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Gaseous radiation detectors have been a crucial part of high-energy physics
instrumentation since the 1960s, when the first multiwire proportional coun-
ters were built. In the 1990s the first micropattern gas detectors (MPGDs) saw
the light; with sub-millimeter feature sizes these novel detectors were faster
and more accurate than their predecessors. The gas electron multiplier (GEm)
is one of the most successful of these technologies. It is a charge multiplica-
tion structure made from a copper clad polymer foil, pierced with a regular
and dense pattern of holes. I will describe the properties and the application
of GEMs and GEM detectors, and the research and development I have done
on this technology. Two of the main objectives were the development of large
area GEMs (~ m?) for particle physics experiments and GEms with a spheri-
cal shape for x-ray or neutron diffraction detectors. Both have been realized,
and the new techniques involved are finding their way to applications in re-
search and industry.
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INTRODUCTION

The work presented in this thesis was done between July 2007 and September
2010, when I was enrolled in the CERN Doctoral Student Programme. During
this period Leszek Ropelewski (CERN) has been supervising my work, while
I updated Ian Brock in weekly phone meetings on the progress made. In
this period I have done research and development on micropattern gaseous
detectors (MPGDs), specifically on the gas electron multiplier (GEm).

Besides the technical work on Gem technology, I have been active in
the R&D collaboration for micropattern gas detectors introduced in the first
chapter: rD51. As a convener of one of the working groups I organized
activities and collaboration meetings, and I came in contact with many groups
around the world. This introduced me to all the techniques, technologies and
applications described in chapter one. In this chapter I describe briefly the
principles and history of gaseous detectors, and give an overview of existing
technologies and the aspects of development. I have not been directly involved
in any of the developments described in the first chapter, and the publications
of the original works are cited.

In the course of my work I have gained a lot of hands-on experience
with the methods and techniques for making GEm detectors and testing them.
This is the subject of the second chapter. I first discuss four applications of
GEMSs in high-energy physics experiments. For these applications much of the
pioneering work on assembly and operation of GEM-based detectors was done,
and many of the methods developed by them are now common practice. The
following sections are about the design, assembly and testing of GEM detectors,
and reflect my own experience with developing small and large prototypes
and testing them in the lab and a test beam.

Chapter three is about the development of large area GEms. This was the
project assigned to me when I started as a doctoral student. Until then, the
largest existing GEMs had an active area of 31 x 31 cm?, and it was generally
agreed that it was not feasible to make GEms much larger. I developed tech-
niques that eliminated limits to how large Gems could be manufactured, and
techniques that accommodated these large sizes during handling, assembly
and operation. Based on these techniques I built a prototype detector with an
active area of 66 x 66 cm?, which I tested successfully. The project received
much attention, and many groups around the world are currently using the
methods and techniques I developed. The technique that makes it possible to
manufacture such large GeM foils, the single-mask technique, is now patented
worldwide. [51].
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The last chapter is about a project that started more recently, with the
objective to make spherically shaped Gems. I explain why for detection of
neutral particles a spherical shape can be crucial for eliminating the parallax
error. The idea to do this was already raised by Fabio Sauli in the original
GEM patent [50], but it was never realized. A company interested in making
such intrinsically parallax-free x-ray detectors (Bruker axs) was willing to
finance the R&D necessary to make spherical GeMs. I made a first assembly of
a spherical Gem with peripheral components to support and operate it, and
showed that it works. Although this work was received enthusiastically at the
conferences where it was presented (it was awarded Student Paper Prizes at
the 2009 and 2010 1EEE Nuclear Science Symposia), it is so far not yet adopted
by Bruker.

I have greatly enjoyed these years doing R&D, and I have learnt a lot. I
saw how development projects are set up, and what is involved. I learned
how efforts and resources are spent, and when to stop if things do not look so
promising anymore. And I have come to appreciate the value of collaboration
with a network of people doing similar research; being able to discuss ideas
and exchange experience. I hope my enthusiasm for R&D and particularly for
gas detectors is reflected by this thesis.
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Chapter One
T

INTRODUCTION TO GAS DETECTORS

In this chapter the principles of gaseous radiation detectors will be introduced.
The working principle of all gas detectors is similar: radiation causes ionization
in the gas, electrons and ions drift apart in an electric field, and the electrons
create further electron-ion pairs in an avalanche process in a region with a
strong electrostatic field.

Gaseous detectors differ in how this strong field region is created; many
examples will be given to illustrate this. After a short historical introduction
to micropattern gas detectors (MPGDs), a few production techniques will be
introduced that made it possible to make MPGDs. An overview of detector
technologies and their respective merits and applications will be given. Finally,
an R&D collaboration for micropattern gas detectors is introduced which plays
a key role in the development of these technologies.

1.1 PRINCIPLES OF GASEOUS DETECTORS

1.1.1  Tonization

Fast charged particles traversing matter lose a fraction of their energy by
electromagnetic interactions, thereby causing ionization. The mean energy
lost per unit of path length per unit of density of absorber (also called the
stopping power of the absorber) is well described by the Bethe equation [1]:

_<d_E>:Kzzgi |:11n Zmecﬁ 4 Tmax_‘BZ_S(ﬁ)/) . (1'1)
dx 2

Ap2|2 I?

Here, f = v/cand y = 1/y/1 — ? as usual, Z and A are the atomic number
and atomic mass of the absorber, z is the charge state of the fast particle,
mec* is the electron mass (0.511 MeV), I is the mean excitation energy [2],
Tmax = 2m.c?B?y* is the maximum energy loss in a single collision, K is a
constant, and &(y) is a density correction that is only important in gaseous
media and at high energies. The stopping power is usually plotted as a function
of By(= p/Mc), as in figure 1.1 for argon. It has a minimum around Sy = 3.5,

Charged particles
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Figure 1.1 — Energy loss of singly charged particles in argon gas, according to the
Bethe equation (1.1).

particles with such velocities are therefore called minimum ionizing particles
(m1ps). Stopping powers of other materials are very similar.

The electrons liberated by interactions of the fast particle with the gas
molecules constitute the primary ionization. Further ionization is caused
by collisions of primary electrons with molecules and by various modes of
relaxation of primary excitations; this is called secondary ionization. One im-
portant de-excitation mechanism leading to ionization is the Penning transfer,
which occurs when one component of the gas mixture has an excitation en-
ergy greater than the ionization potential of another component. Excited
molecules from the first component can then ionize the other component,
with a probability that depends on the temperature and density.

Most of the charge along a track is from secondary ionization. The range
of primary and secondary electrons in a gas at NTP is typically (much) shorter
than a millimeter. On the other hand, the average distance between primary
ionizations from a relativistic particle is typically a few millimeters. This gives
rise to the characteristic charge deposition pattern as an irregular chain of
so-called clusters, see figure 1.2.

Gaseous detectors can also be used for detection of neutral particles like
photons (x-ray or UV) or neutrons. Soft x-rays (up to ~ 12 keV) and thermal
neutrons (~ 26 meV) are often used for structural analysis of condensed matter,
as their wavelengths are of the order of magnitude of interatomic distances (~
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Figure 1.2 — Left (blue background): ionization in clusters along a track, as observed

by a highly granular time projection chamber (Tpc) with an Ar/CO, (70/30 %) gas

mixture [4]. Right: 5.4 keV x-ray conversions in an Ne/DME (dimethyl ether) 80/20%

gas mixture. Measurements are from a GEM pixel detector [5]. The reconstruction

is indicated, marking the conversion point (#) and the direction of emission of the
photoelectron.

1 A). Large area uv photodetectors are needed for many Cherenkov detectors
used in particle physics. As neutral particles do not lose energy in many
ionizing interactions along their path like charged particles do, detection
depends on a conversion interaction which liberates one or more charged
particles. In the case of photons this happens by the photoelectric effect. A
UV photon yields (with a certain quantum efficiency) a single photoelectron
from a solid photoconverter layer or from a component of the gas mixture.
Soft x-ray photons (up to ~ 12 keV) liberate a primary photoelectron from the
gas, with energy E = hv — ¢, where ¢ is the ionization energy of the gas atom.
This energy is lost in collisions with gas molecules, and in total a few hundred
electron-ion pairs are thus created. Figure 1.2 includes also some of these
conversion events. The heavier noble gases have the highest cross-sections for
x-ray absorption, therefore krypton and xenon are frequently used in x-ray
detectors. Thermal neutrons (few tens of meV) can be converted by a nuclear
reaction with special isotopes of light elements, either in a solid foil or film or
as a component of the gas mixture. This reaction yields an ion and a proton
or a-particle. Both particles are strongly ionizing: ~ 2 MeV «a-particles and
0.57 MeV protons have fy ~ 0.03, with a mean energy loss more than 100
times higher than mi1ps. See table 1.1 for reactions and cross-sections of most
commonly used isotopes.

112 Drift & diffusion

The charge from primary and secondary ionizations drifts apart in an electric
field of few hundred up to few thousand V/cm. The ions thus recombine at
the cathode, while the electrons are transferred to the amplification region.
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Table 1.1 — Absorption cross-sections for thermal neutrons (300 K; 26 meV) of a few
isotopes, and their conversion reactions. [6]

Isotope o(barn) Reaction
3He 5.33-10° 3He+n — 3H(o.19MeV) + p(0.57MeV)
Li 9.45-10>  °Li+n — 3H(2.74MeV) + a(2.05MeV)
1°B 4.01-10° 'B+n - 7Li(0.83MeV) + a(1.47MeV)

The drift velocity depends on gas mixture and reduced drift field (defined as
the ratio of electric field to pressure, E/p), and is normally a few cm/ps for
electrons, and about a thousand times slower for ions. At a microscopic scale,
a constant drift velocity is the consequence of many elastic collisions with gas
molecules, for which the dynamics are different between electrons and ions.
The fractional loss of kinetic energy in an elastic collision is proportional
to the mass ratio of the colliding bodies, which for electrons is ~ 10™* and
for ions ~ 1. Consequently, ions are almost stopped by each collision, while
electrons are scattered isotropically. This causes a significant diffusion of
drifting electrons, whereas ions drift nearly perfectly along the electric field.
The diffusion width of an electron cloud drifting from a point-like origin is
defined as the rRMs of its transverse lateral distribution:

DL
Oy = 2—. (1.2)
uE

Here L is the drift length, D is the diffusion coefficient and y is the electron
mobility; the latter two are properties of gas composition and conditions,
D also depends on the magnetic field. Electron diffusion is found to be
not entirely isotropic [7], longitudinal diffusion is generally smaller than
transverse diffusion.

The presence of a magnetic field influences drift and diffusion. A magnetic
field perpendicular to the electric field, as we find in a transverse tracking
station inside the solenoidal magnet of an experiment, introduces a Lorentz
angle in the drift of electrons. In case the magnetic field is parallel to the
electric field, like in a TPC, the transverse diffusion of electrons is suppressed
allowing a good spatial resolution even for drift lengths of ~ 1 m. This diffusion
suppression is a consequence of the bending of the transverse motion of
electrons, thereby reducing their excursion. The longitudinal component of
the velocity is not affected, as it is parallel to the magnetic field.
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1.1.3  Amplification

If the electric field is strong enough (3 10kV/cm/atm, depending on gas
components and density), the drifting electrons gain sufficient kinetic en-
ergy between collisions with gas molecules for further ionization. Thus an
avalanche develops exponentially, as long as the field is above this multiplica-
tion threshold. This process is described by the first Townsend coefficient «,
which depends on E and the gas composition and density. The increase of
the number of electrons N along a path s is expressed as

dN = Nads. (1.3)

To calculate the gas gain of a certain amplification structure, the above ex-
pression must be integrated over the trajectory of a drifting electron:

N b
— = ds. .
N, expfa ads (1.4)

The boundaries a, b need to cover only the region where the field is sufficiently
strong, a = o elsewhere. Penning transfers, mentioned above, also play an
important role in the multiplication mechanism and can increase the gain by
an order of magnitude.

An avalanche also produces photons, usually in similar quantities to
electron-ion pairs. A few of these photons may have sufficient energy to cause
ionization, either in the gas or on an electrode. If such energetic photons have
a range greater than the size of the avalanche, so-called afterpulses may occur
(by photoelectric effect on the nearest electrode), or the high voltage in the
chamber may break down completely (by ionization of gas molecules). To
avoid such unstable behavior, the range of uv photons is usually reduced by a
so-called quencher admixture to the active gas. This is a molecular component,
often a hydrocarbon or CO,, that has a high photo-absorption coefficient due
to the molecules’ many rotational and translational degrees of freedom.

1.1.4 Signal induction

All the moving charges, both electrons and ions, induce currents on the
electrodes in the chamber. If an electrode is connected to a charge sensitive
amplifier, these induced charges can be read out as electrical signals.
Ramo’s theorem [8] describes the current induced on electrode n by the
movement of charge g over the path x(¢) with drift velocity v(¢):

104(4) = —gE, [x(£)] - v(2). (1.5)

Photons
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Here E, is the so-called weighting field of electrode n, defined as the field
obtained by applying a potential of 1V to that electrode while grounding all
other electrodes. Equation 1.5 is exact in case all electrodes are grounded. If
some electrodes are connected to ground via some sort of impedance network,
a correction term must be added to describe the capacitive coupling of the
voltage fluctuations on these electrodes to electrode n [9].

1.2 HISTORY AND PROPERTIES OF MPGDS

For several decades the most common way to generate a gas amplification
field was using thin wires, either one or many, where close to the wire the
field strength is inversely proportional to the distance to the wire. This is
illustrated in figure 1.3, the first two pictures. The avalanche takes place few
tens of microns from the wire, and the electrons are collected immediately.
The ions drift back all the way to the cathode; the signals from proportional
wires are therefore almost entirely based on the movement of ions.

multiwire single wire strips holes parallel plate grooves

Figure 1.3 — Computed electric field profiles for various micropattern technologies.

In recent years, many planar structures have emerged that generate an en-
hanced field region in various ways. Several examples are shown in figure 1.3
and many more have been developed. Common feature among all these struc-
tures is a narrow amplification gap of typically 50-100 microns, compared to
many millimeters for wire-based structures. These devices are now known
under the common name of micropattern gaseous detectors (MPGDs).

The first such structure to gain popularity was the microstrip gas cham-
ber [10] (MsGc), of which the field pattern is shown in the third picture in
figure 1.3. The principle of an MsGc resembles a wire chamber, with fine
printed strips instead of thin wires, see figure 1.4. Due to the microelectron-
ics techniques employed in manufacturing the spacing between anode strips
was as narrow as 200 microns, compared to at least several millimeters for
wire chambers. Most ions created in the avalanche process drift to the wider
cathode strips, which are spaced only 60 microns away from the anodes. This
short drift path for ions overcomes the space charge effect present in wire
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Figure 1.4 — Left: wires of a multiwire proportional chamber (Mwpc) soldered to a
frame. Right: microscope image of a microstrip gas chamber (MsGc)

Figure 1.5 — Gain as a function of particle rate in otherwise constant conditions, for
wire chambers in blue and MsGcs in red. [11]

chambers, where the slowly drifting ions may remain in the gas volume for
milliseconds, and modify the electric field (thereby reducing the gain). Fig-
ure 1.5 shows how this space charge effect limits the rate capability of wire
chambers, and how the fine granularity of MsGcs pushes this limit by two
orders of magnitude.
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Figure 1.6 — Damage done to MmsGcs by discharges. The left frame shows a new MsGc.

In the middle frame one can see the impact of sparks on the electrodes (the little

dark spots). In the right frame anode strips are cut by a strong discharge, leaving

part of those anodes inactive. With its very thin metal layers MsGcs are particularly
vulnerable for discharge damage.

The high rate capability of the Mmscc made it an attractive technology for
many applications. However, the development of the MsGc also showed some
new limitations, most of which are common to all micropattern devices. One
common issue is the charging of insulating surfaces which modifies the field
shape locally, limiting the time stability. For msGcs this could be solved by
surface treatment of the glass substrate to decrease the surface resistivity.

Possibly most important is the issue of discharges, which eventually led
high-energy physics experiments to abandon MsGc technology. MsGcs suf-
fered severely from such discharges, induced by heavily ionizing particles or
high particle rates, which could fatally damage the fragile anode strips, see
figure 1.6. In 1997 the gas electron multiplier (GEm) was introduced [12] as
a preamplification stage for the mscc. This allowed the MsGc to work at a
lower voltage, thereby lowering the probability of discharges as well as the en-
ergy involved in discharges when they occurred. The GeM principle was so
successful that it soon became the basis for a detector in its own right.

The gas electron multiplier is a copper clad polyimide foil with a regu-
lar pattern of densely spaced holes, see figure 1.7. Upon applying a voltage
between the top and bottom electrodes, a dipole field is formed which fo-
cuses inside the holes where it is strong enough for gas amplification. As
a GEM is only an amplification structure, it is independent of the readout
structure, which can be optimized for the application (see a few examples in
figure 1.8). Due to the separation from the readout structure, possible dis-
charges do not directly impact the front-end electronics, thus making the
detector more discharge tolerant. Also, it can be cascaded to achieve higher
gain at lower GEM voltage, which decreases the discharge probability, see fig-
ure 1.9. The triple GEM has now become a standard which is used in many
high rate applications [14, 15, 16].
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Figure 1.7 — Electron microscope images of a GM foil: oblique perspective (left) and

in cross-section (middle). On the right a simulated electron avalanche in a GeM hole.

Also the diffusion of electrons is simulated, resulting in the irregular trajectories
shown.

cartesian small angle hexaboard strips-on-pads

Figure 1.8 — Some examples of readout structures developed for GEM detectors.

Another detector structure developed about the same time is the mi-
cromesh gas detector, or Micromegas [17]. This detector has a parallel plate
geometry with the amplification gap between a metallic micromesh and the
readout board. Parallel plate amplification existed before, but the Micromegas
has a much narrower amplification gap of around 50-100 um. The narrow am-
plification gap provides fast signals and a high rate capability. The micromesh
is supported by regularly spaced pillars which maintain the accurate spacing.
This is shown in figure 1.10.

1.3 CURRENT TRENDS IN MPGDS

The development of MPGDs took oft in the 1990s mainly as a way to achieve a
higher rate capability with gaseous detectors. Since then applications have
driven developers to exploit the additional benefits of these structures, such
as excellent time and position resolution, resistance to aging, and intrinsic
ion and photon feedback suppression. Advances in available techniques for
microelectronics and printed circuits opened ways to make new structures

Micromesh gas detector
(Micromegas)
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Figure 1.9 — Gain (solid lines, left scale) and discharge probability (dashed lines,

right scale) as a function of GEM voltage, for single (sGem), double (DGEM) and

triple GEM (TGEM) detectors [13]. Discharge probability is measured by irradiation

with a-particles, which deposit ~ 100 times more energy in the gas than MIPs (see
section 1.1.1).
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Figure 1.10 — Microscope images of a Micromegas detector, with indicated mesh
and pillar spacings.
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and optimize existing ones. This led to a wide range of detector structures
for an even wider range of applications, with a performance superior to any
traditional gas detector.

1.3.1  Techniques

The techniques that enabled the advent of micropattern gas detectors come
from the industry of microelectronics and printed circuits. The microstrip
gas chamber is made by employing photolithographic techniques used by
microelectronics manufacturers. Instead of silicon wafers, thin glass plates
are used as a substrate for printing the fine strip patterns. These glass plates
are doped or sputter coated with so-called Pestov glass in order to reduce
slightly the surface resistivity, which improves the time stability [18].

The very thin metal layers of MsGcs (few hundred nanometers) makes
them vulnerable for discharges, which can easily do fatal damage (figure 1.6).
Many of the later micropattern devices use thicker metals (few microns), and
performance is normally unaffected by thousands of discharges. The tech-
niques used to pattern these metals and the insulators separating them come
from the manufacturing of printed circuit boards (pcBs). An advantage is the
much lower cost, and the possibility to cover larger areas. These techniques
include photolithography, metal etching and screen printing.

A rather special technique, thoroughly refined in the CERN pcB workshop,
is the etching of polyimide. This is the basis of a number of micropattern gas
detectors, including the GEM. Another method to pattern insulators, more
standard in industry, is using photo-imageable polymers such as photoresist,
coverlayers and solder masks.

1.3.2  Technologies

A few of the most prominent micropattern gas detector technologies have been
mentioned in the introduction. Many more structures were developed and
are currently used, which are often derived from MsGc, GEM or Micromegas.
A few more examples are discussed here, but the selection is by no means
exhaustive.

The refinement of the polyimide etching technique that is used to make
GEMS, is also used for some detectors with a readout structure in the same
plane as the amplification structure. These are the weLL [19] and the groove
detector [20]. Unlike the GeM these structures are not “transparent’, all the
electrons from the avalanche are collected on the bottom electrode which
is also the readout structure. The microhole and strip plate [21] combines
the amplification mechanisms of GEM holes and microstrips (see figure 1.1,

11
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microhole & strip plate Cobra thickGEm bulk Micromegas

55

micropin array U-PIC InGrid on pixel chip  fine-pitch GEm

Figure 1.1 — Microscope images of various detector structures. See text for details
on each frame.

first frame), and combines a high gas gain with an excellent ion feedback
suppression. The Cobra structure [22], shown in the second frame of figure 1.11,
was designed to enhance the ion feedback suppression further by an order of
magnitude.

Another GEM-derivative is the thickGEM [23], also shown in figure 1.11.
This is a hole-type amplification structure, where the flexible polyimide sub-
strate is replaced by a thicker glassfiber-reinforced-epoxy plate and the holes
are mechanically drilled. The substrate is the standard base material for rigid
pcBs and is therefore cheap, and readily available from any pcs manufacturer.
Also the automatic drilling of the holes is a standard industry procedure. One
has full control over the hole pitch and diameter, and the shape, size and thick-
ness of the base material. These structures are convenient for applications
where position and time resolution are not the most critical parameters, but
which require a high gain and a certain ruggedness. ThickGEms are for in-
stance popular for photodetector applications, where the stift substrate lends
itself well to the vacuum deposition of a CsI photoconverter [24]. More re-
cently, electrodes of thickGEms have been covered with or replaced by resistive
layers [25]. These detectors are reported to work stably in streamer mode, due
to the enhanced quenching by the resistive layers.

Micromegas detectors underwent a technical improvement with the in-
troduction of a new fabrication method [26]. Here a woven metal micromesh
is laminated to the readout board between layers of photoimageable solder-
mask. These soldermask layers can subsequently be patterned by uv-exposure
to create the supporting pillar structure (see the fourth frame of figure 1.11).
The materials involved are quite inexpensive, and the processes are industry

12
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standard, which makes it suitable for large scale production. Also, the homo-
geneity of the grid spacing is better than of the original Micromegas detectors,
and the detector is very robust.

The micropin array [27] was introduced for x-ray imaging (see figure 1.11,
first frame of the second row). The spherical geometry of the electric field
close to the end of each pin (proportional to 1/r* compared to 1/r of a wire
chamber) gives rise to very short amplification region, allowing a rate-stable
high gain. A similar philosophy led to the development of the microdot
chamber [28](also shown in figure 1.11, for which microelectronics techniques
were employed to reach feature sizes of only a few microns.

The coming of age of post-wafer processing techniques marked the intro-
duction of MPGDs with pixel readout. These detectors use the bump-bonding
pads of a pixel chip as a readout structure. The position and time resolution
of these devices is unmatched by any other gas detector. Due to their high
sensitivity they can distinguish each primary electron. This enables them to
resolve delta-rays from a track or to reconstruct the direction of emission
of a photoelectron from an x-ray conversion (related to the x-ray polariza-
tion). One group uses a Micromegas-type of gas amplification: InGrid [29].
The grid electrode and the insulating pillar structure supporting it are made
directly on the chip by post-wafer processing techniques, allowing the grid
holes to be aligned with the readout pads (see figure 1.11). Another group uses
an AsIc with a hexagonal readout pad structure, and a GEM-based amplifica-
tion structure [5]. Here the GEM has a reduced pitch of s5oum and thickness
of 25um (compared to 140um and soum respectively for standard Gems) to
match the granularity of the readout (see the last frame of figure 1.11).

1.3.3  Applications

Micropattern gas detectors have already been applied in many instruments
and experiments, both by science and industry. Possible fields of applica-
tion are high-energy and nuclear physics, synchrotron and thermal neutron
research, medical imaging and homeland security. Most structures were
primarily developed for high rate tracking of charged particles in nuclear
and high-energy physics experiments. For instance Micromegas [30] and
GEMS [14] are used in the coMPAss experiment, and GEMs in LHcb [16] and
TOTEM [15] experiments. Also for the LHC machine upgrade program to
increase its luminosity by roughly a factor of ten, most of the experiments
foresee replacement of wire chambers, drift tubes and resistive plate cham-
bers by MmPGDs. However many MPGDs have shown to be suitable for other
applications as well. A few examples are given here.

13
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Both GEMs and Micromegas can be used for the readout of a time pro-
jection chamber [31] (TPC). Compared to wire chambers, these MPGDs have
the benefit that the planar structure suppresses the E x B effects which limit
the spatial resolution of wire chambers in a TPC configuration. Also, both
Micromegas and GEMs have a natural ion feedback suppression, which may
make a gating structure unnecessary. If a high granularity readout structure
like a pixel chip is used, the excellent spatial and energy resolution can resolve
primary clusters, improving the measurement of energy loss.

As mentioned before, GEM-like structures can be coated with a photocon-
verter (typically CsI) to serve as a photon counter. In this way, large areas can
be covered with hardly any dead zones, and the technique is inexpensive. This
makes it attractive for ring imaging Cherenkov detectors, where the photode-
tector planes often span several square meters. Also here the ion feedback
suppression is an added benefit, as it increases the lifetime of the photocon-
verter. In addition, the detector can be made “hadron-blind” by reversing the
drift field, and even “windowless” if the Cherenkov radiator gas (in that case
typically CF,) is also used as amplification gas [32].

X-ray counting and imaging detectors can be based on MPGDs [33], as
x-rays convert in some noble gases leaving typically few hundred primary
electrons for detection. For these purposes efficient x-ray conversion gases
are frequently used, such as xenon or krypton. Argon is about an order of
magnitude less efficient, but so much cheaper that it can still be attractive for
high rate applications.

Microstrip gas chambers and GEM detectors are also used as neutron
detectors [34]. A boron layer (in the form of *°B,0;) can be vapor-deposited
onto GEM foils, which acts as a neutron converter. For the best efficiencies
gaseous converters are used at high pressure: 3He or '°BF;. Conversion
reactions and cross-sections are given in table 1.1.

1.3.4 Performance

Depending on the application, the performance of MPGDs has different figures
of merit. The first MPGDs were designed to obtain a high rate capability. Several
MHz/mm? of charged particles are easily reached with, for instance, a triple
GEM detector, without a measurable loss of gain and with negligible discharge
probability.

Time, position and energy resolution are crucial figures for most appli-
cations. GEM-based detectors normally have a position resolution of about
50 um, Micromegas can go down to ~ 12um if equipped with a high density
readout board. Time resolutions are of the order of few nanoseconds. X-ray
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energy resolution is often measured using a *>>Fe source, obtaining a FWHM
between 15% and 22%. MpGDs with pixel chip readout report position reso-
lutions below 10 um and a time resolution of 1 ns. From the >>Fe spectrum
they can resolve the K, and Kz energies, and reach a resolution of 12%.

The reduction of ion backflow into the drift region is a general property
of MpGDs. It is usually expressed as a fraction of the effective gain, and
this value depends quite strongly on the way the fields are configured in
the chamber. Microhole and strip plates feature a particularly effective ion
feedback suppression of the order 10™# in optimized conditions. Combined
with a Cobra structure, 107> has even been realized [22].

Aging modes of gas detectors are largely understood in the case of wire
chambers [35]. There the plasmas that are formed during avalanches in the
strong field near the wire deposit layers of silica or polymers which reduce
the gain and give rise to micro discharges. Most micropattern devices do not
generate such a strong field at the surface of the conductors, and consequently
little signs of aging have been observed. Specific aging studies of MPGDs have
rarely been done yet, and time will prove if they are as resistant to aging as it
seems.

1.4 AN R&D COLLABORATION FOR MPGDS

Rps1 is a large R&D collaboration, which unites many institutes in an effort to
advance technological development of micropattern gas detectors [36]. At
the time of writing there are ~ 430 participating authors from 73 institutes in
25 countries worldwide. The efforts of the collaboration do not focus on one
or a few particular applications for MPGDs, but is rather technology oriented.
It is a platform for sharing of information, results and experiences, and for
steering R&D efforts. It tries to optimize the cost of R&D projects by sharing
resources, creating common projects and providing common infrastructure.
Rp51 has two co-spokespersons. Concerning all scientific matters the col-
laboration is governed by a collaboration board (cB), which is also responsible
for coordinating the financial planning and other resource issues, in particu-
lar for managing the common fund. Representatives from all collaborating
institutes are seated in the cB, and have voting rights. A management board
(MB) supervises the progress of the work program along the lines defined by
the cB and prepares decisions for and makes recommendations to the cs.
The activity is divided in seven working groups (was), covering all relevant
topics of MPGD-related R&D. A number of tasks is assigned to each working
group. Table 1.2 lists all the was and indicates their objectives and tasks.
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Table 1.2 — Organization of RD51 in working groups and tasks.

Wai Wa2 Wa3 Wa4 Was Waé6 Way
Mprap technology Characterization  Applications Software Electronics Production Common test
& new structures & physics issues & simulation facilities
é Design Common test ~ Evaluation and  Development Readout Development Sharing of
5 optimization. standards. optimization of common electronics of cost-effective common
2  Development of Characterization for specific software and  optimization and technologies and infrastructure
S new geometries of physical pheno-  applications ~ documentation intergration with industrialization  for detector
and techniques  mena in MPGDs for MPGDs MPGDS characterization
Large area Common test Tracking and Algorithms FE electronics Common Testbeam
MPGDS standards triggering _ requirements production facility
— — Photodetection Simulation definition facility _
Design Discharge — . T _ -
L . Calorimetry ~ improvements General purpose Irradiation
optimization protection - ixel chi Industrialization facilit
@ New geometries — Cryogenic det. - prxel cup Y
X - . — —
2 Fabrication Aglr.lg :and X-ray & neutron Common Large area .
_ radiation imaging platforms systems with Collaboration
Development hardness il (RoOT, Geant4)  pixel readout with
of rad-hard — Astroparticle — industrial
Charding-up ; o Portable multi-
detectors hysics appl. . artners
and rate PRYSIcS app Electronics channel system P
N capabilit Medical appl. modelin —
Development bty - app 8 Discharge
of portable Avalanche Plasma diagn. protection
detectors statistics Homeland sec. strategies
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Wat is concerned with the technology of MPGDs and the design of new
structures. Examples are efforts to make Micromegas, GEM and thickGEm
technologies suitable for large areas [37]. Also interesting is the development
of cylindrical GeM [38] and Micromegas [39] detectors for inner barrel track-
ing. A recent development is the introduction of spherical Gems [67] for
parallax-free x-ray diffraction measurements.

The second working group deals with physics issues of MPGDs, such as
discharges, charging of dielectric surfaces and aging. Also, common test
standards are proposed to enable different groups to compare their results.
Regular meetings have become a forum for exchanging results and for discus-
sion about what are actually the most fundamental properties of micropattern
gas detectors.

WGa3 concentrates on the applications of MPGDs, and on how to optimize
detectors for particularly demanding applications. Examples have been listed
above and new applications still appear, sometimes from surprising fields:
one project aims to construct very large area GEM chambers to detect nuclear
fission materials or waste in cargo containers by tomography of cosmic ray
muons [40].

WG4 develops simulation software and makes progress in the field of
simulation. Simulation is essential to understand the behavior of detectors. A
mature range of software tools is available for simulating primary ionization
(Heed"), electron transport properties in gas mixtures in electric and magnetic
fields (Magboltz*), and gas avalanches and induction of signals on readout
electrodes (Garfield®). Garfield has interfaces to Heed and Magboltz and only
needs to be supplied with a field map and detector configuration. A field map
can be generated by commercial finite-element method (FEM) programs such
as Ansys, Maxwell, Tosca, QuickField and FEMLAB. Within the collaboration,
an open-source field solver is being developed and recently released called
neBEM [41]. It is based on the boundary element method (BEm), and is in
most respects superior to FEM solvers for gas detector simulations.

Front-end electronics and data acquisition systems are discussed in was.
Electronics for detectors are highly specialized and therefore almost entirely
based on application specific integrated circuits (asics). A front-end asic
often has to be radiation tolerant, must accept external triggers and have long
analog pipelines for the trigger latency, and must support high output data
rates. Availability, flexibility and scalability of chips and pAQ systems are
discussed in regular meetings. MPGDs have typically one more requirement

! Author: Igor Smirnov (http://consult.cern.ch/writeup/heed/)
*Author: Stephen Biagi (http://consult.cern.ch/writeup/magboltz/)
3 Author: Rob Veenhof (http://garfield.web.cern.ch/garfield/)
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for the front-end chip: it must survive discharges, and the dead time following
a discharge must be kept to a miminum. Various solutions are in development
in this working group.

Wa6 deals with the production of MPGDs. Almost all MPGDs were first
made in the CERN PcB workshop of Rui de Oliveira, and it remains an al-
most exclusive manufacturing site for most technologies. Hence, efforts in
WG6 are aimed at plans for upgrading this workshop on the one hand, and
industrial partnership and export of the technology and know-how on the
other. Also, scenarios are developed for industrial scale production of some
MPGDs (especially GEMs and Micromegas), in case a large experiment decides
to implement them in their system.

Finally, wGy coordinates the effort to set up a shared test infrastructure
in the form of test beam and irradiation facilities. The test beam facility will
be equipped with supply and exhaust of gases, including flammable mixtures.
Also alarge 1.4 Tesla magnet will be provided. The irradiation facility provides
a strong gamma source (a 10 TBq *37Cs source is foreseen) combined with a
100 GeV muon test beam (10* muons per spill) and is called Gre++ [42].
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Chapter Two
T

GEMS

Now that the principles of gas detectors, and more specifically the benefits of
micropattern gas detectors have been introduced, this chapter goes into details
about the gas electron multiplier (GEm). After a few examples of applications
in high-energy physics, the process of design, manufacturing, assembly and
testing of GEM detectors is described.

2.1 APPLICATIONS

Gewms have already been applied in many detectors, both in high-energy
physics and in other fields. As an example, some of the most visible applica-
tions in high-energy physics are discussed below. Table 2.1 gives a summary
of the required parameters for these applications.

2.1.1 HERA-B

The first application of GEMs was in the HERA-B experiment at DESY, Ham-
burg [43]. There it served as a preamplifier for an MSGc, to cope with rates
of up to 10° particles per cm? per second. Ten stations of several detectors
each were distributed along the beam pipe, three of them inside the magnet
(B = 0.85T). They were used both for precision tracking (better than 100 pum)
and momentum measurements, and for triggering with 99% efficiency for a
pair of detectors. The glass of the MsGcs was coated by chemical vapor depo-
sition with an amorphous carbon composite, to reduce the surface resistivity
to 10'4-10" Q) /0 and thereby improve the time stability.

Table 2.1 — Some applications of GEMs in high-energy physics experiments, and the
required parameters of the detectors.

Experiment Purpose Config. Size (cm*) Space res. Time res. Rate cap.
HERrA-B track/trig. GEM+MSGC 30 X 30 100 um 1MHz/cm?
Compass  tracking triple GEM 31 x 31 46um 15.0ns 150kHz/cm?
LHCb triggering triple GEM 24 x 20 4.5ns  500kHz/cm?
ToTEM track/trig. triple GEM 30 x 16 58um 10.0n8 1MHz/cm?*
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Figure 2.1 — The xy-readout structure developed for the compass triple GEM detec-
tors. On the left, a reconstruction of the buildup in layers. Dimensions are indicated
on the photograph to the right.

2.1.2 COMPASS

ComMmpass is a fixed-target experiment at CERN. It includes 10 stations of two
triple-GEM chambers each [14]. A lot of pioneering work was done for this
first application of triple GEM detectors. Many of the solutions found for
the technical challenges have become standard practice in later applications.
Therefore these detectors will be described in greater detail than the other
examples.

The readout board has fine-pitch x and v strips, for an accurate 2D posi-
tion readout. To measure both cartesian coordinates of the same event, the
charge coming from the triple GEM structure must be collected by both hori-
zontal and vertical strips in roughly equal shares. In addition, the charge is
shared by several strips of the same coordinate to improve the position res-
olution of reconstructed clusters. To meet these conditions, the strip pitch
of both coordinates must be substantially smaller than the diffusion width
of the charge cloud (defined in section 1.1.2). Figure 2.1 shows how this is
achieved with strips in two directions located in separate planes. With this
readout technique a spatial resolution of 46 um is obtained for both x- and
y-coordinates.

Sharing of charge between x and v strips is done by optimizing the rela-
tive width of both sets of strips. The charge sharing ratio can be accurately
controlled, so that it assists in disentangling events with multiple hits, in case
one hit leaves more ionization than the other. The pattern in the insulating
layer that separates the layers of strips is made by the same polyimide etching
technique that Gems are also based on.

In this first application of triple GEM detectors substantial effort was spent
on supplying and distributing the 7 high voltage potentials to the respective
electrodes. A key issue was the prevention of discharges and especially their
propagation (from GEM to GEM, or from GEM to readout). The Hv distribution
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0.5 MQ

Figure 2.2 — Resistive divider for distribution of high voltages to all the electrodes of
a triple GEM detector, all values are indicative. In case the electrodes are large (right),
they are segmented and each segment is powered through its own safety resistor.

scheme turns out to be instrumental to reach these goals [13]. Figure 2.2
shows a typical Hv distribution network frequently used for triple GEMs. Itisa
resistive divider, where the top electrodes of Gems are supplied through high-
value safety resistors. These safety resistors limit the current that recharges
the capacitance that is being discharged by a spark, thereby quenching the gas
discharge. By applying those resistors to the top electrodes only, their potential
drops in the event of a discharge, leaving the voltage of bottom electrodes
stable. The electric field strength above the Gem (towards the drift cathode)
will thus increase, but not below the GEm (towards the readout). This makes
propagation of a discharge very unlikely, as gas discharges normally propagate
from cathodes to anodes. Direct impact of a spark onto the readout electrode
(and the sensitive electronics connected) is unlikely with this distribution
scheme. The ratio of gain to discharge probability can be further optimized by
applying a slightly different voltages to the three GEms, with the first about 10 %
higher and the third about 10 % lower than the second one. This is indicated
in figure 2.2 as parallel resistors in the divider.

Due to the short distance between top and bottom electrodes (50 um)
and the presence of a dielectric (x = 3.3), the capacitance of a GEM can be
rather high compared to other micropattern structures. To limit the energy
transferred in a discharge, the top electrode is divided in sectors with each
sector up to 100 cm®. This corresponds to a capacitance of about 4.7 nE Each
sector is connected to the divider through a separate safety resistor. This way,
only the capacitance of one sector is involved in a discharge, all other sectors
are unaffected. The recovery time of a sector depends only on the value of
the safety resistor and the area of the sector: RC = 107 - 4.7-10™° = 0.047 s
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Figure 2.3 — Beam Kkiller region in the middle of the compass GEMs. In case the
particle rate is too high the gain in this sector can be reduced to zero by shorting it
with the bottom electrode of the GEm.

or 47 ms for 10 MQ and 100 cm®. Sectors are separated from each other by
a clearance of 100 pm, this is found to be sufficient to avoid sparks from
propagating from one sector to another.

A special feature of the coMmPAss GEMs is the so-called beam killer. This is
a sector on the top electrode of each Gem, formed such that it covers the area
where the beam goes through the detectors, see figure 2.3. In this region the
rate can be so high (depending on beam particle type and the target) that the
occupancy of the strips covering it becomes intolerably high. The beam killer
sector can be “switched off” by shorting it with the bottom electrode.

The way the triple GEM detectors for comPass were assembled is still the
most conventional method, it is illustrated in figure 2.4. GEMs are stretched
and glued to spacer frames, which are wide along the border of the chamber
and which have very slim elements (~ 300 um) in the active area to keep
accurate and uniform spacing between layers. To the right of figure 2.4 is one
such spacer frame used for the compass detectors. The thin spacer elements
inside the active area may be necessary or not, depending on stretching tension
and size of the detector. In this case it was deemed necessary, even though
close to these elements minor inefficiencies were reported. Light aramid
honeycomb panels back the front and rear faces of the detector for protection
and mechanical rigidity.

2.1.3 LHCD

LHcb is an LHC experiment aimed at heavy flavor physics. Twelve pairs of
triple GEM detectors (see figure 2.5) are used as muon trigger stations in the
forward region where the rates are very high (up to 10 kHz/cm?) [16]. As
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Figure 2.4 — Left: composition of compass triple GEM chambers. Most triple GEM
detectors built later used the same or similar methods. Right: a comPASs GEM spacer.

spatial resolution is not a concern, a readout structure of large pads (1 x 2.5
cm?) is used. Much effort was spent on optimizing the time resolution at high
efficiency. This resulted in a resolution of 3.5 ns and an efficiency of ~ 97 %
per station, or 4.5 ns and ~ 90 % per detector, working at a gain of only 4000.

These extraordinary figures are reached by a combination of choices for de-
sign and gas mixture. A ternary gas mixture of Ar/CO,/CF, (45%/15%/40%)
is used because of its high electron drift velocity (~ 10 cm/ps) and high pri-
mary cluster yield (~ 7 mm™"). The induction gap is reduced to only 1 mm to
have a steeper signal rise time, hence reducing time walk. The first transfer
gap is also reduced to 1 mm to limit the amount of ionization charge deposited
in that gap; this charge could lead to a premature signal.

2.1.4 TOTEM

The TOTEM experiment is another LHC experiment, integrated in the very
forward regions of the cMs experiment. Because of its specific physics pro-
gramme and its forward coverage, it cannot rely on the cms trigger system
and it needs to generate its own triggers. Each of its three subdetectors (from
up- to downstream: cathode strip cambers, triple GEmMs and roman pots) are
therefore designed as self-triggering units.

The 40 GeM detectors have a semi-circular shape which allows them to
embrace the beam pipe from both sides (see figure 2.5). To combine tracking
and triggering functionalities the readout board consists of 512 concentric
strips (tracking) on top of 1560 pads (triggering). Between pads and strips
charge is shared by the same technique presented above for the compass
GEMs (figure 2.1). A time resolution of below 10 ns is reached with a “standard”
gas mixture of Ar/CO, (70%/30%), which is also used by the HERA-B and
COMPASS GEM detectors.
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Figure 2.5 — Examples of final detector assemblies of applications discussed in the
text.

2.2 DESIGN & ASSEMBLY

Design of a GEM detector is not straightforward. It involves many components
and is built up in several layers, all of which must align well with the others.
Also assembly of GEM-based detectors poses certain challenges: alignment,
gas tightness and most of all the stretching of GEM foils. These aspects of GEM
technology are discussed in the following sections.

2.2.1 ‘Design

Design of a GEM detector typically comprises the GEMs themselves, spacer
frames, honeycomb panels, a readout board and a high voltage distributor.
One can use computer aided design (CAD) software for defining accurately the
shape and dimensions of each layer, and add alignment features (holes for
dowel pins, reticles) on all layers to facilitate assembly later. The output formats
of cAD software, most conventionally . dwg or . dxf files, can be interpreted
by computer aided manufacturing (Cam) software, which in turn can output
fabrication scripts for manufacturing.

What needs to be specified in a design for a GeMm foil is the areas that
must be filled with holes, and the top and bottom electrodes. As noted in
previous chapter, the fabrication is done with methods and procedures from
the printed circuit board (pcB) industry. Therefore, pcB design software can
be used with the benefit of having a fabrication output format native to pcs
manufacturing equipment: Gerber files.

Proper segmentation of the top electrode must be included in the design
(if > 100 cm?), with 100 pm spacing between sectors. No GeM holes should
be put in the gap between sectors, or too close to the edge (typically another
100 um margin). There should also be some margin (~ 2 mm) between the
active area (where there are holes) and the frame, to allow some tolerance
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Figure 2.6 — Schematic explanation of design features introduced in the text. Left:

the most relevant parameters in the design of a GEM, with segmented electrodes

extending into the region covered by the frame. Right: a spacer frame with features

to contain the flow of excess glue, to route the gas, and to align the frame with respect
to others. Note the different length scale left and right.

for assembly and to prevent excess glue from entering holes. It is considered
good design practice to let the electrodes extend far enough outside the active
area that the outer edge (~ 2 mm) is covered by the frames after assembly. This
way the amount of exposed dielectric is minimized, and an imperfect shape
of the edges will not provoke discharges. All this is indicated in figure 2.6
(left).

The design of the electrodes must include terminals to eventually connect
the GEM to the high voltage circuitry. Hence, even if the high voltage divider
is not yet designed, its placement and features are constrained by the design of
the GEM. Care must be taken to ensure compatibility of high voltage terminals
with the foreseen gas distribution scheme and signal lines.

Frames are usually made from plate material of well-known and uniform
thickness', from which material is removed by a numerical control (Nc) milling
bench. The spacer frames between electrodes consist of a strong perimeter
for mechanical strength, and thin features in the active area (if necessary) to
minimize adverse effects on the efficiency. Spare material outside the frame
can be kept in one piece with the frame, attached by so-called tabs, short
interruptions in the routing of the board cutout, see figure 2.6 and also 2.7.
This spare material facilitates handling along the assembly process, it lends
stiffness to the frame and one can design alignment holes on it (shown to
the right of figure 2.7). Tabs can be applied at regular intervals along the

'Very often used are Permaglas plates from Permali, distributed by Resarm Engineering
plastics. These are fiberglass-reinforced epoxy panels made of thin, non-woven fibers with
good mechanical properties, radiation hardness, and low outgassing.
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Figure 2.7 — A few examples of design elements discussed in the text. Left panel: by

a design mistake, a trace of the high voltage routing runs through a hole in the frame

meant to transport gas. The middle panel shows the correction of this mistake: the

gas is entered through the honeycomb panel, away from the Hv trace, then channeled

through a groove in the spacer frame. The right panel shows the use of alignment

holes in the spare material around the frames, connected through tabs (shown in left
and center panels).

perimeter, and especially at places where more stress can be expected (for
instance opposite to a thin spacer element reaching into the active area, as in
figure 2.6).

The honeycomb panels that are conventionally applied to top and bottom
of each chamber need frames too, to enclose the honeycomb regions with
more rigid support. Gas distribution features are often included in the design
of frames. Grooves in frames and aligned holes through several layers can
inject and extract gas wherever it is considered optimal. Also the thin spacer
elements in the active area should have notches to facilitate gas flow and route
it in a sensible way, avoiding pockets where flow will be negligible. All these
features are indicated to the right of figure 2.6. A very useful additional feature
for a spacer frame is a glue containment groove along the inside of the frame.
It prevents excess glue from creeping towards the Gem holes (glue is not a
strong dielectric); see in figure 2.6 how it is routed to avoid making the thin
spacer elements more fragile than they already are. If aligned holes are used
to transport gas through different layers, care must be taken to avoid cutting
high voltage or signal traces (such an error is shown to the left of figure 2.7).

The design of the readout board is closely linked to the application of the
detector. It is essentially a pcB and can be designed with any of the software
packages available. The active area should coincide with the area covered by
GEM holes, and it should include grounding and screening features.

Signal integrity is not granted, and it is recommended to keep signal traces
as short as reasonably possible. A way to connect the signal traces to front-end
electronics must be foreseen, especially in case integrated multichannel elec-
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tronics is used. In that case high pitch board-to-board connectors® are often
used to avoid wire-bonding asics (application specific integrated circuits)
directly to the readout board. The asics are then bonded to small outline,
modular hybrid pcBs which can be plugged to the detector, and replaced
whenever necessary.

2.2.2  Assembly

After all components are designed and manufactured, they must be assembled
to make a complete detector. This means stretching Gems and gluing them
to spacer frames, building stiff panels from frames and honeycombs, and
stacking up all layers (including drift electrode and readout board) to complete
the chamber. Before and after each step in which Gems are manipulated, high
voltage tests should be done to verity that there are no sparks and leakage
current stays at few-nA level. The following will go through these steps in a
bit more detail.

The GeM foils need to be glued to their respective frames. To avoid any
distortions of the electric field above and below the Gem, the foil should be
stretched before the frame is glued to it. There are basically two methods to
do this: thermal stretching and mechanical stretching.

With thermal stretching, a foil is firmly attached (usually by clamping)
to a rigid frame made of a high coefficient of thermal expansion (CTE) ma-
terial, and then frame and foil are heated. Once a thermal equilibrium has
established, the spacer frame (of low cTE) is glued to the stretched Gem, and
both frames and the GEm are kept warm until the glue has hardened. In the
left panel in figure 2.8 a spacer frame has just been glued to a stretched Gem,
and is about to be put back in an oven to finish curing the glue. Upon cool-
ing down the active area of the Gem foil can only shrink according to the cTE
of the spacer frame, so the strain of the GEM can be expressed as:

€cem = CTEhigh * AT — CTEp,y - AT = (CTEhigh - CTElOW) AT. (2.1)

This depends on the difference of expansion coefficients and is proportional
to the temperature excursion.

For making the high cTE frame normally Plexiglas (PMMA) is used with
a cTE of 70 ppm/K. Spacer frames are usually made of fiberglass-reinforced
epoxy plates with cTE close to 15 ppm/K. Hence, with a typical working
temperature of 45° C (AT = 25 K), the strain of the framed GeMm is 0.14%. The

*For gas detectors, especially GEM-based, the Panasonic Psks connectors have become a
de facto standard. Part numbers for male: AXK6SA3677YG, and female: AXK55A3277YG.
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Figure 2.8 — Stretching and framing GEms. Left and middle: thermal stretching

using a PMMA frame, in the middle panel it is heated by infrared lamps, in the left

panel it goes into a normal oven. Right: an LHCb GEM (discussed in previous section)
mounted in a mechanical stretching jig. The displays all read 18 kg.

stress of the framed GEM equals the strain times the tensile modulus of the
material. Unfortunately this parameter is not accurately known for GEms.
The polyimide? has a specified modulus of 4.1 GPa; the copper cladding will
increase that value somewhat, and the hole pattern (~20% of the volume)
will effectively decrease it again. If we accept the value of 4.1 GPa as indicative,
we obtain a stress of 5.6 MPa.

An alternative to heating in a clean oven is shown in the middle frame in
figure 2.8. This is a setup consisting of infrared (1r) light bulbs, temperature
sensors and a control unit that uses the feedback of the sensors to limit the
supply of power to the bulbs. The results from this system are similar to those
from normal ovens, and this solution is cost effective if compared to the cost
of a cleanroom grade oven.

Mechanical stretching is done using a jig designed for this purpose, and
dimensioned to match the GEMs to be stretched (shown in the right panel in
figure 2.8). The GeMm foil is mounted in a number of jaws surrounding the
region where the frame will be glued. Of each pair of opposing jaws, one is
stationary and the other is moved outward to stretch the Gem. The force can
be read out by gauges, so that a uniform and sufficient stress can be applied
to the foil. The jaws in the figure are 18 cm wide, and the polyimide is 50 pm
thick, so the stress in the foil is 20 MPa. With such a high stress the use of
spacer elements in the active area can normally be avoided, this is also the
case for the LHCb detectors.

Keeping spare material attached through tabs, as indicated in the sec-
tion on design, is essential for helping the frames cope with the tension of
stretching. Especially frames with complex shapes, like the ones for TOTEM
mentioned above, have buckled under the stress of the foil before this tabbed

3 Apical Np from Kaneka Texas Corporation.
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Figure 2.9 — Left: schematic buildup of the layers of a honeycomb panel. Right: two
pictures of the preparation of a stack to be pressed in a vacuum oven.

routing became standard practice.

Honeycomb material is available from many vendors, in various materi-
als. For GeM detectors aramid fiber honeycombs have always been used as
these have a favorable stiffness-to-weight ratio and are electrically insulating.
Figure 2.9 (left) indicates how honeycomb panels are constructed. A stack of
layers is prepared, with prepregs (woven fiberglass mats impregnated with
uncured epoxy) acting as a double-sided adhesive, see the right of the figure,
and then cured under pressure in a vacuum oven. The layers are not built
up symmetrically because on one side the honeycomb must be covered by
a permeable layer, to be compatible with the vacuum in the oven. The im-
permeable side, where a fiberglass sheet (marked Fr4 in the figure) is added,
will have a good flatness as this sheet is rather stiff. This is the side that will
be turned toward the gas volume, to which the readout structure or the drift
electrode is glued.

It would often be attractive to add a metal layer to the outside of a honey-
comb panel for screening purposes. As long as the honeycomb cells need to
be evacuated and vented through the surface of the prepreg this metal layer
can only be added after finishing the honeycomb panel. There are however
honeycomb materials available in which the cell walls are perforated. This
could make it easier to add metal layers or reinforcements in the same process
when the panel is made.

After all GEMs are stretched and framed, honeycomb panels are made,
and the readout board and drift electrode are glued to their respective panels,
the chamber can finally be assembled. Using alignment holes designed in
the material around the frames, one can add layer after layer of glue-covered
frames (see figure 2.10, left). Then pressure can be applied to the stack by
putting weights on top, as long as the glue is curing. When the glue is dry,
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Figure 2.10 — Left: building up the stack of layers, using dowel pins in alignment
holes on the extreme left. Right: when the stack is complete, pressure is applied by
weights, while the glue is curing.

the tabs can be broken by sawing or drilling, and the spare material sheds off.
The chamber is ready for leak testing.

Leak testing can be done with all conventional methods (for instance
using a so-called sniffer), with the precaution that a chamber made in the way
described above cannot stand a high over- or under-pressure with respect
to ambiance. Gas leaks are often closed with a conformal coating meant for
electronic circuits. The liquid coating will be wicked into narrow cavities
and gas leaks by capillarity. As these coatings are meant for electronics, their
dielectric properties are reliable. Depending on what type of readout structure
is used there may be concerns about its tightness, especially if it has vias
(metallized holes), in which case tightness may depend on the quality of
gluing the readout board to its honeycomb panel.

Aging of gas detectors has always been closely linked to contaminations
of the gas mixture [44]. These contaminations are either caused by outgassing
of materials from which the chamber is constructed, or from decomposition
of components of the gas mixture (or again construction materials of the
chamber) under the influence of radiation. Radiation hardness and outgassing
properties of materials are rarely specified in their datasheets. For this reason,
groups developing gas detectors have usually stuck to materials of proven
merit. Some outgassing studies were done at CERN for development of LHC
detectors, materials can be picked from their list of tested materials*.

*http://detector-gas-systems.web.cern.ch/detector-gas-systems/Equipment
/outgassing.htm
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2.3 TESTING

Doing lab tests with GEM chambers one can assess their performance in terms
of gain, resolution, rate capability or whatever property is relevant for the
application. Radioactive sources can be used, or an x-ray tube, and finally
a beam test can be done. Each of these tests has its merits, and all will be
discussed in the following.

Even though most GEM detectors are developed to detect high energy
charged particles, measurements of properties of the detector are often better
done with x-rays. There are several reasons for this. X-rays of a few keV (soft
x-rays) deposit more charge in the drift gap (few 100 e™) than minimum ioniz-
ing particles (M1ps, few 10 e”), and can therefore be detected more easily with
a non-optimized detector at a modest gain. The amount of charge deposited
in the drift gap by mi1ps is Landau distributed, and moreover depends on incli-
nation angle. X-rays lose all their energy in a conversion, and the amount of
charge is Gaussian distributed with a variation of about 6/Q ~ 5%, depend-
ing on gas mixture. This makes it possible to measure the energy resolution,
as a measure of how well-controlled, uniform and stable the gas gain of the
detector is. With an x-ray tube one can work at such high rates that the pc
anode current can be measured (with a nA-meter). From the counted conver-
sion rate and the measured DC current, one can calibrate the effective gas gain
(gain after losses in charge transfer):

Qconv. : f

I anode

(2.2)

gain =

where f is the conversion rate, and the conversion charge can be estimated:

comp.

Xi
Qconv. = Ex—ray z,: Wl, (2.3)

Here Ey_rqy is the energy of the photon, the sum is over the components of the
gas mixture, and x; and W; are the volume fraction and average energy spent
on one ionization of component i. The W values are gas properties, they
depend hardly if at all on the type of radiation, and are typically around twice
as large as the lowest ionization potential (few 10 eV). For the gas mixture
used throughout this work, Ar/Co, 70%/30%, the values are Wy, = 26.5 eV
and Wco, = 33 €V [3], and the average )>:*"" %’ =28.5¢eV.
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Figure 2.11 — W value of an Ar/CO, gas mixture as function of the composition.

The straight line is what is predicted by equation 2.3, the curve is simulated with

Magboltz (by Heinrich Schindler) using an algorithm that includes the Penning
transfer mechanism.

Equation 2.3 is not entirely accurate in that it assumes the components of
a gas mixture do not interact with each other. If transfer mechanisms such as
the Penning transfer (see section 1.1) are taken into account, the W value for
an Ar/CO, mixture will be lower, see figure 2.11. A better estimate of the W
value for the Ar/CO, (70%/30%) mixture is therefore 26.5 eV.

X-ray tubes for soft x-rays have metal targets. These vacuum tubes are
made of glass, with beryllium extraction windows. In the tube are only two
electrodes: a cathode heating filament and an anode target. The tungsten fila-
ment is heated by a current and yields electrons by the thermionic effect. The
target is at a positive high voltage, and electrons from the filament reaching
the target gain a kinetic energy corresponding to that voltage. The voltage
should be high enough to excite the relevant emission lines, or even higher to
excite them efficiently. K emission lines are the most prominent, especially
the K, line from the transition of an L-electron to the K shell. A side effect
of this technique of generating x-rays is bremsstrahlung, the photons gener-
ated by deceleration and deflection of the electrons from the cathode in the
electric field of target nuclei. The spectral distribution of bremsstrahlung
from a tube is continuous, contrary to emission lines of the target fluores-
cence. Many models exist that describe the spectrum of this continuum (for
a recent treatment referring to many of these models, see [45]). As a crude
approximation, the intensity distribution can be assumed to be proportional
t0 (Emax — E)/E (with E the photon energy and Ep,y the maximum photon
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energy corresponding to the high voltage on the anode); this appears in each
of the models as the dominant factor. The lower end of this energy spectrum
is in practice suppressed by absorption, mostly in the tube window. With
x-ray tubes high rates of the order of MHz can be achieved even if the beam
is collimated to less than a mm?. Many measurements in this work have been
made with a copper x-ray tube operated at 15kV (Ep.x = 15 keV). For copper,
K, = 8.05keV [46]. Using equation 2.3 and the (Penning-corrected) aver-
age value W = 26.5 eV for our standard gas mixture, this corresponds to 304
electrons per conversion.

Radioactive sources that emit soft x-rays are based on isotopes that decay
by electron capture, lowering their atomic number by one unit. For example,
by far the most commonly used isotope is >*Fe, which decays to >>Mn by
capturing a K or L shell electron. This excited Mn atom will emit a K or L
photon when it returns to ground state (the L lines are well below a keV and
do not penetrate the detector). Again, the K, line dominates the spectrum:
5.9 keV for Mn [46], corresponding to 211 electrons per conversion in our gas
mixture.

A peculiar property of argon-based gas mixtures for x-ray detection is the
possibility of part of the x-ray energy to escape. In the process of ionization,
argon atoms or ions may get their K level excited, leading to de-excitation
by K, (2.96 keV, 94%) or Kz emission (3.19 keV, 6%) [46]. These energies are
just below the argon absorption edge at 3.21keV, hence the photons have an
attenuation length in Ar/CO, 70%/30% of 4 cm, making it likely for them
to escape and get absorbed by the nearest solid. In energy spectra acquired
with argon-based gas detectors this effect gives rise to an escape peak at an
energy of K, (Ar) lower than the photopeak. Such a spectrum (of Cu x-rays)
is shown in figure 2.12, measured with a single GEM detector. One may notice
a certain skew in the photo peak, this is due to the presence of the Cu Kg line
(8.90 keV)), at lower intensity than the K,. It is possible to suppress this Kg
peak with a filter made of nickel, which has an absorption edge at 8.33 keV
between Cu K, and K lines, favoring strongly the transmission of the K,
line.

As mentioned before, discharges are an important issue in micropattern
gas detectors. Discharges are primarily caused by high particle rates or highly
ionizing particles, both giving rise to high charge densities in the gas. In
particle physics experiments highly ionizing particles mostly come from
activation of materials due to radiation (neutrons especially). To assess a
detector’s performance in the presence of highly ionizing particles, a gaseous
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Figure 2.12 — A spectrum of a copper x-ray tube, measured by a single GEM operated
at 540 V. The argon escape peak is clearly visible.

a-emitter is used. A piece of tissue’ containing ***Th is embedded in the gas
supply line. 2%Th has the following decay chain:

228Th — 224Ra +a (5.52 MeV, halflife: 1.9'y)
& ?*°Rn +a (5.79 MeV, half life: 3.6 d)
(2P0 +ar (6.40 MeV, half life: 56 s)

G22Pb +a¢  (6.91 MeV, half life: 0.15 s)

Radon is a gas, and despite its heavy mass it will be transported to the chamber
by the gas flow. Its decay products >'*Po and 2**Pb have half lives less than a
minute, and all three isotopes decay by a-emission of around 6.5 MeV. The «
particles mostly hit a solid before they can deposit all their energy in the gas,
but still thousands of electron-ion pairs will be created. In this environment
the discharge probability can be defined as the ratio of discharge rate to a-
decay rate. With a triple GEm detector working at a gain of a few 10* (typical
for detection of mips at full efficiency) the discharge probability measured
this way is normally below 107°. This is exceptionally low, and it is one of
the most prominent advantages of triple GEM detectors over every other gas

>The piece of tissue is actually a gas mantle for camping gaslights, thorium has a useful
candoluminescence spectrum for this purpose.
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detector. Below 107> it becomes increasingly time consuming to measure
discharge probability with this method, because of the low a-rate (order of
Hz).

Detectors meant for high energy particle physics need to be tested in a
high energy particle beam. There the operating conditions are close to those
in the final experiment. The most important figure that needs to be found
is the efficiency (as a function of gain or other hardware settings) for m1ps,
this is the probability of detecting a minimum ionizing particle that passes
through the detector. As sources available in the lab emit strongly ionizing
particles, a beam test is the only way to measure efficiency besides cosmic rays
(which have such a low rate that statistics are poor). Also time and position
resolution will be different depending on particle type and energy, and if
relevant these parameters can also be measured. Pad or strip multiplicity,
usually as a function of gain, can be found. This can be important for high-
rate detectors to estimate the occupancy of the readout channels in the final
setup. Furthermore, performance with inclined tracks can be assessed, and
in a magnetic field if a magnet is available; in the latter case the Lorentz angle
can also be measured (this is a property of the gas mixture).
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Chapter Three
T

LARGE AREA GEMS

This chapter discusses all aspects of the development of large area GEm technol-
ogy. Attention will be given to challenges in fabrication, handling, assembly
and distribution of high voltages. As many applications for large area GEMs
foresee large production volumes as well, production strategies and cost de-
velopment will also be covered. The fabrication technique for large GEMms is
well compatible with industrial processing methods, and a cost reduction per
unit area of more than an order of magnitude is expected compared to the
standard GEM fabrication technique. Finally, a few applications of these new
techniques will be discussed.

3.1 MOTIVATION

In 2007 an effort was started to make GEm technology available for large size
detectors [37], of the order of a m*. The primary motivation was the prospect
of a tenfold luminosity upgrade of the LHC to sLHC [47]. Various scenarios of
such an upgrade are being investigated, with different bunch spacings (options
varying from 12.5 to 75 ns). Many detectors in outer tracker stations of the
experiments, especially those in the forward regions, will have trouble coping
with the increase in particle rate and the potentially even higher increase in
occupancy (depending on bunch spacing). These detectors include Mmwrcs,
resistive plate chambers (rRpcs) and drift tubes. Several of these will need to
be replaced by a detector with higher granularity and a higher rate capability.
MpGDs appeared to be a natural option, but these technologies were not yet
suitable for the large areas of the detectors they needed to replace.

As mentioned in the previous chapter, the TOTEM experiment includes
triple GEM detectors very close to the beam pipe. These detectors are not
expected to have difficulty with the increased rate or occupancy of the sLHC.
However, the cathode strip chambers (MmwPcs) of the T1 subdetector [48] will
probably need to be replaced.

In 2008, a prototype large area triple GEM chamber was made, as a can-
didate for replacing the current TOTEM T1 stations. The active area was
~ 2000 cm? and the GeM foils used were 66 cm x 66 cm. To produce foils of
such dimensions, limitations in the standard fabrication procedure had to be
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Figure 3.1 — Schematic comparison of procedures for fabrication of a double-mask
GEM (left) and a single-mask GeMm (right).

overcome. The standard technique for creating the hole pattern, involving ac-
curate alignment of two masks, was replaced by a single-mask technique. To
exceed the limited width of the base material (typically ~o.5 m) a splicing pro-
cedure was developed, as explained in section 3.3. Section 3.4.2 discusses the
results that demonstrate the performance of this prototype.

After testing the prototype, and driven by the interest generated by its
success, the single-mask technique was further refined. Current single-mask
GEMs are visually and in terms of performance hard to distinguish from
double-mask GeEMs. Several experiments are implementing this technique in
their detectors, a few examples are highlighted.

3.2 SINGLE-MASK TECHNIQUE

Production of GeM foils is based on the photolithographic processes com-
monly employed by the printed circuit industry. The left-hand side of figure 3.1
shows schematically the steps involved in standard GeM fabrication. The GEm
hole pattern is transferred by uv-exposure from flexible transparent masks to
a copper-clad polyimide foil laminated with a photoresistive material. After
development, the foil can be etched in an acid liquid, which removes copper
from the holes, but not from where the photoresist still protects the copper.
The next step is the etching of the polyimide substrate, for which the holes in
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the copper layers act as a mask.

To obtain a homogeneous hole geometry across the foil, it is imperative to
keep the alignment error between the top and bottom masks within 5-10 um.
As both the masks and the base material are flexible this alignment is far from
trivial, and when foil dimensions exceed about half a meter this method is
hardly feasible anymore. A way to overcome this hurdle is shown on the
right-hand side of figure 3.1. By using only one mask to pattern only the top
copper layer, no alignment needs to be done. The bottom copper layer is
etched after the polyimide, using the holes in the polyimide as a mask. The
quality and homogeneity of the holes depends now critically on the control of
the polyimide etching (which also defines the pattern of the bottom copper
layer), where mask alignment used to be the limiting factor.

3.2.1  Polyimide etching

In the development of the single-mask technique, progress has been made in
understanding the crucial parameters and conditions of the polyimide etching
process. Polyimide etching is done in a basic solution containing ethylene
diamine and potassium hydroxide (KOH). The potassium hydroxide has an
isotropic etching characteristic, which means that material in contact with
the etching liquid is removed at the same rate in all directions. On the other
hand, ethylene diamine etches only down into the polyimide (not sideways),
but the diameter tapers off as etching proceeds, resulting in conical holes wide
on top and narrow at the bottom.

Pure isotropic etching results in holes that are always at least twice as
wide as they are deep, and polyimide is removed until far under the electrode,
as can be seen in figure 3.2 (foil made by Tech-Etch' using a double-mask
technique). While the etching under the copper layer leaves irregular cavities
in which the electric field is badly defined, the low aspect ratio (defined as the
ratio depth / width of a hole) really prohibits the use of isotropic etching for a
single-mask technique. When etching with a solution of ethylene diamine
only, although no material is removed under the copper, the conical edges
are not steep enough to arrive at a high aspect ratio. In a solution based on
both KOH and ethylene diamine, the steepness of the holes can be modified
by controlling the composition of the liquid. The temperature must also be
well controlled: raising the temperature increases the etching rate of KOH
more than that of ethylene diamine. Furthermore, at temperatures exceeding
~55°Clocal delaminations between copper and polyimide have been observed,

Tech-Etch Inc., 45 Aldrin Road, Plymouth, MA 02360 Usa
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Figure 3.2 — Left: cross-section view of isotropically etched polyimide holes (double-

mask technique). The etching extends under the copper electrodes, creating cavities

with a circular cross-section, as shown in the reconstruction drawing on the right.
GeM foil made by Tech-Etch. The numbers indicate dimensions in microns.

o8

Figure 3.3 — Micrographs of a single-mask GeM foil taken facing the top and bottom

electrodes, and a view of the cross-section through the center of a hole. This hole

geometry is representative for the GEMs used for the prototype discussed in section 3.4.
The numbers are hole diameters and copper thicknesses in microns.

that give rise to irregular etching patterns as the etching liquid flows into the
openings created by delamination.

When parameters are optimized one can make holes of ~ goym on top,
and ~ 454m on the bottom. This result does not depend critically on one pa-
rameter, and can therefore easily and accurately be reproduced with a good
uniformity over large areas. Such a hole profile is used for the large area pro-
totype, see the top, cross-section, and bottom micrographs in figure 3.3. The
technique described here is patented [51]; significant further improvements
developed after finishing the prototype are presented in section 3.5
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3.2.2  Copper etching

As shown in figure 3.1, the etching of the top electrode using the single-mask
technique is done in the same way as with the double-mask technique. The
bottom electrode however, is etched both through the polyimide (which
defines the pattern) and from the unprotected outer face of the copper. This
is done by immersion of the foil in the acidic etchant, without applying direct
current (electrolytic etching), and without physical protection in the form of
a photoresist layer on any of the electrodes. Therefore both electrodes will
be etched at the same time, and at the same rate. In the etching process the
electrodes are slimmed to less than half their original thickness. Also, as the
copper etching process is isotropic, a clearance arises around the edge of the
hole in the polyimide. This is visible in the right panel of figure 3.4.

This clearance, usually referred to as the rim, is known to degrade the
time stability of the gain due to dielectric surface charging. To minimize the
width of the rim, the thickness of the electrodes can already be minimized
before etching the holes. Slimming down GEM electrodes was shown in [49]
to leave the detector properties unaffected, only reducing the material budget
significantly. In [49] a microetch liquid based on ammonium persulfate was
used. This type of liquid etches more efficiently at grain boundaries, giving
the copper surface a matte look. Using this surface etchant on large areas,
we found that the resulting copper thickness varies by a few microns across
the foil. With the single-mask technique, this causes some variation in hole
diameter on the bottom electrodes, which gives rise to gain inhomogeneities.
In addition, the increased surface roughness degrades the definition of the
holes in the bottom. Such rough copper edges around the hole may cause
discharges during GEM operation.

By using chromic acid instead of a microetch as a surface etchant, both
issues of inhomogeneity and surface roughness are overcome, leaving a shiny
surface. Figure 3.4 compares two bottom electrodes etched with one liquid
and the other. In the sample shown on the right, the etching process was
stopped so soon after the holes in the bottom were opened, that the edge of the
metal is still very sharp. This is a natural consequence of the isotropic etching
through the hole in the polyimide, and can typically be solved by moderate
over-etching. Chromic acid has now completely replaced the microetch as a
surface etchant for large area foils.
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Figure 3.4 — High magnification cross section views of copper layers on GEMs, at

the bottom edge of the hole. Both samples were etched on the surface, to modify

the thickness of the layer. For the left sample, a microetch based on ammonium
persulfate was used, the right sample was etched with chromic acid.

polyimide glue flash gap
heat - T~
v [/ - \ | |
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Figure 3.5 — The principle of splicing GeM foils with slim strips of coverlayer. When

the adhesive is cured, the heat makes it somewhat liquid so that it can migrate and

maximize contact surface. The pressure exerted at the same time squeezes some glue

out from underneath the coverlayer, and causes the glue inside the gap between the
foils to expel the foils and widen the gap.

3.3 GEM SPLICING

Although the single-mask technique allows patterning foils of virtually any
size, there are still limits on the dimensions of the base material. Double sided
(adhesiveless) copper-clad polyimide is available from rolls of around half a
meter wide. This width varies only minimally between suppliers, the widest
on offer is 24" (61cm).

A method was developed to splice foils together with a narrow seam, using
a flexible polyimide coverlayer®. Coverlayers are commonly used in the pcB
industry to protect flexible printed circuits without losing their flexibility. The
coverlayer used here consists of a 25 um thick Kapton HN substrate, covered
on one side with an adhesive. The simple procedure is illustrated in figure 3.5.
The glue of the coverlayer is a B-staged (semi-cured) acrylic adhesive, which

*The material used throughout this work is Pyralux Lro110 Coverlay, from DuPont.
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Figure 3.6 — Left: two pairs of 3 cm x 3 cm GEM foils glued together, to validate the
splicing method. The right panel is a micrograph of the same sample showing that at
some places the glue of the coverlayer entered a few of the GEM holes.

polymerizes during a heat cure. The coverlayer has mechanical, thermal and
dielectrical properties that are compatible with those of the Gem foils.

3.3.1  Splicing test

This method results in narrow, flat and strong seams that can be framed like
normal foils. To test how GEMs perform after applying this method, we spliced
two pairs of 3 cm x 3 cm GEMs together, see figure 3.6. A counting rate scan
over the seam of one of these glued pairs is shown in Figure 3.7. This can be
regarded as a measure of the efficiency of the GeM for detecting 8.05 keV x-ray
conversions in the drift region, which is 100% in normal conditions. From
figure 3.7 it is clear that the efficiency is normal until above the seam. Note
that a collimator of 0.5 mm diameter was used on the x-ray source which
makes the inefficient area look wider than the seam. In the background a
microscope image of a seam is also shown, scaled to the horizontal axis of
the plot.

The high pressure exerted by a standard pcB heat-press, typically ~ 20 bar,
causes migration of the adhesive, resulting in a flash left and right of the seam.
The right panel of figure 3.6 shows that some of the glue actually reached
the active area and filled a few of the GeMm holes (the dielectric strength and
leakage current of this GEM were however not affected by this). Furthermore,
this pressure tends to expel the two foils (with a force of ~ 1 N per cm of seam
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Figure 3.7 — A counting rate scan over the seam of two spliced GeM foils. The
measurement was taken with a copper x-ray source with a @ 0.5 mm collimator.

length), leaving a glue-filled gap in the middle. These effects are indicated
in figure 3.5, and clearly visible in figure 3.7. Tests show that the effective
widening of the seam by these effects can be eliminated by adjusting the
pressure exerted while curing the adhesive. Optimizing this process one can
reduce the width of the seam to ~2 mm.

3.3.2 Tooling

This splicing technique was used to make the prototype presented in the next
section, of which the dimensions exceeded the available base material. A tool
was designed to make the splices without putting pressure also on the entire
active area. It is based on an old bending tool for steel sheets, with the blade
replaced by a blunt-edged copper plate to press the seam while being heated
by high-power resistors mounted all over the copper plate. A feedback unit
constrains temperature excursions to few degrees.

Although the splicing of large Gem foils in this way was rather successful
it also required quite some skill, and more advanced tooling will be needed for
larger scale production. Also, spliced foils are not as easy to stretch as plain
foils, because the coverlayer modifies the elastic properties of the material
locally.
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resistors mounted on copper blade

paper model of large GEM

Figure 3.8 — A modified steel-bending machine serves as a heat-press for splicing
GEM foils. It is here fitted with a 1:1 paper model of the GEms used for the large area
prototype.

3.4 A FULL SCALE PROTOTYPE

Based on the techniques described above, we built a prototype large area
triple GEM detector. It has an area of ~ 2000 cm?, and is based on foils of
66 x 66 cm?. This prototype is aimed for application in the TOTEM experiment,
as a replacement of the T1 subdetector. Figure 3.9 shows how a disc with
adjustable radius can be made of ten such chambers. The overlap of the
chambers on both sides of a disc ensures complete coverage, and allows for
alignment. With six such discs one can build a telescope similar to the current
T

The prototype chamber uses a triple GEM configuration with a pad read-
out. Figure 3.10 shows the finished prototype and the layout of the Gem foils.
The two half single-mask foils were spliced in the middle, with the method de-
scribed above. The edges of the foils and the alignment holes were etched in
the same process as the GEm holes, to ensure perfect alignment and straight-
ness. To reduce the energy deposited when a discharge occurs [13], the top
electrodes are segmented and each segment is connected via a 10 M) resistor,
as described in previous chapter.

Figure 3.1 shows how the prototype is built up, and how the Gem foils
connect to the high voltage distributor. The readout board is a two-layer
printed circuit board, on a substrate of 200 um FR4. There are 1024 readout
pads on the top layer, varying in area from 0.25 cm® to 6 cm®. The traces
connecting these pads to the readout electronics are on the bottom layer. This
readout configuration is not optimized for the experimental application, but
rather for simplicity, cost and ease of manufacturing. VFAT readout chips are
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Figure 3.9 — An idea for replacement of the current ToTEM T1 cathode strip chambers

with large area GEM detectors. Discs of adjustable radius are built from 2 x 5 chambers

in a back-to-back arrangement (the ones indicated in red are mounted on the front

of the disc, the blue ones on the back). To the right is how six such discs could be
installed in the T1 envelope in the cms detector.
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Figure 3.10 — The large prototype mounted on its support (left) and the layout of the

GEM foils used for it (right). The top electrodes are divided in sectors of < 100 cm? to
keep the capacitance per sector below 5 nE.
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Figure 3.11 — Schematic buildup of the chamber.

directly wire-bonded to small hybrid pcBs, which connect to the detector
via 130-pin board-to-board connectors. These electronics were developed
for all subdetectors of TOTEM, with variants optimized for gaseous detectors
(cathode strip chambers and GEMs) or silicon strip sensors (roman pots). The
prototype has also been read out by Gassiplex [52] electronics (developed
from the original GASPLEX chip [53]) and by a single-channel amplifier reading
a number of pads connected together.

3.4.1  High voltage distribution

The segmented top electrodes of each Gem foil are connected to the high
voltage distributor via traces that run along the edges of the foil. When spacer
frames are glued to the stretched foils these traces are embedded in the frames.
In this way, the high voltage distribution board can be made compact, which
makes it easier to screen, less vulnerable to pickup, and safer.

To make the connections with the board, so called zero-insertion-force
(z1r) sockets® were used, rather than hand soldering the terminals to the board,
see figure 3.12. ZIF sockets are intended to connect flexible to rigid printed
circuits. The flexible circuit needs no plug or pins to be fitted, but enters
the socket freely with exposed copper terminals aligned with the pins of the
socket. Then a latch of the socket is closed, which clamps the inserted flexible
circuit, thereby both keeping it in place and establishing reliable contacts.
These connectors have much finer pin spacings (0.5 mm in our case) than
one would normally use for high voltage purposes, but by connecting groups
of pins together and leaving pins floating between these groups, isolation
between channels is several kV (validated up to 4 kV, no arcs observed) and
alignment of the strips in the socket is not critical. This can save a lot of hand

*We used two types: FH28H-80S-0.5SH (80-pins) and FH12-06S-0.5SH (6-pins), both of
Hirose. The former for the 10-terminal strips to the top sectors, and the latter for the single
terminal strips to the bottom electrodes, including the cathode.
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Figure 3.12 — A compact high voltage divider board, using z1F sockets to connect to
the terminal strips of the Gem foils.

screen printed to HV distribution

resistors

Tl =

Figure 3.13 — Two methods to connect GeM foils to the high voltage circuitry. On

the left the method applied in the prototype, with traces that connect to the sectors

embedded in the frame. On the right a method that is still under study, where the

safety resistors are screen printed on the foil, and can therefore also be embedded in
the frame.

work when the area (and therefore the number of sectors) is large. Moreover,
using these sockets one can easily replace, debug or modify boards.

An even more compact solution for high voltage distribution, still under
study, would be to embed not only the routing but also the safety resistors in
the frame. This would be possible by screen printing polymer thick film (pTF)
resistors on the foil in an area that will be covered by a frame. Figure 3.13
illustrates this method, and compares it to the method currently used. This
method could simplify high voltage circuitry of large area GEm detectors
considerably. As these resistors are not part of the voltage divider chain and
are not supposed to carry any appreciable current (the leakage current of one
sector is typically ~ 1 nA), the requirements for these resistors are extremely
low.

However, it proved difficult to find reliable PTF materials of such high
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polymer thick film silver termination over-/undercoat

PCB substrate copper terminals

Figure 3.14 — Left: PTF resistors, screen printed on a test pattern. Right: suggested
improvements to the straightforward single-layer printing of resistors on a circuit.

resistivity (we aim for resistance values of 10 MQ), especially if they have to
be cured on a polyimide substrate. Screen printing such resistors was tested
with a paste* that had a nominal value of 1 MQ/0O if printed in conditions
according to the instructions. The paste was applied to a test pattern with
one grounded central contact and individual terminals to which a voltage
could be applied with a test probe, a detail of this circuit is shown to the left
of figure 3.14. All resistors printed on this pattern had an aspect ratio of 1:10
to obtain a resistance of 10 MQ; the width of the resistors varied from 150 to
500 um (the detail in the figure shows 500 and 450 um resistors). The pattern
was made on the same base material as GEMs are made of, to simulate the
relevant conditions. The size of this pattern was within 10 x 10 cm?® so that it
could be framed like a standard size GeM foil, to check the possible damage
done to the brittle resistive body during stretching.

Results were however disappointing, with resistance values several orders
of magnitude too high. The right side of figure 3.14 shows various possible
configurations in which resistive pastes can be applied. A silver paste can
be used to improve contact resistance between the resistive paste and metal
terminal, this is normally not very important if a high resistance value is
desired. A so-called undercoat of epoxy can be applied to prevent the substrate
from absorbing liquid parts of the uncured paste. An overcoat can protect
the resistive body from mechanical damage as a consequence of scratching
the surface or bending the substrate. Figure 3.15 shows several trials of such
additional layers applied to the test pattern mentioned above. Despite the
good quality and alignment of the printing, none of these techniques caused
any notable change of performance. One test of the same pattern on a rigid Fr4
substrate (shown in the rightmost panel of figure 3.15) gave much better results,

*Tu-1M-8 from Asahi Chemical Laboratory.
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Figure 3.15 — Several tests of screen printing PTF resistors, with or without some of

the layers suggested in figure 3.14. The main panels show the widest resistors on the

test pattern (500 and 450 um), while the inset shows one of the thinnest (150 um).

The rightmost panel shows a simple print of PTF on the same test pattern on an Fr4
substrate (instead of polyimide).

indicating that the polyimide substrate was probably the main problem.

An alternative method to apply resistors to an insulating substrate is by
spraying. This could perhaps give better results, but spraying seems not very
attractive on a delicate GEM, where the slightest contamination in the holes
could make an entire foil unusable. The resistive pastes used to make most
discrete high voltage resistors have a much better quality, but those are cured at
temperatures around 800°C on ceramic substrates. The idea of using printed
resistors for the high voltage distribution of large area GEMs is attractive, but
it has been shelved for as long as no reliable resistive pastes are available.

3.4.2 Performance

Measurements done during development of the single-mask technique, of
small samples (10 cm x 10 cm) of single-mask GEms have shown a perfor-
mance similar to standard Gems in terms of gain stability and homogeneity,
energy resolution, rate capability, discharge tolerance, and reproducibility.
Figure 3.16 shows the gain characteristics of several single-mask Gems, and
for comparison a double-mask GeM. All curves were acquired in a single
GEM configuration. Clearly, the single-mask foils need some 50 V more to ob-
tain similar gain. However, their discharge limit is also higher, and typically
the maximum working gain is similar (few thousand for a single Gem). The
higher voltage needed for the single-mask samples is attributed to the wider
holes in these productions, see figure 3.3.

Tests with the prototype showed performance consistent with these small
area foils. Its energy resolution was measured with copper x-rays (8.05 keV)
to be 9.5% RMS (22.4% FWHM), see figure 3.17. More details on how these tests
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1000

double-mask Gem

Figure 3.16 — Gain vs. voltage curves for several 10 cm x 10 cm foils of single-mask
GEMSs and one double-mask GEM.
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Figure 3.17 — A pulse height spectrum of copper x-ray conversions in argon/CO,
gas mixture, measured with the large prototype .
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Figure 3.18 — Effective gain vs. rate of copper x-ray conversions in a single-mask
triple GEM arrangement. In a gas mixture of argon with 30% carbon dioxide, each
conversion releases about 304 primary electrons (see previous chapter). In this
measurement, a @1.5 mm collimator was used, and the anode current of the chamber
went up to 560 nA. The curve is a fit of a function G = Ae¢Vorsnt Varsa + Vorns +51aRs) |
where the constants A, ¢ are known from fits of the gain curves shown in figure 3.16;
I, is the anode current measured here; R, = 10M () is the value of the safety resistor
introduced in previous chapter; s is the fit parameter. The downward trend is due to
the high current through the last GeM that gives rise to a voltage drop AV = I;py;Rs
over the 10 MQ) safety resistor. The GEM current is assumed to be proportional to the
anode current: Igpy; = SI,.

are done are given in section 2.3. The rate capability of these foils in triple
GEM configuration was tested with a copper x-ray tube, with which the rate
could be tuned over a wide range. The result is shown in figure 3.18 as the
effective gain as function of rate; the gain was established by measuring the
anode current. The gain is hardly affected by a rate that exceeds any practical
application. During this test we also observed an initial gain loss (at the lowest
rate) of about 30% due to charging up of the dielectric. However, no rate
dependence of this effect was found throughout the range of the measurement,
and the stabilization time constant was only 25 seconds.

The prototype has been tested in pion beams of the sps at CERN. The latest
such test was done by members of the TOTEM collaboration, interested in
adopting such chambers in their T1 telescope. Figures 3.19 and 3.20 show a
few of the results: efficiency curves reaching >99% efficiency and efficiency
scatter plots revealing design features of the detector.
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Figure 3.19 — Efficiency curves measured with a 150 GeV pion beam. The differ-
ent curves correspond to different settings of the threshold and of the monostable
oscillator of the vFAT front-end electronics used to read out the prototype. [54]

splicing seam

dead pads

\ spacer elements

Figure 3.20 — Some efliciency scatter plots of various locations of the prototype.

One clearly recognizes the features of spacers, the splicing seam, and the pad layout

where apparently some pads had a connection problem or the electronics had dead
channels. [54]
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Figure 3.21 — Galvanic protection by a very thin gold layer over the top electrode.
Due to failing hermeticity of the layer, some copper is etched underneath it.

3.5 REFINEMENT OF SINGLE-MASK TECHNIQUE

After the prototype was finished, efforts continued to engineer hole profiles
such that single-mask Gems have gain curves compatible with double-mask
GEMs and minimal charging-up. This development of the single-mask tech-
nique ended in a hole shape that can hardly be distinguished from a double-
mask GEM.

Initially, the attention was focused on reducing or eliminating the rim
(see section 3.2.2). In order to avoid creating the rim in the top electrode
completely, one has to protect the metal when etching the bottom electrode.
This can roughly be done in two ways: galvanic protection and electrochemical
protection.

With galvanic protection, the top electrode is hermetically covered by a
layer that is not attacked by the etchant. A few tests have been done using gold
as protection layer. It was suggested that a tin layer may work as well, with the
added benefit of lower cost and the possibility to remove the layer afterwards.
However, it turns out to be quite difficult to obtain a good hermeticity, and
also the slightest delamination between copper and polyimide leads to a leak
through which the etchant can attack the copper, see figure 3.21. Due to the
dents in the edge of the electrode around the hole, indicated in the figure,
these foils tend to spark already at fairly low voltage. It is therefore difficult to
reach sufficient gain for practical applications.

Electrochemical protection proved to be more successful in avoiding a
rim on the top electrode, see figure 3.22. It works by giving the top electrode a
few volts negative potential with respect to the bottom electrode and the walls
of the etching bath. The top electrode then becomes inert to the reactions
that attack the bottom electrode. This is essentially different from electrolytic
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Figure 3.22 — Chemical protection of the top electrode. After etching the bottom
electrode, a final short polyimide etching gets rid of the bottom rim, and makes the
hole almost cylindrical.

etching’, where a direct current flows from the metal to be etched (i.e. the
bottom electrode) to an external electrode. With electrochemical protection
a direct current runs from the external electrode to the top electrode.

The Gems made this way have a gain almost consistent with standard
GEMS, and are more stable than those shown in figure 3.3. However, they seem
to be more easily damaged by discharges than other GEMs; a single discharge

can make a conductive contact (< 1M(Q) between top and bottom electrodes.

Adding a rim of about 1-2 um can solve this issue.

A final and crucial improvement comes with the introduction of a second
polyimide etching stage, after the holes in top and bottom electrodes are
finished. Optimally, the holes in the bottom electrode are etched until they
have the same diameter as those in the top electrode. This can be safely done
as long as the top electrode is being protected electrochemically against the
etchant. When after this copper etching phase the foil is again immersed in
a polyimide etching liquid, a biconical hole shape is obtained very similar
to double-mask GEwms, see figure 3.23. This is shown in figure 3.23, which
complements the basic fabrication scheme from figure 3.1. This shape is
consistent from foil to foil and from one production to another, and also very
large foils (~ 100 x 45 cm?) have been made reliably. These GEMs behave in
all respects similar to double-mask Gems. The last polyimide etching phase
goes a long way toward restoring the top-bottom symmetry, so that flipping a
foil has only a minor effect on its gain behavior.

>Electrolytic etching had been suggested as a way to etch the holes in the bottom electrode.
Results were consistently poor however, and this method was abandoned.
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polyimide etching ~ top view

p— bottom view

bottom metal etching
/ bottom view

photoresist stripping
— cross-section

polyimide etching

Figure 3.23 — After a final second polyimide etching phase the holes become biconical
and very similar to double mask GEMms.

Figure 3.24 — Stainless steel portfolio for handling GEMs of up to 0.5 x 2 m* during
fabrication. Left in the opened state, as it will be when a foil is mounted or dismounted.
Right in the folded state, as it will be when it is moved or immersed in chemistry.

3.6 PRODUCTION

The large area prototype generated a lot of interest in large area GEMs. Ap-
plications range from forward tracking and triggering in sLHC experiments
(cMs, TOTEM), to barrel tracking with cylindrical Gems [55], digital hadronic
calorimetry for 1LC experiments [56], cosmic muon tomography for detection
of high Z materials [40], time projection chamber readout [31], and various
tracking detectors for nuclear physics experiments.
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In the fabrication of ever larger Gems, handling is a growing concern.
Moving large and fragile foils from one bath to another is not trivial, and
the baths themselves also have finite dimensions. A foldable portfolio was
designed to solve this problem, see figure 3.24. It is made of stainless steel, with
no plastic components or lubricants, so that it can be immersed in the etching
liquids together with the foil it holds. This opens the way for fabrication of
foils of up to 0.5 x 2 m* in the bEM workshop at CERN.

For many of the applications mentioned above, the production volumes
foreseen are much larger than for the standard Gem detectors made thus
far. Therefore, some industrialization of production is foreseen. Contrary
to standard GEMs, single-mask GEMs are particularly well suited for mass
production. All steps in the fabrication process can in principle be done with
roll-to-roll equipment, due to the absence of manual interventions (i.e. the
alignment of films for each foil separately). This means that some or all of
the steps can be subcontracted to external companies, and the GEMs can be
transported on their rolls (100 meters long). The maximum production rate
using roll-to-roll equipment is several thousand m* per month, much greater
than required for detector development. The price per unit area is expected
to drop by almost two orders of magnitude compared to standard GEMs.

One concern that rises with large production volumes is that the proce-
dures for stretching and framing Gems (described in section 2.2.2) will become
the bottleneck in the production of large numbers of detectors. One possible
solution to this issue would be to use spacers with many more thin elements
inside the active area. In that case no mechanical tension is needed to keep
a uniform spacing between foils. The first material that comes to mind for
such a spacer is the Nomex honeycomb already widely used to make the back-
ings of the cathode and readout board. Tests in the lab have been done with a
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Figure 3.25 — Left: a small prototype chamber using Nomex honeycomb material as
spacers. Right: x-ray counting rate scan over part of the active area of the detector
on the left. The dip is due to charge absorption by a spacer element.
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10 x 10 cm? prototype fitted with standard Nomex honeycombs with 6.5 mm
cell spacing, see figure 3.25. So far the results indicate that the detector func-
tions without any problems of stability, but with a severe loss of efficiency.
Due to diffusion of drifting electrodes, the effective width of a spacer element
is many times greater than its measured physical thickness of ~ 15 pm. This
is clear from the plot on the right of figure 3.25, which shows an x-ray rate
scan across part of the active area of the detector shown on the left. Although
the rate never drops to zero (the x-ray collimator had a diameter of 0.2 mm,
wider than the honeycomb spacer material), the total width of the dip is about
0.8 mm. This is only because of charge losses due to diffusion.

The damage to the efficiency could be reduced by using a wider cell
spacing, reduced transfer gaps, or a low diffusion gas mixture. A beam test
was done with honeycombs with a wider cell spacing of 12 mm, one of the
widest delivered by industrial suppliers. Figure 3.26 shows a hit map from this
beam test, where the shadow of a honeycomb is clearly visible. This shadow is
again very wide compared to the the actual thickness of the spacer elements,
and the degradation of efficiency is obvious. During this beam test efficiencies
of around 70% were reconstructed for this chamber. Although this result was
discouraging, efforts are continuing to validate and optimize this method for
use in applications where cost and ease of production may be more important
than the highest efficiency.
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Figure 3.26 — A hit map of one sps spill acquired during a beam test [57]. The

triple-GeM detector had Nomex honeycombs of 12 mm cell spacing in all gaps. The

honeycomb pattern that is visible is presumably the shadow of the honeycomb in the
drift gap, which is most crucial for the efficiency.
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3.7 CONCLUSION

Large area GEM technology has moved rapidly from an rR&D study to appli-
cations in research and beyond. Single-mask GeM foils can be made at any
desirable length, and their performance is now very similar to traditional
GEMs. The splicing of GeM foils in order to obtain Gewms that are both long
and wide has been validated, but the complicated production and assembly
may make it unsuitable for larger productions.

At the time of writing these techniques have only been applied to proto-
types. Once the groups involved start with the production of detectors for
their applications it will become clear if single-mask Gems fulfill their promise
of cost reduction by orders of magnitude. Especially the efforts of high-profile
applications such as cms will give the technology a lot of visibility, and will
help disseminating it further.
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Chapter Four
fa—dd

SPHERICAL GEMS

4.1 PARALLAX ERROR

The development of spherical GEms is aimed at eliminating the parallax error
in detection of neutral radiation (photons or neutrons) coming from a point-
like source. This error arises from the uncertainty of how deep radiation
penetrates the sensitive volume before causing ionization (given that a gaseous
component acts as a converter from neutral radiation to ionization). Figure 4.1
shows that the depth of interaction of x-rays and thermal neutrons in a gas
volume ranges from a few to many millimeters, even when using the most
efficient gases known for these purposes. The situation is similar for gaseous
vuv photoconverters such as tetrakis dimethylamine ethylene (TMAE) or
triethylamine (TEA) [59]. If the electric field in the conversion region of a gas
detector is not parallel to the direction of irradiation, an uncertain conversion
depth will give rise to an error in position reconstruction, see Fig. 4.2.
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Figure 4.1 — Absorption length of various x-ray and thermal neutron conversion
gases at atmospheric pressure, as a function of the energy of x-ray photons (lower
horizontal scale) or neutrons (upper scale). Calculated from cross-section data [58, 6].
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Figure 4.2 — The cause of a parallax error in a gas detector with a homogeneous drift

field.

Methods that have previously been used to suppress parallax error include:

Arranging small area flat detectors in such positions as to approximate
a spherical shape [60].

Creating an almost spherical conversion region with foils and meshes,
then transferring the charge to a planar wire chamber [61, 62].

Having a spherical cathode with an otherwise flat detector, while re-
ducing the conversion depth by using an efficient conversion gas at a
high pressure (~ 3 bar) [63, 64].

Imitating a spherical cathode by dividing a flat electrode into concentric
circular segments and controlling the voltage applied to each sector
with a resistive divider [65].

Using a pulsed radiation source or additional hardware to calculate the
depth of interaction per event, then correct the position reconstruc-
tion [66].

Each of these methods has its limitations. In all cases the challenge of making
a fully spherical detector, however desirable, is avoided.

With a spherical GEM and a spherical cathode one can build a detector
with a truly radial electric field in the conversion gap, thus eliminating the
parallax error. We developed methods to make spherical GEMs, curved spacers
and a conical field cage. These methods will be discussed in detail. First tests
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Figure 4.3 — Testing configuration of spherical GEM in a chamber with a spherical
beryllium entrance window and a flat readout.
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Figure 4.4 — The setup built to spherically form a flat Gem. The setup is placed in a
vacuum vessel inside an oven. All parts are stainless steel.

of an assembly of these components were done in an existing detector with a
spherical beryllium entrance window, see Fig. 4.3.

4.2 MANUFACTURING

For the manufacturing of a spherical GEM we start with a flat Gem foil. The
shape of the electrodes is designed for the purpose; otherwise the foils used are
no different from GEMs used for other applications. Thus, our base material is
of proven reliability and we know its properties well. Starting with this flat
GEM foil we use a method similar to thermoplastic heat-forming; the foil is
forced into a new shape by stretching it over a spherical mold, see Fig. 4.4.
After a heat cycle it keeps this spherical shape.

Heat-forming is routinely done with thermoplastic polymers, where above
the so-called glass transition temperature monomers can migrate freely, and
polymerize again upon cooling down. However the polyimide substrate
of GEMs is a thermoset polymer which has no well-defined glass transition
temperature. Strongly heating a polyimide leaves the polymer chains intact,
but allows cross-links between chains to break or dislocate, thus relieving
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mechanical stresses. Starting from a certain temperature the polyimide will
start to degrade irreversibly; it becomes weak, brittle and dark-colored, see
Fig. 4.5. This degradation is mainly caused by oxidation of the radicals that
are exposed when these cross-links or polymer chains break. We found that
350° C is the highest temperature we can apply to our foils without damaging
the quality of the polymer significantly. This limit can be increased to at least
400° C if the forming is performed in a vacuum of 10™* mbar or better.

Figure 4.4 shows the simple setup designed for forming GEMs spherically.
It consists of a spherical mold, a ring-and-plate structure to hold the foil to
be formed, and four rods along which the plate can slide down toward the
mold. Weights are applied to the plate to control the force that stretches the
foil over the mold. Note that, contrary to thermoplastic heat-forming, the
foil cannot be allowed to slip between the ring and plate where it is mounted.
The degree to which monomers migrate during the forming is much less
than for thermoplastics; foils that accidentally slipped during forming were
consistently wrinkled. Also, the forming process for polyimide is apparently
very slow: we found that the shortest heat cycle that gave satisfying results
took 24 hours.

Figure 4.5 — The result of overheating a foil when trying to form it. The electrodes
of this GEM were removed beforehand to avoid their oxidation. During the forming
procedure it was heated up to 400° C.

Due to this long heating time and the high temperatures, the copper elec-
trodes get fully oxidized in the process. From such deep oxidation, electrodes
cannot be recovered by etching. The oxidation also causes some delamina-
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Figure 4.6 — Left: deposits on the electrode after heat-forming a GEM in an argon

atmosphere. Right: result of an energy-dispersive x-ray spectroscopy (EDS) analysis

of a sample of these deposits. The deposits consist only of copper oxide, the carbon

and silicon peaks come from the adhesive used to move the deposit from the GeEm to
the EDSs setup.

tion of copper from the polyimide substrate. Therefore the procedure should
be carried out in an oxygen-free atmosphere.

Tests performed in a gas-tight enclosure with a constant flow of argon
show that oxidation can indeed be largely avoided. However, after forming,
the electrodes are covered with a thin film of a shiny substance, see Fig. 4.6.
Elemental analysis of these deposits identifies the material as copper oxide, as
shown in the plot on the right of figure 4.6. Apparently the argon atmosphere is
not pure enough to avoid oxidation entirely. Moreover, such a loosely attached
film develops from outgassing products which are not removed from the foil
in the atmospheric pressure. These deposits can be removed afterwards, but
as it involves mechanical brushing or rather strong water spraying this is likely
to affect the spherical shape and should better be avoided.

To avoid formation of these deposits as much as possible the procedure
should be carried out in a vacuum. To this end, the gas-tight vessel was up-
graded with heat-resistant graphite gaskets to contain a vacuum of ultimately
10~ * mbar. Under these conditions, no more deposits were observed and the
electrodes were hardly oxidized. The oxidation of the electrode facing the
mold, however slight, left an image of the electrode on it. This thin copper
oxide film turned out to be a useful anti-adhesive, and enabled us to remove
GEMs from the mold without exerting any force. This was never possible with
a newly polished mold.
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Figure 4.7 — Spherical GEM made in a vacuum of ~ 10™# mbar.

An attractive side-effect of the lengthy heat cycle under vacuum is that the
polyimide outgasses all unbound molecules present in its structure, and thus
becomes an ultra-high vacuum compatible material. In [71] such a condition
is reached after 10 hours in vacuum at a temperature of 150° C. From such
clean materials one can build sealed detectors, in which the gas is not flowing.
This opens the way to use more efficient gases such as xenon (see Fig. 4.1),
which would otherwise be prohibitively expensive.

4.2.1  Resulting spherical GEMs

The spherical GeMs made in this manner normally have the same discharge
voltage (in air: >600V) and leakage current (~2nA) as before the heat-
forming treatment. Surprisingly, GEM holes observed through a microscope
do not show any visible deformation, be it in the central area or closer to
the edge. This suggests that stresses are spread evenly across the foil and not
concentrated in certain regions.

Making this assumption, one can estimate the change in relevant dimen-
sions due to spherical bending. The active area of the foil before (flat) and
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after stretching (curved) is:

d2
At = "0 sin® 0,/ (4.1)
4
91/2 5 N
Acurved = 270 f r*sin 0d0 = a7y (1 — Cos 01/2) . (4.2)
0

Here 7 is the radius of curvature of the sphere, and 6, ;, is half the opening
angle as indicated in figure 4.3. Then the surface stretching factor is:

Acurved _ 1-—cos 61/2

Afat 1 — cos? 81/2’

(4.3)

and depends only on the opening angle. If we substitute the opening angle
from figure 4.3, we obtain 10.7% increase in area for the spherical GEm.

This stretching factor increases the capacitance between the electrodes
of a foil, and this will also increase the power generated in a discharge. The
area of the foil should increase with the stretching factor, the thickness of
the dielectric should decrease with the same factor. Hence the capacitance
is expected to increase with the square of the stretching factor: 23%. The
increase in capacitance was measured on the few spherical Gems made so far,
and it was consistently lower than expected: 11%. This suggests that the holes
may be more strained by the stretching tension than the material between
the holes.

Another effect to be taken into account is the aspect ratio of Gem holes
(defined as depth/width of a hole), which in turn influences the amplifying
behavior of the Gem. The change in width of a hole is proportional to the
square root of the stretching factor, and the change in depth is inversely
proportional to the stretching factor. This results in an aspect ratio reduced
to 86% with respect to te initial state. This is compensated in the design by
changing the diameter and pitch of holes from the standard 140/70 microns
to 120/60 microns. If it is true that holes are strained more than the material
surrounding them, like suggested above, the aspect ratio may still be somewhat
reduced.
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Stereolithography

SpHERICAL GEMs

spherical cathode

spherical GEM \

Figure 4.8 — The principle of a conical field cage made from a multilayer pcB.

standard resistive

multilayer pcB divider

4.2.2  Conical field cage

The field quality in the drift region is of critical importance, as the elimination
of the parallax error depends on it. We designed a field cage to maintain a
good radial field until the edge of the active area. This field cage is a conical
enclosure of the conversion region, and is made from a standard multilayer
PCB, see Fig. 4.8. The inner metal layers serve as field electrodes. A resistive
divider defines the voltages supplied to each layer. It also serves as a rigid
mechanical fixture to which the GEM can be glued, and as a high voltage
distributor which supplies the GEM.

Field simulations done with the Ansys' field solver indicate that the thin
field electrodes (compared to the relatively wide strips commonly used in
time projection chambers) do not give rise to field spikes close to the field
cage. Varying the thickness of the electrodes and the number of electrodes,
the field distortions were simulated. Figure 4.9 shows that the fringes where
field distortions are greater than 1% of the nominal field steadily decline with
increasing number of electrodes, and with decreasing electrode thickness. The
final prototype field cage we produced has 5 electrodes of ~40 um thickness.

4.2.3 Curved spacers

Although spherical GEMs seem to be largely self-supporting, we developed
curved spacers to add some rigidity and to tighten mechanical tolerances,
see figure 4.10. Flat spacers can easily be machined from plate material, but
curved spacers are challenging both to design and manufacture. We designed
spacers to match our spherical Gems with Catia® 3D design software.

The manufacturing was done using a technique called stereolithography,
often used in industry for rapid prototyping of small, complex-shaped objects.
Objects are made out of a bath ofliquid epoxy, which is selectively polymerized

"http://www.ansys.com/
*http://www.3ds.com/products/catia
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FIRST RESULTS
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Figure 4.9 — Results of field simulations of a conical field cage. The width of the
region with more than 1% field distortion is plotted versus the thickness of the copper
layers in the PcB, for the case of 3, 4 and 5 electrodes in the field cage.

Figure 4.10 — A curved spacer made by stereolithography.

in a 2D pattern

by a uv laser. By consecutively making a large stack of such

2D patterns, the object takes shape. The accuracy is often 100 pm or better in
all three spatial coordinates. A number of liquid epoxies are suitable for this
process, and one should choose the best in terms of rigidity, outgassing and
dielectric strength.
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Figure 4.1 — An assembly of a spherical GEM, a conical field cage and a curved
spacer.

4.3 FIRST RESULTS

An assembly was made consisting of one spherical GEM, a conical field cage
and a curved spacer, see Fig. 4.11. This assembly was mounted in the detector
mentioned above, with a spherical beryllium entrance window. The detector
needed some modifications in order to operate the GEM in it, and some
hardware issues are not entirely solved at the time of writing. Therefore a
full characterization of the properties has not yet been completed. However,
using a pA-meter typical GEM behavior has been observed. Figure 4.12 shows
the anode current as a function of voltage applied to the GEM. At low voltage
the GEM becomes transparent to electrons coming from the conversion gap.
The anode current then reaches a plateau at full transparency, and when the
voltage is further increased multiplication starts. In the present conditions we
report a gain up to 30; in general the spherical GEM seems likely to perform
just like a standard GEMm.

70



FURTHER DEVELOPMENT
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Figure 4.12 — Anode current of the setup shown in Fig. 4.3 versus voltage applied

to the Gem. The gas mixture is Ar/CO, 70%/30% at an absolute pressure of 2 bar.

Hardware issues with the detector in which the spherical Gem assembly was installed
kept us from raising the voltage further.

4.4 FURTHER DEVELOPMENT

Now that the feasibility of making and operating spherical GEMs is demon-
strated, we can start optimizing the readout structure. In the present setup
with a flat readout structure, the electric field between the spherical Gem and
the readout structure is rather non-uniform. This is shown in Fig. 4.13, where
the field strength just below the Gem in Fig. 4.3 is plotted versus the angle
with respect to the central axis. This field extracts electrons from the Gem
holes, and influences the effective gain considerably. Also, signal induction
times vary considerably from the center of this detector to the periphery due
to longer drift paths, and the weaker field in the periphery aggravates this
effect.

The most obvious solution that comes to mind is making the readout
structure spherical as well. This is quite challenging, even now that we took
the hurdle of making spherical Gems. The most difficult step is the image
transfer; no methods exist that allow transfer to spherical surfaces. This was
also the main reason to make spherical GEms from completely finished planar
GEMS.
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Figure 4.13 — Extraction field versus angle for the spherical Gem with planar readout
of Fig. 4.3.

Therefore we foresee making a planar 2D readout circuit from the same
base material as GEMs: copperclad polyimide. Such a readout circuit can be
formed using the same tools and method as for spherical GEms. There are still
a few rather severe constraints, however. Any readout structure with more
than two metal layers requires some sort of adhesive to make a multilayer
board; no known adhesives are compatible with the temperatures used while
forming. Even two metal layers can only be used if we can include vias in the
structure; we have yet to prove that vias can survive the harsh heat-forming

treatment.

Figure 4.14 — 3D design of a spherical multiple GEM detector with spherical readout
board from various points of view. The spherical active area has a diameter of ~ 17
cm, the whole structure is ~ 40 cm high.
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CONCLUSIONS & OUTLOOK

standard through-hole

" ¥ ChemicalVia Chemical Via

Figure 4.15 — Through-hole ChemicalVia (right) that is expected to survive a heat-
forming treatment, contrary to standard ChemicalVias (left).

A microvia technology recently developed at CERN (based on the Chem-
icalVia technology developed earlier [72]) is expected to deliver vias that
cannot be damaged by this treatment. In a standard blind ChemicalVia (see
Fig. 4.15, on the left) the adhesion of the plated copper layer to the copper that
was originally part of the base material is not very strong, and could break
when stretching and heating. A through-hole version of such a via can be
made by plating a “GeM-style” biconical hole; the contact between layers does
not depend on the adhesion of the plated copper in this case. A preliminary
design of an 2D 0-¢ readout structure based on such vias (triplicated for re-
dundancy) is made and ready for production. Figure 4.16 shows a simplified
drawing of this readout structure, indicating how one coordinate is read out
by radial strips of varying length on the top layer (shown in red), and the
other coordinate by pads on the top layer that are interconnected by a circular
trace on the bottom layer (blue). Also mechanical designs for an all-spherical
gas detector are at an advanced stage, see Fig. 4.14.

4.5 CONCLUSIONS ¢ OUTLOOK

We developed spherical GEMs, a conical field cage, and curved spacers, in
order to make a parallax-free gas detector. A first assembly is installed in
an existing detector, which provides a spherical beryllium entrance window
and a flat 2D readout board. Familiar GEM behavior has been demonstrated,
consistent with standard flat Gems. The observed gain of up to 30 is expected
to improve by one or two orders of magnitude when hardware issues with
the detector are solved.

Plans have been made to develop also a spherical readout structure. We
made designs and identified technologies to make such a circuit, and also the
mechanical structures necessary to build an all-spherical detector.
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Figure 4.16 — A simplified design of a spherical readout structure. In red the metal

on the top layer, transparent to reveal the bottom layer underneath in blue. The ¢-

and 0-coordinates are read out by strips and pads, respectively. The readout pads

are interconnected by circular traces on the bottom layer. All vias are triplicated for
redundancy.
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SUMMARY

The working principle of micropattern gas detectors (MpPGDs) is similar to that
of wire-chambers: proportional charge amplification by an electron avalanche
caused by a strong electric field. Compared to wire-chambers MPGDs have
much shorter distances between electrodes, so that charges in the chamber
have shorter drift times before they are collected. Therefore MPGDs have fast,
short signals, and a high rate-capability. Other common benefits compared
to wire-chambers include a good energy, time and spatial resolution, natural
suppression of ion and photon feedback, apparent resistance to aging, cost
and ease of production. Despite their many advantages, MPGDs have some
common issues such as discharges or the charging of dielectric surfaces. Many
different micropattern technologies have been invented since the 1990s, and
more are still being developed. One of the most prominent and generally
successful of these technologies is the gas electron multiplier (GEM).

A GEM is a charge multiplication structure made from a copper clad
polymer foil, pierced with a regular and dense pattern of holes. Like many
MPGDSs, GEMs are manufactured using techniques that are common in the
industry of printed circuit boards: photolithography and chemical etching.
As a GeM alone is only a charge amplification structure it is functionally
independent from the readout structure, which leaves freedom to optimize
the latter without restrictions. Also, the fact that electrons flow through the
holes in the GeM foil and are then extracted by an electric field leaves the
possibility to cascade Gems. This is routinely done in applications demanding
a high gain (> 10*) with a negligible probability of discharging, and the triple
GEM has become a de facto standard.

A triple GEM cascade needs 7 high voltages (the cathode and 3 x 2 GEm
electrodes), and a uniform spacing between the electrodes in order to have a
well-defined field in all the gaps. To this end, GeM foils are normally stretched
and glued to stiff flat frames of well known thickness, after which these frames
foils are stacked together with a cathode and a readout electrode to complete
the chamber. The foils, frames and readout circuit must be carefully designed
to avoid conflicts between high voltage distribution, gas routing and signal
traces. Proper validation of a detector requires both lab tests to establish a
gain calibration and measure discharge probability, and beam tests using the
envisaged readout electronics to measure among others the efficiency for the
detection of minimum ionizing particles.

Large area GEMs have applications primarily in high-energy and nuclear
physics, in zones where high radiation fluxes are foreseen. There are many
challenges in developing large area GEM detectors. Manufacturing large GEM
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foils required an upgrade to the method with which GEms were normally made.
The introduction of a single-mask technique overcame the mask alignment
issues that prohibited making GEms longer than ~ o.5 m in the past. This
technique results in somewhat different hole shapes than before, and the
performance needed to be validated. The engineering of the etching process
to modify the hole shape resulted in an excellent control over all parameters
and the symmetry of holes. To overcome the limited width of the available
base material, I developed a splicing method in which foils are joined over a
narrow seam. The bigger foil thus obtained can be stretched and framed like
any simple foil, leaving only a slim dead region (~ 2mm) under the seam. The
single-mask technique and splicing method combined allow making foils of
in principle any size. Other improvements made to accommodate large area
GEMs concern the handling of GeMs during manufacturing and assembly, the
distribution of high voltages and the stretching and framing of GEmMs. Most
of these methods and techniques are already adopted by LHC experiments
and other efforts.

Spherical GEMs can be used to eliminate the parallax error in the detection
of neutral radiation from a point-like source. This error is caused by the wide
spread in conversion depth of these neutral particles in the gaseous medium.
Although the benefits of giving a GEM a spherical shape was recognized long
ago by its inventor, no attempt was previously made to realize this. I developed
a method to make spherical Gems, and demonstrated their performance. The
method used involves rather extreme conditions, like high temperature, high
mechanical tension and a high vacuum. Nevertheless, the resulting GEms are
not damaged, the hole pattern is not significantly deformed, and it holds high
voltage. Along with the procedure for making spherical Gems, I developed a
conical field cage to maintain a good field quality until the edge of the foil,
and curved spacers for mechanical stability and a proper spacing in case more
GEMs are cascaded. The first working assembly of these components was
successfully tested with a planar readout structure. I also made plans for the
production of a spherical 2D readout board.
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