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Abstract: Resistive micromegas is now amature technology for High Energy Physics experiments.
In the ATLAS experiment at CERN 128 multilayers large size (∼ 2 m2) micromegas chambers will
be employed in the upgrade of the Muon Spectrometer (2019/2020), and will operate at moderate
hit rate up to about 15 kHz/cm2 during the phase of High-Luminosity-LHC. Future upgrades and
detectors at future accelerators will require operation at rates up to three orders of magnitude higher.
In this paper we present the development of micromegas with a small-pads readout (few mm2 in
size) aiming at precision tracking in high rate environment without efficiency loss up to a few
MHz/cm2. The detector layout and the construction technique will be reviewed, along with the first
results obtained with radioactive sources. Outlooks on future developments will also be illustrated.
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1 Introduction

The concept of the micromegas (MICROMEsh GAseous Structure) for charged particles detection
has been developed in the ‘90s [1] in the context of R&D on Micro Pattern Gaseous Detectors
(MPGD). The principle of operations of a micromegas detector is reported in figure 1. Micromegas
are based on parallel plate electrode structure, with the internal volume divided into two gaps by
mean of a stainless steel micro-mesh: one gap between the mesh and the cathode plane of a few
mm and the other gap between the mesh and the anode plane of about 0.1mm, with the anode
hosting the read-out elements, usually microstrips. An electric field of few hundreds V/cm over
few mm is applied between the mesh and the cathode (the so called drift region), while a more
intense electric field with values of 40–50 kV/cm is supplied in the thin gap between the mesh and
the strips (the amplification region). Charged particles traversing the drift space ionize the gas.
The electrons liberated by the ionization process drift towards the mesh. Due to the high ratio
between the two electric fields, the metallic mesh is essentially transparent for the electrons so that
they drift to the mesh, pass in the amplification region, where the avalanche takes place, and finally
the read-out strips collect the signal. The electric field configuration ensures a full collection of
the ionization electrons and traps at the micromesh the large majority of the ions generated in the
multiplication process. Due to the reduced amplification gap, the signal formation is ∼100 ns and
the ion evacuation is fast, ensuring high rate capabilities. The uniformity of the thin gap is obtained
by small pillars, created using photolithography on the anode surface, holding the mesh at a very
precise small distance.

The main problem of first generation micromegas, the discharges with high flux of highly
ionizing particles, has been overcome in recent years during the development phase for the mi-
cromegas for the ATLAS upgrade of the forward muons detectors, with the implementation of a
layer of resistive strips facing the amplification gap [2] as illustrated in figure 1-right. The signals
are induced through capacitive coupling to the readout strips. In case of sparks, the resistive strips
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charge-up and the electric field locally drops down hence damping the discharge. With such a
breakthrough in the technology, these devices have proven to be reliable detectors with excellent
space resolution and high rate capability.

Figure 1. Left: sketch of the micromegas detector concept; right: principles of operations of a resistive
micromegas chamber with reference operational parameters. Dimensions are not to scale.

Resistive micromegas will be employed in ATLAS in the New Small Wheel (NSW) up-
grade of the Muon Spectrometer [3], to be installed in 2019, covering a total detection surface
of ∼1200m2, and will operate at moderate hit rates, up to ∼15 kHz/cm2 during the phase of
High-Luminosity-LHC.

The R&D on Small-Pads Micromegas focuses on the development of fine granularity, medium
size detectors, for precision tracking in high rate environment without efficiency loss up to a few
MHz/cm2, in view of experiments at future accelerators, or second generation upgrades. The
requirement of the upgrade project of the ATLAS detector to extend the muon tracking coverage in
the very forward region, up to η = 4 in pseudorapidity for HL-LHC, offers the reference figures for
the developments we are pursuing [4].

2 Construction of small-pads resistive micromegas

The technical solution we propose to adopt is inspired by a similar development considered for
the COMPASS experiment using pad-shaped anodes to read-out micromegas detectors [5]. It is
based on the solution proposed by R. De Oliveira et al. in 2010 [6]. According to this scheme,
sketched in figure 2–top-left, the anode copper pads (readout pads) are overlaid by an insulating
layer with a pattern of resistive pads on top. The readout and resistive pads are connected by
intermediate resistors embedded in the insulating layer. The signal is transmitted to the readout
pads by capacitive coupling, while the charges are evacuated through the intermediate resistors.
As for the ATLAS resistive micromegas, when a discharge occurs, the electric potential of the
pads rises quickly towards the mesh potential value, quenching the discharge. To obtain a good
spatial resolution (∼200µm) and for operation with low occupancy under high rates, a fine readout
granularity is needed with a pad size of few mm2.

The R&D project for the construction of small-pads resistive micromegas with embedded
resistors has started with the realization of two small size prototypes. The design and construction
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were done in the CERN Micro-Pattern Technologies (MPT) workshop. The layout is reported in
figure 2–bottom-left. It consists of a matrix of 48× 16 pads. Each pad with rectangular shape
0.8mm× 2.8mm large and pitch of 1 and 3mm in the two coordinates. The active surface is
4.8× 4.8 cm2 with a total number of 768 channels. A photo of one built anode plane is shown in
figure 2–right.

Figure 2. Left-top: sketch of the small pad micromegas detector with embedded resistors structure; left-
Bottom: layout for the first prototype; right: the readout PCB of the constructed prototype.

Two different techniques have been employed to build the two prototypes. The construction of
the first prototype (referred to as Paddy-1) was based on full screen printing of all layers (including
the embedded resistor and the insulation layer) on top of the copper based anode board. This
technique has several advantages. It is simple, cost effective and easy to scale to large size.
Unfortunately, after the first tests, the detector has suffered from high voltage instabilities, and
several attempts of reparation were not successful. The problem was possibly caused by the bad
quality of the screen-printed insulation layer, between the anode and the top resistive pads, possibly
developing pin-holes and causing discharges.

A different method of construction was therefore adopted for the second prototype (referred to
as Paddy-2), making use of kapton foils for the insulation. The construction procedure is explained
in the cartoon in figure 3. A first layer of 12.5µm kapton foil is glued on the anode board with
etched copper pads. Vias are filled with silver paste and resistors are screen printed on the kapton.
A second foils of kapton is then stacked and glued, with vias filled with silver paste. A coverlay is
laminated on top defining rectangular enclosures, same size of the anode pads, filled with resistive
paste and finally polished to guarantee the flatness. For a large fraction of the pads the resistance
was measured. The values varying in a range 3–7 MΩ. The micromegas chamber is completed
with the “bulk” technique [7], in which, three layers of 64µm of pyralux with the embedded mesh,
are laminated on the readout PCB structure, and pillars are created by photolithography, defining a
128µm gap between the mesh and the anode pads. The mesh is woven made from stainless steel
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wires with 18µm diameter and 400 lines per inch. The detector was finally closed assembling the
drift plane (a 50µm thin copper clad kapton foils) at 5mm distance from the mesh.

As will be shown in the next sections, from the results of the second prototype, this construction
technique was proven to be reliable. However with very small pads O(1mm2), the relative alignment
of the layers, needed to ensure the contacts through the vias, can be a challenge for large detectors
surfaces. The size scalability of this technique must be proved. If at present we are not using
anymore the full screen printing technique, its simplicity and cost effectiveness makes it certainly
interesting to be investigated and developed further.

Figure 3. Top: parts of the second prototype of small pads micromegas detector built at the MPTWorkshop
at CERN. Bottom: the assembled detector. The construction steps are described in the text.

3 Characterization of the detector

Several tests have been performed on the two prototypes in the Gas Detectors Development (GDD)
Laboratory at CERN.

In the case of the resistive micromegas, where the anode strips are insulated from the resistive
strips, the detector is usually operated with the mesh set at ground and with a positive high-voltage
distributed to the resistive strips. For the pad micromegas with embedded resistors, due to the
connection of the resistive pads to the anode pads, a different configuration must be adopted. In our
tests the resistive pads are set at ground (either through passive connectors, or through the front-end
readout electronics) and a negative voltage, in the range Vamp = 400–560V, is applied to the mesh.1
The electric field in the drift region is obtained applying a (negative) voltage of several hundreds
Volt, in addition to Vamp, on the cathode plane.

Results on the gain dependence, on the amplification voltage, on the drift electric fields, on the
irradiation time, are reported with the detectors operated with the Ar/CO2 93/7 gas mixture. In all

1here and later in the text we will report absolute values for the voltages. All voltages are negative with respect
to ground.
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cases the gain has been measured with the detectors irradiated with a 55Fe radioactive source, using
the following expression:

Gmeas =
I

q0 × f

where I is the current measured between the mesh and the anode; f the rate of X-rays conversions
as estimated form the signals passing the threshold; q0 = n0 × e is the estimated charge reaching
the amplification region, with n0 ∼ 210 the number of electron-ion pairs produced in the gas gap
from each conversion in the ArCO2 gas mixture of the 5.89 keV X-rays.

3.1 Gain vs amplification voltage

For the measurements of the gain dependence on the amplification voltage, the value of the drift
electric field was chosen in order to maximize the transparency, here assumed to be 100% (from
past measurements and simulations; see e.g. [8]), so that q(Edrift) = q0. The irradiation rates were
measured from the signals extracted from the mesh and sent to an oscilloscope. As a consistency
check, in alternative, the rates have also been measured from the signals taken from the pads,
connected together.

In figure 4 the gain dependence on the amplification voltage is reported for Paddy-1 (left) and
for Paddy-2 (right). In both cases the drift voltage was set at Vdrift = Vamp+300V. For Paddy-1 the
black (blue) markers indicate the results obtained with the rates measured from the mesh (pads).
For the tests on Paddy-2 the iron source was collimated on three different parts of the detector:
on the central region, and on the left (right) side corresponding to the pads readout by the three
connectors on the left (right) edges of the detector, referring to the layout in figure 2. The rates
were measured from the signals from the mesh for the measurements in the central region (black
points in the plot) and from signals from the pads for the measurements on the two sides of the
detector (red and blue points). Within the uncertainties of the measurements ( 10%) all results
are compatible. They show a good homogeneity of the Paddy2 detector response. Moreover, the
gain curves of the two prototypes are compatible among them and with other resistive strips bulk
micromegas detectors, extensively studied during the NSWR&D phase. A gain of ∼ 104 is reached
with the chambers operated at Vamp = 530V and Vdrift = 300V (830V supplied to the cathode).

During the measurement of the gain of Paddy-1 (built with the full screen printing technique) at
Vamp = 560V, high voltage instabilities started to develop, and from that moment the operation with
this detector was severely affected. As mentioned in section 2 we then built the second detector.

It should be noted, that the gas gain measurements reported above are subject to quite large
uncertainties and corrections. The main uncertainties come from the limited current monitoring
accuracy of the high voltage supply and by the particle rate determination, adding up to about
10%. Moreover corrections due to the ion back-flow have not been taken into account. These are
estimated to be at the level of few percent from measurements done on Paddy-1 on of the current at
the drift and at the mesh as a function of the drift electric field, and consistent with simulations on
resistive strips micromegas.

Data have also been acquired with a multi-channel analyzer (MCA) with the prototype Paddy-2
at Vamp = 460, 480 and 500V and Vdrift = Vamp+300V. The results are reported in figure 5. The
dominant peak is due to the 5.89 keV X-rays from the 55Fe source. An energy resolution, of about
20–25%, results from the standard deviation of gaussian fits to these main peaks. When irradiating
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Figure 4. Gain as a function of the amplification voltage for the two prototypes. Left: Paddy-1; the gain
is obtained from the rates as measured from the signals on the pads (blue triangles) or on the mesh (black
dots). Right: Paddy-2; gain in different detector regions obtained from the rates measured from the signals
on pads (blue upwards and red downwards triangles) for the external regions or on the mesh (black dots) in
the central regions.

Amplitude [MCA channel #]
200 400 600 800 1000 1200 1400 1600 1800 2000

E
nt

rie
s

0

50

100

150

200

250

300

350

400

450

Figure 5. Multi-channel analyser spectra of the Paddy-2 detector irradiated with the 55Fe source and operated
at Vamp = 460 (blue), 480 (red) and 500V (green), with Vdrift = Vamp+300V.

the detector with the 55Fe source, an Argon escape peak corresponding to about 3 keV should be
present. Although this peak is visible in the spectra at all values of the amplification voltage, due to
the modest energy resolution, it’s not clearly separated from the main peak. A similar feature was
also observed with Paddy-1.

Several hypothesis are being evaluated for the possible reasons of such a modest energy
resolution: i) local non-homogeneities, which have not been spotted with the collimated source
probing only three different regions of the detector, and that we will eventually study with individual
pads readout; ii) distorted electric field at the pad borders, modifying the gain, and in this case
the issue can hardly be improved with small pads detectors where a large fraction of the surface is
dominated by borders effects; iii) non-flat and uniform deposition of the embedded resistors that
can locally (for each pad) provide different capacitive coupling to the readout pads, depending on
where the avalanche occurs.
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Although for the main purposes of our applications (tracking under high particle fluxes), the
energy resolution is not a stringent requirement for this detector, future R&D will also focus on
this issue.

3.2 Gain vs drift electric field

In addition to its dependence on the amplification electric field, the gain of the detector is also
generally a function of the drift electric field. This is due to the dependence from the electric
configuration of the transparency of the mesh for the electrons passing from the drift to the
amplification region.

In figure 6 the measured gain is reported as a function of the ratio between the amplification
and drift electrical fields. For all measurements the amplification voltage was constant at a value
of Vamp = 530V. For values Eamp/Edrift > 80 the gain reaches its maximum, corresponding to the
maximum value of the mesh transparency (very close to 100% as mentioned in section 3.1).
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10000
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Figure 6. Measured gain of the Paddy-2 detector as a function of the ratio between the amplification and
drift electrical field. The measurements were carried out by varying the drift voltage while keeping constant
Vamp = 530V.

3.3 Irradiation tests

The stability of the Paddy-2 detector under irradiation has been measured by exposing the chamber
to the 55Fe source over a period of about 18 hours. The goal was to measure medium term charge-up
effects. The detector was operated at Vamp = 500V and Vdrift=Vamp+320V and irradiated on a spot
of less than 1 cm2. The measured hit rate was about 1.5 kHz. The gain dependence with time was
estimated from the mean value of the MCA spectra acquired for 2 minutes at regular intervals of
12 minutes. The results, relative to the initial value, are reported in figure 7. A slow decrease of the
gain has been observed during the first 7 hours of irradiation, with the gain reaching a stable value
about 20% lower than the initial value after ∼8 hours. For several hours a problem in the DAQ
system prevented to continuously monitor the data. However the last acquired points are consistent
with the plateau value.

3.4 Preliminary tests with multi-channel readout

First data with pad read out through the APV25 chips [9] and the SRS [10] data acquisition system
have been taken in preparation for a test-beam with high-energy particles at CERN. The detector
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Figure 7. Medium term irradiation test. Measurement of the relative gain with respect to the initial value
over 18 hours of irradiation with a 55Fe source providing a 1.5 kHz hit rate.

was exposed to cosmic rays and to the iron source in self-trigger mode, with the trigger signal taken
from the mesh. In figure 8 the reconstructed cluster position along with the cluster size distribution
are reported from irradiation data with a 55Fe source.
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Figure 8. Left: reconstructed cluster position from signals generated by a 55Fe source; right: distribution of
the cluster size.

4 Summary and outlook

Embedded resistors small-pads micromegas detectors have been designed and built with two dif-
ferent construction techniques. The basic performance have been studied with a radioactive source
and the results are compatible with the ones of bulk resistive strips micromegas developed during
the R&D phase for the ATLAS NSW. A full characterization of the detector is ongoing with high
energy particles data taken at the SPS test-beam experimental halls at CERN in a measurement
campaign within the RD51 Collaboration [11]. Current studies are focusing on efficiency, spatial
resolution, performance under high rate and ageing. Future R&D will include studies with different
pad resistivity, gas mixture, layout optimization (e.g. drift gas gap size).

The key aspect of future developments is the possibility to scale the detector to larger size. A
R&D project has already started to address this key point.
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All prototypes built so far are read out through connections to the active elements (pads) from
connectors placed outside the active area. This implies a growing complexity of the routing of the
line connections from the pads to the connectors, with the increasing size of the detectors (well
visible from the layout in figure 2). This approach doesn’t allow scalability in detector dimensions.
A solution that is currently under study is a detector built with embedded electronics with readout
chips wire bonded on the back of the anode plane, inside the active area. The principle is sketched
in figure 9 illustrating a small pad layout based on multiples of 128 pads sectors (four sectors in
the sketch), each sector being readout by a 128-channels chip wire-bonded on the back side of the
anode plane, with direct connections through vias between the pads and the readout chip. The
construction of a micromegas detector with such readout is now in an advanced phase. To start
the prototyping, the idea is to use the 128-channels APV25 chips. The front-end electronic circuit
is exported from the RD51 APV25 front-end hybrid card and embedded on the anode plane PCB
(figure 9-right-top). The layout has been already designed (figure 9-right-bottom) and validated
with simulations. We are now moving to the construction phase of the first fully scalable 4×128
pads micromegas prototype with embedded electronics.

Figure 9. Left: principle of a fully scalable pad detector with readout chips wire bonded on the back of
the anode; top-right: the RD51 front-end hybrid, mounting the APV25 chip. The core part of the front-end
circuitry will be implemented on-detector; bottom-right: layout of the front-end circuit as designed to be
implemented on the back of each 128-pads sector.
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