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Chapter 1
Introduction

Since the Greek philosophers and their theories of the atom as the smallest element of matter, mankind
has tried to understand the constituents of matter. Nowadays, scientists and in particular, particle phys-
icists have taken over the role of philosophers and research subatomic particles and their fundamental
interactions with scientific experiments.

The advancement of technology during the last two centuries has given rise to the discovery of many
elementary particles, e.g. the quarks, the leptons and the gauge bosons. These particles were studied
well during the last decades and many characteristics were measured with great accuracy. Theorists de-
veloped the Standard Model (SM), which has become the most successful theory in particle physics as
it describes the most of the observed phenomena. The origin of mass is still unknown but is an essential
part of understanding the universe. Furthermore, a breaking of the electroweak force into electromag-
netic and weak force was discovered experimentally. The Higgs field is introduced for the elektroweak
symmetry breaking in the SM and is also responsible for the mass of the W- and Z-Boson. It is om-
nipresent in the universe and could also give mass to the other elementary massive particles trough a
Yukawa-interaction. The Higgs-mechanism also predicts the existence of the Higgs Boson. The Higgs
Boson is still not observed by any experiment and became the last step to validating the SM.

Two important tools of particle physicists are particle accelerators and particle detectors. The accel-
erators boost the kinetic energy of charged particles and collide them. These particles interact at high
center of mass energies and different particles can be created. In the past the energy of the collisions was
increased further and further to generate unknown particles with higher masses. The particle detectors
survey the reaction products of the collisions and measure the properties of the resulting particles. With
the measured parameters one can deduce a large amount of information about the observed particles,
e.g. the masses, cross sections of reactions, lifetimes and decay products.

In 2009 a new proton-proton collider, the Large Hadron Collider (LHC), started operating. With a
design center of mass energy of 14 TeV, the LHC has the highest center of mass energy seen up until
now. This high collision energy paired with high resolution particle detectors give the LHC the poten-
tial to find new phenomena of particle physics. Two of the main tasks of the LHC are the search of the
Higgs Boson and the probing of physics beyond the Standard Model. Whereas many other experiments
and theories have already given limits on the mass of the Higgs Boson but could not discover it, the
LHC investigates the remaining mass ranges of a Standard Model Higgs Boson. Other questions remain
unanswered by the SM, e.g. the nature of dark matter. Further theories, like Supersymmetry (SUSY)
or M-theory, introduce new particles which are candidates for dark matter and generate new forces or
symmetries at the terascale energies [1]. The LHC has taken data with a total collision energy of 7 TeV
until now and has opened the terascale region for new discoveries.

The major disadvantage of the LHC is the unknown initial state of the colliding particles, as they are
composite and not elementary particles. The LHC also suffers from a high background due to many
strong interactions, which restrict the measurement precision of the detectors. These are the reasons
for the necessity of the International Linear Collider (ILC). The ILC is a future linear electron-positron
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Figure 1.1: Left: Illustration of the whole ILD. Right: Zoom inside the TPC of the ILD [4]

collider, which is still in the design and research phase. Its energy should be tunable from 200 GeV to
500 GeV with the option to run on the mass of the Z-Boson and an upgrade to 1TeV. It will be able
to verify the results of the LHC and to do precision measurements of newly found physics. To clarify
the detector and collider performances one has to simulate theoretical interactions. Theory predicts one
major Higgs Boson production channel to be e*fe™ — ZH — 717X for the ILC. The mass of the Higgs
Boson can be calculated from the recoil of the Z-Boson, if the parameters of the decay products are
reconstructed well enough. To achieve a high signal to noise ratio the measurement resolution of the
momentum has to be in the order of 6(1/p;) ~ 2 X 1075 GeV~! for the tracking detectors [2].

Two different detectors are planned for the ILC which will be exchangeable in the single interaction
area with a push-pull configuration. One of the detector concepts of the ILC is the International Large
Detector (ILD). To reach the physics goals of the ILC strong requirements regarding detector perform-
ance need to be met. The information of highly granular tracking and calorimetry systems are combined
to achieve the highest possible energy resolution. This so-called particle flow concept requires a high
tracking efficiency, spatial resolution, efficient reconstruction of secondary vertices and momentum res-
olution. The choice for the ILD’s central tracking detector is a large Time Projection Chamber (TPC)
(see figure 1.1). Charged particles ionize a gaseous volume along its track inside a TPC. The electrons
from the ionization drift towards the end caps as a result of an applied electric field. The drift time and
the two dimensional detection of the electrons at the end caps allow a full three dimensional reconstruc-
tion of the tracks. The momentum resolution of 6(1/p,) ~ 2 X 1075 GeV~! for the complete tracking
system is reduced to 6(1/p;) ~ 7 X 107> GeV~! for the TPC alone (silicon based tracking detectors are
also part of the tracking system). Many track points and a low material budget complement the good
point resolution and double-hit resolution of a TPC [3]. For the ILD the amount of material in the barrel
area should not exceed 5 % of a radiation length and in the end caps area 25 % of a radiation length.
Traditional wire readout systems of the TPC are not sufficient for the ILD and Micro-Pattern Gaseous
Detectors (MPGD) will replace them. Different approaches are being studied at the moment. On the
one hand, a pad readout with pad sizes of the order of ~ 2 mm X 2 mm and the on the other hand, a pixel
chip with a pixel pitch of ~ 55 um. Furthermore, the gas amplification stage of the MPGD is still under
development with a focus on Micromegas and GEMs. GEMs are stand-alone amplification structures
consisting of a Kapton foil with copper layers. Holes are etched in the structure and a voltage between
the copper layers is applied. Micromegas are metal grids, which are placed around 100 um above the
readout plane. A voltage between the metal grid and the readout plane must also be applied.

In this study the performance of a Micromegas, mounted on a pixel chip, is studied. Measurements



inside a prototype TPC with a maximal drift distance of 26 cm are presented with tracks originating
from cosmic muons. Point resolution and general parameters of the setup are presented and the assets
and drawbacks of the technology are examined.






Chapter 2

Gaseous Detectors

The track of a particle can only be measured through an interaction with a detector material. One type
of tracking devices are gaseous detectors. They are based on the principle that a charged particle ionizes
atoms of the gas along its track. By detecting the free electrons one can reconstruct the track of a charged
particle.

This chapter introduces the physics needed for a gaseous detector. To understand the functionality of a
TPC in detail, the ionization of the gas, the drift of electrons/ions in the gas and the gas amplification is
examined. At the end new types of Micro-Pattern Gaseous Detectors will be presented.

2.1 Energy Loss of Charged Particles in Matter

A charged particle loses kinetic energy while traveling through matter because of interactions with
the material. The largest contribution to the energy loss is due to ionization and excitation processes
through electromagnetic interactions. Other processes, e.g Cherenkov radiation, transition radiation and
bremsstrahlung are negligible except at very high energies of the charged particle. As most of the time
electrons of the detection volume are the collision partners of the charged particle, one has to distinguish
between the case of an electron and of a more heavily charged particle. The spectrum of transferred
energy looks quite different for both cases because an electron can transfer its complete kinetic energy
to the detector material during a single interaction. This is also the classical expectation for a central
collision of identical particles. The maximum kinetic energy transfer E{x for heavier particles can be
expressed in the following way:

E2
Egans = —— 2.1)
E+ 5 -

where my is the mass of the charged particle and m is the mass of the electron. In this formula one uses
the relativistic case where the energy E of the particle fulfills the relations E ~ Eyj, and E = pc.

The Bethe-Bloch equation describes the mean energy loss dE per track length dx in matter for heavy
particles [5]

dE  4nNe*7 2mec’By? $
dE _ daNez |y (2mec By _ g 0B (2.2)
dx  mec?p? I 2
where
N the number density of electrons in the traversed matter
Z the charge of the traveling particle
e the elementary charge

MeC the rest energy of the electron
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Figure 2.1: Illustration of the energy deposition of a muon. The Bethe-Bloch equation is only valid in the Bethe
range and becomes invalid under very high energies due to radiative losses and under very low energies due to the
internal structure of atoms [7].

B the velocity of the traveling particle in terms of the velocity ¢ of light
_ 1

Y= e 7

1 the mean excitation energy of the atom

o(B) correction term for the density effect

The mean energy loss per length falls steeply with 1/8> for low energies of the incident particle (see
figure 2.1). This is due to the fact that slower particles feel the field of the atom longer and thus have
a higher cross section. The function then has a minimum at around By = 4 and thereafter rises logar-
ithmically. The origin of the rise is twofold. The first one is a kinematic effect. In equation (2.1) one
can see that the maximum transferred energy increases with the velocity of the particle. In the case
of an ultra-relativistic particle the complete kinetic energy can be transferred to the detection material
which results in a higher probability for large energy transfers. The second effect is an expansion of
the transverse electric field of the traveling particle due to the relativistic velocity. As a result the cross
section for interactions with the detector material increases and energy transfer is more probable.

For high energies of the charged particle the relativistic rise is limited by the density effect. This was
first calculated by Fermi in 1939. The atoms around the charged particles are polarized and screen the
charge of the particle. This effect depends greatly on the detection material and its density, hence the
name of the effect [6].

For very low and very high energies of the particle the Bethe-Bloch equation is not valid anymore. The
radiative losses are not negligible for ultra-relativistic particles and shell effects of the atoms play an
important role for low velocities.

Particles, whose energy is in the minimum region of the Bethe-Bloch formula, are called minimal ion-
izing particles (MIPs). As the relativistic rise is rather low, one also calls particles in this region MIPs,
too. In this area one surveys comic muons which can be considered as MIPs according to this definition
(see chapter 2.8 for information about cosmic rays).

One can also identify particles with the help of the energy loss per track length. A specific amount of
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Figure 2.2: Energy deposition per unit length for single events in the PEP-4-Experiment. The data is well described
by the Bethe-Bloch function for several particle types [7].

energy is transferred to the detector dependent on the momentum and the mass of the particle. If one
measures the momentum and the energy loss, one can identify the particle types. The better the resol-
ution of the detector, the larger the range of momentum where one is able to distinguish between the
particles. Figure 2.2 shows a measurement from a TPC of the PEP-4-Experiment at the Stanford Linear
Collider. One can see the characteristic energy losses for the particles. In the area of the relativistic rise,
the detector resolution is not sufficient to identify the particles any more.

For gaseous detectors the statistical process of the energy transfer produces a large fluctuation around
the mean energy loss due to the low number of interactions. In case of a thick absorber one measures
a Gaussian distribution of the energy loss in the detector. A large tail is observed for thin absorbers
because of the possibility of very large energy transfers. The distribution of energy loss in a thin ab-
sorber can be described by a Landau-distribution [6]. An approximation for the Landau-distribution is
the following formula from Moyal [8]:

1 1
L(1) = —— -exp (—— (A +exp —/l)) (2.3)
Vo 2
AE — AEW
A= — (2.4)
&
4nNetz?
== 2.5
& mec2e P (2.5)
where
AE the mean energy loss in a layer of thickness x
AEY  most probable energy loss in a layer of thickness x
Jol density of the material
X thickness of the detection layer
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Figure 2.3: Energy loss of 3 GeV electrons in a small drift chamber of the SAMBA experiment [9]. A Landau-
distribution characterizes the measured data.

Figure 2.3 shows a Landau-distribution qualitatively, which was measured in a small drift chamber of
the SAMBA experiment at CERN.

In the case of gaseous detectors, one can identify new tracks if the energy transfer is too high. The
electron is then able to ionize further atoms and causes a new track to arise from the first one. These so-
called delta electrons restrict the tail of the Landau-distribution as the tail is derived from large energy
transfers, which are now identified as new tracks. This also has an impact on the mean energy loss
measured by the detector. Depending on the detector parameters, one inserts a cut off Energy Epax
in the Bethe-Bloch equation (2.2). The newly restricted form of the equation can be expressed in the
following way [5]:

2.6)

(dE) _ 4nNe's {m( \/2mec2Emax,By) ) }
restricted

dx mec2B? I 2 2

2.2 lonization and Electron Attachment

The atoms of the gas volume can be ionized by the energy transfer from the charged particle. Different
processes exist which are defined as primary and secondary ionization. A primary ionization occurs if
the charged particle u directly kicks out one or more electrons of the interacting atom A. One can see
the possible primary ionization in the following formulas, while two or three fold ionization occurs less
often [5].

WA — pA'e” 2.7)
WA — nA*teTe” (2.8)
WA — pA*eTeTe” (2.9)

Secondary ionization on the other hand describes several different processes. Two of theses processes,
which we can observe, are presented. On the one hand primary electrons exist that received enough
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kinetic energy to ionize other atoms through collisions.

e A —-e Afe” (2.10)
e A s e Atfee” (2.11)

The previously mentioned delta electrons are an example of this process if the secondary electron has a
large kinetic energy. On the other hand secondary electrons can be produced through the Penning effect.
The Penning effect can only occur if a gas mixture is used in the detector. Furthermore, one of the
components A has to possess a metastable excited state (A*) whose energy is higher than the ionization
potential of another gas component B. The effect is most commonly observed when using a noble and
an organic gas, as noble gases have high excitation states and organic gases low ionization potentials
[6]. Collisions of the excited noble atoms and the organic molecules cause the ionization of the organic
molecule and the de-excitation of the noble atoms.

WA — pA* (2.12)
e A e A (2.13)
A*B — AB'e" (2.14)

The ionization electrons can also interact with the gas and are attached to molecules. As only the
free electrons produce the signal in the detector, the electron attachment reduces the signal to noise
ratio. The noble gases do not form stable negative ions and the drifting electrons do only reach enough
kinetic energy to ionize the other components inside the amplification area of the detector. Most of
the time halogen compounds and oxygen with large negative electron affinities are ionized. These gas
components are only rarely used in gaseous detectors but can be found as gas impurities due to imperfect
gas systems.

The simplest processes of electron attachment are two-body collisions. The electron is absorbed by a
molecule M and is sometimes able to dissociate the molecule into smaller parts A, B ... and one of the
constituents becomes a negative ion:

e +M-> M (2.15)
e +M—->A"+B (2.16)

The first process is very unlikely as an electron has a kinetic energy and would also excite the molecule.
In typical cases, the molecule has to interact again to reach the stable state. The energy of the electron
for a dissociative attachment has to be quite high (~ 5eV [10]) and is not reached in the drift region
of a standard TPC configuration, whereas in the amplification process the electron energy rises high
enough to dissociate the molecule. As the amplification region is a lot smaller than the drift region,
the dissociative process reduces the amplification but not the number of primary electrons. To describe
measurements a three body process model was developed by Bloch and Bradbury in 1935 [11]. Due to
the later experiment, oxygen molecules O, will be used in the following description. First of all the
electron is attached to the oxygen.

e +0; > 05" 2.17)

with O7* being one of the low vibrational states of the oxygen molecule. The lifetime of the excited
oxygen is in the order 7 = 107!9s. Without further interactions the excited oxygen will then either emit
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the electron or a photon to reach a stable state.

0;" > e +0, (2.18)
0;" > y+0; (2.19)

The higher the density of the gas, the higher the possibility of a collision of the excited molecule with
a component X of the gas. This collision can either release the electron from the ion or it stabilizes the
oxygen ion.

0, +X —»e +0,+X (2.20)
0;" +X - 0; + X* (2.21)

The second reaction only happens if a resonant collision is possible. Therefore, the type of molecule X
is rather important for the cross section of the process. Large molecules have a lot of vibrational states
and tend to increase the cross section considerably. Huk showed that 1000 ppm of water can double the
electron capture rate of oxygen impurities as resonant collisions happen more frequently [10]. If the rate
of spontaneous decay 1/t is low compared to the rate of third body collision, the electron capture rate
R can be written as [5]:

R = 1c1c010oN(O2)N(C) (2.22)

—%

with ¢ as the electron velocity, ¢, the velocity of thermal motion, oy the cross section of O;™ generation,
0 the cross section of stabilizing third body collisions and N(O;) and N(C) the density of oxygen and
third body molecules. As all the parts of the equation show strong dependence on operating conditions,
e.g. pressure, temperature and electron energy, the rate is often measured experimentally.

Observations showed that this model of third body collisions is not sufficient. That is the reason for an
expansion of this model with the creation of unstable van der Waals molecules. The reaction chains for
attachment due to van der Waals molecules are:

0, + X — (XOy) (2.23)
(X0,) +e” — 0 +X (2.24)
(XO,) + e — (XOy)™* (2.25)

(X0, ™ + X > 05 +2X (2.26)

with molecules in brackets being van der Waals molecules. The conditions of the detector have a strong
influence on the importance of the van der Waals molecules but a higher pressure increases the cross
section.

2.3 Electron and lon Drift and Diffusion

Inside a TPC an electric field £ is applied to move the electrons to the detection plane. A magnetic field
B is also used to bend the tracks of particles on a helix trajectory, from which one is able to calculate
the momentum of the particle. The equation of motion for the electrons and ions inside the volume is
expressed by the Langevin equation:

dv _ -
md—l; = ¢F + e[t x B] - K (2.27)

10
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Figure 2.4: Cross sections of electron-Argon scattering with respect to the electron energy. The minimum relates
from quantum mechanical description and was first discovered by Ramsauer [12].

with m being the mass of the charged particle, e the charge of the particle, U the velocity vector and
K is the friction force created by the interactions of the charged particles with the atoms of the gas.
The coefficient K can be expressed with the mass m and the mean time between two collisions 7 in the
following way:

m
K =

— (2.28)
T

If one assumes a large time ¢ >> 7 and that a constant electric field generates a constant drift velocity, a
solution of the equation of motion is [5]:

R | E E B E B|B
17:£| ’ﬁ —_)+a)T —_)X—_) +a)27'2 el N (2.29)
G N

where w = (e/m)B is the cyclotron frequency. In the case of the experiment which will be discussed
later, and where no magnetic field is applied, the solution is simplified to:

7= 51 = uit (2.30)
m

p="S1 2.31)
m

This defines the mobility ¢ of the ions and electrons inside the electric field. As charge and mass of the
charged particles are universal constants the mobility of one type of particles only depends on the mean
time between collisions. Figure 2.4 shows the dependence of the cross section of interactions on the
kinetic energy of the particles. One can clearly identify a distinct minimum which is called Ramsauer
minimum, named after its discoverer Carl Ramsauer. This minimum is generated by a quantum mech-
anical scattering when the de Broglie wavelength of the electron is in the same order as the wavelength
of the atoms of the gas. Historically, this was one of the first experiments which proved that classical
mechanics cannot explain the behavior of electrons.

Equation (2.31) also indicates that the mobility, and thus the velocity of ions is three orders lower than
the mobility of electrons due to the mass difference.

11
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The ionization electrons and ions do not only move due to the electric field but also due to thermal
energy. The initial energy of the particles can be neglected as the particles lose their kinetic energy
fast by scattering processes with the gaseous volume. Without the electric field, the ions and electrons
posses the thermal velocity distribution explained by the Maxwell-Boltzmann distribution. In the case
of a room temperature experiment the mean energy E is:

- 3
E= EkBT ~ 40 meV (2.32)

with kg the Boltzmann constant and 7 the temperature. During the drift process the ions and electrons
behave rather differently because of their masses. The electron motion will be discussed first.

Due to the light mass of the electrons in comparison with the atoms of the gas, the electrons scatter
elastically and isotropically. In the case of a bunch of electrons, the electrons will diffuse inside the gas
by collisions. After a time ¢ the density distribution 7 of the electrons reaches a Gaussian distribution in
the following form:

1 3 —r2

n ( \/ZTDI) exp (4Dt) (2.33)
P =x+ P+ (z— o) (2.34)
with z the drift direction, v the drift velocity and D the diffusion coefficient. The diffusion coefficient
was chosen so that n satisfies the continuity equation.

Experiments have shown that the diffusion coefficient in the drift direction can differ quite a lot from
the diffusion in the transverse direction. Partker and Lowke [13] found a model which can explain the
discrepancy. They assume that the cross section of the electrons depend on the kinetic energy of the
electrons in the observed energy range. This would create a different scattering probability for electrons
at the front and at the back of the drifting electron cloud. A change of the longitudinal diffusion would
be the consequence. With these assumptions the equation (2.33) changes to:

2 2 2 2

| | _—

n= ( ) exp(—x ty @) ) (2.35)
\/47TDLI \/47TDTZ 4Dt 4Dt

with Dr being the transverse diffusion coefficient and Dy the longitudinal diffusion coefficient. The
variance o of the diffusion is:

2D ,

vy = \2Drt = METZ = D, V2 (2.36)
2D ,

o, = 2Dyt = ﬂ éz =D,z (2.37)

with ¢ the drift time, z the drift distance, u the mobility and E the electric field. The constants D’T and
D/L are commonly used in detector physics as a simplification of data. In the following thesis they will
be called diffusion constants and will be addressed as Dy and Dy..

The ions have a similar mass compared to the atoms of the gas. Therefore, the ions lose a certain amount
of energy during each collision and do not scatter isotropically. Now one can distinguish between two
cases. The first one is a low drift field where the random velocity of the ions is created by the thermal
motion. The second case is a high drift field, which can be ignored in this context as the experiment

12
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does not reach these field strengths. The velocity v of the drifting ions in low electric fields is described
by:

1
1 1Y2[ 1 \? eE
=—+— — 2.38
v (m M) (3kBT) No (2.38)
with m the mass of the ions, M the mass of the atoms in the gas and T the temperature.
The Nernst-Townsend formula or Einstein formula describes the connection of the diffusion coefficient
with the mobility of the particles in a classical way:

ksT
D= BTu (2.39)

This shows that the ions diffuse less than the electrons because of the low mobility. In gas mixtures the
mobility u of the ions can be approximated with Blanc’s law:

i = E&l (2.40)

u N uy
with u; the mobility and Ny the density of the gas component k& and N the full density. If complex
molecules are added to the mixture, all ions can transfer their charge to the molecules by collisions.
The molecule’s ionization potential must be lower than the ionization potential of the ions. 100 to 1000
collisions of the ions with molecules are needed to transfer the charge [14]. This mainly depends on
the difference in the ionization potential. In a standard TPC configuration with a mean free path of
the ions of the order 107> ¢cm and gas fractions of > 1 %, the charge transfer to the lowest ionization
potential is fulfilled before 1 cm of drift of the ions. Thus, the mean drift velocity of the ions is mainly
determined by the drift velocity of the molecule with the lowest ionization potential. Typically, the
molecules possess the highest mass of the components of the gas mixture. Thus, the ions drift velocity
is mainly determined by the drift velocity of that molecule.

2.4 Gas Amplification

The few electrons of the ionization cannot be detected as the signal produced is too low in the electronics.
Therefore, a structure for electron multiplication is used which is called gas amplification stage. Sev-
eral different amplification methods exist but gaseous detectors normally use a high electric field. The
drifting electrons are accelerated in the presence of the field and are able to reach enough kinetic energy
between two collisions to ionize atoms of the surrounding gas. This starts an avalanche of secondary
electrons and ions which are responsible for the signal in the readout structure. The multiplication of
electrons is described by the first Townsend coeflicient a:

N Ny = Dot (2.41)

with dN/dx the number of secondary ionizations per track length, Ny number of atoms and A;o, the
mean free path for ionization. The Townsend coeflicient depends strongly on the detector configuration.
A drawback is that the dependency of the Townsend coefficient on electric field cannot be analytically
calculated for high electric fields. For that reason one defines the gas gain G as a measurable value.
It characterizes the quotient of number of incoming electrons Ny and number of outgoing electrons N
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Figure 2.5: Working regions of a cylindrical gaseous detector [15]
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The gas gain varies with the electric field and one distinguishes several regions as seen in figure 2.5.
For very low electric fields the probability of recombination of ions and electrons is high due to the
coulomb attraction. With increasing field strength the recombination is suppressed and one reaches the
region of proportionality. In this region the signal is proportional to the number of electrons created
by a traversing charged particle. This is an interesting region for gaseous detectors trying to measure
the energy deposition of the charged particle. If the electric field becomes higher, the signal loses its
proportionality to the number of electrons. Due to the large number of ions in the avalanche the electric
field is distorted strongly enough to stop further ionization. This region is called the Geiger mode. It
is used in Geiger counters where one only wants to know if a particle went through the detector. The
efficiency is at its maximum in the Geiger mode but one cannot perform an energy loss measurement of
the traveling particle. If the field is further increased, discharges occur which can lead to the destruction
of the detector.

In uniform electric fields E the gas gain rises exponentially in the region of proportionality:

(2.43)
G(E) = a - exp (bE) (2.44)

with the parameters a and b being detector dependent.

The gas gain is only the mean of the gain distribution for a single electron. As the avalanche is a statist-
ical process the gain distribution includes various information on the detector performance. The statistic
of the avalanche was studied by several groups and theoretical predictions vary with the model. Two
important models are provided by Legler [16] and Alkhazov [17]. In both models the gain distribution
cannot be expressed analytically. One can just extract statistical moments of the gain distribution from
the models, but the Pélya-distribution P(G) proved to be a good approximation for both models and
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experimental data.
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with G the mean gas gain, ol = 52 /(® + 1) the variance and I'(® + 1) the Gamma function.

An important factor for the amplification is also the creation of UV-photons. Excited atoms in the
avalanche are able to emit photons. These photons can have enough energy to ionize the gas or release
electrons from metal inside the gaseous detector through the photo effect. This is an unwanted process as
it produces a second avalanche inside the detector at a position where no primary electron was created.
A reduction of the spatial and energy resolution of the track is the consequence. It can also cause
breakdowns if too many high energy photons are emitted. Avalanches will keep occurring until the
detector breaks down. Therefore, one uses quenching gases to reduce this effect. Quenching gases are
made of molecules with absorption lines in the UV-range. Vibrational states of the molecules are excited
and only the emission of less energetic photons or collisions cause the decay of the state. Standard
quenching gases for a gaseous detector are CO,, CHy or iC4H .

2.5 Signal Development

Moving charged particles induce a signal in the electrode. The avalanche of the gas amplification has to
create enough charged particles so that the signal can be amplified and read out.

As already stated, the signal originates from induction effects. The electric field of a charged particle
induces a surface charge on the metal of a grounded electrode. If the electric field E(x,y,z) or the
surface charge density o(x, y, z) at the metal surface is known, one can calculate the induced charge Q.

Q:feoE(x,y,z)dA:frT(x,y,z)dA (2.46)
A A

with A being the surface of the observed electrode. Now one should consider the case of a moving
charged particle inside the detector with a velocity v and the trajectory of z(f) = zo — vt. In standard
detectors the induced charge is dependent on the z-position of the charge (exceptions are for example
enclosing single electrodes as a hallow sphere). Thus, the moving particle induces a time dependent
charge in the electrode, which can be detected as an induced current /;,,;.

ling = —d%Q(z(t)) = —%—g% = —aa—gv (2.47)
The minus sign results from the fact that the induced charge Q moves in the opposite direction with
respect to the charge q.
The idea of this method is quite simple but can be difficult do calculate for complex detector structures.
With the use of Ramo’s theorem, one can simplify the calculation of the induced current. One just has
to calculate or simulate the potential inside the detector for a special case. One puts the electrode i of
intereston U = 1V, all other metals on ground potential and removes the drifting charges. One receives
the weighting potential . With this, one gets the induced charge with the relation

Oi = —q¥i(2) (2.48)
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with ¢ being the charge of the drifting charge. The derivative of the induced charge with respect of the
time gives the induced current.

i dg; d
(¢ = _d_Qt = gV [z(t)]% = —qEi[z(t)]u(®) (2.49)

with Ramo’s theorem as Ej = —Vii(z(¢)) [18]. An important fact is that the electrons reach the electrode
in a timescale of nanoseconds. The induced signal is thereby very short and hard to measure. The ions
on the other hand drift slowly in the gaseous detector. They induce a signal whose timescale is in the
order of a microsecond. As the ions drift away from the readout electrode, the integrated induced charge
must be equal to zero. So the signal is bipolar which must be considered during the choice of the charge
sensitive amplifier.

2.6 Time Projection Chamber

The Time Projection Chamber (TPC) is probably the most sophisticated gaseous tracking detector and
was invented by D. Nygren in 1974 [19]. TPCs have the benefit of a very low material budget combined
with a relatively good spatial resolution and many track points. Figure 2.6 shows a sketch of a TPC
as it would be used in a collider experiment. The TPC has a cylindrical shape and is divided in two
separated drift volumes by a central cathode. Inside the TPC there is another cylinder which contains
the beam pipe. Charged particles from the interaction point of the collider traverse the gaseous volume
and ionize the atoms along their tracks. An electric field between the central cathode and the anodes
cause a drift of the electrons towards the detection region. The ions drift slowly towards the cathode
and are neutralized. The segmentation of the TPC in two parts shortens the maximal drift time of ions
and electrons and diffusion is less prominent. In typical TPCs a magnetic field is applied parallel to
the electric field. On the one hand this provides the possibility of momentum measurement from the
curvature of the traveling particle. The magnetic field, on the other hand, also reduces the electron
diffusion. Electrons are forced on a helix-shaped trajectory between two collisions in the presence of
the magnetic field. The magnetic field’s influence on the transverse electron diffusion D7 is:

DT,mag _ 1
Dr 1 + w?7?

(2.50)

with w = eB/m the cyclotron frequency and 7 the mean time between collisions of electrons with the
gas [5].

At the end caps the drifting electrons reach an amplification structure. The avalanche of the gas amplific-
ation induces a signal in the electrodes which is read out by the electronics. In a cylindrical coordinate
system with z being in the cylinder direction one has now produced an image of a projection of the
track in the r¢-plane. An external trigger system allows a measurement of the drift time ¢ and thus the
z-position of the track with the knowledge of the drift velocity v(?).

z:f v(t)dt (2.51)
0

Theory predicts a constant velocity in a homogeneous electric field and the simple relation z = vt’ re-
mains. Now one has three dimensional image of the event inside the chamber.
The electric field inside the TPC should be as homogeneous as possible. Otherwise the drift velocity
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Figure 2.6: Schematic of a Time Projection Chamber as planned for the International Large Detector [20]

of the electrons varies too much, which reduces the resolution of the track. Therefore, one uses a field
cage along the drift volume. The field cage consists of metallic rings which are held on the potential
corresponding to the field inside the detector. This is done with a resistor chain along the field cage. In
the case of the ILD the field cage must be very thin to fulfill the requirements of a material budget of
less than 3 % radiation length. Furthermore, the cathode is on a potential as high as 100kV.

The Time Projection Chambers created by Nygren used wires as the amplification stage. Figure 2.7
shows the setup of the amplification and readout stage of a traditional TPC on the left side and the
electric field lines on the right side. The sense wires are on a high electric potential and the electrons
create avalanches in the vicinity of the wire. The field lines are placed alternating with the sense wires
to generate the correct field configuration. One does not use the wire signals to identify the r¢-position
of the electrons but the induced signals in the anode plane. The anode plane is on ground potential
and is segmented into pads, which enhances the spatial resolution compared to the wire readout. Due
to information from neighboring pads, one can even reach a resolution below the limit of a single pad.
The zero grid decouples the drift field from the amplification field. This enables a homogeneous drift
field with a high permeability of the electrons. The major drawback of this configuration are ions from
the avalanches. If they are not collected by the pads they can travel inside the drift volume and cause
field distortions. This effect is called ion backflow. Charged space points destroy the homogeneity of
the field with respect to the direction and the strength of the field. The r¢-position is reduced if the
direction of the field changes and the trajectory of electrons is bent. The distortion of the field strength
alters the electron velocity and worsens the z-resolution of the TPC. To avoid or at least minimize the
influence of the ion backflow one implements gating grids above the zero grid. The gating grid receives
an alternating potential. If the gate is opened, the potential of the grid has to be aligned with the drift
field. After all the electrons are amplified the grid is switched to a negative potential to collect the ions.
Figure 2.8 shows the field lines of a gating grid in the opened (left) and closed (right) state. The ions
are very slow and need time to reach the grid. Hence, a high frequency of the gating grid cannot be
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Figure 2.7: a) Schematic of the amplification and readout plane of a standard TPC. b) Field lines of the corres-
ponding setup [20, 21].

achieved. For the ILD a gating grid is also considered, but one would only be able to close the grid
between two bunch trains (r = 200 ms) and not between two bunches (r = 350 ns) [22].

As the end cap has to provide the complete readout for the TPC the material budget is higher compared
to the field cage. Nevertheless, a TPC has the benefit of a low material budget, a nearly 47 coverage
of space and many track points (20 — 200 cm~! dependent on the gas). An example of a TPC with the
depicted setup is the ALICE TPC used in the ALICE experiment at the LHC.

The transverse resolution of a TPC is limited by the structure of the signal wires. That is why new tech-
nologies of amplification structures are being researched for the ILD. Micro Pattern Gaseous Detectors
(MPGD) will replace the wire structure. Two different MPGDs are presented: GEM amplification and
Micromegas.

2.6.1 Gas Electron Multipliers

Gas Electron Multipliers (GEM) were developed by F. Sauli in 1996 [23]. They consist of an insulating
Kapton foil with copper layers on both sides. Holes are etched into the foils in a hexagonal structure.
Figure 2.9a is an electron microscopic picture of a standard CERN GEM. The sizes of the layers and
the holes are also included in the picture.

A voltage is applied between both sides of the GEM and a strong electric field inside the holes causes
gas amplification. The voltages of a GEM ranges between 300 — 500 V and the gain can reach up to 103.
To reduce the probability of discharges of a GEM, one often uses a stack of two or three GEMs with a
distance of 1 — 2 mm between two GEMs. It is then possible to reduce the voltage of one GEM and use
the multiplication of the gas gain to achieve a total gas gain of the order 10° — 10°.

Figure 2.9b shows the field lines of a single GEM and electrons and ions of the avalanche. The incoming
electron is forced inside the hole by the electric field. The electron gets enough kinetic energy to start
an avalanche of ionization. The electrons of the avalanche are then extracted to the volume behind the
GEM and only ~ 50 % electrons are neutralized at the bottom copper layer of the GEM. The ions, on the
other hand, are often caught by the top copper layer and only a few reach the drift volume of the TPC.
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Figure 2.8: Field lines of the two modes of operation of a TPC with gating grid. a) Gating grid opened and c)
gating grid closed [21].

Thus, GEMs posses an intrinsic reduction of the ion backflow. For a stack of GEMs one can increase
the reduction by tuning the transfer fields between the different GEMs and by reducing the amplification
of the first GEM.

GEMs can be teamed up with a pad or a pixel readout. The distance of the GEMs to the readout is
also in the order of one millimeter as the GEMs can bend and discharges must be avoided. Therefore,
diffusion of electrons is large and the avalanche width reaches easily ~ 1 mm.

2.6.2 Micromegas

A second type of Micro Pattern Gaseous Detectors are Micromegas (Micromesh Gaseous Structures).
Micromegas detectors are based on a parallel plate detector. One of the plates serves as the readout
electrode and a high voltage between the plates makes gas amplification possible. In a TPC application
the drifting electrons have to be inserted in the parallel plate, hence the top plate is replaced by a mesh.
Micromegas detectors are consequently a fine mesh above a readout plane with a high electric field
between them. Many different production techniques have been developed in the last 15 years, but they
all share the same setup. The readout electrode of Micromegas is typically a pad or strip structure with
several 100 wm width. Then a pillar or wall structure is placed on top of the readout structure to support
the mesh and ensure a homogeneous mesh height. The mesh is then put onto the spacers. Standard
meshes are a few micrometers thick and the hole pitch is in the order of 50 um (see figure 2.10). The
production techniques of the Micromegas started with quartz fibers as the gap spacers glued on a PCB
and the mesh mounted on top. Lithographic techniques were later used to create pillar structures onto
the PCB to lower the gap inhomogeneities. Furthermore, the mesh and the supporting structure can be
created in one process by lithographic etching of a Kapton foil with copper layers. This foil can then be
glued onto a PCB to form a Micromegas detector. The latest developments of Micromegas are so-called
Microbulk Micromegas. They are also produced by lithographic processing of Kapton foils with copper
layers [26]. The difference is that the readout structure is also created by etching of the copper and PCBs
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Figure 2.9: a) Electron-microscopic pictures of a GEM [24]. b) Schematic drawing of the field lines and the gas
amplification process inside one hole of a GEM [25].

are not needed anymore. The advantage of the new Microbulk Micromegas is the low material budget
and radiation purity of the used materials.

The Micromegas were tested in many radiation source and test beam experiments. One important fact
is the understanding of the electric field in the detector. The field configuration at the mesh is of the
utmost interest. The ratio between the field strength in the drift volume and in the amplification volume
influences the field lines at the mesh. In a standard setup the field in the amplification volume is a lot
higher. Therefore, most of the field lines from the drift volume are bent into the holes of the mesh. This
happens at a short distance above the mesh and does not influence the drift behavior of the electrons. As
nearly all the field lines reach the amplification volume, the electron transparency of the mesh is very
high [28]. On the other hand, most of the field lines from the amplification volume end at the top of the
mesh. This serves as an intrinsic ion backflow reduction. Only with a reduction of the ion backflow,
high rate experiments are possible for TPCs. It was shown that Micromegas can be used in high rate
experiments and proved to resist discharges between the mesh and the charge collecting electrode [29].
As the standard pad readout structure is larger than the mesh, the spacial resolution of the Micromegas
are restricted by the pad size. That is the reason for the development of a pixel chip based Micromegas
detector. This structure is called InGrid and is the reason for this work. The InGrids will be presented
more precisely in Chapter 3.2.

2.7 Gas Configurations

The choice of the gas is an important step in the design of a gaseous detector. As already stated, one
normally uses a combination of a noble gas and an organic gas or CO; as a quencher but in special
application even pure organic gases have been used. Several properties of the gas mixtures have to be
considered to find the best suited for the experiment.

In general one distinguishes between hot and cold gas mixtures. The names refer to the velocities
of the electrons in the gas. While electrons have low drift and thermal velocities in cold gases, the
opposite is true in hot gases. A low thermal velocity is an advantage as this means a reduced diffusion
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Figure 2.10: Schematic view of a Miromegas detector [27].

coefficient, which enhances the spatial resolution of the TPC. As a strong magnetic field greatly lessens
the diffusion coefficient (formula (2.50)), even large TPC do not suffer from running with hot gases.
In a high frequency experiment, such as the ILC, one also wants to have a high drift velocity. This
reduces the time needed for the readout of one event and thus the dead time of the detector. The drift
velocity does not only depend on the gas mixture but also on the electric field strength, gas pressure and
temperature. To achieve the highest possible longitudinal resolution it is desirable to run independently
of variations of the drift field caused by space charges. All gas mixtures exhibit a maximum in the
relation between drift velocity and electric field. This is the most stable working point in the aspect of
drift velocity, but in cold gases the maximum is found at very high electric field strengths. Therefore,
the cold gases are not operated in this mode as the probability of discharges becomes too high.

One of the big advantages of TPCs compared to silicon detectors is the large number of track points.
The mixture of the gas can greatly change the number of ionizations along the tracks. The organic
gases have a low ionization potential and thus often enhance the number of electrons in the mixture.
In standard TPC configurations the fraction of the organic gas is low. The noble gas is the dominating
parameter for the number of electrons. The higher the mass of the noble gas, the more electron-ion pairs
are created during the passage of the charged particle. Argon is widely used for large TPC as heavier
noble gases are too expensive for large volume TPCs.

2.8 Cosmic Rays

During this work tracks of cosmic rays were observed. Therefore, a short introduction of cosmic rays is
presented.

Cosmic rays are charged particles and nuclei created in stellar processes and accelerated at astrophysical
sources. Through interactions with interstellar gas other types of charged particles are included in
the cosmic rays, but the lifetime of the particles must be in the order of 10° to be detected at earth.
The largest part of the total flux of the radiation is made of protons. When the radiation reaches the
atmosphere of earth, new particles are created in interactions of the cosmic rays with the gas. Of
primary importance are short lived mesons such as pions and kaons. While the neutral mesons mainly
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decay in electrons, photons and lighter mesons, muons and muon neutrinos are the main decay products
of the charged mesons. Due to helicity reasons, the decay of charged pseudoscalar mesons into leptons
is suppressed with Sy and thus with the inverse of the mass of the leptons. The decay channel into
muons and muon neutrinos is strongly favored as a result. During the travel of the cosmic rays through
the atmosphere, the particles lose their kinetic energy and can be absorbed. The flux of the particles
decreases with the penetration depth and at earth level the muons provide around 99 % of the flux of the
charged particles of cosmic radiation [7].

The energy and angular distribution at ground level is dependent on the production spectrum, energy
loss in the atmosphere and the decay. The energy spectrum of the muons does vary with the incident
angle and the mean energy of all muons at ground level is E ~ 4 GeV. The total angular distribution
of the muons is oc cos?(®). In particular low energetic muons have a narrower angular distributions
as higher angles correspond to a longer way in the atmosphere and a larger probability of decay. The

integral intensity of vertical muons for vertical detectors is / ~ 1 cm™2 min~!.
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Chapter 3
Experimental Setup

In this chapter the experimental setup is presented. The main parts of the detector, consisting of the
prototype Time Projection Chamber, the Timepix chip and the InGrid structure, are explained in detail.

3.1 Timepix Pixel Chip

In an attempt to increase the spatial resolution of a TPC, a highly granular structure is tested. The
Timepix [30] is the chosen pixel chip of research for the ILD and is also used during this thesis. The
Timepix was developed at CERN and is the successor of the Medipix. Both chips are produced with
a 0.25 um CMOS technology and have an active area of 1.4 x 1.4cm? consisting of 256 X 256 pixels.
Thus, the pixel pitch is 55 pm in both directions. Figure 3.1a shows the Timepix chip on its carrier PCB.
The chip is slightly larger (1.6 x 1.4 cm?) than its active area to provide pads, serving as connections to
the PCB via wire bonds.

Each pixel consists of a metal bond pad of octagonal shape with a diameter of around 20 um. The
Medipix was developed for medical imaging purposes. It was intended to work as an electronic readout
chip for gamma ray detectors based on a semiconductor. The detector can be placed onto the Medipix
via bump bonding to the octagonal pixels. A charge sensitive amplifier in each pixel generates a voltage
pulse, which is proportional to the input charge. The equivalent noise charge of the amplifiers is around
90 electrons. After each amplifier a single threshold discriminator is produced. The discriminator emits
a digital pulse as long as the input signal is larger than a certain threshold. In normal applications the
threshold is around 500 electrons in order to be five times larger than the equivalent noise charge. Figure
3.1b shows the analog circuit of the Timepix.

In the TPC application the metal bump pads are used as the charge collecting anode without the use
of further sensor material. An amplification structure above the chip has to create enough electrons to
induce a measurable current in the bond pads.

The main task of the Medipix is X-ray imaging. Therefore, the Medipix is able to count the number of
input pulses which lie above the threshold of the discriminator. This can only create two dimensional
images of an item. In a TPC one also wants to measure the time information to receive the third
dimension of the track. Furthermore, a charge measurement is also interesting as dE/dx information
can be achieved. This was the reason for an upgrade of the Medipix to the Timepix. Each pixel in the
Timepix is now able to run in one out of four different measurement modes. The two interesting modes
for a TPC are the Time over Threshold and the Timepix mode (or Time of Arrival).

A pixel in the Time of Arrival (ToA) mode measures the time between the first overstepping of the
threshold and the end of a shutter signal. For that purpose the number of clock cycles is counted.
The clock signal is generated in the readout electronics. A shutter signal can either be injected by an
external trigger system or by a software timer. The output is shifted serially into a 14-bit shift register. A
pseudo random counter is used instead of the exact measurement of the pixel. This reduces the maximal
countable number to 11800.
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Figure 3.1: a) Picture of the Timepix chip on the carrier PCB. b) Analog part of the circuitry of the Timepix [30].

The Time over Threshold (ToT) mode is used to measure the amount of induced charge in one pixel.
The pixel counts the number of clock cycles as long as the input signal stays above the threshold of
the discriminator. The charge sensitive amplifier has a linear feedback created by a Krummenacher
structure. Hence, the induced charge is nearly linear depending on the time of the signal above the
threshold. The output only loses its linear behavior for small signals. The capacitor Cieg in figure 3.1b
allows us to couple a well-defined charge into the amplifier. This is achieved by injecting a pulse into
the test input of the Timepix chip. With that one can calibrate the chip to convert the number of clock
cycles into the amount of induced charge.

Figure 3.2 shows the timing scheme of the Timepix chip and the behavior in the ToT and ToA mode.
One of the main drawbacks of the Timepix is its inability to discriminate between multiple hits. In the
Timepix mode, only the first arrival of an electron is measured while in ToT mode the induced charges
are added up. This is one of the reasons for the development of the so-called Timepix3. The successor of
the Timepix will be commissioned in Spring 2012 and will be further specialized for the requirements of
a TPC. The designed structure of the Timepix 3 is completely different compared to its predecessor, but
some advantages will be a better time resolution, multiple hit recognition and the possibility to measure
ToA and ToT with a single pixel at the same time.

Threshold
Preamplifier I
Clock JU WU YUY YUy uwyuwo

Particle Passing _| I

Shutter 1
Discriminator |
ToT Counter OO OO
ToA Counter OO OO OO OO OO OO OO OO0

Figure 3.2: Timing scheme of the Timepix chip [31].
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Figure 3.3: Scheme of the production process of InGrids. Light gray: Silicon chip, dark gray: metal bump bond
pads and grid, green: passivation layer, blue: SiProt, light red: unexposed SU-8, dark red: exposed SU-8

3.2 InGrid

To use the Timepix in a TPC one must use a gas amplification stage to reach charges higher than the
discriminator threshold. The possible technologies are described in section 2.6. The combination of
GEM and Timepix was already tested successfully [32]. It was shown that a stack of three GEMs with
separation distances of 1 mm creates an avalanche of the size of around 60 pixels. For the ILD this
implies a very high occupancy of the chip during bunch crossings. A large dead time of single pixels as
well as a redundancy of data is the consequence. To take advantage of the small pixel pitch one tried to
create a Micromegas detector with the Timepix. If the Micromegas grid is close enough to the Timepix,
one expects that only a single pixel is activated by the electron avalanche.

First attempts with Micromegas on a Timepix suffered from a bad alignment of the grid with respect to
the pixel position. This gives rise to the Moiré effect. The Moiré effect is a special case of the Alias
effect and describes the appearance of an interference pattern if two meshes are overlaid at an angle
or have a different mesh size. This can greatly restrict the performance of the detector and has to be
avoided.

As the alignment with simple mechanical structure is too complex a CMOS post- processing technique
was chosen. Figure 3.3 shows a simplified sketch of the productions steps for InGrids. One starts
with the bare Timepix chip with the passivation layer and the bump bond pads as the top layer. First,
a small silicon nitride layer is put onto the Timepix. This layer is called SiProt and has the function
of protecting the chip. In first attempts the SiProt was not used and discharges between the grid and
the Timepix caused the breakdown of the chip. As the electric field between the Micromegas and the
Timepix was very high, the discharges were too frequent to allow a long measurement with the InGrids.
The SiProt has a high electrical resistivity. Avalanches charge the SiProt layer which discharges with a
slow time constant. Furthermore, the charge on the SiProt is spread over several pixels and the current
in one pixel is reduced. Tests showed that a single discharge can destroy the complete chip without the
SiProt while a protected chip endures several.

Next, one places a photo resistive material upon the chip. The photo resist will later serve as the pillar
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Figure 3.4: An Electron-microscopic picture of an InGrid structure a) and the pillar structure without grid b) [33].

dimension value
height of pillars (50 = 1) um
distance between pillars | (110 + 1) pm
thickness of SiProt (4= Dpm
hole diameter of grid (30 £2)um
hole distance of grid 55+ 1)um

Table 3.1: Dimension values of the InGrid used in this work. The errors are taken from [33].

structure to hold the grid at a homogeneous height. The pillars have to be insulators and mechanically
stable. The chosen photo resist for the InGrids used is SU-8, which is spin coated on the chip. SU-8
is a negative tone photo resist that undergoes a cross-linking reaction after the exposure of light. A
lithographic mask is used to develop the pillars in the SU-8 layer. The development of the SU-8 is done
later as the unexposed SU-8 serves as a sacrificial layer for the metal grid.

A thin aluminum layer is sputtered onto the wafer to generate a grid. During this process UV- photons
are created which then can cause unintentionally cross-linking in the unexposed SU-8. Therefore, a
layer of positive photo resist is deposited on the SU-8 with a thickness of around 1 um. It is exposed
to light simultaneously with the SU-8 to create a protective layer. The grid structure is then wet etched
into the aluminum. At the end the protective and sacrificial layer made of photo resist are developed and
only the pillars remain. The pillars are set after every second bump pad. As the pillars are between two
bump pads, they do not cause any dead area on the chip.

To stabilize the InGrids, a frame of ~ 500 pm width is created around the pillar structure. It also consists
of the SU-8 and a metal layer but does not show the same structure. Expansion gaps in the frame reduce
the stress caused by thermal expansion.

Figure 3.4a shows electron-microscopic pictures of an InGrid as it is used during this thesis while figure
3.4b shows the pillar structure on the chip. The thickness of the layers and the diameter of pillars
and holes can be varied during the production process. The distance between two pillars is chosen
so that the grid height stays homogeneous but as little material as possible is used. The chip used
for the measurements was produced in a single chip process at the university of Twente. For larger
scale applications the production of InGrids must be on wafer level. Therefore, first attempts being
developed at the IZM which show promising results. Table 3.1 shows the values and errors of the
InGrid’s dimensions as it was used in this work.
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(b)

Figure 3.5: a) Picture of the field cage developed at the RWTH Aachen. b) Picture of the TPC as it is used in this
work. In the left end cap the readout structure is implemented.

3.3 Bonner TPC- Prototype

The measurements are performed with a prototype TPC from Bonn. The TPC’s field cage was de-
veloped and built at the RWTH Aachen [34]. The main aspects of the field cage are a robust, gas tight
structure and a homogeneous electric field despite of a low material budget. This was achieved by us-
ing a honeycomb structure made of Aramid as the stabilizing component. Several layers of Kapton, a
layer of Fiberglass and a total of 187 copper rings aligned in two displaced row complete the mantle
of the field cage. The field cage’s mantle is around 40 cm long and the outer diameter is 26 cm. The
cathode and anode plate reduce the maximal drift distance for electrons to 26.3 cm. A resistor chain
connects the copper rings. The first ring is connected to the cathode plate while the ring number 186
can get a variable voltage through a SHV- connector. The voltages define the drift field inside the TPC.
A high homogeneous electric field was a major goal of the development for the field cage. The design
homogeneity was evaluated with simulations to be in the order of 10~* and the light material reduces
the material budget of the field cage to 1 % of radiation length. Until now, the actual homogeneity of
the electric field has never been measured, but cross checks with the results of the GEM and Timepix
readout has shown no signs of larger inhomogeneities due to the field cage.

The end caps of the TPC consist of 2 cm thick aluminum. Both caps have connectors for the gas supply
and the cathode has a voltage connection through the end cap. The anode side end cap has a notch which
serves as the inlet for different readout modules. A voltage connector for the InGrid is also implemented
in the end cap while the readout of the Chip is done with a ribbon cable through the inlet. Figure 3.5a
shows a picture of the field cage of the TPC while figure 3.5 shows the complete TPC as it is used in the
experiments.

3.4 Setup

The measurements were done between May 2011 and August 2011 at Bonn. Figure 3.6 shows the com-
plete setup of the experiment. The goal was to observe charged particles with enough kinetic energy to
travel through the detector. For that reason and the necessity of an external trigger for time measure-
ments, two scintillation detectors are placed above and below the TPC. The coincidence of both signals

27



Chapter 3 Experimental Setup

Scintillation Detectors

Time
Projection
Chamber

Timepix Voltage Supply

Figure 3.6: Setup of the experiment

serves as the trigger for the readout. A lead block above the second scintillator reduces the background
from lower energetic particles.

A single InGrid was implemented into the center of the readout plane while the anode plane was po-
sitioned at the same height as the metal grid. Thus, the potential of both must be the equivalent to
achieve a homogeneous electric field inside the TPC. The Timepix chip is connected to the MUROS2-
readout system (Medipix re- Usable Readout System). The MUROS2 connects the Timepix with a PC
and controls the chip functionalities. In addition, the MUROS?2 generates the clock which is fed into the
Timepix. The supply voltages for the Timepix can also be generated by the MUROS2 but a more stable
voltage source was used in the experiment.

Pixelman is the name of the PC software which one controls the MUROS?2 with and hence the behavior
of the Timepix. The equalization of the pixel thresholds, the charge calibration of the chip and the defin-
ition of the operation mode are some of the many important features of Pixelman. The MUROS?2 is able
to read out eight Timepix chips. As the development of the InGrid was on a single chip level during
the thesis and the amount of usable chips was low, a single InGrid was implemented in the TPC as the
readout plane. Figure 3.7 shows pictures of the readout plane of the TPC. The metal grid is connected
to the high voltage via the orange cable and a 10 MQ resistor as protection. The gap between the chip
and the anode plane generates field distortions and should be as small as possible. The connection of the
voltage supply for the InGrid and the bump bonds from the chip to the carrier PCB enlarge the required
gap.

During the measurements two gas mixtures and varying grid voltages were used. Table 3.2 shows the
different working points of the TPC during the experiments. A drift field of 500 Vecm™' was desired
due to a simplified comparison with previous GEM and Timepix measurement. The small voltage of
the metal grid and the anode do not allow such a field in the field cage. The drift field was held at the
highest possible value for each run.
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Figure 3.7: Interior view of the readout end cap a) without and b) with anode plate.

(b)

gas mixture | grid voltage | drift field
He/CO, 490V 423 Vem™!
Ar/CO, 370V 313Vem™
Ar/CO, 380V 324Vem™
Ar/CO, 390V 335Vem™!
Ar/CO, 400 V 346 Vem™!

Table 3.2: Working parameters of the TPC during the measurements.
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Chapter 4
Analysis Framework

In modern detector research the performance of a future detector is studied by building small scale
prototypes and through simulations. To compare results of different working groups or simulation and
measurement a common software package is beneficial. For the ILC project a software package is under
development, which shall be used in simulation, reconstruction and analysis.

4.1 Linear Collider Input Output (LCIO)

Linear Collider Input Output (LCIO) is a framework used in the ILC collaboration for detector devel-
opment. It defines data classes, a file format and a user interface. In addition, an implementation exist
in C++ and Java to facilitate usage for developers.

LCIO defines several data classes and so-called container classes. The data classes are used to save the
measured and reconstructed data. Objects of the data classes are placed inside collections, which are the
container classes of LCIO. For the measurements of the Timepix chip inside a TPC, four different data
collections are needed. The output of the Timepix chip is read into LCIO and is converted to Tracker-
RawData. This data class saves the information of the identification number of the chip and the pixel
and the measured digital value. TrackerData provides more space for information about the pixels. The
digital value of TrackerRawData now is changed into a time or charge information depending on the
mode of the pixel. As one wants to create tracks, a class for possible track points exist and is called
TrackerHit. It contains the access to all TrackerData objects, which are combined in a single hit as a
large charge deposition causes the activation of more than one pixel. It also contains the position of the
charge’s center of gravity, the time and total charge of the hit.

The Track data class is the final one of the track reconstruction. The objects save all information about
the parameterization of a reconstructed track and also provide access to the assigned hits. LCIO also
defines the parameterization of the tracks which can be seen in figure 4.1.

4.2 Marlin and MarlinTPC

Modular Analysis and Reconstruction for the Linear Collider (Marlin) is a LCIO based software frame-
work for simulation, reconstruction and analysis. It serves as the standardized C++ framework for the
detector development of the ILC.

As the name implicates, Marlin is built up modularly. The modules are called Processors in Marlin and
each Processor serves as one element in a chain to achieve a computational task. Therefore, the Pro-
cessors can read in LCIO files, process the data and write out LCIO files. An XML steering file defines
at runtime which Processors are used and the order of them. Settings of the processors and the names
of the input and output collections are also set in the steering file. The data is processed in an event by
event basis.
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Figure 4.1: Sketch of the track parametrization in LCIO [35].

The modular structure of Marlin has the benefit of simplify testing, exchanging or the implementation
of Processors. The steering files are altered easily and the rest of the chain remains.
MarlinTPC is a collection of Processors for the development of a TPC for the ILC. As many differ-
ent readout technologies are studied, a common framework is advantageous to compare the results of
the different working groups. A part of this work was the further development of existing and new
Processors of MarlinTPC for the analysis of data obtained with an InGrid detector.
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Chapter 5
Data Analysis and Results

This chapter is about the complete reconstruction of the track parameterization of cosmic muons and the
analysis of the detector performance. First of all, a cluster analysis is done to define an appropriate track
reconstruction chain. The charge calibration of the chip and the gas amplification measurements are
shown. Then the reconstruction of the tracks is performed and the cuts applied on the data are presented,
which are essential to suppress background events, noise and deficits in the track reconstruction. At
the end, the analysis of the transverse and longitudinal spatial resolution of the TPC with InGrids is
discussed. The proof of field inhomogeneities due to the gap between the grid and the anode plate will
be shown and the influence on the measured date is demonstrated.

5.1 First Measurements

As the TPC had already been used with a GEM and Timepix readout, most of the parts were reused
in the setup with the InGrid and only a few parts had to be modified. A new inset for the chip carrier
had to be milled to create space for the high voltage connection of the grid. Also, the anode plane was
newly constructed to fit next to the Grid. After the modifications, the first measurements were already
performed. Figure 5.1 shows four typical events observed with the setup. The x-coordinate reflects
the route between the two trigger scintillators. The lines are the reconstructed tracks taken from the
reconstruction analysis described in chapter 5.4.

The InGrid used initially was destroyed by the first observed discharge. Its SiProt layer was only 2 um
thick. The InGrid, which the presented data was measured with, has a SiProt layer of 4 um and proved
to resist a few discharges. It was used constantly for around three months and is still working today.
This shows that for future experiments, the SiProt layer of InGrids should have at least this thickness.
A thicker layer has an even higher resistance towards discharges but has also some disadvantages. The
charge of the avalanche accumulates on the surface and needs time to pass the layer. If the layer is
too thick, the charge cannot be completely depleted between two events and the amplification field
decreases. Thus, the gas gain is reduced. In a high frequency experiment as the ILC, the varying gas
gain reduces the resolution of an energy loss measurement and even the efficiency.

5.2 Charge Spread of an Avalanche

The advantage of the Micromegas compared to GEMs is the short distance between the grid and the
charge collecting anode. The electron diffusion in the Micromegas structure is suppressed and the amp-
lification avalanche is rather thin. Therefore, the cluster size, created by a drifting electron on the chip,
is of great interest. The measurements in Ar:CO; with the highest grid voltage show that most of the
primary electron cause the activation of only a single pixel. In 10 % of the clusters, two neighboring
pixels detect an induced current which reaches the threshold of the discriminator and activates the pixel.
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Figure 5.1: Four typical examples for tracks inside the experimental setup. The chip plane is represented by the
xy-plane in the reconstruction while the abscissa reflects the way between the scintillators. The binning is reduced
by a factor of four in both dimensions to enhance the visibility of the detected hits.

Now the question arises, whether pixels with neighbors do see a single thick or two thin electron ava-
lanches. In the case where one drifting electron is responsible for the signal, two effects can cause
the second pixel to measure charge. The first is a charge sharing effects as it is observed with GEMs.
The avalanche of electrons becomes too wide and is observed by two pixels. The second possibility is
crosstalk between the electronics of both pixel, which is enhanced if the gas amplification and the signal
is large. One is currently unable to distinguish between the two effects. One has to inject a defined
charge either in the bump pads or in the test input of the pixel and read out the surrounding ones. The
bump pads cannot be easily connected through the holes of the grid and the software does not allow us
to inject a test pulse in one pixel and read out others. A new readout is currently under development
which will offer the possibility to measure the crosstalk. As the effects are not distinguishable at the
moment, both will be addressed as charge sharing in the rest of the thesis. Fortunately, both effects
result in a large charge deposition in one pixel and only a small charge measurement in the neighboring
pixel. As the hole of the grid is centered above one pixel, a neighboring pixel would only measure a
small induced current compared to the one centered. Two analyses are possible to explore the effect in
detail. The first one is a measurement of the arrival times for both pixels. The difference of both arrival
times should be zero if a single avalanche causes the activation of both pixel. Due to the timewalk effect,
the expectation changes. The timewalk is an effect of a simple discriminator. Smaller signals reach the
discriminator threshold later although the rise time of a larger signal is the same. Figure 5.27b shows a
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Figure 5.2: a) Histogram of the time difference of two neighboring pixel. b) Calibration of the timewalk effect.

sketch of the timewalk. As one signal is considerably larger than the other, one expects a maximum in
the difference spectrum inconsistent with zero but in the order of the timewalk effect.

The figure 5.2a shows the time difference of neighboring pixel. The difference is caused by two phe-
nomena. On the one hand, two ionization electrons diffuse in the drift region and on the other hand, the
timewalk of the discriminator. During the calibration of the chip the timewalk is also measured. One
injects voltage pulses into the Timepix to put a well-defined amount of charge in each pixel. The time
between the shutter start and the pulse injection is well-defined. One gains a Gaussian distribution of the
ToA values of all pixels. The mean is than plotted against the voltage. To reduce statistical fluctuations
an average of five measurements is calculated for each pulse height. Figure 5.2b shows the timewalk
calibration. The fitted function is empirically determined and is described by:

a
O+b

fx) = +mQ (5.1)
with a, b and m fit parameters and Q the injected charge. The figure 5.2b shows this calibration and
the curve converges to a fixed value. The distribution rises again for even larger voltage pulses. The
working point of the preamplifier gets out of the linear behavior but the gas gain with InGrids will not
reach these high values.

The gas gain during the measurements was between 1000 — 2000 (see chapter 5.6) which is at the
beginning of the calibration curve. If a large electron avalanche causes the activation of both pixels,
one would observe the timewalk effect due to the difference in the induced currents. According to the
calibration one expects a time difference of around 6-10 clock cycles. As seen in figure 5.2a, the time
difference of neighboring pixels has only a distinct maximum at zero and a Gaussian distribution. The
diffusion alone explains this behavior and the timewalk effect does not dominate as one would expect
for charge sharing.

The second option is the usage of the charge measurement of the pixels. The first observable is the
difference of both charge values. As already mentioned, one expects one large and a second small signal
if a single avalanche activated both pixels. Figure 5.3b shows the distribution of the measured charge
difference for neighboring pixels. The distribution has its maximum at zero and a Gaussian shape.
One cannot see an indication for a large amount of high charge differences. The second analysis of
the measured charge is the investigation of the charge spectra of pixels with and without an activated
neighbor. One expects to see an increase of low charge measurements in the charge spectrum of the
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Figure 5.3: a) Charge spectrum of single pixel (red), pixel with an activated neighbor at a side (blue) and at an
edge (green). b) Difference of the charge measured of neighboring pixels.

pixel with activated neighboring pixels. In figure 5.3a one sees the charge spectra of pixel which have
no activated neighbor (red), which have a neighbor at one of the four sides (blue) and which have a
diagonal neighbor (green). One can clearly see that the spectra overlap nearly perfectly. The three
spectra can be described by a Pélya-distribution and no shoulder is visible for low charge values. This
is another indication of the fact that each activated pixel has detected a primary electron.

Both measurements and the tree analyses indicate that the effect of charge sharing is negligible with the
gas gains used. This has two impacts on the measurements and reconstruction. In GEM setups, it is
possible to run the chip in a checkerboard pattern of ToT and ToA mode pixels. As the cluster size is
large enough one always gets time and charge information of one cluster. This can not be done with the
InGrid. Therefore, the whole chip must be set in a single measurement mode. For the TPC it is necessary
to have time information to reconstruct the third dimension of the track. The ToA mode is used in all
measurements campaigns which were done in the context of track reconstruction and spatial resolution
measurements. The ToT mode is only used in special cases in which one wants to study the gas gain.
This deficit compared to a GEM setup cannot be compensated with the current setup. As already stated,
the use of the future Timepix3 chip will solve the problem as each pixel is able to measure ToT and ToA
at the same time.

On the other hand, the activation of single pixels gives a great benefit in the reconstruction of hits on the
chip. One does not need a to use a complex cluster algorithm to identify clusters or separate overlapping
clusters. One can use the simple fact that every activated pixel marks an incoming electron from the
drift region.

5.3 Drift Velocity

A track reconstruction in a TPC needs the value of the drift velocity of the electrons. One can simu-
late the drift velocity with the program Magboltz [36]. Running parameters of the TPC, e.g. the gas
temperature and the gas pressure have a strong influence on the drift velocity. During the experiments,
one tried to stabilize the parameters as well as possible. The temperature was controlled with an air
conditioner, which has a temperature stability of around 1K. The prototype TPC has no temperature
detector inside the drift region and one can only measure the temperature of the room. The gas pressure
is controlled by the gas system whose stability is of around 10 Pa. To reduce the decontamination of the
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Figure 5.4: a) Histogram of all ADC values from activated pixels. b) Zoom into the rise of the distribution and
sigmoid function fit to get the drift velocity of electrons

gas with oxygen, one uses a low overpressure. The prototype TPC is not stable enough to withstand an
overpressure of more than around 40 hPa. Thus the pressure was set to 20 hPa over standard states. Un-
fortunately, large external pressure variation caused the gas system to react to maintain an overpressure.
That makes the simulation rather difficult as not all parameters are perfectly known or vary with time.
It is better to measure the drift velocity of the electrons for each run than to use the simulated results.
This is done by studying the spectrum of the measured time values of all pixels. Figure 5.4a shows this
spectrum for one run in Ar:CO;. One can see two distinct points of interest. The first is the cut off at the
end of the histogram. This represents the anode plane of the TPC. If an electron hits the pixel right after
the start of the trigger, the pixel in ToA mode counts as long as possible (the complete shutter length).
The rise of the distribution at the anode plane is due to electrons which measured an induced current
just before the shutter signal. The signal is still above the threshold when the trigger finally arrives. So
one folds pixel with a slightly larger time measurement into the bin of the anode plane. The other effect
in the distribution is the rise at the beginning. This comes from other side of the chamber, the cathode
plate. The cut off is smeared out by the longitudinal diffusion of the drifting electrons and the timewalk.
To define a reproducible starting point of the distribution, a sigmoid function is fitted to the rising edge.
The used function is the logistic function as it fits the data well. The logistic function is defined as

a
S = (5.2)
1 —exp (=b(t - p))
with a being the height, b the width and u the turning point. The parameter u is used to identify the
cathode plane in the distribution. Figure 5.4b shows the determination for one run. With the information
of the clock frequency v, the maximal length of the drift region / and the difference between start and
end point of the clock spectrum n one can calculate the drift velocity of the electrons v.

b= b (5.3)

The table 5.1 shows the measured and simulated results for the drift velocities. One can see that they
deviate on a 4 % level. The differences can be explained with gas impurities, gas pressure and temper-
ature. The temperature is the most probable reason as the resistor chain of the field cage can heat up the
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gas mixture and grid voltage | mean of the measured drift velocities | simulated drift velocity
He/CO, 490 V (0,832 +0,0029) mmps~! 0,808 mmpus~' +0.17 %
Ar/CO, 370V (0,7321 £ 0,0019) mm us~ 0,719 mmups™" +0.15%

1
Ar/CO, 380V (0,7576 £ 0,0019) mm ps~! 0,744 mmps~"' + 0.07 %
Ar/CO, 390 V (0,7874 + 0,0047) mmps~! 0,773 mmps~" +0.07 %
Ar/CO, 400V (0,8303 + 0,0062) mm ps~! 0,8201 mmus~! +0.08 %

Table 5.1: Measured and simulated drift velocities for all five measurement campaigns.

drift gas and one only measures the temperature of the room.

5.4 Reconstruction Chain

With the information gained in the previous chapters, one can define the complete reconstruction chain
for an InGrid detector. This includes the read in of the data, the reconstruction of the track parameters
and the analysis of the tracks.

Read in of Data and Zero Suppression

The first step is to read in the data from the Pixelman software of the Timepix chip. Pixelman is able
to write in different formats from which an ASCII matrix of 256 X 256 = 65536 numbers was chosen.
Each event is stored as a file by Pixelman. Then the ASCII files are read in and are converted to the
LCIO data format. For each file an event is created in LCIO. The occupancy of the chip is very low in
the InGrid setup. Thus, a zero suppression of the data is performed to reduce the data size on the disk.
The identification number of the pixel is stored to maintain the information of the hit’s position.

Position Reconstruction of the Hits

Until now the information about each hit is the pixel identification number and the counter value. So, one
must calculate the true electron position. As the pixel pitch is well-known, the conversion of the pixel ID
to the xy-position inside the TPC is rather simple. LCIO uses the software package GEAR (Geometry
API for Reconstruction) for the definition of the detector geometry. The geometry is specified in a
XML-configuration file which is inserted into the reconstruction software. The position and size of each
detector in a TPC is described in the configuration file. For the setup of a single Timepix chip one
typically puts the origin of the coordinate system at the center of the bottom left pixel and the detector
plane lies in the xy-plane.

One also has to provide the software with a mode map which defines the measurement mode of each
pixel. The mode map is read in during the initialization of the processors and is then accessible for each
processor thereafter. The software is than able to convert the detected ADC values to charge or time
information dependent on the pixel mode.

To reconstruct the z-position of the hit, one has to know the shutter length #gpyer, the drift velocity
v, the readout frequency v and the shutter delay f4e1ay. Of course, the pixel has to run in ToA mode
and measures the counter N. The shutter delay describes the time between the pulse generation in the
trigger scintillators and the arrival of the shutter signal in the chip. Both signals can be inserted into
an oscilloscope and one can read off the time difference. Due to the slow trigger generator, the shutter
signal is delayed by #4e1ay = 0.7 ps. Thus, the detector can not observe electrons right above the InGrid
as they arrive before the trigger signal. The region depends on the drift velocity and has a height of
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around 5 mm.
The equation to calculate the z-position is as follows

N N
= (tshutter - 7) * U+ ldelayl = ((tshutter + tdelay) - 7) v (5.4)

Track Identification

After the reconstruction of the electron positions, the tracks in the events must be identified. There
are several possible algorithms, but the Hough-transformation is the only implemented algorithm in
MarlinTPC so far. With a Hough-transformation one is able to assign all points on a straight line to the
corresponding line. If the electrons are aligned along a track with the positions (x;,y;) one writes the
linear equation as

yi=axi+b (5.5)
b =—ax;+y; (5.6)

with a the slope of the track and b the intercept. Formula (5.6) shows that each point (x;,y;) in the image
space can be transformed to a straight line in the so-called parameter space (a,b) with the slope x; and
the intercept y;.

All points, belonging to a single track, create a line in parameter space, which intercept each other at
a single point. The interception point represents the parameters of the track in the image space. As
the electrons do not lie right on the track but are Gaussian distributed due to diffusion, the lines in the
parameter space to not intercept at a single point. Nevertheless, the lines meet each other close enough
to use a binned histogram. The binning of the histogram can be adapted to the diffusion of the electrons.
One now has gained a first approximation of the track parameters. The binning reduces the resolution
of the parameter and a linear regression will be later used to find the precise parameter values.

To assign the detected hits to the corresponding track found by the Hough-transformation, a tube with
variable radius was used. The radius was adapted to the diffusion expected for the electrons. Thus the
radius is dependent on the running parameters of the TPC and the z-position of the hit. All electrons,
lying in the tube around a track, are allocated to the track.

A threshold for the number of electrons per track can also be applied in the processor. In the measure-
ments the threshold was set to six. Lower thresholds cause the adjacent linear regression to suffer from
a low number of degrees of freedom.

Linear Regression

The track parameters of the Hough-transformations have a large error because of binning effects of the
histogram. The tracks of the muons are straight lines because no magnetic field was applied during the
measurements. Hence, a linear regression is the natural choice for calculating the parameters of the
track.

All tracks are aligned along the x-axis of the chip because of the trigger geometry. Therefore, the track
is parametrized in the following form:

y=a-x+»b (5.7)
z=c-x+d (5.8)
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The equation of the linear regression for the slope a and interception b are

_ nXEixiy; — LiXiZiy;

59
nEix? — (Tix;)? 62
Tix2Ziyi — TixiZiXiy

p= it il (5.10)

nZix; — (Zix;)?

and the parameters ¢ and d equivalent.

LCIO does not use the slopes and intercepts to define the tracks but the parameters as already shown in
figure 4.1. So, one has to transform the calculated values to the parameters of LCIO. The inverse of the
transformation will be presented. The transformation was already implemented in LCIO, but the inverse
transformation had to be calculated to be able to draw tracks in event displays.

The parameterization of the xy-plane can be achieved with geometrical considerations.

y = tan(p)x + cos(¢)do (5.11)
For the zx-plane one must calculate the line integral Iy, with the origin at the point of closest approach
do.
b
lyy = f y(x)ds = f v 1+ @ (x)>dx (5.12)
Cx a
= f \/1 + tan?(¢)dx = \/1 + tan?(p)(x + dg sin @) (5.13)
—dp sing

As A is defined to the projection of the track on the xy-plane, one can write the parametrization in the
z-direction as

z=20+ yytan A = zo + tan A4/ 1 + tan?(g) - (dp sing) + tan A V1 + tan?(p)x (5.14)

1
<0 —dysing + z (5.15)

=x=-
tan A+/1 + tan?(p) ttan 14/1 + tan2(yp)

We can see that the parameterization of Marlin'TPC fully describes the tracks inside the TPC. If the
tracks are curved by a magnetic field, a helix fit is also implemented in LCIO. For the paramerization
of a helix, one additionally needs the curvature €. As the helix fit is only used in a single diagnostic
analysis, it is not further explained.

Analysis Processors

After the track parameters are successfully reconstructed, one can use several different analysis pro-
cessors in Marlin. Besides defining cuts on the data, one can create many different statistical distribu-
tions of the track and hit parameters.

5.5 Charge Calibration of the Timepix
To determine the gas gain of the InGrid, one first has to calibrate the chip. As for the calibration of

the timewalk, voltage pulses are injected into the test input of the Timepix but the pixels are now in
ToT mode. The test capacitance is a high precision capacitor with a capacitance of C = 8 fF. One can
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Figure 5.5: Charge calibration curves for the Timepix chip determined by injecting test pulses into each pixel.
a) Calibration curve with the pulse height as the abscissa. The fit function is described in the equation 5.17. b)
Relation between measured ToT values and induced electrons.

calculate the induced charge from the pulse high U.

QOlelectrons] = C—U ~ 50- i (5.16)
e mV

For each voltage pulse the distribution of the ToT values of the chip are created. The mean is then
plotted against the pulse height. So, by injecting pulses with different sizes, the calibration curve can be
plotted. To lower the influence of statistical fluctuation, the procedure is performed five times for each
pulse height and the average is taken. Figure 5.5 shows the charge calibration curves for the Timepix.
The left plot is the charge calibration, which is the result of the calibration measurements. The fit
function is empirically determined and has the following form:

ToT =a-U+b- —— (5.17)
U-—t
The right plot emphasizes the relation between the measured ToT values and the induced electrons. In
addition, one can see the threshold of the detector. The intercept point of the curve and the ordinate is
the threshold. The threshold used in the measurements is determined as 330 electrons.
The linear behavior in the dependance of ToT values to electrons is reached for ToT> 110 but one will
see in chapter 5.6, that the gas gain of the InGrid is in the range of low charge.

5.6 Gas Amplification

With the charge calibration performed, one can determine the gas amplification of the InGrid. Therefore,
single measurement campaigns are performed with the Timepix in ToT mode. As each activated pixel
is regarded as a primary electron inside the TPC, one can just use the charge spectra of all pixels after a
Zero suppression.

This was performed for all five parameter configuration. Figures 5.6a and 5.7 show the different charge
spectra. The spectra are P6lya-shaped distributions. Due to the non-linearity of charge calibration curve,
the Pdlya-distribution is modified and is not fitted to the data. The mean of the distribution is defined
as the gas gain. In addition, it is shown in figure 5.6a that the higher the grid voltage, the more the
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Figure 5.6: a) Charge spectra of the argon campaigns for all hits on the chip. b) Gas gain of the InGrid for the
four different grid voltages in Ar:CO,. For a gaseous detector in the proportionality range, one would expect an
exponential rise which can be seen in the data (exponential fit function).
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Figure 5.7: Charge spectrum of the helium campaign for all hits on the chip.

distribution is shifted to higher values. Of course this is expected behavior because a higher grid voltage
leads to a higher electric field in the amplification region. This leads to a higher gas gain. The gas
gain for the four campaigns with Ar:CO, as the gas mixture is presented in figure 5.6b. An exponential
progress is expected for a gas detector performing in the proportionality region. The exponential fit
function describes the data well and the highest gas gain achieved in Ar:CO, was 1218.4 + 6.1 which is
low. This shows that it is possible to run the detector well with low gas gains, but on the other hand the
single electron efficiency might be relatively low. The electron efficiency should be as high as possible
to reach the energy loss resolution desired for the ILC. The track resolution also suffers as it is strongly
dependent on the number of reconstructed track points. The first employed InGrid was destroyed from
the first discharge at a grid voltage of 510V in He:CO; and some discharges were already observed
with the second InGrid at 400 V in Ar:CO,. Although the second InGrid has a thicker SiProt layer of
4 um, the grid voltage was not increased to protect the chip from a possibly destructive discharge. Thus,
the additional measurement campaign with He:CO, was executed instead. He:CO; has the advantage
that higher electric fields are possible before discharges occur, but the number of electrons along the
trajectory of the charged particle is much lower. Figure 5.6 shows that a higher gas gain was achieved
compared to the argon measurements. The gas gain in helium was 1874.1 = 4.5.
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Figure 5.8: Histograms of several parameters of the reconstructed tracks without applied cuts on the data. The red
lines symbolize the cut values which are used for further studies. a) Histogram of the number of tracks per event.
b) Histogram of the measured track length. ¢) ¢-distribution of the tracks. d) A-distribution of the measured tracks
(for the definition of ¢ and A see figure 4.1).

5.7 Track Parameters and Cuts Applied

The purpose of this work was to measure the spatial resolution of an InGrid detector inside a TPC.
Therefore, a number of cuts on the data had to be applied to reduce the influence of background events,
delta electrons and noise. Many background events can be suppressed by considering the geometry of
the trigger. One only wants to detect the cosmic rays which passed through both trigger scintillators of
the detector. This diminishes the possible solid angle for the detected tracks. In the MarlinTPC frame-
work this results in a limitation of the ¢ and A angles (for the definition of the angles see figure 4.1).
In addition, the active area of the InGrid is very small. If a track has a certain angle and only grazes
the detector, the track reconstruction cannot be performed correctly as too few track points are visible.
So, a track length of at least 5 mm is required. The track length is defined as the largest length between
the projections of the measured hits on the reconstructed track. This is an underestimation of the track
length as both endpoints are primary electrons. By using a statistical factor of n/(n— 1), with n being the
number of detected electrons, a corrected track length can be calculated. Figure 5.8 shows the different
distribution of the track parameters with the data cuts displayed as red lines.

In figure 5.8a one can see that multiple track events are excluded. Due to the reconstruction al-
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Figure 5.9: Two projections of two incorrectly reconstructed tracks. A single track reconstructed as two independ-
ent tracks in xy-plane a) and zx-plane b). Two tracks lying above each other in the xy-plane c¢) and zx-plane d).
The color coding is used to identify the electrons corresponding to a single track.

gorithm, the cut is important to correct the data. As explained in chapter 5.4 the algorithm is a Hough-
transformation in the detector plane. The transformation has two deficits. Fist, the third dimension of
the tracks is not considered in the algorithm. Thus, two tracks lying upon each other in the xy-plane are
reconstructed as one. Figures 5.9¢ and 5.9d demonstrate such an event in two projections of the TPC.
The lines in the figures are the reconstructed tracks. One can clearly see two distinguishable tracks in
the zx-plane but the reconstruction in the xy-plane can only identify a single track. To remove these
events, a cut is implemented which is explained in chapter 5.8.

The second problem occurs if a single track consists of two distant electron groups. As the energy trans-
fer is a statistical process with large fluctuations, this happens in few cases. The Hough-transformation
searches for the interception points of the lines in the Hough space. In the current form the maximum
is found with a binned histogram. In the case of the two distinct electron cluster, the binning seems
to cause the identification of two tracks. In the future, a different algorithm for track finding has to be
implemented to avoid such false reconstructions. Figures 5.9a and 5.9b show one of these events. The
cut on the number of tracks removes these events.

All electrons lying in a tube around the track are allocated to the track. If two tracks are lying relatively
close to each other, an electron of one track can be allocated to the wrong track. This greatly influences
the linear regression. This is another reason for reducing the analysis to single track events.
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Figure 5.10: Occupancy plot of a measurement campaign without using cuts on the data. The lines demonstrate
the area with the highest electron efficiency on the chip.

To remove delta electrons from the data, the number of electrons for a single track is restricted. Due to
the low mass and energy of the delta electrons compared to muons, they lose all their kinetic energy on
a short distance inside the TPC. So the total energy is transferred into the ionization of a large number
of gas molecules. The cut was chosen by observing the tracks with a higher number of electrons until
standard muon tracks are generated. The number for this setup was 200.

The final cut is necessary because of the small active area of the chip. If a track lies at the border of
the chip, the electrons next to the chip are of course not detected. So the track reconstruction calculates
a wrong track position and a narrower width of the hit distribution. This biases the spatial resolution
towards lower values. Previously, one tried to avoid this by defining a new and smaller area within the
active area of the chip. Then only tracks were used which do not have a single electron outside this new
border. On the one hand, the cut removes too many tracks from the data sample and on the other hand,
a biasing of the spatial resolution does still occur. The diffusion is a statistical process and tracks with a
statistical low diffusion are preferred because of the cut. Thus, a new type of cut was implemented into
MarlinTPC. The trigger geometry causes the tracks to have a preferred orientation along the x-axis of
the chip. One now defines a vertical line on the left and on the right side of the chip. The restriction
implemented is that the reconstructed track has to pass both lines. If one defines a large enough distance
from the line’s endpoint to the borders of the chip, one does not bias the results of spatial resolution.
Figure 5.10 shows the occupancy of the chip for all runs of argon with a grid voltage of 400 V. The
lines, which are drawn in the figure on the left and on the right side, show the cut as it is used in the
thesis. The lines on the top and on the bottom will be discussed in chapter 5.9.

5.8 Noise Reduction

Noise is an important effect for an InGrid readout. If noise activates a pixel, one reconstruct an additional
drifting electron. A more advanced track reconstruction algorithm should be able to identify these
electrons as the z-position should be off track. If the noise hit is also on track, one cannot distinguish
it from the correct primary electrons. Thus, the threshold of the discriminator is set to a high signal
to noise ratio to reduce the number of noise hits considerably. Single noise hits change the solution
of the linear regression, which results in outlier events in the resolution measurements. Hence, an
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Figure 5.11: Example events of noise hits with reconstructed tracks. The noise hits greatly influence the track
reconstruction and worsen spatial resolution. The color coding is used to identify the electrons corresponding to
a single track.

identification and exclusion of the noise hits must be implemented. Figure 5.11 shows two identified
noise hits in two projections of the chamber. Figures 5.11b and 5.11d clarifies the influence of noise
hits on the reconstructed tracks in the z-dimension. As the noise hits are far away from the track, they
greatly influence the reconstructed track.

The trigger geometry does not allow tracks with large ¢ or A angles. This leads to tracks, which are
nearly parallel to the x-axis. The mean and the median of the z- and y-positions of the hits are now good
approximations of the position of the track. So one can easily use the root mean square (RMS) of the
hit’s z-position to identify the noise hits. If the RMS of the z-positions of hits passes a certain threshold,
the event is taken out of the data sample. Figure 5.12b shows the RMS distribution of the z-position of
track hits. The red line is again the cut which was applied in the final configuration of data analysis.
The cut seems to be chosen arbitrary, but it was set such that large outliers in the spatial resolution
distributions are eliminated. Figure A.3 in the appendix shows a scatter plot of the longitudinal spatial
resolution of each track without the cut applied. One can identify a large number of outliers which can
greatly influence the mean calculation of the spatial resolution. The cut removes most of the outlier
events.

The cut on the RMS deletes a complete event from the analysis as one does not identify the actual
noise hit, but only the existence of one. Another approach to find the noise hits is the usage of the

46



5.9 Field Distortions

10* .

29 2

S = E

3] Y

5 103 8

i) _8 E E

E 10 E |

= =10 E 3
1 i ]

-400 -200 O 200 400 1F . . . . . . . 3

distance between hit 0 5 10 15 20 25 30 35 40
and median of track [clock cycles] rms of time hits of track [clock cycles]

(a) (b)

Figure 5.12: a) The distribution of the difference between the median of the z-positions of the track hits and each
hit’s z-position. b) The distribution of the RMS of the track hit’s z-positions. The red lines illustrate the chosen
cuts to clean the data from noise hits.

median. The median of the z-position of the hits is more robust regarding single outliers compared to
the mean. So one is able to calculate the distance between the median and the z-position of the hits.
One gets a distribution as in figure 5.12a. The peak at the center of the distribution contains the hits
which are correctly allocated to a track. The cuts were set at the position where the peak loses its
original form. In addition, one can see that one has more hits with a positive value than a negative one.
This fact means that more hits are delayed. The reason is attachment of electrons to components of
the gas mixture. Naturally the reverse reaction is also possible where the electron is released from the
oxygen. The released electrons arrives later and are reconstructed wrongly. As the reverse reaction is
also statistically distributed in time and the electrons are indistinguishable from noise hits, one cannot
calculate the original position and released electrons are counted as noise hits.

5.9 Field Distortions

One could already see in figure 5.10 that the chip is not occupied homogeneously over the whole area.
At the sides of the chip one does not have any detected hits at all. On the one hand, this comes from the
stabilization frame of the InGrid with a width of 500 pm. The frame covers around ten rows of pixel at
the edge of the chip. At the top and the right side of the chip one can see the intersection of active pixel
and the frame. But at the left and bottom side, the active area is further away from the chip borders.
The occupancy also starts to get lower outside of the black frame in the figure. This originates from
field distortions above the grid. Due to the gap between the amplification grid and the anode plane, one
creates a distortion of the drift field. The field distortions at the left and bottom side are larger because
of a larger gap. The wire for the voltage connection of the grid is positioned at the left side and requires
a larger distance to the anode plate. Two different problems occur at the bottom of the chip. On the one
hand, one has the gap towards the anode plane and on the other hand the wire bonds of the Timepix to
the carrier PCB. They are on about ground potential and have nearly the same height as the grid. So, the
bond wires on ground potential next to the high voltage of the grid enlarge the field distortions created
by the gap in the anode plane. An ANSYS simulation is shown in the appendix in figure A.4. The
simulation shows the electric field in the direction of the chip plane. Due to the gap, distortions of the
design value of zero reach above 10 Vcm™! above the chip.
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Figure 5.13: The plots show histograms of the xy-residual of hits with respect to the hit’s x-position a) and y-
position b).

Several ideas are under development which will reduce the field distortions. The first improvement
will be the usage of a Frisch grid. The zero grid of the original wire readout of the TPC is a Frisch
grid. It decouples the drift field from the electric field between the Frisch grid and the InGrid. This
will limit the range of the field distortion to the Frisch grid. If the distance between both grids is
kept small, the influence of the distortion should be lowered. A larger influence would be achieved if
the anode plate would be closer to the grid. Therefore, a new carrier PCB for the Timepix is already
constructed, but could not be implemented yet. One of the advantages of the new carrier is that the
connection of grid voltage lies at the rear side of the carrier and the large cable is not needed. A wire
bond is enough to connect the grid with the PCB and consequently the voltage supply. In addition, the
geometry was changed a little and one should be able to reduce the curvature of the wire bonds. This
results in a reduction in the height and hence, field distortions. The last important change of the PCB is
the connecter to the readout. In the present setup a ribbon cable is used, which also defines the chip’s
position in the detector. As the cable is flexible, the position of the chip can vary a bit. So, the cut-out
in the anode plane had to be larger than the chip size to avoid the destruction of the grid during the
installation of chip and anode plate. The new connecter is a plug connector which reduces the variations
of the position. This allows us to create a new anode plate with smaller gap sizes.

In the future the Timepix3 will be used in the experiment. It has a large advantage as it can be used with
so-called Through Silicon Via. This relatively new technology allows the user to connect the chip with
the carrier PCB from the rear side of the chip. Wire bonds are therefore unnecessary in the setup.

As the field distortions are clearly visible in the measurements, one must study the influence on the data.
In a first attempt, the residuals of the hits with respect to the reconstructed track were analyzed. The
residuals of hits with respect to the x-and y-position of the hit are plotted in figure 5.13. One expects
that the highest values are at zero and the plots show this behavior. The barbs in figure 5.13b come from
the geometry of the trigger scintillators and the preferred direction of the tracks.

A closer look of the distribution can be achieved by separating the distribution in figure 5.13a into bins
of the x-position. Then one calculates the mean and RMS of the xy-residuals in each bin. This was
done in figure 5.14 for tracks with a short drift distance. A long drift distance disguises the behavior
in the figure due to the large diffusion. The distribution of the means exhibits a curvature. This is not
the expected behavior but it can also be explained by the field distortions. If the track is at the bottom
of the chip, the field causes electrons to move downwards. This effect is stronger in the middle of chip
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Figure 5.14: Mean and RMS for the xy-residuals of hits for different x-positions on the chip.

because the field distortions bend sideways at the sides of the chip. A curvature of the track is the result.
The linear regression of the track suffers from the curvature and the RMS of the hit’s residuals becomes
larger.

The plot is useful when verifying if the tracks have a curvature, but one also wants to find the corrupted
area on the chip. The tracks follow the x -dimension and the field distortion in this direction cannot
cause a curvature. So, one just has to find the region in the y-dimension which causes the corruption
of the data. Therefore, a diagnostic analysis is performed. Instead of using a linear regression of the
track, one now takes a helix fit as if a magnetic field is applied. Of course, the distortions do not create a
helix shaped trajectory of the track but a rather complicated behavior, but the chip size and the curvature
are small enough that a helix is a good approximation for the curvature of the tracks. A helix fit is
implemented in MarlinTPC, which simplifies the process. With the curvature of the track now acquired,
one can now look at the dependency of the curvature of the track on the y-position of each hit. This was
performed in figure 5.15a. The curvature is around zero for larger values of the y-position. For lower
values the mean of the curvature moves to negative values. So, one found the area on the chip which
is the least affected by the field distortions. This is displayed in figure 5.15b as a black frame in the
occupancy histogram of the measurements with of Ar:CO, and a grid voltage of 400 V.

Now one verifies the result. Therefore, the same procedure is done as in figure 5.14 but this time one
just uses tracks which lie inside the area of most homogenous drift field. The result is shown in figure
5.16. The expected mean of zero is fulfilled for all x-position of the chip. Also the RMS of the residuals
is lower compared to the data of the larger area.

5.10 Number of Electrons per Track Length and Efficiency

To reach the desired resolution of the particle momentum in the ILD, one has to detect as many track
points as possible in the TPC. The large number of track points in a TPC is the reason that one can reach
a similar resolution as in the case with silicon based tracking detectors.

For all five measurements campaigns the number of electrons per track length was determined depend-
ent on the z-position of the primary electron. The four different grid voltages in Ar:CO; are displayed
in figure 5.17a and the helium run in figure 5.17b. All the distributions have the same characteristic be-
havior. At small drift distances the highest number of electrons are detected. With larger drift distances
one starts to lose electrons along their path towards the detector. The reason is electron attachment to a
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Figure 5.15: a) The histogram of the curvature of the track plotted against the each hit’s y-position. b) The figure
shows the occupancy of the chip and a black frame that marks the area which is influenced the least by the field
distortions.
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Figure 5.16: Mean and RMS for the xy-residuals of hits for different x-positions on the chip. The data consists of
tracks inside the chip area which is influenced the least by the field distortions.

component of the gas mixture. Argon and helium does not form a stable anion in the TPC and the elec-
tron energy for a dissociative attachment to CO; is too large for the used drift field (~ 4eV and ~ 8eV
[37]). This was also verified with a simulation of the electron drift with the program Garfield++ [38].
The drift was simulated for ten thousand electrons and none of the electrons became attached to Ar:CO,
or He:CO,. So, the remaining possible gases are impurities due to leakages of the TPC and the gas
system and impurities in the gas bottles from the supply company. Oxygen is the only gas component,
that has a negative electron affinity and is in large amounts in the air, which is able to cause the electron
attachment. The attachment with respect to the drift distance is an exponential function. The slope of
the exponential function depends on the amount of oxygen inside the TPC. During the argon campaigns,
the gas supply was changed. The campaign with the largest grid voltage was done with a premix bottle
of the gas mixture. During the other three campaigns the gas system, built by a working group member,
was used. One can see that the campaigns with the gas system have a smaller slope. The premix bottle
was connected with a plastic pipe to the TPC, while the gas system uses gas tight copper pipes. As the
slopes seemed rather large, the setup was changed in the helium campaign. The connection of a premix
bottle and the TPC was held at minimum distance with a flexible metal tube and an oxygen absorber was
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Figure 5.17: The number of track points per unit length for different drift lengths. The argon campaigns are
displayed in a) and the helium campaign in b). The declination is explained by electron capture of oxygen
impurities inside the drift volume.

implemented at the entrance of the TPC. With this setup, the lowest amount of oxygen was measured.
The oxygen amount was determined by comparing the measured slope of the exponential function and
simulations of the drifting electrons for different impurities of oxygen in Garfield++. The result is an
oxygen level of ~ 10 ppm. The result is biased by the fact that tracks with less than six electrons are not
taken into account. This is visible in the four argon campaigns. One observes in figure 5.17a that the
slopes are different for the measurements although the setup was not changed for three of the campaigns.
The oxygen level in He:CO, is the only one presented as the simulations for the determination has only
been done for this gas mixture. Also the electron efficiency is higher and the biasing of the results is
diminished. The evidence of a higher electron efficiency follows in the next paragraph.

The number of electrons along the track corresponds to the energy loss of the charged particle inside the
chamber. The value depends on the gas mixture and on the energy of the charged particles. Therefore,
a simulation of the energy transfer of the charged particle was simulated with the program HEED [39].
HEED is able to simulate the distributions of the number of electrons per track length for many gas mix-
tures and particle energies. A 4 GeV muon was simulated to travel through the TPC. The distribution of
the electron number has the typical Landau shape. To calculate the single electron efficiency, one must
compare the mean of the simulation with the detected one. The Landau distribution has a very long tail
that enlarges the mean. Figure 5.18 shows the simulation result for the gas mixture of He:CO,. The
cut on the number of electrons per track in the measurements reduces the Landau tail. One has a mean
number of electrons per track length of ~ 80cm™! for Ar:CO; and ~ 27 cm™! for He:CO,. As the im-
plemented cut on the data does not take into account the track length, the cut off value of the simulation
is not exactly the same as in the measurement. The mean varies strongly with the cut off value and only
the approximation of the number of electrons is presented.

For very short drift lengths of the electrons, the electron capture can be neglected. So one can com-
pare the simulated results with the measured ones. In the argon campaigns one observes a rise in the
maximum number of electrons with the grid voltage. This is an indication that the maximal electron effi-
ciency is still not reached. Furthermore, the maximum number of ~ 42 cm™! is only half of the expected
~ 80cm™! from the simulation. A larger grid voltage was not applied due to the fear of destroying
the Timepix chip. On the other hand, the maximal number of electrons per track length of the helium
campaign nearly reaches the value of the simulation. The gas gain of 1874.1 + 4.5 in helium seems to

51



Chapter 5 Data Analysis and Results

.. 0.04F Mean 27.88+19.07 | ]
=1 RMS 19.01+13.49 | 1
=
_g I
g 0.02| A
o L

ol \ - - ]

0 30 100 150 200

electrons per track length [electron/cm]

Figure 5.18: Simulated number of electrons per track length for a gas mixture of He:CO, and 4 GeV muons.

suffice for a very high single electron efficiency. This is an advantage compared to a pad readout where
one can only detect several electrons at once and thus fewer track points as with an InGrid and Timepix
readout. The high single electron efficiency results in a high track resolution as many track points can
be detected.

5.11 Spatial Resolution

One of the main tasks of the thesis was the measurement of the spatial resolution of track points with an
InGrid based readout of a TPC. It is important to distinguish between transverse and longitudinal spatial
resolution. This is due to three reasons in the current setup. The diffusion coefficients of the electrons
differs for both orientations as explained in chapter 2.3. Hence, the physical limitation of the detector
is different, which has to be considered. The second reason is the detection mechanism of the Timepix.
The transverse position of hits is detected by the position of the corresponding pixel. The resolution
is limited by the size of the pixels or by the size of the amplification structure. On the other hand, the
longitudinal dimension is reconstructed with the time measurement of the pixel. As the clock is counted,
the frequency of the clock restricts the resolution in longitudinal direction. The last reason to distinguish
between the orientations is a possible magnetic field inside the chamber. Typically the magnetic field is
applied parallel to the electric field. The magnetic field forces the charged particles onto a helix shaped
trajectory. This reduces the diffusion of the drifting electrons and allows a momentum measurement of
the traversing charged particles. The curvature is only in the transverse orientation and one can only
detect the transverse momentum of the particle. Thus, it is of great importance to have a high transverse
resolution as more information lies in this orientation.

To determine the resolution of the detector, one calculates the distribution of the residuals of the hits.
The distribution has a Gaussian shape as one expects as a result of the diffusion. Figure 5.27 shows such
a distribution. The deviance from a Gaussian function is explained in the chapter 5.11.3. Due to the
diffusion of the electrons, the resolution is dependent on the drift length. Therefore, one subdivides the
drift region into smaller parts and creates the residual distribution for each part. The width o of the
distribution does not display the resolution of the detector. As the residual of a hit was calculated with
track fits, that included the hit itself, on is an underestimation of the spatial resolution.

Hence, one now determines a new track that does not contain the hit in the fit. The distance of the hit
from the new track is then stored in a new distribution. This is done for every hit on a track. The width
on-1 of this distribution is an overestimation of the resolution. The best approximation of the detector

52



5.11 Spatial Resolution

resolution is the geometrical mean of both values. So the spatial resolution og, is defined as:

Ogeo = YONON-1 (5.18)

The diffusion limits the possible resolution of a TPC. In chapter 2.3 the relation of the resolution and
the diffusion coefficient D is defined as:

o =DV (5.19)

with z the drift length.
Every setup and detector has an intrinsic resolution o7g. The intrinsic resolution of the detector modifies

the resolution equation of the detector to
o= (ol + D% (5.20)

5.11.1 Transverse Spatial Resolution

The intrinsic spatial resolution of an InGrid and Timepix readout is affected by the pixel size and the
hole pitch of the grid. As both have the same size, one can just take the pixel size of d = 55 um. With the
assumption that the detection efficiency is constant over the whole pixel, one can calculate the intrinsic
spatial resolution of the detector to:

oo =——=~ 159 \Jum (5.21)

The transverse spatial resolution was determined for all five measurement campaigns. The figures 5.19
and 5.20a show the spatial resolution dependent on the drift length of the tracks. The used data sample
is the large sub-area of the Timepix which still suffers from field distortions. The blue lines in the figures
are the theoretical limits, which are just determined by the diffusion constant (see equation (5.19)). The
diffusion constant were simulated with Magboltz for each set of running parameters of the measurement
campaigns.

The spatial resolution of the detector is relatively close to the theoretical limit for all five parameter
configurations. Unfortunately, the difference is larger than simply the intrinsic detector resolution due
to the finite size of the pixels. The distortions in the drift field influence the detector performance and
enlarge the intrinsic resolution of the detector. A fit of the detector resolution equation (5.20) can be
done, but has only a low significance. On the one hand, the fitting parameters o and D are correlated.
On the other hand, small changes in the measured values strongly influence the fitting results and the
result does not perfectly fit the measured curvature. The fitting results are presented in table 5.2. Another
possibility to gain the intrinsic resolution is the interception point of the measured values and the y-axis.
In the limit of a zero drift distance the spatial resolution is only determined by the intrinsic detector
resolution. Unfortunately, the trigger delay is too large to approximate the interception point. One will
have to use a faster trigger to use this method in the current experimental setup.

Now one can look at the data of the chip that is influenced the least by the field inhomogeneities above
the grid. The transverse spatial resolution of the small area is displayed in figures 5.21 and 5.20b. The
resolution is very close to the theoretical limit of a TPC. Again the results of the fits is presented in table
5.3. The large deviations of the measurement values in the figure 5.21d are a result of a poor statistic
due to the low efficiency and cuts applied. If the intrinsic resolution of the InGrids is close to the fit
results, the InGrids reach the required spatial resolution of the ILD project. Nevertheless, the active area
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Figure 5.19: Transverse spatial resolution of the InGrid detector for the four argon campaigns. The grid voltage is
written beneath the figures. The blue lines are the theoretical limits through diffusion and the green lines are the
fitted functions.

with low field distortions is too small.

5.11.2 Correction of Field Inhomogeneities

One can try to correct the field distortions in the reconstruction chain to enlarge the chip area with the
highest spatial resolution. The idea is that the field distortions just causes all the electrons to be shifted
a certain amount in the direction of the electric field lines. If one then calibrates the electrons to their
original position, one can reconstruct the correct track parameters of the muons. The chip was divided
in 40 x 40 segments to measure the average shift of the electrons for each segment. The residuals of
the hits should contain an information of the shifting direction of the electron. Therefore, the mean and
the RMS of the xy-residuals of hits inside each segment was calculated. The mean correlates with the
average shift of the hits with respect to the track position. Figure 5.22 shows the results of the mean
and RMS of the xy-residuals of each segment. One can see the area on the chip that is not affected by
the field distortion in the mean as well as the RMS distribution. But at the bottom side of the chip the
curvature of the tracks and the high RMS of the xy-residuals are visible. As the tracks are nearly parallel
to the x-axis, the field distortions in the y-direction are the only ones that reduce the resolution of the
hits. The electrons of each segment are now shifted in the y-direction as far as the deviation of the mean
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Figure 5.20: Transverse spatial resolution of the InGrid detector for the helium campaign. The blue lines are the
theoretical limits through diffusion and the green lines are the fitted functions. a) The complete chip area is used.
b) The chip area with the highest resolution is used.

gas and grid voltage | fitted o [\/u_m] fitted Dyy [um / \/m_m] simulated Dy, [um / \/W]
He/CO, 490V 3.7-100% £ 26 147.71 £ 0.15 134.5 £2.89 %
Ar/CO, 370V 13.2 +29.5 167.1 £0.35 152.3 £+ 1.68 %
Ar/CO, 380V 102.5 5.0 159.80 + 0.30 151.1 £ 1.26 %
Ar/CO; 390V 67.8+5.9 160.14 + 0.24 148.4 +1.59 %
Ar/CO, 400V 118.1 £ 3.6 156.51 £ 0.24 1477+ 1.41%

Table 5.2: Fit result of the spatial resolution (equation (5.20)) for the large chip area.

of the xy-residuals from zero. Then one must again use the linear regression to calculate the change in
the track parameters. After that, one creates the maps of the xy-residuals again and receives the results
in figure 5.23.

The figures show that the mean of the xy-residuals is reduced by a factor of ~ 2. Nevertheless, the
RMS of the distribution does not change that much. This results in only a small change in the transverse
resolution of the complete chip area. In figure 5.24 the transverse spatial resolution with and without
the correction of the hit position is displayed. The deviation is very small, but all points are shifted to
lower values.

The correction of the field distortions does not work yet. The assumptions for the field correction seem

gas and grid voltage | fitted o [\/u_m] fitted Dyy [um/ \/W] simulated Dy, [p,m / \/W]
He/CO, 490V 3.1-107%8 £ 57.1 139.96 + 0.25 1345 +2.89%
Ar/CO, 370V 1.2-10797 £ 101.1 153.53 + 0.54 152.3 +1.68 %
Ar/CO, 380V 2.2-107%7 £ 315.1 151.49 + 0.31 151.1 £ 1.26 %
Ar/CO; 390V 34-107Y £ 5524 151.38 + 0.26 148.4 £ 1.59 %
Ar/CO, 400V 55-107% + 498 150.80 + 0.30 1477 +1.41 %

Table 5.3: Fit result of the spatial resolution (equation (5.20)) for the small chip area.
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Figure 5.21: Transverse spatial resolution in the area of least field distortions for the four argon campaigns. The
grid voltage is written beneath the figures. The blue lines are the theoretical limits through diffusion and the green
lines are the fitted functions.

to be too simplified and also the binning of the map might be too large.

5.11.3 Longitudinal Spatial Resolution

The intrinsic resolution of the Timepix chip in longitudinal direction is influenced by the clock fre-
quency. If the time of the electron would be reconstructed perfectly, the intrinsic detector resolution of
the Timepix in longitudinal direction is given by:
v
vy V12

oo = ~ 50 um (5.22)

with v the drift velocity of the electrons and the clock frequency v. The figures 5.25 and 5.26 show
the measured longitudinal spatial resolution dependent on the drift length. In contrast to the transverse
resolution, the longitudinal resolution deviates highly from the theoretical limit. Even in the area, which
is the least influenced by the field distortions, the longitudinal resolution looks the same (see appendix
A figures A.1 and A.2).

The reason of the deviation from the theoretical detector resolution is the timewalk effect of the dis-
criminators. One can see the influence of the timewalk in figure 5.27a. The figure sows the distribution
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Figure 5.22: a) The map shows the mean of the xy-residuals of the corresponding segment of the chip. b) Equi-
valent to a) with the RMS of the xy-residuals.
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Figure 5.23: a) The map shows the mean of the xy-residuals of the corresponding segment of the chip after the
attempt to correct the field distortions. b) Equivalent to a) with the RMS of the xy-residuals.

of the z-residuals for all drift lengths. On the one hand, one measures a maximum of the distribution
inconsistent with zero. On the other hand, the distribution has a larger tail for higher z-residuals. If we
observe timewalk effects in the electronics, the drifting electrons are reconstructed with a larger drift
distance in the chamber as they should. This leads to a wrong reconstruction of the tracks. Especially,
the hits with a very low charge are shifted towards larger z-positions. These large shifts of electrons are
the reason for both observations in the distribution of the z-residuals. One would be able to calibrate the
timewalk effect (see figure 5.2b) if one could also measure the charge of the induced signal. Due to the
activation of a single hit by one electron avalanche, this is not possible with the Timepix chip.

To estimate the effect of the timewalk on the longitudinal spatial resolution, a Gaussian function was
fitted to the left side of the distribution of the z-residuals. The left side of the distribution should be less
effected by the timewalk as the timewalk is responsible for large z-residuals. An example of this fit is
shown for a small part of the drift length in the figure 5.28.

If one now uses the standard deviation of the Gaussian function instead of the RMS of the z-residuals,
one reaches a longitudinal spatial resolution as seen in figure 5.29b. The resolution gets closer to the
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Figure 5.24: Comparison between the measured data with b) and without a) the correction of the field distortions.

theoretical limit but it still deviates more than one would expect without the timewalk effect. The suc-
cessor chip of the Timepix should be able to reach a higher longitudinal resolution as it can measure
charge and time information at the same time. So, one can calibrate the timewalk and the longitudinal
resolution should only depend on the readout frequency and the drift velocity of the electrons.

58



5.11 Spatial Resolution

1200

1000
800
600
400
200

o [um]

(=]

1200 ——

1000
800
600
400
200

o [um]

ST

750 100 150 200 250

drift distance [mm]
(a) 400V

750 100 150 200 250

drift distance [mm]
(c)380V

o [um]

o [um]

750100 150 200 250

drift distance [mm)]
(b) 390V

750 100 150 200 250

drift distance [mm)]
(d)370V

Figure 5.25: Longitudinal spatial resolution of the InGrid detector for the four argon campaigns. The grid voltage
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Chapter 6
Conclusion

The Timepix chip with an InGrid structure was successfully mounted in the Bonner time projection
chamber. The tracks from cosmic rays were detected for two different gas mixtures and varying grid
voltages. A thorough analysis of the gas amplification has been done to study the signal of primary
electrons after the gas amplification. It was found that for the gas gains used the induced signal of one
electron avalanche can only activate a single pixel of the chip. In a gas mixture of He:CO, (70:30) and
a grid voltage of 490V a very high single electron efficiency was achieved with a gas gain of around
1800. The efficiency in the Ar:CO; (70:30) was lower than 60 % due to the low gas gain.

The transverse spatial resolution of a limited area proved to be very close to the theoretical diffusion.
The intrinsic detector resolution is limited by the finite pixel size. In the vicinity of the chip border and,
in particular, close to the wire bonds, the measurement of the transverse spatial resolution showed the
influence of field distortions. These are caused by the gap between the grid and anode plate. An area on
the chip was identified that was the least influenced by the field inhomogeneities.

The spatial resolution in the longitudinal direction was also analyzed. The timewalk effect of the dis-
criminators causes the hits to be reconstructed with larger drift lengths. As each drifting electron causes
the activation of a single pixel, the complete chip has to run in a single measurement mode. Therefore,
the timewalk effect cannot be corrected and the longitudinal spatial resolution deviates considerably
from the diffusion limit.

The measurements of an InGrid structure on top of a Timepix chip show promising results for the ILD.
Nevertheless, the drawbacks of the current setup, namely the timewalk and the field distortion, have
to be reduced or corrected to achieve the desired spatial resolution. Therefore, a new carrier PCB was
developed but could not be implemented until the end of the thesis. Furthermore, the successor of the
Timepix, called Timepix3, will be produced in 2012 and will solve the problems created by the timwalk.
The new chip will be able to measure the charge and the time information in each pixel at the same time.
Hence, one can just correct the timewalk with a calibration of the chip. The Timepix3 will also allow
the user to reduce the gap size between the anode plate and the grid structure. Further measurements
still have to be performed. A readout with multiple InGrids and a magnetic field is desired to determine
the momentum resolution and the energy loss resolution of a TPC with an InGrid based readout. In
addition, measurements of the track resolution must be performed at a test beam.
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Backup Figures
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Figure A.1: Longitudinal spatial resolution in the area of least field distortions for the four Argon campaigns. The
grid voltage is written beneath the figures. The blue lines are the theoretical limits through diffusion and the green

lines are the fitted functions.
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Figure A.2: Longitudinal spatial resolution in the area of least field distortions for the helium measurement. The
blue line is the theoretical limits through diffusion and the green line is the fitted function.
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Figure A.3: Longitudinal spatial resolution of each track dependent on the drift length. The outliers are caused by
noise events and wrong track reconstructions.
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Figure A.4: Simulation of the electric field at the gap of anode plate and grid created with ANSYS. The elec-
tric field parallel to the chip plane is displayed. The design value in green is 0Vecm™' and the color range is
+10V em™!. The chip is in the left part of the picture and the gap size is 1 mm [40].
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