamber Cosmic Analysis

Residuals
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Examples for Cylindrical Driftchamber Geometries
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Isochrones & Lorentzangle

O$.08&.1"1

2($+#10"'+.'3(&"'@*#1"

/(&$+'"*"0+&.1$

6. Cylindrical Driftchambers
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Intrinsic Position Resolution
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Driftchambers during Construction
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Time Projection Chamber
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Driftchambers during Construction
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Time Projection Chamber
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6. TPC - Time Projection Chamber
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Developed by D. Nygren in the 70ʼs.

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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Time Projection Chamber
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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
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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. 



6.  ALEPH  TPC at LEP
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Aleph Higgs Candidate Event:   e+ e-  HZ  bb + jj

6.  ALEPH  TPC at LEP
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6. TPC for Heavy Ion Collisions
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Au+ Au+ collision in the 
STAR Experiment/RHIC
Up to 2000 tracks 

Pb+ Pb+ Kollision in the ALICE 
Experiment/LHC
Simulation for 
Angle Θ=60 to 62º
Up to 40 000 tracks/collision



 2

ALICE – A Large Ion Collider Experiment – at LHC 
Data taking rate:

~ 1 kHz  in  pp
a few 100 Hz in PbPb



 3

The ALICE Time Projection Chamber
in numbers

Most challenging TPC ever built

557568  readout pads
1000 samples in time direction

2x18  Inner 
Readout 
Chambers

2x18  Outer 
Readout 
Chambers

Gas:
! 90 m3  of Ne-CO2-N2 (90 - 10 - 5)
! low diffusion (“cold gas”)
! drift velocity non saturated

! temp. stability of 0.1K required

2.5m
2.5m

Central HV electrode
100kV

Total drift time
92 µs5m



6. ALICE   TPC

34

Simulated heavy ion collision in the ALICE TPC. 

View inside the ALICE TPC
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TPC performance
momentum resolution

! measured: 6.5%  at 10 GeV
~1% below 1 GeV

! design value: 4.5%  at 10 GeV

! cosmic muons reconstructed as two tracks
! use relative track information at vertex
! ~ 5x106 events available

pt resolution

Resolution determination
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7. Micropattern Gas Chamber (MPGC)

Gregor Herten / 7.  Micropattern Gas Detectors 36

from L. Ropelewski
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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
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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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7. Microstrip Gas Chamber (MSGC)

Gregor Herten / 7.  Micropattern Gas Detectors 37

Advantages:

• Very precise and small anode/cathode structures can be produced with lithographical methods. Thus very 
good position resolution is possible. 

• MSGC provide high mechanical stability

• small drift distance for ions, thus high rate capability. 
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7. Micromegas - Micromesh Gaseous Structure
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from L. Ropelewski
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! Charged particles crossing the TPC ionize gas 

molecules

! The produced electrons drift to the MicroMegas mesh

! Once on the mesh the e- enter in the amplification 

region where avalanches are generated

" Gain ~ 103 - 104

" ~ 100% collection efficiency (if drift/amplification        

field is high enough)

" Small gap # short rise time

! Ions flow back to the mesh 

" Only few ions permil go back to the drift space

" Avoids space charge effects m
e
s
h

p
a
d

p
a
d

P
C

B

B = 0.2 T

E ~ -200 V/cm

e-

MM amplification 

E~-360 V/128 !m

!

5#;$%/?:0%;2&= @:/3?/@,;=7.  TPC Readout with Micromega
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C. Giganti



7. GEM - Gas Electron Multiplier
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7. GEM - Gas Electron Multiplier
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14 CHAPTER 3. THE GAS ELECTRON MULTIPLIER

Figure 3.3: left: Principle drawing of the gas amplification process in a GEM foil. right: Electric
field strength along the GEM hole axis at a GEM voltage of 360V [11].

3.2 Operation principle of GEM foils

By applying a potential difference (typically 320 V to 450V) between the two copper
electrodes (the GEM voltage), a dipole field is generated in the GEM holes. When placing
the GEM foil into an external electrical field, the field lines are guided through the GEM
holes. Electrons drifting along the field lines will generate secondary electrons in the high
electric field (see figure 3.3 left). A simulation of the field strength achieved along the
GEM hole axis is shown in figure 3.3 (right).

For a better understanding the charge multiplication in the GEM foil can be divided
into three parts: charge collection, amplification and transfer. The dependence of these
parameters on the external electrical fields is described in the following sections.

3.2.1 Drift field

The drift field is applied between the upper GEM side and the drift electrode. This
electrical field forces the electrons to drift towards the GEM foil. The drift field lines are
either guided through the GEM holes or terminate on the upper side of the GEM foil as
shown in figure 3.4 (1). The fraction of electrons that reaches the amplification region in
the hole is called electrical transparency tel.

The dependence of the transparency on the drift field was studied with a triple GEM
detector in a high intensity particle beam (see chapter 9). The transparency was calculated

P. Cwetanski, thesis, Heidelberg

For a voltage between the GEM foils of 360 V the E-Field inside the gap reaches very high values, which 
cause gas amplification. 
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Gas Electron Multiplier GEM
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Main Characteristics of GEM Detectors
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Detector R&D: GEM Readout for TPC at ILC

GEM TPC
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Comparison of various Trackdetectors
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7. GEM - Characteristics
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Gas Electron Multiplier GEM
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Main Characteristics of GEM Detectors
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Detector R&D: GEM Readout for TPC at ILC

GEM TPC
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Comparison of various Trackdetectors

X&$&I$/N#$20&#############U/,7$7/"N&,/'4##X&(-$7O&##9'&I$N/"4##>-.("$(J&#######UN/1'&O,

##########################################<µOH#############<O,H######N&(-/6$

7. TPC Readout with GEM

Gregor Herten / 7.  Micropattern Gas Detectors 43

from C. Niebuhr



Other (than tracking) Applications
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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
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8. Limitations of Gaseous Detectors:  Aging - Deposits
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Complex plasma-chemical reactions
in the avalanche can lead to 
polymerization.  

Deposits on anode and cathode.

Deposits reduce electric field, which 
leads to reduced signal amplification 
(efficiency loss).

Malter effect:
Positive ions form a layer on cathode,
high E-fields cause continuous electron 
extraction from cathode.
Leads to continuous discharge current.
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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
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9. Limitations of Gaseous Detectors : Deposits
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Wiskers are produced on the anode wire. They absorb the electrons. Thus electrons 
do not reach the main amplification region very close to the wire. This leads to 
efficiency loss.  
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8. Discharges
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Regions in the detector with large E-fields
can lead to a sparks and to a break-down
of the detector. 

Insulators can charge up and produce high E-
fields. Adding water to the gas can increase 
the conductivity of the surfaces. 



8. Discharges in GEM Detectors
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Discharge probability for GEM detectors can be reduced with SGEM and TGEM (smaller 
voltage across each GEM foil).  

3.3. MULTI GEM STRUCTURES 17

3.3 Multi GEM structures

Gas detectors used for particle tracking have to cope with a large dynamic range of the
primary ionization. Large amounts of primary electrons may lead to a high voltage break-
down (see chapter 10). The probability to produce a discharge can be reduced by cascading
several GEM foils. This is demonstrated in figure 3.6 where the discharge probability per
incident alpha particle was determined.

Figure 3.6: Discharge probability as a function of total effective gain for Single, Double and
Triple GEM detectors [24].

The electrons released from the first GEM foil are multiplied again by the following GEM
foil. The amplification process for the individual GEM foil is not changed by the presence
of other GEM foils. The gap in-between the GEM foils is called transfer gap and the
associated electrical field is called transfer field (see figure 3.7 left).

Increasing the transfer field extracts more electrons from the first GEM foil which drift
towards the second GEM foil resulting in a raise of the anode current. At transfer fields
above 3 kV/cm the transparency for the second GEM foil starts to decrease. More electrons
from the first GEM foil terminate on the upper side of the second GEM foil and the anode
current diminishes (see figure 3.7 right).

With a triple GEM detector almost a ten times higher gain can be achieved than with
a double GEM detector. In view of high particle rates at LHC it was decided to build

S. Bachmann, CERN-EP/2000-151 

ED : drift field
ET  : transfer field 

  (between GEMs)



8. Avoiding Aging 
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Material for construction:

• Use only material, which is certified in ageing 
test (high irradiation). Donʼt rely on 
manufacturers. 

• Avoid glue, some type of plastic, PVC

• Be careful with O-rings (can contain silicone), 
printed circuit boards.

• Absolutely no silicone grease (often found in 
gas valves). 

During construction:

• Absolute cleanliness

• No finger prints

• Clean all components before assembly, do 
not rely on cleaning by manufacturer. 

• Perform aging tests with highly ionizing 
particles as early as possible, before mass 
production starts. 

Operation:

• Use gas, which does not polymerize (noble 
gas, CO2, .. )

• Gas additives ca help (water, alcohol, ... )

• Avoid high currents (low gas gain)

Donʼt expect immortality: 

B. Schmidt: “ Detectors are like us: aging is 
unavoidable, surviving in good shape is the 
main issue.


