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Abstract

Almost one century ago the method of particle detection with gaseous detectors was invented. Since then they have

been exploited successfully in many experiments using a wide variety of different applications. The development is still

going on today. The underlying working principles are today well understood and with the help of modern simulation

techniques, new configurations can be easily examined and optimized before a first experimental test.

Traditional wire chamber ensembles demonstrate that they are still up to date and are well prepared to meet also the

challenges of LHC. Applications will be discussed using TPCs in high multiplicity environments with standard Multi-

Wire Proportional Chamber (MWPC) as readout as well as drift tubes in a muon spectrometer for a Large Hardron

Collider (LHC) experiment. Triggered by the evolving printed circuit technology, a new generation of gaseous detectors

with very high position resolution and rate capability has emerged. Two representatives (MICROMEGAS, GEM) have

proved their reliability in various experiments and are promising candidates for future projects. Performance and results

will be discussed for these detectors. Furthermore, achievements in RPC-based detectors will be discussed. The standard

Trigger RPC is a reliable low-cost semi-industrial manufactured device with good time resolution. Thin gap RPCs

(Multigap-, and High Rate Timing RPC) show very fast signal response at high efficiency and significantly increased

rate capability and will be applied in TOF detectors.

r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The working field of gaseous detectors began al-
most one century ago, when H. Geiger E. Ruther-
ford and W. Mueller started to use their knowledge
in gas discharges to build a device to detect
e front matter r 2004 Elsevier B.V. All rights reserve
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charged particles, known as the Geiger-Mueller
counter [1,2]. The proportional counter and later
the Multi-Wire Proportional Chamber (MWPC)
[3] opened the door to a wide range of applica-
tions, which are still being used and optimized.
Modern etching technology initiated a boom of
micro structure devices, now known as Micro-
Pattern Gaseous Detectors (MPGD). The Gas
Electron Multiplier (GEM) [4] and the MICRO
d.
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MEsh GAseous Structure (MICROMEGAS) [5]
are two of their representatives, used successfully
in different experiments. An advance in the
domain of Parallel Plate Counters (PPC) is
represented by the Resistive Plate Chamber
(RPC) [6], which combines fast signal response
with good rate capability.
In the past nearly all High Energy Physics

experiments successfully used gaseous detectors,
exploring their features, like good spatial resolu-
tion, big and fast signals, good energy deposition
per unit length (dE/dx), low radiation length, etc.
Their performance and adaptability to the needs of
the experiments make them still indispensable
today. Good examples are the numerous and
diverse gaseous detectors employed in the Large
Hardron Collider (LHC) experiments, being as-
sembled right now. However, the large number of
highly interesting contributions to this conference
impressively demonstrate that the interest of
researchers in the field of gaseous detectors are
far from being exhausted. Efficient detector devel-
opment requires precise and highly reliable simu-
lation tools. Listed below are some of the ‘state of
the art’ simulation tools: MAXWELL [7] allows to
calculate two-dimensional (2D) and three-dimen-
sional (3D) field maps for arbitrary electrodes and
dielectrics. With HEED [8], the energy loss and the
ionization processes can be simulated. MAG-
BOLZ [9] is mostly used for electron transport
properties such as drift and diffusion, and also
multiplication and attachment processes. With
GARFIELD [10], one can compute equipotentials
and can interface with the programs mentioned
above. An analytical approach with MATHEMA-
TICA [11] was presented at the conference [12].
And finally, PSPICE [13] is one of the programs
commonly used for the signal processing of the
electronic circuit.
2. Traditional wire chamber

Many different types of wire chambers have
been developed in the past for a multitude of
applications. I would like to discuss two exa-
mples of traditional wire chambers, which are
well known in its basic principles, but never-
theless, modern and contemporary in todays
implementation.

2.1. TPCs with MWPC readout at the STAR and

ALICE experiment

The Time Projecting Chamber (TPC), invented
in the 70s [14], is a simple but very effective
detector allowing to trace particles in a volume,
measure their momenta, and perform particle
identification [15]. A TPC is a large volume filled
with counting gas, with an electric field applied
across it. On the end plate of the volume, readout
chambers are installed. Charged particles traver-
sing the chamber liberate electrons along their
tracks. These electrons follow the electric field lines
to the readout chambers where a signal is
generated. From the 2D image of the tracks on
the end plate, the third dimension can be
calculated from the time the electrons need to
arrive at the readout chambers. Thus, the TPC
provides along the particle tracks many 3D space
points. To measure the momenta of the particles a
magnetic field is applied. The magnetic field is
aligned parallel to the electric field, thus gas
diffusion processes are reduced. The particle
identification is performed by measuring the
ionization loss of the traversing particle in the
gas volume.

The STAR TPC: The Solenoidal Tracker At
RHIC (STAR) experiment [16] is installed at the
Relativistic Heavy-Ion Collider [17] located at the
Brookhaven National Laboratory. Central colli-
sions with a maximum center of mass energy for
Au–Au

ffiffiffiffiffiffiffiffiffi

SNN
p

¼ 200GeV per nucleon create
typically 2000 tracks/event inside the acceptance
of the central tracking device of a TPC. The
cylindrical STAR TPC allows handling large
multiplicity events, as shown in Fig. 1.
The outer cylinder of the STAR TPC has a

length of 4.2m and a diameter of 4m. The signal
readout is performed by MWPCs with cathode
pads mounted on both end plates. A photo of such
a readout chamber is shown Fig. 2. The pad shape
is optimized to achieve the optimal position
resolution. The chamber is divided into two sectors
of pad size. The inner sector has pads with an area
of 2.85� 11.5mm2, while at the outer sector
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Fig. 1. STAR TPC event display.

Fig. 2. TPC read out chamber.

Fig. 3. STAR TPC energy loss distribution for primary and

secondary particles as a function of pT in the presence of a

magnetic field of 0.25T.
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6.2� 19.5mm2 to comply with the different
occupancies. The STAR TPC has in total 136 608
readout channels. Due to the pad-response-func-
tion a r2f resolution of �500 mm can be achieved.
At the STAR TPC [18], particles are identified

over a momentum range from 100MeV/c to
41GeV/c and momenta are measured up to
30GeV/c. The applied electric field of 135V/cm
is parallel to a homogeneous magnetic field of
0.5 T to measure the momenta of the traversing
particle. The achieved dE/dx resolution at the
STAR TPC is 7%. In Fig. 3 the energy loss for
particles traversing the TPC as a function of their
momenta are plotted.

The ALICE TPC: A Large Ion Collider Experi-
ment (ALICE) [19] is one of four experiments to be
installed in the LHC. The main goal of ALICE,
dedicated for heavy ion physics, is to obtain a
fundamental understanding of the microscopic
structure in hadronic interaction, at high densities
and temperatures and study the signature of a
possible Quark-Gluon Plasma. The LHC is
designed as a proton–proton collider, but will
have also a 1month/year period of Pb ion run. For
central Pb–Pb collision, with a center of mass
energy of

ffiffiffiffiffiffiffiffiffi

SNN
p

¼ 7:5TeV/nucleon, 2000–8000
charged particles per rapidity unit are expected.
Thus the maximal expected multiplicity of dNch/dy

o8000 will create up to 20 000 charged primaries
and secondary tracks in the TPC acceptance. The
ALICE TPC [20] is the central tracking detector in
the experiment. To cover the acceptance of
jZjo0:9; the TPC has a double cylindrical design
with an inner and outer diameter of 160 and
560 cm, respectively, and a total length of 510 cm.
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Fig. 4. TPC field cage.

Fig. 5. Photo of the ALICE TPC drift volume, an open sector

for the readout chamber, inner and outer cylinders covered with

aluminized Mylar strips held by metalized polycarbonate rods.
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A schematic of the TPC is shown in Fig. 4. To
achieve the required momentum resolution of
o2% at 1GeV/c and �10% at 10GeV/c a
magnetic field up to 0.5 T will be provided. For
particle identification, the TPC is designed to
achieve a dE/dx resolution of o7% in the high-
multiplicity environment of Pb–Pb collisions.
MWPC chambers with cathode-pad-readout

will be installed on the two end caps of the TPC
cylinder. The overall design is chosen to optimize
for momentum and dE/dx resolution, providing
full azimuthal coverage. The radial dependence of
the track density leads to changing requirements
for the readout chamber design as a function of
radius. Consequently, the readout plane is radial
segmented into three zones with following pad
shapes: inner most (4� 7.5mm2), middle
(6� 10mm2) and outer (6� 15mm2). This design
allows to achieve a space-point resolution
s(rf)=300 mm and s(z)=600 mm, as well as a
two-track separation of 5mm. Overall 570 132
pads cover both readout planes. Up to an
occupancy of 50% at the innermost pad row and
still 20% at the outer pads is expected.
To fulfill ALICE Physics requirements, such as

minimal multiple-scattering and low secondary-
particle production, the material budget has to be
kept as low as possible.
Therefore, modern materials were adopted for
the field cage construction, as well as the use of a
light counting gas Ne/CO2 90/10% [21]. The field
cage cylinders are made up of composite material,
NOMEX honeycombs sandwiched in glass fiber.
The overall radiation length of the TPC is
X0=�3%. The field defining central electrode is
a 25 mm aluminized Mylar foil, stretched over
32m2 and glued on Al-rings. Due to the choice of
the gas mixture, the TPC field cage has to operate
with an electric field of 400V/cm. To generate this
field over the total drift length of 2500mm, 100 kV
has to be applied on the central electrode. Since
the radial field components in the drift field would
change the trajectory of the electrons, the sensitive
volume is well defined by potential strips. These
aluminized Mylar strips have a pitch of 15mm and
are detached from the cylinder surface, following
the design of the NA49 experiment at CERN [22].
To get their correct potentials, the strips are
supplied by a resistor chain. Fig. 5 shows a picture
of the ALICE TPC drift volume. The mechanical
structure and field defining network of the TPC
are designed to keep radial field non-uniformities
to o10�4.

2.2. Drift tubes used for muon spectrometers

One example of an economical high-precision
solution for large detection areas is the use of drift
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Fig. 6. Cross-section of the ATLAS (left) and CMS (right)

muon spectrometer drift tubes.

Fig. 7. Schematic of the ATLAS MDT chamber.
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tubes for a muon spectrometer. Two LHC experi-
ments, ATLAS and CMS, are using a drift tube
assembly for their muon spectrometer to identify
and reconstruct muon tracks, measure their
momentum, and provide matching information
to the inner detector system. A cross-section of the
chamber designs for ATLAS and CMS is shown in
Fig. 6 [23,24]. The basic detection element of the
ATLAS MDT chambers is a 30mm diameter
aluminum drift tube with 400 mm thick walls and a
50 mm diameter central W-Re(3%) wire. Electron
clusters released from a particle track induce
signals on the anode wire. One of the first clusters
arriving on the wire triggers the readout electro-
nics. From the known space–drift–time relation,
the track distance of the charged particle from the
wire is extracted.
The ATLAS muon spectrometer, based on

Monitored Drift Tube (MDT) chambers, covers
5500m2 and has to provide a stand-alone sagitta
measurement. The muons with a momenta up to a
few TeV/c have to be measured with a relative
precision better than 10% and in the order of
2–3% for muons at around 100GeV/c.
The single-tube resolution is typically 80 mm. In

order to achieve the required sagitta resolution of
�50 mm for the highest muon momenta, each
MDT chamber consists of two multilayer of 3–4
mono-layers each of which are glued on either side
of a support structure (Fig. 7). Chambers (1200)
containing about 400 000 drift tubes of 1–6m
length have been built at 13 construction sites
worldwide over a period of 4 years.
To create enough electron–ion clusters in the

Ar/CO2 93/7% gas mixture, the drift tubes have to
be operated with a pressure of 3 bar absolute. The
gas overpressure reduces the diffusion and im-
proves the chamber resolution, due to higher
ionization statistics. To minimize the risk of aging,
the gas gain must be set to its lowest possible
value. Still, the needed gas gain is �2� 104, which
translates over 10 years of operation with a
luminosity of 1034 cm�2s�2 and a rate of 500Hz/
cm to 1C/cm [25].
To achieve the physics requirements, various

challenging criteria must be fulfilled. The mechan-
ical assembly of the single chamber must be known
with respect of a reference system with an accuracy
of 20mm [26]. This is ensured by a precise assembly
procedure at the X-ray tomograph facility at CERN
[27]. The relation between the measured drift time
and the corresponding drift radius has to be
determinate with a precision of 20mm. An internal
optical alignment system placed on the spacers
structure has to monitor the displacement of the
chambers due to the temperature variations and
gradients with a relative accuracy of 30mm [28].
Successful performance tests of large-scale pro-

to-types have been carried out; all required design
accuracies have been verified [29].
3. Micro-pattern gaseous detectors

In the preparation for high-luminosity collider
experiments, at the LHC, it was understood that
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the performance of standard wire chambers, used
as central tracking detectors were not sufficient in
terms of spatial resolution as well as rate
capability. With an amplifying cell size of
1–2mm (Fig. 8) spatial resolution up to 50 mm
and maximal rate capability of 10 kHz/mm2 can be
achieved [30].
In the 80s, advanced etching technology allowed

the realization of the Micro Strip Gas Chamber
(MSGC) [31]. The MSGC is a position-sensitive
proportional counter on a substrate with similar
operation principle to that of the MWPC [3]. It
consists of thin parallel metal strips, alternatively
connected as anodes and cathodes, deposited
usually on high-resistive glass plate. Significantly
reduced amplifying cells, in the order of �200 mm
(Fig. 8), were built with photolithographic techni-
ques. This detector offered advantages in terms of
rate and multi-track capability. Localization ac-
curacy in the order of 30–40 mm and a rate
capability exceeding 105 Hz/mm2 have been
achieved. Nevertheless, the tiny structure of
alternating electrodes creating high-field regions
makes this device vulnerable for destruction at the
appearance of discharges, when operated at high
gains. These breakdowns are enhanced by the
exposure to high rate and heavily ionizing
particles, and also with the presence of high
electric fields on cathode edges due to field
emission. To reach safe operating condition,
intense effort was made to optimize the substrates,
their geometries and operating gases [32,33].
Nevertheless, MSGC were abandoned for the
LHC experiments. However, the advanced etching
technologies have been used to invent many other
Fig. 8. Electrical field map and cell size of MWPC and MSGC.
position-sensitive microstructure devices working
in the proportional amplification mode. These
devices, like the micro-CAT [34], GEM [4],
MICROMEGAS [5], WELL [35], micro-Groove
[36], micro DOT [37] as well as the MSGC and
others are known as Micro Pattern Gas Detectors
(MPGD).
A common characteristic of all MPGDs is that

high electric field extends over their entire ampli-
fication gap between anode and cathode. Different
from the amplification on a wire, where the
electrical field degrades with 1/r, a streamer is
not anymore self-quenched. Thus a streamer can
reach more easily the other electrode and produce
a spark [38].
Two representatives of the MPGD, the MI-

CROMEGAS and the GEM detector, are widely
investigated by many groups and are successfully
operating in high-energy physics experiments. The
performance of these two detectors in context and
related to the high-energy physics will be dis-
cussed. However, MPGD detectors are also widely
used in applications beyond high-energy physics.

3.1. MICROMEGAS

The MICROMEGAS detector [5], schematically
shown in Fig. 9, is a parallel plate avalanche gas
chamber with a single amplification stage operated
at atmospheric pressure. It consists of a conversion
gap and a narrow amplification region, which is
situated between a cathode mesh and the anode
readout structure underneath.
Fig. 9. Schematic of the MICROMEGAS chamber used in

COMPASS.
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Fig. 10. Electrical field map of a MICROMEGAS amplifica-

tion cell and a microscope photo of the micromesh.

Fig. 11. Gain vs. HV on the micromesh for different gas

mixtures.

Fig. 12. Discharge probability vs. HV on the micro-mesh for

different gas mixtures.
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The width of the conversion gap is, depending
on the gas choice, some 2–5mm, the amplification
gap has a size of 50–100 mm. The cathode mesh is
made of a thin metallic micromesh (Fig. 10) with a
hole-pitch of some 10 mm. The anode readout
structure is a simple Printed Circuit Board (PCB)
with either strip or pad structure. The high voltage
applied on the drift electrode and the wire mesh,
forms an electrical field, shown in Fig. 10.
Electrons liberated in the conversion gap, by an
ionizing particle, follow the electric field lines
towards the micromesh and are multiplied in the
high field (30–80 kV/cm) of the amplification gap.
Due to the electric field configuration most of

the ions produced during the avalanche process
are collected rapidly at the cathode micro-mesh,
thus when the space charge is kept smaller the
detector has a high rate capability. Since the ions
drift over the maximum distance of �50–100 mm,
the width of the signal induced on the readout
structure is short.
The cathode–anode distance (micromesh-read-

out structure) is kept constant by small insulating
pillars with a pitch of �1mm. These pillars,
realized by standard photolithographic technique,
allow to obtain a uniform electric field in the
amplification gap. However, the field configura-
tion in the amplification gap of the detector
exploits the saturating characteristics of the Town-
send coefficient. This effect reduces the depen-
dence of gain and gap variations. High gains with
different gas mixtures have been demonstrated [39]
and are shown in Fig. 11.
A systematic study of spatial resolution down to
14 mm with different gas mixtures is reported in
[40]. At this conference it was reported that the
KABES detector integrated in the NA 48 experi-
ment reached a time resolution of 0.6 ns [41].
To minimize the occurrence of discharges,

systematic studies with different gas mixtures have
been made [42]. The discharge probability versus
gain Fig. 12, shows that the probability depends
strongly on the mean atomic numberoZ4 of the
used gas mixture.
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Fig. 13. Detector efficiency and discharge probability vs. HV

applied on the micro-mesh.

Fig. 14. Electrical field map of a GEM amplification cell and a

microscopic photo of the foil.

Fig. 15. Schematic view of a triple GEM detector.

M. Hoch / Nuclear Instruments and Methods in Physics Research A 535 (2004) 1–158
In spite of the increasing discharge probability
at higher amplification, the detector can be
operated at full efficiency with relatively low
discharge probability, as shown in Fig. 13. Further
discharge studies with MICROMEGAS can found
in Ref. [43].

3.2. The Gas Electron Multiplier

The Gas Electron Multiplier [4] consists of a
50 mm thick Kapton foil metallized on both sides
and perforated by a matrix of �70 mm diameter
holes, with a pitch of about 140 mm. With an
applied voltage between the two electrodes, a
strong dipole field develops in these holes, where
electron amplification takes place. In Fig. 14, a
typical field map of the GEM amplification area is
shown. An external drift field guides the electrons,
released by gas ionization in the conversion gap,
towards the GEM foil and into the holes, thus into
the amplification channels. The electrons are
extracted by a field below the GEM foil and
transferred to another amplification foil or to a
charge collecting electrode.
A standard GEM chamber consists of a

conversion gap, one or several transfer gaps, and
an induction gap and below a readout structure, as
shown in Fig. 15.
Different field settings of drift-, amplification-,

and extraction field result in different charge
sharing on the involved electrodes. It is relatively
easy to tune the field so that almost all primary
electrons get guided into the GEM holes. Inside
the amplification channel, charges are displaced by
diffusion and get trapped on the GEM electrodes.
This mechanism reduces the detectable charge on
the readout structure, compared to the one
produced in the GEM holes. But also a big
fraction of the ions, released in the multiplication
process, gets absorbed at the GEM electrodes.
This effect is called ‘ion-feedback’, or ‘ion-back-
flow’ suppression. Studies of the charge sharing
mechanism in GEM structures as a function of
applied fields can be found at [44–48]. Already
with a single GEM foil, gains can be reached,
which are suitable for direct detection of ionization
on simple pickup electrodes [49]. But discharges
start to occur at higher gains (above several
thousands). The exposure to heavily ionizing
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Fig. 16. Gain vs. HV on the GEM-foils for a single, double and

triple GEM detector.

Fig. 17. Discharge probability on a particles vs. high voltage
applied on each GEM foil for a single, double and triple GEM

structure.

Fig. 18. Schematic of the 2D COMPASS GEM chamber

readout.
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particles reduces the gain limit even to some
hundreds.
However, GEM foils can be multi-staged

allowing to distribute the amplification over
several foils and achieving safe detector operation.
Fig. 16 shows the gain dependence on voltage

applied on each GEM foil for a single, double and
triple GEM detector [50].
Detailed studies have been performed to mini-

mize discharges occurring in multi-GEM struc-
tures [50]. Tests were performed with heavily
ionizing a particles, emitted from an 241Am source,
positioned close to the GEM amplification chan-
nel. The probability of discharges, in the presence
of a particles as a function of the effective gain is
shown in Fig. 17 for single, double and triple
GEM detectors. The authors demonstrate the
reduction of discharges, with the use of a multi-
stage-amplification structure.
In the COMPASS [51] experiment at CERN, a

‘small-area tracking detector’ ensemble, based on
GEM detectors, is installed. Each of the chambers
covers an area of 31� 31 cm2 [52]. For these
detectors a 2D readout structure with orthogonal
strips has been developed. To realize this structure,
the same production techniques have been used as
for the fabrication of the GEM foils. The strip
readout, with 400 mm pitch for both coordinates, is
optimized to get the same signal on x and y strips
(Fig. 18).
A spatial resolution of �50 mm on both co-
ordinates, shown in Fig. 19, could be achieved
with these chambers.
The intrinsic high rate capability and the

robustness of a multi-GEM structure make this
kind of detector interesting for other high-energy
physics applications. In the LHCb experiment at
CERN, a GEM detector with pad readout will be
used in one muon trigger station [53]. With a triple
GEM structure, a time resolution of 4.5 ns could
be achieved with a Ar/CO2/CF4 45–15–40% gas
mixture [54].

3.3. Gas photomultiplier with GEM structure

Large area UV-sensitive gaseous detectors,
mainly with CsI photocathode coupled to wire
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Fig. 19. Spatial resolution difference measured in a 2D

COMPASS GEM chamber for x and y coordinates.

Fig. 20. Schematic of a triple GEM photo-detector with a

reflective photocathode deposited on the upper electrode of the

GEM foil.

Fig. 21. Gas gain of a gas photomultiplier with a CsI

photocathode vs. high voltage on the GEM foils for different

gas mixtures.
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chambers, are currently employed in Ring Imaging
Cherenkov (RICH) counters [55]. Combining a
solid photocathode and a fast GEM gas electron
multiplier is an attractive alternative. This combi-
nation offers high gains, thus single electron
detection is possible. The operation at atmospheric
pressure permits the construction of thin and large
sensitive areas, high rate capability, o1 ns time
resolution and a position resolution o100 mm.
The photocathode can be deposited at the

uppermost GEM electrode. This so-called ‘‘reflec-
tive photocathode’’, proposed by Bouclier et al.
[56] and realized by Breskin et al. [57], is shown in
Fig. 20.
Photoelectrons are emitted from the photo-

cathode and transferred into the first GEM. These
electrons are amplified in the following GEM
structure and collected on a readout pattern. Due
to the opacity of multi-GEM structures, photons
created during the avalanche multiplication pro-
cess, cannot reach the photocathode and thus the
photon-feedback is suppressed.
The intrinsic ion-feedback suppression of the
chamber lowers the background induced by the
ions and reduces the photocathode degradation,
due to ion bombardment [58]. Such a detector
assembly can reach high gains of up to 106 with
different gas mixtures, as shown in Fig. 21. The
signal response is very fast, 1.5 ns for single photon
detection and 0.3 ns for �200 photons.
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Fig. 22. Gain curve for a gated multi-GEM gas photomultiplier

with a bi-alkali photocathode.
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Recently, a breakthrough was made in operat-
ing for a longer period a gas photomultiplier with
a bi-alkali photocathode (K–Cs–Sb) [59,60]. These
photocathodes are sensitive to the visible light
spectrum (350–700 nm). Since this photocathode
can easily be degraded due to impurities, the
chamber has to be carefully filled with gas in ultra-
clean conditions and sealed. The detector, with a
semi-transparent photocathode, was operated in
the sealed mode for several weeks. In this mode,
high gains and stable quantum efficiency of the
photocathode could be achieved with an Ar–CH4
95–5% gas mixture. To guarantee the quantum
efficiencies over a longer period, an additional
gating grid blocked all ions escaping the GEM
structure. This arrangement allows to reach gains
4105, shown in Fig. 22 [61].

3.4. MPGD for a linear collider experiment

Good localization accuracy, multi-track resolu-
tion, and high rate capability make micro-pattern
gaseous detectors, like the Gas Electron Multiplier
or the MICROMEGAS, a good choice for readout
structures in future high performing collider
experiments.
Recently, it was agreed that the next large

accelerator project after the startup of the LHC
should be a high-luminosity electron–positron
linear collider, with a central mass energy up to
1TeV. The LC will have a bunch train frequency
of 5Hz, while the bunch train lasts 1ms. This time
structure has large implications for the overall
detector design. A TPC is foreseen for the central
tracker of the future TESLA experiment, which
will be installed in the e+e� linear collider [62].
The physics requirements for such a TPC are

very demanding. Over a maximal drift length of
2500mm a lateral space point resolution
�100–150 mm, a multi-track separation of 2.3mm
(r2f), 10mm (z), and 5% dE/dx resolution have
to be reached. These requirements are beyond the
limits of MWPCs, but might be achieved with
MPGD. GEM-type, as well as the MICROME-
GAS detectors are currently under intense inves-
tigation by several groups [63].
Further features of this type of readout cham-

bers are promising.
Distortions generated by the ExB effect in wire

chamber geometries are largely reduced, since
GEM and MIROMEGAS have parallel plate
geometry. The signal spread on the readout
structure is just some hundred mm. Already for
the ALICE TPC, a GEM-based readout was
investigated [20,64]. This solution was abandoned,
since it would have required a too large number of
readout channels. To reduce the number of read-
out channels for large detector areas, and conserve
good special resolution, the use of a readout plate
with a resistive layer is under investigation [65].
Another very attractive feature is the intrinsic
suppression of positive ion feedback. To avoid
field distortions due to the ion drift in the TPC
field cage, ions produced in the readout structures
are commonly suppressed by an additional wire
mesh, the gating grid. Contributions to this
conference have demonstrated that both detector
types show intrinsic ion feedback suppression
factors in the order of 10�3 [66,67].
The intrinsic ion feedback suppression in

combination with modern low-noise electronics
could therefore allow to not install a gating grid.
In this way, the time structure of the e+e� linear
collider could be handled.
Fig. 23 shows the ion feedback of a MICRO-

MEGAS detector versus the ratio of drift–ampli-
fication field. The amount of ions escaping from
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Fig. 24. Ion feedback at constant signal pulse height vs.

magnetic field for a multi-GEM structure.

Fig. 23. Ion feedback suppression for a MICROMEGAS

chamber with a 1500LPI micro-mesh.
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the amplification structure into the drift region can
be roughly estimated by the ratio of the drift field
to the amplification field. This rough estimation
agrees quite well for a single stage amplification
structure, like MICROMEGAS with a micromesh
pitch of 1500LPI (Lines Per Inch).
For a multistage amplification structure, like

GEM, it is slightly different due to the more
complex geometry, but the basic principle of ion
feedback suppression is roughly the same.
In the frame work for the TESLA TPC, the

charge sharing in the presence of a high magnetic
field was investigated [68]. Fig. 24 shows the ion
backflow into the drift region, at constant pulse
height, for increasing parallel magnetic field. This
effect is explained by the improved electron
extraction of the GEM foils in the presence of
magnetic field.
4. Resistive plate chamber

Resistive plate chambers were developed in the
80s [6]. They have been intensively studied by
many groups in the last years, in order to meet the
challenge of the LHC. The goal is to produce an
affordable large-area detector with good timing
(�1 ns), space resolution, and sufficient rate
capability (o1 kHz/cm2) for trigger purposes.
The standard Trigger RPC has 2mm gas gap
and resistive electrodes made out of phenolic–me-
laminic. Further developments opened the possi-
bility to use this kind of detector for a high
resolution Time-of-Flight system. The so-called,
Multigap RPC [69] or Timing-RPC [70] have
multi-stacked gas gaps of 200–300 mm and achieve
a timing resolution in the order of 50–100 ps. This
performance is comparable to the one of Pestov
counters. However, to reach high efficiency with a
Pestov counter [71], the operational gas pressure
has to be 12 atm, which introduces important
mechanical constrains.
These detectors can be operated either in a

streamer mode or in an avalanche mode. Cham-
bers operated in streamer mode produce large
signals, which are easy to discriminate. Modern
electronics allows operating the RPC in avalanche
mode. This reduces the charge produced during
multiplication, thus better rate capability can be
achieved. The avalanche mode operation seems to
have advantages on the long-term stability of the
chambers in highly irradiated areas also.
RPC detector physics for the Trigger RPC, as

well as for narrow gap RPCs have been simulated
by several authors [72–74]. With modern simula-
tion tools, a good agreement between simulation
and experimental data could be achieved recently.
Trigger RPCs operate with a field of �50 kV/cm in
the gas gap, while the operational field for Timing-
and Multigap RPCs is above 100 kV/cm. The
Townsend coefficient a and the attachment coeffi-
cient Z for these fields are shown in Fig. 25 [75].
For the trigger RPC an ‘effective Townsend
coefficient’ (a2Z) of �10/mm may be obtained,
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Fig. 25. Townsend (solid line) and attachment (dashed line)

coefficient as a function of the electric field for different gases.

Fig. 26. Schematic of a standard trigger RPC.

Fig. 27. Schematic of a Multigap RPC.
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while for the narrow gap RPCs it may reach
aeff.4100/mm.
The different operation condition has large

consequences for the mechanism of the avalanche
process in the gas gap. The charge multiplication
process in RPCs working with high aeff, are
dominated by a saturation phenomenon. At high
amplifications, the ion cloud will screen the
electrical field, and thus stop the avalanche
growth.

4.1. Trigger RPC

Fig. 26 shows a schematic of a standard Trigger
RPC with 2mm gas gap, resistive electrodes made
out of phenolic–melaminic (Bakalite), and carbon
electrodes to apply the high voltage and on either
side, insulated from the HV pickup electrodes.
The ATLAS RPC trigger chambers have a

total size of 80� 320 cm2 each and have to cover
3600m2. The RPC signals are picked up by
a system of 32 strips orthogonal to each other
on both sides of each gas gap. The chambers
operate in the avalanche mode and reach detector
efficiency of �97% and a time resolution of
�1.6 ns [76].

4.2. Multigap and high-rate timing RPC

MultigapRPC [69] is a pile of resistive glass
plates separated by a 250 mm thin spacer, shown in
Fig. 27. High voltage is applied on the external
surfaces of the outer electrodes, while the internal
plates are electrically floating and get their correct
potential by electrostatic equilibrium. A particle
traversing the chamber creates in the small gaps
several avalanches simultaneously.
These avalanches induce a signal in the pickup

electrodes (strips or pads) on both sides of the
chamber, as well as on the middle one. The signal
induced on the electrodes is the sum contribution
of all gaps. Consequently, with such an assembly,
high efficiencies can be achieved. Time resolution
depends on the drift distance of the single gap.
Since the gaps are small, the time resolution in the
order of 50 ps can be achieved. The width of
the gas gaps has to be chosen in combination with
the desired gas to be large enough so that enough
clusters are produced. This technology has been
chosen for the ALICE TOF detector. The chamber
consists of two stacks of five gaps, thus a unit has
10 gaps of 250mm. Gas gap spacing is ensured by
nylon fishing lines.
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Fig. 28. Time distribution of the ALICE TOF Multigap RPC.

Fig. 29. Efficiency and time resolution vs. applied high voltage

across a 5-gap MRPC.
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A typical time distribution of the ALICE TOF
MRPC is shown in Fig. 28 [77]. The time
resolution of 55 ps has been corrected for slewing.
Fig. 29 shows a typical efficiency of 99.9% and

the time resolution below 50 ps range vs. the
applied field on the MRPC [78].
Recent development of new materials for the

resistive plates has enabled High rate Timing
RPCs to reach rate capabilities up to 25 kH/cm2

[79].
5. Summary and outlook

Gaseous detectors, in particular wire chambers,
have been an indispensable element in HEP
experiments for the last three decades. Their
technology is well known and proven to be robust,
precise and reliable. Several large and complex
detector ensembles, being assembled right now,
demonstrate that standard wire chamber technol-
ogy is still up to date and very effective. Modern
simulation tools are available for efficient gas
detector development and novel gas mixtures
allow safe detector operation.
In the past years, micro-pattern gaseous detec-

tors have proven to be reliable and permit fast
signal response and good spatial resolution com-
bined with high rate capability. Their promising
features and capabilities motivated their proposal
for future projects with stringent requirements as
for a new linear collider. Advanced electronics
enlarged the range of applications for gaseous
detectors in general. For RPCs, this advancement
permitted to operate the chambers in the ava-
lanche mode. The RPC technology advanced from
a trigger counter to a highly efficient and fast time
of flight detector with high rate capability.
After all these years of highly successful

implementation in high-energy experiments, var-
ious contributions to the VCI 2004 exhibit that
gaseous detector development continues to be very
active. Further improvements are needed to meet
the challenges of future projects, which guarantee
an exciting future.
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