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A B S T R A C T

We present the development of resistive Micromegas with small pad readout aiming at precision tracking without
efficiency loss up to several MHz/cm2. Several prototypes have been built with the spark protection resistive
layer deposited with different techniques: a pad-patterned embedded resistor layout with screen printing, and
a uniform layer by sputtering (Diamond Like Carbon structure). All detectors consist of a matrix of 48 × 16
rectangular shaped pads with a pitch of (1 × 3) mm2. The active surface is (48 × 48) mm2 with a total number
of 768 channels, routed off-detector for readout. Characterization and performance studies of all prototypes
have been carried out by means of radioactive sources, X-rays, cosmic rays and high energy particle beams. A
comparison of prototypes with different resistivity layout will be presented.
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1. Introduction

Micromegas (MM) [1] is now a mature technology for High Energy
Physics experiments. Resistive strips MM [2] will be used in the New
Small Wheel ATLAS upgrade operating at moderate hit rate estimated to
be of the order of several tens of kHz/cm2 [3]. Nevertheless, upgrades of
forward muon detectors of LHC experiments as well as in experiments
at future colliders will require rate capability up to few MHz/cm2. In
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order to improve the rate capability up to this requirement a careful
optimization of the resistive protection system and a finer read-out
(pixel/pad) are necessary. We present the development of resistive
micromegas with O(mm2) pad readout aiming at precision tracking
without efficiency loss up to several MHz/cm2. The proposed detector
has been originally inspired by a similar R&D project considered for the
COMPASS experiment [4] and sampling calorimetry [5] and based on a
solution proposed earlier by R. De Oliveira et al. [6].
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Fig. 1. Top: schematic view of the Embedded-Resistor prototype. Bottom left: side view
of the schema for the DLC-Layer prototype. Bottom right: top view of the DLC-Layer
prototype with the pattern of the conducting links matrix.

2. Prototypes construction details

Several prototypes have been built with different spark protection
resistive layers, deposited with different techniques: a pad-patterned
embedded resistor layout with screen printing, and a uniform DLC
(Diamond Like Carbon structure) layer by sputtering. In the first case
(Embedded-Resistor) [7] the anode pads are overlaid by resistive pads,
both interconnected by intermediate ‘‘embedded’’ resistors, as shown in
top Fig. 1. The signal is transmitted to the readout pad by capacitive
coupling, while the charges are evacuated through the intermediate
resistors, having a resistance in the range 3–7 MΩ. The second technique
(DLC-Layer) uses, instead, two continuous resistive DLC layers, with
a mean sheet resistivity of about 50 MΩ/□, interconnected between
them and to the readout pads with a network of conducting links with
a few mm pitch, filled with silver past, to evacuate the charge, as
referred in bottom part of Fig. 1. Actually, the detector was divided in
two halves, each one having a different pitch of the conducting vias
through the DLC layers: 6 mm and 12 mm respectively. This spark
protection mechanism with a double DLC layer has been inspired by the
technique used for the developing of 𝜇-RWELL detectors prototypes [8].
All detectors have in common the anode, that consists of a matrix of
48 × 16 copper pads, each pad having a rectangular shape with a pitch of
1 and 3 mm in the two coordinates. The active surface is (48 × 48) mm2

with a total number of 768 channels, routed off-detector for readout.
The detector is completed with a bulk-Micromegas process [9], defining
the 128 μm amplification gap with a metallic micro-mesh supported by
Pyralux® insulating pillars, and with a drift cathode defining the 5 mm
wide conversion gap.

3. Detector characterization and performance

All the produced detectors have been extensively tested in the GDD
(Gas Detector Development) laboratory of the RD51 collaboration [10]
at CERN, using different radiation sources and measuring their perfor-
mances in different conditions. All the measurements have been carried
out using Ar/CO2 (93/7) gas mixture. Both detectors have been operated
with the anode pads connected to ground: hence the mesh and the
cathode have been powered with negative voltages. In the following,
if not explicitly stated, all the voltages applied to the electrodes have to
be considered as negative values. For both prototypes the gain has been
measured with two methods: reading the detector current from readout
pads with a pico-ammeter and counting signal rate from the mesh or
analyzing signals from mesh with a MultiChannel Analyzer (MCA).

Two different sets of measurements have been performed on both
prototypes using two different radiation sources:

• low rate measurements performed using two 55Fe sources with
different activities, referred in the text as ‘‘Low activity’’ (with
a measured rate of 1.3 kHz) and ‘‘High activity’’ (total rate of
128 kHz);

Fig. 2. 55Fe source spectra for different prototypes as recorded with a multi channel
analyzer (MCA).

Fig. 3. Detector gain as a function of the amplification voltage for different intensities of
the iron source. Red dots indicate the curve measured for Embedded-Resistor prototype
with ‘‘High Activity’’ source.

• high rate measurements obtained using 8 keV X-rays peak from
a Cu target tuning the intensity of the X-rays gun by varying the
excitation current.

Fig. 2 shows the charge spectra measured for both Embedded-Resistor
and DLC-Layer prototype using ‘‘High activity’’ 55Fe source. The energy
resolution of the DLC-Layer detector, measured as the ratio between the
width and the peak value of the fitted gaussian, is about 14%; this value
has to be compared with the one measured for the Embedded-Resistor
prototype of about 36%. The different behavior of the two detectors
is due to their difference in the spark protection resistive layer: the
DLC-Layer detector has a more uniform electric field in proximity of
the resistive layer, while the pad-patterned layout of the other detector
produces strong variations of the electric field along the border of the
resistive pads, thus getting the energy resolution worse.

Detector gain as a function of amplification voltage has been mea-
sured for the two prototypes by means of the two different iron sources,
the ‘‘Low activity’’ one and the ‘‘High activity’’ one as defined earlier
in the text. Several measurements have been performed in different
periods and using different methods. Results are shown in Fig. 3. All
measurements are consistent among each other except for the gain curve
for the Embedded-Resistor prototype when it is exposed to the more
intense source, where a gain drop of about 20% is observed. This effect
is due to the charge-up of the dielectric that takes place when the intense
source is used (higher particle rate), resulting in a local reduction of the
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Fig. 4. Gain as a function of the rate for a fixed amplification value [11].

amplification field. In Fig. 3 is also reported the same measurements
performed on DLC-Layer prototype using both sources: in this case no
evidence of the gain reduction is present, accordingly with the fact that
no dielectric is present on the amplification gap surface. To study the
detector response to increasing incoming particle flux, we used an X-
ray gun as reported earlier in the text. In order to fix the impinged area,
photons have been focused by using a 1 or 3 mm diameter collimator, or
by shielding the detector active area with an absorber hosting a 10 mm,
3 mm and 1 mm diameter hole. In this way we were able to explore
a large rate range up to more than 150 MHz/cm2. Photon rate per
surface unit has been calculated supposing that the X-rays are uniformly
hitting a surface corresponding to the hole/collimator diameter. Fig. 4
reports the gain of the Embedded-Resistor prototype measured for an
amplification voltage of 530 V as a function of the photon rate: a gain
reduction of about 20% is reached with X-rays at ≃10 MHz/cm2, but
gain is still about 4000 for rate well above 150 MHz/cm2, corresponding
to a gain reduction of about 40%. Fig. 5 shows the results of the same
X-rays measurements performed on the DLC-Layer prototype. In order
to focus on the gain drop, gain curve as a function of the rate has been
normalized to the mean value of the gain measured at low rates (below
80 kHz/cm2). The amplification voltage is 530 V and the absolute value
of the gain is about 12000. A gain drop of about 20% is reached with
X-rays at few MHz/cm2 with a sheet resistivity of the DLC layer of 50
MΩ/□, but with 1 mm wide photon spot no gain drop is observed
up to several MHz/cm2. Moreover, gain drop slightly depends from
the pitch of the conducting vias between the two DLC layers and the
readout pads: as expected the farer is the connection to the ground, the
higher is the resistance of connection and the voltage drop of the anode
with respect to the mesh, thus producing a lower amplification electric
field.

4. Test beam results

Detector performance, including efficiency and spatial resolution
have been studied in two dedicated testbeam campaigns at SPS facility at
CERN, where high energy muon and pion beams are available. Data have
been acquired with APV-25 [12] hybrids and RD51 SRS system [13]. A
scintillator hodoscope has been used for triggering incoming particles
and two double view bulk resistive Micromegas detectors with strip
segmented anode have been used as tracking chambers. Fig. 6 shows
the experimental setup used in 2017, where both Embedded-Resistor
and DLC-Layer prototypes were tested together. Instead, during 2016,
only the Embedded-Resistor prototype was present. The clusters on the
pad detector have been reconstructed combining the charge information
from neighboring fired pads. The spatial resolution has been evaluated
comparing the cluster position reconstructed on the detector and the
expected hit position obtained from tracking detectors. Alignment and

Fig. 5. Normalized gain for the DLC-Layer prototype as a function of the incoming particle
rate for different shielding holes: 10 mm (red markers), 3 mm (blue markers) and 1 mm
(green markers). The open symbols refer to the side of the detector with 6 mm pitch for
grounding vias, the full ones refer to the other side with 12 mm pitch . (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

Fig. 6. Experimental setup of the 2017 test beam, when both prototypes have been tested
simultaneously.

rotation corrections were applied. Fig. 7 shows the residuals distribution
for the Embedded-Resistor prototype, on the left for the precision
coordinate (1 mm pitch) and on the right for the secondary one (3 mm
pitch), obtained during 2016 test beam campaign. From a gaussian fit
to the residuals distribution we measure a space resolution of about
190 μm for the most accurate coordinate; from the box distribution of
the second coordinate we got a resolution of about 720 μm. The same
analysis has been performed for the DLC-Layer prototype and the results
are shown in Fig. 8. As a preliminary result we measure for the latter
detector a better resolution of about 110 μm in the precision coordinate,
even if the residuals distribution has larger tails, that can be sized with
a double gaussian fit. This effect has to be further investigated. The
resolution in the second coordinate is compatible with the one measured
with the Embedded-Resistor prototype. Three types of efficiency have
been defined: (a) cluster efficiency: an event is classified as efficient if
a good reconstructed cluster is found; (b) software efficiency: an event
is efficient if a good reconstructed cluster is found within an acceptance
window of 1.5 mm around the position of the extrapolated track; (c) 5𝜎
efficiency: an event is efficient if a good reconstructed cluster is found
within five times the width of the residuals distribution around the
extrapolated track [11]. Fig. 9 shows the Embedded-Resistor detector
efficiency as a function of the amplification voltage. Plateau values of
99.8%, 99.4% and 99.0% were measured for the cluster, the software
and the 5𝜎 efficiency, respectively. Preliminary results for the DLC-
Layer prototype show that the detector resolution is compatible with
the Embedded-Resistor prototype.
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Fig. 7. Residuals distribution between expected and reconstructed cluster position for precision (left) and second (right) coordinate of the Embedded-Resistor prototype. The amplification
voltage is 530 V.

Fig. 8. Residuals distribution between expected and reconstructed cluster position for precision (left) and second (right) coordinate of the DLC-Layer prototype. The amplification voltage
is 510 V.

Fig. 9. Efficiency vs amplification voltage for the Embedded-Resistor prototype [11].

5. Conclusion

Two different versions of Micromegas with small resistive pads
readout have been designed, built and tested. They differ from each
other by the layout of the resistive spark protection layer: one with a
pad patterned embedded resistors and the other with a uniform DLC
layer. Both configuration show a very good efficiency and a good spatial
resolution, less than 200 μm, in the more accurate coordinate. The
Embedded-Resistor prototype has shown a moderate energy resolution
and a gain drop of about 20% at a rate of about 10 MHz/cm2; a gain
reduction related to the charge-up of the dielectric that is present on the
amplification gap surface has been evidenced. A better energy resolution
(Fig. 2) and a similar rate capability (Fig. 5) has been measured for
the DLC-Layer prototype and no charge-up effect was visible during the
tests. An higher rate capability for second prototype can be reached

by optimizing the sheet resistivity of the DLC layer and the pitch of
conducting links to ground.
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