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 A B S T R A C T

The ATLAS muon spectrometer will face an increased particle rate as a result of the increased instantaneous 
luminosity expected during the High-Luminosity LHC (HL-LHC) upgrade. The HL-LHC will provide a luminosity 
of  = 7.5×1034 cm−2 s−1 and 3000 fb−1 of integrated luminosity in 10 years, about 9 times more data of the ones 
so far collected by the ATLAS experiment. Micromegas chambers are used in the New Small Wheel(s), the first 
forward muon spectrometer station, to provide tracking and triggering at the intense particle rates expected. 
The detectors are operated with a ternary gas mixture composed of Ar + 5%CO2 + 2%iC4H10, providing good 
high voltage stability and a large pulse height, important for inclined track reconstruction of particles crossing 
the detector. To ensure the long-term stable operation of the detector during the whole HL-LHC period, and 
due to the hydrocarbon content in the mixture, an extensive aging campaign has been ongoing since 2021 at 
the CERN Gamma Irradiation Facility, where spare production chambers are long-term exposed to a 14 TBq 
137Cs 𝛾-source, accumulating so far, a charge equivalent to five years of HL-LHC operations under the highest 
expected background rate. This paper describes the results of the Micromegas chamber performance studies 
after two years of gamma irradiation and using the SPS/H4 120 GeV muon beams at CERN.
1. Introduction

The High-Luminosity upgrade of the LHC [1] will increase the 
instantaneous luminosity to the value of  = 7.5 × 1034 cm−2 s−1, 
resulting in a higher particle rate in the LHC experiments, especially 
in the forward regions. Micromegas [2,3] chambers have been in-
stalled in the New Small Wheel(s) (NSW) [4] of the ATLAS muon 
spectrometer. They are expected to operate under a high background 
radiation environment, up to ∼30 kHz∕cm2 extrapolating the current 
rate measurements [5] to the HL-LHC instantaneous luminosity. The 
ATLAS performance requirements consist of a spatial resolution of 
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about 100 μm per detector layer for the precision muon track re-
construction, and an angular resolution of approximately 1mrad for 
the Level-1 trigger track segment reconstruction from the NSW detec-
tors. The performance is required throughout the operation of these 
detectors in ATLAS, in order to reduce the rate of fake tracks recon-
structed and fake segments triggered to be below ATLAS limits. For 
this reason, a spare ATLAS Micromegas series production chamber, 
in particular a small module type-1 (SM1) [6,7], has been long-term 
exposed to a 14TBq 137Cs 𝛾-source located at the CERN Gamma Irra-
diation Facility (GIF++) [8]. The purpose is to operate the detector 
under an equivalent high-radiation to emulate the amount of radiation 
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Fig. 1. The shape of a SM1 chamber (a), with in blue the active area of the anodes and in red the full size of the anode panels, including inactive area, with 
dimensions expressed in mm. The segmentation of the anode plane in five PCBs is also shown, each split in two halves. A scheme of a single Micromegas detector 
layer (b) with examples of signal production and schematic read-out [6].
background environment expected during HL-LHC operations [9]. The 
SM1 type Micromegas detectors will be exposed to the largest particle 
rates during HL-LHC ATLAS muon spectrometer operation due to their 
close position to the beam pipe. A 120GeV∕𝑐 𝜇+ beam from the H4 
beam line of the Super Proton Synchrotron (SPS) is used to study the 
detector performance in the simultaneous presence of beam and back-
ground, simulating real detector operation. In this paper the detector 
performance after more than two years of irradiation is presented.

2. The SM1 Micromegas detector

The SM1 ATLAS Micromegas chamber is a 2m2 trapezoidal-shaped 
Micromegas detector, composed of four active layers. Each layer is 
segmented into five active ‘PCB’ sections defined by the size of the 
Printed Circuit Boards (PCB) of the anode, as shown in Fig.  1(a). Each 
anode PCB is then segmented into two parts, left and right of the 
vertical axis of the chamber, which can be supplied with High Voltage 
(HV) independently. A schematic representation of a single Micromegas 
layer is shown in Fig.  1(b). It is composed of a cathode and an anode 
separated by a stainless-steel mesh, creating two gap regions, the drift 
gap and the amplification gap. The drift cathode is held at a negative 
voltage of −240V with respect to the mesh, which is grounded and 
at a distance of 5 mm. The mesh is placed under mechanical tension 
on top of 128 μm high insulating spacers, separating it from the anode 
plane, which is composed of resistive strips to which a positive voltage, 
typically ranging from 490V to 530V, is applied. The resistive strips are 
capacitively coupled to copper readout strips with 425 μm pitch, and 
connected to the front-end electronics. The gaps are filled with a gas 
mixture of Ar + 5%CO2 + 2%iC4H10, flushed at ∼30Nl∕h at atmospheric 
pressure, as done during ATLAS operation. A charged particle entering 
the detector ionizes the gas in the drift gap. Due to the electric field, the 
generated positive ions move towards the cathode, while the electrons 
move through the mesh to the anode. In the amplification gap, the 
high electric field of ∼40 kV∕cm generates a Townsend avalanche of 
electrons, amplifying the charge collected by the resistive strips, which 
induces a signal on the copper strips that is processed by the readout 
electronics.

3. Irradiation studies

The robustness of the SM1 chamber after several years of operation 
is evaluated by exposing the detector to long-term irradiation at the 
GIF++ at CERN. The GIF++ is a ∼100m2 bunker containing a 14TBq 
137Cs source at its center, producing a uniform background 𝛾-field in the 
2 
transverse plane, thanks to shaped angular correction Lead filters [10]. 
The 𝛾-field consists of the primary 662, keV photons and a broad tail 
of lower-energy scattered photons from the Compton effect, which 
contribute 54.5% to the total spectrum [10]. The intense flux of 662 keV
photons allows for the accelerated accumulation of doses equivalent 
to HL-LHC experimental conditions. It is tunable using a set of three 
shaped lead filters, that can attenuate the flux by a factor 1 up to 
∼40000 depending on the combination of the filters used.

The irradiation of the detector started in 2021, and lasted for two 
years, which is equivalent to several years of the HL-LHC operation. The 
Micromegas detector was kept at a distance of approximately 1m from 
the source. The central area of the detector was positioned exactly in 
front of the source and at the same height as the muon beam provided 
by the H4 beam line. The resulting irradiation of the central area is 
almost uniform. For this reason, all the tests reported in this paper are 
focused on this central area, corresponding to PCB-3 of the Micromegas 
detector. Results are scaled, in particular, to the position of the first 
instrumented strip of PCB-1 that will face the highest particle rate 
in ATLAS operations. Stable high voltage operation of the detector 
at 520V without breakdowns or discharges, during the whole period 
both with and without irradiation, was observed. Fig.  2 shows the 
accumulated charge in C∕cm2 of each of the eight high voltage sectors 
of the benchmark PCB-3 normalized to its area.

An accumulated charge of 0.34C∕cm2 is, according to our present 
knowledge [11], equivalent to five years of HL-LHC operations at 520V 
for the first strip of the PCB-1, the one with the largest expected particle 
rate of ∼30 kHz∕cm2. In these calculations, ATLAS measurements are 
extrapolated to the HL-LHC expectations with no safety factor applied. 
Due to the approximately quadratic decrease of the particle rate with 
the radial distance from the beam axis, as observed in the first runs in 
ATLAS, an accumulated charge of 0.29C∕cm2 is equivalent to 10 years 
of HL-LHC operations at 520V for the last strip of PCB-1, which will 
have a lower particle rate and will therefore accumulate less charge.

4. Test beam results

Several test beams were performed using the SPS H4 beam line 
during the irradiation campaign at GIF++ to validate and investigate 
the performance of the irradiated detector over time. In particular, the 
results reported in this paper are evaluated after approximately two 
years of irradiation and the accumulation of more than 0.2C∕cm2 for 
all the detector layers as shown in Fig.  2, during a test beam conducted 
in July 2023.
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Fig. 2. Accumulated charge over time normalized to the active area of the 
high voltage sector, where the displayed lines belong to the left and right 
halves of the benchmark PCB-3, xxL3 and xxR3, and for the 4 layers, L1xx 
through L4xx of the SM1-M40 Micromegas detector. The total accumulated 
charge is different among sectors due to different intrinsic gain of the layers, 
different exposure to the source, or periods with lower or switched off HV.

Fig. 3. Schematic of the experimental setup used in the test beam (not to 
scale). The distances between the SM1 chamber and the tracking detectors 
are given. BL_X1 and BL_Y1 tracking chambers are positioned outside of the 
irradiation cone of the source.

4.1. Experimental setup and data reconstruction

The test beam experimental setup consisted of the SM1-M40 detec-
tor placed 181 cm away from the GIF++ source, with layer-1 facing 
the source, and four one-dimensional 40×40 cm2 Micromegas chambers 
(BL_X1, BL_Y1, BL_Y2, BL_Y3) providing precision reference tracking. 
The greater distance of the detector from the GIF++ source, compared 
to the irradiation distance, was needed to ensure that it was both in the 
irradiation cone of the source and on the path of the H4 muon beam. 
A schematic of the experimental setup used is shown in Fig.  3.

A trigger was provided by a coincidence of two scintillators from the 
GIF++, placed upstream and downstream outside the facility, shielded 
from the source. The Micromegas chambers were instrumented with the 
ATLAS Micromegas electronics, consisting of front-end boards equipped 
with VMM3a ASICs [12,13]. Only PCB-3 of the SM1 detector was 
instrumented, as it was the fully irradiated one and was centered at 
the correct beam height. Data were collected both in perpendicular 
and 29◦ inclined configuration of the chamber with respect to the 𝜇-
beam axis. The cathode voltage was set to −240V for all the chambers, 
while the anode voltage was scanned from 490V to 530V on the 
SM1 detector. The reference detectors had a fixed anode voltage of 
510V, which was found to be a good working point for these chambers 
having a good efficiency and amplification gain for perpendicular 
muons. Only events with a single well reconstructed track in the BL 
tracking chambers and a single cluster in BL_X1 and BL_Y1 chambers 
were analyzed, consisting of about 30 000–80 000 analyzed events for 
each data point depending on the background intensity. Randomly 
3 
Fig. 4. Cluster rate normalized to the active area of the benchmark PCB-3 
as a function to the intensity of the GIF++ source, where Gamma Intensity 1 
corresponds to no GIF++ source attenuation, when the source is not attenuated 
by any filter. The two lines show the different settings of the slh parameter [14] 
of the VMM electronics, corresponding to a higher (𝑠𝑙ℎ = 1) or lower (𝑠𝑙ℎ = 0) 
bias current at the input of the electronic channels.

triggered events without 𝜇-beam and 𝛾-irradiation were taken to set the 
charge thresholds to be applied in the data taking to remove baseline 
fluctuations from the measured strip signal. The time of the signal is 
determined for each channel from the VMM3a ASIC, and calibrated 
for each channel individually. In addition, the time of the trigger is 
recorded and applied as a global 𝑡0 in the computation of the strip time. 
A group of nearby responding channels is identified as a cluster, and 
the position coordinate on the layer is measured as the cluster charge-
centroid, computed by weighting the position of each channel with its 
charge with the formula: 𝑥𝑞 = 𝛴𝑖 𝑞𝑖𝑋𝑖∕𝛴𝑖 𝑞𝑖.

4.2. Rate measurement

The incident background particle rate was measured using a random 
trigger and recording accidental events with only photons from the 
source and no 𝜇 beam. The intensity of the source was tuned by 
adjusting various filter settings to obtain different photon fluxes and 
therefore varying background rates. The cluster rate was determined 
from the mean number of reconstructed clusters per event, divided by 
the time acquisition window of 200ns, and normalized to the active 
area of the detector. As shown in Fig.  4, the expected linear scaling 
of the rate as a function of the photon intensity is observed up to 
10 kHz∕cm2. Beyond this point, the probability of overlapping signals 
increases, leading to a saturation of the readout electronics.

This saturation is expressed in data loss caused by multiple signals 
per strip within the acquisition window and the dead time of the 
VMM channel. To minimize the data loss, adjustments to the VMM’s 
operational parameters, particularly to the 𝑠𝑙ℎ parameter, contained 
in the global registers were made [14]. This register increases the 
feedback current in the shaper to compensate for the input current after 
the detection of a signal. As a result, the shaper goes below threshold 
faster, reducing the channel dead time. Previously missing strips are 
recovered increasing the performance at high background rates. With 
this configuration, the saturation effect is expected to impact only on 
a few strips of the detector in the most strongly irradiated area during 
HL-LHC operations.

4.3. Spatial resolution

Measurements of the spatial resolution of the SM1 layers were 
performed along the precision coordinate for both perpendicular and 
inclined setup configuration. The resolution was calculated based on 
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Fig. 5. Shown is the spatial core resolution for perpendicular tracks: in no background conditions (a) and as a function of the intensity of the 𝛾-irradiation (b). 
The value Gamma intensity = 10−4 means 𝛾-source OFF. The applied anode voltage was set to 520V and the peak time, i.e. the integration time used to detect 
the peak signal and calculate the charge within that time interval [12], was set to 200ns. The small shift in the residuals distribution (a) is due to a residual 
misalignment of the detector layer, not influencing the resolution measurement.
the difference between the track prediction of the position and the 
reconstructed cluster position, commonly referred to as the residuum 
or residual. This evaluation was done after applying software-based 
alignment corrections in order to remove the effects of shifts and 
rotations between the reference chambers and the SM1 layers. The 
residual distribution for layer-1 with perpendicular tracks and without 
background coming from the gamma source is shown in Fig.  5(a).

The spatial resolution is obtained by performing a double-Gaussian 
fit on the residual distribution. The narrower, core Gaussian accounts 
for the intrinsic resolution, while the broader, tail Gaussian also ac-
counts for broadening effects such as multiple scattering or delta-
electrons. The resolution of the reference track, which was measured to 
be 60 μm, was subtracted in quadrature from the Standard deviation of 
the core Gaussian to compute the spatial resolution of the detector. The 
core spatial resolution was found to be 75 μm for layer-1, with the other 
layers showing similar values below 100 μm. The spatial resolution 
was also evaluated in presence of photon background coming from 
the GIF++ source, and is summarized in Fig.  5(b), showing an almost 
constant spatial resolution, with a value of about 100 μm as a function 
of the intensity of the background radiation (Gamma Intensity). Only at 
the highest intensities of the source, the resolution degrades, reaching 
∼150 μm. A Gamma Intensity of ∼0.65 corresponds to the background 
intensity expected for the most strongly irradiated regions in the ATLAS 
forward muon spectrometer closest to the beam-pipe at HL-LHC. A 
resolution of ∼100 μm is satisfied by the Micromegas detectors even 
at the highest background rates expected in ATLAS HL-LHC operation. 
The anode voltage was scanned from 490V to 520V, and from Fig.  5(b) 
a 10% difference in the spatial resolution at 490V, due to the lower 
amplification gain and the consequently worse cluster reconstruction is 
visible. Also, the 𝑠𝑙ℎ = 0 parameter was tested, yielding similar resolu-
tions up to the largest background intensities, at which the performance 
is impacted by the data loss due to the front-end electronics.

For the data taken with the inclined setup configuration the cluster 
position is reconstructed differently. The cluster-time corrected cen-
troid method [15] is applied in this case, for which the charge centroid 
position is corrected by exploiting the correlation between the residuals 
distribution and the cluster time distribution, defined as the charge-
weighted average of the times of the strips forming the cluster. In 
this method, the time information is of crucial importance and a fine-
tuned calibration of the times registered by the electronic channels 
is fundamental. Such time calibration was performed with a set of 
data with only muon hits, exploiting the integrated distributions of the 
times for each individual channel. The times detected by the electronic 
channels were aligned, setting an individual 𝑡𝑖0 offset for each electronic 
channel. The registered time of the trigger signal for each event was 
4 
Fig. 6. Shown is the spatial core resolution for 29◦ inclined tracks, as a 
function of the intensity of the 𝛾-irradiation. The value Gamma intensity = 
10−4 means 𝛾-source OFF.

also applied as an additional global 𝑡0 offset, equal for all the channels. 
Detector shifts and rotations were corrected again for the inclined setup 
configuration, in order to account for additional misalignments caused 
by the movement of the detector. Also in this case, the spatial residual 
distribution between the cluster-time corrected centroid reconstructed 
cluster position and the extrapolated track position was evaluated as 
a function of the intensity of the GIF++ source. A double Gaussian fit 
was performed on the residual distribution, obtaining a core resolution 
of 151 μm for layer-1 with no background. This result, thanks to the 
refinement of the reconstruction and the fine tuning of the alignment 
and time calibration performed in this work, is the best ever obtained 
for the spatial resolution of a full-size ATLAS Micromegas detector 
tilted by 29◦. The results of the spatial resolution for 29◦ inclined tracks 
are summarized in Fig.  6, showing a slight degradation of the resolution 
with higher background intensities, with values reaching 210 μm at the 
maximum intensity of the source.

The expected background conditions of the detector with this in-
clination in HL-LHC operations, correspond to a low intensity of the 
source (Gamma Intensity < 10−2), where the measured resolution is 
smaller than 160 μm. A second measurement with reduced amplifica-
tion voltage of 505V was performed to measure the spatial resolution in 
case of operation of the detector with reduced gain in the experiment, 
resulting in a ∼15% difference in the spatial resolution, as visible in Fig. 
6. This slightly poorer resolution is the result of a lower strip charge due 
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Fig. 7. Shown is the time resolution as a function of the anode voltage, for two 
values of the peaking time: 200ns or 100ns. The resolution is evaluated from 
the weighted sigma of a double Gaussian fit to the time difference distribution 
of earliest strips of back-to-back clusters in the first two layers of the detector. 
Data with only muon beam and no photon background from the GIF++ source 
were used.

to the lower gas gain, which results in, on average, a smaller cluster 
size compared to the optimal 6 strips clusters for 29◦ inclined tracks, 
worsening the precision of the cluster position reconstruction.

4.4. Time resolution

The time resolution was studied to determine the timing perfor-
mance of the detector, important for the improvement of the recon-
struction performance of inclined tracks and for the reduction of the 
trigger time spread during ATLAS operation. For this study data sets 
with only muons and no background from the source were used. 
Clusters in the first two layers of the SM1 detector closest in position, 
defined as back-to-back clusters were compared. The distribution of 
the time differences of the earliest strips in the two back-to-back 
clusters were fitted with a double-Gaussian function. The resolution 
is calculated from the core and the tail Gaussian, weighting for the 
integral of each of the two functions and dividing by 

√

2, assuming 
that the planes have the same time resolution. The results obtained for 
the time resolution as a function of the anode amplification voltage 
of the detector are shown in Fig.  7. The results are reported for two 
configurations of the electronics, in particular for two values of the 
peaking time, that refers to the integration time used to detect the peak 
signal and calculate the charge within that time interval [12].

The time resolution improves with higher gain, from ∼21ns at 505V 
to ∼17ns at 530V for 200ns peaking time. The 100ns peaking time 
results show a similar trend with a slightly worse time resolution at a 
lower gain. The reason is the lower charge collected on the strips and 
the worse time measurement obtained by the electronics in this reduced 
time interval [13]. Both time resolution results are compatible at higher 
gains, above 520V. The method used here for the measurement of the 
time resolution does not consider the drift time difference between the 
two clusters, which can result in a smearing of the time distribution.

4.5. Efficiency

The efficiency as a function of the anode amplification voltage is 
shown in Fig.  8 for all four layers of PCB-3, scanning the voltage from 
490V up to 530V. For this study, data with only muon beam and no 
background coming from the GIF++ source were used. Efficiencies be-
tween 96% and 99% were reached on all layers at anode voltages above 
505V. These results demonstrate the high gain that is provided by the 
Ar+5%CO2+2%iC4H10 gas mixture, in particular using 2% of isobutane, 
and the excellent performance and stability of the Micromegas detector.
5 
Fig. 8. Shown is the single plane detector efficiency without irradiation as 
a function of the anode amplification voltage for all four layers of the SM1 
detector, in the perpendicular setup configuration. The differences between 
layers are due to different intrinsic gain of the layer by construction, as for 
instance due to a different pillar height.

Fig. 9. Shown is the detector layer-1 efficiency as a function of the intensity of 
the 𝛾-irradiation, in the perpendicular setup configuration. The value Gamma 
intensity = 10−4 means 𝛾-source OFF.

The efficiency of the SM1 detector was also studied as a function 
of the Gamma Intensity, modulating with the filters the irradiation from 
the GIF++ source. Starting from tracks reconstructed with the external 
chambers, for each layer of the SM1 detector a one-dimensional interval 
of ±2mm around the extrapolated position was defined. The efficiency 
is defined as the ratio between the number of tracks with at least one 
cluster in the interval and the total number of reference tracks. In Fig. 
9 the efficiency as a function of the intensity of the source is shown 
for layer-1. A drop of the efficiency for increasing photon background 
intensity is visible. Especially at the highest intensities the single-plane 
efficiency drops from ∼97% to below 80%, where the performance is 
impacted by the data loss due to the front-end electronics. The drop is 
similar for the three values of the anode voltage tested (520V, 505V, 
and 490V), with an almost constant 2% efficiency difference for the 
lower gain points at 490V (𝑠𝑙ℎ = 1). Also, the 𝑠𝑙ℎ = 0 parameter was 
tested, obtaining similar single-plane efficiencies at the voltage of 520V 
up to intermediate background intensities, and with a larger efficiency 
drop visible at the largest background intensities, as expected from the 
rate drop shown in Fig.  4. Increasing the bias current at the input node, 
setting the VMM 𝑠𝑙ℎ parameter to 1, up to 15% single-plane efficiency 
can be recovered as visible from Fig.  9.

In particular, it has been measured that a Gamma Intensity of ∼0.65
corresponds to the background intensity expected for the most strongly 
irradiated region in the ATLAS forward muon spectrometer closest to 
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the beam pipe at HL-LHC. As a result, a single-plane efficiency of 
∼85% is expected for the innermost strips of the ATLAS Micromegas 
chambers under those conditions. Efficiencies larger than 90% and 95% 
are instead expected for the rest of the PCB-1 and the other PCBs of the 
detector, respectively, during HL-LHC operations.

5. Conclusion

A full-size series production SM1 ATLAS Micromegas chamber has 
been long-term exposed to an intense photon source at the CERN 
GIF++ since 2021. The GIF++ has provided a powerful opportunity to 
accumulate charges equivalent to several years of HL-LHC operations 
in two years of irradiation. An equivalent charge of about five years 
of operation under the highest HL-LHC expected background rate has 
been accumulated by the detector, which has shown a very good high 
voltage stability, both with and without irradiation, at constant anode 
currents during irradiation. Detector stability and performance after 
long-term irradiation and in conditions with HL-LHC expected back-
ground particle rates in the end-cap muon spectrometer of the ATLAS 
experiment were investigated. The muon reconstruction performance 
has been validated exploiting 120GeV/c muons of the SPS H4 muon 
beam line, and the simultaneous intense background provided by the 
GIF++ photon source. A spatial resolution better than 100 μm has been 
measured for perpendicular tracks. Values of 100 μm were achieved at 
highest background rates as expected for this detector under HL-LHC 
operations.

Excellent spatial resolution results for a full-size Micromegas detec-
tor have been also observed for 𝜇 traversing the detector under 29◦
of inclination. A spatial resolution of 151 μm has been measured in 
no background conditions. The result has been obtained thanks to the 
use of the cluster-time corrected centroid method for cluster position 
reconstruction, along with the fine tuning of the alignment and the time 
calibration presented in this work. A very high single plane efficiency 
above 95% has been measured for perpendicular tracks at the nominal 
anode amplification voltage value of 520V. However, an efficiency 
drop has been observed for high 𝛾-intensities, where the performance 
is impacted by the data loss due to the front-end electronics saturation 
effect. This issue has been mitigated by using a larger bias current of 
the VMM channels, set through the 𝑠𝑙ℎ = 1 parameter configuration, 
allowing the partial recovery of the hit rate and thus the detection 
efficiency at high background rates.

The time resolution of the detector was measured as 18ns for an 
amplification voltage of 𝑉𝑎𝑚𝑝 = 520V.

In summary, the robustness of the ATLAS Micromegas detectors has 
been validated under intense background fluxes equivalent to several 
years of HL-LHC operations. The overall detector performance has been 
observed to be unaffected by the accumulated irradiation, resulting 
in nominal design resolutions, high gain and no sign of decrease in 
performance.
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