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A B S T R A C T

The NSW Micromegas chambers in the ATLAS forward muon spectrometer are subject to background rates
of 15-20 kHz/cm2 under HL-LHC conditions. The innermost detector area closest to the LHC beam pipe will
accumulate a charge of 0.068C cm−2 year−1 under these rates. Due to the late change of the detector gas
from non-aging Ar:CO2 93:7 vol% to the more HV stable ternary mixture Ar:CO2:iC4H10 93:5:2 vol% and the
known vulnerability of wire chambers to Hydrocarbon-containing gas mixtures a three-year-long aging study
has been performed. An SM2 series module of the NSW Micromegas quadruplets was irradiated at LMU in
Garching/Munich using a 10 GBq AmBe neutron source emitting 6 × 105 MeV n/s as well as 3.5 × 105 4.4 MeV
gammas/s and 3.6 × 109 60 keV gammas/s. The SM2 chamber was irradiated in a region of several 10 cm2 in
size with a dose rate well exceeding the HL-LHC equivalent local charge densities for three years. In between
the irradiation periods the performance of the SM2 chamber regarding spatial resolution and efficiency on
cosmic muon tracking was tested several times. We report on the irradiation and the performance studies
of the SM2 Micromegas quadruplet and conclude that no sign of loss in performance has been observed in
contradiction to an earlier experience using drift tube wire chambers.
1. Motivation

Micromegas detectors [1] are a cost-effective device used for track-
ing Minimum Ionizing Particles over large areas.
Small-area Micromegas detectors have been extensively tested and
their performance is well understood, providing a spatial resolution of
better than 80 μm [2]. Square-meter-sized, resistive strip Micromegas
detectors showed high-voltage stability issues and insufficient discharge
quenching [3]. To address this, an admixture of isobutane has been
added to the commonly used operating gas (Ar:CO2, 93:7 vol%) to form
a ternary gas mixture of Ar:CO2:iC4H10 (93:5:2 vol%).

Changing the operating gas resulted in the need for longevity tests.
Therefore, a long-term irradiation of a large-area Micromegas detector
with neutrons and gammas has been performed over three years. This
investigation aimed to gain insights into the behavior and perfor-
mance of Micromegas detectors under prolonged exposure to radia-
tion focusing on irradiation current development and muon detection
efficiency.

2. Irradiation setup

An Americium–Beryllium source was chosen for irradiation. At the
start of the irradiation period a source with an activity of 3.7 GBq was
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used which was replaced after the first year of irradiation by a 10 GBq
source. The 10 GBq AmBe source yields 6×105 MeV n/s isotropically [4].
Additionally 3.6×109 60 keV gammas [5] and 3.5×105 4.4 MeV gammas
(see [6,7]) are emitted per second.

For the long-term irradiation the AmBe source was placed in front
of the detector touching its outer surface (see Fig. 1). The detector
is a spare module of type SM2, identical to the detectors installed in
ATLAS consisting of four stacked active volumes [2]. In the following
the readout layer closest to the source is also called Layer 1. For the
other three layers, the numbering follows with Layer 2, Layer 3, and
Layer 4 increasing in distance from the source. Only a part of the
detector surface was irradiated. The irradiation strength is discussed
in Section 3.

3. Source calibration

The irradiation of the detector surface is inhomogeneous. The
source intensity decreases with 1/𝑟2, with 𝑟 being the radial distance
from the source. Important to note is the cylindrical source has a finite
size (D = 6mm and L = 15mm) and cannot be assumed to be point-
like. The distance |𝑟|2 depends on the starting point inside the source
as sketched in Fig. 2 and Fig. 3.
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Fig. 1. Sketch of the AmBe source position in front of the Micromegas detector. The
detector module is kept in a vertical position. This setup was kept for almost three
years testing the detector with the different gas mixtures. The green squares indicate
the position of the readout electronics boards.
Dimensions are given in mm.

Fig. 2. Side view of the irradiation setup. The source cannot be assumed point-like,
hence the starting position of the particle is assumed to be homogeneous within the
source volume. The distance from the starting point to the readout strip in the 𝑦 − 𝑧
lane is given by 𝑎𝑖 for the ith strip.
imensions are given in mm.

The radial distance |𝑟𝑖|
2 is given in the cartesian coordinate system

y:
|𝑟𝑟|

2 = |𝑎𝑖|
2 + |𝑥𝑖|

2 (1)

ith 𝑥𝑖 being the position along the readout strips and 𝑎𝑖 the distance
from the starting point in the source to the anode. For the intensity 𝐼(𝑟)
follows then:

𝐼(𝑟) ∝ 1
|𝑎i|

2 + |𝑥i|
2

(2)

Since the charges induce the current on discrete strips the induced
current to a single strip at a vertical distance 𝑎i from the starting point
requires an integration along the strip (see Eq. (3)). The integration
limits (𝑥𝑖) have to be chosen depending on the area to be calculated.
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Contributing strips have to be summed up to derive the total amount
of current within the chosen limits using Eq. (4).

𝐼Total(𝑟) =
𝑛
∑

𝑖=0
𝐼(𝑟i) (4)

simulation of 1 million particles with a random starting point within
he source yielded the hit distribution shown in Fig. 4 (red line).
2
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Fig. 3. Front view of the irradiation setup. To calculate the irradiation strength within
a circle of radius 𝑅, all enclosed strips have to be taken into account. The intensity
𝐼(𝑟i) is integrated along the strip length 𝑥𝑖 for each strip at a distance 𝑎𝑖 from the
tarting position of the particle. The total intensity is derived by summing up all the
ndividual intensities following Eq. (4).

Fig. 4. Reconstructed cluster position of a random trigger measurement of SM2
irradiated by the Am–Be source. The red line is the simulated hit distribution of 1
million particles using Eq. (4). Good agreement is visible.
Source: Figure taken from [8].

For comparison, a hit intensity measurement using a random trigger
has been carried out. This actual measured hit distribution, given by the
blue markers, shows an excellent agreement between simulation and
measurement. A 2D expansion of the simulated hit distribution resulted
in the relative intensity spectrum given in Fig. 5. The marked areas
represent different values of HL-LHC equivalent interaction rates.

4. Long-term current behavior

The current drawn by the detector under irradiation has been
monitored over three years. This current corresponds to the lower left
sixth of the detector surface shown in Fig. 1. Over that period both gas
mixtures have been tested. Currents for the Ar:CO2 gas mixture and the
3.7 GBq AmBe source are shown in Fig. 6. A broad (±40nA) current
pread, induced by neutrons, is observed.

For the ternary gas mixture, a narrower distribution is observed
howing superior quenching capabilities (Fig. 7). During this irradiation
eriod of 18 months a stronger 10 GBq source has been introduced.
ultiple high voltage tests combined with additional tests after in-

roducing the stronger source resulted in the irregularities observed
round November 2021, where the current equals (0.1–0.5) μA. How-
ver, no detector instabilities or discharges have been observed. Periods
ithout current correspond to maintenance periods. Current fluctua-

ions (𝛥𝐼 = (0.1 μA)) correspond to environmental factors. Faster
luctuations (𝑓 = (1d−1)) result from pressure variations while a slow
luctuation with a frequency of 1 year−1 originates from the seasonal
emperature change between summer and winter.



Nuclear Inst. and Methods in Physics Research, A 1064 (2024) 169458F. Vogel et al.
Fig. 5. Simulated 2D irradiation strength of the neutron source. The encircled areas
correspond to HL-LHC equivalent irradiation strengths of 1×HL-LHC (red circle of
r=50mm) and 2.8×HL-LHC (purple circle of 𝑟 = 5mm).
Source: Figure taken from [8].

Fig. 6. One year of irradiation of the lower left sector of SM2 (see Fig. 1) under
Ar:CO2. A wide current spread of ±40nA originating from the neutron interaction in
the detector and its corresponding secondary processes is visible.
CRF denotes two intermediate test periods without irradiation not discussed in this
paper, where zero current was drawn and hence no charge accumulated. Between the
two test periods, the irradiation continued.
Source: Figure taken from [8].

5. Accumulated charge

Over the whole irradiation period a total of 0.011 C cm−2 has been
accumulated (Fig. 8). Since this charge represents the whole area of the
lower left sector of the detector (see Fig. 1), the value has to be scaled
accordingly to the areas derived in Section 3. In these areas, only a
fraction of the total charge is deposited, but due to the smaller area,
the resulting accumulated charge per area increases. The fraction of the
total accumulated charge follows by dividing the intensity of an area
given by radius 𝑟 by the total intensity of the detector, both derived
from Eqs. (3) and (4). Scaling to the areas denoted in Fig. 5, 2 years
and 5 years of HL-LHC equivalent were accumulated inside the red and
purple area respectively.

This equivalent dose corresponds to the innermost region of the
NSW and a hit intensity decrease with 1∕𝑟2.42 with radial distance 𝑟
from the LHC beam pipe was observed [9].

6. Detector resolution

For performance measurements, the detector was investigated using
cosmic muons. It was sandwiched between two scintillators, that were
used in coincidence for triggering.
3

Fig. 7. 18 months of irradiation of the lower left sector of SM2 (see Fig. 1) under
Ar:CO2:iC4H10. The current fluctuations (±15nA) are much narrower compared to
Fig. 6. This effect is best visible for the starting period where the 3.7 GBq AmBe
source was used. No trips of the detector nor a clear decreasing trend hinting for less
amplification due to aging is visible. The dips in the current are correlated to periods
with no irradiation and service. The fluctuations in the current can be described by
environmental fluctuations like pressure variations. A slow fluctuation with a frequency
of 𝑓 = (1 year−1) corresponds to seasonal temperature fluctuations between summer
and winter. Current spikes, e.g. in January 2022 correspond to HV scans and not
discharges.
Source: Figure taken from [8].

Fig. 8. Accumulated charge on the HV sector under irradiation. Indicated by the black
arrow is the switch to the 10 GBq source resulting in a much steeper rise of the
accumulated charge. The value shown represents the lower left detector section of
Fig. 1 with an area of 2444.4 cm2. This has to be scaled accordingly for areas around
the source center as shown in Fig. 5 resulting in multiple years of HL-LHC equivalent
accumulated charges in the area closest to the center of irradiation.
Source: Figure taken from [8].

The detector resolution is determined by comparing the measured
hit position in the detector with an expected hit position provided by
the track determined by the other three detector layers. The difference
is called residual and is sketched exemplarily in Fig. 9. The obtained
distribution is fit by the sum of two Gaussian functions. Lastly, the finite
track position estimation provided by the three other layers is taken
into account. Comparing the resolution for different applied amplifi-
cation voltages and the two gas mixtures shows the best resolutions
for the ternary gas mixture at the highest amplification voltage of
𝑈Amp = 530V (see Fig. 10). These measurements were performed after
three years of neutron irradiation using cosmic muons allowing track
angles up to ±26.5◦.
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Fig. 9. Residual distribution obtained for cosmic muons allowing all particle tracks up
to ±26.5◦. The distribution is fit by the sum of two Gaussians.
Source: Figure taken from [8].

Fig. 10. Detector resolution obtained with cosmic muons allowing all particle tracks
up to ±26.5◦. The label containing Iso corresponds to measurements using the ternary
gas mixture.
Source: Figure taken from [8].

7. Efficiency

A particle reconstruction is counted as efficient if the residual lies
within ±5mm of the track prediction. This number of efficient events
is divided by the total number of events to determine the detector
efficiency. For the two gas mixtures and various amplification voltages,
the detector efficiency is displayed in Fig. 11. The expected increase
with higher amplification voltages is observed with saturation at 98%
for the ternary gas mixture at amplification voltages 𝑈Amp = 530V. This
maximum efficiency is expected, resulting from structurally related
inactive areas of the detector called interconnections [2].

The position-dependent efficiency of the most strongly irradiated
sector is shown in Fig. 12. No decrease in efficiency around the source
position (black cross) is observed. The inefficient area on the bottom
right is the previously mentioned structurally related inactive area.

8. Summary

A spare NSW Micromegas module has been irradiated over three
years by an AmBe neutron source. Two different gas mixtures have
been tested (Ar:CO2 93:7 vol% and Ar:CO2:iC4H10 93:5:2 vol%). A char-
acterization of the source has been performed and HL-LHC equivalent
amounts of charges have been accumulated. Final performance tests
after irradiation showed an efficiency well above the ATLAS design
values of >90% [2]. In particular, in the area with the highest accu-
mulated charge, no deterioration has been observed. No performance
issues resulting from the change of the gas mixture are expected during
the operation at ATLAS.
4

Fig. 11. Detector efficiency obtained with cosmic muons allowing all particle tracks
up to ±26.5◦. The label containing Iso corresponds to measurements using the ternary
gas mixture.
Source: Figure taken from [8].

Fig. 12. Detector efficiency vs. position obtained with cosmic muons allowing all
particle tracks up to ±26.5◦ after three years of irradiation. The black cross indicates
the source position during irradiation. No decrease in efficiency in the vicinity of
that position is observed. The drop in efficiency on the bottom right results from an
insensitive region by construction (interconnections) [2].
Source: Figure taken from [8].
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