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Abstract

In this report results of the time resolution analysis of a GEM (Gas Electron Multiplier)
detector prototype are discussed. This study was performed within the purview of an R&D
activity regarding muon detectors for the CMS experiment, aiming at the future high
luminosity upgrade of LHC, where a high-rate triggering for charged particles is needed.
GEM chambers are particularly promising for this purpose, since they are able to handle the
extremely high particle rates expected, especially in the muon forward region. The
measurements were performed at the ASTRA facility of the INFN National Laboratory of
Frascati (LNF). The study was accomplished by using cosmic muons, and by employing two
different gas mixtures: Ar/CO2/CF4 (45%/15%/40%), and Ar/CO2 (70%/30%).
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Chapter 1

GEM technology

1.1 GEM detectors

A GEM (Gas Electron Multiplier) detector is a particular type of MPGD (Micro-
Pattern Gas Detector), originally proposed by F. Sauli in 1996, and nowadays
employed in a large number of developments and applications [1-3]. The key
features that led to its growing success are the large gain for moderate applied
voltage, the high rate capability (greater than 5 x 10° Hz/mm?), the gain uni-
formity and the robustness with respect to ageing processes and discharges [4].
Moreover, it has time resolution of the order of 5 ns.

A standard GEM consists of a thin (50 um) Kap’con1 insulating foil, clad on
each side with a 5 um thick copper coating. The foil is chemically perforated
to obtain a high surface density of holes, that are arranged hexagonally with a
pitch of 140 um. The holes exhibit a bi-conical structure arising from the per-
foration process, that employs standard photolitographic technologies [5]: the
metal clad polymer is engraved on both sides with the desired hole pattern,
and then a controlled immersion in a polymer-specific solvent opens the chan-
nels in the insulator. This leads to typical holes with an external diameter of
70 pm and an internal diameter of 50 um, as depicted in Figure 1.1. Indeed, a
thorough control of the etching conditions allows to obtain a nearly cylindrical
shape, that reduces the charging-up of the Kapton. This effect consists of the
accumulation of charges on the insulating surfaces, resulting in local changes
of the electric field and thus affecting the amplification process [6]. Therefore,
the charging-up reduction guarantees a more uniform gain.

The structure of a standard GEM detector is shown in Figure 1.2: the GEM

1Kapton® is a polyimide film developed by DuPont™, with a unique combination of electrical,
thermal, chemical and mechanical properties that withstand extreme temperature, vibration and other
demanding environments.



1.1 GEM detectors 2

Figure 1.1. Left: Scanning Electron Microscope (SEM) picture of a GEM foil. Right:
schematic view of the electric field lines (white), electron flow (blue) and positive ion
flow (purple) through a GEM hole [7].

foil is inserted inside of the space between two flat parallel electrodes, which
is filled with a gas mixture.

When a charged particle crosses the detector, ionisation electrons are pro-
duced in the drift gap, that is located between the cathode and the GEM foil.
If a suitable voltage is applied on the electrodes, all the electrons released by
gas ionization drift towards the GEM foil and into the holes, where they un-
dergo a charge multiplication process. The GEM foil, thanks to its structure,
exhibits in fact a high dipole field within the holes, that supplies the electrons
with enough energy to start secondary ionisations, resulting in charge multi-
plication; the electric field lines are shown in Figure 1.1. Each hole works as
an independent charge amplification channel, being screened from the neigh-
bouring holes, and the multiplication occurs almost entirely within the holes.
The gain is also insensitive to the foil shape.

The electrons resulting from charge amplification are released in the induc-
tion gap between the GEM foil and the anode, and drift towards the latter. The
charge collection and readout anode can be patterned with strips or pads or
some combination of the two, arranged in arbitrary shapes. Thanks to the ab-
sence of thin anodes, GEM detectors have a very high rate capability and are
insensitive to radiation damage induced by polymerization2 up to very high
integrated fluxes [8]. This represent a great improvement with respect to other
devices such as the Multi-Wire Proportional Chamber (MWPC), since the small

’Gas polymerization results in the production of granular solid polymers.
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Figure 1.2. Left: 3D structure of a standard GEM detector [9]. Right: functioning scheme
of a GEM detector.

area of anode wires make them particularly sensitive to the creation of thin in-
sulating layers caused by the polymerization of organic gases or pollutants,
resulting in fast ageing under irradiation [4].

Assuming a constant electric field, an electron spends a time ty = g;/v4 to
cross the induction gap, where g; is the gap size and v, is the electrons drift
velocity. Assuming no cross-talk between adjacent pads, the signal induced
on a pad by one electron is a current pulse of duration t4 and intensity I =
e/tq. The total signal induced on a pad by a particle that crosses the GEM
detector is the sum of the signals produced by every single ionisation electron,
amplified by the multiplication through the GEM foil. Each one of these signals
is delayed in time by the corresponding electron drift time in the drift gap, that
varies with the coordinate where the electron is produced with respect to the
cathode: an electron produced near the GEM foil needs less time to reach the
foil than an electron produced near the cathode. This will be treated in detail
in terms of time resolution in Section 1.3.

GEM based detectors have been tested with a wide variety of gas filling mix-
tures and operating conditions, including low and high pressures. Typically, a
voltage difference of 350 V to 500 V is applied between the two copper sides of
a GEM foil, producing an electric field as high as 100 kV/cm inside each hole,
and resulting in an electron multiplication up to a few thousands. But the in-
teresting feature of the GEM concept is that several GEM foils can be cascaded
within the same detector, separated one from another by low field gaps. This
allows to reach high gains while minimizing the discharge probability, since
each element of the series can be operated at a much lower voltage than that
needed to obtain a high gain with a single device. As shown in Figure 1.3, ex-
tensive tests demonstrated that an assemble of three cascaded GEM foils, the
so called triple-GEM configuration, guarantees the reliability and breakdown
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Figure 1.3. Gain (full lines) and discharge probability (dashed curves) of single, double
and triple GEM detectors as a function of the individual GEM voltages [8].

suppression required in harsh beam conditions.

1.2 The Triple-GEM detector

A Triple-GEM detector, with its cross-section depicted in Figure 1.4, consists
of three cascaded gas electron multiplier foils inserted in the space between
two conductive plane electrodes, which is filled with an arbitrary gas mixture.
The gaps dividing a GEM foil from another are called transfer gaps, and their
purpose is to transport the secondary electrons produced in the holes of a foil
towards the holes of the foil below.

A common choice for the size of the drift gap is 3 mm, large enough to min-
imise the inefficiencies in charged particle detection, but small enough to re-
duce the dead time due to pulse width. The first transfer gap size is usually
set to 1 mm in order to reduce the so-called bi-gem effect: if this gap is large,
a significant ionisation can be produced here, that is amplified by the subse-
quent two GEM foils and might then produce a detectable signa13, resulting

3For example, a signal exceeding a discriminator threshold.
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Figure 1.4. Left: 3D reconstruction of a typical Triple-GEM detector [10]. Right: functioning
scheme of a Triple-GEM detector.

in hits early in time* with respect to the signals coming from the amplifica-
tion of the charge deposited in the drift gap. This same effect cannot happen
starting from the second transfer gap, since ionisation electrons produced there
will only be amplified by the third GEM foil, and will be unlikely to produce
a noticeable signal. The size of the second transfer gap is commonly set to 2
mm: this allows the increase of electron diffusion and of the number of holes
of the third GEM foil involved in the multiplication process as well, reducing
the discharge probability. Lastly, the induction gap size is T mm, small enough
to increase the amount of charge integrated by the amplifier while avoiding
discharges and gain non-uniformities.

By using a multi-channel voltage power supply, a chosen voltage difference
can be applied in each gap and between the two copper sides of each GEM foil,
creating high electric fields inside of them. The ionisation electrons produced
in the drift gap cross the cascaded GEM foils and get multiplied three times.
The total amplified charge then drifts in the induction gap towards the anode,
giving rise to the induced current signal. As in the standard configuration,
the anode can be segmented in reading pads, and connected to the readout
electronics: this allows the Triple-GEM detector to be used also as a tracking
detector.

1.3 Time resolution of a GEM detector

Summarizing broadly, a signal is produced when a charged particle passes
through the detector, and a discriminator crossing on the signal rising edge
gives the time of the track passing event.

“The signal from bi-gem effect will be anticipated of the quantity At = g, /v4, where g, is the width
of the induction gap.
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Travelling through the drift gap, this particle produces a series of primary
ionisations, each one giving rise to a cluster’ of following ionisation electrons.
Therefore, the resulting rising edge of the signal at the amplifier input exhibits
a stepwise profile, each step corresponding to the signal of a cluster (the time
spread of electrons within the same cluster is much smaller than the time differ-
ence between clusters): the first step comes from the cluster produced closest
to the first GEM foil, with the shortest arrival time.

The detector time resolution depends then on the statistics of the clusters
produced in the drift gap. The space distribution of the cluster j created at a
distance x from the first GEM foil is Poissonian:

PRMx) = ——nle ™, (1.1)

where n is the average number of ionisation clusters per unit length. For a
given electron drift velocity v4, the distribution of the arrival times on the first
GEM foil is

Pj(tq) = Pj* (vata), (1.2)

that for the cluster produced closest to the first GEM foil (j = 1) becomes
Pl(ty) =n-e ™ata, (1.3)

Therefore the intrinsic time resolution is o(t4) = (n- vd)_1 , assuming the ideal
situation in which the first cluster is always triggered. This shows the impor-
tance of a high primary ionisation (high n) and a fast gas mixture (high v4) in
improving the time performance.

Nevertheless, the intrinsic time resolution represents only a lower limit: in
real situations, the limited collection efficiency of the first GEM foil, the statisti-
cal fluctuations of the gas gain and the finite threshold of the electronics must
be taken into account, leading to a possible failure in the detection of the j =1
cluster. Since the other ionisation clusters have a probability distribution with
larger o(ty) than the j = 1 cluster (but still proportional to n~ "), the maximi-
sation of the detection efficiency of the j = 1 cluster is a determining factor in
the time resolution of a GEM detector. The use of a fast gas mixture ensures a
large collection efficiency and helps obtaining a high detection efficiency.

5 A cluster is defined as an ensemble of electrons produced after a primary ionisation, whose
spatial spread is of the order of 100 um around the primary ionisation point.



Chapter 2

Compact Muon Solenoid

2.1 CMS detector

CMS, acronym for Compact Muon Solenoid, is a general purpose detector at
the Large Hadron Collider, that makes use of proton-proton collisions to in-
vestigate a wide variety of physics phenomena [11]. It is located in an under-
ground cavern about 100 m deep near the french village of Cessy, correspond-
ing to the interaction region number 5 (IR5) of the LHC ring.

The detector is built hermetically around the nominal collision point of the
two counter-rotating proton beams of LHC. It exhibits a cylindrical symmetry
with respect to the beam pipe: its structure can be split in a central cylindrical
part, referred to as the barrel, and two endcap regions that encase the barrel
transversally, one on each side. Overall, CMS benefits of a length of 21.6 m,
a diameter of 15 m and a weight of about 14000 t, being the heaviest particle
detector at colliders worldwide.

As shown in Figure 2.1, the detector consists of a series of subsystems, as-
sembled in layers with different functionalities. The distinctive feature is the
superconducting solenoid magnet located at its centre: it has an inner diameter
of 5.9 m, and is capable of generating a magnetic field of up to 4 T'. Within the
magnet there are the inner tracking system, which is closest to the interaction
point, and the electromagnetic (ECAL) and hadron calorimeters (HCAL), that
fill the space around the tracker. Outside of the magnet there is an extensive
muon system, made up of layers interleaved in a steel yoke that sustains the en-
tire structure. The yoke serves also as a hadron absorber for the muon system.
It increases the field homogeneity in the tracker, and reduces the stray field
by returning the magnetic flux to the solenoid. Additionally, forward muon

1Al’chough the magnet is nominally designed to reach a 4 T axial magnetic field, it is operated at
3.8 T to preserve it while studying its behaviour and ageing.



2.2 Muon System 8

Figure 2.1. Cartoon of CMS outlining the various subsystems of the detector [CERN].
calorimeters are located after the endcap muon chambers, along the beamline.

2.2 Muon System

The CMS muon system [12] has three main purposes: muon identification,
muon momentum measurement and muon triggering. In order to achieve
these goals, three different gaseous detectors are used in an appropriate combi-
nation: Drift Tubes (DTs), Cathode Strip Chambers (CSCs) and Resistive Plate
Chambers (RPCs).

DTs and CSCs provide a precise tracking of the muon particle: muon mo-
mentum and charge measurements are then obtained, thanks to the bending
of the charged particle tracks inside of the magnetic return field (whose in-
tensity goes from around 1.8 T in the barrel to 2.5 T in the endcaps). Muon
identification is guaranteed by the amount of material within the solenoid and
in the return yoke of the magnet, that ensures shielding from charged particles
other than muons: the total material depth that a particle has to cross before
reaching the end of the muon system is at least 20 interaction lengths for low
pseudorapidities.

On the other hand, both the RPCs and the system based on DTs and CSCs
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Figure 2.2. Layout of a quadrant of the CMS muon system afer the LS1 upgrade, in the
R — z plane with z parallel to the beam and R increasing upwards. Steel disks are shown
as dark grey areas. DTs are in light orange, CSCs in green and RPCs in blue. From [13].

work independently to provide a redundant muon trigger: RPCs, thanks to
their excellent time resolution, guarantee fast triggering, while DTs and CSCs
give a good efficiency and purity.

Most of the muon system, which is shown in Figure 2.2, was installed in
2007, while major upgrades have been carried out in 2013-2014 during the first
LHC Long Shutdown. The spectrometer consists of a cylindrical barrel section
and two planar endcap regions supported by the rings of the steel return yoke.
The detectors are organized in independently-operating modules called cham-
bers, and the chambers are arranged in layers, referred to as muon stations,
around a fixed value of r (in the barrel) or z (in the endcaps). There are four
stations in the barrel region and in each endcap region. The return yoke plates
interleave them, guaranteeing a sufficient thickness of iron to isolate electro-
magnetic showers that are produced due to muon bremsstrahlung between
the stations.

The momentum resolution of the muon system is essentially determined by
the muon bending angle at the exit of the solenoid coil. On the other hand, it
may be degraded by the amount of material that the muon has to cross before
reaching the first station, due to multiple scattering processes. These processes
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dominate up to pt values of 200 GeV/c, and the corresponding muon momen-
tum resolution is ~ 8% — 15% for small values of n|. At higher momenta, the
spatial resolution of the chambers starts to dominate, leading to a resolution of
20% —40% at pt ~ 1 TeV/c, depending on [n].

The magnetic return field inside the iron yoke, together with the expected
radiation flux, sets the environment in which the detectors must operate. In
the barrel region, where the muon rate is moderate, the neutron-induced back-
ground is small and the return magnetic field is uniform, DTs are employed,
covering a pseudorapidity range up to n| < 1.2. In the endcaps, where the
muon rates and the background levels are higher and the magnetic field is
intense and non uniform, CSCs are employed, covering the pseudorapidity
range 0.9 < | < 2.4. RPCs are used in both the barrel and the endcap regions,
up to | = 1.8%. In total, the muon system contains more than 25000 m? of
active detection planes, and nearly 1 million electronic channels.

This system is highly affected by its alignment, both internal and with re-
spect to the inner tracker. A misalignment can derive from imperfect assembly,
temperature instabilities or deformations related to the magnetic field. Since
muon measurements combine data from the tracker and from the muon cham-
bers, it is crucial to accurately monitor the alignment of the spectrometer. This
is done by means of a dedicated optical Muon Alignment (MA) system.

2.2.1 DT system

The barrel muon system is divided in 5 wheels along z, and every wheel is
segmented in 12 ¢ sectors, each covering a 30° azimuthal angle. In each sector
there are 4 muon chambers per wheel, forming muon stations at radii of ap-

Figure 2.3. Left: Schematic view of a DT chamber, in which three superlayers are visible,
as well as the honeycomb spacer. Right: Section of a drift tube cell. Taken from [15].

’The region | < 1.8 was covered during the LS1 upgrade of CMS. Before, only the first three
endcaps disks were equipped with RPCs [14].
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proximately 4.0 m, 4.9 m, 5.9 m and 7.0 m from the beam axis, labelled as MB1,
MB2, MB3 and MB4 respectively.

A DT muon chamber is made of a number of superlayers (SLs), each consist-
ing of 4 layers of drift tubes staggered by half a cell, to eliminate dead spots
in the efficiency. A schematic view is shown in Figure 2.3 (left). Chambers of
the first three stations employ 3 SLs, the two innermost measuring the muon
position in the r — ¢ plane thanks to wires parallel to the beam line, and the
outermost detecting the z coordinate with orthogonal wires. The MB4 station
lacks the z measurement superlayer. An aluminium honeycomb structure is
placed between the SLs to provide a lever arm for the track reconstruction. The
longitudinal size of the chambers is limited by the segmentation of the barrel
yoke, leading to a dimension of about 2.5 m. On the transverse side, the length
varies among the stations, ranging from 1.9 m for MB1 to 4.1 m for MB4.

The individual drift tubes used throughout the system are rectangular cells
with transverse size of 42 x 13 mmz, that use a 85%/15% of Ar/CO, gas mix-
ture, providing good quenching properties and a saturated drift velocity of
about 55 pm/ns. A section of these detectors is shown in Figure 2.3, right. At
its center each cell employs a 50 um diameter gold-plated stainless-steel anode
wire, that operates at a voltage of +3600 V. On the side walls of the tube there
are two electrodes, and two more are located above and above the wires, in
order to shape the effective drift field.

2.2.2 CSC system

Similarly to the barrel arrangement, there are four CSC muon stations inte-
grated into each endcap yoke, referred to as ME1, ME2, ME3 and ME4. The
stations are divided into rings, 3 for ME1 and 2 for the others, that are labelled
MEi/n, where the integer i = 1 —4 is the station index and n decreases with
the radial distance from the beam line.

The CSCs are multi-wire proportional chambers of trapezoidal shape posi-
tioned perpendicularly to the beam line, that can operate at high rates and in
large non-uniform magnetic fields using a 40%/50%,/10% mixture of Ar/CO, /CF,.
As shown in Figure 2.4, they comprise 7 trapezoidal cathode panels each, inter-
leaved by 6 gaps corresponding to planes of sensitive anode wires, running in
the azimuthal direction. Every panel contains 80 cathode strips, each one sub-
tending a constant ¢ angle between 2.2 mrad and 4.7 mrad. The anode wires
have a diameter ranging from 30 um in ME1/1 to 50 um everywhere else, and
a spacing of 3.16 mm to 3.12 mm (or 2.5 mm in ME1/1). All the chambers,
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Figure 2.4. Left: Layout of a CSC, in which only a few wires are shown to indicate their
azimuthal direction. Right: Photography of a completed ME1 station. From [11, 16].

except for the ME1/3 ring, overlap and provide contiguous ¢ coverage. They
have different dimensions within the system, ranging in length from about 1.7
m to 3.4 m in the radial dimension. All the CSCs subtend a ¢ angle of about
10° in the radial dimension, except for the inner rings of stations 2, 3 and 4,
that subtend an angle of about 20°.

During the Run-1, the number of CSCs included in the system was 468. This
number was increased with the LS1 upgrade, reaching a total of 540 chambers.
The overall area covered by the sensitive planes of all the chambers is about
5000 mz, the gas volume is larger than 50 m?> and there is a total number of
wires of about 2 million.

2.2.3 RPC system

Thanks to its fast response the RPC system provides an independent and dedi-
cated trigger, complementary to that provided by CSCs and DT chambers, and
with a looser pt threshold. Recalling the arrangement of the DTs, 6 layers of
RPC chambers are embedded in the barrel iron yoke: 2 attached to the inner
and outer side of the first two DT stations, providing redundancy, and 1 in
each of the two last stations. The readout of the chambers is divided in 2 or 3 n
partitions called rolls. In the endcaps, there are 4 layers of RPCs arranged in 4
disks: RE1, RE2, RE3 and RE4. Each disk is composed of 2 concentric rings, la-
belled REn/2 and REn/3, where the integer n = 1 —4 indicates the disk index.
The CMS RPC basic module, shown in Figure 2.5, consists of 2 gaps, referred
to as the up and the down gap, operated in avalanche mode with common
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‘ Forward roll Backward roll

RPC Up

RPC Down

I 2-mm-thick bakelite plate

[ 2-mm-thick gas gap

= Readout strip

Figure 2.5. Left: Schematic view of a generic barrel RPC with two rolls. Right: Photography
of endcap RPCs during the LS1. From [15, 17].

pick-up readout strips between them. This ensures reliable operation at high
rates. Each gap consists of two 2 mm thick resistive Bakelite plates, separated
by a 2 mm thick gas gap. The gas mixture used consists of 95.2% C,H,F,, 4.5%
isobutane and 0.3% SFg. The outer surface of the Bakelite plates is coated with
a thin conductive graphite layer, and a voltage of about 9.6 kV is applied. The
total induced signal is the sum of the two single-gap signals. This allows the
single gaps to operate at lower gas gains, with an effective detector efficiency
higher than that of a single gap.

2.3 CMS muon system upgrade

The future upgrades planned for the LHC machine aim at achieving higher
peak and integrated luminosities, well above those for which CMS was origi-
nally designed. In particular, a high luminosity upgrade is foreseen during a
third long shutdown (LS3), that will take place in 2023. The high luminosity
data taking period following LS3 is referred to as HL-LHC, or Phase-II: in the
proposed scenario the instantaneous luminosity will reach 5 x 10°* em s,
and 250 fb ! will be delivered per year, for 10 years of operation.

In order to cope with this expected harsh environment, the CMS muon sys-
tem requires an upgrade too: the main challenges to face are radiation damage
to the CMS sub-detectors due to the high integrated luminosity, and a very
high pile-up that comes from the high instantaneous luminosity. This, espe-
cially in the forward region, will lead to a potential degradation of muon trig-
gering and reconstruction [14].

The proposed Phase-II plan for the muon system, as shown in Figure 2.6,
comprises: (i) the upgrade of existing detectors and associated electronics, to
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Figure 2.6. Layout of a quadrant of the CMS muon system afer the LS1 upgrade, in the
R — z plane with z parallel to the beam and R increasing upwards. Steel disks are
shown as dark grey areas. DTs are in light orange, CSCs in green and RPCs in cyan.
Additionally, the new forward muon detectors for Phase-II are shown within the red
box: GEM stations (MEO, GE1/1, GE2/1) are in red, and improved RPC stations (RE3/1,
RE4/1) are in blue. The interaction region is at the lower left corner. Taken from [19].

ensure their longevity and good performance; (ii) the installation of additional
detectors in the region 1.6 < | < 2.2, for redundancy and enhancement of
trigger and reconstruction capabilities; (iii) the extension of coverage up to
|l = 3, to take advantage of the planned pixel tracking coverage extension.

The first two muon layers in the 1.6 < [n| < 2.2 pseudorapidity region will
be equipped with Triple-GEM detectors denoted by GE1/1 and GE2/1, while
the third and fourth muon layers will be equipped with iRPC (improved RPC)
detectors, denoted by RE3/1 and RE4/1. On the other hand, the extension
to m| = 3 will be achieved by installing an additional Triple-GEM detector,
denoted by MEO [18].

Triple-GEM detectors, thanks to their spatial (~ 100 ps) and time (5 — 8
ns) resolution, their high efficiency (> 98%) and their rate capability (~ 1
MHz/cm?), represent a feasible solution for the critical forward regions. The
implementation of GE1/1 and GE2/1, whereas recovering redundancy in the
forward region (where there is currently only CSCs coverage), will guarantee
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a better bending angle measurement, using the lever arm formed by the GEMs
and the CSCs. This will greatly improve the transverse momentum resolution,
allowing to discriminate between muons and low transverse momentum back-
ground, and therefore improving the trigger rate [20]. On the other hand, the
MEQ is expected to supply good muon identification in offline analyses, taking
advantage of the extensions of the rest of CMS (tracker and calorimeter).
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Chapter 3

Experimental setup and
measurements

3.1 Experimental setup

The experimental setup is shown in Figure 3.1 (left). It comprises a multi-
channel voltage power supply, a fast high-sampling (10 GS/s) digital oscillo-
scope, a gas mixer system with environmental sensors and gas-chromatography,
two paddle plastic scintillators and a Triple-GEM detector, with its associated
front-end electronics.

The oscilloscope produces a large number of raw output files, each one con-
taining the full information about a given recorded signal, in terms of the coor-
dinates of each point that composes the signal in the (time, amplitude) space.

Figure 3.1. Left: photography of the experimental setup used. Right: readout PCB for the
Triple-GEM detector.
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The scintillators couple provide the trigger, needed to assure that the de-
tected signal is produced by the crossing of a cosmic muon through the entire
setup. The first scintillator is located on top of the Triple-GEM detector, and
the second one is at the bottom. The trigger is given by the coincidence of
both the devices, and the signal of the bottom one sets the start of the time
measurement.

The Triple-GEM detector used has an active area of 10 x 10 cm? and employs
the standard gap configuration described in Section 1.2. Its readout board,
as shown in Figure 3.1 (right), is equipped with GASTONE (GEM Amplifier
Shaper Tracking ON Events) analog chips, that are low-noise and high-gain
amplifiers [21]. Only one half of the detector is properly equipped with GAS-
TONE chips and has then been used, but this does not affect time measurement
results, since no tracking is required.

Two different gas mixtures have been employed to fill the space between
the electrodes, obtaining two different sets of measurements: Ar/CO,/CF,

Figure 3.2. 3D reconstruction of the geometry of the detection system. The scintillator
paddles are in grey, the GEM detector is shown in yellow, and the active area actually
equipped with GASTONE chips is coloured in green. The coordinate system is marked
in red.
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(45%/15%/40%) and Ar/CO, /CF, (70%/30%). In both mixtures, the primary
gas in which ionization takes place is argon (Ar). As a noble gas, it can only
be excited through the absorption or emission of photons, and allows to ob-
tain avalanche multiplication of the primary ionization at much lower fields
than that required by other molecules. Among noble gases, Ar is the best
choice since it has a high specific ionization and is cheap. This reduces the
discharge probability, improving the gain. A small fraction of both mixtures
consists of carbon dioxide (CO,), that acts as a quencher. In fact, being a poly-
atomic molecule, it undergoes radiationless transitions thanks to its rotational
and vibrational nature. These transitions allow to dissipate part of the incident
energy without emitting additional photons. The results is a very efficient ion
exchange and the suppression of secondary effects, such as photon feedback
and field emission. Therefore, CO, allows to get a stable gain, independent
from the electronic noise. Overall, mixtures of Ar and CO, are fast for tracking
and triggering applications. Moreover, a small quantity of tetrafluoromethane
(CF,) is added to the second mixture in order to improve the time performance
of the detector: it is a fast and high average atomic number gas, and is fre-
quently chosen among other similar molecules because it is non-flammable,
non-corrosive, non-toxic, and shows a good compatibility with most of the
metals, plastics and resins used in gaseous detectors construction.

3.2 Measurements and data analysis

The measurements have been carried out using cosmic muons, that are pro-
duced when cosmic rays collide with nuclei in the Earth’s upper atmosphere.
For each gas mixture, experimental data have been collected in a number of
~ 24 h runs, each one at a fixed value of the voltage difference applied to the
GEM foils, V(GEM);. In total, the measurement included five runs with the
ArCO,CF, mixture, at V(GEM); values of (430,440,450,460,470) V, and four
runs with the ArCO, mixture, at V(GEM); = (370,380,390,400) V. The cho-
sen V(GEM); ranges were constrained by the request of a sufficient primary
ionization on one hand, and the need of avoiding discharges on the other.

Operationally, the time resolution estimation has been performed by collect-
ing a large number of triggered muon signals, and studying the distribution of
their arrival times, where the arrival time of a muon event is obtained using an
offline simulated double threshold discriminator, in order to have more control
over the data.

The analysis strategy involved five main steps, that will be discussed in the
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next sections. First, the two thresholds of the discriminator have been properly
chosen. Then, the baseline of each triggered signal has been corrected in order
to reduce the electromagnetic noise potentially degrading the measurements.
The estimation of the time resolution as a function of the voltage applied to the
GEM foils was thus carried out, followed by the study of the detector efficiency
needed to appropriately compare the time performance of the two different
mixtures. Finally, it was possible to estimate and compare the time resolution
of the detector as a function of the efficiency, for the two gas mixtures.

3.2.1 Choice of discriminator thresholds

The two discriminator threshold values are meant to optimise the signal-to-
noise ratio. The low threshold provides time information. It must be set really
close to the estimated noise values, to ensure the crossing at the very beginning
of the rising edge of the signal. This minimizes the amplitude walk effect, that is
the dependence of the discriminator crossing on the signal amplitude: in fact,
assuming a similar shape for all the signals, higher amplitudes generally imply
shorter crossing times, and vice-versa. This effect is clearly visible comparing
the two plots shown in Figure 3.3. On the other hand, the high threshold iden-
tifies the signal, reducing the noise contribution: the time measured thanks
to the low threshold is recorded only if, within a given time delay, the high
threshold is passed; this ensures that the measurement is performed on the
rising edge of an effective signal, rejecting the fake time measurements due to
noise crossing the low threshold. The delay is defined as At = t,,, — thign,

Figure 3.3. Chosen thresholds values for the offline simulation of a double threshold dis-
criminator. Two representative signals are shown among the entire set of reconstructed
oscilloscope samples. The blue solid line indicates the low threshold value, while the
red line represents the high threshold. The two vertical cyan lines are the times at which
the signal crosses the low and the high threshold, respectively. The difference on their
position gives the delay At between the two crossing times. The amplitude walk effect is
also visible by comparing the arrival times of the two plots.



3.2 Measurements and data analysis 20

Figure 3.4. Typical noise trend observed among the oscilloscope signals. The maximum
amplitude width is about 0.027 mV.

where ty,,, and ty,; 4, are the times at which the signal crosses the low and the
high threshold, respectively.

The first step in the choice of the thresholds is the study of the typical noise
associated with the detected signals, which is mainly due to the electronics. A
series of triggered oscilloscope outputs has been reconstructed offline starting
from raw data, and the results have been examined at times preceding the
rising edge of the signals, to extrapolate the noise behaviour. As shown in
Figure 3.4, the typical amplitude width associated to the electronic noise is
~ 0.027 mV. Therefore, values of —0.1 mV and —0.03 mV for the high and the
low threshold respectively, and a time delay of At < 10 ns are a good choice,
allowing to measure the arrival times at the very beginning of the rising edge
of the signal, while assuring that only muon signals are considered.

3.2.2 Baseline correction

Inside of the laboratory there is a low frequency (few kHz) electromagnetic
noise that biases the baseline of the fast GEM signal and can affect time resolu-
tion measurements. To estimate and correct this effect, the entire oscilloscope
output has been reconstructed with a dedicated script. In Figure 3.5 an exam-
ple of the result of this reconstruction is shown, obtained with the ArCO, gas
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Figure 3.5. Reconstructed oscilloscope signals, obtained with the Ar/CO, gas mixture at
V(GEM); =380 V.

mixture at V(GEM); = 380 V.
The correction consists of subtracting the calculated average baseline of each
signal, B, from the amplitude of each point of the recorded signal:

AS =A,—B, (3.1)

where A; and AiC are the amplitudes of the point i of a given signal before and
after the baseline correction, respectively. To estimate the average baselines,
the reconstructed output has been examined at times preceding the muon sig-
nals (t < 50 ns), in order to observe only the noise contribution. Under the as-
sumption that the same noise affects all the measurement processes, this leads

to A
B= % (3.2)

for a given signal, where N is the number of signal points in the region t < 50
ns.

The result of the baseline correction process over the entire set of signals
shown in the aforementioned Figure 3.5, is reported in Figure 3.6. As expected,
a noticeable improvement of the output can be observed, and similar refine-
ments have been obtained for all the runs of both the gas mixtures.
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Figure 3.6. Result of the application of the Baseline Correction to the reconstructed
oscilloscope signals, obtained with the Ar/CO, gas mixture at V(GEM); =380 V.

3.2.3 Time resolution as a function of the voltage

After the application of the baseline correction, the time performance of the
detector has been estimated from the distribution of the times at which the
triggered, discriminated signals cross the low discriminator threshold. In fact,
recalling Section 1.3, the width of this distribution is related to the intrinsic
time resolution. This distribution should resemble a Gaussian curve, but may
exhibit tails at low or high time values. The former may be due to the bi-GEM
effect, while the latter may represent electrons that originate at the top of the
drift region, and that need more time to cross the detector. These electrons, in
fact, produce a signal closer in time to the firing of the bottom scintillator, with
respect to the crossing times of the other electrons.

For these reasons, the Std' of the measured distribution can only give a
rough estimate of the time resolution. A more precise result is provided by
the sigma value obtained by fitting the distribution with a Gaussian curve, ex-
cluding the unwanted tails from the fit. In this case, the mean value of the
tit provides the mean arrival time. Figure 3.7 shows the distribution obtained
with the Ar/CO, /CF, gas mixture at V(GEM); = 470 V and the correspond-
ing fit.

Repeating the fitting procedure for all the voltage runs, for both the gas mix-

Standard deviation
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Figure 3.7. Distribution of the crossing times of the triggered signals, obtained with the
Ar/CO,/CF, gas mixture at V(GEM); =470 V.

tures, the time resolutions as a function of the voltage applied to the GEM foils
has been obtained, as reported in Figure 3.9 for Ar/CO,/CF,, and in Figure
3.9 for Ar/CO,. As expected, in both cases the resolution estimate provided by
the Std is significantly worse than that estimated by the Gaussian fit. The time
resolution improves when a higher voltage is applied to the GEM foils, since
higher voltages imply a higher number of primary ionizations (see Section 1.3).
Moreover, the time resolution obtained for Ar/CO, /CF, is better than that of
Ar/CQO,, as expected since the CF, component has better time characteristics.

3.2.4 Detector efficiency

Since the two gas mixtures require different voltages to operate, in order to
make a proper comparison between their time resolutions it is necessary to ex-
press them as a function of the detector efficiency, that is related to the gain.
The efficiency of the GEM detector is given by the fraction of muons crossing it
that is actually detected. This fraction corresponds to the number of triple co-
incidences, when both the scintillators and the GEM detector produce a signal
within a given time interval, divided by the number of double coincidences,
when the two scintillators fire but the GEM does not detect any signal. Before
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Figure 3.8. Time resolution as a function of the voltage difference applied between the
two copper sides of the GEM foils, V(GEM);. A comparison between the standard
deviation (Std) of the distribution of the arrival times, and the sigma obtained fitting
the distribution with a Gaussian curve is shown. This result has been obtained with the
Ar/CO,/CF,4 gas mixture.

Figure 3.9. Time resolution as a function of the voltage difference applied between the
two copper sides of the GEM foils, V(GEM);. A comparison between the standard
deviation (Std) of the distribution of the arrival times, and the sigma obtained fitting
the distribution with a Gaussian curve is shown. This result has been obtained with the
Ar/CO, gas mixture.
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Figure 3.10. Simulated geometric efficiency as a function of the number of simulated
muons, that ranges from 5 x 10° to 5 x 10°.

measuring it, the geometric efficiency has been simulated using a toy model
Monte Carlo script, specifically written for the experimental setup used. In
this script the particular geometry of the system has been parametrized, as
well as the angular distribution of the cosmic ray muon flux, that at the sea
level exhibits a cos® 8 behaviour, where 6 is the zenith anglez. The geometric
efficiency was calculated for an increasing number of simulated muons, from
5x10° to 5 x 10°, with a pitch of 500. The result of the simulations as a func-
tion of the number of simulated muons is shown in Figure 3.10, and the effi-
ciency values are reported in Table 3.1. As expected, the relative uncertainty
on the calculated value, which has been estimated using Bayesian statistics,
decreases with the number of muons, reaching values of less than 1%. The
estimated efficiency has been compared to the measured values. From the ex-
perimental point of view of the present analysis, since a signal must pass the
double threshold discriminator in order to be processed , the efficiency is mea-
sured as the number of discriminated signals divided by the total number of

’The dependence of the cosmic ray muon flux on the incident zenith angle can be expresses as
1(6,h, E) =1(0°) cos™ (B (6), where h in the vertical distance travelled by the muon, E is the energy
of the muon and n(E, h) is an empirically determined constant. At the sea level, the experiments
demonstrated that n ~ 2 [22].
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Table 3.1. Simulated geometric efficiency as a function of the number of simulated muons.
A (up) and A (down) are the uncertainties calculated using Bayesian statistics.

Number of simulated muons Efficiency A (up) A (down)
50000 0.736274  0.002218 0.002229
100000 0.738393  0.001561 0.001567
150000 0.735522  0.001280 0.001284
200000 0.737837  0.001102 0.001104
250000 0.737861  0.000986 0.000988
300000 0.737211  0.000902  0.000904
350000 0.736381  0.000834 0.000836
400000 0.738319  0.000779 0.000780
450000 0.736908  0.000737  0.000738
500000 0.736679  0.000698 0.000699

triggered signals recorded. For each gas mixture, this ratio has been estimated
for each value of the voltage applied to the GEM foils. The resulting efficiency
plots as a function of the operating voltage are shown in Figure 3.11 and 3.12,
for ArCO,CF, and ArCO, respectively. There, the obtained curves have been
titted with the function

FIVIGEM)) = 1 +ePo(VFéEM)i+P1) ! (33)
where p,, p; and p, are free parameters. It is important to note that the mea-
sured values represent the overall efficiency, given by the product of the geo-
metric efficiency, that depends only on the geometry of the system as in the
simulated case, and of the intrinsic efficiency of the detector, that is a pecu-
liar characteristic of the device itself. By looking at the plots, it is evident that
the measured efficiency for ArCO, is 0.736 £ 0.015, compatible with the simu-
lated values within the uncertainties, and leading to an intrinsic efficiency of
~ 100%. The plateau value measured for ArCO,CF, is instead 0.712 = 0.005,
slightly smaller than the simulated geometric efficiency. This may depend on
the choice of the high threshold of the discriminator, that could be too strin-
gent and cut a significant part of the real signals. On the other hand, tests
performed with looser thresholds show an unexpected behaviour at high volt-
ages, that may indicate the presence of discharges in the gas.

3.2.5 Time resolution as a function of the efficiency

The plots of the efficiency as a function of the operating voltage allowed to ob-
tain a one-to-one correspondence between the V(GEM); and efficiency values.
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Figure 3.11. Detector efficiency as a function of the voltage difference applied between the
two copper sides of the GEM foils, V(GEM);. This result has been obtained with the
Ar/CO, /CF, gas mixture.

Figure 3.12. Detector efficiency as a function of the voltage difference applied between the
two copper sides of the GEM foils, V(GEM);. This result has been obtained with the
Ar/CO, gas mixture.
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Therefore, it was possible to express the time resolution previously estimated
for the two gas mixtures as a function of the measured efficiency. The results
are shown in Figure 3.13. The time resolution obtained for ArCO, is of about
6.4 ns at the maximum measured efficiency. As expected, the addition of a
small quantity of CF, to the mixture considerably improved this resolution,
reaching values of around 4.2 ns, that are optimal for future upgrades of the
CMS muon system.

Figure 3.13. Time resolution as a function of the detection efficiency, showing a comparison
of the results obtained with the Ar/CO, and the Ar/CO,CF, gas mixtures.
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Summary and conclusions

The time performance of a triple-GEM detector has been studied by means of
cosmic muon measurements, employing two different gas mixtures: Ar/CO,
(70%/30%) and Ar/CO,CF4 (45%/15%/40%).

In order to appropriately compare the obtained results, the efficiency of the
detector has been also measured, leading to an intrinsic efficiency of ~ 100% for
Ar/CO,. Concerning the Ar/CO,CF, mixture, the obtained efficiency reached
a plateau at lower values with respect to the simulated geometric efficiency,
implying an intrinsic efficiency lower than 100%. The inefficiency may depend
on an overly-severe choice of the high discriminator threshold, even though
tests performed with looser thresholds have shown unexpected behaviours at
high voltages, maybe due to discharges through the GEM detector.

With the binary gas mixture Ar/CO, (70%/30%), the time resolution ob-
tained by the Gaussian fit of the time distribution reaches values of about 6.4
ns. The addition of a fast component, CF,, to the mixture improved the reso-
lution up to about 4.2 ns for Ar/CO,CFE, (45%/15%/40%). These results make
the triple-GEM detector a promising option for high-rate charged particle trig-
gering, largely fulfilling the requirements for the CMS muon system, that must
be satisfied in order to cope with the harsh environment expected in the future
high luminosity phase of LHC.
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