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Abstract

Micromegas detectors are planar gaseous high-rate capable particle detectors with excellent
spatial and temporal resolution. Unlike the standard Micromegas design, floating strip Mi-
cromegas use anode strips which are on a floating electrical potential due to high ohmic
contact to the high voltage supply. A two-dimensional readout was studied with two layers
of readout strips arranged perpendicular to each other. A screen printing method to reliably
connect the anode strips individually to high voltage using a high atomic polymer resistive
paste was improved. Against bending during detector operation due to gravitational sag the
0.1 mm thin anode had to be supported with commercial grade aramid fiber paper honey-
comb. The described methods resulted in a finalized anode which was used for the completion
of a working floating strip Micromegas detector with the optimized thin anode with an active
area of (19.2x19.2)cm?. It has been shown that the resistance value, through which the
anode strips are individually connected to high voltage, does not affect the pulse height and
the timing of detector signals.
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Kurzfassung

Micromegas Detektoren sind planare Gasdetektoren, die auch bei sehr hohen Raten Teilchen-
spuren prézise vermessen konnen. Anders als Standard Micromegas Detektoren verwen-
den Floating Strip Micromegas Detektoren Anodenstreifen, die einzeln iiber hochohmige
Widerstdnde mit Hochspannung verbunden sind. Fine zweidimensionale Auslese wurde
durch zwei Lagen senkrecht zueinander angeordneter Auslesestreifen erreicht. Mit Hilfe eines
Siebdruckverfahrens wurden die Anodenstreifen iber hochohmige Widersténde einzeln mit
Hochspannung verbunden. Diese Methode wurde im Rahmen dieser Arbeit weiterentwick-
elt und verbessert. Um eine Verformung der diinnen Anode warend des Detektorbetriebes
zu vermeiden, wurde sie mit handelsiiblichem Aramidfaser-Honeycomb gestiitzt. Ein Float-
ing Strip Micromegas Detektor mit optimierter diinner Anode und einer aktiven Fliche von
(19.2x19.2) cm? wurde zusammengebaut und in Betrieb genommen. Es wurde gezeigt, dass
der Widerstandswert, iber den die Anodenstreifen mit Hochspannung verbunden sind, keinen
Einfluss auf die Pulshéhe und die Zeitauflosung von Detektorsignalen nimmt.
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Chapter 1

Introduction and Motivation

The MICRO MEsh GASeous (Micromegas) detectors, invented two decades ago by
[Giomataris et al., 1996], have undergone an intensive development in recent years. They are
high-rate capable, high spatial resolution micro-pattern gaseous detectors, based on parallel
plate avalanche chambers.

1.1 The Micromegas Detector

In addition to the standard Micromegas detector, there are two different further develop-
ments: First the resistive strips Micromegas detectors which find large-scale application in
the ATLAS! experiment at the Large Hadron Collider (LHC) of the research center CERN
near Geneva in Switzerland. A detailed description of their operation can be found in
[Bortfeldt, 2014]. Second, the Floating Strip Micromegas detectors, which are the subject
of this thesis.

The functional principle of a standard Micromegas detector is as follows, a schematic is shown
in Fig. 1.1: Charged particles or photons traverse the detector and ionize the detector gas in
the several millimeters wide drift region between cathode and micro-mesh, producing electron-
ion pairs. These electron-ion pairs get separated by an electric field of about 0.8kV /cm.
Electrons drift within 100 ns towards the micro-mesh into the amplification region between
mesh and anode, ions towards the cathode. The electrons are accelerated and more electrons
are generated by an avalanche process. This process takes place in the amplification region
with an electric field of about 39kV/cm. The electron charge on the readout strips can be
detected with preamplifiers. By reading out every strip individually the particle hit position
and the timing can be measured precisely.

LA Torodial LHC ApparatuS
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Figure 1.1: Functional principle of a standard Micromegas detector [Bortfeldt, 2014]. The
micro-mesh is supplied with high-voltage. An incoming charged particle, represented by the
blue line, ionizes the detector gas. The created electrons drift through the micro-mesh and
start an electron avalanche due to the high electric field in the amplification region between
micro-mesh and anode. The electrons are collected on anode strips and the signal is readout
with preamplifiers.

1.2 On the Content of this Thesis

This thesis is focused on the floating strip Micromegas detectors. After introducing the
physics on which Micromegas detectors are based on, the mechanical and operational fea-
tures of a floating strip Micromegas detector are described. Further developed as well as
improved methods for completing an optimized thin anode for a two-dimensional floating
strip Micromegas detector are presented. Using the screen printing method high ohmic re-
sistors were printed to connect the anode strips individually to high voltage. Finally, it was
examined whether these resistances affect the pulse height and the timing of the detector
signals.



Chapter 2

Interaction of Particles with the
Detector

This chapter introduces the physics on which Micromegas detectors are based on. Starting
with the principles of particles interacting with matter, this chapter will discuss the subject
of multiple scattering and the behavior of particles in a gas with applied electric field.

2.1 Interaction of Charged Particles with Matter

The mean energy loss of charged particles depends on the material they are interacting with
as well as on their energy. This relation is described by the Bethe-Bloch formula [Leo, 1994]
which gives the average energy loss per unit length:

dE Z2° 2me v2 0% Wiax C
<d:U>:—27rNATgmeCQp A7 [m( = = ma)—ZBQ—cS—QZ (2.1)

with 8= Y v = 1 and Winax = 2mec? 3242

C’ m max € .
with classical electron radius r, = 2.817 - 1073 cm, electron mass me, speed of light c,

Avogadro’s number N4 = 6.022 - 10%> mol~! and mean excitation potential I. The absorbing
material has an atomic number Z, atomic weight A, and density p. § is the density correction
and C the shell correction. The incident particle has a charge of z in the charge unit e and
a velocity of v. Wiax is the maximum energy transfer to an electron in a single collision.

Depending on the properties of the absorbing material the stopping power can be calculated
by —% <%>. The mean energy loss decreases by 1/4% in the low-energy domain for B~y <
1 and reaches a minimum at Sy ~ 4. Particles within this momentum range are called
minimum ionizing particles (MIPs). The mean energy loss of these particles is in the order of
2 %sz for almost all absorbing materials. In the strongly relativistic range for § ~ 1, the
energy loss increases again due to the logarithmic term of the Bethe-Bloch formula, depending

on 7.

Fig. 2.1 shows the stopping power for positive muons in copper as a function of 8 and their
momentum p.
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Figure 2.1: Stopping power for positive muons in copper as a function of momentum p =
mc v [Groom et al., 2001].

According to [Bichsel, 2006] strong fluctuations around the average energy loss when using
thin absorbing materials exist because large amounts of energy are transferred to target
electrons. Large energy transfers strongly influence the measured values.

The most probable energy loss of a charged particle in a layer of thickness d can then be
described by [Bichsel, 1988, Grupen and Shwartz, 2008]

AFE 2 2 2Z 1% 2m6626272£ 2
EPZQWNATCmec z A In — 7 +02 —p“—9 (2.2)
with §:2ﬂNAr§mec2z22%d.

2.2 Interaction of Photons with Matter

The interaction of photons with matter is fundamentally different to the interaction of charged
particles with matter, as photons do not carry electric charge. There are three different
interaction processes of photons with matter, depending on their energy [Kleinknecht, 1992]:

Photoelectric Effect

A photon with an energy of F, < 100keV can transfer its complete energy to a shell electron
and is thereby absorbed. The energy of the electron, which detaches itself from the atomic
shell, results from E,- = E, — Eyinding, Where Epinging is the binding energy of the electron to
the atom. If the electron is one of the inner shells, the resulting electron gap is filled through
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an electron from a higher shell. Thus the characteristic X-ray radiation of the ionized atom
is emitted.

Compton Scattering

A photon with high energy of E, = hv > FEpinqing scatters on an electron and transfers a
part of its momentum to that electron. The momentum transmission is angular dependent
and maximal at a scattering angle of 180°.

Pair Production

A photon with more than double the rest energy of an electron of E, > 2m.c? =2 - 511keV
can create an electron-positron-pair in the Coulomb field of a nucleus or a shell electron, where
electron and positron obtain the same fraction of kinetic energy Fiyj, = %(hu — 2mec?).

Fig. 2.2 shows the total cross section of a photon in these processes as a function of the photon
energy.

Figure 2.2: Total cross section of photons in lead as a function of the photon energy, com-
bining the individual contributions from photoelectric effect 7, coherent scattering (Rayleigh
scattering) ocon, incoherent scattering (Compton scattering) oincon, pair production in the
nuclear field x, and the electron field ke as well as the nuclear photo absorption opy
[Hubbell et al., 1980].
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2.3 Fe Decay

For this thesis a ®*Fe source is used in several measurements presented in chapter 6.
The ®°Fe isotope decays by electron capture to ®*Mn:

5oFe + e~ — 5:Mn* + .

In this process, an electron of the atomic K shell is captured by the nucleus, resulting in a
proton and an electron transform into a neutron and neutrino:

p+e— n+ ..

The resulting electron gap is mainly filled by an electron from the higher L shell where a
characteristic X-ray photon with an energy of E, = hv is emitted. The emitted photon
with an energy of 5.9keV is dominantly interacting with the atoms of the detector gas by
the photoelectric effect. The photon transfers its total energy to the electron, whereby the
energy of the electron with E.- = E, — Epinding is known.

2.4 Multiple Scattering of Charged Particles

Multiple scattering occurs when charged particles pass trough matter and undergo multiple
Coulomb interactions. Due to numerous small scatters with matter their directions of flight
are altered. The track of particles propagating through several layers of material can therefore
be kinked. This is an undesired behavior for the reconstruction of the hit position in precise
track detectors, like Micromegas detectors.

The width of the distribution of track inclinations g is given by [Grupen and Shwartz, 2008]

13.6 MeV T x )
0p = ——— — |1 . In{ — ith = — 2.
o Gep Z“X0|: +0038n(X0>] wi B o (2.3)

with velocity v, momentum p and charge z of the scattered particle. x/Xy describes the
thickness of the absorbing material in units of the radiation length Xy, which is defined
as length of electron energy decrease down to a fraction of 1/e from the initial energy via
bremsstrahlung.

For a composition of layered materials with different radiation lengths X¢, the resulting
radiation length Xy can be calculated by

1
/Xy

where 7; is the atomic mass fraction of the absorbing material with radiation length X¢.

X, (2.4)
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2.5 Drift of Electrons and Ions

In a static electric field electrons and ions move in opposite directions depending on their
charge. The mean drift velocity of ions vq,ify in a gas is given as a function of the electric
field

Po
Vdrift = M+ E ; ) (2-5)

with normal pressure of pg = 1013 mbar, gas pressure p, electric field F and mobility of ions
pt [Kleinknecht, 1992]. Tab. 2.1 shows some mobilities of ions used in possible detector gas
mixtures of Ar: COs or Ne: CF4 for Micromegas detectors.

The drift of electrons is more complicated. The electrons can gain a lot of energy in
the electric field so quantum mechanical processes and elastic scattering become important
[Kleinknecht, 1992]. Adding a quencher like CO2 or CF to the detector gas introduces inelas-
tic scattering of electrons. This increases the effective electron drift velocity. The quencher
gas’ broader excitation energy spectrum prevents discharges in the detector by prohibiting
the formation of streamers. Furthermore, the quencher gas absorbs UV photons created in
the gas amplification region. Such photons could ionize the gas creating further charges not
correlated to the primary incident particle and therefore disturb the measurement.

gas ion mobility uF [cm? V= Ts71]
Ar Art 1.54

Ne Ne™ 4.7

CO; COy 1.09

Table 2.1: Ton mobility in various gases at 1013 mbar and 20°C [Ellis et al., 1976].

2.6 Gas Amplification

The amount of charge created by minimal ionizing particles in gaseous detectors is rather
small. To get a sufficiently amount of charge which is observable on the readout electronics of
the detector, a process of charge multiplication is required. In a high electric field electrons
can be strongly accelerated and thus gain sufficient energy to further ionize gas atoms in
collisions. This process is called avalanche multiplication or gas amplification. The number
of electrons dn created in an avalanche is given by

dn(z) = andx (2.6)

per unit path length dz, where n is the number of primary electrons. The inverse of the mean
free path A of free electrons in the gas describes the number of electrons additionally generated
by collision processes per length and is called the first Townsend coefficient: o = A71.

Integration yields

n(x) =ng-e** =G -ng. (2.7)
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The factor G describes the multiplication factor of charges, so-called gas gain. It is determined
as the ratio of the electrons produced after the gas amplification to primary electrons:

G=_" =eo, (2.8)

no

This coefficient « is gas specific, depending on the electric field, gas pressure and temperature
[Kleinknecht, 1992].



Chapter 3

Floating Strip Micromegas Detector

This chapter describes the mechanical and operational features of a floating strip Micromegas
detector. The technology is based on the standard Micromegas detector which was mentioned
in chapter 1. First the functional principle is discussed, followed by the explanation of
signal formation, mesh transparency and the discharges between anode and micro-mesh.
Furthermore, a two-dimensional readout floating strip structure is introduced.

3.1 Functional Principle of a Floating Strip Micromegas De-
tector

The functional principle of the floating strip Micromegas, shown in Fig.3.1, is similar to
the standard Micromegas detector. Charged particles traverse the detector and ionize the
detector gas. The created electrons drift into the high-field region between micro-mesh and
anode strips, where they are amplified into Townsend avalanches.

charged /particle
cathode g /3 200V
drift region
Ne:CF
(ArCO)) 6mm  0.3kv/cm
mesh ; I ——

piIIarsﬂ_ % L@ .D_Q\150pmv 33kV/em
copper 3 — +500V
anode % /5? % ? % A recharge R
strips ’ copper
OO -------- g R i eeeeed readout strips
500um

Figure 3.1: Schematic and functional principle of a floating strip Micromegas detector
[Klitzner et al., 2016]. A charged particle ionizes the detector along the blue line. The
generated electrons drift to the mesh and enter the amplification region where they generate
a Townsend avalanche. The charge signal is capacitively coupled to the readout strips which
are separated by a thin Kapton layer from the anode strips.



10 CHAPTER 3. FLOATING STRIP MICROMEGAS DETECTOR

The anode readout structure of a floating strip Micromegas detector typically consists of
photo-lithographically etched copper strips with a width of 150 pm and a pitch of 250 pm on
a printed circuit board (PCB). Unlike the standard Micromegas design the readout strips
are beneath these anode strips which are on a floating electrical potential due to high ohmic
contact to a high voltage (HV) supply. They are individually connected to high voltage
via high ohmic resistors of 20 M [Bortfeldt, 2014]. The resistors are made by use of the
screen printing method: A high ohmic polymer resistive paste mixture with different resis-
tivity is printed onto the anode. This allows for a smaller strip pitch compared to standard
Micromegas detector resistors and avoids the time consuming soldering process. The screen
printing method is described in detail in the following chapter.

The charge signal is capacitively coupled to parallel copper readout strips below the anode
strips which are separated by a thin Kapton layer, each forming a high voltage resistant
capacitor. The signal on every strip is then further amplified and shaped by an APV25' chip
[French et al., 2001]. The advantage of a Micromegas detector is the fast signal generation
and its fast propagation to the readout electronics, which is in the order of 100 ns, making
the detector high-rate capable.

The micro-mesh is held at a constant distance of 150 um to the anode, realized by a 150 pm
high pillar-shaped spacer structure, which is photo-lithographically produced on the anode
strips with a pitch of 0.5 mm and a width of 0.3 mm. Unlike the standard Micromegas de-
sign, the micro-mesh is grounded (compare Fig. 1.1 and Fig.3.1). The detector is filled with
a gas mixture of a noble gas like Argon (Ar) or Neon (Ne) and Carbon Dioxide (CO3) or
Tetrafluoromethane (CFy).

3.2 Signal Formation

The formation of signals in Micromegas has been discussed in detail by [Bortfeldt, 2010], the
main aspects are described next. Traversing charged particles ionize the detector gas and cre-
ate electron-ion pairs in the typically 6 mm wide drift region between cathode and micro-mesh,
shown in Fig.3.1. Those pairs are separated by an electric field of about Egyg = 0.3kV /cm,
the electrons drift within 100 ns towards the amplification region between micro-mesh and
anode strips, see section 2.5.

Upon entering the amplification region the electrons are accelerated due to a much higher
electric field of about Eamp = 33kV/cm and multiplied in an avalanche process, resulting in
charge amplification by a factor in the order of 103, described in section 2.6. Due to the large
electron mobility, electrons created in this amplification process will reach the anode in less
than 1ns. The much heavier ions drift slowly towards the mesh.

The positive ion cloud, drifting away from the anode strips, induces localized, negative mirror
charges on the anode strips and prevents the detection of the electron charges on the pream-
plifier. By drifting towards the mesh the induced mirror charges vanish, thus releasing the
negative electron signal for detection on the preamplifier. With the constant drift of the ions
away from the anode strips, the negative charge signal on the anode evolves until the ions
reach the mesh. The usual drift time of the ions is about 100 ns. Fig. 3.2 shows the charge
configuration after the gas amplification has finished.

'In this thesis, an APV25 (Analogue Pipeline Voltage mode) has been used for the readout of the floating
strip Micromegas detectors. It allows processing of up to 128 strips simultaneously. It is developed for the
readout of the CMS tracker at the LHC in CERN [French et al., 2001].
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The maximum signal duration is defined by

tsignal = lion—mesh T telectron—abode s (31)

with tion—smesh = 100 ns and telectron—sanode =2 100 ns.

Figure 3.2: Charge configuration in a Micromegas detector after finishing the gas amplifica-
tion process. Electrons on the anode strips can only be measured after ions have reached the
mesh. Figure taken from [Klitzner, 2016b].

3.3 Mesh Transparency

As the electric field in the drift region between cathode and mesh increases, the field line
density of the drift field will also increase. Due to the increasing field line density, more field
lines reach the mesh. Electrons which are generated in the drift field move along these field
lines towards the mesh and do not enter the amplification region. The electron transparency
of the mesh, shown by [Giomataris et al., 1996], depends on the ratio of electric field to both
sides of the mesh:

_ Bamp

= —. 3.2
Earig (3:2)

For a low ratio £ the electric field lines end on the micro-mesh, the electron can not enter
the amplification region, resulting in a low mesh transparency. For a high ratio &, the field
lines of the drift region get bend through the holes of the mesh into the amplification region,
allowing the electrons to reach the amplification region. Due to collisions with the atoms
of the detector gas during the drift, the electrons are deflected laterally. This results in a
distribution of the electrons upon their arrival at the mesh, as a result of which electrons
also hit the mesh and do not reach the amplification region. A large drift field increases the
transversal diffusion of the electrons.
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3.4 Discharges

Discharges caused by a traversing heavy ionizing particle can spawn a conductive plasma
between mesh and anode structure, called streamer [Raether, 1964, Raizer, 1991]. While
restoring the potential, no charge amplification is possible. This causes a dead time and
makes the detector inefficient.

For standard Micromegas detectors high voltage is applied to the mesh, whereby on discharges
the entire detector is deactivated, until the mesh is recharged. In case of floating strip
Mircomegas detectors the anode strips are individually connected to high voltage via high
ohmic resistors and the mesh is grounded, resulting in only a few strips being affected by local
formations of discharges. The rest of the detector remains effective. Additionally since not the
whole detector needs to be recharged the dead time for the affected location is also drastically
reduced [Bortfeldt, 2014]. The inefficiency ¢ of a floating strip Micromegas detector can be
calculated with

{= (1 — )\e_’\> c, (3.3)

where c is the fraction of the active area affected by the discharge and A\ = tqead * fdischarge
with dead time Z4eaq and the discharge rate fgischarge. It was shown that

1

fﬂoating < mﬁstandard

proving the high rate capability of floating strip Micromegas detectors [Bortfeldt, 2014].

3.5 Medical Application of Floating Strip Micromegas Detec-
tors

One field for applications of floating strip Micromegas detectors is in medicine, for example
ion transmission tomography. In ion-beam therapy, a beam of protons or carbon ions is
used for tumor radiation in the human body. Unlike conventional X-ray radiation, it has
a considerable energy loss within a narrow range, the so-called Bragg peak. This allows
irradiation of the tumor under protection of the healthy and partially critical tissue around
the tumor. For this purpose it is necessary to know the exact position of the tumor in the
body, as well as the penetration depth and the course of the beam through the patient. The
position of a tumor is usually determined by computer tomography (CT) prior to irradiation,
but in the future it is also intended to be determined by means of imaging methods using
Micromegas detectors. Therefore, a floating strip Micromegas detector is considered to be
installed in front and behind the patient. With this setup it is possible to locate the tumor
and determine the beam profile as a result of that. The energy loss in the patient can be
determined my measuring the energy of the ions or protons in front and behind the patient.
The ion beam radiation therapy offers the great advantage of lower radiation exposure than
with conventionally used X-ray radiation therapy. The radiation dose can be deposited in
a much more targeted manner by means of the good focus and controllability around the
specific energy loss behavior of ions.



3.6. TWO-DIMENSIONAL FLOATING STRIP READOUT ANODE 13

3.6 Two-Dimensional Floating Strip Readout Anode

In order to reconstruct two-dimensional hit positions of particles with one single detector, a
floating strip Micromegas detector with a two-dimensional readout anode was studied. The
signal on the anode strips is coupled to two layers of readout strips, located below the anode
strips. There are two possible configurations for this setup: A readout layer orthogonal to
the anode strips (y layer) and a parallel readout layer (x layer), placed below the y layer,
separated by a 25pm thin insulating Kapton layer, shown in Fig.3.3. The readout strips
have a width of 0.4 mm and a pitch of 0.5 mm. For the other configuration the order of the
parallel and the perpendicular layer is reversed.

Measurements have been shown that the first configuration has a better pulse height ratio
between both readout layers [Klitzner et al., 2016], which is why this configuration was used
during this thesis.

piJIar
150 ym
Kapton 1 25um
copper  ystips  35um}
Kapton 125um

Figure 3.3: Configuration of a floating strip Micromegas detector with two-dimensional read-
out structure. The signal on the anode strips is coupled to two layers of readout strips,
located below the anode strips: A readout layer orthogonal to the anode strips (y layer)
and a parallel readout layer (x layer), placed below the y layer, separated by a 25pum thin
insulating Kapton layer.
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Chapter 4

Printing High Ohmic Resistors for
a Thin Two-Dimensional Floating
Strip Micromegas Detector

Unlike standard Micromegas detectors, as described in the introduction, the anode strips of
floating strip Micromegas detectors have to be individually connected to high voltage (HV)
via high ohmic resistors of about 20 M.

Soldering SMD resistors between the anode strips and HV contact is one way to connect
them. The resistances are exactly known and identical for each anode strip. Small dimen-
sions and the number of 384 strips make this process very cumbersome and time consuming.
Furthermore, the PCB material with a thickness of 100 pm has limited resistance against high
temperature during soldering. Thus, a more efficient method of applying resistors needs to
be found. In this thesis a screen printing method with a high ohmic polymer resistive paste
by ESL [ESL, 2017] was investigated. This resistive paste has either 100k /sq or 1 MQ/sq
and is applied between the anode strips and HV contact. Determining the appropriate paste
mixture is presented in section 4.4.1. The schematic of the printed resistors is shown in
Fig.4.1. 384 anode strips with a width of 0.2mm and a pitch of 0.5 mm are located on the
PCB, arranged in groups of 16 strips per group. This yields 24 groups on the PCB.

HV
1 v printed resistors

<«—— copper strips

I pitch 0.5 mm
printed resistors \ copper strips
T T —
\pcB

—i 200 pm
| T
2mm

Figure 4.1: Schematic of the printed resistors when using a high ohmic resistive paste to
connect the anode strips individually to HV.
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16 TWO-DIMENSIONAL FLOATING STRIP MICROMEGAS DETECTOR

After applying the paste onto the PCB it has a low viscosity hence it does not stay in the
desired position. Before curing it slowly dissolves across the PCB and connects all strips.
Therefore a support structure is required to keep the paste in place. This support structure
is made of a solder resistant material, Pyralux PC1025 by DuPont [DuPont, 2017], with a
thickness of 64 pm. The schematic of the support structure is shown in Fig. 4.2 (left) and the
printed resistors inside the support structure in Fig. 4.2 (right).

HV support structure for printing HV  printed resistors support structure for printing

/ the resistances l / the resistances

-~—— copper strips

I pitch 0.5 mm

~—— copper strips

I pitch 0.5 mm

f—— e

—$ 200 pym
2mm 2mm

i
200
F oMM

Figure 4.2: Schematic of the screen printing method when using a support structure. First,
a support structure is created out of a solder resist material (left). Afterwards the paste can
be printed into the gaps of the support structure (right). Each anode strip is individually
connected to HV because the paste can not dissolve while still being supported by this
structure.

4.1 Support Structure for Printing the Resistors by using a
Stripping Method

Building the support structure requires several steps:

Laminating the PCB

First, the solder resist Pyralux PC1025 is applied on the PCB by lamination. A standard
laminator unit [Bungard, 2017a] is used. The settings are shown in appendix A. The material
is photosensitive and cures under ultraviolet light (UV). To prevent premature curing the
process has to take place in a darkroom. The PCB is cleaned with isopropyl and lint-free
paper. A copper base board is used to protect the 100 pm thin PCB from deforming. Before
applying the solder resist, the base board with the PCB was warmed up with a hot air blower.
The PCB is laminated by milling a single layer of solder resist onto it and left to rest for
about one day. The protective foil of the solder resist is not removed at this point. It is
important to make sure that the solder resist is evenly applied on the PCB, otherwise this
layer does not have the same thickness across the whole length of the PCB.

Exposing the PCB to Ultraviolet Light

A mask is used to prevent parts of the solder resist to be exposed to UV light [Scherzer, 2016].
The material used is an ink jet! overhead foil. Because the printer can change scaling of the

'For sufficient opaqueness an ink jet printer is necessary.
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mask during printing the file has to be prepared accordingly to prevent misalignment. For
a mask with a pitch of 0.5 mm and a length of 20 cm this is incredibly important. Fig.4.3
shows the exposure mask. The remaining PCB is covered with light-tight paper.

Figure 4.3: Exposure mask for building the support structure, printed with an ink jet printer.

In the darkroom the exposure mask is aligned and fixed with tape on the PCB. For this, it
was helpful to align the black spots on the exposure mask next to the support structure with
the provided holes in the PCB. As light source a LED without UV-emission is used to align
the exposure mask. During exposure a vacuum of 200 mBar pressure is necessary to prevent
light scattering between the mask and PCB. The PCB is exposed for 90s. After exposure
the PCB is left to rest for 30 to 60 min. Then the exposure mask and the protective foil of
the solder resist are removed from the PCB. The unexposed solder resist is removed by using
a stripping method leaving only the desired support structure.

Stripping Method

The PCB is submerged in a stripping mixture, consisting of 15 g sodium carbonate (NayCO3)
dissolved in 11 water. The solder resist is carefully brushed away with a sponge, shown in
Fig.4.4. It is vital to only keep the PCB submerged for exactly as long as it takes to brush
away the excess solder resist. Keeping it in for too short will not allow the solder resist to be
removed easily, but keeping it in for too long will soften the entire material and possibly result
in damage to the support structure. The best way of dealing with this is stripping the solder
resist only around the support structure first until the copper contacts between the soldering
pads become visible. Then rinse with clear water, blow-dry carefully with compressed air
and finally remove the remaining solder resist from the rest of the PCB. Now it is left to dry
for some hours. Solder resist leftovers from stripping are removed with a scalpel.

Figure 4.4: Stripping method: The excess solder resist is removed by carefully brushing it
away with a sponge in a stripping mixture, consisting of 15g NasCOg3 dissolved in 11 water.
Figure taken from [Scherzer, 2016].
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4.2 Results of the Stripping Method

The resulting outcome of the support structure is first visible on the dry solder resist. The
result is evaluated under a microscope. Fig. 4.5 shows some different results of the stripping
method, stars rate the quality of the results. Clearly visible are gaps of different width and
different alignment with respect to the anode strips.

The following criteria have to be fulfilled to accept the support structure for the next steps,
resulting in the two upmost examples in Fig. 4.5 getting accepted:

e the exposure mask needs to be well aligned with respect to the anode strips

o the solder resist needs to be well attached to the PCB and did not soften or get detached
from the PCB

e the gaps need to be opened up well

Figure 4.5: Different results of the stripping method, stars rate the results. In order to accept
the support structure the following criteria have to be fulfilled: The exposure mask needs to
be well aligned with respect to the anode strips. The solder resist needs to be well attached
to the PCB and did not soften nor detached from the PCB. The gaps need to be opened up
well. The two examples on top were accepted.

It was observed that gaps closer to the edge opened wider than those towards the center.
The process of stripping is least likely the cause of the width differences, because the excess
solder resist was carefully brushed away by hand with a sponge, making sure to brush evenly
over the entire PCB.
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Initially the PCB was laminated horizontally as shown in Fig.4.6 (left). This can cause the
solder resist to be applied unevenly across the entire support structure, for example when the
laminating roller stutters during the process. In regions where the laminating roller stops the
solder resist is less thick and the gaps can open better while stripping. To prevent a unevenly
applied solder resist, it was then laminated vertically as shown in Fig.4.6 (right), resulting
in the solder resist being simultaneously applied across the PCB in the region around the
support structure. However, it was observed that the gaps closer to the edge still opened
wider than those towards the inside. In consequence the laminating direction it irrelevant to
this issue.

-—PCB -~—PCB
<=
support structur;\ I support structure
laminating roller S -—— |aminating roller

Figure 4.6: Laminating the PCB applying the solder resist from different directions.

A more likely cause of the width differences could be the UV light exposure process. The
PCB was placed in the exposure unit as shown in Fig.4.7. The region around the support
structure was located perpendicular to the light tubes. The intensity of UV exposure is
higher towards the center due to the Gaussian distributed beam profile of each tube. The
solder resist in the center could be hardened more, thus taking longer to open the gaps while
stripping.

support structure exposure unit
_~PCB

Ve

Figure 4.7: When exposing the PCB to UV light it is placed in the exposure unit. The
region around the support structure was located perpendicular to the light tubes. Possible
differences in UV exposure can cause the solder resist to harden unevenly.
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If the resulting support structure is non-satisfactory, the solder resist can be completely
removed again before it hardens completely. For this a mixture of 3 g potassium hydroxide
(KOH) per 11 water is used. After some minutes in the mixture the solder resist will be
detached from the PCB.

Curing the Solder Resist

Once the support structure is established the solder resist has to harden completely. Oth-
erwise it is still too sensitive and can easily detach from the PCB. The final curing process
needs about 2 hours of UV light exposure [Efbe-Schott, 2017], shown in Fig. 4.8. During this
time a color change from green to transparent is observed, shown in Fig. 4.9.

Figure 4.8: UV light exposure unit for final curing of the solder resist.

Figure 4.9: During final curing a color change from green (left) to transparent (right) can be
observed.
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4.3 Printing the Resistors by using a Screen Printing Method

After applying the support structure to the PCB the resistors can be printed. To easily flatten
the PCB it gets taped onto a so-called stiffback, shown in Fig.4.10. This device features a
front-plate with holes which enables to generate a vacuum behind this plate, thus molding
the PCB into flatness. Mixing different pastes of 100 k2 /sq and 1 M€)/sq achieves the desired
resistance. A 60pum thin stainless steel stencil, with 0.2 mm wide gaps and a pitch of the
anode strips with 0.5 mm and a squeegee are used, shown in Fig.4.11, to limit the applied
amount of paste on the PCB. The stencil was aligned on the PCB with equal amounts of
copper contacts being visible on both ends to prevent the paste from being applied beside to
the support structure.

support structure for printing
stiffoack PCB stencil the resistances

PCB stencil support structure

mesh  tape .
copper strips

[

air  stiffback

air

Figure 4.10: Schematic for printing the resistors. To easily flatten the PCB it gets taped onto
a so-called stiffback. This device features a front-plate with holes which enables to generate
a vacuum behind this plate, thus molding the PCB into flatness. A mesh is used between
stiffback and PCB to allow the PCB to be sucked evenly onto the PCB and avoid undesired
air locks. A stainless steel stencil is used to limit the applied amount of paste on the PCB.

Figure 4.11: Tools for the screen printing method: stainless steal stencil (bottom) and
squeegee (top). The 60 pm thin stencil has three different gap widths where the width of
0.2mm is used to apply the paste on the PCB.
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The paste is spread across all gaps with a stainless steel squeegee, shown in Fig.4.12 (left).
After removing the stencil the paste reaches across the gaps, creating a unified body, see
Fig.4.12 (right). The excess paste is scraped away with the squeegee, see Fig.4.13 (left) and
the excess paste next to the HV contacts is removed with lint-free paper and isopropyl, see
Fig.4.13 (right). In this still liquid form the paste has no conductive properties. Only after
fully hardening it for two hours at 150 °C it becomes conductive. The resulting resistors are
shown in Fig. 4.14.

Figure 4.12: Screen printing method: The paste was spread across all gaps with a stainless
steel squeegee (left). After removing the stencil the paste reaches across the gaps, creating a
unified body (right).

Figure 4.13: Screen printing method: The excess paste was scraped away with the squeegee
(left) and the excess paste next to the HV contacts was removed with lint-free paper and
isopropyl (right).
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<«——— copper strips

printed resistors

\ solder resist

Figure 4.14: Result of the screen printing method: After curing for two hours at 150 °C the
resistive paste becomes conductive.

4.4 Results of the Screen Printing Method

In the following the results of the screen printing method are presented. Furthermore deter-
mining the appropriate paste mixture to obtain the desired resistances is explained.

4.4.1 Determining the Appropriate Paste Mixture

The resistance for a straight conductor with constant cross-sectional area A, length [ and
resistivity p can be calculated with

l

The resistance increases with increasing length, but decreases with increasing cross-sectional
area. The cross-sectional area A of the resistor can be calculated by the width and the depth
of the support structure gap, where the depth correlates with the thickness of the solder resist
and and the length [ of the resistor correlates with the length of the support structure gap:

A=(02x0.064)mm?® and [=2mm.

Different polymer resistive pastes with different resistivity were used, shown in Tab. 4.1. Test
prints on several PCBs have been performed to find the appropriate paste mixture with the
desired resistance. Since the width of the gaps of the support structure and the resistance
before curing could not be measured, the appropriate paste mixture has to be chosen carefully.
It was observed that the resistivity of the paste increases as it ages after it has expired past
6 months after the date of approval as stated by the manufacturer.



CHAPTER 4. PRINTING HIGH OHMIC RESISTORS FOR A THIN

24 TWO-DIMENSIONAL FLOATING STRIP MICROMEGAS DETECTOR
product no. lot no. resistivity [k€/sq] date of approval
RS12116 K743-95 1212.8 04/11/2015
RS12115 K749-2 96.9 04/11/2015
RS12115 K765-92 84.9 10/11/2016

Table 4.1: Available polymer resistive pastes by ESL [ESL, 2017] (see also appendix A,
Fig. A.1 to A.3) with different resistivity on a (5 x 5) mm? square.

The resistances of each gap connection are measured at 500V with a MegOhmMeter by
Fluke [Fluke, 2000] to simulate the condition during operation of the detector. Fig.4.15
shows several test prints on a PCB, starting at the edge (print 1) and ending in the center
(print 10), using pure paste RS121154/11/2015, the mean resistance is plotted against the
print. Clearly visible is an increase of the resistance towards the center of the PCB. This
is expected due to smaller gap widths and thus less paste in the gaps. Thus the resistance
increases, as described in section 4.2.
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Figure 4.15: Several test prints on a PCB, starting at the edge (print 1) and ending in the
center (print 10), using pure paste RS12115p4/11/9015 (100k$2/sq): The mean resistance is
plotted against the print.

Several test prints on a PCB, using different mixtures of pastes RS1211504/11/2015 and
RS12116 04/11/2015, are shown in Fig. 4.15. The mean resistance is plotted against the paste
mixture RS12115 g4/11/2015 : RS12116 0411 /2015-

Resistances printed with the same paste mixture lead to the same results, shown in Fig.4.16
for mixtures RS12115 g4/11 /2015 : RS12116 04/11/2015 In the ratio 1:0 with a resistance of about
4 MS? and the ratio 9:1 with a resistance of about 30 M£). As expected the resistance increases
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when using a higher polymer resistive paste, i.e. a larger quantity of RS12116 ¢4/11/2015- Due
to wider gaps and thus more amount of paste in the gaps for the print with the paste mix-
ture RS12115 o4/11/2015 : RS12116 g4/11 /2015 in the ratio 8:2, the resistance is smaller than the
resistance with the ratio 9:1.

1:0 1:0 9:1 9:1 8:2
RS12115 ‘RS12116

04/11/2015" 04/11/2015

Figure 4.16: Several test prints on a PCB with different mixtures of pastes RS12115 o4/11 /2015
(100 kS2/sq) and RS12116 g4/11 /2015 (1000 k€2/sq): The mean resistance is plotted against the
ratio of the paste mixture RS12115 411 /2015 : RS12116 94/11 /2015 (see Tab.4.1).

Several test prints, using pure paste RS12115y4/11/2015 on different PCBs, were compared,
shown in Fig.4.17. The mean resistance is plotted against the print. Expected were resis-
tances of the same order. Due to different gap widths and thus different amounts of paste in
the gaps the resistances fluctuate.

Furthermore a non-conductive paste RS12MBC by ESL [ESL, 2017] was available. To achieve
the target resistance it can be mixed with polymer restive paste. Test prints showed mea-
suring the resistances was not feasible when using this paste, because the resistances were
continuously slowly increasing even after 10 min. For this reason it was not used any further.

Since the width of the gaps of the support structure and the resistance before curing could
not be measured, the choice of the appropriate paste mixture has to be made carefully.

Various resistances for different gap widths were compared and finally two paste mixtures
of RS12115 g4/11 /2015 and RS12115 111 /2016 Were chosen. Since the gap size increases from
the center of the PCB towards the edge, different mixtures are necessary to achieve the same
amount of resistance in different gaps. One with a ratio of 1:1 for the inner gaps, one with
a ratio of 3:2 for the outer gaps are chosen.
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Figure 4.17: Test prints on different PCBs with pure paste RS12115 4/11/2015 (100 k§2/sq):
The mean resistance is plotted against the print. Due to different gap widths and thus
different amounts of paste in the gaps the resistances fluctuate.

4.4.2 Resistances

The resistances of each gap connection are measured at 500 V with a MegOhmMeter by Fluke
[Fluke, 2000] to simulate the condition during operation of the detector. A sample of 234
resistances were measured individually over the entire anode and are shown in Fig. 4.18, filled
in a histogram. The mean resistance can be extracted by a Gaussian fit to the upper part of
the distribution, resulting in a mean resistance of R = (11.95 =+ 3.22) M€, which is of a factor
of 0.6 smaller than the desired resistance of about 20 MS2.

For verifying that the anode strips are individually connected to the HV contact, the resistors
are tested for interconnection. First the groups, consisting of 16 resistors, see Fig. 4.1 (right),
and afterwards single resistors were tested. For series and parallel circuits applies Ohm’s law:

1 1
Rseries = R; and = —. 4.2
Ei: Rparallel p Rz ( )

The interconnection of individual resistors has to be tested by measuring at non-neighboring
contacts, because neighboring resistors are too close to each other that applying high voltage
for measuring results in a spark between the contacts. This damages the PCB.
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Figure 4.18: Printed resistors on the anode: distribution of a sample of 234 from 384 resis-
tances, measured individually over the entire anode. To simulate condition during operation
of the detector they were measured at 500 V.

First two resistors Ry and Ry are measured individually, shown in Fig.4.19 (left). Afterwards
they are tested for interconnection. If the measured resistance Riua1 is the sum of Ry and Ro,
corresponding to a series circuit, shown in Fig.4.19 (right), Ry and Ry are series-connected,
meaning they are not short-circuited.

The total resistance Ryoa of the circuits in Fig.4.19 can be calculated by

left : top: Riota = Ra
bottom: R =R
total 2 (43)
I'lght : Rtotal = Rl + R2 .

If the measured resistance is obviously smaller than the smallest resistance, it can be assumed
that they are interconnected, because Rya Of a parallel circuit is smaller than the smallest
resistance in that circuit. An example for interconnection is shown in Fig. 4.20.
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Fluke

U UFluke

Figure 4.19: Test for possible interconnection of two non-neighboring resistors: First, the
resistors R; and Ry are measured individually (left). In case of no interconnection with
neighboring resistors, both resistors are series-connected (right). The calculation of the total
resistance Riota Of the circuits is shown in eq. 4.3.

Fluke

R

3

Figure 4.20: Example for a possible interconnection of two non-neighboring resistors: In
case Ry is interconnected with its neighbor R3, Ry and R3 are parallel-connected, with R;
series-connected. The calculation of the total resistance Ryioia of the circuit is shown in
eq.4.4.
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The total resistance Ryqia Of the circuit in Fig. 4.20 can be calculated with

Ry - R3

R =Ry +Ros=R; + ——"7-.
total 1+ fi2g 1+ Ry + Rs

(4.4)
Similarly the interconnection of the resistors can be verified without individually measuring
the resistances first. By using the sample with R = (11.95 £ 3.22) MQ) the total resistance
can be calculated with

no interconnection : Rigta1 = 2 R — Riotal = 23.90 M2

3
interconnection : Riotal = 3 R — Riotal = 17.93 MQ).

The difference AR;oa of both circuits can be determined with ARiotal = Riotalnoint —
Riotaring = 5.97M€Q and is therefore larger than the RMS = 3.22M(Q of the resistance
distribution in Fig. 4.18.

Possible short-circuits between resistors could be eliminated by scraping off the resistive paste
carefully with a scalpel under the microscope. Normally this is not necessary. Finally it can
be stated that the anode strips are individually connected to HV.

Furthermore the alignment of the support structure gaps to the anode strips affects the
resistances. As it can be seen in Fig.4.21, due to poor alignment the length of the front
edge between resistor and anode strip (yellow and red) decreases. Electrons at the side edge
(green) travel a longer distance through the resistor than electrons at the front edge (red)
and thus the resistance increases.

Figure 4.21: Good alignment (top) and poor alignment (bottom) of the support structure
gaps to the anode strips. Due to poor alignment the length of the front edge between resistor
and anode strip (yellow and red) decreases. Electrons at the side edge (green) travel a longer
distance through the resistor than electrons at the front edge (red) and thus the resistance
increases.

It is furthermore observed that the resistances decrease with repeated baking, which corre-
sponds to the observations of [Klitzner, 2016b], where a reduction of the resistances of about
10 % for an additional baking process is observed. Fig.4.22 shows how the resistances change
each time. The fraction of resistance, where 1 corresponds to the resistance after the first
baking of two hours, is plotted against the curing time while baking. This behavior allows
reducing the resistance after the specified curing time of two hours, if it is too large. This
is not desirable, of course, since the PCB is very sensitive and should only be heated for as
short as possible.
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Figure 4.22: The resistances decrease with additional baking processes. The fraction of
resistance, where 1 corresponds to the resistance after the first baking of two hours, is plotted
against the curing time while baking.

4.4.3 Improving the Screen Printing Method

First a rough mesh with a 250 pm wire diameter and a wire pitch of about 1.5 mm was used
between stiffback and PCB to allow the PCB to be sucked evenly onto the PCB and avoid
undesired air locks. A print where this mesh was used is shown in Fig.4.23. Observed were
periodically occurring paste residues (dark spots), which could not be removed by scraping
with the squeegee, whereby several resistors are connected to each other. Using a significantly
finer mesh with a 90 pm wire diameter and a wire pitch of about 0.3 mm did not leave any
paste residues on the solder resist. Due to the rough mesh the PCB is not completely flat
when sucked onto the stiffback.
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Figure 4.23: Printing the resistors by using a rough mesh with a 250 pm wire diameter and
1.5 mm wire pitch between stiffback and PCB to allow the PCB to be sucked evenly onto the
PCB and avoid undesired air locks. Visible are periodically occurring paste residues, which
could not be removed by scraping with the squeegee, whereby several resistors are connected
to each other.

Furthermore in Fig. 4.24 a result of the screen printing method can be seen, where the solder
resist softened while stripping. The solder resist got detached from the PCB, visible in
Fig.4.24 (right), and became wavy where the paste could not be removed by scraping with
the squeegee and interconnected the resistors.

Figure 4.24: Result of the screen printing method: Due to softening the solder resist detached
from the PCB and became wavy. The paste could not be removed by scraping with the
squeegee as desired (left). A close-up of the detachment is shown on the right.
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4.5 Summary and Outlook

The resistors connecting the anode strips individually to HV are printed with an optimized
screen printing method. To obtain suitable resistances for all anode strips, a good quality
support structure made out of solder resist with constant gap width is required.

Desired resistances can be obtained with a suitable paste, even if the gaps are not wide open.
It is necessary that the gaps are evenly wide, otherwise different amounts of paste distributed
into the gaps will cause uneven resistances on individual strips. Alternatively the resistors
would have to be printed individually with different paste mixtures, which would be as time
consuming as soldering resistors.

The stripping method to build the support structure works perfect on the used, thicker test
PCBs. On thin PCBs the gaps do not always open evenly. Only after drying the solder resist
the results of the stripping method can be observed under the microscope.

If the resulting support structure is non-satisfactory, the solder resist can be completely re-
moved in a mixture of 3 g potassium hydroxide (KOH) per 11 water. After some minutes in
the mixture the solder resist will be detached from the PCB. Subsequently, a new support
structure can be repeatedly built, until the result is satisfactory. Removing the solder re-
sist and rebuilding a support structure can damage the PCB. By often touching the PCB,
deformation and damage can occur.

To ensure best results for each process, the stripping method can be further optimized as
described next.

Optimising the Stripping Method

During the stripping process the solder resist softens fast and eventually detaches from the
PCB. Meanwhile the gaps of the support structure might not open evenly or at all. Two ways
were found to make the solder resist more resistant. Increasing the exposure time between
laminating and stripping allows the solder resist to cure more and get attached better to the
PCB. Increasing the rest time between exposure and stripping lets the solder resist harden
more. In both cases it does not soften as fast when stripping, providing more time for the
gaps to open. In order to find a suitable mix of exposure time and rest time, more tests have
to be made.

The aligned and attached exposure mask has to be sucked onto the PCB during exposure to
prevent scattering light. With the available exposure unit only an exposure from below was
possible, because the light tubes are located on the bottom. As a result the PCB and the
attached mask had to be flipped before exposure. This could cause the mask to slip out of
position, resulting in a non-perfect alignment during exposure.

Ideally an exposure unit is used which allows the mask to be attached after the PCB has been
placed inside. The PCB can then be exposed without touching it again between alignment
and exposure.

Extending the PCB Layout

Increasing the pitch of the anode strips and thus the layout of the support structure would
possibly allow the gaps to open better and more evenly. This can be achieved by extending
the layout of the PCB around the HV contact of the anode strips. More solder resist material
would end up between the gaps, meaning the solder resist would not soften as fast and detach
from the PCB. This would possibly give more time to strip the PCB and open the gaps.
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If not all gaps of the support structure are properly opened up and equally wide, they will
contain a different amount of paste and thus the resistances are not at the same value.
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Chapter 5

Assembly and Initial Studies of a
Thin Two-Dimensional Floating
Strip Micromegas Detector

The following chapter deals with the assembly of a thin floating strip Micromegas detec-
tor with a two-dimensional readout structure. The functional principle of a floating strip
Micromegas detector was introduced in section 3.1. Work steps for the production of single
detector parts, especially the optimization of the thin anode, and the assembly of the detector
are described in this chapter. After assembly of the detector initial studies have been carried
out.

5.1 Optimization of the Anode

The anode is a PCB made out of Kapton with photo-lithographically produced anode strips
with a pitch of 0.5 mm and a width of 0.3 mm. The number of anode strips is increased from
128 to 384 strips [Scherzer, 2016]. This results in a (19.2 x 19.2) cm? active area.

5.1.1 Pillars

A pattern of 150 pm high pillars is needed to hold the micro-mesh at a constant distance to
the anode. This allows to obtain a constant amplification region between anode and mesh.
The pillars are arranged in a grid of 38 x 38 pillars with a pitch of 5 mm, a schematic is shown
in Fig. 5.1 (left). They are made of a 75 pm thick solder resist by Bungard [Bungard, 2017b]
and created with the stripping method, consisting of the same steps as making the support
structure (see chapter 4), shown in Fig.5.1 (right). However, two layers of solder resist are
necessary to get a pillar height of 150 pm. A frame, on which the mesh rests, defines the active
area of the detector. This is built together with the pillars. The PCB is laminated again
with a single layer of solder resist, making sure that the area around the support structure
is not laminated. After letting the laminated PCB cool for about 15 min, the protective foil
of the solder resist was removed and the PCB was laminated with the second layer. The
exposure mask, shown in Fig. 5.2, was aligned and fixed on the PCB. After the exposure the
PCB was cleared of excess material, making sure that the area around the support structure
was not put into the stripping mixture, consisting of 15g NasCOs3 dissolved in 11 water.
The remaining material is finally cured under an exposure unit. After building the support
structure, frame, on which the mesh rests, and pillars the resistors can be printed.
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Figure 5.1: Pillar-shaped spacer structure in the active area on the surface of the anode to
hold the micro-mesh at a constant distance of 150 pm to the anode. They are made of solder
resist, created with the stripping method and arranged in a raster of 38 x 38 pillars. 2% of the
active area is covered with pillars (left). A photograph of a pillar with a diameter of 0.8 mm
taken under the microscope (right).

Figure 5.2: Exposure mask for the stripping method. The support structure for printing the
resistors can be seen on the bottom, mesh frame and pillars made of solder resist were built
to hold the micro-mesh at a constant distance to the anode.
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5.1.2 Improving the Soldering Process of the Panasonic Connectors

Reading the detector output requires the anode to be connected to the APVs. For this
AXK5SA3277 Panasonic connectors with 130 pins [Panasonic, 2017] are soldered on the back-
side of the PCB. Each connector can read 128 strips. Six connectors are used to get both
x and y data from 384 strips. A method for soldering the connectors to the thin anode was
developed. The setup is displayed in Fig. 5.3.

Figure 5.3: Soldering the Panasonic connectors: Afterwards the PCB is put on the brass
block. The Panasonic connectors were placed on the soldering paste (left). To flatten the
PCB while soldering an aluminum frame was put onto the PCB around the connector (right).

Soldering was done with a mechanic soldering paste WG-50 with Sn:Pb 63:37 weight-%
alloy, which is commonly used by the industry for machine soldering stations. To apply it on
the desired locations a stencil is aligned with the PCB. Using a squeegee the paste is applied
through the stencil. Afterwards the PCB is put on a (40x20x20) mm? brass block, plugged
with five heating elements made for a 3D printer, shown in Fig. 5.4, operated with 20 V. With
tweezers the Panasonic connectors were placed on the paste and weighed down to flatten the
PCB and ensure contact between anode and connector and prevent it from moving, as the
paste liquefies under heat. When the soldering paste is liquid it turns from grey to silver
and transforms into solder. After around 60 to 80s and at a temperature of about 180°C,
when the color-change becomes visible on both sides of the connector, the PCB has to be
removed from the block immediately to prevent damage of the thin anode. After cooling,
the result is reviewed under the microscope. The pins are individually checked whether they
were soldered and any short circuits where fixed with a pointed soldering iron.

Figure 5.4: Brass block plugged with five heating elements (top) and a single heating element
(bottom).
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Figure 5.5: Soldered Panasonic connector on the PCB.

5.1.3 Paper Honeycomb Support Structure

To stabilize the 100 pm thin PCB a PVC frame is glued onto the backside. For this the
PCB has to be attached to the stiffback (see section 4.3) at a constant pressure of 950 mbar,
but with the pillars facing the stiffback. Height differences caused by the various elements
attached to the top would lead to deformation. To compensate for this, tape with a thickness
of 150 pm is applied around the active area. Furthermore all holes like vias and screw holes
are masked with Kapton tape, to prevent glue from getting sucked in. For gluing a two-
component adhesive by [UHU, 2017] based on epoxy resin with a curing time of 12 hours and
a processing time of 60 min is used. First, the glue is applied on the PVC frame by using
a gluing tool with a 0.3 mm notch. Second, the glue is prepared with a filler comb. This
procedure allows the glue to balance out minor irregularities on the surface of the PVC frame.
Then the frame is pressed against the PCB and weighted with lead. Another frame, made
of aluminum-profiles, is positioned around the PVC frame to hinder it from floating out of
position on the glue.

An 8 mm thick commercial grade aramid fiber paper honeycomb is glued onto the backside
of the anode, in the active area of the detector inside the PCV frame. Glue is applied as
thinly as possible on the PCB, but still covering the entire active area. The other side of
the honeycomb is plastered with a 10 pm thick aluminum vaporised Kapton foil beforehand.
This prevents bending of the thin anode during detector operation due to gravitational sag
of the honeycomb and anode.

Figure 5.6: Anode with glued PVC frame and paper honeycomb inside the PVC frame,
plastered with a 10 pm thick aluminum vaporised Kapton foil beforehand.
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After the gluing process has finished, glue residues which were sucked into screw holes had
to be removed.

Finally 1k SMD resistors are soldered onto the group contacts of the anode strips and the
HYV cable is soldered to the anode. Since the anode is only 100 pm thin, it is necessary to work
very carefully and quickly in soldering so that the Kapton layer between the HV contacts on
the top of the anode and the grounded copper layer on the underside was not damaged by
the heat of the soldering.

5.1.4 Topology of the Anode

In order to make statements about the planarity of the anode and visualize possible defor-
mations in the active area of the detector, the topology of the anode was measured with a
coordinate measuring machine (CMM). Deformations in the active area can limit the func-
tionality of the detector due to different gains in the amplification region. For this the finished
anode was placed on a near-perfect planar granite table. The CMM scans the surface of the
anode point by point in two dimensions. At each position the distance to the surface of
the anode is measured with a blue laser by Micro-Epsilon [Mirco-Epsilon, 2017] at an angle
of 13.8°, described in detail by [Miiller, 2017]. In this way one obtains the topology of the
anode, as shown in Fig.5.7. The measurement consists of 500 x 500 measured points with a
distance of 0.52 mm between each measured point.
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Figure 5.7: Topology of the anode in the active area of the detector, measured with the CMM
on a planar granite table. First, a reference measurement of the granite table was subtracted
from the measurement to obtain the topology of the anode.
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The active area of the detector is clearly visible, surrounded by the frame out of solder resist,
as well as the pillars, arranged in a raster, distributed over the active area. Furthermore,
periodic strip patterns over the entire active area are visible. After examining the PCB again,
possible deformations due to the periodic strip pattern were excluded. A possible explanation
is an interference pattern caused by the pitch of the anode strips and the measured points.

Therefore a more precise measurement over a (5x5) cm? space of active area with a measuring
point distance of 0.1 mm was made to prevent the interference pattern. Fig.5.8 shows the
precise measurement. No periodic strip pattern is visible, which suggests that it has to be
an interference pattern. Clearly visible are the pillar structure with height of around 150 pm
as well as the anode strips. Small local deformations of several micrometers are also visible.
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Figure 5.8: Topology of a section of the anode in the active area of the detector, measured
with the CMM on a planar granite table. The reference measurement of the granite table
was subtracted from the measurement.

A precise measurement over the entire active area of the detector without interference pattern
obtaining a measuring point distance of 0.1 mm would take around 28 days and was therefore
not possible. In order to visualize possible deformations over the desired active area it was
attempted to filter out the interference pattern by using a Fourier transformation.

Fourier Transformation

A Fourier transformation allows continuous, periodic signals to be transformed into a discrete
frequency spectrum. Fig.5.9 (left) shows a desired measurement in x direction for a position
in y direction. Clearly visible is the periodic pillar structure. The goal was first to show that
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the periodic pillar structure, shown in Fig.5.9 (right), can be filtered out with the Fourier
transformation. Both projections in Fig. 5.9 were Fourier transformed. The difference in real
and imaginary part of the result was calculated to obtain the real and imaginary part of the
Fourier transformed topology of the anode surface without pillar structure. Fig.5.10 shows
the projection in x of the topology of the anode with pillar structure (black), see also Fig. 5.9
(left), and the backward Fourier transformed topology (red). Remaining is the topology of
the anode without the pillar structure. It was possible to filter out the periodic structure of
the pillars.
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Figure 5.9: Topology of the anode: total projection in x (left) and the pillar structure of the
projection in x (right).
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Figure 5.10: Topology of the anode: projection in x (black), backward Fourier transformation
resulting in the topology of the anode without pillar structure (red).
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Determining the Topology of the Anode

Sharp periodic patterns have broad spectra in the Fourier transformation. Due to a superpo-
sition of the frequencies of the interference patterns in the measurement over the active area
it was not possible to filter them out, because it was not possible to assign these frequencies.

In Fig. 5.11 the distribution of the topology from Fig. 5.7 can be seen, plotted in a histogram.
Visible are three peaks. The first peak at about -100 pm relates to the area outside the active
area.
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Figure 5.11: Distribution of the topology from Fig.5.7.

By setting the topology to a minimum of 150 pm only the interference pattern remains visible,
as shown in Fig.5.12, meaning deformations of the anode are not higher than 150 pm. The
lowest point of the entire active area of the detector, as shown in Fig. 5.13, can be determined
at around -100 pm. The anode in the active area is planar to 250 pm. The deformation over
the entire active area, a global deformation, can be removed. By assembling the detector the
micro-mesh is clung to the anode. However, local deformation can not be removed as easily
and can change the gain of the detector. A different distance between micro-mesh and anode
modifies the width of the amplification and therefore the gain.
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Figure 5.12: Topology of the anode: By setting the minimum of 150 pm only the interference

patterns and the pillars remain visible.
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Figure 5.13: Topology of the anode: The lowest point of the entire active can be determined
at around -100 pm. The anode in the active area is planar with a bump of 250 um.
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5.2 Assembling the Detector Components

The following work steps took place in a clean room to have no dirt present in the assembled
device. O-rings, annular sealing elements made from 2.5 mm thick rubber strings, were used
between single parts to seal the detector gas-tight. A gas-cover was made to seal the detector
gas tight. For this 10 pm thick Kapton foil, vaporised with aluminum, was glued on an
aluminum frame. A fitting piece of foil was stretched with tape, aluminum side facing down,
onto a flat surface, here on a stack of paper sheet which was fixed on a table. The frame
was cleaned with isopropyl and lint-free paper, lined with a thin layer of glue [UHU, 2017],
put on the Kapton foil, weighed down with lead blocks and left rest for curing. After curing
the foil was cut outside along the frame. Finally another layer of glue was put on along the
inside of the frame to ensure proper gas-tightness. The cathode and the micro-mesh were
already prepared by [Scherzer, 2016]. Following, only the main aspects of cathode and micro-
mesh are described. A detailed description can be found in [Scherzer, 2016]. Similar to the
gas cover, a 10 pm thick Kapton foil, vaporised with aluminum, was glued on an aluminum
frame, acting together with the frame as a Faraday shield to shield the detector from possible
electric fields in the surrounding area. For grounding, the foil is connected to the frame with
a copper strip. The cathode, made of an aluminum-vaporized Kapton foil glued on a thin
aluminum frame, is placed in the first frame. The cathode can be screwed up and down,
resulting in a variable drift region. On the sides of the aluminum frame are openings for the
inlet and outlet of the detector gas. A stretched stainless micro-mesh with 400 lines per inch
and 25 pm wire diameter glued onto PVC bars is glued in a mesh aluminum frame, where
the micro-mesh is not touching the aluminum frame. The micro-mesh is connected via a
contact wire that is placed outside the detector through gas-tight holes in the metal frame
and the PVC bars. Positive ions from the gas amplification drift to the mesh and thus create
an electrical signal. This signal can be measured via the contact wire and used as a trigger
signal for the readout electronics.

Before assembly the detector anode and micro-mesh were carefully cleaned. Large dirt
residues on the anode were removed with a scalpel under the microscope. The remaining
parts like cathode, gas-cover and o-rings were cleaned with isopropyl and lint-free paper.
The profile of the detector is shown in Fig.5.14. The total area of the active area is (19.2 x
19.2) cm?.
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Figure 5.14: Profile of the detector. Single parts were put together to assemble the detector.

First, screws were put into the prebored holes at the corner of the gas cover frame. On
this the anode was placed with a suitable o-ring in the notch on its bottom side. Two other
suitable o-rings were fitted on both sides of the mesh frame, which was carefully placed on the
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anode with the mesh on the bottom side. The cathode was placed on the mesh frame. The
screws were slightly tightened and the remaining screws were inserted through the prebored
holes. All screws were tightened diagonally to allow even pressure of the mesh on the anode.
Valves for the gas supply and exhaust were screwed into the intended locations and the gas
hoses attached to them.



Chapter 6

Commissioning and Characterizing
Measurements of the Floating Strip
Micromegas Detector

This chapter deals with the commissioning of the tested floating strip Micromegas detector,
which has been described in detail in the previous chapters. The detector has an active area
of (19.2x19.2) cm? and 384 anode strips, with 0.3 mm width and 0.5 mm pitch.

6.1 Measurement Setup

The measurement setup for the detector operation is described in the following. It contains
the gas mixing system to flush the detector with the suitable gas mixture and the measurement
setup with the readout electronics.

6.1.1 Gas Mixing System

The detector was operated with a gas mixture of Ar: COs 93:7 Vol.-% at a constant gas flow
of about 2.01/h and a slight overpressure of several millibars in Munich against the standard
pressure of pg = 1013 mbar to prevent oxygen from entering the detector and reducing the
spark probability. A gas mixing system was used to obtain the desired gas flow, shown in
Fig.6.1.

Gas from gas bottles with a pressure of 2bar is carried into the gas flow control system by
Brooks Thermal Mass Flow Controller (MFC) [Brooks Instrument, 2008], at the control of
which the desired flow is set. The gas flow is measured individually on each flow control based
on the specific heat capacity of the flow. The flow controls were calibrated in [Klitzner, 2016a].

The adjusted gas flow Pg et at the gas mixing system and actual gas flow P easureq in the
detector can be calculated [Klitzner, 2016a] with

(I)measured = po + P1 (I)set (61)

and parameters pg and pi, shown in Tab. 6.1.

The gas then runs through the gas mixer and is carried into the detector. The gas runs
through the amplification region, from there it reaches the drift region and finally exits the
detector. Inserting a cannula in the connecting tube between drift and amplification region
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induces a slight overpressure which causes a back flow due to thinner cross-section and presses
the anode against the micro-mesh to obtain a constant distance of 150 pm between micro-
mesh and anode.

Figure 6.1: Schematic of the gas mixing system and pressure control system with connected
detector. Fig. taken from [Bortfeldt, 2010] (slightly modified).

gas MEFC value Do 1

Ar Ar -0.04 £+ 0.01 1.13 £+ 0.02
Ne N2 0.04 &+ 0.02 1.58 + 0.03
COq COq -0.004 £ 0.003 1.33 £ 0.04
CF4 CF4 -0.006 + 0.008 1.07 + 0.02

Table 6.1: Parameters for calculating the gas flow, at a pressure of 2 bar [Klitzner, 2016a].

6.1.2 Readout Electronics

The measurement setup is shown in Fig. 6.2. The mesh signals were used to generate trigger
signals on the signals from the individual strips of the readout layers, which were read out
via APV with HDMI connection and sent directly to the PC via the front-end concentrator
(FEC). The FEC digitizes the analogue APV signal with eight two-channel 12 bit analogue-
to-digital-converter (ADC) units. The charge signal which is collected from the mesh is first
transfered over a preamplifier and a signal splitter Fan-in/Fan-out (FiFo) to an oscilloscope.
To visualize signals from noise on the oscilloscope the setup has to be grounded. A trigger
threshold of 40 mV is suitable. The signals are conducted from the FiFo over a timing filter
amplifier (TFA), which smooths by integrating and inverts the signal. The signals from the
TFA are then forwarded through the FiFo to a discriminator. The discriminator produces a
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NIM-standard-logic-pulse in form of a rectangular pulse, when the pulse height exceeds an
adjustable threshold. The threshold is matched to the trigger on the oscilloscope so that a
logic pulse is generated only when a signal actually comes from the detector. This trigger
pulse is then passed on to a dual timer, which extends the signal to the FEC. The FEC
passes the trigger to the APV, which then outputs the recorded data from a time interval of
24 timebins, where 1timbin = 25ns, which is sent to the Computer via the FEC.

oscilloscope I
P mesh detector HV
N
APV AT
A Y
Fan-in o
Fan-out [D D]‘ preamplifier gas mixing
CAEN N625 | A system
\
timing filter amplifier (TFA) trigger data
Ortec 545
\ 4
. discrimiator > dual timer > FEC
CAEN 4608C CAEN N93B
\ 4
PC

Figure 6.2: Measurement setup: The signals of the mesh (green) are transfered through the
FiFo and the preamplifier to the timing filter amplifier. The shaped signal is then passed
through the FiFo to the discriminator (brown), which generates a rectangular pulse therefrom,
which serves as the trigger signal (blue) for the APV, which then outputs the measured signal
(red).

6.2 Characterizing Measurements

In the following, characterizing measurements are presented. The detector was constantly
flushed with a gas mixture of Ar:COs 93:7vo0l.%. Anode and cathode were supplied with
high voltage by an iseg high voltage power supply [iseg, 2017]. A 35Fe source which emits
low-energy 5.9 keV photons was used.

6.2.1 Variation of the Amplification Field

The pulse height is defined as the total charge of all strips in the cluster with maximum charge.
Fig. 6.3 shows the recorded pulse height distribution of both readout layers as a function of
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the amplification field E,y,,. The drift field was held constantly at Egyig, = 0.17kV/cm while
varying the amplification field. Clearly visible is the smaller recorded pulse height for the
parallel readout layer. The most probable value of the pulse height for a given amplification
field can be determined by a Gaussian fit to the distribution, Fig. 6.4 shows the most probable
pulse heights for both readout layers as a function of the amplification field Eg,,,. The
pulse height, which is directly proportional to the gas gain, increases in both readout layers
exponentially with increasing amplification field as expected, where the pulse height in the x
layer is smaller than in the y layer.
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Figure 6.3: Pulse height distribution of the parallel readout layer (left) and the perpendicular
readout layer (right) as a function of the amplification field Eq) at Egpig = 0.17kV /cm.
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Figure 6.4: Most probable pulse height of the parallel readout layer (left) and the perpendic-
ular readout layer (right) as a function of the amplification field Eqpp at Egyig, = 0.17kV /cm.

6.2.2 Variation of the Drift Field

The most probable pulse heights of both readout layers as a function of the drift field
Eqvite kV /cm for can be seen in Fig. 6.5. The amplification field was held constant at Eamp =
41kV /cm while varying the drift field. For increasing drift field, the pulse heights in both
readout layers increase. A maximum of the most probable pulse height is reached for
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Egrise =0.1kV/em. For further increasing drift field, the changing electric field configu-
ration leads to a decrease of the measured pulse height, see also mesh transparency in section
3.3. Also here the pulse height in the x layer is smaller than in the y layer.
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Figure 6.5: Pulse height as a function of the drift field for the parallel readout layer (left)
and the perpendicular readout layer (right) at Egs = 41 kv/cm.

6.3 Possible Dependence of Pulse Height and Timing on the
Resistance

Finally, it was examined whether the resistance value, through which the anode strips are
individually connected to high voltage, affects the pulse height and the timing of detector
signals. Signals of the x layer were considered for this analysis due to parallel arrangement
to the anode strips. To hit several strips the °Fe source was used at different positions of
the detector, resulting in three measurement recordings.

6.3.1 Relation of Pulse Height and Resistance

To determine the hit strips the pulse height of each strip is plotted against its strip number,
shown in Fig.6.6, where the entries are plotted on the z axis. Two further recordings are
shown in appendix C. Visible is a localized beam spot with several hit strips. For all strips
the maximum pulse height is smaller than about 1200 adc channels.
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Figure 6.6: Pulse height of a strip plotted against its strip number.

For each hit strip the mean pulse height is determined with the mean of the histogram. The
determined mean pulse height is plotted against its strip number, shown in Fig.6.7. Visible
is a wavelike fluctuation of the mean pulse height. This is caused by the pillar structure.
The pillars are located on the anode strips and cover parts of them. As a result the active
area is reduced, leading to a smaller pulse height and mean pulse height. Therefore only
the mean pulse heights of several hit strips without pillars are compared and plotted against
their resistances, shown in Fig. 6.8, where strips of all recordings are used. The mean pulse
height fluctuates only between 330 and 360 adc channels for resistances between 4 M{2 and
20 M(). By fitting a straight line it can be assumed that the mean pulse height is constant at
(370 £ 13) adc channels for each hit strip and no trend or dependencies between pulse height
and resistance can be observed.
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Figure 6.7: Mean pulse height of a hit strip plotted against the strip number.
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Figure 6.8: Mean pulse height of a hit strip plotted against its resistance. By fitting a straight
line it can be assumed that the mean pulse height is constant at (370 = 13) adc channels for

each hit strip.
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Furthermore the maximum pulse height of each hit strip was determined. A Fermi function
was fitted to the falling edge of the pulse height distribution of a hit strip. Three points of the
Fermi function are determined at 90%, 50% and 10% drop. A straight line is fitted through
these points. The maximum pulse height can be extracted by extrapolating the straight line
onto the x axis. The point of intersection with the x axis corresponds to the maximum pulse
height. The maximum pulse height of each hit strip plotted against its strip number is shown
in Fig.6.9.

It has been shown that the resistance value does not affect the pulse height, shown by the
mean and maximum pulse height of a hit strip.
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Figure 6.9: Maximum pulse height of a hit strip plotted against the strip number.
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Figure 6.10: Maximum pulse height of a hit strip plotted against its resistance. By fitting a
straight line it can be assumed that the maximum pulse height is constant with (1095+35) adc
channels for each strip.

6.3.2 Relation of Timing and Resistance

In addition, it was examined whether the resistance value affects the timing of detector signals.
The most probable value of the timing of a hit strip can be determined by a Gaussian fit to
the timing distribution, shown in Fig.6.11. Fig.6.12 shows the most probable timing of the
each hit strip plotted against its strip number.

The most probable timing of several hit strips is compared and plotted against their resis-
tances, shown in Fig.6.13, where strips of all recordings are used. The timing fluctuates
only between 12.3 and 13.18 timebins, where a timebin equals 25 ns, for resistances between
4 MS) and 20 MQ2. By fitting a straight line it can be assumed that the timing is constant at
(12.7 £ 0.1) timebins for each strip. Furthermore the sigma of the Gaussian timing distribu-
tion of several hit strips, the distribution for a single hit strip is shown in Fig. 6.12, is plotted
against their resistances and shown in Fig. 6.14. By fitting a straight line it can be assumed
that the sigma of the distribution is constant at (0.514 £ 0.005) timebins for each strip. It
has been shown that the resistance value does not affect the timing of a hit strip.
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Figure 6.11: Timing distribution of a hit strip. The most probable value of the timing can
be determined by a Gaussian fit.

13.2

timing [25 ns]

=
w
T

128

126 |

124

12.2

30 32 34 36 38 40 42 44 46 48 50
strip

Figure 6.12: Most probable timing of a hit strip plotted against its strip number.
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Figure 6.13: Timing of a hit strip plotted against its resistance. By fitting a straight line it
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Figure 6.14: Sigma of the Gaussian timing distribution of a hit strip plotted against its
resistance. By fitting a straight line it can be assumed that the sigma is constant at (0.514 +
0.005) timebins for each strip, where a timebin equals 25 ns.
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Chapter 7

Summary and Outlook

In this thesis methods for the completion of a thin anode with two-dimensional readout
structure for a floating strip Micromegas detector were further developed as well as improved.

Micromgeas detectors are high-rate capable, high spatial resolution, planar gaseous detectors,
consisting of individual drift and amplification regions, separated by a thin micro-mesh. The
micro-mesh is held at a constant distance of 150 pm to the anode. Charged particles or
photons traverse the detector and ionize the detector gas in a typically 6 mm wide drift
region between cathode and micro-mesh. Created electrons drift towards the micro-mesh.
In the amplification region between micro-mesh and anode these electrons are amplified in
Townsend avalanches. The anode consists of copper strips. Unlike the standard Micromegas
design, floating strip Micromegas use anode strips which are on a floating electrical potential
due to high ohmic contact of about 20 Mf2 to the high voltage supply. The generated charge
is coupled to readout strips which are separated from the anode strips by a thin Kapton layer.
The two-dimensional readout structure is achieved by two layers of readout strips below the
anode strips, separated by a 25 pm thin insulating Kapton layer: One orthogonal readout layer
below to the anode strips, and another parallel readout layer, placed on the bottom of the
PCB, separated by a 25 um thin insulating Kapton layer from the upper layer. Micromegas
detectors are filled with a gas, typically used gas mixtures are Ar: COy or Ne: CFy.

A screen printing method, using a high polymer resistive paste, to individually connect the
anode strips to high voltage was improved. A support structure was required to keep the
paste in shape. After successfully building the support structure, using an improved stripping
method, the resistors could be printed. To obtain suitable resistances for all anode strips, a
well made support structure made out of solder resist with constant gap width is required.
Desired resistances can be obtained with a suitable paste, even if the gaps are not wide
open. It is necessary that the gaps are evenly wide, otherwise different amounts of paste
distributed into the gaps will cause uneven resistances on individual strips. The pillar-shaped
spacer structure to hold the micro-mesh at a constant distance to the anode was also made
by using the stripping method. Resistors with a paste mixture of RS12115 /11 /2015 and
RS12115 19112016 With a ratio of 1:1 for the inner gaps and a ratio of 3: 2 for the outer gaps
and a mean resistance of R = (11.95 £ 3.22) M2 were successfully printed onto the anode.

Furthermore, the thin anode had to be supported against bending during detector operation
due to gravitational sag. For this a PVC frame as well as a commercial grade aramid fiber
paper honeycomb were glued onto the backside of the anode.
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The topology of the anode was measured with a CMM. Results showed that a global de-
formation in a shape of a bump of 250 m is visible. The global deformation does not affect
the functionality of the detector during operation because with assembly of the detector the
micro-mesh is pressed against the anode and clings to it due to electrostatic force.

A floating strip Micromegas detector with the optimzied thin anode with two-dimensional
readout structure was built with an active area of (19.2x19.2) cm?. Characterizing mea-
surements were done using 5.9 keV photons from a %°Fe source. Finally, it has been shown
that the resistance value, through which the anode strips are individually connected to high
voltage, does not affect the pulse height and the timing of detector signals.
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Appendix A

Technical Specifications for
Printing High Ohmic Resistors by
Using a Screen Printing Method

Settings for the Laminator RLM 419 P

e speed: 0.9m/s
e temperature: about 100°C

e pressure: 4-5 (from max. 6) device specific scale, adjustable via hand wheel
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ESL EUROPE Product Manufactured

8 COMMERCIAL ROAD under the Quality System
READING, ENGLAND 1ISO 9001:2008 Cert. No. 28823

RG2 0QZ and the Environmental

T: +44 (0) 118 9182400 Management System

F: +44 (0) 118 9867331 1ISO 14001:2004 Cert. No. 28831
sales@esleurope.co.uk Approved by URS

POLYMER RESISTOR CERTIFICATION AND DATA

RoHS Compliant*

We certify that the product identified below has been manufactured and inspected in
compliance with the requirements of the mutually accepted specifications of your purchase
order. We further certify that the applicable test reports are on file and available for examination
as appropriate.

This product was manufactured at the above location and is certified to have a shelf life of six
(6) months from the date of shipment when stored in a closed container and refrigerated at 5°C.
However, no warranty is expressed or implied regarding the suitability of this product for any
specific purpose.

Andrew Sale Michele Bond
Product Manufacturing Manager Quality Manager

DATE OF APPROVAL: 4 November 2015

TEST DATA

PRODUCT No. RS12116 LOT No. K743-95 SPECIFICATION No. UK-2

VISCOSITY (Pa.s): o
(Brookfield RVT/ No.7 Spindiey /2~ @10mPm, 62 @50rpm, - @100mm, @ 252 °C

CURED THICKNESS: 180 pmcured@ 150°C/2hours with 1109-S  terminations
RESISTIVITY:  1212.8 KQ/A« on 5 mm x 5 mm square resistor
SOLIDS: 69.0 %

APPEARANCE: ACCEPTABLE

*None of the six substances referred to in the RoHS Directive (2002/95/EC) are used in the formulation of this product.
Form 29 / Mar 08

Figure A.1: Polymer resistive paste RS12116 by ESL with 1212.8k2/sq resistivity on a (5 x
5) mm? square.
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ESL EUROPE Product Manufactured
8 COMMERCIAL ROAD under the Quality System
READING, ENGLAND 1ISO 9001:2008 Cert. No. 28823
RG2 0Qz and the Environmental
T: +44 (0) 118 9182400 Management System
F: +44 (0) 118 9867331 ISO 14001:2004 Cert. No. 28831
sales@esleurope.co.uk Approved by URS

POLYMER RESISTOR CERTIFICATION AND DATA

RoHS Compliant*

We certify that the product identified below has been manufactured and inspected in
compliance with the requirements of the mutually accepted specifications of your purchase
order. We further certify that the applicable test reports are on file and available for examination
as appropriate.

This product was manufactured at the above location and is certified to have a shelf life of six
(6) months from the date of shipment when stored in a closed container and refrigerated at 5°C.
However, no warranty is expressed or implied regarding the suitability of this product for any
specific purpose.

Andrew Sale Michele Bond
Product Manufacturing Manager Quality Manager

DATE OF APPROVAL: 4 November 2015

TEST DATA

PRODUCT No. RS12115 LOT No. K749-2 SPECIFICATION No. UK-2

VISCOSITY (Pa.s):
(Brookfield RVT/ No.7 Spindle)

CURED THICKNESS: 180 umcured@ 150°C/2hours with 1109-S  terminations

62 @10rpm, 38 @50rpm, 33 @100r$pm, @ 253 °C

RESISTIVITY:  96.9 KQ/A« on 5 mm x 5 mm square resistor
SOLIDS: 643 %

APPEARANCE: ACCEPTABLE

*None of the six substances referred to in the RoHS Directive (2002/95/EC) are used in the formulation of this product.
Form 29 / Mar 08

Figure A.2: Polymer resistive paste RS12115 by ESL with 96.9k(2/sq resistivity on a (5 x
5) mm? square.
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ESL EUROPE Product Manufactured

8 COMMERCIAL ROAD under the Quality System
READING, ENGLAND 1ISO 9001:2008 Cert. No. 28823

RG2 0QZ and the Environmental

T: +44 (0) 118 9182400 Management System

F: +44 (0) 118 9867331 1ISO 14001:2004 Cert. No. 28831
sales@esleurope.co.uk Approved by URS

POLYMER RESISTOR CERTIFICATION AND DATA

RoHS Compliant*

We certify that the product identified below has been manufactured and inspected in
compliance with the requirements of the mutually accepted specifications of your purchase
order. We further certify that the applicable test reports are on file and available for examination
as appropriate.

This product was manufactured at the above location and is certified to have a shelf life of six
(6) months from the date of shipment when stored in a closed container and refrigerated at 5°C.
However, no warranty is expressed or implied regarding the suitability of this product for any
specific purpose.

Andrew Sale Michele Bond
Product Manufacturing Manager Quality Manager

DATE OF APPROVAL: 10 November 2016

TEST DATA

PRODUCT No. RS12115 LOT No. K765-92 SPECIFICATION No. UK-2

VISCOSITY (Pa.s):
(Brookfield RVT/ No.7 Spindle)

CURED THICKNESS: 188 umcured@ 150°C/2hours with 1109-S  terminations

61 @10rpm, 33 @50rpm, 31 @100rfpm, @ 26.0 °C

RESISTIVITY: 84.9 KQ/& on 5 mm x 5 mm square resistor
SOLIDS: 623 %

APPEARANCE: ACCEPTABLE

*None of the six substances referred to in the RoHS Directive (2002/95/EC) are used in the formulation of this product.
Form 29 / Mar 08

Figure A.3: Polymer resistive paste RS12115 by ESL with 84.9k()/sq resistivity on a (5 x
5) mm? square.
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Technical Specifications for
Soldering the Panasonic Connectors

Heating Elements

e Ceramic Cartridge Heater for RepRap 3D printer
e stainless steel core and copper plated tube (model N/A)
e size: 6 mm diameter and 20 mm length

e 40 W power and operating voltage between 12V and 24V voltage

five heating elements:

— two elements were operated together with 20V

— three elements were operated together with 20 V



APPENDIX B. TECHNICAL SPECIFICATIONS FOR SOLDERING THE PANASONIC
68 CONNECTORS




Appendix C

Additional recordings of Pulse
Height and Timing Relations

Fig. C.1 shows the pulse height of a strip plotted against its strip number for two further
recordings. For hit strips mean pulse height and maximum pulse height are determined and
plotted against the strip number, shown in Fig. C.2 and Fig. C.3 The timing plotted against
the strip number is shown in Fig. C.4.
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Figure C.1: Pulse height of a strip plotted against its strip number.
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Figure C.2: Mean pulse height of a hit strip plotted against the strip number.
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Figure C.3: Maximum pulse height of a hit strip plotted against the strip number.
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Figure C.4: Timing of a hit strip plotted against the strip number.
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