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1. Introduction

With the postulation of neutrinos in 1930 by W. Pauli and their experimental
discovery in 1956 by Reines and Cowan the problem with momentum and energy
conservation in the f3-decay was solved. However, 14 years later the neutrino turned
out yet again as mysterious particle when first experiments started to observe solar
neutrinos. These experiments were based on a technique using radiochemicals and
measured a flux of the electron neutrinos which differed from the predictions of the
established standard solar model. Eventually, this was solved by the SNO experiment
in 2002 which was the first of its kind that was sensitive to all neutrino flavors, and
revealed the ability of neutrinos to change their flavor. These so-called neutrino flavor
oscillations directly imply a non-vanishing rest mass of at least two neutrino flavors
indicating physics beyond the standard model of particle physics. Chapter 2| gives
a detailed overview of the experimental discovery of neutrinos and the theoretical
description of the flavor oscillations.

The KArlsruhe TRItium Neutrino (KATRIN) experiment aims to determine the
effective mass of the electron anti-neutrino. For this purpose, the energy spectrum
of electrons emitted in tritium (3-decay is precisely analyzed close to its endpoint
Eq=18.6keV. To achieve this goal, KATRIN makes use of a high luminosity window-
less gaseous tritium source from where the 3-electrons are guided along magnetic field
lines adiabatically towards a combination of two electrostatic spectrometers based on
the MAC-E filter principle. The latter act as high-pass filter such that only those with
sufficient kinetic energy are able to pass their retarding potential and are counted by
a focal-plane detector (FPD) system. With a sensitivity of my, < 200meV/c2 (90%
C.L.) KATRIN surpasses the sensitivity of its predecessor experiments by one order
of magnitude. The different subsystems of the KATRIN experimental beamline are
described in chapter

The main focus of the thesis in hand is the FPD system which counts the (3-electrons
with a high detection efficiency. The FPD is based on a silicon PIN-diode wafer
with 148 individually read-out pixels. Two superconducting solenoids provide a
guiding magnetic field for the [3-electrons coming from the spectrometer. Inside the
system a post-acceleration electrode (PAE), allows to re-accelerate the (-electrons in
order to boost their kinetic energy to regions of lower intrinsic detector background
rate. A complex readout chain allows to monitor the signals in real time and further
remotely operate all devices (e.g. valves, vacuum gauges, etc.). The FPD with all its
subsystems is described in chapter [4]

While designed to operate at up to +30kV the PAE as currently installed in the
FPD system experiences HV breakdowns at voltages >+10kV. In order to improve
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the performance of this key system of the FPD several experiments were carried out
in the context of the thesis in hand. These test were conducted with a separate test
stand setup by the KATRIN collaboration partners at the University of Washington
(UW) and are described in detail in chapter 5|

Initially the FPD system was developed and assembled at UW before it was shipped
to the KATRIN experimental site at the Karlsruhe Institute of Technology (KIT)
in 2011. Since then the system was commissioned, characterized, and operated in
joint operation with the KATRIN main spectrometer in several extensive (SDS) mea-
surement campaigns. However, even with the FPD system close to fully functioning,
there is still room for improvement: During a maintenance break between two SDS
campaigns, a spare wafer was installed to the system in order to characterize its
performance. The results of these test measurements and a comparison to other
wafer is given in chapter [6] of this thesis.



2. Neutrino Physics

The physics Nobel Prize of 2015 was awarded to T. Kajita and A. B. McDonald for
the experimental observation of neutrino oscillations. This has drawn more attention
to neutrino physics and the physics beyond the standard model. In this chapter a
short historical overview featuring the discovery and postulation of the neutrino in
the standard model of particle physics is given in section[2.1l Observations and theory
concerning neutrino oscillations are described in section 2.2, followed by experimental
approaches to determine the neutrino mass in section 2.3

2.1 Neutrinos in the Standard Model - A Historical Overview

At the end of the 19th century radioactive decay was first observed. Soon three types
of radiation were known: -, 3- and y-radiation. While observing these decays it
was found out for the energy spectra of - and y-radiation to be discrete. Though
seeming like a two-body-problem Chadwick measured a continuous energy spectrum
for B-decay in 1914 [1]. This violation of energy and momentum conservation did
not correspond to the physical knowledge which was gained so far. To resolve this
W. Pauli suggested a new particle which is additionally emitted during 3-decay and
electrically neutral with spin 1/2 [2]. Instead of a two-body decay one would now
observe a three-body decay which explains the continuous spectrum perfectly:

72X = X 4e +V. . (2.1)

Further W. Pauli expected the mass of this particle he named “neutron” to be less
than 1% of the proton mass.

Two years later Chadwick discovered during his experiments a neutral particle in
1932 [3] which was too heavy to be the one emitted out of the B-decay. It was
the “neutron” as it is known today. Motivated by the previous work of W. Pauli
and Chadwick, E. Fermi published his theory of the -decay as a point-like weak
interaction consisting of four fermions in 1934 [4]:

n—p+e +v . (2.2)

He was the first who named this particle “neutrino”. Soon after his publication H.
Bethe and J. Perleis calculated the cross-section of a neutrino with a nuclei to be
0 = 10" cm?, which corresponds to a mean free path of 10'® km in solid matter [5].
This rather small cross-section let them believe it would be impossible to measure it.
For two decades this assumption was right, until the “Project Poltergeist* was build
and run by C. L. Cowen and F. Reines in 1951. The goal of this project was to
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detect the anti-neutrinos which are produced in a nuclear fission reactors in inverse
[3-decays:
Ve+p—nte . (2.3)

Project Poltergeist consisted of a tank filled with 200 ¢ water and 40 kg cadmium
chloride dissolved in it. While the protons of the water are targets for the neutri-
nos the cadmium absorbs the resulting neutron which is then excited and emits a
v-photon. The free positron annihilates with an electron whereby y photons are
created. While the electron-positron annihilation happens fast the absorption of
the neutron is rather slow and takes a few microseconds which allows to distinguish
signal from background, e.g. originating from the atmosphere or reactors.

In 1956 the project could finally observe free electron anti-neutrinos and confirm the
calculated cross-section [6].

Six years later the existence of the v, was proven by L. M. Lederman, M. Schwartz
and J. Steinberger in the Brookhaven National Laboratory using a proton beam
which was shot on a beryllium target [7]. With the discovery of the T lepton a v,
neutrino was assumed and detected [8] with a similar experimental method as in
Brookhaven in 2001.

All these experimental researches and discoveries in the 20th century lead to the devel-
opment of the standard model of particle physics as it is known today. Consisting of
12 fermions, four gauge bosons and the Higgs boson it describes the strong, weak and
electromagnetic interaction as well but not fully the gravitational interaction. The
fermions are spin !/2-particles and are divided in three generations. Each generation
includes two quarks, one with charge 42/3 and one with -1/3, as well as two leptons
with charge -1 and neutral charge. For each fermion an anti-particle with opposite
sign in charge exists. The three interaction forces are carried out by the four gauge
bosons: W, W=, Z° and y. In 2012 the Higgs boson was discovered at the LHC
which represents the quantum excitation of the Higgs-field, explaining why particles
are massive [9].

The electric neutral neutrinos only interact weakly which processes are described
through the gauge bosons W*/~ and Z°. The W/~ bosons only couple to left-handed
fermions and right-handed anti-fermions. This leads to a maximum parity violation
which confirms massless neutrinos. Out of Z° boson decay the number of existing
neutrino generations can be derived. It can decay in every fermion-anti-fermion pair
as long as the kinematics allow it. Comparing the theoretical calculated Z°-resonance
with the one measured will reveal the number of neutrino generations which was
analyzed to be N, = 2.984 £ 0.008 [10].

The standard model as it is established today, describes most known physics well.
However, there are still physical observations which are not explainable with it: the
expansion of the universe, dark matter particles and neutrino oscillations.

2.2 The Phenomenon of Neutrino Oscillations

The idea of neutrino oscillation was first proposed by B. Pontecorvo in 1957 [11]. The
initial theory described an oscillation between neutrino and anti-neutrino, however,
an improved version of the neutrino oscillation theory was established describing an
oscillation between the three neutrino flavors in the 1970’s . In the following the
discoveries, theory, and experiments concerning neutrino oscillations are described.
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Figure 2.1: Illustrated is the solar neutrino flux generated by various fusion
processes in the sun. The number given are the theoretical uncertainties as
predicted by the solar standard model. Figure adapted from [17].

2.2.1 The Solar Neutrino Deficit

First indication of neutrino oscillation was discovered during the observation of solar
neutrinos. The standard solar model (SSM) published by J. Bahcall in 1964 describes
several fusion processes in the sun [12] creating neutrinos, the most dominant one is:

2¢” +4p — “He + 2v, + 26.73 MeV. (2.4)

With their small cross section neutrinos are regarded as the idle particles in order to
reveal the processes in the sun, since their mean free path is larger than the dimension
of the sun. A total energy spectrum of observable neutrinos is shown in figure 2.1,
With the proposal of the Homestake experiment R. Davis made the first attempt to
verify the calculated neutrino flux expected from the sun in the same year as the
SSM was published.

The Homestake experiment, located in South Dakota, relies on the principle of the
inverse (3-decay of chloride [13]:

Vo + TCl — *Ar+ e~ (2.5)

with a threshold of Ey..s =814keV. Analyzing taken data revealed unexpected
results: only one third of the predicted neutrinos flux was measured [14]. This solar
neutrino deficit was also approved by other experiments such as GALLEX [15] or
GNO [16], both too based on radiochemicals. The Kamiokande experiment using a
grand tank filled with water confirmed previous observations of a solar neutrino deficit
via Cherenkov light of electrons, which is induces by neutrinos passing through.

First theories on neutrino oscillation were already made by B. Pontecorvo in the
1960’s allowing a flavor change (v. — v,) on the path between the sun and the
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detector [11} [18]. Previous mentioned experiments were only sensitive to electron
neutrinos, hence, leaving the solar neutrino problem unsolved.

Finally, the Sudbury Neutrino Observatory (SNO) experiment, located in Ontario,
Canada was able to verify the solar neutrino flux [19]. Using a tank of 1000t heavy
water it was the first experiment which was not only sensitive to electron neutrinos
via the charged current (CC) but also to muon and tauon neutrinos via neutral
current (NC) and elastic scattering (ES) processes:

ve+d—=p+p+e  (CC), (2.6)
vV,+d—=>p+n+v, (NC), (2.7)
Vy+e —vy,+e (ES), (2.8)

with x =e,u,T. Results showed a similar electron neutrino flux as measured by
previous experiments. However, the determined flux of all neutrino flavors verified

the proposed flux by the SSM [20].

2.2.2 Theory of Neutrino Oscillation

Pontecorvo was the first who predicted the possibility of the neutrino flavors not
being the eigenstates of the particles itself. This observations were based on of kaon
oscillations where particle and anti-particle transform into each other (K° < I_(O)
due to quark flavor oscillations [21]. At a later point, this theory was transfered to
neutrino flavor oscillations [18] 22].

Analogous to the Cabibbo-Kobayashi-Maskawa (CKM) matrix for the mixing of
quark flavors based on different weak- and mass eigenstates a matrix for the mixing
of neutrino flavors was found. It is based on non-identical flavor- |v,) and mass- |v;)
eigenstates (x=e,v,T and i=1,2,3). Both are connected via a 3x3 mixing matrix U:

|Voc> = Z Ug,s |Vi> . (2.9)

The matrix was introduced by Maki, Nagakawa and Sakata (PMNS-matrix) in 1962
and is adapted from previous research of Pontecorvo. It describes the flavor mixing
based on three mixing angles ©,3, O3, ©15 and a CP violating phase § used for
parametrization:

1 0 0 C13 0 8136_i6 ci2 sip 0
0 Ca3 So3 | - 0 1 0 | —S12 Ci2 0 (210)
0 —S923 Co3 —8136_15 0 C13 0 0 1

with s;; = sin ©;; and ¢;; = cos ©,; whereby the matrix itself is split into three parts
according to the mixing angles. Neutrinos produced at a time t =0 are in a pure flavor
eigenstate. As the neutrino propagates on one-dimensional path the time-evolution
of the mass eigenstate is given by a plane wave (in the following natural units are
used):

[vi(t)) = e

Hence, a flavor eigenstate at a later time t > 0 is described by:

|va(t)) = ZU(X,ie—iEit Vi) = ZUoc,i E’ie—iEit
i LB

vi) (2.11)

vg) . (2.12)
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The probability for a neutrino of the flavor v, to transform into a flavor vg is then
given by:

Py () = [ (v (8)[val?) Zchl g Upje P, (2.13)

For ultra-relativistic neutrinos (p; > m; and E & p;) this equation can be simpli-
fied to:

AmZL
1)

Pch—W(g L/E ZUalU*,iUz,jUﬁde_i o (214)

The baseline length L hereby represents the distance between source and detector
and E the energy of the neutrino. Am holds information about the difference of the
squared masses of the neutrino mass elgenstates This equation allows to estimate
the supposed distance between the source and the detector depending on neutrino
energy, mass differences and mixing angles in order to measure the appearance or
disappearance of neutrino flavors.

2.2.3 Neutrino-Oscillation Experiments

To observe the neutrino flux and oscillation in general the experiments can be
divided into two different techniques. First experiments were based on radiochemical
techniques as used in the Homestake experiment by Davis which makes use of the
inverse 3-decay. An improvement of this experiment type was achieved by GALLEX
or GNO due to the lower energy threshold of the transformation of gallium to
germanium. On the other hand, the technique firstly used by SNO depends on a large
tank filled with heavy water. This enables the observation of all three neutrino flavors
in real-time via Cherenkov light and gives further insight on neutrino oscillation for
energies larger than 1.9 MeV. An aspect which has to be taken into account when
measuring the O, and Am?, is the influence of matter on the v, due to the presence
of electrons in matter. This is the so-called MSW-effect introduced in the 1970’s and
1980’s . The different mixing angles can be determined by measuring neutrinos
of various sources.

Cosmic rays with energies in the GeV range induce a large number of particles with
twice as much muon neutrinos than electron neutrinos both too with energies in the
GeV range. The Super-Kamiokande experiment located in Japan makes use of a
large tank filled with 50 kt ultra-pure water and 11 000 photomultipliers attached on
the tank walls. This setup allows to investigate the up-down symmetry or asymmetry
of v, and . as a function of distance through matter via Cherenkov light. The
great advantage of such a measurement principle is the real-time distinguish ability
for v, and pe. Results show a v, deficit as an up-down asymmetry regarding the
atmospheric neutrino flux. Furthermore, with a measurable v, flux this deficit was
confirmed. With the Super-Kamiokande and Ice-Cube [24] [25] experiment the ©q3
mixing angle as well as the squared mass difference Am3; are well studied parameters
of the neutrino mixing.

Another source of a large neutrino flux are nuclear power plants with ®;_ = 2.10%°s7!,
Reactor neutrinos have energies of a few MeV. With a baseline length of 1km to
2km detectors are then able to measure the scale of ©13 and Am?,. Experiments like
Daya Bay (China) and Double Chooz (France) make use of a combination of two
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Figure 2.2: The normal and the inverted mass hierarchy are shown with the
flavor fractions indicated by colored bars. The absolute mass scale can not be
derived by the current oscillation experiments. Figure adapted from [26]

detectors, one directly next to the neutrino source, the other at the baseline length
measuring the disappearance of V.

The sign of Am3, could not yet be determined by the current neutrino oscillation
experiments and, further, the absolute mass scale can not be measured by them.
However, current results allow to three scenarios for the total neutrino mass eigen-
states:

e normal mass hierarchy: m; < my < mg
e inverted mass hierarchy mg < m; < msy
e quasi-degenerated case with m; ~ my ~ ms > 1073V

Figure 2.2| illustrates the first two scenarios whereby the individual flavor eigenstates
are indicated in colored bars. However, for the absolute mass scale the neutrino mass
has to be measured directly.

2.3 Experimental Approaches to Measure the Neutrino Rest
Mass

Previously described neutrino oscillation experiments are unable to measure the total
mass scale of the neutrino mass eigenstates. In order to determine these masses
different approaches are possible which can be divided in model-dependent and
model-independent ones. The most noticeable approaches are described shortly in
the following.

Cosmology
Satellites in earths’ orbit, such as the Planck satellite, measure the anisotropies in
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the temperature of the cosmic microwave background (CMB). The CMB exists due
to the expansion of the universe which forced the decoupling of photons from matter
about 380 000 years after the Big Bang. According to this, the decoupling of neutrinos
from matter leave a cosmic neutrino background. These so-called relic neutrinos
have very low energies and in combination with their small cross section experiments
were not yet able to detect them. The cosmological model estimates a density €2, for
the relic neutrinos of 336 cm™3. Comparing this to the total energy density of the
universe () it yields to a total mass for all three neutrino mass eigenstates of:

> my = 93Q,h%V, (2.15)
k

whereby h is the dimensionless Hubble parameter. With latest achieved results a
model-dependent upper limit for all neutrino mass eigenstates is derived to [27]:

> my <0.236V. (2.16)
k

Double 3-Decay

Nuclei with an even mass number can have an equal number of neutrons and protons
in even-even or odd-odd configuration. For some of these nuclei the single [3-decay is
energetically forbidden and the rare double (-decay (2vp ) becomes observable. In
this decay two protons or two neutron decay simultaneously:

M — 2p + 2 + 29, (2.17)
2p — 2n + 2et + 2v,. (2.18)

In 1937 E. Majorana published his theory of the neutrino being its own antiparticle,
which is theoretically allowed since they do not carry charge. As a consequence,
the possibility of a neutrinoless double (-decay (0v3f3) exists when the neutrino is
emitted and absorbed within the nucleus. The corresponding Feynman diagram is
shown on the left side in figure and the expected energy spectrum on the right.
Experiments such as GERDA [28] and MAJORANA [29] are searching for this decay
but have not yet succeeded. The half life T?};BB is an important parameter for these
experiments and is given by:

ovppY ! 0vBp s (8 \govee2 (mpp)’
(Tl/2 ) =G (QBB’Z)'lMGT - g Mg ‘ e, (2.19)

2
A mg

whereby G™PP is the phase space factor, Qpp the endpoint energy, Z the atomic

number of the decaying isotope, M%VTB P and M%VBB the respective Gamov-Teller

and Fermi matrix elements and gy and ga represent the axial and vector coupling
constants. (mgp) is the coherent sum of the effective Majorana neutrino mass given
by (mpg) = |22, U2 - mj| and m, the electron mass. Equation is applicable
for purely left-handed V-A weak currents and light massive Majorana neutrinos. If
observed, the double [3-decay will give information about whether the neutrino can
be a Majorana particle and, further, a model-dependent value for the neutrino mass.
However, with a lower boarder of the half life of T?/\;BB > 2.1-10* a an upper limit of
(mpp) is estimated to:

<m[3[3> < (0.2 — 04) eVv. (2.20)
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Figure 2.3: Double (3-decay: On the left side the Feynman diagram of the
neutrinoless double 3-decay is shown. Due to the exchange of virtual neutrinos
only two electrons are emitted by the nucleus. On the right side the energy
spectrum is displayed. The spectrum is scaled by a factor 1 (0.2) for the 2vff3
(0vBB) decay. Figures adapted from 31].

Single 3-Decay
Measuring the energy spectrum of the single (3-decay close to its kinematic endpoint
energy Eq gives a model-independent v, mass. The energy spectrum of the three-
body-decay:

n—pt+e + Ve, (2.21)

is illustrated on the right in figure 2.4/ and the corresponding Feynman diagram on
the left. Electrons with energies close to Eq hold information on non-relativistic
neutrinos and give the effective neutrino mass if measured precisely. The energy
spectrum is given by Fermi’s Golden Rule [32] as follows:

d°N

p— . . . 2 . j—
Eq =C F(EZ+1) p, (mec® + E) - (Ey — B) (2.22)

) \/(Eo — E)2 —m2ct-0 (EO —E— mveCQ) )

containing Fermi’s coupling constant Gg, the Cabbibo angle O¢, the Fermi function F
and the momentum p,, mass m, and energy E of the emitted electron. The constant
C is given by:

G2 cos? O¢
2m3cdh7
with a hadronic matrix element M. Ej is hereby the theoretical endpoint energy for a
massless neutrino. A non-zero effective mass m,,_ pushes the actual endpoint energy

to a lower value (illustrated in the zoom-in in figure [2.4).

The Mainz and Troitsk experiments measured the endpoint energy. With
this model-independent method the best limits are achieved up to now [35]:

C= M2, (2.23)

m,, < 2.0eV (95% C.L.). (2.24)

Limits are dependent on systematic uncertainties as well as restricted source statistics.
As a next generation experiment KATRIN, on site in Karlsruhe at Campus North of
the Karlsruhe Institute of Technology, aims to measure the effective neutrino mass
in the sub-eV regime surpassing previous experiments by one order of magnitude.

10
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Figure 2.4: Single (3-decay: On the left side the Feynman diagram is displayed.
A neutron transforms into a proton while emitting a W~ boson which eventually
decays into an electron and a neutrino. The right side shows the corresponding
energy spectrum of the single $-decay. A zoom-in shows the endpoint of the
energy spectrum with a neutrino mass of 1€V (blue dashed line) in comparison
to a vanishing neutrino mass (solid red line). Figures adapted from [30].
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3. The KATRIN Experiment

The Karlsruhe Tritium Neutrino experiment (KATRIN), located in Karlsruhe,
Germany aims to determinate the mass of the electron anti-neutrino through precise
measurement of the kinematics of the tritium 3-decay. With a sensitivity of 200
meV /c? it will improve the current neutrino mass sensitivity given by previous
experiments by one order of magnitude. The KATRIN collaboration consists of
several institutes and universities spread all over the world with significant contribution
from Germany and USA.

In this chapter the KATRIN measurement principle using a MAC-E filter (section
3.1) as well as the main components (section [3.2) and the measurement phases of
the spectrometer and detector section (SDS) system (section are described.

More details on the KATRIN experiment and its components are given in the [36].

3.1 The MAC-E Filter Principle

To determine the mass of the neutrino the KATRIN experiment will investigate the
tritium B-spectrum close to the endpoint energy Eq = 18.6 keV with high precision.
Therefore KATRIN utilizes the measurement principle of a Magnetic Adiabatic
Collimation combined with an Electrostatic (MAC-E) filter [37]. This principle
combines electric and magnetic fields, shown in figure 3.1 The B-decay electrons
are guided by the magnetic field, provided by superconducting solenoids along the
beamline, adiabatically through a spectrometer towards the detector. The electric
field, parallel to the magnetic field, is provided by applying (negative) high voltage
on the spectrometer vessel forming a potential barrier Uy for incoming electrons. To
overcome this barrier the electrons require a longitudinal energy of E > e-Uy. The
potential Uy can be varied in order to scan the energy spectrum of the electrons in
an integral way. In [3-decay electrons are emitted isotropically and, hence, posses a
transverse energy component E ;| as well. In order to use most of the source luminosity
and to increase statistics at the endpoint Eq of the energy spectrum while at the
same time measuring the full kinetic energy of the electrons, the transverse energy
is transformed into longitudinal energy. This is implemented through varying the
magnetic field strength along the electron trajectories within the spectrometer. To
fulfill the following relation of the magnetic momentum p of the electrons

= E];l = const (3.1)
the magnetic field has to vary slow enough (adiabatically). This equations concludes
that the transverse energy component is minimal when the magnetic field is at its
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3 The KATRIN Experiment

minimum. Hence at By, is the analyzing plane of the spectrometer where the
potential should be highest.

Another effect coming with the MAC-E filter is the magnetic mirror effect, where
electrons guided from a weak into a strong magnetic field are reflected due to a
turnover of their momentum vector. In order to be reflected the electrons emitted in
the source must exceed the maximum polar emission angle O,,., of:

Bs
mar — i 2
S arcsin ( B ) (3.2)

max

where Bg is the magnetic field at the source and B, the maximum field along the
electrons trajectories. In the KATRIN experiment B,.. is provided by the pinch
magnet which is located between the main spectrometer and the detector section.
The induced background of multiple reflected electrons is analyzed and discussed in

[38].

At the analyzing plane the magnetic field is at its minimum, but still non-zero,
meaning the conversion of transversal into longitudinal energy is not perfect. As a
consequence the kinetic energy is not analyzed correctly by the MAC-E filter. This
results in an energy resolution for the KATRIN spectrometer of

Bmin

AE =
Bmax

B - (3.3)

3.2 Main Components

The KATRIN experiment with a beamline length of about 70 m consists of several
components all shown in figure 3.2l Electrons emerging from tritium (3-decay in the
windowless gaseous tritium source (section are guided magnetically through
the transport section (section [3.2.2). In the spectrometer and detector section the
electron energy is analyzed before they impinge onto the focal-plane detector (section
3.2.3).

3.2.1 Windowless Gaseous Tritium Source

Thewindowless gaseous tritium source (WGTS), shown in (B) in figure[3.2] consists
of a 10m long stainless steel tube with a diameter of 9cm. Gaseous molecular
tritium is injected at the center of this beam tube. The injection rate has to be
highly stable in order to reduce turbulences, realized by injecting tritium through
a set of capillaries with an inlet pressure of 10™*mbar [41]. This setup allows the
system to achieve a column density of pd = 5 - 107molecules/c;,—2 which complies with
an activity of ~ 10" Bq [36]. On both sides of the WGTS several turbo molecular
pumps (TMPs) reduce the tritium flow by a factor of 100 which reduces energy loss
of the -electrons by scattering off tritium molecules. The pumped out tritium is
re-furbished in an inner loop cycle before it is re-injected [41]. The whole WGTS
is operated at 30 K by using a novel two-phase neon cooling system [42], which has
to be retained with high stability (+3 mK) in order to minimize Doppler-broadening
caused by thermal fluctuations [43]. To keep the tritium purity on a constant level of
>95% it is constantly monitored by a Laser Raman spectroscopy system (LARA) [44].
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momentum (without E field)

Figure 3.1: Draft of the MAC-E filter principle. Electrons emitted isotropically

in the source follow the magnetic field lines (green) with a cyclotron motion (red).

The magnetic field is provided by two superconducting solenoids each on one side
of the spectrometer. In the spectrometer the electrons are energetically filter by
applying an electric field (blue). Only those electrons overcoming this barrier
Up impinge on the detector. The black arrows below the drawing indicate the
direction of the electron’s momentum. Figure adapted from [39].

Figure 3.2: Overview of KATRIN beamline. The experiment consist of several
components, all together forming a 70 m long beamline: (A) The rear section
monitors the activity in the WGTS (B) where the electrons are emitted by
[-decay of tritium. These electrons are guided adiabatically along a magnetic
flux tube through the transport section (C). In the pre-spectrometer (D) and
main-spectrometer (E) the electrons are filtered energetically and if passing the
latter, are detected by the focal-plane detector system (F). Figure adapted from

[40].
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3 The KATRIN Experiment

The [-electrons are adiabatically guided in a magnetic field of Bg = 3.6 T provided
by several superconducting solenoids surrounding the beam tube. Only a small part
of the isotropically emitted 3 electrons contribute to the endpoint Eg of the energy
spectrum. To increase the number of analyzable electrons the [3-decay is within
a magnetic field, allowing to analyze all (3-electrons with a starting polar angle of
<Oax-

Mounted on the upstream side of the WGTS is the rear section. Its task is to control
and monitor the activity within the WGTS: the electric potential of the tritium
plasma, and the column density of the tritium gas.

3.2.2 Transport Section

The KATRIN transport section, as the name implies transports the electrons from
the WGTS to the Spectrometer and Detector Section (SDS). Its primary goal is to
reduce the tritium flow between the source and the SDS by 14 orders of magnitude
while at the same time the (3-electrons are guided adiabatically. Along the ~14m
of its beamline the tritium flow is reduced to <10~ mbar - /s to prevent tritium
molecules from entering the SDS components. If these molecules decay within the
spectrometers they would induce an increase of the background level.

The transport section consists of into two sub-components: The differential and the
cryogenic pumping section.

Differential Pumping Section (DPS)

The DPS, shown on the left in figure is located directly on the downstream
side of the WGTS. It consist of five superconducting solenoids which can provide
nominal fields up to Beps = 5.6 T and in total six TMPs, four are each in between
two solenoids, the other two are on the upstream end. The DPS is arranged in two
20°-chicanes to increase the pumping efficiency of the TMPs. With this setup, the
DPS is able to reduce tritium flow in total by five orders of magnitude. The pumped
out tritium is then fed back for reuse in the source section via an outer loop circuit

[45].

Besides electrons, ions as well result from the (B-decay and are guided towards
the spectrometer, where the would induce a large background when entering. To
identify ion species and preventing them from entering the SDS section three different
subsystems are installed along the DPS: An FT-ICR diagnostic unit identifies the ion
species by making use of the Fourier-transformation of the cyclotron signals inside a
Penning trap (during specific measurements) [46], [47]. To prevent identified ions a
ring-shaped blocking electrode, located at the downstream en of the DPS, is put on
a blocking potential of +100 V. Furthermore, three dipole electrodes installed within
the DPS are able to deflect ions onto the walls on the beam tube by using an Ex B
drift. This drift further prevents the built-up of a positive space charge along the
beam tube [48] [49].

Cryogenic Pumping Section (CPS)

The CPS connects to the downstream side of the DPS and is shown on the right
side of figure 3.3 It is the last component in the beamline which is allowed to hold
a significant amount of tritium. Its pumping technique is based on adsorption of
tritium gas on argon frost. The beam tube is therefore cooled down to 4.5K by
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Figure 3.3: Components of the KATRIN transport section.

Left: The Differential Pumping Section (DPS). It consists of five superconducting
solenoids (dark cyan) and six turbo molecular pumps, four in between the magnets
(cyan) and two on the upstream end (red). These parts are aligned along two 20°
chicanes reducing the tritium flow in total by five orders of magnitude. Figure
adapted from [50].

Right: The Cryogenic Pumping Section (CPS). Consisting of seven superconduct-
ing solenoids aligned in two 15° chicanes the CPS uses argon frost to accumulate
tritium on the inner surface of the beam tube via cryosorption (red). With this
method the tritium flow is further reduced by seven orders of magnitude. Figure

adapted from ([39]).

liquid helium in order to maintain an argon frost layer on its inner surface. The CPS
has to be regenerated every 60 days and the accumulated tritium is pumped out of
the system and fed back into the tritium cycle. For regeneration the beam tube is
warmed up to 100 K and flushed with warm helium gas. Afterwards the argon frost
layer is renewed. The trapping efficiency of tritium is increased by arranging the
beam tube in two 15°-chicanes so the tritium molecules have no direct line of sight
to the spectrometers [51]. Overall this reduces the tritium flow by seven orders of
magnitude.

For guiding the (-electrons to the SDS section seven solenoids are aligned along the
beamline. Furthermore, the beamline is of the CPS is equipped with a condensed
krypton source and a beam monitoring detector which can be moved in and out of
the beamline without breaking the vacuum [52].

3.2.3 Spectrometer and Detector Section

On the downstream side of the transport section the tritium-free spectrometer and de-
tector section (SDS) is located. It consists of two electrostatic retarding spectrometers
using the MAC-E filter principle described in section and a Focal-Plane-Detector
(FPD) system described in detail in section [4l The efficient reduction of the tritium
flow in the transport section results in a low background generated by [3-decays of
tritiated particles. For further minimization of background rate the spectrometers
operate at pressures in the ultra high vacuum (UHV) regime at about 10~ mbar in
order to avoid background induced by scattering effects of 3-electrons with residual
gas.
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3 The KATRIN Experiment

Pre-Spectrometer

The pre-spectrometer (PS), shown (D) in figure 3.2, is a vacuum vessel with 3.4m
length and 1.7 m diameter [36]. The magnetic field for its MAC-E filter is provided
by two superconducting solenoids PS1 and PS2; one on each side of the spectrometer.
Operating the solenoids at a nominal field of 4.5T results in an energy resolution
of AE ~70eV for electrons with an energy of Ey = 18.6keV. The PS can be used
as a pre-filter for low-energy electrons of the tritium [3-decay and, thus, reduce the
electron flux entering the main-spectrometer by seven orders of magnitude. A reduced
electron flux further reduces the background induced by scattering of 3-electrons off
residual gas and is advantageous for the detector which cannot handle rates larger
than 107 /s. One issue which arises and has to be taken into account when operating
the PS at high voltages is the creation of a large penning trap between the pre-
and main-spectrometer. This has to be "neutralized" in order to prevent a major
background.

Main-Spectrometer

The main spectrometer (MS), shown in (E) figure 3.2, is a large stainless steel
vessel 23 m in length with a maximal diameter of 10m. The two solenoids providing
the magnetic field for its MAC-E filter are the PS2 on its upstream side, which it
shares with the pre-spectrometer, and the pinch magnet (PCH) on the downstream
side which is part of the detector system. The PCH magnet provides the strongest
magnetic field of Bpcy = 6T in the whole KATRIN beamline. With a minimal
magnetic field of B;, = 0.3mT in the analyzing plane of the MS this results in an
energy resolution of AE= 0.93eV at an electron energy of Ey = 18.6 keV [36]. For
fine-tuning the magnetic field inside the MS its vessel is surrounded by a system of
air-coils [54]. To fine-shape the electric field inside the spectrometer a two-layer wire
electrode is installed on its inner surface.

Another advantage of these wire electrode is it keeps the low-energy electrons emitted
from the inside surface of the vessel from entering the sensitive volume of spectrom-
eter. The retarding potential of this spectrometer is variable and, hence, able to
scan the energy spectrum close to the endpoint Ey (so-called tritium scanning mode,
scans an energy interval of Eg - 30eV to Eq + 5eV).

Focal-Plane Detector

The last component of the KATRIN beamline is the Focal-Plane Detector (FPD). It
is located on the downstream side of the main-spectrometer and counts the electrons
which pass the MAC-E filter. Only a few signal electrons per second are expected
during measurements with tritium, but for calibration measurements the detector
has to be able to measure rates of a few kHz. The whole FPD apparatus is described
in more detail in chapter [4]

3.3 Measurement Phases of the Spectrometer and Detector
Section

Two SDS measurement phases were already performed with FPD system and the
main-spectrometer in tandem operation. The main goal of these campaigns was to
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Table 3.1: Standard parameter settings of the FPD system during SDS-I com-
missioning phase [57]. Parameters L and G are described in section

Parameter Value
Pinch magnet field 5T
Detector magnet field 35T
PAE potential 10kV
Shaping Length L 1.6 us
Gap Length G 0.2 us
MS Vessel Voltage -18.5kV
Wire Electrodes -18.6 kV

characterize the system in terms of background and electron transmission.

SDS-1

The first measurement campaign was a 3-month commissioning phase which took
place in mid 2013 [40] (55, (56} [57]. This was the fist time the FPD system and the
main-spectrometer were operated together. The outcomes of this measurement phase
resulted in several improvements for both hardware and software components [58, [59].
An example of relevance for this thesis is the wafer test board which allows to
test the resistance of adjacent pixels on the wafer prior its installation into the FPD
system. This ensures for following measurement phases a fully working detector
wafer. The for the SDS-I campaign used standard parameters settings of the FPD
system are listed in table (parameter L and G described in section [4.6). For
specific measurements the settings applied to the SDS system were adjusted. Due
to quenching problems of the pinch magnet the applied magnetic field strength was
lowered to Bpcyg = 5T and Bpgr = 3.5T during the measurement phases. More
details on the parameter settings and the results can be found in [57].

SDS-II

The SDS-II campaign was split in two sub-phases: SDS-IIa from October 2014 to
March 2015 and SDS-IIb from June 2015 onwards to September of the same year
[50,[38]. Prior to its installation the SDS-II wafer was tested with the newly developed
test board and showed no shorts . This was confirmed during the measurement
phase. In order to avoid further quenching incidents of the pinch magnet the magnetic
field was set to Bpcyg = 5T and Bpgr = 3T for this measurement campaign, other
parameters were left unchanged as in table 3.1l Unfortunately, several pixels, all
on the same installed preamplifier card, showed enormous temperature fluctuations
during operation which made the measured spectra useless for further analysis and, as
a consequence, were excluded further on. After the measurement phase had finished
the preamplifier card was replaced. Analysis and further details can be found in

[55, (50].
SDS-III

Starting in October 2016 a next measurement phase of the SDS system preliminary
to the neutrino mass measurement is beginning. For the SDS-II campaign the whole
KATRIN beamline is operated and tested for the first time.
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4. The Focal-Plane Detector
System

The Focal-Plane Detector system (FPD) located on the downstream side of the main
spectrometer guides electrons onto the detector wafer and consists of several sub-
systems, listed in figure[4.1l The signal electrons follow the magnetic field provided by
the magnet system described in section Before impinging on the detector wafer
the electrons can be accelerated as described in section To minimize scattering
of electrons with residual gas a suitable vacuum is needed which is provided by
the vacuum system (see section . The FPD system houses a cooling system
(see section in order to cool the detector wafer (section [4.5), and its read-out
electronics (section [4.6). A series of calibration sources allows to commission and
characterize the detector prior to the data taking (see . To reduce the intrinsic
background the wafer is surrounded by passive copper and lead shielding as well as a
recently developed veto system described in section

4.1 Magnet System

The FPD magnet system consists of two superconducting solenoids, the pinch (PCH)
and detector (DET) magnet, which guide the signal electrons that passed the main
spectrometer (MS) onto the detector wafer. The PCH magnet, located directly on
the downstream end of the MS provides the maximum magnetic field strength in the
whole KATRIN beamline of B,,., = 6 T. It is part of the MAC-E filter and is directly
related to the energy resolution of the spectrometer according to equation . The
detector magnet (DET), located further downstream, can too provides fields up to
6 T but is usually operated with Bpgr<Bpcy. It surrounds the detector wafer. With
those nominal fields the magnetic flux at the wafer is 210 Tem?. By operating the
PCH magnet at a higher field than the DET magnet electrons that do backscatter
from the detector wafer are prevented from re-entering the main-spectrometer where
they would induce additional background. To reach the superconducting state both
magnets are cooled down with liquid helium and are held at 4.2 K. This allows to
switch the magnets in a persistent mode after initial ramp-up. To compensate the
attractive force between the magnets of 54 kN spreader bars are installed in
between.

4.2 Post-Acceleration-Electrode

The Post-Acceleration-Electrode (PAE) is a full copper trumpet-shaped electrode
with a thickness of 3mm (shown in figure located on the downstream side of the

21



4 The Focal-Plane Detector System

veto panels
and shield Post-acceleration

electrode (PAE)

iy
ambient-air

calibration sources: i
electronics

- 2MAmM y-source
- photo-electron disc

" HVac chamber

o~ (10 mbar)
gate valve -B":u '
preamplifier
UHVac chamber sl
(10 ™ mbar)
detector wafer
£ 5
A
-l detector magnet
(3.6—-6.0T)
magnetic A _
flux tube pinch magnet cryo-pumps
L/to main . (6.0T)
spectrometer ~

Figure 4.1: Schematic overview of the FPD system. It consists out of several
different subsystems described in this chapter. Picture adapted from [62].

PCH magnet. On its upstream end it is connected to the grounded vacuum chamber
through an insulating ceramic. The downstream side separates the ultra high vacuum
chamber from the high vacuum chamber via a feedthrough flange on which the wafer
and front-end electronics are mounted. Inside the high vacuum chamber three quartz
tubes of different diameters with stainless steel foils on the out- and inside surface
enclose the readout electronics. The inner electrodes are set to the same potential as
the PAE whereas the outer are connected to the grounded vacuum chamber walls.
This set up seals the high electric fields inside the insulators.

The PAE allows to accelerate the electrons which passed the MAC-E filter of the
main spectrometer. This has two advantages: Firstly, it boosts the energy spectrum
of the electrons to regions where the background induced by y- and 3-emitting nuclei
close to the detector is smaller. Secondly, a post acceleration reduces the backscatter
effects from the detector wafer by decreasing incident the angles of the electrons.
This allows to operate the detector within higher magnetic field strengths [36].
Though designed for 30kV the PAE can currently not be operated stable at voltages
higher than 10kV. To investigate the breakdown characteristics of the PAE at
higher voltages a separate test apparatus was build with collaboration partners at
the University of Washington in Seattle (see chapter [5).

4.3 Vacuum System

The FPD vacuum system consists of two nested chambers operated at different
vacuum pressures: an ultra high (UHVac) at 1-107'! mbar and a high vacuum (HVac)
chamber at 1-107°mbar. The PAE which separates both chambers is designed
to withstand the forces induced by pressure differences, even at greater pressure
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Figure 4.2: Post-Acceleration-Electrode of the FPD system. Picture adapted
from[63].

difference than between UHVac and HVac. The UHVac chamber is directly connected
to the MS and houses the detector wafer. The HVac chamber which houses the
cooled front-end electronics is mostly used for thermal insulation purposes. While
both chambers are initially pumped on via turbo-molecular pumps the FPD system
uses cryogenic pumps during standard operation within magnetic fields.

The lowest achievable pressure is dominated by outgassing rate of the stainless steel
surfaces and electronics inside the chambers. The main gas in the UHVac chamber
and both chambers are baked out prior connecting to the MS.

4.4 Cooling System

For reading out incoming signals from the wafer a series of different readout elec-
tronics are installed (see section . These electronics heat up while operated and
therefore have to be cooled. Since they are located within the HVac chamber the
cooling mechanism must be vacuum compatible. Therefore a custom made heat pipe
schematically shown in figure has been developed and installed. It is mounted on
the upstream end of the PAE with its evaporator connected to the PAE ceramic.

It is a custom-made pipe shaped device using gaseous nitrogen which is cooled
down until it liquefies at the condenser and finally drops down on the evaporator.
For controlling the heat pipe cooling power several temperature sensors (RTDs)
and a heater next to the condenser are used. The nitrogen VCR port leads to a
nitrogen reservoir and the 50-pin feedthrough is used to electrically connect to the
built-in electronics. At the evaporator the liquefied nitrogen evaporates again cooling
the copper PAE, the detector wafer, and the front-end electronics installed at its
downstream side (shown in figure 4.4).
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Figure 4.3: The heat pipe uses liquid nitrogen to cool down the electronics of
the FPD system. Picture adapted from

The temperature is regulated by the cooling power of the heat pipe which has a
manually controlled temperature set point for the condenser. Depending on the
temperature set point, the cooling power is adjusted. Thus, a lower set point results
in a lower temperature at the detector wafer. However, this is limited by the fact
that nitrogen freezes out if setting the temperature set point to a significant lower
value than the freezing temperature of nitrogen in vacuum. If the liquid nitrogen
freezes out at the evaporator the continuous cooling is interrupted resulting in a
warm up of the detector electronics.

Having the evaporator at the upstream and the detector wafer at the downstream
side of the PAE has the advantage of a stable or slow changing detector wafer
temperature. Concerning the energy resolution a cooler detector wafer shows better
results for various reasons: Firstly, with cooler read-out electronics the thermal
noise becomes less. And secondly, the leakage current is smaller improving charge-
collection properties since the charge-mobility is higher at lower temperatures (due
to less lattice vibrations [65]). Since the temperature of the detector and the front-
end electronics are coupled through the feedthrough flange it limits the achievable
operating temperature to -40°C to + 70°C [55].

4.5 Detector Wafer

The FPD consists of a monolithic silicon PIN-diode wafer of 500 um thickness and a
diameter of 125 mm. Electrons impinge on its n-doped front side covering an area
of 90 mm in diameter with an intrinsic dead-layer of 100nm. On its backside the
wafer is segmented into 148 pixel each covering an area of about 44 mm? which are
separated by an isolating layer of 55 um width resulting in a pixel-to-pixel resistance
of 1 GS2. As shown in figure the center is divided in four so-called "bulls-eye" pixel
which are surrounded by twelve concentric rings, each consisting of 12 pixels. Since
every pixel covers the same area the radii of the rings get smaller to the outside.
Additionally each ring is shifted against their adjoining rings by 15 degrees. This
design allows the wafer to cover a flux of about 210 Tem? in a magnetic field of 3.3 T.
(All numbers and data are taken from [62]).
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Figure 4.4: Pre-amplifiers are cooled with the heat pipe. In order to efficiently
transfer the heat the pre-amplifiers are embedded into a copper carousel (copper
plate with holes for feedthrough pins) and a copper hold-down ring on the the
other side. Additionally they are enclosed by a copper mantle which is not shown
in the picture.

The presence of leakage currents and its influence on the detector wafer performance
requires improvement. Leakage currents, typically below 1nA per pixel, exist due
to a tiny but subsisting amount of free charge carriers in the intrinsic layer leading
to a low electrical conductivity. Overlapping with the signal of source electrons the
leakage current worsens the energy resolution of the detector wafer. To counter
this effect several methods to reduce the leakage current are possible: Firstly, a
broader intrinsic layer increases its electrical resistance. Secondly, cooling the detector
material reduces thermal excitations. And lastly, applying a reverse bias voltage
increases the thickness of the depletion zone in the PIN-diode and thus the number
of free charge carries within [55]. To bias the detector wafer with nominal voltage of
Upias = 120V the front side of the wafer is coated with a non-oxidizing TiN 50].
This coating reaching over the edges (bias ring in figure allows to apply voltage
from the segmented backside. Further the TiN coating assures low-background and
low-radioactivity properties [66} [67]. The bias ring influences the performance of the
outer pixels due to field distortions originating from the applied voltage, which is
minimized by a 2mm broad guard ring between the bias ring and pixels [62].

The wafer is mounted on a custom made feedthrough flange, shown in figure [4.6]
Establishing the electrical connection for the signal readout spring loaded and gold-
plated pogo pin connections press with a force of 50 N onto the segmented backside
of the wafer. This causes a slight deformation of the wafer of 0.24 mm which has no
influence on the detector performance [66].

Since the SDS-I wafer has shorted pixels a visual investigation of the segmented
wafer backside was made to reassure it is not a connection problem of the pogo
pins. Therefore the insulating boarders between the pixels were examined with a
light microscope in a clean room. The images in figure show parts of the wafer
backside: The pixels itself are displayed in yellow, the insulating boarders in blue.
Results show a damaged insulating pixel boarder on the SDS-I wafer [68], shown in
the left. The image on the right shows a partly damaged insulating boarder of pixels
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Figure 4.5: Segmented backside of the detector wafer. Surrounding the 148
pixel is a guard ring (red) and a bias ring (blue).Figure adapted from [?].

on the test wafer. More impurities found on the wafer are in shown in [69] [70]. To
what extend these impurities influence the detector performance is unknown.

4.6 Readout Electronics and Data Acquisition

Electrons which impinge on the detector wafer induce a charge signal which is collected
on the p-doped backside of the wafer. This signal goes through the pogo pins and is
picked up on the other side of the feedthrough flange by charge-sensitive preamplifiers.
These are mounted in groups of 6 or seven on 24 circularly arranged modules which
cover all 148 detector pixels (shown in figure , top left). The amplified signals of
these modules are carried on by two circular distribution boards and a cable harness,
shown in figure (top right) which also distribute the detector voltage of up to
+120V. At the end of the HVac chamber a second feedthrough flange transfers the
signals to the ambient air electronics (shown in figure , bottom left) located in
a Faraday cage. The Faraday cage houses four optical sender boards (OSBs), a
temperature monitoring card and a Power and Control (PAC) board (figure [4.8]
bottom right). Variable gain-stages on the OSBs allow to amplify the analog detector
signals and execute the energy calibration pixel wise. The temperature monitoring
card, reading out all temperature sensors along the PAE, can only be plugged in
temporarily as long as no voltage is applied to the PAE. The PAC board supplies
power to the vacuum electronics and OSBs and further contains temperature readouts
for vacuum electronics, power-conditioning circuits, over-voltage protection as well as
variable-gain control and monitoring for digital-to-analog converters on the OSBs in
order to run the electronics as well as set their parameters. Further it is able to read
out the leakage current of single pixels, the temperature of individual preamplifier
modules as well as applying the reverse bias voltage to the detector wafer. All parts
of the read-out chain described up to now are at post-acceleration potential while
the data acquisition system (DAQ) is grounded. Therefore, the detector signals are
converted from analog to optical on the OSBs and are sent via optical fibers to the
DAQ where thy are transformed back before being digitized. The DAQ itself consists
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Figure 4.6: CAD drawing of the detector feedthrough flange. Spring-loaded
pogo pins press against the wafer which is held in place by a copper hold down
ring and L-shaped hold-down pins. Figure adapted from [?].

Figure 4.7: Enlarged view of wafer backside images the boarders between pixels
via an optical microscope. This visual inspection showed impurities occurring
on the inspected wafers. Figure (a) shows the SDS-I wafer where two pixels are
shorted (#67 and #68) [68]. Figure (b) shows that the insulation between two
pixels on the test wafer is damaged but not fully shorted [69].
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Figure 4.8: The read-out electronics chain of the FPD starts with the pre-
amplifiers modules, shown halfway installed in the top left figure, which pick up
the signals from the wafer. Afterwards the signals are fed by the cable harness,
which connects to the distribution board shown in the top right figure, to the
ambient-air feedthrough flange (bottom left) where the harness sockets into sub-D
connectors. On the ambient air side optical sender boards (bottom right) lead
the signals to the data-acquisition system.

out of eight first-level trigger (FLT) cards and a secondary-level trigger (SLT) card.
The FLTs determine the energy and time of each event with high precision using
a trapezoidal filter. This filter uses two parameters shaping length L. and the gap
length G, both changeable by ORCA. While the shaping length averages out the
noise in the data the gap length assures that the signal peak (200ns rise time and a
fall time of 1ms) is excluded when averaging out the noise [71] [62]. All FLTs are
coordinated, initialized and synchronized by the SLT card which transfers the signal
to the DAQ computer where the data is processed by a software package called
ORCA and is stored in form of root files in the KATRIN database [55].

4.7 Calibration Sources

To calibrate the FPD different calibration sources are installed in the system, e.g. a
test-pulse injection to the vacuum electronics and a y-source. Data taken for this
thesis has been calibrated with the ?*!Am y-source, which is why only this source
will be described in the following.

The y-source can be moved in and out of the beamline remotely via a system of
pneumatic driven motors and bellows without disturbing the UHVac. As shown in
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Figure 4.9: The global 2! Am spectrum, here measured with the SDS-I wafer,
shows several different peaks. To calibrate the detector the mono-energetic y-lines
at 26.34keV and 59.54 keV are used. In addition there are a copper fluorescence
lines and several X-ray lines originating from the excited daughter nuclei 23" Np.
Spectrum taken with SDS-IIb wafer

figure the global spectrum of ?*!Am measured by the detector has characteristic
mono-energetic y-lines at 26.34 keV and 59.54 keV. These y lines are used to calibrate
the detector ADC spectra pixel wise in the keV range. Together with the zero point in
these separate spectra a calibration can be determined and applied through a linear
fit according to E = m - ADC + c¢. The width of the lines gives the energy resolution
of the detector as described in chapter [6.2. Additional fluorescence lines originate
from the copper PAE and X-ray lines from exited 2"Np*, the daughter nuclei of
241 Am are usually not used in the detector calibration but allows to investigate the
linearity of the detector electronics [55]

4.8 The Veto System

To reduce the impact of background events to the data the detector wafer is sur-
rounded by a veto system. The veto triggers to passing cosmic muons and allows to
exclude coincident detector events.

The current veto has been recently build and installed into the FPD system. It
consists of eight panels and two end cap parts. The panels are installed within the
warm bore of the detector magnet outside of the lead shielding. Within each panel
two wave-length shifting WLS optical fibers are used to avoid photon loss. These
fibers allow to determine where exactly muons passed through the panel and, thus, if
they will induce a signal on the detector wafer. Read-out electronics are compatible
to work in a magnetic field and are attached below the DET magnet. They run with
a custom made software which is currently tested and improved.

The advantage of this new system compared to the previous system, described in
[62, 72], is that it does not require cooling and the fibers inside the panels are easily
replaceable if damaged. Furthermore it can be fully computer controlled, has an
automatic temperature compensation and an embedded calibration.

29






5. High Voltage Tests of the
Post-Acceleration-Electrode of
the FPD system

The Post-Acceleration-Electrode (PAE) housed in the FPD system is used to acceler-
ate signal electrons which pass the MS MAC-E filter to boost their energy to regions
of low intrinsic detector background. As described in section it is a trumpet
shaped full copper electrode which is put on positive voltage. Being designed to
operate at voltages up to +30kV it faces breakdowns when exceeding +11kV. These
breakdowns pose a danger to the sensitive and expensive electronics of the FPD such
as the pre-amplifiers. In order to further study the breakdown behavior of the PAE
without risking damage to the detector electronics a standalone PAE test stand was
assembled by KATRIN collaboration partners at the University of Washington (UW)
using spare components of the FPD. The discharge phenomena which are likely to
occur at the FPD or the test stand are described in section The setup in section
5.2, The performed high voltage tests as well as the observations made are discussed
in section 5.3 before conclusions for the FPD system at KIT are drawn in section [5.4]

5.1 Discharge Phenomena

High voltages (HV) poses a risk to oneself as well as to used electronics if not
grounded properly. Unfortunately, HV and the variety of discharges or breakdown
phenomenons are not yet fully understood in detail. The following subsections give a
short glimpse on the breakdown phenomenon concerning the KATRIN experiment
as well as the test stand built at UW. Most important are hereby the field emission,
the Paschen law and the Penning traps. Countermeasures for the latter have already
been developed and installed at KATRIN.

5.1.1 Field Emission

Field emission (FE) describes the emission of electrons from a surface due to the
presence of an electrostatic field. The potential barrier an electron experiences
within a metal surface is deformed by this electrostatic field and, thus, leads to a
significant higher probability for electron to overcome this barrier (Fowler-Nordheim
tunneling [73]). This occurs to any weakly or non-conducting dielectric (such as
gases, solids or vacuum) in high electric fields. FE is seen as the primary source for
electrical or vacuum breakdown [74], but is also used for specific applications such as
high resolution electron microscopes [75]. In the following two significant discharge
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mechanisms are described.

Townsend Mechanism

In high vacuum the discharge is described by the Townsend mechanism: An electron,
which has overcome the potential barrier, is accelerated by the applied electric field.
If the mean free path of the electron is long enough it is able to gain enough energy
before colliding with residual atoms which it then ionizes creating secondary electrons
(SE) and ions. The required voltage for this process depends on the residual gas.
These SE are also accelerated by the potential of the electric field and cause further
ionization (avalanche effect). Discharges based on the Townsend mechanism are self
sustaining if the power supply keeps providing current [76].

Vacuum breakdown

A vacuum breakdown is initiated by field emission from microprotrusions on an
electrode surface within a good vacuum and no magnetic field. Microprotrusions
are small tips at which the electric field is enhanced. A higher field can induce local
heating which leads to melting of the surface in this particular spot building metal
vapor which then locally degrades the vacuum and can result in gaseous breakdown
with ionization. This shows how important it is for a system to have smooth surfaces
when operating with HV in order to avoid breakdowns. Smoothening the surface can
be achieved by electro- or mechanical polishing as well as via ion bombardment. Vac-
uum breakdowns are a surface dominated phenomenon depending on the properties
of the used material, thus, residual gases as well as the presence of a magnetic field
have an minor influence [76]. The breakdown is a voltage dependent phenomenon
described by the Paschen Law for a certain vacuum pressure regime (see section .

Triple Junctions

Triple junctions are an intersection of a metallic surface with a dielectric surface
located within a vacuum. It can cause field enhancements initiating a discharge (via
surface avalanche effects) already in relatively low electric fields. In high voltage
systems the insulators surfaces are the weakest components because they are a
good source of ionizable material and discharges preferably propagate along surfaces.
Further field enhancements fostering discharges may be caused via charged insulator
surfaces from previous discharges, since the charge is not able to redistribute itself
due to its non-conducting properties. Triple junctions are not yet fully understood
nor described but show a notable influence when operating with HV.

5.1.2 Paschen Law

The Paschen law describes the breakdown voltage between electrodes as a function
of vacuum pressure and gap length. The equation was empirically discovered in 1889
[77):
Vo B-p-d

S In(Ap-d)—In(In(l+vgh)
Deriving this equation shows the associated Paschen curve has a minimum, illustrated
in figure . For small p-d (left side of the minimum) the electrons gain enough
energy to ionize atoms, however, their mean free path is very large and so it becomes

(5.1)
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Figure 5.1: The Paschen curve illustrated, shows schematically the breakdown
voltage as a function of pressure and electrode distance p-d. The exact position
of the minimum depends the residual gas and the material of used electrodes
in the vacuum system. For low pressures the number of gas atoms is low and,
thus, the probability of a collision is low resulting in less ionization. At higher
pressures the mean free path of the electron is too short to obtain enough energy
for ionizing other atoms. Figure adapted from [78].

more likely for these electrons to reach an electrode rather than ionize an atom. This
results in an increase of the breakdown voltage. On the other side of the minimum,
a higher gas pressure results in a shorter mean free path for the electrons. With
a higher probability of collisions the electrons are unable to gain enough energy in
order to ionize atoms. Further, with each collision the electron trajectory is forced to
change the direction. Therefore, the breakdown voltage increases for higher p-d.
However, the exact course of the function as well as the position of the minimum
depends on the gas type as well as the electrode material.

5.1.3 Penning Traps

Penning traps arise when an electric and magnetic field are in a specified configuration.
As illustrated in figure the electromagnetic field creates a localized volume in
which charged particles are stored. For example, a low-energy electron generated in
a potential Uy is trapped in between two cathodes with U < Uy in axial direction.
A perpendicular motion is suppressed by the of the magnetic field induced Lorentz
force which drives the electron back to its starting position. After a period of time
the stored particles gain enough energy to ionize residual gas, resulting in secondary
electrons as well as ion or photons. Ions and photons are able to leave the trap and
thus create additional background in the spectrometer [79] [80]. Another aspect is
that the penning trap is filled by a large number of additional (secondary and tertiary)
electrons which can generate an unstable plasma which causes a penning discharge
[81} [82]. Next to creating large background in the spectrometer the discharges pose
a risk to the experimental apparatus [83]. In order to avoid harmful and background
generating discharges specific custom made, so-called penning wipers have been
developed and installed.
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Figure 5.2: The Penning trap is created with the electric and magnetic field in
a certain arrangement forcing the electron to remain within a specific region. On
the left side the electron is trapped horizontally between two electrodes and the
perpendicular motion is suppressed by the Lorentz force induced by the magnetic
field. This forces the electron to do a cyclotron motion around magnetic field
lines. On the left side is shown, that the electron can solely be trapped by an
inhomogeneous magnetic field (magnetic mirror effect). Figure adapted from [80].

5.2 The Test Apparatus

To set up the PAE test apparatus old parts of the FPD system were used. An old
PAE and spare quartz tubes with foil electrodes on their surfaces were shipped to
UW. In comparison to the setup at KATRIN, this apparatus has been modified in
order to visually observe the breakdown effects as shown in figure [5.3!

The custom made blanking plate, closing the vacuum chamber on the upstream end
of the PAE, is equipped with a high voltage (HV) feedthrough and a small pump
port, shown on the left in figure[5.4. However, the welding quality of the used metal
was very poor which caused difficulties reaching the desired vacuum quality in the
chamber. An adequate sealant was not able to close the leak such that temporarily
a putty of modeling clay was used instead. This lead to sufficient but not good
vacuum. An observation window made out of acrylic glass is displayed on the right
in figure which shows a view in upstream direction. Further in this figure the
custom made extension of the vacuum chamber is shown which allows to use the
big and medium quartz tube within the apparatus. In order to be able to insert
the medium quartz without damaging the ground connector of the outer electrode
a groove had to be filed into the extension as shown in figure 5.5 To apply high
voltage to the PAE a Spellman power supply which provides up to +30kV was used.
For all measurements a Pirani gauge was mostly operated at its extreme lower range
(lower 1073 torr) which is why all given pressures should be handled with care.

Except the initial tests described in section all tests have been executed with
the following procedure: every five minutes the voltage was increased by +1kV while
starting measurements after reaching +10kV. This procedure is referred to as "slow
ramp test'.

5.3 High Voltage Tests
5.3.1 Initial Tests

Prior to executing controlled HV tests an initial conditioning of the PAE was con-
ducted while ramping the voltage in exploratory fashion. Since the used parts were
exposed for a very long time first conditioning effects could already be observed
at 5kV with a pressure of 3.7-1073 torr. In several ramps of voltage the maximum
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Figure 5.3: The modified apparatus has a custom made blanking plate on the
upstream end and an acrylic observation window on the downstream end of
the PAE. Further the position of the quartz tubes and their foil electrodes are
displayed.

Figure 5.4: To the right the custom made blanking plate with a HV feedthrough
and a pump port is shown. The acrylic observation window attached to a custom
made extension is shown on the right side.
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Figure 5.5: In order to be able to insert the medium quartz tube into the system
a groove had to be filed into the custom made extension chamber. In the left
figure the ground connector of the outer electrode does not fit into the extension.
The figure to the right shows the groove which was filed in allowing to insert the
quartz tube with its ground connector.

achievable voltage without a continuous breakdown was increased which indicates a
more and more conditioned system. Maximum achieved voltage was +27kV after the
freshly conditioned system pumped over night and reached a pressure of 2.4-1073 torr.
Observable effects were: 1) Flashes from various regions within the chamber which
were mostly accompanied by a tinny noise originating from the upstream end of the
PAE. 2) As expected the pressure rose during breakdowns. 3) The medium quartz
tube was occasionally partly or fully glowing and 4) while ramping the voltage the
quartz tube lit up at several spots probably due to charge redistributing itself.

5.3.2 Pressure Dependent Tests

Before continuing voltage tests the system was vented to air to mount a venting valve
for controlled gas inflow and an ion gauge. The ion gauge turned out not to be useful
due to the high pressure in the chamber which exceeded its measurement range. The
lowest achieve pressure of 2.5-1073 torr. In order to make first observations several
slow ramp tests were executed at different pressures:

e 2.5:103 torr: first breakdowns occurred at +14kV, becoming more frequent
when exceeding +17kV. Further the medium quartz tube was occasionally again
partly or fully glowing. At +25kV a continuous breakdown started. Flashes
mostly occurred around the PAE blanking flange (= feedthrough flange in FPD
system).

e 5.1-1073 torr: Similar observations as at 2.5-1073torr, but with continuous
breakdown starting at +15.5kV.

e 1.3-102torr: Already at +2kV continuous breakdowns occurred with glow
discharges.

The achievable pressure lies probably close to the region of the Paschen minimum,
far from the desired vacuum pressure as it is at the FPD system.

Nevertheless, these tests showed roughly where within the PAE chamber the discharges
occur and at what pressures the dominant discharge effect changes. Despite the
vacuum further tests were carried out in order to gain a better understanding of the
locations where the breakdowns are initiated most often.
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Figure 5.6: View through the observation window with the PAE flange taken
off. Right: The blanking plate with the HV feedthrough can be identified at the
far end of the PAE. Left: Glow discharge emanating from the blanking plate.

5.3.3 Modified System - Improvement of Sight

To extend the sight within the chamber the PAE flange was taken off, enabling a
direct view on the blanking plate at the far end of the PAE (right side of figure[5.6).
During a slow ramp test the following observations have been made: 1) the blanking
plate surrounding the HV feedthrough was glowing bright like in a glow discharge,
shown on the left side in figure 5.6/ 2) Flashes within the PAE at the far end (exact
position could not be localized due to restricted field of view). The decision was
made to use the phenomenon of the glow discharge at the blanking plate as the
principal means to clean and condition the system.

Thus the voltage was ramped up again, until the glow discharge commenced at
27kV. The voltage dropped to 4.5kV while the current increased to 0.75 mA and the
pressure to 8.9:-1073 torr. After maintaining the system in this state for nearly three
hours the voltage had increased to 8.5kV while the current remained the same and
the pressure decreased to 6.3-1073 torr.

The first slow ramp test after this long-term conditioning showed no more continuous
breakdowns up to +30kV. However, occasional breakdowns were observed for voltages
>+14kV. The pressure slowly rose with increasing voltage to 2.9-1073 torr at +30kV.

5.3.4 Influence of Gas-Exposure on Conditioning

With the system conditioned the effect of an exposure to different gas species on the
HV stability was investigated. First the system was vented with air to atmospheric
pressure and pumped out again after 15h of exposure. Already during pump down
a loss of conditioning was indicated since it took 78 hours to come down to the
lower 1073 torr regime. This is attributed to water vapor sticking to the walls or
being trapped between electrode foils and the quartz. A subsequent slow ramp test
supported this assumption: Breakdown behavior as prior to the conditioning started
at 15kV. A pulsating glow within the medium quartz tube was observed which
sometimes increased in intensity resulting in a breakdown but mostly fades away
over a short period of time.

In a next step the system was exposed for 17 hours to argon at atmospheric pressure.
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After pumping for 2hours the pressure reached 2.6-1073 torr again. A slow ramp
test showed again the previously observed breakdown behavior: First breakdowns at
+17kV followed by a more frequent appearance when exceeding 22kV. Even when
exposing the system for a short period time, e.g. during quick modifications at the
vacuum system a loss of conditioning could be observed.

5.3.5 Observations - Summarized

Several different phenomena were observed during HV breakdowns of the PAE:

e When significant breakdowns occur the pressure may rise by up to an order of
magnitude.

e At moderate voltages (<20kV) flashes mainly occurred behind the PAE flange
(determined through bolt holes of this flange). At higher voltages (>20kV)
flashes also appeared close to the observation window.

e Nearly all of the flashes are accompanied by a tinny noise originating from the
far end of the system (around PAE ceramic).

e The medium quartz tube occasionally began to glow party or fully. This
could be due to fluorescence of the quartz glass or when it functions as a light
conductor. This glow lasted between a few seconds and a couple of minutes. In
addition a pulsating glow was observed which tended to fade away over time,
but occasionally increased in intensity and resulted in a discharge.

e Massive discharges were accompanied by the HV cable lighting up over a length
of up to 50 cm. This could cause damage to any electronics which are connected
to or touching the cable. Further these discharges produce RF noise which
can be picked up by cables or other parts of electric devices functioning as
antenna and in this way harm electronics or generate noise in the detector
signals. E.g. during the tests the sensitive input FET of the ion gauge controller
was destroyed twice, and the more robust Pirani gauge readout displayed a
"fault" error frequently after discharges.

e Small lit up spots were observed during ramping the voltage up or down. This
could be due to charge accumulation on the insulator surface (quartz) before it
redistributes itself.

e Glow discharges that emanate from the blanking plate could be observed
and were utilized to condition the system. This process removes residual
contaminations such as water vapor, oxygen or residuals of the sealant adhering
to the chamber walls. After conditioning no more continuous glow discharges
were observed at pressures of ~1073 Torr and for voltages up to +30kV.

e The observation window was bombarded by ions emitted by the glow discharge
at the blanking plate. Since the window acts as an insulator the charge
accumulated which leads to surface discharges towards the metallic extension
chamber, there, causing a bright flash.

When dismantling the system the used sealant was found not to be cured. This
probably induced a vapor pressure explaining the rather poor vacuum quality of the
system. In addition, sharp edges, which are known to enhance electric fields, were
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Figure 5.7: The left figure shows that notches have been cut out of the outer
electrode foil on the medium quartz tube. The notches are located in a high field
region according to [84]. The right figure shows where the sealant penetrated
into the vacuum chamber can be seen.

Figure 5.8: The stainless steel support saddle is supporting the big quartz tube.
Right: design of the saddle and supposed position within the vacuum chamber.
Left: the inner electrode of the big quartz tube has a direct line-of-sight onto the
grounded saddle.

found within high field regions according to [84] on the outer electrode of the quartz
tubes, especially at the medium one. As shown in figure part of the electrode
has been cut out. Another potential reason for the HV breakdowns could be the
direct line-of-sight. Surface discharges exist and tend to go to components which are
at a different electric potential such as the grounded stainless steel support saddle.
Figure shows the latter in the intended position.

5.4 Conclusion

Further studies at lower pressures are required to fully understand the PAE break-
downs above 10kV. However the following conclusions can be drawn from the first
series of test measurements at poor vacuum:

e A power supply which does not trip off during continuous breakdowns is required
for effective conditioning.

e The most effective conditioning is achieved by initiating a glow discharge at a
pressure of ~1072 Torr. This discharge should be continued until the pressure
and current read-back begin to fall.
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e HV breakdowns of the PAE can harm the sensitive electronics. No attempt
should be made to condition the PAE when the pre-amplifiers are installed.
It is quite possible that equipment like pressure gauges, RGA’s, Pulcinella
electronics, and equipment associated with the magnets etc. could be damaged.

e After long-term conditioning, even though voltages of +30kV were achieved
without continuous breakdown, intermittent breakdowns occurred every few
minutes. These would probably pose a risk the electronics as well.

e Despite the limited visibility it appears that most of the sparks come from the
region just behind the PAE flange, and to some extent from the far end of
the PAE where the large quartz tube sockets into the insulator ring. Both are
regions where high fields, as identified in [84], and triple junctions exist.

For upcoming measurements with the PAE test stand at UW a new, leak free
blanking plate should be build in order to operate the system under realistic vacuum
conditions which are similar to the FPD system. Furthermore, the breakdowns
should be investigated as a function of foil-electrode position on the quartz tube.
For reproducibility reasons and ease of operation the ramping of voltage should
be automated. An automated way of recording breakdowns as a function of time,
in combination with a camera looking through the window would be a powerful
improvement of the system in terms of data taking.
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6. Commissioning and
Characterization of the
Detector

In 2016 the FPD system was operated with two different wafers were installed and run
in : a test wafer and the later SDS-IIb wafer. For the detector calibration the 24'!Am
source was used as described in section In this chapter the performance tests of
the different wafers are described which were carried out with the FPD system in a
separated stand-alone mode where it was mechanically disconnected from the main
spectrometer. Section details the spatial resolution of the wafers, whereas section
concentrates on the temperature dependency of their mean energy resolution.
The intrinsic detector background rate for the two different wafers as a function of
the applied PAE voltage is analyzed in [6.3]

6.1 Spatial Resolution

The installed detector electronics allows to read out each pixel separately and, thus,
a single-pixel energy resolution can be derived. A figurative representation of these
single-pixel energy resolutions in the schematic shape of the wafer backside enables
to visualize the spatial distribution of the per-pixel resolutions across the wafer.
The energy resolution of the individual pixels is calculated with the full width half
maximum (FWHM) method by analyzing the 59.54 keV peak of the 2! Am spectrum.

Figure shows the distribution of the energy resolutions across the SDS-I wafer
(shorted pixels #78 and #89 were excluded from the analysis). The energy resolutions
are not randomly distributed across the wafer showing a decrease towards the top half
of the wafer. Figure shows the distribution across the SDS-IIb wafer improving
towards the inner pixels rings. The origin of this phenomenon is not yet clear. A
possible explanation are the different noise contributions for each pixel. Another
possible explanation may originate from custom made feedthrough which guides the
signals from the preamplifiers to the ambient air electronics. Tolerances of these
front-end electrics lead to a different performance for individual channels [55]. The
right side of figure shows the distribution of the energy resolutions a mean of
2.3keV. In comparison, for the SDS-I wafer the mean energy resolution was 1.5 keV
[55]. The different performance may originate from the fact that the SDS-I and
SDS-IIb wafer are from different batches. However, a reinstallation of the SDS-IIb
wafer at a later point showed similar characteristics regarding the spacial resolution,
but a worsened mean energy resolution of 2.6keV, see figure [6.4. Note that this
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Figure 6.1: Energy resolution of individual detector pixels during the SDS-
I measurement phase. Two pixels are shorted (#78 and #89) and therefore
taken out of the analysis. The energy resolution (FWHM) is derived through a
Gaussian fit of the 59.54keV peak of the 24! Am source (runs #4005 - #4036).
Left: Individual energy resolutions of the pixels are not randomly spread across
the wafer. The pixels in the top half of the detector wafer show a decreasing
energy resolution . Right: Distribution of energy resolution of pixels around a
mean value of 1.5keV (FWHM).

wafer has been kept mounted on the feedthrough flange and stored in a nitrogen
atmosphere in the mean time. Investigations at the FPD system to identify a reason
for a different performance show no clear origin and are still in progress. Since
this wafer has been in use its energy resolution gradually becomes worse over time,
however, the cause is yet unknown. Between the end of the SDS-II and the beginning
of the SDS-III measurement campaign another detector wafer was installed into the
FPD system as a test. The performance of this wafer is shown in figure It, too,
shows a slight tendency in its spatial distribution of energy resolutions improving
towards the center. However, the inferior mean energy resolution of 2.9keV turned
out to be unsatisfying and, thus, the SDS-IIb wafer was installed for the SDS-III
measurement campaign.

6.2 Energy resolution

The mean energy resolution of a wafer, derived by a Gaussian fit of the distribution
of resolutions per pixel, is influenced by the temperature of the detector wafer and
the front-end electronics. This can be explained by a lower thermal noise in the wafer
[65]. To investigate the change in energy resolution as a function of the temperature,
measurements with the Am-source were performed during cool-down of the FPD
system (the runs that are analyzed are listed in table and [6.2). One data point
equals one hour of data taking time. For analysis the read-out of the temperature
sensor on the copper carousel (Tcarousel), shown on the upper left in figure , is
used.

Figure shows the data from the cool-down with both the SDS-IIb wafer (circular
data points) and the test wafer (triangular data points) reinstalled (runs #27624 -
#27712). As the temperature decreases the energy resolution decreasing accordingly,

as expected. Furthermore, at lower temperatures the leakage current becomes smaller,
as described in 4.4l A linear fit shown in red for the SDS-IIb wafer derives a change
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Figure 6.2: Energy resolution of individual detector pixels during the SDS-
ITb measurement phase. The energy resolution (FWHM) is derived through a
Gaussian fit of the 59.54keV peak of the 4! Am source (runs #23082 - #23085).
Left: Individual energy resolutions of the pixels are not randomly spread across
the wafer, but are decreasing towards the inner pixel rings. Right: Distribution
of energy resolution of pixels around a mean value of 2.3keV (FWHM).
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Figure 6.3: Energy resolution of individual detector pixels with a test wafer
installed. The energy resolution (FWHM) is derived through a Gaussian fit of
the 59.54keV peak of the 2! Am source (runs #27134 - #27149). Left: Like
as the SDS-I and SDS-IIb wafer this one, too, shows a radial dependency with
an increasing energy resolution towards the outer pixel rings. Right: The mean
energy resolution of ~3keV (FWHM) is worse compared to the SDS-IIb wafer.
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Figure 6.4: Energy resolution of individual detector pixels for the reinstalled
SDS-IIb wafer. The energy resolution (FWHM) is derived through a Gaussian
fit of the 59.54keV peak of the 24! Am source (runs #27539-#27555). Left: The
SDS-IIb wafer still shows an increase of the energy resolution towards the outer
pixel rings. Right: Distribution of energy resolutions per pixel around a mean
value of 2.6 keV (FWHM).

in energy resolution of P; = 5.0¢V/ec. Extrapolating this to lower temperature
better energy resolutions are achievable. However, this linearity only applies to a
certain temperature regime, at higher temperatures the energy resolution decreases
exponentially and at lower temperatures it reaches a constant plateau . In the
measurements with the SDS-ITb wafer the lowest achieved temperature of the FPD
system was -20°C. However, in the past the system has shown to be able to reach
lower temperatures, e.g. -40°C with the previously installed test wafer. Even at these
lower temperatures the mean resolution of the test wafer (runs #26920 - #27031)
turned out to be still inferior to the SDS-IIb wafers. A linear fit, shown in blue in
this figure, derives a change in energy resolution of Py = 4.4¢V/°c. The smaller value
of Py for the test wafer may originate from a different noise behavior of the read
out electronics. However, the same electronics are used for both wafers except the
feedthrough flange with its spring loaded pogo pins inducing different pressures on
individual pixels which may influence the performance of the wafer differently from
the flange on which the SDS-IIb wafer is mounted on. Furthermore, different wafers
may have different noise sources dominating on the individual wafer.

6.3 Background Measurements

The FPD system relies on a low intrinsic background to measure incoming electrons
from the MS with high signal-to-noise ratio. All components close to the detector
wafer are made out of carefully selected materials with low intrinsic radioactivity. For
further passive shielding against environmental radiation a 1.27 cm thick highly pure
copper and a 3 cm thick lead shield are installed around the wafer within the warm
bore of the detector magnet reducing the incident y background by a factor of 20. A
veto shield, consisting of several scintillator panels and installed around the copper
and lead shielding, is used in order to tag events that are induced by cosmic muons.
Furthermore, active background reduction can be achieved in the data analysis by
applying a pixel-to-pixel anti-coincidence cut to removes events detected within a
certain time frame, normally set to 1us. These so-called multi-pixel events are not
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Figure 6.5: Energy resolution of SDS-IIb and test wafer as a function of the
carousel temperature: The measured temperature regime shows a linear depen-
dency of the energy resolution (FWHM), which is derived via a Gaussian fit of the
59.54keV peak of the 24! Am source. The triangular points are from measurement
with the test wafer with a linear fit displayed in blue, which gives a change in
energy resolution of 4.4¢V/°c. Below in circular points shown is the measurement
with the SDS-IIb wafer. A linear fit shown in red gives a change in energy
resolution of 5.0¢V/oC.
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necessarily detected on the same or adjacent pixel but can be distributed across the
wafer; e.g. from cosmic rays or ys from radioactive decays passing through several
pixels on the wafer. Detailed analysis concerning this cut can be found in [55] [3§].

For shifting the electron energy to a region with a more favorable background level
the PAE can be put on (positive) HV. Additionally, this suppresses backscattering
effects since with the increasing energy the incident angle of the electrons becomes
smaller and backscattering is less probable. Changing the detector a magnet field
allows to optimize the diameter of the relevant magnetic flux tube on the detector
and, thus, change the sensitive area on the wafer.

The measurements analyzed in this thesis were performed with the FPD system
mechanically separated from the main spectrometer. This means the detector is
facing the metal surface of the DN250 gate valve which occasionally emits low-energy
electrons due to through passing muons. With the PAE put on (positive) voltage these
low-energy electrons are accelerated towards the wafer which induces an additional
background. This is observable as multiple peaks of e - Uppg within the detector
background spectrum.

The detector background spectrum

The measured background spectrum is shown in figure [6.6. From 10keV to lower
energies a steep rise of the rate is observed which is due to the electronic noise edge
below 6 keV. Between 6 and 10 keV several copper fluorescence lines induced by decays
within the copper PAE appear as a region of elevated background. However, due to
the limited energy resolution of the detector individual lines can not be identified.
Between 10 and 120keV the background rate is dominated by fluorescence light
from surrounding materials encouraged by intrinsic radiation and cosmic rays. The
rate decreases with a power law until the dominant background process changes at
about 120 keV. From there on most background is induced by cosmic muons passing
through the wafer. These minimal-ionizing particles induce a characteristic landau
distributed background. Only a part of it is visible in the energy spectrum since at
about 180keV all events go into overflow. Overflow occurs when the events exceed
an upper acceptance signal height of the DAQ. It appears as a broad peak due to
baseline fluctuations of the individual channels [55] [50]. For the region of interest
(ROI) for tritium B-electrons is between 15.6keV to 20.6 keV with a background rate
of 1.5 to 1.7 meps/kev.

As the background rate at higher energies is approximately the same for the different
wafers at different run times or settings, only the background rate between 0 keV and
50keV is shown in figure [6.7] and The data taken with the SDS-IIb wafer during
SDS-IIb measurement phase is illustrated in blue, after reinstallation of this wafer
is shown in red, and the data taken with the test wafer is shown in green. While
no significant change of the background rate was observed after reinstallation of the
SDS-ITb wafer the rate is for both measurements in general lower compared to the
test wafers’. This may be due to the usage of a different feedthrough flange, the one
on which the test wafer is mounted has no cylindrical donut-shaped copper sleeves
for the pogo pins. These are installed in order to block internal radiation originating
from the individual feedthroughs to the preamplifiers (figure . Furthermore,
this increased background rate between 9keV and 14 keV of the test wafers’ data
(green) may be due to an automatic threshold finder (implemented in ORCA) which
sets thresholds for every pixel separately. This can lead to a shifted noise edge for
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Figure 6.6: Energy spectrum of the detector background between 7keV and
220keV. The energy threshold at 7keV cuts off electronic noise. At low energies
fluorescence peaks originating copper PAE induce a steep rise between 7keV
and 10keV. Up to 120keV the background is dominated by fluorescence light
originating from surrounding materials, but at higher energies the rate becomes
lower. Above 120keV the background is dominated by energy deposition within
the wafer via cosmic muons which is a Landau distribution. Exceeding 180 keV
the overflow peak arises with a maximum at around 200keV. The overflow is
seen as a peak due to baseline fluctuations from channel to channel.

individual pixels resulting in an increased rate in lower energy range for the mean
background spectrum of the wafer, seeming like a particular background source.
Comparing the background spectra of the SDS-IIb wafer (during SDS-IT and after
reinstallation) no significant changes are observed.

Background Measurements with the PAE on High Voltage

The PAE re-accelerates electrons which pass the MAC-E filter of the main spec-
trometer in order to raise their energy to an energy region with a more favorable
background rate. Looking at the background spectrum in figure a design PAE
potential of Uppg = 30kV would shift the detector region of interest to 45.6 keV -
50.6 keV where the background level dropped to & 1<ps/kev. Unfortunately, tests have
that shown the PAE can only be operated stable up to 11keV. Above this value the
PAE faces the problems of breakdowns, as described in section [5.

Figure shows the background rate between 0keV and 50 keV for the reinstalled
SDS-1Tb wafer at different PAE potentials: 0keV (red), 10keV (green) and 10.5 keV
(blue). The background rate at higher energies does not deviate from the rate mea-
sured at 0kV. As expected, peaks at multiples of e-Upyg are visible in the energy
spectrum. The dominant peak at 10keV (10.5keV) is slightly shifted to a lower
energy of about 9.5keV (9.8keV) indicating a loss of energy due to energy deposition
in the dead-layer of the wafer. This effects increases for the 2-e-Upag peaks at about
18keV (19keV). Peaks of higher multiplicities can not be resolved with the given
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Figure 6.7: Energy spectrum of the background between 0keV and 50 keV after
applying a multi-pixel cut. Characteristic for this spectrum is the noise edge at the
lower energy followed by a decreasing background rate towards higher energies.
Illustrated in blue is the background rate during the SDS-IIb measurement
campaign, in red after reinstalling the SDS-IIb wafer and in green the background
spectrum of the test wafer. The latter shows an increased rate between 10 keV
and 12keV in comparison to the SDS-IIb wafer. The rate measured with the
SDS-IIb wafer has not significantly changed.

statistics.

In the analysis the above described peaks at multiplicities of e-Upag have to be taken
into account.

The measured background rate differs for different PAE potentials: In a 4 keV range
around the 1-e-Uppg peaks the 10.5 kV-rate is nearly twice as much as 10 kV-rate,
and further the 2-e-Uppg peak of 10.5kV is still about 15% higher than the rate of
the 10kV one. This higher rate may be explained by the applied PAE voltage which
induces an electric field. As described in section [5.1.1] electrons in a surface must
overcome a potential barrier in order to leave the surface. An electric field deforms
this barrier and, thus, increases the probability for electron tunneling which results
in an increased electron rate measured at the detector wafer.

For neutrino-mass measurements the FPD system will be connected to the rest of
the KATRIN beamline and, thus, additional, more dominant sources will contribute.
The background sources in the spectrometer are analyzed in [3§].

Besides the energy spectrum, the trend of the background rate after applying PAE
potential to the FPD is of interest. When applying high voltage to the system
and maintaining this state for a significant long period of time (several hours) the
system is gradually conditioned resulting in a lower background rate. In figure
the background rate trend after setting the PAE to 10.5kV (runs #28096 - #28101)
is shown. The rate falls exponentially according to:

R(t)=Ro-e ™+ Ry (6.1)

48



6.3 Background Measurements

Rate(cps/keV)
t

-—
2

1072

F_j

107 ¢ ke s - SR

0 10 20 30 40 50
Energy (keV)

Figure 6.8: Energy spectrum of the intrinsic detector background with multi-
pixel cut applied and for the reinstalled SDS-ITb wafer at different PAE voltages:
In red at 0kV, in green at +10kV and in blue at +10.5kV. Multiple peaks of
e-Upag are visible but shifted towards lower energies due to energy loss probably
in the dead-layer of the detector wafer. The energy shift increases at higher
multiples of e-Upag.

whereby Rg is the Amplitude and R, represents a constant offset rate. T is the time
constant of the exponential decay. Fitting equation to the data set at for 10.5 keV
gives Rg =11.91, R; =6.57, and Tig51v = 2.58-10*s. In comparison for runs with
Upag = 10kV (runs #28102 - #28137) the fit gives Ry =1.86, Ry =3.53, and Tipxy =
1.89-10%s.

The over time decreasing background rate can be explained by a gradually conditioning
of the system. This is observable as spikes during the measurements which more
likely in the beginning, as shown in figures and [6.9] These spikes originate from
(micro-) discharges within the system which create free electrons when smoothening
out the surfaces allowing a more stable operation of the system at HV. Another
effect may appear due to charging up of an insulator (quartz tubes): Before applying
HV to electrodes (PAE and foil electrodes on inside surface of quartz tubes), the
system as well as the insulators are grounded. With applying HV this changes and
may lead to micro-discharges between the HV electrode and the insulator resulting in
a gradually charging up of the insulator due to non-conducting property. Eventually,
this leads to an equilibrium.

The 10.5kV measurement was chronological before the 10 kV measurement and can be
considered as a preconditioning for the later measurement explaining the observation
of a lower background rate and a higher time constant of gy = 1.89-10°s.

This shows a conditioning of the FPD system is important in order to operate the
PAE stable over a long period of time and reduce the background rate.
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Table 6.1: Summary of runs taken with the SDS-1Ib wafer. Calibration
and background runs used for analysis are listed below. Calibration runs were
taken with the 24! Am-source.

Runs

Comments

SDS-II measurement phase

420291 - #20453
420555 - 420621
423082 - #23085

Background
Background

Calibration

Post SDS-IIb

427436 - #27470
H2TATT - #27536
427539 - #27555
427556 - #27572
427624 - #27712
428096 - #28101
428102 - #28137

Background

Background

Calibration

Background measurements
Calibration during detector cool-down
Background with PAE on 10.5kV
Background with PAE on 10kV

Table 6.2: Summary of runs taken with the test wafer. Calibration and
background runs used for analysis are listed below. Calibration runs were taken

with the 2% Am-source

Runs

Comments

426920 - #27031
427134 - #27149
427296 - #27304
427311 - 427318
427324 - #27332

Calibration during detector cool-down
Calibration
Background
Background
Background
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7. Conclusions

The KArlsruhe TRItium Neutrino (KATRIN) experiment aims to determine the mass
of the electron anti-neutrino model independently with an unsurpassed sensitivity
of my, <200meV/e2 (90% C.L.). To achieve this goal, the kinetic energy of electrons
from tritium 3-decay is measured with high precision close to the endpoint energy
Eg. For this purpose KATRIN uses electrostatic retarding spectrometers based
on the MAC-E filter principle which allow to scan the (-spectrum in an integral
way. Since only a small fraction of all electrons will pass the analyzing plane of
the experiments main-spectrometer a detector with high detection efficiency and
a low intrinsic background level is needed. These requirements are fulfilled by the
Focal-Plane Detector (FPD) system of KATRIN which is based on a silicon PIN-diode
detector wafer. This wafer is circularly segmented in 148 pixels arranged in 12 rings
(each with 12 pixels) around four Bulls-eye pixels in the center.

The objectives of this thesis were performance tests of two different wafers with
regard to their spatial and energy resolution as well as their impact on the intrinsic
detector background. Furthermore, a separate test stand was set up together with
the KATRIN collaboration partners of the University of Washington, Seattle, in
order to improve the performance of a post-acceleration electrode (PAE) which is
installed inside the FPD system and is used to boost the kinetic energy of signal
electrons to regimes of low intrinsic detector background.

In the first measurement campaign of the main spectrometer and detector section
(SDS-I) in 2013 the used detector wafer showed a satisfying performance with a mean
energy resolution of 1.5keV, but due to two shorted pixels its spatial resolution was
limited. For the subsequent measurement campaign SDS-II another detector wafer
was installed into the FPD system. However, this wafer turned out to be inferior to
the SDS-I one with an energy resolution 2.3keV. Nevertheless, the SDS-II wafer was
chosen to be kept installed due to the advantage of 100% functioning pixels. A third
wafer (test wafer), tested in between SDS-IT and the upcoming SDS-IIT phase, had
an even worse energy resolution of about 3keV while still providing 100% functioning
pixels. After reinstalling the SDS-II wafer a degradation of its energy resolution to
2.6 keV was discovered. In order to exclude the readout and amplification devices of
the detector as cause of the observed degradation a series of test measurements were
carried out. These showed no influence of the electronics on the energy resolution,
leaving the wafer itself as remaining candidate for the performance loss over time.
The cause of this degradation trend is yet still unknown. However, the variety of
energy resolutions for the different wafers can be explained by different qualities of
different batches of wafers.

Via an analysis of the single-pixel energy resolutions the spatial resolution of the
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different detector wafers was investigated. For all four wafers tested in the past few
years, a tendency showing an improvement of the single-pixel energy resolutions
towards inner pixel rings is observed. This may have several explanations: Firstly,
the bias ring, used for biasing the detector wafer from its backside, may have an
influence on the outer pixel rings despite a 2mm thick guard ring. Secondly, it
is to be mentioned that the pressure on the detector wafer induced by the signal
feedthrough pins might influence the individual pixels, but previous investigations
could exclude this explanation for the most part. As it is a semiconductor, the
performance of the detector wafer is highly temperature dependent. Measurements
taken in a temperature range of -38°C to +28°C showed a linear relation between
the mean energy resolution and the temperature. However, for lower temperatures
the energy resolution reaches a constant plateau and for higher temperatures it
degrades exponentially. This is explainable by thermal noise as well as leakage
current becoming more dominant at higher temperatures.

Besides the energy resolution one key parameter characterizing the detector perfor-
mance is the intrinsic detector background spectrum. Comparing the background
spectra of the test wafer and SDS-IT wafer show similar background rates above 30 keV.
In the lower energy range close to the noise edge, however, the measured background
rates differ. This is most likely due to per-channel thresholds which are automatically
determined by the data acquisition (DAQ) software. Furthermore, a contribution to
the background can also originate from the different feedthrough flanges used. In
difference to the test wafer the flange on which the SDS-IT wafer was mounted had
copper sleeves around each signal feedthrough pin installed. These sleeves are used to
shield the wafer from radiation originating from the feedthrough flange. Regarding
the region of interest for tritium measurements (15.6keV to 30.6keV) the background
rate is between 1.5 — 1.7 meps/kev.

Applying high voltage to the PAE allows to shift the region of interest (ROI) to an
energy range with a more favorable background rate. By applying a voltage of 10 kV
(10.5kV) the ROI is shifted to 25.6keV — 30.6keV (26.1keV — 21.1keV) which an
average background rate of 1mcps/kev improving the signal-to-noise ratio.

The background rate trend measured directly after applying high voltage shows a
gradual reduction over a long period of time (several hours). This behavior may be
explained by a gradually conditioning of the system, a hypothesis further supported
by the observation of small spikes in the rate trend which appear less frequent with
increasing measurement time. These spikes can be attributed to (micro-) discharges
within the system temporarily increasing the measured background rate. Such dis-
charges smoothen out the surfaces which allows a more stable operation of the system
at high voltage.

To this point it is not possible to operate the PAE at voltages higher than 11kV.
A separate test stand was build which is located at the University of Washington,
Seattle, to test the PAE without risking damage to the sensitive electronics used in
the real system. The test stand uses vacuum chamber without the readout electronics,
custom made parts (observation window and blanking flange) and has no magnetic
field. The latter is possible because the occurrence of breakdowns is independent from
magnetic fields. A custom made blanking flange turned out not to be vacuum suitable
which limits the achievable vacuum pressure to the 1073 mbar regime. Vacuum test
were carried out to visually observe discharge processes within the PAE chamber
for the first time. The observations confirmed the results of previously carried out
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simulation indicating regions of high electric field inside the PAE chamber. However,
more tests at lower vacuum pressure, preferably in the same regime as at the FPD
(10~%mbar), are necessary for a better understanding of the breakdown phenomena.
The test stand as a starting point for further developments may lead a more effective
method to condition the FPD system without harming sensitive read-out electronics.
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