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ABSTRACT. Detectors based on the bulk-Micromegas technology exbdsition resolution better
than 10Qum at counting rates of up to several tens of kHZgmlong with trigger capabilities.
These characteristics, combined with the detector's nméchlrobustness and the possibility for
cost-effective industrial production, makes them a pramgisandidate for the ATLAS Muon Spec-
trometer upgrade in a future luminosity enhancement of tHELThe R&D project status will be
presented together with the obtained results in the efiaiefine the baseline system specifications.

KEYWORDS. Muon spectrometers; Micropattern gaseous detectors (MS&EM, THGEM,
RETHGEM, MICROMEGAS, InGrid, etc); Trigger detetectorsaricle tracking detectors (Gas-

eous detectors)
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1 Introduction

The ATLAS detector ], 2] is designed to exploit the full physics potential of theg@Hadron Col-
lider (LHC) [3] which will provide pp collisions at/s= 14 TeV with an instantaneous luminosity
of 10**cm~2s~1. A major design consideration was the requirement for a Mspectrometer]
providing high quality stand-alone muon identification andmentum measurement, along with
trigger capabilities and extended pseudorapidity ¢overage. To this end, a system of three su-
perconducting air-core toroids is employed in combinatidgth high spatial resolution tracking
chambers — Monitored Drift Tubes and Cathode Strip Chambeend fast trigger detectors —
Resistive Plate Chambers and Thin Gap Chambers. Thesdatstate able to sustain counting
rates at least up to five times the expected rates at nomin@l lukhinosity. The corresponding
counting rates are summarized in figdre

For the future, an upgraded LHC — the super LHC (s-LHC) — a=livg ten times higher
instantaneous luminosity is being considered. This irs@éaluminosity would result in a roughly
proportional increase of the expected counting rates fraranma and background sources, namely
photons, neutrons and protons. For the detector coverabtharmgood detector performance to be
maintained under these conditions, it is likely that an agdgrof the present tracking and trigger
chambers in the forward regiofm| > 2, will be necessary. Specifically, this applies to the Inner
and Middle stations of the End-Cap Muon Spectrometer cporeding to a total surface of 400

The Micromegas (MICROMEsh GAseous Structure) detedpi] provides excellent posi-
tion resolution and high counting rate performance, whiah be combined with trigger capa-
bilities. The bulk-Micromegas technolog¥][provides the possibility to produce mechanically
robust large-size detectors with cost-effective indasprocesses. Thus, the bulk-Micromegas is a
promising candidate for the upgrade of the ATLAS Muon Syagter at the s-LHC.
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Figure 1. Average single plane counting rates in Hzfcan the nominal LHC luminosity, £fcm2s1, in
the various parts of the Muon Spectrometer, frdin [

2 TheR&D project: muon ATLAS Micromegas activity

The currently available estimates of the expected countites are plagued with large uncertain-
ties and thus a solid definition of the performance requirgmfor the s-LHC is not possible. This
situation will improve as soon as the LHC provides us withfiitst collisions, and the counting
rates owing to muons and background will be measured. Neless, using the currently avail-
able information, a set of performance requirements sgras guideline to the R&D effort has
been established:

e High counting rate capability; 20 kHz/cn?, including dense ionization

High single plane detection efficiency, 98%

Good spatial resolutiory 100um, possibly up to large incident angles45°

Second coordinate measurement

Two-track separation at distancefl—-2 mm

Good time resolutiors= 5 ns, to allow bunch crossing identification

Level-1 triggering capability
e Good aging properties

These detector requirements should be coupled with apgptemead-out electronics which will
be able to cope with trigger rates of the order of 100 kHz, liog good pulse amplitude and
timing measurements. Moreover, the limited bandwidth ef tbad-out link requires on-board
zero-suppression functionality. For reliable operatiothie harsh radiation environment of ATLAS
radiation hardness and high single-event-upset tolerarecef primary importance.
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Figure 2. Electronics response for@pulse, sampled every 100ns. The solid line is a fit to the desig
shaper response. One ADC count corresponds roughly to 860@ths.

Although Micromegas detectors have been in wide use alriesidyer a decade, they have not
yet operated in colliding beam experiment. The Muon ATLASMimegas R&D project has been
launched in 2007 aiming to use the bulk-Micromegas tectyyoto produce large-size chambers
(about 1 mx 2 m) complying with the above mentioned requirements.

3 Medium-size prototype beam test 2008

In 2007 a medium-size bulk-Micromegas with an active areds®mmx 350 mm was produced
by CERN/EN-ICE. At the time of its production, it was one oétlargest bulk-Micromegas ever
built. The mesh was formed by woven stainless steel wiresiged at a pitch of 78m. The wire
diameter was 2bm. The amplification gap was 128n thick, while the drift gap was adjusted to
5mm. The copper read-out electrodes where shaped in stiibareanged in groups with different
pitch — 250, 500, 1000 and 20@0n — and length — 450 and 225 mm. The conditioning of the
chamber took place at CERN and its performance was firststugiing a°Fe radioactive source.
A detailed description of the chamber construction andmpielry tests can be found i8]

The prototype chamber was then exposed to 120 GeV pions @BER&N H6 beam line during
the summer of 2008. 32 strips of the prototype were conndatetiarge sensitive preamplifiers
(CSP) with a voltage/charge conversion of 2 mV/fC, folloviigcelectronics card<lp] with shapers
of 200 ns peaking time and with a signal gain of 3.7 in the higln ghannels and 0.23 in the
corresponding low gain channels. The CSPs were efficiepidyksprotected via cross-coupled
diodes and capacitive coupling. The shaper signals weitizéig by 10 bit ALTRO chips]1] at a
sampling frequency of 10 MHz with a trigger pipeline of 16 etgeand 64 samples per event. The
data were recorded by the DATE systeh2]] An example of the output signal for a single channel
is presented in figurg.

The experimental set-up is presented in figBreThe beam entered from the back of the
photograph, passed through the Micromegas and subsegtiemtligh the set-up of scintillators
and Si detectors. The trigger was defined by the coincidehseiwtillators 1 and 2. Beam halo
events were rejected by a third scintillator with a 3 cm disanbole at the beam position used as
a veto. This latter scintillator, which is not shown in figievas positioned 50 cm downstream of
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Figure 4. Event displays from the 2008 beam test. On the left, a sitiglk, and on the right, a double
track event is presented.

silicon Module 1. An external reference measurement on ldeepnormal to the beam direction

was given by a telescope consisting of three modules obasil&trip detectors13]. The point
resolution of each module was estimated to beimz

During the beam test, three different gas mixtures were useflr:CO,:iC4H1p (88:10:2),
Ar:CF4:iC4H10 (88:10:2) and Ar.CE:iC4H10 (95:3:2) — and data where collected with different
strip pitches and incident track angles. In figdi@eft) a display of a single track event is presented.
The hits on the telescope modules are depicted at the uppeofgghe figure. At the lower part
of the figure, the signals on the 32 strips of the Micromegaspaesented. The strip pitch used is
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Figure 5. Cluster charge distribution for pions of 120 GeV in Ar£E4H1o (88:10:2). The amplification
field was 37 kV/cm, while the drift field was 220 V/cm.

250um. The formation of a charge cluster, with most of the chamgjedcollected in two strips,

is visible. On the right part of figurd, the corresponding display for an event with two tracks
on 500um strips is shown. In figurg, the distribution of the total cluster charge is presented f
Ar:CF4:iC4H10 (88:10:2).

The position of the particle is reconstructed by chargeriiation in the cluster. The width
of the charge distribution was found to be280um full-width at half-maximum. The spatial
resolution is determined from the difference between th&tiopm measured in the Micromegas
and the extrapolation of the telescope track to the Micramed he width of this distribution is
affected by two contributions a) the intrinsic Micromegasaiution; and b) the uncertainty of the
track extrapolation. The latter is due to the intrinsic feson of the telescope and the multiple
scattering in the trigger scintillators located betweem Micromegas detector and the telescope.
It was estimated to b@1+ 2) um, where the attributed uncertainty is systematic arisiogfthe
imprecise knowledge of the amount of material in the sdattrs.

In figure 6(a) and6(b), the corresponding distributions are presented for a Miegas strip
pitch of 250um and 50Qum respectively, for normal incidence. The estimated spegsolution
of the Micromegas detectafyicromegas IS:

OMicromegas = (24 7)um for 250um strip pitch

The relative uncertainties in these estimates are 30% a#dftb250 and 50Qum strip widths
respectively and, moreover, they are correlated in the twasurements. This is due to the dom-
inance of the reference measurement extrapolation umatgrtan the width of the difference be-
tween the Micromegas and the reference position measuteiftemaccuracy of the extrapolation
uncertainty estimate in the set-up is defined by the knovdaexfghe amount of material between
the silicon telescope and the Micromegas, which is only kmatthe 10% level. Although every
effort to account for this oversight has been made, the niaadmiand the nature of the uncertainty
makes the above quoted resolutions more an order of magnéstimate rather than a precise
characterisation of the chamber performance.

The corresponding hit reconstruction efficiency, was et to bex~ 99%. The observed
inefficiency was found to be spatially correlated with thsifions of the micromesh support pillars.

—5—
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track, for (a) 25Qum and (b) 50Qum strip pitch.

4 Micromegas simulation

In order to improve the understanding of the beam test stdtease performance studies for
different operation parameters choice and to evaluate dtenpal of new ideas, it was deemed
useful to develop a simulation of the detector, startingnfithe microscopic processes in the gas
up to the output of the electronics.

For the development of this simulation suite establishetukition codes have been used as
much as possible. The drift part is handled by GARFIEU@] [which interfaces HEED15)] for
the modeling of ionization processes in the gas and Maglpbézfor the transport properties of
the drifting electrons. The amplification and electroniestps handled by custom code, which
uses a semi-analytical method for the ion induced chargeilegion [L7]. The simulation has been
configured to resemble the beam test set-up.

In figure 7, a simulated event is shown for a strip width of 506 and a drift gap of 5mm.
For clarity only the central strip (right) and its neighbauith the highest charge (left) are shown.
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Figure 7. A simulated event for a strip width of 5Q0m. Only the central (right) and the neighbour strip
with the largest charge (left) are presented. On the upperthe current developed in the amplification gap
is depicted. In the lower row, the shaper output is presemetk the different time scales in the two rows.

In the upper row, the current developed in the amplificatiap i3 presented as a function of time.
The spikes correspond to the arrival of the electron clastrcan be seen that several electrons
are collected in the neighbouring strip indicating thatttlaek passed near the boundary of the two
strips. The long current tail induced by the ion drift is atdearly visible. In the lower row the
shaper output is presented.

In figure8§, the difference between the reconstructed and the truégosf the simulated track
is presented for four different strip sizes. The perforneadeteriorates with increasing strip width
and non-gauss tails are observed. It should be noted thavtds in the tails are mainly cases
where the incident particle passed through the center déttifz In these cases, due to the large
strip width, not enough charge for reliable interpolatierdéposited in the neighbouring strips.

In figure9, the spatial resolution obtained from the beam test datéresimulation is directly
compared and found to be in good agreement. It is remindetipae3, that the uncertainties on
the experimental measurements are correlated.

The dependence of the position resolution on the incidengéeas shown in figurd0. Four
different strip widths are used, along with two different@astruction algorithms: charge inter-
polation and binary read-out. In the latter, the geomdtrizaan of the strips exceeding a certain
threshold — in this particular case 5 times the electronisere- is used. The charge interpolation
method provides superior results for small incidence angidile the binary read-out method is
found to be more stable. The improvement in position regmiutvith increasing incidence angle
observed for the charge interpolation at 1Q00 strip width could be attributed to better charge
sharing, exactly due to the track inclination, which resslthe left-right ambiguity for tracks pass-
ing near the center of the strip.
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5 Micromegasas u-TPC

To overcome the dependence of the position resolution dndidence anglel8] several strategies
could be followed. In case enough space is available, on&l dduthe chambers in order to
minimize the mean incidence angl#9]. Alternatively, the gas gap width could be decreased to
the absolutely operational minimum, albeit with possitiiea on the reconstruction efficiency.
Another method would be to use the Micromegas as a — micro —e Rnojection Chambeiu¢
TPC) where the few millimeter drift gap plays the role of thiftdzolume in a traditional TPC.

The principle of operation of tha-TPC |20, 21] is presented in figur&l. The arrival time
of the ionization clusters on the strips can be used to réarighe trajectory, slope and intercept,
of the track in the drift gap. The longer the projection of gath length, the more effective this
approach will be for a given strip width. The reconstructmfnthe local track direction can be
advantageous for pattern recognition, even at the trigeyed.|
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One of the major factors for the successful application efutfifPC method is the time reso-
lution, which should be of the order of few ns. In the 2008 bé¢eshdata, the long integration time
of the preamplifier and the jitter of the trigger with respecthe ALTRO clock, did not permit an
in-depth study of this method. However, an exploratory wthds been pursued: The drift time



information for each strip was extracted from the peak tihthe signal pulse. The earliest peak
time was used as the timing reference. By converting thafididres to drift distances, measure-
ment points were formed subsequently fitted to a line. Onafiignt source of uncertainty is the
fluctuations in the spatial distribution of the primary inaion clusters along the track path. Addi-
tionally, electrons drifting longer will be more affecteg diffusion. From the available data it is
suggested that for a gas gap of 5mm and a strip pitch of®00the direction of a track inclined
by 3% could be measured with 11% resolution.

The u-TPC method is a very interesting approach to overcome thke atependence of the
position resolution. At the same time it is a very challeggane, since the requirements for the
U-TPC method are almost perpendicular to those for chargepiofation methods.

6 Futuredirections

During the summer of 2009, a half-size prototype with activea 400 mnx 1300 mm was under
preparation at CERN, by CERN/EN-ICE. It will be equippedt calendered mesh of stainless-
steel wires. The pitch of the wires is 5, while their diameter is 18m. The amplification
gap is 128m and the mesh is segmented into six parts. Two strip widthe eelected, 250 and
500um, while the length of the strips is 350 and 800 mm. It will bedidioned and characterised
with laboratory tests as soon as it becomes available anitl ievtested in one of the forthcoming
beam test periods.

The parallel plate geometry of the Micromegas detector maksusceptible to discharges.
Given the abundance of neutrons and photons in the ATLAS @mvient, it is very important
to minimize the dead-time of the chamber and keep it at aabépievels. Currently, two main
approaches to resolve this issue are followed: a) useivesistating on the read-out strips; and
b) double stage amplification. In order to assess the sgwfrithis issue, and the effectiveness
of the suggested solutions, irradiation tests in neutrailiti@s using smaller size chambers will
be performed.

As soon as the materials to be used for the chamber constmarte defined, extensive ageing
tests will be performed to ensure the good operation of tlantter in the harsh environment of
the LHC.

7 Summary

The ten-fold luminosity increase in the s-LHC will requine apgrade of the ATLAS Muon Spec-
trometer in order to maintain its good performance. The dismi-Micromegas for this upgrade
is proposed and a dedicated R&D programme with this aim wawxlzed in 2007. A medium-size
prototype has been prepared and tested in a pion beam shgeadgperformance in terms of op-
eration stability, gas amplification, efficiency and sga#solution for perpendicular tracks. Sim-
ulation software that will ease performance studies has Heeeloped and its results were found
in agreement with the beam test data. Interesting appreachevercome the angle dependence
of the position resolution and the discharge rate are baimgued. The R&D activity is on-going
with the construction of a half-size detector (400 mrh300 mm), gas mixture optimization and
detailed studies of the detector performance — for exanigdimne resolution.

—10 -
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