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Introduction

In the wide range of micro pattern gaseous detectors, two distinct types stand out due to
their performance and usability: Micromegas and Gas Electron Multipliers (GEMs). Both
are used in large high-energy physics experiments, like ATLAS and ALICE or CAST and
COMPASS. In general, they are able to reliably detect a large variety of ionizing particles.
However, there are of course operational limits, where this reliability ends. In this thesis,
di erent aspects of the performance of MPGDs in these boundary regions are investigated
and studied.

In the rst part of these studies, characterizations are done on two Micromega samples,
using already established measurement procedures and concepts like gain, discharge
probability, or ion back ow. These parameters, which hugely in uence the operational
stability at high gains and particle rates, are crucial factors for the e ciency of Micromegas

in modern patrticle physics detectors. The conducted measurements give further insights
into the gain and discharge stability, especially looking at dependencies concerning the
used gas. For this, the two Micromegas with slightly di erent geometries were tested
regarding their performance, using four di erent gas mixtures.

In the second part, a new, unconventional approach was taken to study the discharge
phenomenon in GEMs. More precisely, spectroscopy methods were used to take a closer look
at the light emitted during these events. Discharges can occur during high gain operation,
potentially blinding and even damaging the GEM foil and its connected electronics, limiting
the optimal stable performance of the detector. Over the years, a lot of research and
progress regarding discharge prevention and mitigation was made. But up till today,
some major questions concerning their formation mechanism remain unanswered. This is
where spectroscopy excels as a useful tool to study the e ect of various "exotic" GEM foil
materials on light emitted during discharges. With this, new insights into the formation
mechanism of these discharge events in GEMs are obtained.
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Chapter 1

Micro Pattern Gaseous Detectors

One of the simplest kinds of gaseous ionizing detectors is the ionizing chamber, a gas- lled
box with two parallel plates inside and an electric eld between them. A particle going
through the chamber will ionize the gas and create electron-ion pairs along its trajectory.
The liberated electrons drift towards the anode due to the applied eld, inducing a signal.
However, the electric signals created through direct ionization of the gas mixture are
not su cient for high energy particle physics. Thus a signal ampli cation has to take
place. A major advancement regarding proportional ampli cation in high-rate particle
detectors was made about 50 years ago with the development of multi-wire proportional
chambers 1], where electron avalanche ampli cation takes place near anode wires due to
the modi ed, stronger electric eld. Micro Pattern Gaseoud etectors (MPGD) are the
newest addition, e ectively replacing the wires with micro patterned structures. They
0 er major improvements like intrinsic ion back ow suppression, resulting in a higher
detector rate capability [2, 3], as well as increased energy and spatial resolutiof].[ There
are many di erent types of MPGDs and even more subtypes, only di ering slightly in
geometric properties, used materials, or production methods, but all of them follow the
same working principle.

1.1 Working Principle

This thesis focuses on two di erent MPGD types, namely Micromega$][and Gas Electron
Multipliers (GEMSs)[ 6]. The setup itself is relatively simple, consisting of a cathode, the
micro patterned ampli cation stage, and an anode to read out the received signals. While
the concept of cathode, drift volume, and readout anode is similar for both Micromegas
and GEMs, the ampli cation stage is the major di erence. In gure 1.1 a simpli ed scheme
of such a detector is shown.

The region between the cathode and the ampli cation stage is called drift volume, where
a constant electric eld is applied, named drift eld. This is where the primary ionization

of the gas mixture through ionizing particles takes place. The generated electron-ion pair
can overcome its mutual attraction due to the applied drift eld, causing them to drift
apart. While the heavy ions slowly get collected on the cathode, the electrons quickly drift
towards the ampli cation stage. In this region, electrons get accelerated even more, due
to the special geometry of the micro patterned structures and higher applied electric elds.
When the resulting eld is strong enough, the electrons are able to ionize further gas
atoms, creating more electrons and eventually resulting in a so-called electron avalanche
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Figure 1.1: Scheme showing the working principle of MPGDs. lonizing particles create electron-ion
pairs in the drift volume between cathode and MPGD structure. Due to the applied drift eld, electrons
drift towards the structure while ions get collected on the cathode. In the ampli cation stage, including
the MPGD structure, very high ampli cation elds are applied, causing electron avalanche multiplication.
These ampli ed electric signals get readout on the anode.

[1]. This accumulation of electrons then drifts towards the anode, where the enhanced
electric signal gets measured by readout electronics.

1.2 Micromegas

Micro Me sh GaseousStructures (Micromegas) are the rst type of such MPGDs studied

in this thesis. They were developed in 1992 by I. Giomataris and G. Charpal{,[initially
originating from parallel plate detectors used in Hadron Blind Detector experiments. These
were modi ed with a smaller ampli cation gap to speed up signal recording/[. Showing
huge improvements, di erent subtypes of Micromegas were developed and implemented
in many experiments, like CAST 8], COMPASS P] or NA48 [10] throughout the years.
Micromegas are still used up till today and were, for example, just currently implemented
into the ATLAS New Small Wheel detector for muon detection [11].

In Micromegas, the ampli cation takes place between the micro mesh and the readout
anode by applying a high potential di erence, resulting in a strong electric eld. In gure
1.2 the micro mesh, the anode, and a simulation of the electric eld con guration are
shown. Looking at the electric eld lines, it becomes clear, that electrons from the drift
volume follow the eld lines and enter the ampli cation region. As only small transversal

di usion e ects a ect the path of the electrons, an electron transmission transparency
of nearly 10@% is achieved 13]. In return, the ions created in the ampli cation region
through avalanche processes are collected on the micro mesh, resulting in a relatively
low ion back ow (IBF) [ 2]. This is important, as ions inside the drift volume distort the
electric eld con guration, disturbing the spatial resolution of the detector.
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Figure 1.2: Simulation of electric eld lines around the micro-mesh structure, showing the di erent
strengths of drift and ampli cation eld. Looking at the eld lines, the high electron transparency as well
as the low ion back ow become clear. [12]

1.3 GEMSs

Gas Electron M ultipliers (GEM) are the second type of MPGDs, invented by Fabio
Sauli 1997 §]. They have been implemented in a wide range of major experiments like
COMPASS [14], LHCDb [15], TOTEM [16] or the upgraded ALICE TPC [17].

The ampli cation follows the same principle as in Micromegas, but the way the strong
electric eld is achieved diers. In gure 1.3 a scheme of a standard GEM foil is shown,
again including simulated eld lines [L8]. The electron multiplication takes place inside
the GEM holes between the top and bottom electrodes. The required strong electric elds
are achieved due to the special hole geometry. Additionally, a so-called induction eld is
applied between the bottom GEM electrode and the anode, causing the before created
electron cluster to drift towards the anode.

Figure 1.3: Simulation of the electric eld lines around the GEM holes. The di erent eld strengths of
drift eld, ampli cation eld inside the holes, and induction eld are shown. [18]
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THGEMSs

A slightly modi ed version of GEMs are the so-calledrh ick GEMs (THGEM) [ 19]. While

the working principle stays the same, its dimensions are expanded by a factor of 5-20,
resulting in larger holes and thicker cladding. This makes production much easier, as
holes now get mechanically drilled and the thicker Kapton layer enables larger active
detector areas without supportive structures(0]. Due to their dimensions, THGEMs are
more robust against radiation and electrical discharge2]], but in turn, also show a lower
discharge stability R2]. However, this makes them a perfect tool for high rate discharge
studies. When talking about GEMs and THGEMs simultaneously, (TH)GEM will be used
as an abbreviation for the rest of the thesis.
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Chapter 2

Discharges in MPGDs

One of the major limiting factors for high gain operations with MPGDs are electrical
discharges 23. Discharges are breakdown events occurring inside the ampli cation
structure, causing high current ow and may temporarily or permanently blind or even
damage the detector. As a consequence, it is of crucial importance to prevent or at least
mitigate discharges and their impact. Throughout the years, numerous strategies for
mitigation were developed. This includes optimizations of the high voltage systei2d],
the addition of resistive layers to parts of the MPGDsZ5], as well as segmenting of the
micro patterned ampli cation structures [24]. Further, stacking of MPGDs leads to lower
individual electric elds while still reaching the same total gain, thus also increasing the
overall discharge stability [25].

Besides their mitigation, also the physics behind the formation mechanism of discharges
have been extensively studie®B, 24]. The general process leading to a discharge is similar
for both MPGDs. Through the avalanche process in the ampli cation region, electron-ion
pairs are created. While the electrons drift towards the bottom ampli cation electrode,
either being the anode for Micromegas or the bottom layer of (TH)GEMSs, the ions slowly
drift back to the top electrode. These spacial separated charges, hamed space charge,
modify and increase the local electric eld. When this enhancement of the ampli cation
eld becomes strong enough, a so-called streamer discharge for@26},[possibly creating

a conductive tunnel between the top and bottom electrodes. Eventually, this causes a
drop in the potential di erence across the ampli cation gap, thus quenching the further
development of the spark.

In general, discharge formation depends on the charge density inside the ampli cation
region exceeding a certain limit. One possible way to reach this limit is to enhance the
avalanche multiplication by increasing the respective potential di erence. However, also
an increased amount of primary electrons from the initial ionization process leads to
more charges created through multiplication, thus inducing discharges. This is in uenced
by the used gas mixture, as the charge densities created along the path of the ionizing
particles depend on gas speci ¢ properties. Further, also the path itself plays a role, as
electrons created by particles passing the drift volume perpendicular to the micro patterned
ampli cation structures will eventually end up in the same region, thus hugely increasing
the respective charge density.

While the processes are similar, the overall stability against discharges di ers for both
MPGDs due to their di erent geometries.
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2.1 Micromegas

In Micromegas, the streamer discharge develops between the micro mesh and the anode.
However, its dependence on the geometry and the used gas mixture is not fully understood
so far. Experiments and simulations with parallel plate geometries showed a dependency on
the charge density in the ampli cation gap R7]. This would therefore point to a dependency

on the used gas mixture and some of its speci ¢ properties, also for Micromegas. On top
of that, two-dimensional simulations of two single wires showed that lower wire distances
result in higher maximal achieved electric ampli cation elds, eventually decreasing the
discharge stability R8]. In comparison to that, properties of the mesh, such as wire
thickness and density were observed to in uence the achievable gain as well as the stability
against dischargesZ9. Meshes with higher wire density and thinner wires showed
better performances, presumably due to more uniform electric elds. In general though,
Micromegas are relatively easy to discharge, as these are for example heavily in uenced
by dust particles [30]. Even small single point defects on the mesh wires can heavily
in uence the discharge stability P8]. To improve the understanding of discharges and
their dependencies on gas and mesh geometry, a more in-depth study regarding discharge
stability is presented in this thesis (see chapter 3).

2.2 (TH)GEMSs

In (TH)GEMSs, two di erent kinds of discharges have to be distinguished. The primary
discharges, developing inside the (TH)GEM holes and the so-called delayed secondary
discharges, occurring in the induction gap. The formation mechanism of the former ones is
quite well understood. The streamer discharge forms inside the holes of the (TH)GEM faill,
as the space charge is built up between the top and bottom (TH)GEM electrodes. It was
shown, that the total charge inside the holes is the main reason for the eld enhancement
causing the discharge formation. In comparison to the Raether limit in parallel plate
detectors B1], critical charge limits were found for GEMs 32, as well as THGEMSs 22].
Additionally, a dependency on the used gas mixture and the hole geometry was observed.

Figure 2.1: Scheme showing the spatial di erences between primary and secondary discharges in a GEM
detector. While primary discharges formate inside the GEM holes, secondaries develop in the induction
gap between the bottom GEM electrode and the anode. An electron avalanche is shown as a reference.

The formation mechanism behind secondary discharges is not really understood so far.

They develop as a propagation of a primary discharge in the induction gap between the
bottom (TH)GEM electrode and the anode. A scheme clarifying the spatial di erences
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between primary and secondary discharges is shown in gure 2.1. However, the applied eld
strength in this region is way too low to cause standard streamer discharges. Furthermore,
a relatively large time delay (Lpsto 100us) is observed between primary and secondary
discharges, as depicted in gure 2.2. This also rules out fast discharge formation mechanisms
like increased ionization due to UV photon emission from the preceding primary spark.
One of the leading theories so far is the so-called thermionic electron emission. It assumes,
that the heat created during a primary discharge is high enough to cause the ejection of
electrons from the foil material B3, 34]. These thermionic electrons then again modify the
local induction eld and cause a discharge to form. Although this can explain the time
delay, the same secondary discharge behavior was observed with an inverted induction
eld, thus pointing to yet unknown phenomenons. As some questions remain unanswered,
the latter part of this thesis (see chapter 4) takes a new optical approach to study the
e ect of foil material on secondary discharge formation.

Figure 2.2: Electrical signal of a primary discharge, followed by a delayed secondary discharge. The
large time delay, as well as the di erent shapes, can be seen.

17



18



Chapter 3

Electrical Discharge Studies with
Micromegas

3.1 Experimental Setup

For the Micromegas studies, a dedicated detector chamber was used. It consists of a
gas-tight box, containing supportive structures where the cathode and the Micromegas
are mounted on. The provided Micromegas are produced as a compact bulk, including
the woven steel micro-mesh itself as well as the single plane readout anode, mounted on a
1:5 mm thick PCB plate. A scheme of the setup is shown in gure 3.1.

Figure 3.1: Scheme of the detector chamber for the stability studies with Micromegas. Cathode and
Micromegas, consisting of mesh and anode, are mounted on a support structure. The mixed alpha source
is placed on top of the cathode. High voltages can be applied to all three electrodes, while their currents
are read out. An antenna is used to detect the electric signals created by discharges.

A multi-channel high-voltage power supply is connected to the three electrodes, with the
connection to the micro mesh including 406 M protection resistor. In addition, a5M
grounding resistor is attached as protection against trips in the power supply. A PicoLogic
PA125-24 pico-ammeter module is used to read out the currents owing through the three
channels. Further, a fourth channel is connected to an antenna inside the detector chamber,
used to detect the electrical signals caused by discharges. These signals are then measured
and counted with an oscilloscope.
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Figure 3.2: Picture of Micromegas 1 integrated into the detector chamber. The dismounted cathode can
be seen in the top right corner, above the connections for power supply, readout electronics, and antenna.

Two di erent Micromegas with an active area ofl0cmx 10 cmwere produced at CERN
and provided for this thesis. The picture in gure 3.2 shows Micromegas 1 built-in into
the detector chamber. The cathode is dismounted but can be seen in the top right corner.
The ampli cation gaps are xed at 128um. To ensure a constant gap across the whole
mesh structure, pillars were placed as space holders in a hexagonal pattern between the
anode and the mesh.

Micromegas 1 and 2 have di erent mesh geometrie640=15 and 730=13 respectively. The
rst number describes the number of wires per inchL(Pl), e ectively a wire density, while
the second number relates to the wire thickness ijmm. The drift distance was varied
throughout the conducted measurements, the drift eld however was kept constant at
400 V=cm.

Radiation Source

Radionuclide Energy MeV] Intensity [ %]

5.105 115
29py 5.143 15.1
5.55 73.4
5.388 1.4
241Am 5.442 12.8
5.486 85.2
244y 5.763 23.3
5.805 76.7

Table 3.1: Characteristic energies and relative intensities of the emitted alpha particles. Only the most
intense particles of the three di erent source components?*°Pu, 2**Am, and 2**Cm are shown. [35]

As supply for ionizing particles, a mixed £¥°Pu + ?!Am + 2%4Cm) alpha source with
a diameter of25mm and a height of0:5mm is used. The diameter of the active area
measures/ mm, thus, a similar-sized hole is provided in the center of th&5 mm thick
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PCB plane of the cathode, enabling the irradiation of the drift volume. The di erent
characteristic energies of the emitted particles are listed in table 3.1.

In gure 3.3 the energy distribution of the used alpha source is shown. It was measured
with Micromegas 2 in Ar-CO, 90-10. The background noise is seen in the low energy
region, while the three observed peaks can be associated with the respective source
components. However, the energy resolution is not good enough to distinguish between
di erent characteristic energies of a single nuclide. By integrating over the total distribution,
excluding the low energy background, the rate of the source can be calculated. It yielded
arate of (4772 0:8)Hz.

Figure 3.3: Energy spectrum of the mixed alpha source, measured with Micromegas 2 in Ar-C©90-10
at a source distance ofdsource = 31:5mm. The background noise can be seen in the low energy region,
while the three peaks in the main part can be assigned to the three di erent nuclides.

Gas

A Bronkhorst gas distribution system is used to ush the detector chamber with di erent
gas mixtures, providing a constant exchange of the gas. The ushing rate was set to
10 3m*% minimizing the contamination with O, and H,O (humidity), as well as ensuring

a constant overpressure of mbar with respect to the ambient pressure. This is important,
as the humidity was shown to hugely in uence the discharge stability of a parallel plate
setup R7]. Although Micromegas are di erent from parallel plate detectors, a similar
behavior can be expected and was also observed throughout our measurements, but no
further systematic studies were conducted. Thus, a low contamination level {O 20 ppm
and H,O 100 ppmV) is maintained and controlled using a Cambridge Sensotec Rapidox
3100 gas sensor.

Four di erent gas mixtures were used for the Micromega stability studies: Ar-C©90-10,
Ar-CO, 70-30, Ne-CQ 90-10, and Ne-CQ@ 70-30. Argon and neon were chosen due to
their properties as noble gases. They have low electron attachment and are chemically
non-reactive. Furthermore, they don't have any rotational or vibrational states. Through
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these, gases could absorb electron energies and therefore increase the onset voltage of
avalanche multiplication. Some relevant properties are listed in table 3.2. It is important

to note, that some of these values (marked with) are obtained through simulations with
geometries that might di er from the ones given in these studies. However, they should
provide a su cient estimation.

Ar-CO» Ar-CO; Ne-CO; Ne-CO;

90-10 70-30 90-10 70-30
Density [10° o=cm?] 1.8 1.84 1 1.22
E ective lonization Energy [ eV] 28.8 28.1 38.1 -
Primary lonizations [1=m] 25.42* 27.66* 14.35* 19*
Drift Velocity [ cm=s] 3.25 0.932 2.66 1*

Table 3.2: Relevant properties of the di erent gas mixtures. With these, the dependency of gain and
discharge probability on the used gas mixture can be explained. The values marked with come from
simulations, while the drift velocity was measured at normal ambient conditions (NPT) at a eld of
400 V=cm. [36, 32]

Besides getting ionized, the noble gas atoms can also get excited by the traversing ionizing
particle, leading to the eventual emission of UV photons. While these photons don't
carry enough energy to ionize further gas atoms, they can create free charges on the
metallic surfaces of the detector through the photoelectric e ect. Additionally also ions
themselves can possibly emit UV photons or extract additional electrons when neutralizing
at the cathode. These free charges then potentially lead to additional electron avalanches
in di erent places. Therefore CQ is added as quencher gas, mitigating the mentioned
processes by absorbing UV photons through its rotational and vibrational states or by
exchanging charge with the ionized noble gas. The motivation for choosing exactly the
before mentioned gas components and ratios is more practically natured, as these are
commonly used in the MPGD community.

Figure 3.4: Simulated Bragg curves of the components of the mixed alpha source in three of the gas
mixtures used for this thesis. The energies correspond to averaged values. The di erent charge densities
created along the trajectory of the particles become clear. [37]

22



In gure 3.4 the Bragg curves of alpha particles with di erent energies, comparable to the
components of the alpha source used in this study are shown for di erent gas mixtures. As
can be seen, the maximum drift distance achieved by those alpha particles depends largely
on the used gas mixture, as the energy loss is directly proportional to the gas density. The
maximum energy is deployed at the so-called Bragg peak.

3.2 Measurement Procedures

Gain

One of the major performance factors of MPGDs is the gain. It provides a measure of the
achieved signal ampli cation and is de ned as the ratio of electrons collected on the anode
Nang to electrons created in the primary ionization process M, . E ectively, the gain

is measured as the ampli ed anode currenty, divided by the current created through
the initial ionization process, the so-called primary currentgi». The primary current
gets measured without any ampli cation eld applied, hence it can be assumed, that
the created primary electrons either are collected on the micro-mesh or the anode. The
primary current thus gets obtained by addition of the mesh current and the anode current
l'oim = Imesh + land. TO increase the accuracy, both mesh and anode are grounded during
the measurement of i, .

N I
Gaps = and _ ar-‘ld (3.1)

The gain is a function of the applied ampli cation voltage, showing an exponential
behavior in the region of interest. However, mainly two things have to be taken into
account when measuring the gain. Firstly, charge-up e ects, which are a common process
in MPGDs containing dielectric materials B8. Charges can attach to insulating surfaces,
due to transversal di usion, eventually distorting the electric eld and thus modifying
the achievable gain. Therefore one has to wait several minutess(min) after applying or
increasing the ampli cation eld until an equilibrium in the charge-up process is reached.
Secondly, the current owing during discharges hugely in ates the measured gain. To
exclude this in the gain calculations, deviations larger than ve sigmas with respect to the
latest averaged current are ignored, basically cutting of the signals from discharges. The
cuto as well as the calculation of the running average are done by a Labview program,
used to track and control the measurements.

Furthermore, the gain can be normalized to standard pressure and temperature (see
equation (3.2)), as these parameters hugely in uence the maximal achieved gai8d].
This way, gain results measured on di erent days can be compared more reliably. It is
important to note, that the used normalization does not take into account any gas specic
parameters.

1000 mbar T
Gnom = ) 20 C Gabs (32)

Discharge Probability

Discharge probability is used as the general measure of the discharge stability of MPGD
based detectors. It is de ned as the probability of an ionizing particle inducing a discharge
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in the ampli cation gap of the Micromegas, hence it can be calculated by counting the
number of discharges B in a certain time period T, e ectively obtaining a discharge rate
Rgis, and dividing it by the rate of the radioactive source Ry (S€€ equation (3.3)).

Nais _ Ruis

T FQSOUI'CE Rsource

Puais = (3.3)

The discharge probability is studied as function of the gain. Therefore, a lower discharge
probability at the same gain implies a higher discharge stability. The measurement time is
set to T = 20 min for low discharge rates (around 10 discharges per 20 minutes) but is
lowered for discharge counts aboWd s = 200, maximizing the obtained statistics while
keeping the measurement duration at an acceptable level.

lon Back ow

lon back ow (IBF) in uences the spatial resolution and the counting rate of MPGDs,
as it distorts the drift eld. Thus its suppression is of major importance. For example,
the just recently upgraded ALICE TPC required the IBF to be belowl % at a gain of
2000, as otherwise the e ect of the resulting eld distortions would get to high for the
desired operation rates 050 kHz[40]. However, Micromegas show an intrinsic ion back ow
suppression due to their special geometry and the resulting eld con guratior?]. At
high eld ratios, lon back ow values as low asIBF = 1% are commonly achieved by
Micromegas. In turn though, higher applied electric elds also decrease the performance
stability, thus compromises have to be made.

A rst estimation of the IBF of the two used Mircomegas is provided in this thesis by
de ning the IBF as cathode currentl . divided by anode currentl 4,q, Studied as a function
of the ratio of ampli cation eld to drift eld, the so called eld ratio (equation (3.4)).

IBE = ea (3.4)

and

3.3 Results

Gain

Figure 3.5 displays the measured gain curves of Micromegas6l@15) as function of
the applied ampli cation voltage Uampiicaion - The gain was measured at three di erent
distances to the radioactive source47 mm, 31.5mm and 21:5 mm and with four di erent

gas mixtures: Ar-CQ, 90-10, Ar-CG, 70-30, Ne-CQ 90-10 and Ne-CQ@ 70-30. The source
distancedsouree IS calculated by adding the thickness of the cathode PCB platel:6 mm)

to the respective drift gapdqris - All gain measurements are normalized regarding ambient
pressure and temperature using equatiof8.2). While the precision of the high-voltage
supply is assumed to be good enough to neglect the uncertainties, the errors of the gain
are smaller than the symbols in Figure 3.5.

The rst thing to notice is the strict exponential behavior of all curves in the high gain
region (G > 10?). This is as expected, whereas the low gain region, separated by a bend in
the gain curve, shows some variances and a non-exponential behavior. In this region the
gain is hugely in uenced by other factors, such as gas contamination and humidity, causing
the observed non-exponential behavior. However, this region is not from interest and thus
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