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Abstract
Tracking properties of GEM/Micro-groove detectors have been studied at a 120 GeV muon beam at CERN. Detector
e$ciency reaches 98% when the signal over noise value is equal to &17. Spatial resolution as high as 30 l has been
measured using a Ne}DME (40}60) gas mixture.  2000 Elsevier Science B.V. All rights reserved.

1. Introduction
The Micro-groove detector, introduced in 1998
[1], was one of the series of the so-called micropattern detectors produced with high-resolution
printed circuit board (PCB) technology. The "rst
gas-amplifying structure of this type was invented
in 1996 at CERN [2] and was called the Gas
Electron Multiplier (GEM). GEM is made from
a double-sided copper-clad 50 lm thick kapton
foil, where small holes with a diameter of below
100 lm are etched through with a pitch of about
150 lm. High voltage is applied between the two
sides of the foil. This structure when put in an
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appropriate gas mixture works as a distributed gas
ampli"er for the electrons drifting towards and
through the holes in the foil. The Micro-groove
detector is made on the basis of a similar foil.
The foil is glued on a rigid support (thin epoxy
glass) and thin linear grooves are etched through
with copper strips on top and at the bottom
of the grooves (see Fig. 1). Negative potential
is applied to the top strips with respect to the
bottom ones. Electric "eld lines are concentrated at the bottom of the grooves near the anode
strips where the gas multiplication takes place.
The Micro-groove detector can operate with
a gas gain of several thousands that allows one
to detect minimum ionizing particles with full e$ciency.
The use of gas chambers in central tracking
systems of Large Hadron Collider (LHC)
detectors might be a!ected by intensive #uxes
of heavily ionizing particles produced by hadronic
interactions in the detector material [3]. High
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The measurements were performed in June 1999 at
CERN, at SPS X5 beam.

2. Experimental set-up

Fig. 1. Micro-groove-GEM layout.

ionization released in the sensitive volume of the
detector can cause transition from proportional gas
ampli"cation to streamer mode and subsequent
sparking, damaging either the amplifying structure
itself or front-end electronics. The danger of sparking induced by heavily ionizing particles imposes
a severe limit on the maximum gas gain in the
detector. It was found, however, that if the ampli"cation is divided into two well-separated stages,
this limit can be e$ciently improved [4]. Recently,
two-stage detectors combining the GEM and the
Micro-groove detector have been successfully tested in a high-intensity hadron beam; it has been
proven that they can sustain high #uxes of heavily
ionizing particles without sparking up to gains of
5000}7000 [5,6].
In the two-stage system, the electrons "rst drift
through the GEM holes and then across the induction region between the GEM and the Microgroove detector. Also, the Micro-groove detector
has a less compact "eld in the ampli"cation region
compared to some other micro-pattern detectors,
for example, Micro-strip Gas chambers (MSGC).
These factors cause a common suspicion that
the GEM/Micro-groove detector is slower than
MSGC and, with prede"ned electronics designed
for MSGC, needs higher gain to reach the e$ciency
plateau.
In this work recent results of measurements of
e$ciency, spatial resolution and timing properties
of the GEM/Micro-groove detectors are presented.

In the beam test, we used two GEM/Microgroove detectors. The "rst detector was made in
INFN (Pisa) and is called GG20 in the following.
The second detector was assembled in BINP
(Novosibirsk) and is called WG1. A schematic view
of the cross section of both detectors is shown in
Fig. 1. The Micro-groove structures and the GEMs
for both detectors were manufactured at CERN.
The GEMs are made of 50 lm thick kapton
foils with copper on both sides. The holes are
etched with a pitch of 140 lm and a diameter of
80 lm.
The Micro-groove structure in GG20 has
240 lm pitch, 120 lm wide cathodes and 80 lm
wide groove openings at the bottom. The anodes
are 30 lm wide. The GG20 length is 250 mm, the
width is 110 mm. About 420 anodes are connected
to the front-end electronics. The gap between the
drift plane and the GEM (drift gap) is 3 mm and
between the GEM and the Micro-groove plane
(induction gap) is 1 mm. The GEM electrodes
along with the Micro-groove cathode are powered
through a resistive network. This network consists
of three equal resistors providing equal voltages to
the GEM, induction gap and Micro-groove cathode. The drift electrode is powered through an
independent contact.
Detector WG1 has a trapezoidal shape and
a wedge structure of grooves. At the wide side the
grooves have a 200 lm pitch and at the narrow side
the pitch is 180 lm, while the cathode width changes from 120 lm at the wide side to 100 lm at the
narrow side. The groove opening is, therefore, the
same along the length of the structure, being equal
to 80 lm at the top and 50 lm at the bottom. The
anode width is 30 lm. The structure length is
100 mm and 512 anodes are connected to the
front-end electronics. The drift and induction gaps
are the same in WG1 and GG20. In WG1, the
GEM electrodes are powered with the resistive
network independent of the Micro-groove detector,
unlike in GG20.
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Fig. 3. Data acquisition system.

Fig. 2. Set-up at X5.

The set-up at the SPS X5 beam is shown in
Fig. 2. The scintillation counters with an active area
of 2;2 cm are followed by 4 planes of double-sided
silicon micro-strip telescope called SiBa1}4. These
detectors were used for precise tracking. The distance between the pairs of SiBa1,2 and SiBa3,4 was
about 1 m. The active area of these detectors was
about 2;2 cm. They had 384 channels in each
plane with a 50 lm pitch. Between the pairs of
telescope planes some other silicon micro-strip detectors were placed. All gas micro-pattern detectors
under test were installed behind the last telescope
plane. The distance between WG1 and the last
telescope plane was about 40 cm. The distance between WG1 and GG20 was 10 cm. GG20 was positioned with strips directed vertically while WG1
had its central strip directed horizontally (see
Fig. 2).
The data acquisition system (DAQ) is shown
schematically in Fig. 3. All detectors were equipped
with Premux128 front-end chips [7] which consisted of charge-sensitive ampli"ers and shapers with
a &50 ns peaking time. The signal at the output of

(

the shapers could be sampled by sending a `holda
signal at the appropriate moment and stored in an
analog bu!er. The trigger card formed `holda signal from the coincidence of two trigger counters.
Then `holda signals were connected to each detector through individual delays adapted to the
particular pulse shape. By changing this delay we
could measure the average pulse shape at the output of the front-end ampli"er for a given detector.
After the signals are stored in the analog bu!er, the
control sequence is generated by the sequencer, and
all the detectors are simultaneously read-out to the
ADCs. All the data were stored in a VME CPU
memory and after some reformatting and packaging were sent via a dedicated line to the central
computing facilities for subsequent long-term
storage.

3. Results and discussion
The algorithm for signal determination, "rst, selected the channels where the signal over noise ratio
exceeded a certain threshold (strip threshold).
Then, the signals within continuous groups of such
channels (clusters) were summed up. The largest
cluster was selected for further analysis if the signal
was higher than a certain threshold (cluster threshold). Three planes of silicon telescope (SiBa1,
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Fig. 4. Justi"cation of the selection algorithm.

SiBa2, SiBa4) were used for track position reconstruction at the detector plane. Then, the distance
between this position and the cluster center of gravity (residual) was determined. This distance was
required to be smaller than a certain threshold
(corridor). The width of the residuals distribution
was minimized using as parameters the inclination
of GG20 and WG1 relative to vertical axis, the
ratio of the distances GG20}SiBa1 and SiBa1}SiBa4
and a similar ratio for WG1. For WG1, the correlation between the pitch and the horizontal coordinate was taken into account.
The values of strip and cluster thresholds and the
corridor were chosen such that, on one hand, the
e$ciency was stable within some range of threshold
and, on the other, the probability of ghost clusters
was negligible compared to the e$ciency. As an
example of such an analysis we show in Fig. 4 the
dependence of ghost cluster probability on the
width of the corridor. The strip threshold is chosen
equal to 3 sigma noise and the cluster threshold is
chosen equal to 3 sigma noise quadratically summed over all strips in a cluster. Ghost probability
does not increase up to the corridor value of
5 pitches. These particular values of the corridor,
strip and cluster thresholds were chosen for further
analysis.
As a result of the analysis for each "xed set of
parameters (such as voltages, delays, gas mixture,
etc.), the distributions of signal over noise ratios
(S/N), cluster widths, residuals and e$ciency were
obtained. Here, the notion `signala means the total

Fig. 5. Distribution of the signal over noise values for GG20.

signal of a cluster and the notion `noisea means the
square average of strip noises over the cluster.
From electronic calibration done for WG1, we can
derive an approximate relationship between S/N
and visible gain of the detector (M): M&50S/N
[6]. For GG20 this relationship is di!erent because
the noise is about 50% higher than in WG1 due to
the higher strip capacitance. Two examples of such
distributions are shown in Fig. 5. (S/N distribution
for GG20) and Fig. 6. (residuals distribution for
GG20). Both distributions were obtained at
< "< !< "< !< "410 < (see Fig.





1), drift "eld equal to 9 kV/cm and gas mixture
DME}Ne (3}2). The S/N distribution can be "tted
with a Landau function with the maximum at &50.
The distribution of residuals has a sigma of &0.15
(in units of pitch) which corresponds to 38 lm.
The pulse width shape, after the front-end ampli"er, was investigated by scanning the signal value
as a function of the delay in the `holda line (delay
curve). We were not able to change independently
the voltages applied to the GEM, induction gap
and Micro-groove cathode, because the appropriate electrodes were powered through a common
resistive network. The "eld in the induction gap of
the GG20 was always about 4 kV/cm. In order to
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Fig. 7. Delay curves for Ne}DME.

Fig. 6. Distribution of the residuals for GG20.

investigate the dependence of the pulse width on
the "eld intensity in the induction gap, the resistive
network in WG1 was chosen such that this "eld
was much lower than in GG20, namely between
1 and 2 kV/cm, depending on a particular voltage
applied to the Micro-groove cathode.
In Fig. 7 the delay curves for WG1 and GG20, at
di!erent "elds in the drift gaps, are shown for a
DME}Ne (3}2) gas mixture. During this measurement, the "eld in the induction gap of WG1 was
about 1.5 kV/cm. Comparing the curves for WG1
at 7 kV/cm drift "eld and GG20 at 6 kV/cm drift
"eld we see that the pulse shape does not depend on
the induction "eld within the precision of the
measurement. The pulse shape changes only when
the drift "eld drops below a certain value, as we can
see comparing the measurement for the drift "eld of
7 and 5 kV/cm for WG1. For a mixture with
saturated drift velocity such as Ar}CO (70}30), we

see neither any essential dependence of the pulse
shape on the induction "eld nor any di!erence in
delay between the two detectors (Fig. 8). The small
di!erence in the pulse width between WG1 and
GG20 can be explained by a lower transverse di!usion in the induction gap of WG1, due to a lower
induction "eld, which then increases slightly in the

Fig. 8. Delay curves for Ar}CO .


region of higher "elds corresponding to that of
GG20.
Another important issue for tracking detectors is
the particular value of S/N at which the e$ciency
comes to a plateau. This value of S/N is a universal
feature of the detector and does not depend on
electronics, strip capacitance or other additional
noise sources. Additional #uctuations of the signal
charge due to the limited transparency of the GEM
can a!ect the width of pulse height distribution and
thus the starting point of the e$ciency plateau. In
Figs. 9 and 10 the e$ciency versus S/N dependencies are shown for GG20 and WG1 and for two
gas mixtures: DME}Ne(3}2) and Ar}CO (70}30).

98% e$ciency is reached in all cases at S/N&17.
For a single MSGC this value is about 13 [8]. We
see that within the experimental errors there is no
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Fig. 9. E$ciency vs. S/N for GG20.

Fig. 11. Spatial resolution vs. S/N for GG20.

Fig. 10. E$ciency vs. S/N for WG1.

Fig. 12. Spatial resolution vs. S/N for WG1.

di!erence between the two gas mixtures and between low and high induction "elds. This means
that #uctuations of the charge extracted from the
GEM hole at low-induction "eld are negligible
and do not a!ect the width of the pulse height
distribution.
The dependencies of sigma of the gaussian "t to
the track residuals distribution on S/N, for two
detectors and di!erent gas mixtures, are shown in
Figs. 11 and 12. The spatial resolution in all cases
improves with S/N and comes to a plateau at
S/N&20. For the Ar}CO mixture the resolution

is almost the same for GG20 and WG1 and is equal
to &45 lm. For DME}Ne the resolution is signi"cantly better in the case of the smaller pitch detector (WG1) and is equal to &30 lm, while for
GG20 it equals &40 lm. This di!erence can be
explained by the larger cluster width in the case

of the Ar}CO mixture that can be observed in

Fig. 13 for WG1 and in Fig. 14 for GG20. This
larger size is mainly caused by the longer range of
delta electrons in the Ar-based mixture compared
to the DME-based one. Thus, the cluster position
#uctuates more for the Ar}CO mixture. The clus
ter width for the Ar}CO mixture is signi"cantly

larger than the pitch for both detectors; it determines the resolution. For the DME}Ne mixture
the cluster width is already comparable to the pitch
and therefore the dependence on pitch is well pronounced.

4. Conclusions
Two GEM/Micro-groove detectors have been
tested in a 120 GeV muon beam at CERN. The
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Fig. 13. Cluster width vs. S/N for WG1.
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The detector e$ciency reaches 98% at a signal
over noise ratio of &17. This value does not
change with the induction "eld and the gas mixture.
Notice that for a single MSGC, 98% e$ciency is
achieved at S/N&13 [8]. Thus, we may conclude
that some additional #uctuation of the gain is contributed by the GEM. However, this e!ect is not
very large.
The spatial resolution of the detectors reaches
a plateau at S/N&20. While in Ar}CO the spatial

resolution does not depend on the pitch and is
equal to &45 lm, in Ne}DME it is signi"cantly
better due to more compact charge clusters with
higher primary electron statistics and amounts to
&40 and &30 lm for the pitch values of 240 and
190 lm, respectively.
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Fig. 14. Cluster width vs. S/N for GG20.
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