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Entwicklung von Mikrostruktur Gasdetektoren fiir Hochratenexperimente

Mikrostruktur-Gasdetektoren (MPGD), wie etwa die Gas-Mikrostreifen-IKKammer (MSGC),
bieten eine exzellente rdumliche Auflésung und verfiigen iiber gute Hochrateneigenschaf-
ten. Ein Langzeitbetrieb in einem Hadronenstrahl ist fiir MSGCs jedoch aufgrund von in-
duzierten Uberschligen, die die feine Elektrodenstruktur innerhalb kurzer Zeit zerstoren,
nur begrenzt moéglich. Erst durch eine Kombination mit einem Gas-FElectron-Multiplier
(GEM) als Vorverstarker ist ein sicherer Betrieb moglich. Die Gesamt-Gasverstirkung
wird dabei in zwei rdumlich getrennte — und damit ungefihrlichere Schritte — aufgeteilt
(Kapitel 5).

Im ersten Teil dieser Arbeit werden die Prinzipien des FElektronen Transfers im GEM-
Detektor in Abhéngigkeit einer Vielzahl von Parametern geschildert (IKapitel 2 und 3).
Nach einer kurzen Einfithrung in die technischen Anforderungen des Hera-B Experimen-
tes (Kapitel 4) werden im zweiten Teil die Untersuchungen zum Betriebsverhalten einer
GEM-MSGC Kombination vorgestellt. Besonders die benotigte Strahlenhérte der Detek-
toren stellt hierbei hohe Anforderungen. Im Vordergrund der Messungen standen Un-
tersuchungen, wie FEntladungen zwischen Anoden und Kathoden oder GEM-induzierte
propagierende Entladungen zu vermeiden sind (Kapitel 5). Ferner wurden verschiedene
Alterungsprozesse (i.e. Gas- und Diamantalterung) studiert, um Schiden wéhrend eines
Langzeitbetriebes auf ein Minimum reduzieren zu kénnen (Kapitel 6). Im abschlieenden
Kapitel 7 werden die Ergebnisse des finalen Strahltests prisentiert, in dem die Hera-B
Detektoren unter “realistischen” Bedingungen erfolgreich getestet wurden.

Development of Micro Pattern Gas Detectors for High Rate Experiments

Since the introduction of the Micro Strip Gaseous Chambers (MSGC) in the early 90s, a
large family of different Micro Pattern Gaseous Detectors (MPGD) has grown, offering a
high rate capability and an excellent position accuracy. However, a long-term operation of
MSGCs in the critical conditions of hadronic beams is excluded due to induced discharges,
inevitably leading to severe destructions of the fragile electrode structure. By using a Gas
FElectron Multiplier (GEM) as a preamplifying structure, the amplification can be divided
into two separate stages, thus putting the MSGC operation back into a regime of safe
operation (chapter 5).

In the first part of this thesis, the principles of the electron transfer in the GEM was
studied as a function of a multitude of parameters (chapter 2 and 3). In the second part,
following a survey of the technical requirements of the Hera-B experiment (chapter 4), the
reliability of a GEM-MSGC combination during operation in a high rate hadronic beam
was studied. In the focus of our interest was the investigation, how to avoid discharges
between anodes and cathodes as well as GEM-induced propagating discharges (chapter 5).
In addition, different kinds of ageing processes (i.e. gas ageing and diamond ageing),
strongly influencing the gas amplification, were studied in order to allow for a stable long-
term operation in a high rate beam (chapter 6). In the last chapter (chapter 7), results
from the final beam test are presented, where the performance of the Hera-B detectors in
“real” operation conditions was studied.
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Chapter 1

Introduction

The operation of all gas detectors relies on the principle, that gas molecules in the active
detector volume are being ionized by incoming particles. However, for the detection of the
released charge, a wide variety of techniques are being used.

The Geiger-Miiller Counter, first described in 1928 [1], can be considered the basis of gas
detectors. The detection of the released charge relies on the process of avalanche electron
multiplication induced by high electric fields next to a thin anode wire. A different concept
is represented by the lonization Chamber, another very early device. It consists of a parallel
plate capacitor filled with dielectric gas or liquid. The released charge is drifted towards the
electrodes and the resulting displacement current of the moving charge (electrons and ions)
provides the detection signal.

For particle tracking in the early days of high energy physics, the Bubble Chamber was
developed in the 1950s. For the following experiments, other types of detection instruments
like the Streamer or the Spark Chamber were developed and later refined. These detectors in
similarity to the Geiger-Miiller Counter are operating at the high end of the gas multiplication
process, near or even at the breakdown limit.

A different mode is the proportional gas amplification, in which the avalanche size is
proportional to the primary charge. This type of detector is represented by the Multi Wire
Chamber (MWPC) [2, 3], consisting of a plane of parallel anode wires between parallel cathode
planes. It provides good spatial resolution and rate capability for particle tracking. The
current signals, induced by the electron avalanches, are detected at the anodes or segmented
cathodes by conventional charge amplifiers. Some of the useful offsprings of this technology
are Drift and Time Projection Chambers.

The concept of micro-pattern structures used for electron multiplication is the most recent
important step forward in the field of tracking detectors [4]. It was conceived in order to obtain
a further improved detector granularity and possibility to achieve very high gains and excellent
high rate stability at the same time. The Micro Strip Gas Chamber (MSGC) [5] was the first of
this fast growing family of Micro Pattern Gas Detectors (MPGD). Like the MWPC-principle,
these detectors operate in the proportional mode. Etched metallic electrode patterns, such
as strips, grooves or dots — sometimes arranged in 3 dimensions — are used instead of thin
wires. These patterns are constructed on an insulating or semiconducting substrate, mostly
by photolithographic techniques. Due to a reduced gap-width between anodes and cathodes
and a fast ion collection in high electric fields, MPGDs allow for a very fast signal formation.

13



14 CHAPTER 1. INTRODUCTION

1.1 Physics of gas detectors!

1.1.1 The signal formation

Incoming particles (such as charged particles or X-rays) release electrons by gas ionization,
creating both ionized and excited gas molecules along their path. The energy for creating an
electron-ion pair depends on the gas type, a typical value is 25-35 eV per electron-ion pair.
The charges, produced in the ionizing process, quickly loose their energy due to collisions with
the gas molecules. The total number of released electrons is strongly influenced by secondary
effects, such as further ionization through primary electrons with a large kinetic energy or
energy transfer of metastable states (Penning effect). The final number of released electrons,
ng, is proportional to the energy of the incoming particle. The so-called Fano factor, F,
(having a typical value between 0.05 and 0.3) describes its fluctuation, o,:

02 =T ny (1.1)

To prevent the primary electrons from recombination, attachment to molecules having
electron affinity or absorption in the walls, gases with a low probability of attachment have to
be chosen, mainly noble gases or hydrogen. For detection of the released charge, an electric
field is applied to drift the electrons towards the direction of the readout electrodes. The
primary electrons are transferred through the drift gap, amplified in a high field region and
detected by the readout. The details depend on the geometry of the specific detector, but
of course the processes rely on the same physical principle for the drift and multiplication of
charged particles in gases. Essential for all concepts is a high field sufficient for gas amplifica-
tion. The field geometry in the vicinity of the anodes may vary from purely radial (MWPC)
to parallel (parallel plate counter).

When the electron kinetic energy, acquired between two collisions with the gas molecules, is
in the range of the first ionization potential of the gas molecule, the impact allows for creation
of a new electron-ion pair. Both, the newly-released electron and the primary electron are
further accelerated by the high electric fields and the process of ionization and multiplication
continues along their path towards the anode, resulting in a large electron avalanche. In case
of a radial field geometry, the first electron multiplication starts a few micron away from
the anodes, where the field is in the order of ~ 10 kV/cm. In parallel plate counters, the
amplification takes place along the hole gap, the gain strongly depending on its length.

The first Townsend coefficient, «, is the relevant parameter for quantitative estimation of
the number of electrons in the avalanche, for a given gas and field geometry. It is defined as
the number of electron-ion pairs produced per unit length of drift. Its inverse is the mean free
path for ionization, representing the average distance between two ionizing collisions. The
electron number increase in a uniform field is given by:

Ne- () =nge™” (1.2)

where n,- is the number of electrons after a distance x and ng is the number of primary
electrons at x = 0. In a non-uniform field, as is the case in most gas detectors, it has to be
modified to:

Ja(z') da’
0

Ne-(x) =nge (1.3)

! This section is meant as a very brief survey only, an excellent and much more complete representation can
be found in [6]
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The total number of released electrons per primary electron after the total drift distance d is
called the detector gain G, given by:

G=e == (1.4)

Taking into account that « strongly depends on the field, the gain increases considerably at
high fields. The majority of gas detectors are operated in this proportional regime, where the
collected charge is proportional to the number of primary electrons.

The signal formation and development for e. g. a minimal ionizing particle (MIP) is as follows:
For each primary ionization electron the number of electrons in the final avalanche follows
a Polya distribution. Since the primary electrons arrive at the high field region at slightly
different times, the signal of the MIP is given by a superposition of single clusters. The total
charge created in the gas avalanche process by the incoming particle is collected at the read out
electrode. As a result of signal propagation along the metal strip, the signal is often already
smoothed when arriving at the first electronic amplification step. It is further smoothed due
to the integration in the readout electronics. The final signal output following the electronic
amplification step(s) is a convolution of the input signal and the response function of the
specific amplifier(s). Due to large statistical fluctuations in the number of primary electrons,
the spectrum of MIPs is typically Landau distributed, characterized by a wide and asymmetric
shape.

1.1.2 Gas transport parameters for electrons and ions

The electron diffusion is an important parameter for all gas detectors, as the transverse
diffusion (perpendicular to the drift field Edrjft) strongly influences the detector resolution
and the longitudinal one (parallel to the drift field Edl-ift) affects the time resolution and the
signal length. As a function of the drift distance from the origin d, the diffusional width of
the electron cloud o increases according to

2 _ 2ed
| Edritc |

(1.5)

with € being the mean thermal energy of the electrons.

The drift velocity v, of electrons in gases is relevant for the rise time of the signal. The
motion of electrons in gases is given by the random thermal velocity vt and by the electron
drift induced by the external electric field Eqpif:

L eEaig ~ eEaite 7 8kT

Vo = = with v =
Me Me VT TMe

(1.6)

where 7 is the average time between two collisions and ~ the mean free path for the electron
collision.

The same equations hold for the motion of ions. Due to their huge mass, the drift velocity is
reduced by orders of magnitude. Also the diffusion plays a minor role for ions. Furthermore, in
normal conditions ions cannot gain enough energy from the field to initiate gas multiplication.

However, the motion of ions plays an important role in the signal development. The
signals are characterized by a fast rise time, induced by the arriving electrons, and a slower
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rise, caused by the slowly back drifting ions. For all applications, where a fast signal is
required, the parameters of the amplifier are chosen to differentiate the signal, thus using the
electron component only. The effect of loosing a fraction of the signal is called the ballistic
deficit in the total detector gain.

1.1.3 Limitations of gas detectors as tracking devices

The requirements for tracking devices in most high energy experiments are fast signal timing,
a high detection efficiency and an excellent position accuracy. However, the performance
of gas detectors is limited for principle reasons. Due to the low gas density, only about 100
electron-ion pairs are released per centimeter by a MIP in typical noble gas mixtures; however,
a thin conversion gap, of only a few millimeters, is mandatory for fast signals. Therefore the
primary statistics is dominating both, the detector efficiency and the position accuracy.

Some counting gases, such as iso-butane, dimethyl-ether (DME) or heavy freons, are known
to improve the number of primary electrons, but they often imply inconveniently high oper-
ation voltages. They may be mixed with noble gases, such as Argon, which reduces the high
voltage, but also the number of primary electrons. The choice of the right counting gas is
always a very difficult task and the options for most detector types are clearly limited. One
additional problem is that the phenomenon of gas ageing may lead to a decay of the gain
during irradiation, thus excluding some of these gases for some applications. (More details
concerning this issue are given in section 6.1.)

From simple statistical considerations it follows that the energy resolution R of gas de-
tectors in general varies as R ~ V/E. For a given number of primary electrons, the energy
resolution is strongly influenced by the drift field. Very low fields provoke electron attachment,
significantly reducing the energy resolution.

The strip multiplicity of a detector is defined as the average number of anode strips
participating in the charge collection process per particle. This parameter depends on the
type, the energy and angle of the incoming particle. Besides the ionization characteristics,
it is strongly influenced by the diffusion parameters of the counting gas and of course by
some geometrical parameters, e.g. the granularity of the detector. A common technique
for increasing the intrinsic spatial resolution is by center-of-mass measurement of the charge
density. Therefore, in most applications a strip multiplicity larger than “one” is strongly
requested. However, in high rate beams the strip multiplicity has to be in the order of a
few strips only, for keeping the detector occupancy (i. e. the fraction of channels being active
simultaneously) sufficiently low.

1.2 A short survey of different gas detectors

The research efforts devoted to gas detectors are remarkable and a multitude of innovative
devices have been developed over the last years. A short survey of some very interesting and
original concepts is given in this introductory chapter. Since the main issues within the work
presented here arose in the quest of a development of GEM-MSGCs for the inner tracking
system of the Hera-B experiment, emphasis is put on the concepts of the MSGC and the GEM
detector.

However, it will be shown, that the principles of gas detectors  and in particular those
of the micro pattern detectors — are similar. The detectors have promising performances,
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but in the hostile radiation conditions which prevail in the upcoming high energy physics
experiments, the margin of safe operation is limited. The problem of discharging, as observed
in the case of MSGC and GEM-MSGC combinations, reflects intrinsic problems of all micro
pattern detectors. The physical concepts and a detailed experimental study on this important
topic are presented in chapter 5.

1.2.1 Micro Strip Gas-Chamber

The Micro Strip Gas Chamber (MSGC) was introduced by A. Oed in 1988 [5] for detecting
neutrons. The underlying principle has attracted a lot of interest during the last decade and
— particularly in the field of particle physics — many more applications have been found.
The expected rate capability as well as its position accuracy seemed to exactly meet the
requirements of the new generation of high luminosity colliders. But although the original
concept has been perfected in many points (e. g. with regard to a reliable longterm operation in
a high rate X-ray beam), there are still problems left, clearly limiting their operation stability.

Geometry

The ionizing volume of a MSGC is defined by the glass substrate on the bottom side, a drift lit
on top and frames with the gas inlets on the other four sides. The typical height is of the order

drift electrode

drift volume,
filled with
counting g

glass substrate

Figure 1.1: A schematic drawing of a MSGC. The insulating glass substrate (0.2-0.5 mm,)
is covered by a thin diamond layer with a defined resistivity of the order of 10'°2/0. The
microstructure, consisting of alternating anode (2-15 pym) and cathode strips (80-200 pum), is
added by a lithographic technique. The drift electrode is on top, the detector height is typically
a few millimeters.

of a few millimeters whereas the size of the active area can be as much as 30 cm x 30 cm, as
e.g in the detector for the Hera-B experiment, the largest system ever built of MSGCs. The
detector volume is usually filled with a mixture of a noble gas (argon, neon) and an organic
quencher (such as C0O2, dimethyl-ether (DME) or i-butane). A homogeneous drift field of the
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order of 2 10 kV/cm is required for drifting the released primary electrons towards the micro
electrode structure. The required field strength depends on the requested readout time as
well as on the gas type and on the detector geometry. The avalanche process is initiated in
the vicinity of the anodes. The micro structure consists of thin alternating anode (2-15 pum)
and cathode (80—200 pum) strips with a small gap in between. The electrode pitch is typically
200 300 pm.

Features

In high-rate experiments, such as Hera-B or the LHC-experiments, the detectors have to
withstand particle rates of up to 10° Hz/mm?, providing a stable gain of up to 10* at the
same time.

By introducing an insulating glass substrate into the multiplication region, charging-up
effects close to the anodes arose for high intensity irradiation rates. Thereby the electron
amplification decreased, resulting in complete loss of signals after some time of irradiation
[7, 8]. The detector performance was improved either by using a low resistivity glass or by
adding an extra layer of low resistivity coating (“diamond coating”, as depicted in figure 1.1)
with a surface resistivity of typically 101°€2/0 . Measurements proved that gains of up to 10*
can be reached without any operation instabilities during very long X-ray irradiation periods
and for rates superior to 1 MHz/mm?.

Not only charging-up effects, but also intrinsic discharge problems in hadronic beams
entailed new concepts and developments. Those discharges between anodes and cathodes are
known to destroy the fragile metal strips within hours and they prevent a reliable use of the
MSGC concept in high rate hadronic beams. The way out was found with the introduction
of the Gas-Electron-Multiplier (GEM) (see 1.2.5), which was coupled to the MSGC as a
preamplification device for electrons. By splitting the electron multiplication of the detector
in two spatially separated steps (GEM on the one hand and MSGC on the other hand), the
discharge probability of combined detectors could be decreased by orders of magnitude, even
in hadronic beams (see chapter 5 for the details).

1.2.2 The Micromegas

The MICROMEsh GASeous detector (micromegas) was introduced in 1996 by Y. Giomataris
et al. (CEA/Sacley) in collaboration with G. Charpack (ESPCI/Paris) [9]. Different to the
MSGC concept, it operates as a narrow-gap parallel counter.

Geometry

As depicted in figure 1.2, the basic component of the micromegas is a micro-mesh with a
pitch of typically 50 pm, square holes of 40 x 40 pm? and a thickness of 3 gm). The metal
grid is strained above a readout electrode at a small distance of 50-100 pum and stabilized by
regularly spaced insulators (omitted in figure 1.2). The gas volume of the detector is separated
into a conversion and an amplification region. A high optical transparency and a large field of
~ 60 kV/cm in the amplification region allow for an efficient transfer of electrons through the
mesh. Here, the entering electrons experience a very strong and  due to the broad anode
strips — an almost uniform field, sufficient for gas amplification in parallel plate mode.
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drift electrode

id

conversion gap ”
w

tion g

kapton foil

Figure 1.2: A schematic drawing of a MICROMEGAS detector. The primary electrons
are transferred through a micro-mesh. The amplification starts in the lower gap of only
~ 100 pum thickness. The anode strips are etched in a copper cladded kapton foil. The spacers
for the mesh are not depicted here.

Features

The electron avalanche is collected on the readout structure (strips or pads), while most of
the ions are collected on the mesh. Due to the small distances between the anodes (readout
pattern) and the cathode (micro-mesh) and due to the high inductions field, the micromegas
concept allows for fast signals in the order of only ~ 100 ns. A good rate capability and
energy resolution based on the principle of parallel plate amplification was demonstrated.

In contrast to many other micro pattern detectors, the concept of MICROMEGAS is very
robust with regard to destructions from discharges. But since the gas amplification is done
in one step only and streamers tend to develop much easier in uniform fields, the discharge
rate in hadronic beams is extremely high and still subject of intensive studies (as described in

g. [10]). A good choice of the counting gases and a very robust electronics are mandatory
in order to guarantee a long-term operation in high rate hadronic beams.

1.2.3 The Micro Wire Detector (¢WD)

The Micro Wire Detector was introduced by B. Adeva et al. [11] in 1999. Similar to a GEM,
this detector is produced by a wet etching technique.

Geometry

The thin anode strips (15 25 pum) are separated from the mesh-like cathode (with a pitch of
typically 300 pm) by a gap of 50-125 pm of insulating Kapton [12], as shown in figure 1.3. On
application of high voltage, an almost radial amplification field around the anodes is created
for gas amplification.
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drift electrode

anode strips

meshlike
cathod
structure
[

\ kapton foil \

Figure 1.3: A schematic drawing of a Micro Wire Detector. The primary electrons are drifted
towards a 3-dimensional microstructure at the bottom side of the detector. The mesh-like cath-
ode and the thin anode strips of only 15-25 um are manufactured by a wet etching technique.

Features

Similar to the conditions in a standard multi wire detector, the amplification takes place in a
focused rather than a parallel field, thus combining a strong confinement of the avalanche to
the strip vicinity with a high amplification factor. But in contrast to a simple wire chamber,
the majority of the back-drifting ions are collected very quickly on the cathode, thus providing
a fast full-charge integration (=~ 100 ns). Another advantage of the focused field is, that the
large field gradient strongly supports the self-quenching of streamers. (This will be discussed
in chapter 5.) Last but not least the amount of material is reduced to a minimum and thus
the detector has a large radiation length.

1.2.4 The Micro Groove Detector

The Micro Groove Detector, introduced in 1998 by R. Bellazzini [13], can be considered
another step forward: By using two arrays of micro-strips in different layers and with a
different orientation, these detectors provide an excellent spatial resolution in 2 dimensions.

Geometry

As depicted in figure 1.4, the cathode layer on top of an insulating kapton layer is perforated
by closely spaced micro-grooves with a pitch of a few hundred microns. When applying high
voltage, a strong field sufficient for amplification is created inside the micro-grooves. The
multiplied electrons are collected on the micro strip anode structure at the lower side. The
signal can be detected on the anode and — due to induction — also on the adjacent cathode
strips, thus providing a 2D positional information.

In concept very similar to the Micro-Groove Detector is the Well Detector (introduced
by R. Bellazzini in 1999 [14]), also fabricated by printed circuit board techniques. Instead of
micro-grooves, charge amplifying micro-wells are etched into the copper cladded kapton layer.
The anode electrode is designed as an array of micro-strips.
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drift electrode

support structure

Figure 1.4: A schematic drawing of a Micro Groove Detector. The primary electrons are
drifted towards a 3D microstructure at the bottom side of the detector. Application of a
potential difference across anodes and cathodes creates a high electric field within the micro-
grooves, allowing for gas amplification. The resulting signal is shared between anodes and
cathodes, providing a 2D readout signal.

Features

As reported e.g. in [13], a gas gain of 15,000, a rate capability in the order of 10° Hz/mm?
and an energy resolution of 22 % at 5.4 keV can be obtained with the Micro-Groove Detector.
Furthermore, no significant charging-up or ageing effects up to 5 mC/cm were found and a
full primary charge collection even at high fields can be guaranteed.

Nevertheless, a test in a hadronic beam has to prove, whether these detectors can operate
in a high-rate hadronic beam without discharging. Due to an almost uniform field (similar
to the conditions in the Micromegas Detector), a comparatively high discharge rate has to
be expected. Similar to the MSGC, also here the introduction of a GEM as a preamplifying
structure can significantly reduce the discharge probability. As reported for the Micro Groove
Detector [15], very high maximal gains have been achieved (=~ 3 x 10%) and when exposed to
heavily ionizing particles (which are known for inducing discharges) the detector was found
to be spark free up to gains of 10%. As it will be shown in chapter 5.4, a gap of sufficiently
low fields between the two amplifying structures is mandatory for an operation free of sparks.

It was studied in the Heidelberg group, whether the concept of the Micro Groove Detector
may serve as one possible option for the inner tracker of the LHCb experiment. As described
in detail in [13], the detector was successfully manufactured using printed circuit technology.
But due to technical limitations of the wet etching process, the angle for the grooves is fixed
to values of approximately 45°, clearly limiting the variety of geometries and especially the
height of the amplification region. It was investigated (see also [16]), if laser techniques can
be applied for the manufacturing process of micro-grooves, hopefully allowing for any desired
geometry. By means of simulations, a geometry providing a small inter-strip capacitance was
developed. This point is very important in order to keep the detector induced noise level on a
tolerable level. Another important boundary condition is a low charging-up tendency, mainly
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dominated by the geometry of the insulating kapton layer. A summary of the simulation
results of this pre-study can be found in [17].

1.2.5 The Gas-Electron-Multiplier

The Gas-Electron-Multiplier (GEM) was introduced by F. Sauli as a “gas preamplifier” for
electrons in combination with MSGCs for the tracking of particles in high energy experiments
[18, 19, 20] in 1997. Different from the other detectors, the GEM device does not allow
for spatial particle resolution and thus it has to be operated in combination with a readout
pattern or a second amplifying step.

After many improvements in the manufacturing process and the geometry [21],[22], de-
tectors could be realized, where the GEM serves as the only amplification step. However, in
order to provide higher gains, GEMs are often cascaded to multiple layer devices.

y ‘ / 7

Figure 1.5: A schematic drawing of a Gas-Electron-Multiplier (GEM). A kapton foil, copper
cladded on both sides, is perforated with an array of small holes. By applying a potential
difference between the upper and lower side of the GEM, high electric fields — sufficient for
gas amplification — are created in the apertures. The multiplied electrons are extracted from
the lower exit and transferred towards a second amplification step.

A multitude of applications for GEMs have come up in many different fields in the last years:

e cascaded GEMs
A double GEM combination [23] has been successfully tested and built for the compass
experiment and a triple-GEM-combination [24] is forseen for the inner tracking system
of the LHCB-experiment. It was proven recently [25] that these devices can be reliably
operated in high rate hadronic beams with gains up to 10°.

e GEM-MPGD combinations
Due to their ability of separating the multiplication and the readout functions, GEMs
have become a very common device as a preamplifying element in combination with
Micro Pattern Gas Detectors of all kind.

e other applications
GEMs are used as amplifying structures in time projection chambers (TPC) [26],[27]
and, in view of non-high-energy-physics applications, multiple structures optimized for
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large amplification factors are being developed for ultra-soft X-ray spectroscopy [28] and
nanodosimetry [29], e.g. in detectors for single-electron counting.

Geometry

The GEM-foil consists of two thin copper layers separated by an insulating dielectric (mostly
Kapton) with a high density of chemically pierced holes, as shown in figure 1.6. Typical values

Figure 1.6: Microscope shots of a GEM-foil from a top (left side) and an oblique view (right
side) [30]

for the thickness of the Kapton foil and the copper are 50 um and 5 pm respectively. The
hole diameter is usually chosen in a range between 40 um to 140 pm, while the pitch varies
between 90 pm and 200 ym. The so-called “standard GEM?” is characterized by a diameter of
70 pum for the copper, respectively 55 pm for the kapton hole. The pitch between to adjacent
holes is 140 pm.

Manufacturing

The readout device for multi-GEM combinations can be manufactured using a reasonably
cheap and robust standard printed circuit technology. The most common technique for man-
ufacturing the GEM itself is a wet etching process [31]:

In the first step, the pattern of holes is engraved on the metal by conventional photolithog-
raphy of both sides. Next, the GEM holes are etched, using the pattern itself as mask. Due
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Figure 1.7: Cut through a GEM. In the side view the different layers (kapton
and copper) are clearly visible. The sidewalls have an angle of about 45°;
the copper layer is 15 micron thick, the double etching technique was not
applied here.

to this technique of etching, the kapton aperture is extremely close to the edge of the copper
hole. In case of a non-perfect etching process, metal tips may loom in the GEM aperture,
thus significantly reducing the high voltage stability between both electrodes. In order to
overcome this problem, the GEM-foil is etched another time (“double copper etching”). This
process increases the diameter of the copper aperture, thus reducing the discharge probability
in the GEM. As a side effect, the copper layer thickness is reduced from originally 15 micron
down to about 7 micron.

The isotropic behavior of the etching process results in a double-conical shape of the
aperture and sloping side-walls with an angle of about 45° (see figure 1.7). As a result,
incoming electrons as well as back-drifting ions tend to hit the exposed insulator edge in
the GEM aperture, resulting in field distortions and operation instabilities. First attempts to
produce GEMs with laser techniques were successfully done [32]. Apart from higher gains, this
technique provides two other advantages: (i) a larger thickness of the insulator between the
electrodes would reduce the GEM capacitance, being very helpful in case of GEM discharges
(details see section 5.4) and (ii) cylindrical (instead of double-conical) holes can significantly
reduce charging-up effects in the insulating layer.

Multiplication process

In order to operate a GEM as a multiplying element (see also 1.5), a voltage of a few hundred
volts (depending on gas type and pressure) is applied between the upper and the lower side
of the GEM-foil, creating a strong dipole field. The incoming primary electrons are guided
into the aperture and  if the field in the GEM aperture is sufficiently high  accelerated
to energies above the ionization potential of the specific gas, thus initiating the avalanching
process. The electron cloud develops in the hole until it reaches the point where the field
drops below the multiplication threshold, usually a few micron behind the exit of the GEM
channel.

External electrodes are required in order to generate a drift and a transfer field for the
transport of the primary and amplifyied electrons (before and after GEM multiplication).
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According to equation 1.4 for the electron amplification in gas detectors, there are different
parameters for tuning the gas amplification factor in a GEM:

e Applied Voltages
The electrical fields in the holes are given by a superposition of (i) the applied GEM-
voltages between the upper and the lower side of the GEM and (ii) the drift field, the
field lines of which mainly grip through the holes and continue in the transfer region.
The drift fields, however, only minimally affect the multiplication process in the GEM
channel.

e Hole Geometry and Pitch
The electric field in the GEM channels is strongly influenced by the hole geometry. For a
given GEM-voltage and inter-hole distance, small holes provide higher gains. However,
it should be noted that small holes significantly reduce the fraction of primary electrons
being able to enter the GEM aperture (see also “electron transter efficiency of a GEM” in
chapter 2.3). Depending on the specific application (“high gain” or “high single electron
detection efficiency”), the GEM geometry must be optimized appropriately.

e Thickness of the GEM-Foil

Another approach to increase the GEM-gain is to increase the path, where gas amplifi-
cation can take place. Increasing the thickness of GEMs would therefore result in larger
gains. The standard GEM has a thickness of 50 micron for the insulating Kapton layer.
As long as GEMs are produced of Kapton with conventional wet etching techniques, the
thickness is limited, due to the fact, that the holes cannot be etched vertically. This
may be different, as soon as large scale GEMs can be manufactured by laser techniques
in a good quality [32].

Features

The particular properties of these preamplifiers are gains up to several 10° and an effective
ion-feedback reduction, as most of the ions hit the lower side of the GEMs instead of being
transferred through the aperture. The signal response is very fast, since the comparatively
slow ion back-drift is shielded by the GEM foil itself.

Furthermore, GEMs are mechanically very robust and the production techniques are com-
paratively cheap. Large detector can be realized (e.g. for Hera-B with an active size of 30 cm
x 30 cm), helping to reduce expenses and readout channels.

However, the GEM device cannot be compared to other MPGDs, as it always needs
an additional readout structure to provide a spatial resolution for particle tracking. As a
consequence, the primary electrons not only have to be multiplied in the GEM, but they also
have to be transferred through the GEM apertures and — after the multiplication — towards
the readout structure without losing the initial signal. A good understanding of the physical
process is required for an optimization of the promising features of GEMs. This issue will be
the main topic of chapter 2.

Although GEMs are rather robust devices, it cannot be excluded, that GEMs are damaged
as a consequence of discharges between the two electrodes. During the development and the
beam operation of the Hera-B GEM-MSGCs, several detectors were lost due to electric shorts.
Different from damages in the MSGC, where only a few channels are affected, the whole
detector cannot be operated any more.
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Apart from the minor problem of charging-up effects (see also chapter 7) it has to be noted
that the standard GEM-foils cannot be properly operated when using the often favored DME
as one component of the counting gas. Large amounts of DME where found to diffuse into
the kapton material, causing a loss of mechanical tension and gain homogeneity of the GEM
[33]. This problem is relevant for all detectors, in which a large kapton surface can interact
with the counting gas.
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“It 1s easier for a camel to
pass through the eye of a needle
if it is lightly greased.”

(Kehlog Albran)

Chapter 2

The Electron Transfer!

2.1 Introduction

In this chapter, the results of an extended study of the electron transfer through Gas Electron
Multipliers (GEM) are given. In applications where a relatively large number of primary elec-
trons are deposited within the gas volume preceding the GEM, e.g. resulting from charged
particles or X-rays, the transfer efficiency would affect mainly the pulse-height resolution. In
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Figure 2.1: An llustration of the multiplication process in a GEM, showing the drift region
preceeding the GEM-aperture and the transfer region for the transfer of multiplied electrons
towards a readout structure or a second amplifying element.

contrast, in detectors sensitive to single or a few electrons, e.g. detectors based on photoe-
mission or secondary-electron emission from a solid converter [36] or on gas-deposited single
electron counting techniques [37], poor transfer and a loss of one electron would result in a
serious deterioration of the detected parameters and often in a complete loss of the event.

'Main parts of this and the next chapter are extracted from our published paper [34, 35]

29
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This is the case in gas avalanche imaging photomultipliers for UV and visible light [38], based
on a photocathode coupled to GEM. The GEM, or a cascade of GEMs [39], could be a mul-
tiplier of choice, even when operating in noble gas mixtures [40], due to its natural screening
of avalanche-induced secondary photons. However, it is essential to ensure full detection
efficiency for events originating from single electrons.

Conditions will be presented in this chapter, where a single or a few electrons deposited
within the sensitive detector volume can be efficiently collected and multiplied within the
GEM apertures and further extracted to a consecutive multiplier or readout element. The
transfer efficiency, which is the efficiency at which an electron can be focused into one of
the GEM apertures, rather than being trapped by the metal entrance electrode, depends on
three issues: on the geometry of the GEM apertures (diameter, spacing), on the electric field
configuration within and on both sides of the GEM element and on the process of electron
transport within the gas volume preceding the GEM. The last, of which the most important
parameter here is the transverse electron diffusion, is a function of the gas type and pressure
and of the electric field strength across the drift volume.

It has been demonstrated that good transfer conditions were obtained while keeping low
electric drift fields at the entrance of the GEM and high fields at its exit [41]. This opera-
tion condition should be adequate for most applications in which charges are deposited and
collected in gas.

Establishing experimentally the transfer efficiency of single electrons through GEM aper-
tures in an absolute way is a very difficult task. So far, only relative measurements of charge
transfer were made, by recording X-ray-induced currents on the GEM and its surrounding
electrodes [41]. Such measurements do not permit for a direct measurement of the transfer
efficiency, but rather of the product of the efficiency and the GEM gain. Counting pulses
resulting from the GEM multiplication of single electrons has the potential of providing ab-
solute transfer efficiency. However, measurements carried out in a pulse counting mode, with
single electrons photo-produced on a photocathode preceding the GEM [54, 43], provided so
far only relative data, due to the lack of a reliable counting rate normalization.

When proper normalization of the event counting rate is provided, the single electron
counting technique can establish the absolute single electron transfer efficiency of the GEM.
The method consists in measuring the ratio between the number of GEM-multiplied pulses
and that of the originally deposited single electrons within the gas volume preceding the
GEM. The results of such systematic studies, made in various gases, in the pressure range of
1 mbar to 1 bar are presented in this study. The measurements, accompanied by Monte Carlo
simulations, were made as function of the electric fields within the GEM and at the gas gap
on its both sides.

In this chapter only the case of single primary electrons deposited in the gap preceding
the GEM is treated. It is important to distinguish between measurements based on recording
currents (current mode) and measurements based on recording pulses (pulse mode). In the
latter, the information of both, the pulse height and the pulse counting rates, can be extracted.

2.2 Simulations on the electron transport
Before presenting quantitative experimental results, an overview of the general principle of

electron transport through the GEM is given using monte-carlo simulations. In these calcu-
lations, fundamentally basing on the previous work of G. Garty [44], a 3D-model was created
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by the MAXWELL 3D field simulator [45]. The intrinsic symmetry of GEMs in x- and y-
direction was used to simplify the structure and thus a 3-dimensional elementary cell, as
shown in figure 2.2, served as a model for the simulations. For large area calculations the
GEM-foil was continued in x- and y-direction by selecting symmetric mirror boundaries. The

Figure 2.2: Elementary cell for GEM simulation, symmetric boundary conditions in x- and
y-direction.

electric field conditions above the GEM in the so-called drift region and also below the GEM
in the transfer region (c.f. figure 2.1) were taken into account. In the model, a distance of 1
mm was chosen for both regions. This comparatively large distance corresponds to the actual
geometry of typical GEM applications.

Field geometry

In figure 2.3, a simulation of the field conditions inside the GEM-aperture is given for two
different values of the field below the GEM, the transfer field Eians, clearly reflecting the
dipole-field conditions.

Electron drift

Since the electron diffusion depends on the characteristics of the gas and its pressure, a
specific gas type had to be selected for electron-drift simulations. In the examples described
here, i-butane at 50 mbar was chosen, representing one of the conditions of the experimental
part of this study.

Depending on the variation of the field Fqys, three different characters of electron drift
can be distinguished. For a very low field, the diffusion is extremely large and the position
information of the electron is significantly reduced. In addition, a large number of electrons
do not succeed in reaching the GEM due to electron-ion recombination. For an intermediate
drift field, the electrons are drifted to the closest GEM aperture, thus keeping the position
information, and the transfer efficiency through the aperture is satisfactory. For very high
fields, the electron transfer efficiency is poor due to unfavorable field conditions (for details
c.f. section 2.5).

In figure 2.4, the simulation of the drift and transfer of 25 electrons (arranged in an array
of 5 x 5 equally spaced points) through a GEM hole is depicted. For drift conditions with a
very high diffusion (equivalent to very low fields) a large fraction of electrons diffuse towards
the neighboring cells, as depicted in figure 2.4.a. For increased Fg.r and thus a reduced
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Figure 2.4: Simulation of the electron drift (including diffusion) towards and through the
GEM-apertures in different field conditions. (Starting grid: 5 x 5 array of electrons.)

electron diffusion (figure 2.4.b), most electrons drift towards the nearest GEM hole. After
being transferred through the GEM channels, they continue drifting towards the read-out
structure.
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Figure 2.5: Simulation of the electron drift with diffusion, 25 electrons equally spaced on one
line on top of a larger GEM array. (View from the upper side.)

In figure 2.5, the drift of 25 electrons, equally spaced on one line, is shown for an enlarged
area of the GEM-detector, visualizing the full drift path of the electrons. It has to be empha-
sized here, that the multiplication process in the GEM was not taken into account here for
these simulations.

Quantitative simulations

In parallel to the measurements in the lab, more extensive Monte Carlo simulations with the
specific geometry of the “standard GEM” were performed at CERN [46], providing quanti-
tative results. A similar 3D-model of the GEM was designed with the simulation package
MAXWELL [45], as described in detail in [47]. The transparency has been computed by
randomly generating an electron in the drift volume, at a given distance above the GEM;
its path is followed as it drifts and diffuses down the GEM channel, using the Monte Carlo
version of gaseous electron transport (MAGBOLTZ [48]) in GARFIELD [49]. For a reliable
determination of the transfer efficiency of the primary electron it was taken into account that
(i) some of the electrons may be lost (e.g. on the top or lower surface of the GEM) and
that (ii) electrons experience ionizing collisions, when they encounter the high field in the
holes. This results in an avalanche of electrons, whose size mainly depend on the dipole field
within the GEM holes. The process is repeated several times (500), in order to estimate the
transparency of the GEM for single electrons with a good statistics. The outcome of the
simulations is presented in section 2.5 and also in chapter 3, where these results are compared
to the experimental results.
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2.3 On the efficient electron transfer

The gas amplification mechanism can be divided into three consecutive steps, as shown in
figure 2.1: (i) the collection of electrons from the drift volume preceding the GEM, under an
electric field Egyig, and their transfer and focusing into the GEM apertures; (ii) the multi-
plication of electrons within the high electric field created by the potential Uggy across the
GEM apertures; and (iii) the extraction of the multiplied electron swarm from the GEM exit
face, under an electric field E},ans into a consecutive gas avalanche multiplier of any type, to
create a detectable signal at the read-out circuit.

1 Etransfer

2. 9ain, o

3' Ea(tract
= 4. gaiNgfegiive

Figure 2.6: Illustration of the “gain” of a GEM. In both examples, the effective gain is “4/3".
However, in example (1.), the real gain is “6” and the transfer efficiency is “1/3”, whereas
in example (2.) it is “1” with a real gain of only “27. In all single electron applications, 2
out of 3 events cannot be detected in example (1.).

To specify the process, we define the following variables (c.f. figure 2.6):

e The real GEM gain Gyeq is the average number of multiplied electrons in the GEM per
number of entering electrons.

e The electron transfer efficiency cyrans is the fraction of electrons deposited in the gap
above the GEM which are entering into the GEM holes and experience multiplication.

e The electron extraction efficiency cextract is the fraction of GEM-multiplied electrons
that are extracted from the GEM to the subsequent element.

Both efficiencies depend on the electron diffusion and  for a given field condition
are functions of the gas type and pressure.

e The effective GEM gain Geg in current mode is the ratio between the current arriving
on the readout electrode or the second amplifying element below the GEM (figure 2.1)
and the current injected into the gap above the GEM. It is the product of the real GEM
gain Ghea and the transfer and extraction efficiencies:

Geff = €trans - Greal - Cextract (2-1)
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In current mode, the real GEM gain, Gea, is not directly measurable, because it appears as
the product of three parameters (equation 2.1). If all current is collected on the exit GEM
face (by reversing the direction of the field Ejans), the equation for the effective gain reads

Geff = Greal * Etranss

since the extraction efficiency is not relevant then.

The extraction efficiency, cextract, 1S measurable in current mode, from the ratio of the
current arriving at the readout electrode to the current collected on the exit GEM face, with
a reversed direction of the field Ei ans.

However, the absolute value of the transfer efficiency, e;ans, cannot be separated from the
real gain, G ea1, in a simple current measurement, since all currents are a superposition of the
negative electron current and the positive current of the backdrifting ions.

2.4 The experimental concept

In our new method of pulse counting, i. e. recording the absolute rate of single-electron pulses
and not only the pulse-height and/or the detector currents, the electron transfer efficiency is
directly derived from the ratio between the rate of counted pulses after GEM multiplication
to the rate of deposited single electrons above the GEM.

2.4.1 The experimental set-up

Figure 2.7 presents schematically the method for measuring the absolute GEM transfer effi-
ciency, as defined above. This method is based on a precise evaluation of the counting rate of
single-electron events, counted with a MWPC.

The experimental set-up consists of two different electron multipliers, which by lateral
displacement can be coupled to the same semi-transparent Csl photocathode. The latter was
illuminated through a Quartz window by a continuous-illumination UV-light source, emitting
single photoelectrons into the gas.

A MWPC detector (figure 2.7, right) is used for normalization of the photoelectron count-
ing rate, namely for counting the rate of pulses induced by single electrons arriving at the
drift gap (between identical meshes M; and Msy). The second, the GEM-MWPC detector
(figure 2.7, left), is used for counting the rate of pulses induced by single electrons arriving at
the same drift gap (between the mesh M; and the GEM) and being further transferred into
the GEM.

It is assumed, that any electron transferred into the GEM aperture will initiate an
avalanche, of which a fraction of the electrons is extracted and further multiplied by the
MWPC. This entails that the signal will not get lost once the electron has reached a GEM-hole.
Hence, the ratio between these two counting rates provides the absolute transfer efficiency of
the GEM.

It is important to note that neither full efficiency for detecting every single electron released
from the photocathode nor the knowledge of the absolute value of this efficiency are required,
because the losses due to recombination or at the mesh M; are identical in both detectors and
do not appear in their ratio. Only for the MWPC of the normalization detector, a detection
efficiency for electrons reaching the mesh My of roughly 100 % is fundamental for a reliable
measurement. This could be guaranteed for high gas amplification in the MWPC [56].
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Figure 2.7: A schematic view of the experimental set-up. By lateral movement, the two dif-
ferent detectors are coupled to the same photocathode and UV-lamp. The meshes My and Mo
allow for applying identical fields in the corresponding regions of the two detectors.

In the experimental arrangement, the GEM gain can be varied over a large range, provided
that the total GEM-MWPC detector’s gain is maintained constant and sufficiently high for
efficient detection of single electrons, even with a low GEM gain. Particular care is taken to
properly choose the electric fields at the photocathode gap, and in the drift gaps preceding
the MWPC and the GEM, in order not to affect the transfer efficiency measurements. This
will be discussed below.

For all measurements, a 30 mm by 30 mm CERN-made GEM was used, with a hexagonal
aperture array of 140 micron pitch and 55/70 (inner/outer) micron hole diameter, in a 50
micron thick copper-cladded Kapton. The mesh electrodes above the GEM and the MWPC
as well as the MWPC cathodes are made of 50 micron in diameter crossed stainless steel wires,
500-micron apart (81% optical transparency). The MWPC anodes are made of 10 micron in
diameter wires, 1 mm apart.

The two detectors and the photocathode are placed within a vacuum vessel connected to a
turbo-molecular pump. The vessel is evacuated to 10~° mbar prior to gas filling. The system
is operated in a gas flow mode, using mass-flow meters, differential pumping and a regulated
pressure control. The detectors are displaced within the vessel with a vacuum-compatible
linear manipulator.

For the measurements, we chose three different gas-mixtures. For the low pressure mea-
surements (1-50 mbar), i-butane was the gas of choice due to its excellent quenching prop-
erties. For high pressure measurements (0.5-1 bar), the operation voltages are found to
be inconveniently high and thus two other “common” counting gases were chosen: Ar/CO-
(70:30), which will be used for the GEM application in the Hera-B experiment, and Ar/CHy
(95:5), which is a very promising counting gas for GEM applications in the field of “gas
avalanche photomultipliers” [39].
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2.4.2 Detailed methods of measurements

For each set of measurements (gas, pressure), several variables have to be studied prior to
recording the pulse counting rate: electron extraction from the photocathode, electron transfer
efficiency through the meshes M; and My, amplification curves of the GEM and single-electron
pulse-height spectra of the MWPC and of the GEM-MWPC detectors.

Electron extraction from the photocathode

The electron extraction from the photocathode was studied in “current mode” for each gas
and pressure, namely by recording the photocurrent on mesh M; as function of the applied
electric field, Fpc. This is shown in figure 2.8 for i-butane at 50 mbar and 200 mbar. The
photocurrent evolution strongly depends on the gas type, but in general, after a steep increase
at very low fields, it saturates (e.g. in i-butane for Epc/p > 7.5 V/cm mbar). It was assumed
that by applying identical Epc values to both detectors, the number of electrons entering both
of them is identical for a given photocathode illumination rate. In order to reduce systematic
errors caused by small deviations in the applied fields preferably Epc values in the “slanted
plateau” were chosen. The absolute photoelectron rate is not relevant for the determination
of the absolute GEM transfer efficiency.
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Figure 2.8: Extraction efficiency of photoelectrons from the photocathode. The photocurrent
was measured on My, with a reversed Eg.p, as function of Epc, in i-butane at 50 mbar and
200 mbar.

Origin of the photoelectrons

A crucial point in our method is the origin of the photoelectrons. For a correct normalization
of the counting rate it has to be ensured that all counted pulses in both detectors originate
from electrons created at the semi-transparent Csl photocathode and not, for example, at
the GEM-copper plane, which is also illuminated by the incident UV light. Copper-emitted
photoelectrons would falsely enhance the counting rate of the GEM-MWPC detector. This
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point was checked by reversing the field Epc (but not Eqg, c. f. figure 2.7) and thus excluding
the drift of any electrons from the photocathode towards the GEM-MWPC detector. A
reduction of the counting rate by two orders of magnitude for identical illumination conditions
was found. Thus the maximum systematic error due to photoemission from the GEM face is
in the order of 1%.

Electron transmission through the meshes

Once extracted from the photocathode, the electrons are transmitted into the drift region
of each detector. The transmission efficiency (also called “mesh transparency”) through the
mesh M; (see figure 2.7) depends on the ratio of the electric fields Eq,if./Epc.

For sufficiently homogenious fields Fg,iy and Epc, a mesh is transparent, if the following
condition is fulfilled (“Frisch-Gitter” [50]):

2
Egige _ 1+ ="

(2.2)

with r being the wire radius and d the inter-wire distance. In our geometry, with r=25 pym
and d=500 pm, this leads to the condition Eq,if/Epc > 2.
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Figure 2.9: Transparency of the mesh My in two gas-pressures. The photocurrent was measured
on My, keeping Epc constant (Epc/p= 3.75 V/cm mbar in i-butane and Epc/p = 0.8 V/ecm
mbar in Ar/CO2) and varying Egrip.

The transparency was measured by recording the current of the transferred electrons as
a function of the field ratio. In figure 2.9, the mesh transparency in i-butane (50 mbar) and
Ar/COz (0.5 bar) is plotted as function of the fields ratio, demonstrating a full transparency
plateau for Eqir/Epc > 2 in our mesh geometry, well confirming the theoretical value. The
mesh transparency was found to be similar for all gas mixtures and pressures investigated here.
Again, identical field conditions have to be chosen for both detectors, thus ensuring identical
rates of primary electrons deposited in the drift gap above the MWPC and the GEM. Up to
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this point, both detectors are absolutely identical, and by providing the same electric fields the
electron rates are assumed to be equal. In order to reduce systematic errors caused by small
voltage deviations, field ratios in the transparency plateau were chosen, whenever possible.

Normalization of the counting rate

For a 100% detection efficiency of the non-amplified single electrons and thus a correct nor-
malization of the primary electron rate in the pulse counting method, a full transmission
through the MWPC cathode mesh, My, in the normalization detector has to be guaranteed.
Therefore, for each experimental condition one has to assure that Expwpce/Eavite > 2, Extwpc
being the electric field below the MWPC cathode. However, this is not always possible to
fulfill, for two reasons: (i) Fqur varies over a wide range for assessing the GEM transfer
efficiency and (ii) Eyrwpce is not decoupled from the MWPC gain. Such a situation, of low
transmission through Mo, is reflected by a decrease in the counting rate of the normalization
detector, shown in figure 2.10 for both gases at the higher Eg4,if values.

\,
o
N
o1

A Ar/CO2 (70:30), p=1 bar

< i-butane, p=50 mbar |
w 40
” Y % % % 35 1 I ]
50 SR OR I —_ P
= ¢t e I ? % 5 30 %
' 3 ¥
S, 40 T S, o5 é
» t 0
< £ 20
5 30 5.
S 20 +* ° ol 3 3
10 region | region Il region Il 5 region | region Il
o O T T T
0 1000 2000 3000 0 2000 4000 6000 8000
Eqnine [V/iem] Eqrire [V/Ccm]
(a) i-butane, p = 50 mbar (b) Ar/CO2, p = 1 bar

Figure 2.10: Ezamples of the variation of the normalization-detector counting rate as function
of Eapift-

In this measurement, the ratio Eq.ig /Epc was kept constant in order to maintain constant
transparency through the mesh M;. The initial rise (region I) in counting rate is due to the
fact that at low Eg,i values also a low Epc is required, in order to keep the ratio Fqir/Epc
constant; it reflects the increase in extraction efficiency from the photocathode with increasing
Epc (figure 2.8). In region II a the slanted plateau occurs, reflecting the photoelectron rate as
a function of Epc as well. This general behavior corresponds in the GEM and the reference
detector and therefore no special care is needed to correct for it.

However, the decrease of counting rate at high Fq,if (region III), seen in i-butane as well
as in Ar/COq, is due to loss of transparency through Ms. For Ar/COs at higher pressure
(0.5-1 bar) the plateau region cannot be reached (see 2.10.b) and the decrease is found to
appear at rather low field values. This effect of a decrease in counting rate is restricted to
the normalization detector only. For the GEM detector an intransparency in My is minor
important, as exclusively preamplified and not single electrons have to be transferred into the
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MWPC-detector for detection. Therefore a loss of some electrons doesn’t necessarily mean a
loss of the whole signal there. However, for the normalization detector, this is a crucial point.

In i-butane, the data could be corrected, using the mesh transmission data (figure 2.9).
In some of the measurements at atmospheric pressure, as shown in figure 2.10 for Ar/CO-,
the data at high FEq. values could not be corrected for loss of transmission through Mo,
because the drop in counting rate occurred very early, before the onset of the photocurrent
extraction plateau (namely the extraction from the photocathode is varying). In addition,
the field below the mesh, Fywpo, cannot be increased to improve the transparency, since
this field is coupled to the MWPC-gain, which cannot be chosen freely. In such cases, the
experimental data was normalized to the monte carlo results and the data is not presented as
an “absolute” measurement, as e. g. in figure 2.14.b.

Nevertheless, the data can be normalized experimentally [51] by adding a parallel-gap
preamplification element in front of the MWPC of the normalization detector; operating this
element at high electric field allowed for full electron transmission through Ms, as described
in detail in our paper [34]. However, this method was not applied here.

Effective GEM gain

As explained above, the real GEM gain is not directly measurable. However, the effective
gain in current mode, as defined in section 2.3, can be easily measured by recording the
current on the lower GEM side versus Uggy, with a reversed Egans. By reversing the field,
all amplified electrons are collected at the GEM lower side. This current is normalized to
the current without GEM amplification, recorded from the GEM electrode having both faces
interconnected.
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Figure 2.11: Effective GEM gain vs. GEM voltage Ugry measured in current mode.
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As shown in figure 2.11, the effective gain increases exponentially with the potential across
the GEM. A detailed discussion of the GEM gain in general and its determining variables can
be found in [52] and in [44] and in the references therein. In the focus of interest for this
study is the phenomenon that for very low GEM voltages, the effect of the rather low transfer
efficiency dominates the effective gain, resulting in values smaller than 1. It will be shown
below, that after measuring the GEM transfer efficiency by the pulse counting method the
effective gain can be corrected for the transfer efficiency and the real GEM gain can be
extracted even for low GEM voltages.

Extraction of electrons from the GEM

Following multiplication, the electron swarm has to be extracted from the lower GEM side, for
its transfer into the MWPC. The value of the electric field El,ans has to be sufficiently large to
allow for good extraction of electrons from the GEM; however, as discussed above, it should
be lower than the field at the entrance to the MWPC, to assure good electron transmission
through the mesh. It should be stressed, though, that neither a value of 1 for the extraction
efficiency nor a full transparency for the mesh M5 is required in the GEM-detector, since the
primary single electrons are already being amplified in the GEM. Even when assuming very
improbable conditions, a single remaining electron arriving at the MWPC for multiplication is
sufficient for detecting the original signal. Therefore the choice of E;ans in the measurements
is not critical, as it will be shown in section 2.5.2.

MWPC and MWPC-GEM total gain

The single-electron-induced signals in the GEM- and the reference detector have to be detected
with sufficiently large gas gain, to assure high detection efficiency. MWPCs provide large gas
gain over a broad pressure range, of typically 10° or more. This and an excellent single electron
detection efficiency were the reason for choosing a MWPC as a normalization detector or as
the detector following the GEM.

Nevertheless, at the actual operation conditions (total gain below 10°) the single-electron
spectra have an unpeaked exponential tail [53] (figure 2.13), with its slope representing the
gas gain. This tail in the pulse-height spectrum can be approximated as follows:

N(g) ~ Noe™ 5 (2.3)

In this equation, Ny is proportional to the total number of detected electrons and ¢ is the
amount of charge in the electron cloud after multiplication. The gain is the total gain, which
is given by

Giot = Gaemerr X Guwpe  for the GEM detector. (2.4)

Giot = Guwpc for the reference detector. (2.5)

In principle, the transfer efficiency is given by the number of counts in the GEM-detector
divided by the number of counts from the reference detector, for any given total gain. However,
the total number of counts is clearly dominated by the electronic noise, when integrating over
the full range. Therefore a threshold to cut the external noise is strongly required for counting
the “real” events only. But since the overwhelming number of counts in the pulse-height
spectrum are located at rather low values of ¢, a large fraction of counts is inevitably lost by
this cut.
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A more precise technique was applied in this work, consisting in comparing only a fraction
of the pulse-height distribution of the normalization and the GEM-based detectors, as depicted
in figure 2.12. The total gains of the two detectors were adjusted to be identical, which means
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Figure 2.12: Scheme for the normalization of the counting rate. The fraction-of-counts (shaded
areas) for a given total gain represents the ratio of the total number of counts, assuming a
pure exponential tail in the pulse-height spectrum.

that both spectra are supposed to have the same slope. Relying on the exponential approxi-
mation of the shape of the pulse height distribution, the ratio of counts Ngeam(qgo)/Nret(qo) at
any position g exactly represents the ratio of the total number of counts (c.f. equation 2.3) .
This position can be chosen far away from the electronic noise.

In order to improve the statistics, a larger number of positions were taken into account.
By defining the limits 7} and 75 and integrating within this limits in both detectors (shaded
areas), the variation of the counting rates was compared.

For the measurements of the transfer efficiency, the total gain was set to a fixed value of
70,000, a number being large enough to provide high detection efficiencies and small enough
for a stable operation for a large set of experimental conditions.

Ion-feedback limitations

Some of the measurements at lower gas pressures (e.g. Ar/COy and Ar/CH, at high GEM
gain) were hindered by the onset of strong ion feedback, which typically occurs in two-stage
gas-detectors consisting of at least one GEM [54]. Depending on the gas type, pressure and
GEM gain, the maximal total gain is strongly limited due to the effect of back-drifting ions,
accelerated within the GEM aperture and inducing secondary electron emission at the GEM
copper electrodes. This process is self-sustained, since newly created electrons are drifted
towards the MWPC and induce consecutive signals with delays in the microsecond range
(depending on the transfer field Eians). This effect is more significant at low gas pressures.
For the same values of E, the drifting ions reach higher energies between collisions, which
results in a higher feedback strongly limiting the total detector gain. This effect was observed
to be very strong at very low pressures of i-butane (1-2 mbar) and in some ten mbar of both
Ar/CH4 and Ar/COs. In conditions close to atmospheric pressure the ion-feedback effect was
not observed in this setup.
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Figure 2.13: Typical single-electron spectra, recorded by a charge preamplifier

Measurements protocol

Taking into account all requirements for a reliable measurement of the GEM transfer efficiency,
the concise measurement protocol for each series of data given here may help to clarify the
course of the measurement:

For each gas conditions, the light intensity is set for sufficient and stable electron rates during
data acquisition. Field conditions for the GEM detector and corresponding conditions for the
reference detector are set. In order to provide identical total gain, chosen to be of 70,000,
the MWPC voltages are adjusted in both detectors. After an accumulation of about 10,000—
100,000 events, the absolute transfer efficiency is evaluated by a division of both counting
rates, derived from the integration of the chosen part of respective pulse-height spectra.

Estimation of experimental errors

As described in section 2.4.2, an upper limit of 1% on the error due to electrons not originating
from the photocathode was estimated. This and additional errors due to fluctuations in the
lamp intensity, gas quality and counting rate statistics are minor important. Only in cases
of very low counting rate, namely low transfer efficiency, the statistical fluctuations have a
significant contribution.

The main source of error is the uncertainty in the counting rate of both detectors, of which
the most important contributions are: (i) the adjustment of the total gain, which was very
sensitive to small voltage deviations; (ii) the uncertainties due to deviation, in some cases,
of the pulse-height spectrum from pure exponential shape. The errors were determined by
varying the detector gain in a range, where the slope could not be definitely distinguished
from the pure exponential slope of a “reference” graph for the given gain. These variations
lead to deviations in the order of £6%. Taking into account the error propagation law for the
GEM- and the reference detector counting rate, we end up with a total error of +8%.



44 CHAPTER 2. ELECTRON TRANSPORT THROUGH GEMS

2.5 Experimental Results

Though the transfer of electrons from the drift region into the GEM apertures is a process
preceding the GEM multiplication, we expect the transfer efficiency to be affected by all
electric fields at the vicinity of the apertures, namely Fqyirt, UceEm and Egpans. In the following
sections, the effect of each electric field will be presented and discussed separately. The
measurements will also demonstrate that apart from the applied fields, the transverse electron
diffusion in the gas plays a dominant role in this transfer process.

In order to accentuate the influence of the transverse diffusion, the measurements were
done in i-butane at 50 mbar, being characterized by a maximum lateral spread of the electron
cloud of about 600 pum per /em drift (for our geometry and drift fields). In contrast, the
spread in Ar/CQOy (70:30) at 0.5 bar is only 350 pm per /cm drift (for details see section
3.2).

2.5.1 The role of Fgis

In figure 2.14, the absolute GEM-transfer efficiency, e¢rans, as a function of the drift field, Fqyis,
is given for i-butane at 50 mbar and for Ar/CO2 (70:30) at 0.5 bar. The ratio of Eq/Epc is
maintained constant in every set of measurements. The transfer efficiency shows a maximum,
for all gases and GEM voltages at rather low Fgir values.
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Figure 2.14: Single electron transfer efficiency vs. Egpyp. The mazima are located at different
values for Egpp due to a different pressure and gas type, leading to different diffusion.

It should be noted that the peak value of the transfer efficiency is not necessarily equal
to 1. In both gases it turned out that even for an optimized drift field value, a full transfer
efficiency is not reached if the GEM voltage is too small; this is the case for Uggm < 180 V
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in i-butane and Ugpy < 400 V in Ar/COs2 (70:30), both corresponding to GEM gain ~ 20.
Below these voltages, clearly the GEM field is not sufficient to effectively focus the field lines
into the apertures. The Monte Carlo simulation results shown in figure 2.14 for one set of
data per each gas reproduce very well the experimental results.

In all these measurements a maximum is observed, but not necessarily for the same drift
field values. This result is due to the fact that the transfer efficiency is dominated by two
competing effects, (i) the electrostatic field line focusing and (ii) the electron transport pa-
rameters.

Edrift

trans

Figure 2.15: Schematic Sketch of the electric field conditions for low and high Egp. Field
defocusing reduces significantly the transfer efficiency for high Eqyf.

As illustrated in figure 2.15, from a pure electrostatic point of view (assuming no diffusion
and no electron-ion recombination) the transfer efficency value is high for low fields Egg,
however deteriorating for higher fields. The effect of field line defocusing as a function of the
electric field Eqpig is determined by the GEM voltage and the GEM geometry only. In fact,
as shown in [52], the transfer efficiency can be assumed as a function of the ratio Eqite/ Ecrm
for a given GEM geometry.

However, another important ingredient for the actual transfer efficiency is the electron
transport, mainly given by the gas type, pressure and of course by the electric field
FEgirg. For extremely low drift field values, the electron transport conditions are generally
poor. The “ability” for electrons to follow the “perfectly focused” field lines is significantly
reduced for small values of Eg,if, thus resulting in a significantly reduced value for the transfer
efficiency compared to the pure electrostatic considerations.

However, for the high field regions the transfer efficiency might be even increased for
large diffusion gases, since electrons could be focused into the GEM aperture “accidentally”,
although the field lines are not.

2.5.2 The role of Firans

The electric field Fiyans, has generally a negligible influence on the GEM transfer efficiency,
as demonstrated in figure 2.16, both at 50 mbar i-butane and 0.5 bar Ar/COx2 (70:30). Over
a broad range of Fi.ans values, the transfer efficiency remains almost constant.
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Figure 2.16: Single electron transfer efficiency vs.
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Figure 2.17: Schematic sketch of the field conditions at very low Eipans, where the signal cannot

propagate towards the MWPC, compared to “normal conditions”.

Please note, that as long as

at least 1 electron can be transferred to the MWPC, the method is reliable.

Only at very low Fians field values (i. e. Egpans < 0.5 kV/em in Ar/COs2 (70:30)) the mea-
sured counting rate drops significantly, due to the collection of all multiplied electrons on the
lower GEM electrode, rather than their transport into the MWPC, which affects the counting
rate in the GEM-MWPC detector, as visualized in the schematic sketch in figure 2.17. This
means that the assumption, that once the electron is multiplied in the GEM, the signal is
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actually detected, doesn’t hold for low values of Eiyans. Therefore, in this regime, the counting
rate does not directly reflect the transfer efficiency.
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Figure 2.18: Relative electron extraction efficiency vs. Fipans. Results are shown for two GEM
gains in 1 bar Ar/COy (70:30) at Egpp = 2.8 kV/cm

In contrast to the transfer efficiency €gansfer (i- €. the fraction of the electrons transfered
to the GEM aperture for multiplication), the extraction efficiency, €extract (i.e. the fraction
of GEM-amplified electrons that are transferred from the GEM to the MWPC) cannot be
directly measured by our method, but it can be derived in an indirect way: Due to the fact
that the total gain is kept constant during the measurement while varying Fi,ans, & loss in the
extraction efficiency results in a drop of pulse height, which in turn is reflected by a need for
an increase in the MWPC voltage. From the gain increase required to reestablish the original
total gain, one can deduce the fraction of lost electrons, as shown in figure 2.18. This method
only provides a relative estimate; the plateau shown in figure 2.18, for Ar/CO2 (70:30) at
atmospheric pressure, for Eians > 2 kV/cm (for Ugpy = 400 V) and for Eipans > 4 kV/em
(for Ugrm = 500 V) does not necessarily indicate a condition of a full extraction.

2.5.3 The role of UGEM

A large effect on the single-electron transfer efficiency is that of the GEM voltage. The
dependence of the transfer efficiency on the GEM voltage is shown for i-butane at 50 mbar
and for Ar/CO2 (70:30) at 0.5 bar in figure 2.19.

This dependence is understood from purely electrostatic considerations, as it is visualized
in figure 2.20. At very low Ugpnm values most of the field lines in the drift region end at the
upper GEM electrode. This results in a very small probability of electrons focusing into the
apertures and therefore in very low transfer efficiency. When increasing the GEM voltage,
a steep increase in transfer efficiency was observed. A saturation (not necessarily being at
100% efficiency) was observed at GEM gain values in the order of 100 for both gas conditions;
however, this saturation has to be considered a preliminary result, since measurements for
higher GEM gains were excluded due to high voltage problems. The general behavior is due
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Figure 2.19: Single electron transfer efficiency vs. Ugpy
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As explained in section 2.4.2, by knowing the transfer efficiency for a given Fg,i, as a function
of Ugrwm, the real GEM gain can be separated from the effective gain in current mode (Gyea =
Goft/Eextract)- This procedure was followed for the GEM gain results in i-butane at 13 mbar
(figure 2.21). In the range of 0-20 V for p = 13 mbar, there is no amplification in the GEM
and the real gain is about 1. The gain increases purely exponentially at higher potentials.
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Figure 2.21: The transfer efficiency and the effective/ real GEM gain as a function of Ugpy-
The effective GEM gain as measured in current mode (figure 2.11) was corrected by the mea-
sured absolute transfer efficiency (at the same Egpp) to provide the real GEM gain.

2.6 Summary

The three parameters involved in the GEM multiplication process (the transfer efficiency, the
real gain and the extraction efficiency) mainly depend on the surrounding fields, as depicted
in figure 2.22.

For the first time, the absolute efficiency of single electron transfer through GEM was
measured, namely the probability for a single electron, deposited in the gas-volume preceding
the GEM, to be multiplied in the GEM aperture. It was shown that the transfer efficiency
is defined not only by the geometrical parameters of the GEM electrode, but it depends
in a rather critical way on the transport of electrons in the gas gap preceding the GEM
and on the field-line focusing into the GEM apertures. The different processes involved are
sometimes competing, leading to a large variability of the transfer efficiency. Consequently
the measurements of the present study were carried out as function of all electric fields and
under a range of gas types and pressures. This has lead to a complete understanding of the
role played by each variable, which will enable to optimize the design of GEM-based devices
in terms of their detection efficiency.
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Figure 2.22: Sketch of the GEM multiplication process as a function of the electric fields

The results can be summarized as follows:

The transfer efficiency is strongly affected by the transverse diffusion of the electrons,
drifting under the focusing field towards the GEM aperture. As depicted in figure 2.14,
especially in the very low field regions (Equfe < 1.5 kV/cm) the transfer efficiency is
significantly reduced due to electron diffusion.

In the case of a slightly increased field Eq,ir;, by tuning the ratio of Egir/Ucrm to be
high enough, conditions can be found for any gas pressure and type, where the electrons
are well focused into the GEM apertures and the transfer efficiency has a maximum.
This maximum, however, is not necessarily equal to 100%, its value depends on the
GEM geometry and gain.

Increasing Fqyg invariably leads to a loss of efficiency due to loss of focusing, as shown
in figure 2.14 and 2.16.

The role of Uggwm is well demonstrated in figure 2.19, showing that the transfer efficiency
increases roughly exponentially in a wide regime of Uggym. This result accentuates the
importance of field-line focusing, but also the fact that the maximal transfer efficiency,
even if exhibiting a — mostly very narrow — plateau region, maybe smaller than 100%.

The field Fipans, in the gap following the GEM, has a minor influence on the measured
transfer efficiency. However, in the regime of very low field (Eqans < 0.5 kV/cm) the
measurement of the transfer efficiency was restricted for principle reasons.

Regarding the above summary of results it should be noted that all data were measured
with a single GEM geometry, which was not necessarily optimized. Therefore, while the results
are qualitatively valid, and the general trends are reliable, the specific numerical values may
not be general.

It is obvious, that in applications, where only a few or even single electrons are created,
the transfer efficiency of the GEM strongly influences the detector efficiency. Nevertheless,
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also in applications where e.g. minimum ionizing particles (MIPs) are detected and in the
order of 10 primary electrons are created, an optimization of the transfer efficiency is strongly
requested for two reasons: (i) to keep the detection efficiency of the GEM device close to
100 % and (ii) to optimize the required operation voltages. Especially in high rate hadron
beams, optimized operation conditions are required for an effective reduction of the discharge
probability (as described in detail in chapter 5.4).
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Chapter 3

Efficiency with electron
preamplification

In some GEM applications high electric fields in the gap preceeding the GEM-device are
strongly required. One example is the gas avalanche photomultiplier [38], where high fields
near the photocathode are requested to prevent photoelectron backscattering from the gas
molecules into the photocathode. As a consequence, the transfer efficiency is poor for large
fields Farire, due to the defocusing of field lines, as demonstrated in the previous chapter.

However, when further increasing the field Eg,if, parallel plate amplification in the gap
preceding the GEM can be initialized. Of particular interest is the confirmation of the hy-
pothesis that a full collection efficiency is attainable when moderately amplifying the initially
deposited single electrons, prior to their collection and multiplication by the GEM.

3.1 The electron collection efficiency

Allowing for a moderate electron preamplification should provide large fields near the pho-
tocathode and it should lead to a dramatic enhancement of the detection efficiency of single
electrons [54]. It will be shown that conditions can be found, in which at least one of the
preamplification-induced secondary electrons reaches a GEM aperture, leading to a detectable
event. This was demonstrated experimentally, though in a relative way [54] and by Monte
Carlo simulations, indicating the possibility of reaching conditions for full single-electron de-
tection efficiency [42].

We define the collection efficiency, econ, as the fraction of electrons deposited in the gap
above the GEM, for which, after preamplification, at least one secondary electron is transferred
and multiplied in the GEM, when the electron diffusion is sufficiently high (see figure 3.1).
This parameter equals the detection efficiency, provided that no signal is lost after the GEM
amplification.

Experimental results of this parameter in several gases and field conditions are presented
first. These are well confirmed by Monte Carlo simulations, performed at CERN [46]. Af-
ter the experimental part, a model is presented for the collection efficiency, explaining the
experimental results.

53
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Figure 3.1: Schematic picture of single-electron transport in the drift gap preceding the GEM,
at low (no preamplification) and high (preamplification) drift field values. The last case is
depicted for low and high electron diffusion. The GEM amplification of the electrons is not
depicted here.

3.2 The experimental setup

The experimental setup for the measurement of the absolute value of the collection efficiency
is identical to the concept described in detail in section 2.4. The number of counts (at a fixed
total gain) in the GEM-detector for a given irradiation rate is normalized to the counting rate
of the reference detector, operated at corresponding conditions. The normalization remains
correct since the preamplification of the electrons has intrinsically no influence on the counting
rate.

In the following, the results obtained for the absolute GEM collection efficiency, in the
preamplification mode, are presented. Due to the fact, that the transport parameters, namely
the electron diffusion and drift, scale as a function of E/p (the “reduced electric field”), the
x-axis was chosen accordingly in the following plots. In addition, also the first Townsend
coefficient, «, being an important ingredient for the parallel-plate amplification, can be ap-
proximated as function of E/p (and E) [55, 6].

The electron diffusion

The data is arranged according to the size of the transverse electron diffusion, since the
lateral spread of the electron cloud after some drift was supposed to play a decisive role for
the collection efficiency. The order parameter “large”, “intermediate” and “small” depends
on the actual detector geometry and will be specified, when presenting a “simple model” in
section 3.4.1 and when discussing the experimental results.

The spread of the electron cloud oransverse(d) (in pm) after a drift length d is given by the
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following equation:
Utransverse(daEap) = UO(E) : (d/p)l/2 (3'1)

The specific transverse diffusion oo(E/p) at atmospheric pressure was calculated [46] for the
three gases used in this study and the results are plotted in figure 3.2.
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Figure 3.2: The transverse diffusion coefficient og vs. the drift field E at atmospheric pressure
for the gases studied in this work. This value has to be corrected for the actual pressure
according to equation 3.1

According to equation 3.1, conditions with very high electron diffusions can be easily
obtained for low gas pressure. We have chosen i-butane, known for its stable low-pressure
operation [54] for the high diffusion measurements. Adequate operation conditions for the
GEM at 3.3, 13 and 50 mbar could be guaranteed. A measurement for very low pressure
(=~ 1 mbar) was excluded due to the small number of ionizing collisions in the quite dilute
gas volume of the GEM aperture, thus limiting the effective GEM gain to values below 10.
Furthermore, this measurement was seriously affected by ion-feedback, falsely increasing the
number of counts due to self-sustained signal feedback.

At atmospheric pressure, the electron diffusion is considerably reduced, thus excluding
high values for the transverse diffusion. For this study, the range of intermediate and low
diffusion was covered with Ar/CHy (95:5) and Ar/C02 (70:30) respectively (c.f. figure 3.2).
Although pure i-butane provides an even smaller transverse diffusion value at atmospheric
pressure, this gas is only suited for low pressure measurements due to the comparatively high
operation voltages, required for high gain operation.
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3.3 The experimental results

3.3.1 Preamplification

As an independent measurement, the preamplification gain in all gases was studied in “current
mode”, namely by recording the electron current on mesh My (as depicted in figure 2.7)
as a function of the applied electric field Eqp and normalizing it to the current without
preamplification. The results are plotted in figure 3.3 for i-butane for different pressures and

in figure 3.4 for Ar/CH, and Ar/COs.
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Figure 3.3: Preamplification gain vs. field, measured in current mode in i-butane.
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Figure 3.4: Preamplification gain vs. field, measured in current mode in
Ar/CHy (95:5) and Ar/COs (70:30) at atmospheric pressure.
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corresponding E/p-values. However, the slope is not identical since for low pressure conditions
the gas is diluted, thus significantly reducing the probability for ionizing processes as described
in detail e. g. in [56].

3.3.2 Collection efficiency
Gases with high transverse diffusion

In figure 3.5, the experimental data of the electron collection efficiency in 50 mbar i-butane are
plotted as a function of Eqy. The x-axis is divided into two segments, the “drift” region where
the field is too low for preamplification, and the “preamplification” region, where electron
multiplication in the parallel plate mode takes place. On the top axis the preamplification
values are noted, indicating that a full collection is typically obtained at preamplification > 20.
In these conditions the effect of field line defocusing is found to be more than compensated
by the avalanche statistics.
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Figure 3.5: Absolute electron collection efficiency vs. Egpyp, extended to high Fganp values,
wn the preamplification regime. The results, measured in 50 mbar i-butane, are shown for

Ugry =150 V/ 180 V/ 210 V (GEM gain: 8/20/50) at Epans = 800 V/cm.

Similar measurements were done for p = 3.3 and 13 mbar. Figure 3.6 shows the results,
indicating rather large differences of the FE/p-values, at which full collection efficiency is
reached: from about 60 V/cm mbar at 50 mbar, to 110 and 225 V/cm mbar at the respective
pressures of 13 and 3.3 mbar. These results are well confirmed by the Monte-Carlo simulations
(c.f. section 2.2).
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Figure 3.6: Absolute electron collection efficiency vs. Egpip, extended to the high Eqpp values
(preamplification regime) for i-butane at 3.3, 13 and 50 mbar. The lines represent the results
of the monte-carlo simulations [46]

Gases with intermediate transverse diffusion
The experimental results of the GEM collection efficiency in Ar/CHy (95:5) are presented in

figure 3.7 for three different GEM voltages.
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Figure 3.7: Absolute collection efficiency in 1 bar Ar/CHy (95:5) for Ugpy = 300 V/ 350
V/ 380 V (GEM gain 12/80/500) vs. Egnip in the preamplification regime together with the
stmulation results.
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The full collection plateau is typically obtained at preamplification > 15. Compared
with the previous data for low-pressure i-butane, measured at about the same GEM gain
of ~ 100, the collection efficiency does not drop below 50%. This is due the fact that gas
preamplification at one atmosphere Ar/CHy (95:5) is initiated at rather low values of F/p in
comparison with the gases previously investigated.

Please note that in contrary to i-butane at low pressure, the collection efficiency deterio-
rates when further increasing the preamplification above ~ 30. This effect, which results from
the change in electron diffusion with increasing drift field (figure 3.2), will be explained with
a simple model, presented in section 3.4.1.

Gases with low transverse diffusion

In figure 3.8 it is shown that in Ar/CO2 (70:30) at atmospheric pressure (low diffusion gas) the
GEM collection efficiency remains very low even at very high Fq.r /p values, corresponding
to a preamplification factor of up to 60. It means that for this gas the preamplification is
not sufficient to compensate for electron losses, as depicted schematically in figure 3.1. The
model in section 3.4.1 will further explain this point.
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Figure 3.8: Absolute collection efficiency vs. Egpp in the preamplification regime in Ar/COs
(70:30). The results are shown for Ugppm=550 V (300 gain) and Eians = 1.5 kV/cm.

It should be noted here, that it was not possible to further exceed the preamplification
factor in the drift gap, since three times the GEM was destroyed when preamplification factors
larger than = 100 were obtained. As a consequence of the poor transfer efficiency, the potential
of the GEM upper side became very negative. Discharges in the GEM were induced, sometimes
even propagating towards the mesh M;. This breakdown caused a complete destruction of
the GEM'.

see also “multiple electrode sparks” in chapter 5.4
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Summarizing the experimental results obtained in different gases, it was demonstrated that
conditions can be found for reaching 100% collection efficiency, provided the transverse diffu-
sion is “high”. For intermediate diffusion values, high collection efficiency could be reached;
however, it deteriorated at further high values of Eq.¢/p and at higher GEM amplification
factors. For gases with low diffusion, the collection efficiency remained low, even at high
preamplification factors.

3.4 Modeling the GEM electron collection efficiency

3.4.1 The model

The experimental results can be well explained by a simple model, based on statistical argu-
ments. If the transverse diffusion and the preamplification gap are large enough, it can be
assumed that the secondary electrons, created in the preamplified cluster, are equidistributed
in the gas volume preceeding the GEM (or at least within one elementary cell). In this condi-
tions, it can also be assumed that the single electron transfer efficiency et;ans, measured for a
given Uggy in collection mode, is valid for the conditions of preamplification as well. Then,
with a preamplification factor PA, the collection efficiency econect 18 given by the following
equation:

1 — ecollect = (1 - 5trans)PA (32)

However, even for high-diffusion gases, the collection efficiency is overestimated in equation

Figure 3.9: Sketch of the avalanching process in the parallel-plate mode preceeding the GEM
amplification. The mean free path gives the average distance between two ionizing collisions.
Electrons, created in the last steps, experience only a small spread, in contrast to those elec-
trons created in the first steps.

3.2, since the secondary electrons are created along the drift gap and thus travel different
distances, experiencing a different spread in the lateral dimension (as visualized in figure 3.9).

Particularly, secondary electrons created in the last few preamplification steps, close to
the GEM aperture, do not have a sufficient drift length to exhibit a significant diffusion. For
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a better approximation for equation 3.2 the replacement of PA by PA/2V is proposed:

N
1- Ecollect = (]- - Etrans)PA/Q (33)

The parameter N may be considered as a “fit parameter” for the experimental data, repre-
senting the number of amplification steps that have to be neglected.

In case of no diffusion, the preamplification will not increase the collection efficiency, as all
secondary electrons have similar drift paths and therefore the same “destiny” as the primary
electron. In this extreme condition, 2V = PA and equation 3.2 can be replaced by

Ecollect = Etrans (34)

3.4.2 Quantification of the diffusion for the given geometry

Based upon the considerations above, we can specify the criterion for “high” and “low”
diffusion: To benefit from the preamplification the maximum spread of the electron cloud,
W = Otransverse(d), has to be of the order of the GEM pitch, g, as it is visualized in figure 3.10.
The drift distance d is an important input parameter for the calculation. In our geometry, w
should be typically > 200um in order to increase collection efficiency by preamplification.

high low
diffusion diffusion

drift
distanced

A

[

GEM pitch g

Figure 3.10: The parameter influencing the lateral size of the electron cloud close to the GEM
w are the transverse electron diffusion and drift gap d. Criterion for a “large diffusion” is
w > g (the GEM pitch).

The validity of the model was tested in different experimental conditions, as described
below. Since &grans is not measurable for high drift fields, i. e. above the onset of preamplifica-
tion, the value measured at the highest drift field prior to amplification (which is the lowest
Etrans Measured) was used and it was assumed to be constant as a function of Eg,if. As shown
in figure 2.14, the effect of field line defocusing is small for high Egyif.

A list of all gases used in this study and the corresponding drift parameters are summarized
in table 3.1, illustrating the conditions for “large” or “small” transverse diffusion. As shown in
figure 3.2, the value for the specific transverse diffusion oy only minimally varies as a function
of the applied field for i-butane and Ar/CO,, thus only the mean value is given here. This is
different for Ar/CHy, thus in this case the minimal and maximal value are shown.
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diffusion gas type o) pressure p | max. lateral spread w
[pm/cm drift] [mbar] [pm]
high i-butane 130 3.3 785
13 400
50 200
intermediate | Ar/CHy 300 800 1000 100 280
small Ar/COgq 250 1000 85

Table 3.1: Table of the lateral electron spread for the three gases of this study. The pitch of
the GEMs used in this study was g = 140 um

3.4.3 Comparison of the experimental results
Conditions of large transverse diffusion

In figure 3.11 the experimental electron collection efficiency for i-butane in all three pressures
is presented as function of the preamplification factor (c.f. section 3.3.1). In this plot, the
decrease in the collection efficiency at low fields is omitted, since all data points of this region
belong to the same x-value “1”.
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Figure 3.11: Absolute electron collection efficiency vs. preamplification, in 3.3, 13 and 50
mbar i-butane. Ugpy = 90 V/ 120 V/ 180 V (GEM gain: 2/ 4/ 20) at 3.3, 13 and 50 mbar,
respectively. The solid and dashed lines are the electron collection efficiency functions predicted
by the simple statistical model presented in section 3.4.1. Omitting the secondary electrons
created in the last multiplication step (fit parameter N = 1) provides a good agreement with
the experimental results.
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The data almost overlap and full collection efficiency is reached, in all three conditions,
approximately at the same preamplification factor of 20, since the electric fields for all data
sets were chosen to result in a minimum for g ans at about 40 %.

Although the transverse diffusion is higher by a factor of 4 at a pressure of 3.3 mbar
compared to the one at 50 mbar, both data sets are almost overlapping within the error bars.
This result suggests that as soon as the size of the electron cloud is larger than the inter-hole-
distance, the collection efficiency cannot be increased any further. From the same data we
learn that the model fits best when using PA/2, namely when the last amplification step is
indeed neglected (equation 3.3).

Conditions of intermediate transverse electron diffusion

The conditions in Ar/CHy (95:5) at atmospheric are very interesting for testing the model,
since the value for w varies in wide range, being larger than the GEM-pitch for low fields,
however significantly smaller for high fields.

The collection efficiency data for Uggn = 350 V is shown in figure 3.12 as a function of the
preamplification factor. On one hand it was shown (see figure 3.7) that the diffusion in this
gas is sufficient to reach a collection efficiency of 100%, even at rather low GEM gains. In this
range, equation 3.3 with a small N (N = 1) is well reproducing the data, as shown in figure
3.12. On the other hand, as a result of the decreasing transverse diffusion with increasing field,
the collection efficiency deteriorates when going to very high fields (data points at Eqyg > 10
V/em mbar, in figure 3.7) and thus large preamplification factors (PA > 100, last data points
in figure 3.12). In this region of poor diffusion (otyansverse & 100um), small values for the fit
parameter N do not reflect the experimental graph any more.
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Figure 3.12: Absolute electron collection efficiency vs. preamplification, in Ar/CHy at atmo-
spheric pressure. Ugpy = 350 V, corresponding to GEM gain of 80, Eirans = 1.5 EV/cm.
Omitting the last amplification step (N = 1) provides a good agreement with the experimental
results.
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Conditions of small transverse electron diffusion

The size w of the electron cloud close to the GEM surface in Ar/CO3 (70:30) is below the
GEM pitch g for the entire field range. Therefore, preamplification in this gas is not expected
to enhance the collection efficiency, as demonstrated in figure 3.13 and described by the limit

Ecollect = Etrans-
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Figure 3.13: Absolute electron collection efficiency vs. preamplification, in Ar/COsz at atmo-
spheric pressure. Uggy = 550 V, corresponding to a GEM gain of 300, Eyans = 1.5 kV/cm.
Due to the low diffusion of this gas, the best fit is N being very large. In other words, the
diffusion is not sufficient to increase the collection efficiency when slightly preamplifying the
primary electrons.

3.5 Summary

It was shown in this chapter, that a full collection efficiency for single electrons can be guar-
anteed also for applications, where large fields are required in the gas volume preceeding the
GEM. The results can be summarized as follows:

e The collection efficiency for single electrons can be significantly increased, when Fgif is
increased to values, where gas multiplication is induced in the drift gap. These secondary
electrons, if moving independently in the gas, do significantly increase the probability
to have at least one of them entering the GEM aperture. We have shown that this
probability invariably reaches 100%, if the electrons transverse diffusion satisfies the
condition that the lateral spread of the electron cloud exceeds the GEM-pitch. This
spread depends on the transverse diffusion and thus on the gas properties and the drift
length. If the condition is not satisfied, it is not possible to improve the efficiency by
increasing Fgif. This principle is demonstrated in figures 3.11, 3.12 and 3.13.
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e A simple statistical model successfully explained the results of collection efficiency un-
der preamplification. It supports our understanding of the role played by the electron
transport parameters, and particularly the diffusion.

e Monte Carlo simulations based on MAXWELL, MAGBOLTZ and GARFIELD software

packages were found in good agreement with the experimental data.

It has to be emphasized here, that this procedure cannot be applied to GEM-detectors used
in high rate hadronic beams. As explained in detail in chapter 5.4, the large number of highly
ionizing particles would immediately lead to electric breakdowns between the GEM and the
drift electrode. This method is highly efficient for all applications, where single electrons have
to be detected very. In these conditions, the parallel-plate mode — even at high amplification
factors — is a safe operation mode.
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GEM-MSGC for
High-Energy-Experiments






“With love and patience,
nothing s tmpossible.”

(Daisaku Ikeda)

Chapter 4

The Hera-B-Experiment

In modern high energy experiments at hadron accelerators the requirements on tracking
detectors are very demanding, especially with respect to the radiation hardness, longterm
stability and spatial and temporal resolution attributes. In the following chapter, the devel-
opment of GEM-MSGC detectors for the inner tracking system of the Hera-B-Experiment
at DESY Hamburg is described in detail, elucidating the challenge and the difficulties in
developing Micro Pattern Gas Detectors for high energy experiments.

A short survey of the Hera-B experiment, the detector and especially the tracking system
is given first. The main issues are the experimental methods and the requirements for the
tracking detectors.

4.1 The CP-Violation in the B-Meson-system

The Hera-B-Experiment is designed to measure the CP-violation in the B-meson system,
where the CP violating effects are predicted to be large compared to the effects in e.g. the
kaon system!. In the focus of interest is the so-called “gold-plated-channel”, which provides
a very clean measurement of the CP-violation:

BYBY — J/K® = 1t~ at 7 (4.1)

In this reaction, 1T stands for an electron/positron or a myon pair of the .J/¢ decay. This
experiment uses the 920 GeV energy proton beam at DESY as a B-factory. With an interaction
rate of 40 MHz (corresponding to an average of 4 interactions per bunch crossing), a branching
ratio of 0,7 ~ 107% and roughly 107 s of data taking a year, up to 10° B-meson pairs can be
produced in collisions with an internal wire target per year.

4.2 The Detector

At first sight, the Hera-B detector resembles a conventional forward spectrometer. The proton
beam of the HERA electron-proton collider is directed on a fixed nucleus target. The carbon
target fibers surround the beam core and are moved inside to scratch protons of the beam
halo. Due to the excellent quality of the HERA-beam, also the outermost protons of the main

!The details concerning the CP violation in the standard model theory and the interplay between B — B
mixing and the CP-violation can be found elsewhere [57].
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beam are scratched to provide the required 40 MHz interaction rate. However, this procedure
allows Hera-B to operate without affecting or disturbing the other experiments located at the
HERA-ring.

A side-view of the detector is shown in figure 4.1.
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Figure 4.1: A top view of the Hera-B detector.

The precise reconstruction of multiple primary vertices and of a possible secondary vertex
relies on the vertex detector system, consisting of seven super-layers of silicon strip detectors
at 1 ¢cm radius from the beam line. The 8 target wires and the vertex detector are placed in
a vacuum tank, the vertex vessel.

For the momentum measurement, the tracks are bent horizontally by the field of a (warm)
magnet of about 0.8 T. The detector acceptance in the bending plane of 250 mrad guarantees
a large acceptance for the tracks from the “golden decay”. The granularity of the tracking
system varies with the distance off the beam, thus implying different techniques for different
radial intervals; namely micro pattern detectors for the inner and drift tubes in a honeycomb
structure for the outer parts. All trackers are grouped together in super-layers along the beam
line and almost half of them are placed inside the magnet.

The particle identification in the Hera-B experiment is done by four different subsystems,
the Ring Imaging Cherenkov Counter (RICH), the Transition Radiation Detector (TRD), the
Electromagnetic Calorimeter (ECAL) and the Muon System.

The measurement of a significant 3o effect of the CP-violation (“decay asymmetry”)
requires about 1000 golden decays. Given the low cross section for bb of only 107% and the
very unfavorable branching ratio for the golden decays of 10~° and finally an overall acceptance
loss in the detector of 10 we have to dig out about one golden decay from 102 events seen in
the detector. This requires a very fast and efficient trigger system.

Furthermore, we expect a charged particle rate of roughly 10°/R? particles per mm? and
second, where R is the perpendicular distance to the beam line measured in centimeter. Espe-
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cially for the inner detector components this means a very high accumulated irradiation dose,
almost exclusively caused by the overwhelming background particle rate in the experiment.

4.3 The Inner Tracking System

Due to the Lorentz boost, about half of all tracks of the golden decay pass through the inner
tracking system, although the total covered area is small compared to e. g. the outer tracking
system. The inner tracking detectors are installed in 10 different positions along the beam
pipe, each of these so-called “super-layers” consists of several single layers and covers an area
of 50 cm x 50 cm around the beam pipe. This corresponds to an angle of acceptance between
10 mrad and 100 mrad at maximum.

4.3.1 The requirements

The requirements for the inner tracker system are summarized below:

e The detectors have to withstand a particle flux of up to 2 x 10* particles/mm?s. During
the operation time of 3-5 years, the detectors are exposed to an irradiation dose of
roughly 1 Mrad/a, which is orders of magnitude higher compared to tracking systems
of existing experiments.

e The requirements for the granularity of the inner tracking system are demanding, since
the occupancy should not be larger than 6% to ensure good track reconstruction — thus
excluding the technique of multi-wire detectors or honeycomb drift tubes, as e. g. used
for the outer tracking system. The high granularity is achieved by choosing a pitch of
300 micron. This value is sufficient to guarantee the required resolution of x < 100 pm
in the magnetic bending plane, y < 1 mm and z < 3 mm along the beam pipe at the
same time.

e Due to a bunch crossing frequency of 10 MHz and the necessity of a fast trigger decision
(for details see [57, 58]), the signals and the readout of the detector have to be very fast
(t ~ 100 ns).

e An efficiency of 96% for one single detector layer is required to provide a first-level-trigger
efficiency not lower than 90%.

e Since a fraction of the detectors is operated in a magnetic field of B = 0.8 T, the full
functionality must be guaranteed also in presence of magnetic fields. Thus, magnetic
components cannot be used for the detector and for the support structures.

e In order to reduce multiple scattering, the material for the detector and the support
structures has to be reduced to the lowest possible amount, nevertheless providing a
sufficient mechanical robustness for assembly and transport.

4.3.2 Detector options

Given the required irradiation hardness and granularity, there are three possible options for
a realization of the inner tracker system:
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e Scintillating Fibers

A detector consisting of scintillating fibers offers an acceptable spatial and time reso-
lution. The operation is comparatively simple, since no gas or advanced high voltage
system is required. However, due to the limited detector volume, the quantum efficiency
of the scintillating fibers is mediocre. In addition, due to irradiation damages, the quan-
tum efficiency is known to decrease significantly during operation in Hera-B [33, 59].
Besides the fact that this technology is still expensive, the problem of detector ageing
was considered too severe for the Hera-B environment.

e Silicon Strip detector
This type of detector is comparatively radiation hard (and is therefore used as the vertex
detector in Hera-B). It provides an excellent spatial and time resolution. However, this
technique was extremely expensive by the time of development of the Hera-B detector
and since large areas have to be covered by the inner tracking system, this option was
excluded because of the enormous costs.

e Micro Strip Gas chambers (MSGC)
By the time of the first development steps of the inner tracking system for Hera-B, very
detailed studies had already been performed at CERN in order to test, if this concept
could be a reliable option for the high luminosity detector generation, e. g. the tracking
system of the CMS and ATLAS experiments. It had already been shown in various
tests in the laboratory, that MSGCs combine a very good spatial and time resolution
for particle tracking and an excellent high rate capability [7]. When carefully avoiding
outgasing material and when assembling them in very clean conditions, the lifetime of

this detector can be more than one decade, even in high rate environment (c. f. section
6.1).

Based on these extremely promising results and the fact, that gas detectors are much cheaper
compared to silicon detectors and scintillating fibers, the Hera-B collaboration declared the
MSGC detectors to be the baseline line solution for the inner tracking system.

4.4 Development of GEM-MSGCs for Hera-B

Since the general operation principles of the MSGC and the GEM principle have already
been explained in the introductory part of this thesis, only the characteristics concerning the
development for the Hera-B experiment are reported in this section. The research and devel-

opment of the full system was performed by the inner tracker collaboration of the universities
of Heidelberg (D), Siegen (D) and Ziirich (CH).

From the MSGC to the GEM-MSGC

Unfortunately, it turned out that MSGCs have many principle problems when operated in
intense hadronic beam. Already in 1997 the Hera-B ITR-collaboration discovered that con-
ventional MSGC detectors cannot be used in high-rate hadronic beams. Induced discharges
in the vicinity of anodes and cathodes inevitably destroy the thin electrode strips within a
few hours of operation. For the forseen Hera-B geometry with its almost 30 c¢m long strips,
discharging turned out to be unavoidable, as described in detail in section 5.3.
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After introducing the Gas Electron Multiplier (GEM) in 1997 as a second amplifying
element, the probability for 