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Abstract
Neutrinos are elementary particles of the standard model of particle physics which were
assumed to be massless. But since the discovery of neutrino oscillation it has been proven
that the neutrino mass is not zero. The determination of this mass is of great interest not
only for particle physicists but also for cosmologists and astronomers. However, until now
only an upper limit of 2.05 eV/c2 (95% C.L.) could be determined by a model-independent
investigation of the kinetics of the tritium β-decay. Improving this limit to 0.2 eV/c2

(90%C.L.) is the aim of the KArlsruhe TRItium Neutrino experiment (KATRIN).

To achieve this sensitivity a precise knowledge and monitoring of the measurement pa-
rameters is required. Hence, KATRIN is equipped with the Calibration and Monitoring
System (CMS). One part of the CMS is the so called Rear Section. Among other instru-
ments it will provide an angular selective electron gun based on the photoelectric effect,
which can be used for several monitoring and calibration tasks. In addition, the Rear
Section provides the gold surface of the so called Rear Wall, which might determine the
plasma potential of the tritium source by its work function.

In spite of great effort made in the development of the Rear Section, some open questions
remain. This includes the proof of suitability of several components for a tritium atmo-
sphere of 10−5 mbar to 10−8 mbar partial pressure. In addition, an optical design for the
e-gun must be developed and the resulting electron rate must be calculated. Also, a final
Rear Wall is neither developed nor characterized yet. These open questions are covered
in the scope of the thesis in hand.

For this purpose a custom made piezo motor was qualified. A mechanism driven by this
motor enables the e-gun beam to pass through the Rear Wall and to provide a complete
gold surface in the intervening time of two e-gun beams. The motor can perform more
than twice of the required 100 000 driving cycles in a tritium atmosphere and withstands
bake-outs at 150 ◦C. The tritium leak rate of a fiber feed-through installed at a vacuum
flange was determined to be L = (3.65 ± 0.08) · 10−13 mbar l s−1 if the tritium partial
pressure difference at the feed-through is about 10−1 mbar. That means, that fiber feed-
troughs meet the safety requirements of tritium containing components. In addition, it
has been ruled out that the transmission of ultraviolet (UV) light is reduced by tritium
exposure. Based on the qualified fibers and fiber feed-through an optical setup for the
e-gun has been designed. Using this optical setup, an electron rate of up to 7.26 · 105 s−1

is expected at the design wavelength of 275 nm.

The impact of bake-outs and UV irradiation on the Rear Wall work function was found
to be sample specific. For that reason an individual characterization for each Rear Wall
candidate is required. During this characterization process a final Rear Wall for the Rear
Section is found based on a stainless steel substrate. After a bake-out, it provides a work
function homogeneity over the whole surface of the Rear Wall of σRMS,surface =9.4± 0.2mV
with a stability ≤ 7.3mV in one week. The distribution of the work function after the
bake-out is found to be a combination of a radial distribution and a distribution over the
complete surface. Further long-term stability investigations on the work function suggest
a stability of below 18.5mV over 3 weeks.
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Zusammenfassung
Neutrinos sind Elementarteilchen des Standardmodels der Teilchenphysik, die als masselos
angenommen wurden. Seit der Entdeckung der Neutrinooszillation ist jedoch klar, dass
Neutrinos eine Masse besitzen. Die Bestimmung dieser Masse ist von großem Interesse
nicht nur für Teilchenphysiker, sondern auch für Kosmologen und Astronomen. Allerdings
wurde bisher nur eine Obergrenze von 2.05 eV/c2 (95% C.L.) durch die Untersuchung der
Kinematik des Tritium-β-Zerfalls bestimmt. Diese Obergrenze auf 0.2 eV/c2 (90% C.L.)
zu reduzieren ist Ziel des KArlsruhe TRItium Neutrino Experiments (KATRIN).
Um diese Sensitivität zu erreichen, müssen alle Messparameter genau bekannt sein und
überwacht werden. Für diese Aufgabe ist KATRIN mit dem Calibration and Monitoring
System (CMS) ausgestattet. Ein Teil dieses Systems ist die sogenannte Rear Section.
Diese stellt neben anderen Überwachungsinstrumenten eine auf dem photoelektrischen
Effekt beruhende, winkelselektive Elektronenkanone zur Verfügung, die unterschiedliche
Kalibrier- und Überwachungsaufgaben erfüllt. Zudem ist die Goldoberfläche der sogenan-
nten Rear Wall Teil der Rear Section, die unter bestimmten Umständen das Potential der
Tritiumquelle mit ihrer Austrittsarbeit definiert.
Trotz großer Anstrengungen bei der Entwicklung der Rear Section sind einige Fragen noch
ungeklärt. Diese beinhalten den Tauglichkeitsnachweis unterschiedlicher Komponenten
in Tritiumatmosphären von 10−5 mbar bis 10−8 mbar Partialdruck. Außerdem muss ein
optisches System für die Elektronenkanone entwickelt und die daraus resultierende Elek-
tronenrate abgeschätzt werden. Auch die Entwicklung und Charakterisierung der Rear
Wall ist noch nicht erfolgt. Diese Fragen zu klären, ist Ziel der vorliegenden Arbeit.
Dazu wurde zunächst ein speziell entwickelter Piezomotor qualifiziert. Der Mechanismus,
der von diesem Motor betätigt wird, ermöglicht es dem Elektronenstrahl durch die Rear
Wall zu gelangen und zwischen zwei Elektronenstrahlen eine geschlossene Goldoberfläche
bereitzustellen. Der Motor kann mehr als die doppelte Anzahl der benötigten 100 000
Fahrzyklen in einer Tritiumatmosphäre ausführen und bis 150 ◦C ausgeheizt werden.
Die Leckrate einer in einem Vakuumflansch installierten Glasfaserdurchführung wurde zu
L = (3.65 ± 0.08) · 10−13 mbar l s−1 bestimmt. Damit erfüllen derartige Durchführungen
die Sicherheitsanforderungen tritiumführender Systeme. Weiterhin konnte ausgeschlossen
werden, dass eine Tritiumexposition die Transmissionseigenschaften von Glasfasern für ul-
traviolettes (UV) Licht beeinträchtigt. Basierend auf der Qualifikation der Glasfasern und
der Glasfaserdurchführung konnte ein optisches System für die Elektronenkanone entwick-
elt werden. Mit diesem werden mit der Designwellenlänge von 275 nm Elektronenraten
von bis zu 7.26 · 105 s−1 erwartet.
In Bezug auf die Auswirkungen von Ausheizvorgängen und Bestrahlung mit UV Licht
auf die Austrittsarbeit konnte ein individueller Zusammenhang mit der jeweiligen Probe
nachgewiesen werden. Dieser fand bei der individuellen Charakterisierung der Rear Wall
Kandidaten Berücksichtigung. Es wurde eine finale Rear Wall für die Rear Section ge-
funden, beruhend auf einem Edelstahlsubstrat. Diese weist nach einer Ausheizdauer von
über einer Woche eine Austrittsarbeitshomogenität von σRMS,surface =9.4± 0.2mV und
eine Stabilität von ≤ 7.3mV auf. Die Austrittsarbeitsverteilung nach dem Ausheizen
setzt sich dabei aus einer radialen und einer über die gesamte Oberfläche der Rear Wall
verlaufenden Komponente zusammen. Weitere Langzeituntersuchungen zur Austrittsar-
beitsstabilität legen nahe, dass die Fluktuationen innerhalb von 3 Wochen unter 18.5mV
liegen.
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Introduction

Since its postulation in 1930 [Pau64] and its experimental discovery in 1953 [Rei53] the
neutrino is part of the standard model of particle physics, which describes the properties
of the elementary particles and their interactions. Within the standard model neutrinos
are predicted to be massless as they, unlike all other elementary particles, are unable to
get their mass by coupling to the vacuum expectation value of the Higgs field [Zub11].
The discovery of the neutrino oscillation [Dav79, Fuk98, Ahm01] implied that the neutrino
masses must not be zero, though. This is a result of the dependence of the neutrino oscil-
lation on the differences ∆m2

ij = m2
i −m2

j of the participating neutrino mass eigenstates
[Oli14].

A knowledge of the neutrino mass is of great interest not only in particle physics to
investigate physics beyond the Standard Model and the origin of the neutrino mass, but
also in cosmology and astrophysics. To take a single example, the neutrino mass is one of
the parameters of the models that describe the formation of structures in the universe. If
this parameter can be fixed the models are simplified and improved. But in spite of great
efforts to measure the neutrino mass, only an upper limit for the neutrino mass of about
2.0 eV c−2 (see [Oli14] and references therein) could be established so far.

The improvement of this limit is the aim of the KArlsruhe TRItium Neutrino experiment
(KATRIN). Its measurement method is based on a model-independent investigation of
the kinematics during the tritium β-decay at the endpoint of the spectrum. The design
sensitivity is 350meV c−2 with 5σ significance or 200meV c−2 at 90% confidence level
[Ang05] if the result is compatible with zero. Therefore, the current limit will be lowered
by 1 order of magnitude. To reach this sensitivity requires not only a tritium source of
high activity in the order of 1011 Bq and a spectrometer with very good energy resolution
below 1 eV, but also a precise knowledge and monitoring of the measurement parameters.
In case of the tritium source this task is accomplished by the Calibration and Monitoring
System (CMS) which includes different measurement techniques to monitor the source
parameters [Bab12, Bab14].

One part of the CMS is the so-called Rear Section, which is placed at the rear end of
the KATRIN experiment. It provides the ability to measure the source activity by beta-
induced x-ray spectrometry (BIXS) with a precision of 0.1%. In addition, an angular
selective e-gun with rates in the order of 104 s−1 and an energy resolution of 0.2 eV enables
the measurement of the column density of the tritium source. The e-gun is also used to
determine the transmission and response function of the spectrometer for calibration
purposes. The so called Rear Wall, a gold coated plate which is also part of the Rear
Section, is a possible candidate as determinant of the plasma potential. In case of a
suitably chosen voltage applied on the Rear Wall, it determines the source potential.
For that reason its surface potential must be homogeneous and long-term stable below
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2 Introduction

20meV. Otherwise, its contribution to the systematic uncertainties of KATRIN exceeds
the acceptable amount and hence could cause KATRIN to not achieve its sensitivity aim.

In the work of the past years the mechanical design of the Rear Section, as provider of
these components, and of the components itself has been finalized. It has been proven
by experiment as well as simulations that the BIXS technique achieves the required sen-
sitivity [Pri13a, Röl13]. Furthermore, the basic operability of the e-gun has been demon-
strated with a prototype by the collaborators at the University of California Santa Barbara
(UCSB). But there still remain some open questions concerning the e-gun and the Rear
Wall which must be answered before a fully functional Rear Section can be provided to
KATRIN:

1. Are all components, which are planed to be used, tritium compatible concerning
safety and their performance? Here the performance of a piezo motor and fibers are
experimentally investigated and the tritium permeation through a fiber feed-through
is calculated based on literature values and measured.

2. How can the optical setup, used to produce the electrons at the e-gun, be designed
to prevent misalignment of optical components inside of a glove box and to meet the
required electron rate of at least 104 s−1 with an energy distribution of 0.2 eV? This
question not only includes the design of the optical setup, but also a calculation of
the resulting e-gun rate.

3. What is the most suitable design of the Rear Wall to achieve a homogeneous and
long-term stable surface potential, how is the surface potential effected by a bake-out
or UV irradiation and how large is the resulting inhomogeneity of a final Rear Wall?
To answer this question, diverse investigations are performed on factors influencing
the work function of a gold layer.

Answering these questions was the objective of the thesis in hand.

The structure of the thesis is the following: Chapter 1 summarizes the basic neutrino
properties and the experiments, on which our knowledge of these is based, are described.
The working principle of KATRIN and its experimental setup are described in chapter
2. The end of this chapter focuses on the Rear Section and its components to establish a
basis of knowledge about their requirements. In chapter 3 the investigation of the tritium
compatibility of three different components relating to the Rear Section, is addressed.
As two of these components are main components of the optical design of the Rear
Section e-gun, this design and the calculation of the expected electron rate is also part
of this chapter. Chapter 4 deals with the development of the Rear Wall. Three different
experimental setups used during this development are introduced. Their results lead to a
final Rear Wall and its characterization. The thesis is completed by chapter 5 where the
obtained results are summarized. Here we refer back to this introduction by answering
the questions that were posed above and discussing further steps which are necessary to
provide the final Rear Section for KATRIN.



Chapter 1

Overview of neutrino physics

After its postulation by Pauli in 1930 [Pau64] and its experimental discovery by Cowan
and Reines in 1956 [Cow56] many experiments have revolved around the properties of
the neutrino. These experiments have not only investigated the basic neutrino properties
but also enabled a look beyond the Standard Model of particle physics [Oli14] and a
clearer understanding of the processes of mass generation and structure formation in our
universe.

In the following sections a selection of these experiments and their implications on physics
is presented, starting with some basic facts concerning the neutrino in section 1.1. While
investigating the basic properties of the neutrino, discrepancies between the expected and
measured neutrino fluxes were detected and finally explained by neutrino oscillation as
described in section 1.2. Due to the fact that this oscillation is only possible if the neutrino
is not massless (as it is in the Standard Model), different theoretical models explaining
the origin of the neutrino mass were constructed. Some of these models are presented
in section 1.3. As the non-zero neutrino mass not only affects the Standard Model and
particle physics but also cosmology and astrophysics, the impact of the neutrino mass on
these fields of research is discussed in section 1.4. The chapter is completed by section
1.5, where several approaches and resulting experiments are described, which make great
efforts to measure the neutrino mass directly or indirectly.

1.1 Neutrino basics: discovery, properties and sources

The first indications of the existence of the neutrino were found by Chadwick in 1914
during his investigation of the β−-decay of 214Pb and 214Bi [Cha14]:

214
82Pb→ 214

83Bi + e− + νe
214
83Bi→ 214

84Po + e− + νe.
(1.1)

Based on previous knowledge, the β-decay was expected to be a two body decay, where
the mother nucleus decays into an electron and a daughter nucleus. Following this, a
discrete energy spectrum was expected which conserves energy and momentum during the
decay. But Chadwick measured a continuous energy spectrum of the electron apparently
violating the established conservation rules.

To preserve the conservation of energy and momentum, in 1930 Pauli postulated a pre-
viously undetected new particle which carries away the missing energy by making the
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4 Chapter 1. Overview of neutrino physics

β-decay a three body process [Pau64]. This new particle is the neutrino. Pauli also
postulated certain properties of the neutrino: it must be stable, electrically neutral and
must have a spin of 1/2 [Pau64]. Following this postulation, Fermi formulated a complete
theoretical description of the β-decay as a weak, point-like interaction in which a neutrino
with either zero or very small mass is produced [Fer34]. Bethe and Peierls followed this
theoretical approach and arrived at an estimate of the interaction cross section of the
neutrino with matter of σ ≈ 10−44 cm2 [Bet34].

This small cross section is the reason why it took more than 25 years to experimentally
detect the electron neutrino [Cow56]. The other 2 neutrinos of the Standard model
(compare figure 1.1), the muon and tau neutrino, needed even more time to be detected:
6 years after the electron neutrino the muon neutrino [Dan62] could be experimentally
observed. And, it took another 40 years to detect the tau neutrino [Kod01].

After the first signs of a possible electron neutrino detection were published by Cowan
and Reines in 1953 [Rei53], the final confirmation of the detection was provided by project
Poltergeist performed by the same experimenters in 1956 [Cow56]. In this experiment a
nuclear fission reactor was used as a neutrino source. Two tanks filled with 200 l of water
with 40 kg dissolved CdCl2 were used as a detector. According to the inverse β-decay
process [Pov13]

νe + p → e+ + n, (1.2)

the incident anti-neutrinos from the fission reactor interact with protons in the water
tank into a positron and a neutron. The characteristic signal of this reaction is a delayed
coincidence signal: the produced positron annihilates with an electron into two 511 keV
photons, which are emitted in opposite directions. In addition, a few microseconds later
a MeV-gamma ray is emitted by the exited CdCl2, which has captured the produced
neutron of the inverse β-decay [Rei97]. The neutrino cross section which was measured
by this coincidence was σ = 6.3 ·10−44 cm2 [Cow56] in good agreement with the estimated
cross section by Bethe and Peierls.

The detection of the muon neutrino by Ledermann, Schwartz and Steinberger [Dan62]
was based on the pion decay

π+ → µ+ + νµ and π− → µ− + νµ (1.3)

into muons and neutrinos. The required pions were produced by bombarding a beryl-
lium target with 15GeV protons produced by the Brookhaven Alternating Gradient Syn-
chrotron. The neutrino detection was performed by a characteristic straight track in a
spark chamber containing 10 tons of aluminum.

Finally, the DONUT experiment [Kod01] at the Fermilab Tevatron detected the tau
neutrino by producing taus in the decay of DS-mesons

DS → τ + ντ . (1.4)

The required DS-mesons are produced in the interaction of high energetic protons with
a tungsten target. The tauons are detected by their decay in alternating stainless-steel
sheets and emulsion plates: within 2mm after the tau is produced it decays in the detector,
resulting in a characteristic kink in the trajectory.

As evidenced by these three neutrino detection experiments not just one neutrino, but
three different flavors of neutrinos exist, νe, νµ and ντ . Each of these neutrino flavors also
has an anti-particle partner, νe, νµ and ντ . The experimental proof that νe is not the
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Figure 1.1: Standard model of particle physics. The Standard Model consists of
the fermionic leptons (red) and quarks (blue) as well as the gauge bosons (green) and
the Higgs boson (black). For simplicity the anti-leptons and anti-quarks are not shown
in this figure. Both quarks and leptons are divided into three generations each forming
a doublet of two particles (columns in the figure). For each particle mass, charge and
spin are given (from top to bottom) in the respective boxes. All values are taken from
[Oli14].

same particle as νe was given by Davis in [Dav55]. Both neutrinos and anti-neutrinos are
spin 1/2 fermions of the Standard Model of particle physics (see figure 1.1), electrically
neutral and have a lepton number of L = +1 in case of the neutrino and L = −1 in case
of the anti-neutrino [Akh99].

All neutrinos are weakly interacting, meaning that the neutrino interacts with matter
with a very small cross section [Bet34]. This can be exemplified by the fact, that the
mean free path of a 1MeV neutrino in lead is about 1 light year [Akh99]. Due to the weak
interaction of the neutrino which maximally violates parity as consequence of the V-A
theory [Fey58, Sud58], the neutrino was assumed to be massless. For the same reason it
was also assumed, that only left-handed neutrinos and right-handed anti-neutrinos exist.
The experimental proof that neutrinos are left-handed was given by Goldhaber [Gol58]. A
further consequence of the weak interaction is that the neutrino participates in reactions
mediated by the Z0 bosons and the W± bosons. In these reactions the W± decay

W+ → l+a + νa

W− → l−a + νa
(1.5)

is the so-called charged current (CC), while the Z0 decay into a neutrino and an anti-
neutrino of the same flavor

Z0 → νaνa (1.6)
is the so-called neutral current (NC) [Akh99].

The latter decay channel of the Z0 boson is also used to determine the number of neutrino
flavors: in the ALEPH experiment the width of the Z0 resonance was measured. This



6 Chapter 1. Overview of neutrino physics

resonance is composed of the neutrino, the quark and the charged lepton decay channel.
In contrast to the later two, the contribution to the resonance by the neutrino can not be
detected. Therefore, the total width minus the width of the visible decay channels gives
the width caused by the neutrino channel. This way the number of neutrino flavors can
be calculated to [Sch06]

Nν = 2.9840± 0.0082. (1.7)

This result is supported by calculations based on the big bang nucleosynthesis, which
limits the number of light neutrinos1 to less than 3.3 [Sar96, Wal91], and measurements
performed at the LEP e+e− collider at CERN, where no fourth generation with masses
below 104GeV c−2 was found [Sch06].

The 3 neutrino flavors are generated in different decays: the electron-type neutrino pro-
duction is based on the nuclear β-decay [Akh99]

A (Z,N)→ A (Z + 1, N − 1) + e− + νe,

A (Z,N)→ A (Z − 1, N + 1) + e+ + νe.
(1.8)

The elementary process behind both decays is the transition of an up quark into a down
quark and vice versa

u→ d+ e+ + νe,

d→ u+ e− + νe,
(1.9)

which is also shown in figure 1.2. In addition, electron neutrinos are produced in neutron,
muon and pion decays

n→ p + e− + νe,

µ± → e± + νµ(νµ) + νe(νe),
π± → e±/µ± + νe(νe)/νµ(νµ),

(1.10)

of which the latest is subdominant. As one can see, muon neutrinos are also produced in
the two last decays. Tau neutrinos are produced in tau decays [Pov13]

τ− → e− + νe + ντ ,

τ− → µ− + νµ + ντ ,

τ− → π− + ντ .

(1.11)

These production processes take place at different sources. Sources of neutrinos de-
tectable on the earth are the sun, the freeze-out after the big bang, cosmic showers,
supernovae, natural radioactivity, nuclear power plants and neutrino accelerators. Each
of these sources is briefly discussed in the following:

Neutrino accelerators
Dedicated neutrino beams are produced at proton accelerators [Zub11, Kop07]. To pro-
duce the neutrinos, a high energy proton beam is guided to a target usually made of
beryllium or graphite. Among others this also produces pions and kaons. These particles
are focused by a magnetic horn into decay tunnels selected by their charge. During the
decay of the pions (compare equ. (1.10)), kaons and their secondaries a neutrino beam
with mean energies from 0.5 to more than 250GeV [Kop07] can be generated.

1In this context light neutrinos refer to neutrinos with masses of less than 1MeV c−2.
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Figure 1.2: Feynman diagrams of the β− and the β+-decay. Left: in the β−-
decay a down quark is decaying in an up quark and a W− boson. The W− again decays
into an electron and an electron anti-neutrino. Right: in the β+-decay a W+ is generated
by the decay of an up quark into a down quark. The latter decay of the W+ results in
the production of a positron and an electron neutrino.

Nuclear power plants
Nuclear power plants are the most intense electron anti-neutrino sources on earth [Zub11].
On average 6 neutrinos are produced by the β-decay of the daughter molecules generated
by the fission reaction [Akh99]. That means that a 3GW fission reactor isotropically
emits about 7.7·1020 neutrinos per second causing a neutrino flux of 6·1011 cm−2 s−1 at
100m distance to the reactor [Akh99]. The emitted neutrinos have energies up to 10MeV.

Natural radioactivity
Due to radioactive nuclides like 40K, 238U and 232Th and their natural decay chains a
neutrino flux of about 6·106 cm−2 s−1 with energies of up to 1MeV are produced on earth
[Akh99]. These neutrinos can be used to obtain further information on the chemical
composition of the interior of the earth [Ede66].

Supernovae
Supernovae type II are a huge but short-lived source of both neutrinos and anti-neutrinos
of each flavor. Stars produce elements up to 56Fe by nuclear fusion in their core which
increases the mass of the core [Per09]. As long as the mass of the inner core of a star is
below the Chandrasekhar limit of about 1.5M� [Zub11] the electron degeneracy pressure
balances the gravitational pressure of the core itself. But if this limit is passed the core
of the star collapses. In case of a supernova type II up to 1058 neutrinos are produced by
[Per09]

p + e− → n + νe neutronization
γ → e+ + e− → να + να thermalization.

(1.12)

The neutronization takes place during the first milliseconds of the collapse and the pair
production by thermalization during about 10 s after the beginning of the collapse [Sch97,
Woo05, Jan07]. The mean energies of the neutrinos are 10MeV to 15MeV. During these
processes the neutrinos carry away about 99% of the energy released during the collapse
[Bah87].

Cosmic showers generating atmospheric neutrinos
Atmospheric neutrinos are produced by the continuous bombardment of the atmosphere
by high energetic particles [Zub11]. These particles interact with the molecules of the
atmosphere giving rise to hadronic showers and a neutrino flux of 10−1 cm−2 s−1 at the
surface of the earth [Akh99]. In these showers muon and electron neutrinos are generated
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mostly by

p(α, ...) + air → π±(K±) + X

π±(K±) → µ± + νµ(νν)

µ± → e± + νe(νe) + νµ(νµ)

(1.13)

with a muon to electron neutrino ratio of roughly 2 and energies up to 1TeV [Hir88].
Freeze-out after big bang generating relic neutrinos
Directly after the big bang at time t� 0.1 s the temperature of the universe was E� 1MeV.
At this stage all fundamental particles were in a thermodynamic equilibrium. That means
that the neutrino interacted with other particles via the weak interaction and the total en-
ergy density was dominated by radiation. With its expansion [Hub31, Sli15] the universe
cooled down. At E ≈ 1MeV and t ≈ 0.1 s the weak interaction rate dropped below the
expansion rate of the universe. From this time on the neutrinos were decoupled [Les12]
and not able to interact with the other particles anymore. Nevertheless, the neutrinos
still had an influence on the processes during the evolution of our universe, namely as
hot dark matter. The neutrinos carried away energy during the formation of structures
and by that smeared out fluctuations on small scales. Overall it is expected that there is
a cosmic neutrino background of about 112 relic neutrinos of each flavor per cm3 [Oli14]
with an energy distribution equal to that of a black body of temperature Tν ≈ 1.9K
[Oli14] and an average energy of 5·10−4 eV [Akh99, Oli14]. Due to the low energy of the
neutrinos, this background is not yet experimentally confirmed.
Sun generating solar neutrinos
The sun emits about 2·1038 electron neutrinos per second by thermonuclear reactions
causing a neutrino flux of about 6·1010 cm−2 s−1 with E ≤ 0.42MeV and about 5·106

cm−2 s−1 with 0.8MeV≤ E ≤ 15MeV [Akh99]. These numbers are calculated in the
standard solar model by Bahcall [Bah05]: the dominant process of neutrino generation in
the sun is the pp cycle [Zub11]

2e− + 4p → 4He + 2νe + 26.73 MeV. (1.14)
Overall 6 reactions of this cycle produce neutrinos, 3 of them mono-energetic and 3
with continuous energy spectrum [Akh99], all with Eν,pp < 0.42MeV [Zub11, Bah05].
To detect these low energetic neutrinos gallium experiments like GALLEX [Ans92] and
SAGE [Abd94] are used. Neutrinos with energies < 15MeV [Zub11, Bah05] are produced
in the reaction

8B → 4He + 4He + e+ + νe. (1.15)
The higher energy enables the detection of the 8B-neutrinos by Cerenkov detectors like
Kamiokande [Hir89]. The 7B-neutrinos

7B + e− → 7Li + νe (1.16)
and pep-neutrinos [Kla13]

p + e− + p → 2H + νe (1.17)
have monoenergetic energies of 0.862MeV and 0.384MeV or 1.44MeV [Kla13], respec-
tively. These neutrinos are detectable by radiochemical experiments like the Homestake
experiment of Davis [Dav68] and the liquid scintillation experiment Borexino [Bel14].
The investigation of solar neutrinos by experiment lead to the so-called solar neutrino
problem and its resolving by the discovery of the neutrino oscillation both described in
the following section.
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1.2 Neutrino oscillation

In the Homestake experiment R. Davis [Dav68] measured the flux of solar electron neu-
trinos by detecting 8B- and 7B-neutrinos in the reaction

νe + 37Cl → 37Ar + e−. (1.18)

The produced 37Ar can be separated from the 37Cl. To determine the amount of produced
37Ar the number of decays are counted by a proportional counter [Dav68]. Note that the
experiment is only sensitive to electron neutrinos. During the experiment on average
about 0.48 events per day were detected over the course of 24 years [Cle98, Dav94].

The measured flux was compared to the flux predicted by the standard solar model of
Bahcall [Bah64] with the result that the flux was too low by a factor of 3 to 4 [Bah76,
Dav79]. This discrepancy between theory and experiment of 3/1 was also confirmed by
GALLEX [Ham99], SAGE [Abd02] and GNO [Alt05], also based on chemical reactions.
This incident was called the solar neutrino problem.

The experiments Kamiokande [Fuk96], Super-Kamiokande [Fuk98] and SNO [Ahm01]
have also measured the flux of the neutrinos from the sun. These experiments are based
on the detection of characteristic Cerenkov light cones with photo-multipliers, emitted by
particles which move faster than the phase velocity of light in the dielectric medium. The
method enables not only to measure the number of neutrinos moving through the detector
volume but also to measure the energy, the direction of the neutrino and the arrival time.
In addition, Cerenkov detectors are not only sensitive to electron neutrinos but to all
flavors. The Cerenkov experiments also confirmed the deficit in the electron neutrino flux
[Ahm01, Ahm02, Fuk98, Fuk94] and the existence of the solar neutrino problem.

SNO was also able to measure the absolute neutrino flux of all flavors using the neutral
current, which is (5.44± 0.99)·106 cm−2 s−1 [Ahm01]. This value is in good agreement
with the fluxes predicted by the standard solar model [Bah01, Bru97, Bru98].

In combination with results provided by the Super-Kamiokande experiment about the
atmospheric neutrino flux [Fuk98] this measurement solved the solar neutrino problem:
The Super-Kamiokande experiment measured a deficit of the atmospheric muon neutrinos,
which is called the atmospheric neutrino problem or the atmospheric neutrino anomaly.
In addition to the deficit, Super-Kamiokande also verified the dependence of the deficit
on the path length through matter and the energy of the neutrino [Fuk98, Akh99]. A
smaller number of neutrinos was detected if the neutrinos had to move through the earth
prior to detection. If the neutrino is produced directly above the detector the path length
L is about 10 km, if the neutrino is produced at the other side of the earth L ≈ 104 km
[Zub11]. This allows determining the dependence of the deficit on L/E.

The solution to both problems, the solar and the atmospheric neutrino problem, is the
neutrino oscillation. The neutrinos produced in a specific flavor change their flavor peri-
odically. That the transformation of neutrinos of one flavor into another flavor is possible,
has not only been proven by deficits but also by the appearance of flavors not previously
produced in the respective experiments. For example in the long baseline neutrino accel-
erator experiment T2K the transformation of muon into electron neutrinos was demon-
strated [Abe13] and in the OPERA experiment the transformations of muon neutrinos in
tau neutrinos were observed [OPE14].

The first theoretical description of the neutrino oscillation was developed by Pontecorvo in
[Pon58, Pon57] and further improved by him and Gribov [Pon68, Gri69] as well as Maki,
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Nakagawa and Sakata [Mak62]. This theory is based on three weak flavor eigenstates
|να〉 (α = e, ν, τ), which participate in weak interactions, and three mass eigenstates
|νi〉 (i = 1, 2, 3) with well-defined masses. Both, the flavor and the mass eigenstates
are connected via the so-called Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix U
[Zub11]

|να〉 =
∑
i

Uαi|νi〉 and |νi〉 =
∑
α

U∗αi|να〉, (1.19)

which is unitary, meaning U †iα = U∗αi, and given by

U =


c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12s23 − s12s23s13eiδ s13eiδ s23c13

s12s23 − c12s23s13eiδ −c12s23 − s12c23s13eiδ s13eiδ c23c13

·


1 0 0

0 e
iα21

2 0

0 0 e
iα31

2 .


(1.20)

Here cij = cos(ϑij) and sij = sin(ϑij), which means that the mixing angle ϑij describes
the contribution of a certain mass eigenstate on a certain flavor eigenstate and the other
way around. δ is the Dirac CP violating2 phase and αij are the Majorana CP violating
phases.

The mass eigenstates |νi〉 satisfy the equation [Zub11]3

H|νi〉 = Ei|νi〉 (1.21)

where H is the Hamiltonian and Ei are eigenvalues. To describe the temporal propagation
of |νi〉 the Schrödinger equation

i~
∂

∂t
|νi(x, t)〉 = H|νi(x, t)〉 (1.22)

must be solved. The solution yields plane waves of the form

|νi(x, t)〉 = e−
i
~ (Eit−pix)|νi〉 (1.23)

But as only the flavor eigentstates |να〉 take place in weak interactions the neutrino mass
eigenstate |νi〉 can neither be produced nor detected. This means that a primary produced
pure flavor eigenstate |να〉 transforms into a superposition

|ν(x, t)〉 =
∑
i

Uαi|νi(x, t)〉 =
∑
i

Uαie
− i

~ (Eit−pix)|νi〉 =
∑
i,β

UαiU
∗
βie
− i

~ (Eit−pix)|νβ〉 (1.24)

of the 3 flavor eigenstates.

With equation (1.24) the transition amplitude of a neutrino of the flavor α into a flavor
β is

A(να → νβ)(x, t) = 〈νβ|ν(x, t)〉 =
∑
i,β

U∗βiUαie
− i

~ (Eit−pix), (1.25)

giving a transition probability of

P (να → νβ)(x, t) = |A(να → νβ)(x, t)|2 =
∑
i,j

UαiU
∗
αjU

∗
βiUβje

− i
~ (Eit−pix)e−

i
~ (Ejt−pjx).

(1.26)
2CP violation is the non-conservation of a simultaneous transformation of charge and parity. If CP is

conserved a particle in a system is not distinguishable from its antiparticle in the mirrored system.
3If not differently stated all following formulas are taken from [Zub11].
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If the neutrino is ultra-relativistic, meaning v ≈ c and E ≈ pic � mic
2, the eigenvalues

and the flight distance can be simplified to

Ei =
√
p2
i c

2 +m2
i c

4 ≈ pic+ m2
i c

4

2E and x = L = vt ≈ ct

⇒ Eit− pix = m2
i c

3

2
L

E
,

(1.27)

which changes equation (1.26) to

P (να → νβ)(x, t) =
∑
i,j

UαiU
∗
αjU

∗
βiUβje

− i
~
m2
i
c3

2
L
E

=
∑
i

|UαiU∗βi|2 + 2Re
∑
j<i

UαiU
∗
αjU

∗
βiUβje

− i
~
m2
i
c3

2
L
E

= P (να → νβ)(L,E)(> 0)

(1.28)

with ∆m2
ij = m2

i −m2
j . The first term in this equation describes the average probability

that a flavor eigenstate να oscillates into a flavor eigenstate νβ and the second term con-
tains the spatial and temporal dependence of the oscillation. If instead of the probability
of measuring a new flavor the probability of measuring the initial flavor is of interest, it
is given by

P (να → να) = 1−
∑
α6=β

P (να → νβ)(6 1). (1.29)

For a better understanding of the influence of the mixing angles on oscillation the sim-
plified case of neutrino mixing of only two flavor eigenstates is considered now4. In that
case the mixing matrix simplifies to

U =

 cos(θ) sin(θ)

−sin(θ) cos(θ)

 , (1.30)

where θ is the mixing angle between the flavor eigenstates. As one can see, U is indepen-
dent from any CP violating phase in this simplification [Zub11]. With U the transition
probability given in equation (1.26) simplifies to

P (να → νβ) = P (νβ → να) = P (να → νβ) = P (νβ → να)

= sin2(2θ) · sin2
(

∆m2c3

4~
L

E

)
= 1− P (να → να).

(1.31)

The oscillation does neither depend on the absolute neutrino mass nor the Majorana phase
and therefore these parameters are not observable by investigation of neutrino oscillation
[Bil80]. In contrast to this the Dirac CP violating phase can cause a difference in the
oscillation probability of neutrinos and anti-neutrinos which can be measured5 [Zub11].

4As the mixing angle θ13 differs by more than one order of magnitude from the other mixing angles
(compare table 1.1) this simplification is sufficiently describing reality.

5If CP invariance is violated by the neutrino oscillation, P (νβ → να) 6= P (να → νβ). This difference
could be measured in experiment.
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Figure 1.3: Transition probability of the neutrino oscillation να → νβ. The
upper (red) curve is the probability that a neutrino produced with the flavor α is detected
in the flavor α. This is called the disappearance channel. The lower (blue) curve is the
appearance channel, where neutrinos of the flavor β are detected although neutrinos of
the flavor α are produced.

As mentioned above the first term describes the oscillation amplitude which only depends
on the mixing angle θ. The second term describing the spatial and temporal behavior of
the oscillation is defined by the characteristic oscillation length

L0 = 4π~
c3

E

∆m2 = 2.48 m · E/MeV
∆m2/eV2 (1.32)

visualized in figure 1.3. As the transition probability given in equation (1.31) is zero only
if both the mixing angle and the mass difference are zero, the neutrino cannot be massless
due to the observation of neutrino oscillation.

In addition to depending on the energy E and the mass difference ∆m the oscillation
frequency also depends on the medium the neutrinos move through [Akh99]: if neutrinos
move through matter, they can be elastically scattered without changing their momen-
tum. In this process a mean potential Va is created which is proportional to the number
densities of the scatterers. This potential affects the oscillation, but only if the potential
is as large as or larger than the quotient ∆m2/2E. Then the effect, the so-called the
Mikheyev-Smirnov-Wolfenstein (MSW) effect [Mik85, Wol78], has a significant impact.
This was experimentally verified by the dependence of the neutrino flux on the direction
by Super-Kamiokande [Fuk98]. For that reason, the MSW effect is part of the solution of
the atmospheric neutrino problem. Another experimental proof of the existence of this
effect was found by the Borexino experiment [Bel10] by investigating the reduction of the
survival probability of high-energetic electron neutrinos.

The determination of the oscillation parameters θ12 and ∆m21 is associated with so-
lar neutrino oscillation. They are measured by Kamiokande[Fuk96], Super-Kamiokande
[Fuk01] and SNO [Aha07, Aha08], by the reactor experiment KamLand [Abe08] and the
accelerator experiments K2K [Ahn06] and MINOS [Ada13b]. θ23 and ∆m32 are linked
to atmospheric neutrino oscillation. They are measured by Super-Kamiokande [Abe11],
K2K [Ahn06] and MINOS [Ada13b]. The mixing angle θ13 is determined by accelera-
tor experiments and reactor experiments as Double Chooz [Abe12], RENO [Ahn12] and
Daya Bay [An13]. A summary of current values of the 3 mixing angles and the 2 mass
differences are given in table 1.1.
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Table 1.1: Selected experimental results of the oscillation parameters. As
the results of the experiments depend on the hierarchy of the neutrino mass (compare
figure 1.4) multiple results are given for some experiments. Results expecting a normal
hierarchy are marked by n.h., those expecting an inverted hierarchy are marked by i.h.

para-
meter

result unit experiment source

∆m2
21 7.59+0.21

−0.19 10−5 eV2 c−4 solar data+KamLAND+
Borexino+SNO

[Aha13]

7.53± 0.18 10−5 eV2 c−4 solar data+KamLAND [Oli14]
∆m2

13 2.48±0.10 10−3 eV2 c−4 T2K (i.h.) [Abe14]
∆m2

32 2.51±0.10 10−3 eV2 c−4 T2K (n.h.) [Abe14]
|∆m2

32| 2.28 − 2.46
(2.32 − 2.53)

10−3 eV2 c−4 MINOS n.h. (i.h.) [Ada14]

tan2(θ12) 0.47+0.05
−0.04 solar data+KamLAND+

Borexino+SNO
[Aha13]

0.436+0.029
−0.025 solar data+KamLAND [Oli14]

sin2(θ13) 0.023± 0.002 solar data+KamLAND [Oli14]
sin2(2θ13) 0.090+0.008

−0.009 Daya Bay [An14]
0.100+0.010

−0.012 RENO [Oli14]
0.109+0.030

−0.025 Double Chooz [Abe12]
sin2(θ23) 0.514+0.055

−0.056
(0.511± 0.055)

T2K n.h. (i.h.) [Abe14]

0.35− 0.65
(0.34− 0.67)

MINOS n.h. (i.h.) [Ada14]

As mentioned above accessing the Majorana CP violating phases is not possible for the
neutrino oscillation experiments. Therefore, no information about this phase is currently
available [Oli14]. In contrast to this, access to the Dirac phase is possible for long-baseline
experiments with baselines of about 1 000 km [Alb04, Bar00]. An example for such an
experiment is the accelerator experiment NOνA [Ayr04]. But even with such experiments
the Dirac phase can only be determined if the MSW effect is fully understood.

The absolute mass of the neutrino is also not measurable by oscillation experiments as
only the mass difference between two mass eigenstates contributes to the oscillation.
Therefore, three different hierarchy scenarios are still possible:

• Normal hierarchy with m1 � m2 < m3
• Inverted hierarchy with m3 � m1 < m2
• Quasi-degenerated case with m1 ∼= m2 ∼= m3

In future experiments based on accelerator neutrinos [Pat12, Ada13a, Rub13], reactor
neutrinos [Zha08, Zha09, Li14] and atmospheric neutrinos [Aar14] the question about the
hierarchy will be addressed and hopefully answered. However, the fact that the neutrino
oscillates, makes it impossible for the neutrino to be massless as predicted by the Standard
Model. Some models that try to explain how the neutrino mass is generated, are discussed
in the following section.
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Figure 1.4: The masses in the Standard Model and the neutrino mass hier-
archy. The mass of the fermionic particles of the Standard Model is plotted against
their generation. The quark and charged lepton masses are several orders of magnitude
larger than the neutrino masses. In addition, the masses within the quark generations
only differ by up to 2 orders of magnitude which is by far exceeded in case of the leptonic
generations. This can be stated although the absolute neutrino masses are not known
yet. That means the hierarchy of the 3 neutrinos is not yet known either. The 3 possible
hierarchies are shown in the lower part of the plot.

1.3 The mass of the neutrino

The fact that neutrino oscillations have been observed proves that at least 2 of the neutrino
mass eigenstates ν1, ν2 and ν3 have a non-zero mass. The charged fermions of the Standard
Model with non-zero mass obtain their mass by a spontaneous symmetry breaking and the
Higgs mechanism [Hig64, Kib67]: a doublet of scalar Higgs fields (H+, H0)T can couple to
doublets of a left-handed and a right-handed singlet due to a non-zero vacuum expectation.
This specific type of coupling is called the Yukawa coupling, which is described by the
Lagrangian [Zub11]

LYuk = −cev√
2

(νRνL + νLνR) = −cev√
2
νν = −mννν. (1.33)

In this Lagrangian ce is the coupling constant of the Yukawa coupling, v is the Higgs field
vacuum expectation value, ν is the spinor of the electron and ν is the adjoined spinor.
The fact that both left- and right-handed neutrinos are needed to generate mass by this
coupling, but the V-A theory [Sch95] prohibits the existence of right-handed neutrinos
[Zub11], is the reason why the neutrino was expected to be massless.

One approach to explain the neutrino mass generation is to extend the Standard Model
by the required right-handed neutrino. In that case a Dirac mass term [Zub11]

L = −mDνν. (1.34)
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must be added to the Lagrangian given in equation (1.33). But to explain the smallness
of the neutrino mass the coupling constant must be in the order of ce . 3 · 10−11 [Akh99].
Compared to the coupling constants of the electron for example it is about 5 orders of
magnitude smaller [Akh99]. This is in principle possible, but it seems to be unrealistic.
Especially as the difference of the masses within the three quark generations is about 1
to 2 orders of magnitude and in case of the lepton generations would need to be more
than 10 orders of magnitude (compare figure 1.4). This issue could be fixed by the seesaw
mechanism [Rod11] explained later in this section.

Another approach is to also superinduce a Majorana mass term. This is possible since the
neutrino is a neutral particle and therefore it could in principle be its own anti-particle.
In that case the Lagrangian would be [Zub11]

L = −1
2

[(
νLN

c
L

)(mL mD
mD mR

)(
νcR
NR

)
+ h.c.

]
, (1.35)

where N is the heavy sterile neutrino which is not weakly interacting, the superscription c

marks charge conjugated particles, h.c. means hermitian conjugated and mD is the Dirac
mass. mL and mR are the left- or the right-handed Majorana masses, respectively. The
mass eigenstates of the neutrino are therefore a superposition of the Dirac and Majorana
masses calculable by the diagonalization of the mass matrix [Zub11]

ν1L = cos(θ)νL − sin(θ)N c
L νc1R = cos(θ)νcR − sin(θ)NR

ν2L = sin(θ)νL + cos(θ)N c
L νc1R = sin(θ)νcR + cos(θ)NR

(1.36)

The corresponding mass eigenvalues are

m̃1,2 = 1
2

[
(mL +mR)±

√
(mL −mR)2 + 4m2

D

]
(1.37)

and the mixing angle is
tan(2θ) = 2mD

mR −mL
. (1.38)

In addition to this general solution 4 different special cases can be considered [Zub11]:

• If the Majorana masses are vanishing (mL = mR = 0), the mass eigenvalues are
equal to the Dirac mass m̃1,2 = mD.
• If the Dirac mass is much larger than both Majorana masses (mD � mL,mR)

the mass eigenvalues are almost degenerated. The resulting neutrinos are called
pseudo-Dirac neutrinos.
• If the left-handed Majorana mass is vanishing (mL = 0) and the right-handed is

much larger than the Dirac mass (mR � mD) the two mass eigenvalues become

m̃1 = m2
D

mR
� mD (1.39)

m̃2 = mR

(
1 + m2

D
m2

R

)
� mR. (1.40)

As mR � mD, the mass eigenvalue m̃1 becomes small and m̃1 � mD. The mass
eigenvalue m̃2 is approximately equal to mR. This special case is the so-called type
I seesaw mechanism [Moh80, Moh81] which explains the smallness of the neutrino
mass by the existence of a heavier neutrino. Due to its heaviness, m̃2 is out of the
range of current experiments for most theoretical models.
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• If the right-handed Majorana mass is again much larger than the Dirac mass (mR �
mD) and the left-handed Majorana masses are much larger than the right-handed
one (mL � mR) a second contribution to the neutrino mass must be added. This
contribution represents a coupling to the Higgs field [Zub11]. This coupling causes
an almost degenerated neutrino mass and the corresponding effect is the so-called
type II seesaw mechanism.

There are also approaches based on R-parity violating supersymmetric models [Hir04] and
Higgs triplets added to the Higgs doublet [Zub11] explaining the origin of the neutrino
mass.

The variety of different approaches to the neutrino mass illustrates that understanding
the origin of the neutrino mass is of high interest. The origin of this interest is discussed
in the following section.

1.4 Impact of neutrino mass on physics

The neutrino mass has a large influence on different aspects of physics, namely particle
physics, astrophysics and cosmology [Akh99].

In particle physics the investigation of physics beyond the Standard Model by itself is
sufficient motivation for investigations into the nature and the value of the neutrino
mass. If the neutrino mass is known a new, yet unexplored mass scale could be found. In
addition, a better understanding of mass generation could be reached.

In case of cosmology and astrophysics there are several reasons why knowledge of the
neutrinos mass is important: neutrinos contribute to the overall amount of matter and
energy in the universe. As they are not participating in the electromagnetic interactions
and as they are relativistic [Per09], they are part of the so-called hot dark matter. The
contribution of this hot dark matter on the overall dark matter is determined by the
mass of the neutrino. In addition, the neutrino has influenced the structure formation of
the early universe by smearing out density inhomogeneities which are caused by quantum
fluctuations [Per09]. That is why today the universe is isotropic and homogeneous at long
scales above 100Mpc (3.1 · 1018 m) [Zub11]. Current concepts of the structure formation
at this early stage of the universe are based on the neutrino mass as one parameter
[Aga11]. If this parameter is known, a more precise concept of the structure formation
can be obtained. Another reason for the importance of the neutrino mass is the role of
the neutrino in baryogenesis, the process by which an excess amount of baryons compared
to anti-baryons exists in the universe. This could be caused by the decay of Majorana
neutrinos with large mass.

To measure the neutrino mass several approaches are possible. The most important are
discussed in the following section.
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1.5 Measurement of the neutrino mass

The measurement techniques used to determine the neutrino mass can be divided into
direct and indirect methods. Direct methods are characterized by the fact that kine-
matics, the conservation of momentum and the momentum-energy relation are used to
determine the neutrino mass. Because of this, direct methods are purely dependent on
accepted theory and called model-independent. In contrast to that indirect methods rely
on assumptions and models made by the analysis of data. These methods are therefore
susceptible to systematic uncertainties and highly dependent on the correctness of the
used model. For both methods exemplary experiments are given in the following (note
that different experiments may have different observables).

1.5.1 Indirect measurement method

Cosmological observations
With the help of cosmological observations the neutrino mass can be determined indi-
rectly. Such observations are the distribution of galaxy clusters or the cosmic microwave
background. The calculation of the neutrino mass is then based on the fact that neutrinos
contribute most to the fermionic matter in the universe. Their contribution Ων to the
overall energy density of the universe is dependent on the sum of the neutrino masses and
the Hubble parameter6 h = H0/(100 km s−2 Mpc−1) [Win11, Oli14]:∑

i

mi = 93Ωνh
2 eV. (1.41)

Taking advantage of this an upper limit on the neutrino mass can be calculated by as-
suming a neutrino dominated (Ων = Ωtot), flat universe Ωtot = 1:∑

i

mi . 51 eV. (1.42)

Of course, a more realistic upper limit can be calculated if the energy densities of matter
Ωm and dark energy ΩΛ are also taken into account [Ade14]. Combining the results
of the Planck measurements on the cosmic microwave-background [Ade14], the WMAP
measurements [Hin13] and surveys of baryon acoustic oscillations [Beu11] the upper limit
on the sum off all neutrino masses becomes∑

i

mi . 0.23 eV (95% C.L.). (1.43)

Neutrinoless double β-decay
Another indirect method is the investigation of the neutrinoless double β-decay (0νββ).
To understand this decay the double β-decay (2νββ) is discussed first: the 2νββ-decay
is a second order process in the weak interaction [Akh99]. It takes place if the normal
β-decay is energetically forbidden (compare figure 1.5). During the 2νββ-decay reaction

A(Z,N)→ A(Z ± 2, N ∓ 2) + 2e∓ + 2νe(2νe) (1.44)

the daughter nucleus, two electrons and two neutrinos are produced. The existence of the
2νββ-decay is experimentally confirmed for different isotopes like 76Ge, 136Xe and 100Mo
in [Alb14, Ago13, Fla11, Bar11].

6The Hubble constant is H0 = (73.8± 2.4) km s−1 Mpc−1 [Win11] or H0 = (67.3± 1.2) km s−1 Mpc−1

[Ade14].
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Figure 1.5: Mass parabola and the β-decay. Left: the mass of the nucleus is
plotted against the proton number Z. By β−-decay (marked in blue) the minimal mass
can be reached from the left and by β+-decay (marked in red) from the right side. As
the energy of the nucleus is minimal where the mass is minimal, it is stable at this
point. Right: in case of an even-even nucleus, with even proton number Z and even
neutron number N , the β±-decay can be energetically prohibited. This is a result of the
spin coupling in the pairing term of the semi-empirical Bethe-Weizsäcker mass formula
[Wei35], which makes the even-even nuclei more stable than odd-odd ones. Such nuclei
can decay by double β-decay.

If the lepton number and the chirality are not conserved and the neutrino is a Majorana
particle (meaning ν = ν and the Majorana mass must be non-zero), it is also possible
that instead of a 2νββ-decay a 0νββ-decay happens (compare figure 1.6). That would
mean that in the decay reaction [Akh99]

A(Z,N)→ A(Z ± 2, N ∓ 2) + 2e∓ (1.45)

only the daughter nucleus and 2 electrons are produced. The anti-neutrino produced in
the first decay is absorbed by inverse β-decay as a neutrino in the second decay. Therefore,
no neutrino is emitted [Doi85]. This is the reason why the neutrino needs to be a Majorana
particle to make the 0νββ-decay possible and why the lepton number is violated by 2
[Doi85]. The required change in chirality (by a spin-flip), which enables the absorption
of the neutrino by the inverse β-decay, is only possible if either the neutrino has mass7

and 2 helicity components [Sch95] or not yet observed right-handed gauge bosons W±R
are present at the vertex [Bog85]. However, 0νββ-decays are strongly suppressed as their
probability is proportional to 〈mνe〉2eff/E

2
0 [Akh99]. The energy spectrum of the produced

electrons is a discrete line at the endpoint energy as the recoil energy of the daughter
nucleus is negligible [Akh99].

By the detection of a 0νββ-decay the effective Majorana mass of the neutrino

mee =
∣∣∣∣∣

3∑
i=1

U2
eimi

∣∣∣∣∣ (1.46)

can be measured. But the GERDA experiment searching for the 0νββ-decay has not yet
detected a single decay. This leads to an upper limit of [Ago13]

mee < (0.2− 0.4) eV c−2 (1.47)
7To enable a spin-flip, the neutrino must be slower than light. This is only possible if the neutrino is

not massless.
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Figure 1.6: Feynman diagrams of the 2νββ and the 0νββ-decay. Left: here the
Feynman diagram of the 2νββ-decay is shown. Two single β-decays happen at the same
time. Right: the Feynman diagram of the 0νββ-decay is drawn. The electron neutrino
produced at the lower β-decay is absorbed at the upper β-decay as an anti-neutrino.

on the Majorana mass. Therefore a lower limit on the half-life time of the studied 76Ge of
2.1·1025 y (90% C.L.) is found. These results are contradictory to those of the Heidelberg-
Moskau-experiment, which reported the detection of 0νββ-decays resulting in an upper
limit on the Majorana mass of [Kla04, Kla06, Kla06]

mee = (0.32± 0.03) eV c−2 (1.48)

Due to the conflicting results several other experiments also try to detect the 0νββ-
decay such as CUORE [Arn04], KamLAND-Zen[Gan13], MAJORANA [Phi12] and SNO+
[Har12].

1.5.2 Direct measurement methods

Time-of-flight (ToF) measurement of Supernova neutrinos
A cosmological approach to the more or less direct determination8 of the neutrino mass is
the measurement of the time-of-flight ttof of core-collapse supernovas which were discussed
in section 1.1. The time the emitted neutrino needs to reach the earth is given by [Zub11]

ttof = L

v
= L

c

Eν
pνc

= L

c

Eν√
E2
ν −m2

νc
4 ≈

L

c

(
1 + m2

νc
4

2E2
ν

)
, (1.49)

where L is the distance between earth and a supernova and mνc
2 � Eν has been used.

From this the time spread of neutrinos with different energies can be calculated to

∆ttof = ttof,1 − ttof,2 = ∆t0 + Lm2
ν

2c

( 1
E2

1
− 1
E2

2

)
. (1.50)

8The ToF method is not completely independent from models and assumptions as parameter needed
for the calculation of the neutrino mass can only be determined by astrophysical observations (e.g. the
distance L and the point in time, when the neutrinos are emitted). Nevertheless, the principle approach
is only based on kinematics which is the characterization of the direct methods. For that reason the
tof-method is counted as a direct method.
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By using equation (1.50) the neutrino mass can be calculated.

The first and up to now only supernova detected is SN1987A. The neutrinos of this
supernova have been detected by IMB [Bio87] and Kamiokande [Hir88]. Due to their
data an upper limit on the neutrino mass of

mν < 30 eV c−2 (1.51)

could be found. An improved analysis reduced this value further to [Lor02]

mν < 5.7 eV c−2 (95%C.L.). (1.52)

Investigation of the pion and tauon decay
The kinematic investigation of the pion and tau-decay also enables the measurement of
the neutrino mass. The pion-decay

π+ → µ+ + νµ (1.53)

is a two-body decay in which the pion is assumed to be at rest. If the masses of the pion
and of the muon are known and the momentum of the muon is measured, the mass of the
muon neutrino can be calculated by

m2
νµ = m2

π +m2
µ − 2mπ

√
m2
µ + |−→p µ|2. (1.54)

An upper limit on the muon neutrino mass by this decay is [Ass96]

mνµ < 0.17 MeV c−2 (90% C.L.). (1.55)

A similar kinematic investigation of the tau decay channels

τ− → ντ + 2π− + π+ and τ− → ντ + 3π− + 2π+(+π0), (1.56)

which are studied by the ALEPH experiment, gives an upper limit on the tau neutrino
mass of [Bar98]

mντ < 18.2 MeV c−2 (95% C.L.). (1.57)

Due to the high upper limits of these approaches an improvement to the sub-eV-range is
not expected in the near future.

Investigation of β− and β+-decays
This sub-eV-range can be reached by the investigation of β− and β+-decays and the
electron capture process. Of these the β− decay is the most investigated process which
is why the following description is concentrating on this decay: by investigating the β−

decay a measurement of the squared neutrino mass [Ott08, Dre13]

m2
νe =

∑
i

|Uei|2m2
i (1.58)

is possible. The energy released during the decay is given by the Q-value [Zub11]

Q = (m(Z,A)−m(Z + 1, A))c2 (1.59)

dependent on the mass of the mother and daughter nucleus. As the decay is a three-body
process, the produced electron has a continuous energy spectrum. Close to the endpoint
energy of the spectrum

E0 = Q− Erec, (1.60)
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with the recoil energy Erec of the daughter nucleus, the dependence on the neutrino mass
becomes visible [Ott08] (compare also chapter 2, section 2.1.1, page 23ff).

The measurement of the electron energy spectrum is possible in several ways: in Project 8
[Mon09, For12] it is planned to use the synchrotron radiation in the radio frequency
range emitted in the presence of magnetic fields to measure the electron energy spectrum
of tritium9. The suitability of this approach is tested at the moment. Also, low tem-
perature microcalorimeters [Gat01, Boo96] in which a radioactive isotope is implanted,
can be used to measure the differential energy spectrum of the electron capture process.
This measurement is performed by the detection of a change either in resistance [Vac08],
in temperature [KB08] or in magnetization [Gas09, Ran12]. Microcalorimeter experi-
ments using 187Re as electron capture material have already published upper limits on
the electron neutrino mass of mνe < 26 eV c−2 (95% C.L.) in case of MANU [Gat01] and
mνe < 15 eV c−2 (90% C.L.) in case of the MIBETA experiment. Although improvement
of the detectors [Fle05, Gas09, RG13] and production methods for the probably more
suitable 163Ho isotope [Eng13] are being investigated, it seems to be unlikely that the
sub-eV-range can be achieved in the near future.

But another kind of experiment which is currently under construction and which is based
on the β−-decay of tritium aims for this energy range: the KArlsruhe TRItium Neutrino
experiment (KATRIN) [Ang05]. This experiment is based on a high intensity tritium
source and a spectrometer based on the Magnetic Adiabatic Collimation combined with
an Electrostatic Filter (MAC-E filter) principle [Lob85] with an energy resolution below
1 eV. With its challenging setup KATRIN will achieve a sensitivity on the neutrino mass
of 0.2 eV (90% C.L.) [Ang05]. The working principles, components and the technical
realization are discussed in detail in the following chapter.

9Tritium is 3H, so-called super-heavy hydrogen, consisting of 1 proton and 2 neutrons in the nucleus
and 1 electron in the electron shell. It decays via β− decay into 3He.
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Chapter 2

The Karlsruhe tritium neutrino
experiment and its Rear Section

The aim of the KArlsruhe TRItium Neutrino experiment (KATRIN) [Ang05] is the mea-
surement of the neutrino mass. The measurement is performed model-independently by
the investigation of the kinematics of the tritium β-decay. The end of the electron spec-
trum at high kinetic energies is of particular interest. There the sensitivity is increased
by a factor of 10 compared to previous experiments in Mainz and Troitsk: the measured
upper limits are 2.3 eV c−2 (95% C.L.) at Mainz [Kra05] and 2.05 eV c−2 (95% C.L.) at
Troitsk [Ase11]. On the other hand KATRIN will be able to measure a mass of 0.35 eV c−2

with 5σ significance. If the measured neutrino mass is compatible with zero an upper limit
of 0.2 eV c−2 can be achieved with 90% C.L.. As the experiment does not measure the
neutrino mass itself but the square of the neutrino mass, a sensitivity improvement by
a factor of 10 requires an improvement of the experimental precision by a factor of 100,
which is a huge challenge.

Before each component of KATRIN and its contribution to meet this challenge is described
in detail in section 2.2, the general working principles of KATRIN are explained in 2.1.
In section 2.3 the main components and the physics objectives of the Rear Section are
described since they concern the objectives of this thesis. Those objectives themselves are
then discussed in the last section of this chapter, section 2.4.

2.1 Working principles and systematic uncertainties of
KATRIN

2.1.1 The impact of the neutrino mass on the tritium β-spectrum

The energy spectrum of β-electrons provides the opportunity for a model-independent,
direct measurement of the neutrino mass, since it only rests on the energy and momentum
conservation during the decay. In case of KATRIN, the decay of the super-heavy hydrogen
isotope tritium is utilized for the investigation of the neutrino mass. Tritium decays into
a positively charged helium ion, an electron and an electron anti-neutrino

3H → 3He+ + e− + νe. (2.1)

23
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More precisely KATRIN investigates not the electron anti-neutrino mass itself but the
average electron neutrino mass as the method sums up all the mass states contributing
to the electron neutrino [Dre13]:

m(νe)2 =
∑
i

|U2
ei|m(νi)2. (2.2)

Here Uei are the elements of the unitary matrix, which describes the neutrino oscillation,
and m(νi) are the masses of the three neutrino mass eigenstates. This is the case since the
resolution even of modern spectrometers (e.g. 0.93 eV at the KATRIN main spectrometer
[Ang05]) is much larger than the difference between mass states (e.g. 0.05 eV c−2 in case
of |
√
m2

23| [Abe14, Ada14]).
In the following the formulas to describe the tritium β-spectrum are established. If no
other source is given, the sources are [Wei05] and [Ott08].

According to Fermi’s Golden Rule the transition rate of the β-decay

d2N

dtdE = 2π
~
|M2|%(E) (2.3)

is proportional to the transition matrix element M and the density of final states %(E).
The number of final states dn in the normalization volume V , in the solid angle dΩ and
in the momentum range from p to p+ dp is

dn = V p2dpdΩ
2π2~3 = pEtotV dEtotdΩ

2π2~3c2 . (2.4)

In the right part of this equation the energy-momentum relation is used. Using the
simplification that the nucleus absorbs no energy but balances all momenta the density of
states of electron and neutrino are independent from each other. Therefore, the density
of states per energy interval and solid angle is

%(E) = dne
dEedΩe

dnν
dEνdΩν

= peEepνEνV 2

4π4~6c4 . (2.5)

As the energy of the neutrino can be calculated from the total energy of the decay E0
and the kinetic energy of the electron E by

Eν = E0 − E (2.6)

equation (2.5) simplifies to

%(E) =
pe(E +mc2)

√
(E0 − E)2 −m2(νe)c4 (E0 − E)V 2

4π4~6c5 . (2.7)

The transition matrix M is composed of the leptonic Mlep and the hadronic Mhad matrix
elements

M2 = G2
F cos2 (θC)M2

lepM
2
had, (2.8)

where θC is the Cabbibo angle and GF is the Fermi coupling constant. The leptonic
transition matrix is given by

|M2
lep| =

1
V 2F (E,Z + 1). (2.9)
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Figure 2.1: Impact of the neutrino mass on the tritium β-spectrum. In the
left diagram the whole energy spectrum of the β-electrons is plotted. The right diagram
shows a magnification of the endpoint region of the left diagram but dependent on the
energy difference of the endpoint energy E0 and the electron energy E. The red (upper)
line is the spectrum in case of a neutrino mass consistent with 0 eV c−2. The blue (lower)
line visualizes the curve shape in case of a neutrino mass of 1 eV c−2. A comparison of
both lines and their shape makes it obvious that the impact of a non-zero neutrino mass
is largest at the endpoint of the spectrum (figure adapted from [Ang05]).

Here F (E,Z + 1) is the Fermi function describing the Coulomb interaction between the
electron and the daughter nucleus with charge Z + 1. Differently from the leptonic tran-
sition matrix the hadronic one is independent of the kinetic energy of the electron. This
results from the super-allowed decay of tritium. M2

had is

|M2
had| = 5.55. (2.10)

Using these equations the spectrum of equation (2.3) can be described by

d2N

dtdE =G2
F cos2 (θC)
2π3~7c5 |M2

had|F (E,Z + 1)p(E +mc2)(E0 − E) (2.11)

×
√

(E0 − E)2 −m2
νc

4 Θ(E0 − E −mνc
2).

The Heaviside function Θ(E0 −E −mνc
2) takes into account that the sum of the kinetic

energy of the electron E and the energy needed to generate the neutrino mass never
exceeds E0. In order to consider the sudden change of charge during the decay, it is
necessary to sum up all possible states of excitation after the decay for all neutrino mass
eigenstates

d2N

dtdE =G2
F cos2 (θC)
2π3~7c5 |M2

had|F (E,Z + 1)p(E +mc2)
∑
j

Wj(E0 − Vj − E) (2.12)

×
(∑

i

|Uei|2
√

(E0 − Vj − E)2 −m2
νjc

4 Θ(E0 − Vj − E −mνic
2)
)
.

Here Wj is the probability that the daughter system is exited by the excitation energy
Vj . This equation can be simplified with equation (2.2) to

d2N

dtdE =G2
F cos2 (θC)
2π3~7c5 |M2

had|F (E,Z + 1)p(E +mc2) (2.13)

×
∑
j

Wj(E0 − Vj − E)|Uei|2
√

(E0 − Vj − E)2 −m2
νjc

4 Θ(E0 − Vj − E −mνic
2).
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The resulting spectrum can be found in figure 2.1. As the effect of the neutrino mass on
the spectrum is the strongest close to the endpoint energy,

• a source of high intensity
• an efficient electron transport
• a spectrometer with resolution in the sub-eV region at the endpoint of the spectrum
• small systematic and statistical uncertainties

are needed to resolve the neutrino mass impact on the spectrum. The working principles
of the source and the spectrometer used in the KATRIN experiment are discussed in the
following sections.

2.1.2 Concept of a Windowless Gaseous Tritium Source and the trans-
port of the electrons

KATRIN uses an isotropic tritium source with high luminosity and small systematic
uncertainties which is called Windowless Gaseous Tritium Source (WGTS) [Ang05]. This
concept was previously employed by the LANL neutrino mass experiment [Wil88, Rob91]
and the Troitsk experiment [Ase11]. In this context windowless means that there is no
barrier that contains the tritium in a source [Kaz08]: it is injected into the source and
pumped out at the ends of the source again [Wil88]. In this process of circulation a non-
linear column density profile develops. For the case of KATRIN this profile is shown in
figure 2.2. Using a gas column as a source instead of condensed films offers the advantage
that it mainly behaves like undisturbed tritium gas. As a consequence, gaseous sources
feature smaller systematic effects than condensed thin films. For that reason energy loss
inside of the film as well as a charging of the film and the excitation of neighbor molecules
in the lattice of the film are not present [Ang05].

In addition to the cross section of the source AS and the tritium purity εT the column
density %d defines the number of tritium molecules by [Ang05]

N(T2) = AS · εT · %d. (2.14)

The column density is the density of atoms in a cross-sectional area of the source.

Tritium is particularly suitable due to its low endpoint energy E0 of (18 571.8± 1.2) eV
[Ott08]. Because of this, the portion of the spectrum sensitive to the neutrino mass is
extended. In addition, tritium is characterized by a high specific activity due to its short
half-life of about 12.32 years [Luc00]. A further advantage of tritium is the super-allowed
decay which makes the nuclear matrix element constant and its simple composition of the
atomic shell which enables the calculation of the final states [Ott08].

The electrons produced in the WGTS are adiabatically transported towards a spectrom-
eter (the working principle of the KATRIN spectrometer is explained in the next section)
by a magnetic field [Ang05]. The magnetic flux in which this transport takes place is
given by

Φ =
∫
B · dA (2.15)

and conserved not only in the WGTS but over the entire way of the electrons through
the experiment. The largest flux tube provided in the WGTS is 229T cm,2 but it is not
transported completely to the detector. Only the inner flux tube of 191T cm2 [Bab14] is
completely transported through the experiment. To enable a scatter-free transport of the
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Figure 2.2: Sketch of the KATRIN Windowless Gaseous Tritium Source
(WGTS). The lower part of the picture shows the beam line of the WGTS and the
solenoids surrounding it. In the middle of the beam tube tritium is injected and at
both ends it is pumped out again. In addition, a sample electron and its cyclotron
motion caused by the magnetic field of the magnets is drawn in the beam tube. As
the source is isotropic, half of the produced electrons are moving towards and the other
half is moving away from spectrometer. The declining coloration indicates the density
distribution of the gas in the source tube. For a more detailed visualization the upper
part of the drawing shows the density profile in the longitudinal direction in simplified
terms. As one can see the number of molecules is largest at the center and decreasing to
both ends of the WGTS. Therefore, the density distribution also reaches its maximum
at the center. If the pumping speed at both ends is equal, the density distribution is
symmetric with regard to the center as shown in the diagram (own drawing according
to [Ang05]).

electrons, a pressure below 10−6 mbar is required everywhere in the setup except for the
tritium source itself [Bab14].

Nevertheless, even with a WGTS there are source-related systematic effects which have
to be considered:

• Doppler broadening: the motion of a decaying tritium molecule in the source
causes an increase or a decrease in the energy of the β-electron in the laboratory
frame due to the Doppler effect. This can be reduced if the temperature of the
source is decreased. As tritium starts clustering and freezing at the walls of the
WGTS below a temperature of about 27K [Höt12] a good balance can be found in
the temperature range from 27K to 33K [Höt12].
• Final state distribution: the daughter molecules of the decay can retain energy
if they remain in rotational, vibrational or electric excitation states after the decay.
The excitation energy is missing from the kinetic energy of the electrons. These
excitations are dependent on the kind of tritium isotopologue decaying (HT, DT
or T2). Therefore, the effect of the final state distribution depends on the gas
composition in the tritium source [Höt12].

• Inelastic scattering: the electrons can be scattered on their way towards the
spectrometer by striking molecules of the source. These scattering processes cause
an energy loss of the electrons. With the help of electron emitter measurements the
effect of inelastic scattering can be calculated [Ang05].
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• Activity fluctuations: the activity of the source is affected by tritium purity εT
and the column density. The fluctuations of the column density itself depend on the
pressure gradient between the pressure at the tritium inlet (pin) and at the position
of the pumps (pout), the geometry affecting the flow rate, and the temperature T .
For that reason a stabilization or at least a monitoring of these parameters is needed
to achieve the sensitivity aim of KATRIN [Bab12].

2.1.3 Measurement principle of a MAC-E filter

As mentioned before, the electrons produced in the WGTS are magnetically guided to-
wards a spectrometer. In case of KATRIN the working principle of that spectrometer is
based on a Magnetic Adiabatic Collimation combined with an Electrostatic filter, com-
monly abbreviated as a MAC-E filter. It enables the required high energy resolution of
0.93 eV [Ang05].

A MAC-E filter is an integrating high pass filter which works in the following way (compare
also figure 2.3): the isotropically emitted electrons move in cyclotron cycles from the
source to the spectrometer guided by magnetic field lines. This magnetic field drops
by several orders of magnitude from the outside of the spectrometer to its center. The
resulting gradient in the magnetic field transforms most of the perpendicular energy from
the cyclotron motion E⊥ of the electrons into a longitudinal motion. If the change in the
magnetic field during one cyclotron cycle is sufficiently small, the magnetic moment

µ = E⊥
B

(2.16)

is conserved [Pic92]. In that case the motion is called adiabtic (at least in the first
order): an adiabatically moving electron, which starts in a homogeneous magnetic field
and passes varying electric and magnetic fields, returns to its starting values of energy and
momentum, if a homogeneous magnetic field is reached again. Therefore, the adiabatic
motion is required at KATRIN to transport the electrons from the source to the analyzing
plane of the spectrometer without losing the information about their kinetic energy.

In addition to the magnetic field an electrostatic potential is applied to the spectrometer.
This potential acts as a retarding potential. The highest potential is reached at the so-
called analyzing plane at the center of the spectrometer [Dre13]. Here the magnetic field
has its minimum. Only if the longitudinal energy of the electrons exceeds the potential in
the analyzing plane, the electrons pass the spectrometer. Otherwise, they are reflected.
The passing electrons are again re-accelerated after the analyzing plane. If the magnetic
field strengths at both ends of the spectrometer are equal, the initial value of E⊥ is also
restored.

If ∆E is the energy resolution of the spectrometer, the relative sharpness of the MAC-E
filter is given by the ratio of the minimum and maximum magnetic field [Pic92]

∆E
E

= Bmin
Bmax

, (2.17)

where Bmin is the magnetic field in the analyzing plane. Therefore, the transmission
function T , which describes if an electron with a certain energy E is reflected (T = 0)
or transmitted (T = 1), is not a perfect step function. The transition from T = 0 to
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Figure 2.3: Schematic drawing of the MAC-E filter working principle. The
electrons emitted in the source at the magnetic field BS are magnetically transported in
the flux tube to the spectrometer. At both ends of the spectrometer the superconducting
solenoids produce a magnetic field Bmax which is larger than that at the source. In
the analyzing plane the magnetic field drops to Bmin. In case of KATRIN an air coil
system surrounding the spectrometer improves the symmetry of the magnetic field and
its gradient. Through the drop of the field the transversal energy of the electron is
transformed into longitudinal motion. This is visualized by the arrows at the bottom
of the figure. The electrons which are isotropically emitted from the source are altered
into a broad electron beam mostly parallel to the magnetic field lines at the analyzing
plane. An electrostatic retarding potential, which is applied in the case of KATRIN to
the vessel of the tank and wire electrodes inside of the tank, allows only electrons with
high enough energy to pass and hence hit the detector. By the increase of the magnetic
field at the detector end the initial angular and energy distribution is restored (own
drawing according to [Lob85] and [Ang05]).

T = 1 has the width ∆E. For that reason the normalized transmission function is given
by [Ang05]

T (E, qU) =



0 if E − qU < 0
1−
√

1−E−qU
E

BS
Bmax

1−
√

1−∆E
E

BS
Bmax

if 0 ≤ E − qU ≤ ∆E

1 if E − qU > ∆E,

(2.18)

where BS is the magnetic field in the source region.

The kinetic energy E of the electron can be changed by scattering processes on the way
towards the spectrometer. As a consequence of the scattering, electrons need more en-
ergy to pass the spectrometer at a certain retarding potential than without scattering.
This effect cannot be neglected in case of KATRIN as only 41.3% of all electrons are
unscattered at normal conditions but 29.3% are scattered once and 16.7% are even scat-
tered twice [Bab12]. This effect is described by the so-called response function given by
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Figure 2.4: Diagram of the response function. The transmission probability at
the MAC-E filter is plotted against the so-called surplus energy E − qU of the electrons
relative to the retarding potential. The first sharp increase to 41.3% and the plateau
afterwards is the transmission function of unscattered electrons. An enlarged version of
this transmission function is again plotted in the inlet. Roughly at 20 eV and 30 eV the
influence of electrons scattered once or twice can be seen [Ang05, Mer12b].

[Mer12a, Ang05]

R(ES, qU) =
∫ E

0
T (ES − ε, qU)(P0δ(ε) + P1f(ε) + P2(f ⊗ f)(ε) + ...)dε, (2.19)

where the energy loss by the scattering is ε, the probability of a scattering with this
energy loss is f(ε) and ES is the starting kinetic energy of the electron. The probability
that an electron is scattered i-times is described by the factor Pi. The resulting shape of
the response function is shown in figure 2.4.

For that reason the overall count rate detectable after the MAC-E filter in a measurement
time tU is [Mer12a]

N(qU,E0,mν) = NtottU

∫ E0

0

dN
dE (E0,mν)R(E, qU)dE, (2.20)

which is a convolution of the response function with the differential spectrum described
in section 2.1.1. In this equation Ntot is the number of tritium atoms in the source and
tU is the measurement time at a certain retarding potential.

The systematic uncertainties of KATRIN are discussed in the following section.
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2.1.4 Systematic uncertainties

To achieve the targeted sensitivity of 0.2 eV c−2 (90% C.L.) on the neutrino mass mea-
surement, the total uncertainty must be about [Ang05]

σtot =
√
σ2

sys,tot + σstat ≈ 0.025 eV2c4. (2.21)

This total uncertainty is composed of systematic and statistical uncertainties, which
should both contribute equally to the total uncertainty. Therefore, the total systematic
uncertainty on the observable m2

ν must not exceed

σsys,tot ≤ 0.017 eV2c4 (2.22)

and the statistic uncertainty after 3 years of effective KATRIN measurement time is
limited to

σsys,tot ≤ 0.018 eV2c4. (2.23)

Assuming that there are at most 5 dominant systematic uncertainties, these uncertainties
must be lower than [Ang05]

∆m2
ν = 0.0075 eV2c4. (2.24)

Otherwise the requirement on σsys,tot cannot be met.

As discussed already in section 2.1.2 there are several systematic effects related to the
WGTS or more precisely to the column density and the gas composition. Therefore, a
stabilization and monitoring of the source parameters is required [Ang05, Bab12]:

• The targeted tritium inlet pressure is pin =3.368 · 10−3 mbar with a required relative
stability of 0.1%.
• The outlet pressure must be pout =(0.03 - 0.05)·pin with a relative stability of 3%.
• The tritium purity must be higher than 95% (composed of more than 90% T2, less
than 10% DT and traces of HT) monitored with a relative stability of 0.1% and an
accuracy of 1%.
• The source temperature T must be stabilized at about 30K over the whole beam

tube with a relative stability of 0.1% and a trueness of 0.5K.
• The source activity must be monitored with a precision of 0.1%.

In addition to the stabilization and monitoring of these individual parameters, the inelastic
scattering probability and the column density itself will be determined by an electron
emitter (in the following called e-gun).

Further systematic uncertainties of KATRIN are related to the potentials of the setup,
both at the MAC-E filter and at the tritium source. In case of the retarding potential of
the MAC-E filter the stability must be better than 60mV1 to not exceed the maximum
allowed individual systematic uncertainty. The potential variations in the source are
limited to about 10mV [Ang05]. Potential variations of this order cause a systematic
uncertainty of

∆m2
νWGTS potential < 2 · 10−4 eV2c4. (2.25)

How the KATRIN experiment is designed and built up to meet all these requirements on
the systemic uncertainties is described in the following section.

1The absolute stability of 60mV is equal to a relative stabilization of 3 ppm.
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Figure 2.5: Overview of the experimental setup of KATRIN. From left to
right the Rear Section, the tritium source WGTS, the transport section including DPS
and CPS, the tandem spectrometer, consisting of the pre-spectrometer and the main
spectrometer, and the detector section are shown.

2.2 Overview of the KATRIN experiment

At KATRIN most of the tritium decays take place in the WGTS [Bab12, Ang05]. The
produced β-electrons are then magnetically guided towards the main spectrometer. On
their way they pass the differential pumping section (DPS) [Kos12], the cryogenic pumping
section (CPS) [Gil10] and the pre-spectrometer [Pra12]: the function of the DPS is to
remove the tritium out of the beam line and to pump it into the tritium loop system
[Stu10a]. The task of the tritium loop is to purify the gas and feed it into the WGTS
again. The CPS further decreases the tritium gas flow before the electrons reach the pre-
spectrometer. The pre-spectrometer acts as a pre-filter to reduce the number of electrons
reaching the main spectrometer. All electrons with a kinetic energy below a certain value
are reflected here. The main spectrometer reflects all electrons with an energy which is
to low to pass the analyzing potential. Both spectrometers’ working principle is based on
the MAC-E filter. All passing electrons reach the Focal Plane Detector (FPD) [Ams15].
To achieve the sensitivity aim of KATRIN a calibration and monitoring system (CMS)
consisting of several components is integrated in the setup. Several of them are installed
in the Rear Section [Bab14] which is placed at the rear end of the WGTS.

As up to 40 g of tritium are cycled through the tritium source per day [Pri15], the tri-
tium related components of KATRIN are built up at the Tritium Laboratory Karlsruhe
(TLK) of the Karlsruhe Institute of Technology (KIT). The tandem spectrometer and the
detector section are not located in the TLK directly, but next to it.

The setup is also shown in figure 2.5. The main components are described in more
detail in the following. If not stated otherwise, the sources of the given information are
[Ang05, Dre13] or the individual sources given in the first paragraph of this section.

2.2.1 Windowless Gaseous Tritium Source and tritium loops

The main part of the WGTS is a 10m long cylindrical stainless steel beam tube with
90mm diameter. The tritium gas is injected at the middle of this tube (5m from each
end of the tube). The injection rate is 1.853mbar l s−1 (at STP2) [Ang05] resulting in a
column density of %d = 5·1017 molecules cm−2 and a source activity of 1.7·1011 Bq [Pri15].
At both ends of the WGTS the gas is pumped differentially out of the source reducing the

2STP is an abbreviation for Standard Temperature and Pressure. Depending on the definition, the
temperature is T =273.15K and the pressure is p =101.325 kPa [Cal90] or T =293.15 and p =101.325 kPa
[ISO96]
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gas flow by 3 orders of magnitude. The injected gas is provided by the KATRIN tritium
loops [Pri15]. The gas, which is pumped out of the source, is again fed back into the
loops. The task of these loops is to provide a stable injection rate, to clean the gas and
measure the gas composition by a Laser Raman system [Fis11, Stu10b]. At the rear side
of WGTS the so-called Rear Wall completes the beam tube. The objectives of the Rear
Wall itself are discussed in section 2.3.3.

The beam tube is surrounded by superconducting magnets which produce a magnetic flux
density of maximum BS =3.6T or [Ang05]

BS
Bmax

= 0.6 (2.26)

in relation to the maximum magnetic field Bmax of KATRIN. The smaller magnetic field
in the source suppresses electrons with a long path to the spectrometer which have a high
scatter probability as the maximum acceptance angle is [Ang05]

θmax = arcsin
(√

BS
Bmax

)
= 51◦. (2.27)

All electrons with larger starting angles do not reach the spectrometer.

The following requirements on the WGTS related systematic effects described in section
2.1.4 are already met:

• The injection rate is stable within 120± 0.5 sccm meaning almost 1 order of magni-
tude better than the required stability [Pri15].
• The monitoring of the gas composition is performed in-situ with a Laser Raman
system which reaches the 0.1% precision with a detection limit of 5·10−3 in an
acquisition time of 60 s [Fis14].
• The WGTS is cooled down by the usage of two-phase neon [Gro13]. To test the
stability of the temperature, a 12m long demonstrator was built [Gro13]. With the
help of this demonstrator it was found that the stability over 1 week is 8mK at
30K, which is about a factor of 20 below the required value.

In addition, there is the possibility to monitor the column density directly with an electron
gun and to monitor the activity of the source with a β-induced X-ray detector (or BIXS
system for short) at the Rear Section. These two monitoring techniques are discussed in
detail in section 2.3.2 or 2.3.1, respectively.

The WGTS was transported to the TLK in September 2015 where the integration into
the TLK infrastructure is now ongoing.

2.2.2 Transport section consisting of DPS and CPS

The objectives of the Transport Section is to transport the electrons adiabatically towards
the spectrometer and to reduce the tritium flow. The reduction must be by about 14
orders of magnitude to achieve a tritium partial pressure of about 10−22 mbar in the main
spectrometer [Dre13]. In so doing the tritium related background is less than 10−4 cps.
To achieve this reduction two separate sections are needed, the active pumping DPS and
the passive pumping CPS.

The DPS performs active differential pumping with turbo molecular pumps. In addition
to the reduction of the tritium flow the DPS supplies diagnostics for measurement of
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the composition and suppression of ions produced in the WGTS and transported by
the magnetic field. The first one is performed by two Fourier Transform-Ion Cyclotron
Resonance devices by measuring the cyclotron frequency of the ions in the magnetic field
of DPS. The suppression takes place by an electrostatic dipole field at the ring electrode
at the end of DPS. The construction of the system is ongoing.

The CPS is a large cryo-sorption pump to reduce the tritium flow by 7 orders of magnitude
[Dre13]. It removes traces of tritium still remaining in the beam tube. The main working
principle is that tritium is trapped at a surface of 3K temperature [Gil10]. To enlarge
this surface argon frost is prepared on the inner surface of the CPS. After 60 days, the
CPS will be regenerated to remove the tritium. Similar to the DPS, the CPS also has
objectives in addition to the reduction of the tritium flow. It supplies a condensed krypton
source (83mKr produced by electron capture from 83Rb) for monitoring of the retarding
potential of the spectrometer and a Si-diode which can be moved in the flux tube to
monitor the source intensity. The CPS was delivered to the TLK at the end of July 2015.
The integration in the TLK infrastructure is ongoing.

2.2.3 Tandem spectrometer consisting of Pre- and Main Spectrometer

The energy analysis of the electrons is performed by a tandem spectrometer consisting of
2 MAC-E filters, the pre-spectrometer and the main spectrometer. The pressure inside
of both spectrometers is 10−11 mbar [Ang05].

The pre-spectrometer has two main objectives: on the one hand it works as a pre-filter
for the main spectrometer at a fixed retarding potential of 18.3 kV to reduce the electron
flux by 6 orders of magnitude to 104 s−1. This helps to minimize the background from
ionization of residual gas molecules in the main spectrometer. On the other hand the pre-
spectrometer is a small copy of the main spectrometer, which acted as a small prototype at
which the vacuum and high voltage design could be tested. In so doing new backgrounds
caused by Penning traps and radon were found [Pra12].

The pre-spectrometer tank is 3.38m long with a 1.68m inner diameter and the hull of
the vessel acts as a high voltage electrode. It can be supplied with up to 35 kV. Inside
of the vessel a nearly massless electrode system is installed. This inner electrode system
decouples the high voltage from electrical noise of other electrical components installed
at the spectrometer and therefore allows a fine-tuning of the retarding potential.

The main spectrometer is 23.28m long and has an inner diameter of 9.8m. By the
reduction of the magnetic field to BA =3Gauss at the analyzing plane, the flux tube is
increased to 9m in diameter. To compensate for disturbing magnetic fields (e.g. the
earth’s magnetic field) and for general improvement horizontal and vertical current loops
as well as Helmholtz-like coils are added around the main spectrometer [Dre13]. Like the
pre-spectrometer the vessel itself is supplied with high voltage acting as a guard electrode
for a more accurate high voltage supplied to an inner wire electrode system.

The stability of the voltage supplied to the electrode system must be better than 60mV
and is measured by two independent methods. The first one is based on 2 custom made
high voltage dividers. Their relative stability is 10−6 per month and the dependence on
temperature or voltage is negligible [Thü09]. The second method is the comparison with
a nuclear standard realized by 83mKr. 83mKr emits mono-energetic electrons at 17.8 keV.
These electrons are detected at the detector of the so-called monitor spectrometer [Erh14].
The monitor spectrometer is the upgraded former Mainz spectrometer also based on the
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MAC-E-filter principle. In contrast to the tandem spectrometer the retarding potential is
not supplied to the hull of the spectrometer vessel but to an electrode system of cylindrical
and conical full-metal electrodes and wire electrodes in the inside of the vessel. These
electrodes can be supplied with high voltage from a local controller or by a galvanic
connection with the retarding potential of the main spectrometer. The later case enables
the monitoring of the high voltage of the main spectrometer. This monitoring technique
is performed with a stability of 50mV [Erh14]. In section 4.6 the monitor spectrometer
is used as a spectrometer for photo-electron spectroscopy as well.

2.2.4 Focal plane detector

The pinch magnet of the detector section completes the MAC-E-filter of the main spec-
trometer. It has the highest magnetic field of the beam line. In the center of a second
magnet the detector is placed. Operating the magnet at 3.3T optimizes the performance
of the detector as it strikes a balance between back-scattering and detector background.

Although the electrons are re-accelerated by the MAC-E filter after the analyzing plane
a further increase of their energy by up to 12 keV is possible. The advantage being that
the energy is increased to a range at which the background rate of the detector is lower.
An additional radiation shield and a veto system reduces the background.

The Focal Plane Detector (FPD) itself is a silicon PIN-diode detector on a single silicon
wafer with <111> crystal orientation with 148 detector pixels. The diameter of the active
area is 90mm covering the 191T cm2 flux tube with a 10% safety margin. The pixels
are separated by 50µm boundaries, so that the resistance between two pixels is larger
than 1GΩ. The area of each of the 148 pixels is 44mm2. The pixels are positioned in
12 concentric rings with 15◦ displacement at alternating rings. The arrangement of all
pixels in rings allows the correction of radial magnetic and electrical inhomogeneities. In
the center of these rings 4 pixels are placed.

The detector system was constructed by the University of Washington in Seattle, USA,
and delivered to Karlsruhe in summer 2011, where the commissioning took place.

2.2.5 Rear Section

Completing the setup on the rear side of the WGTS, there is the so-called Rear Section.
The Rear Section provides calibration and monitoring sources and is part of the Calibra-
tion and Monitoring System (CMS) of KATRIN. It provides an angular selective electron
gun for monitoring and calibration purposes and a detector for source activity measure-
ments. In addition, the Rear Section houses the so-called Rear Wall. The Rear Wall is
one possible candidate as determinant of the potential of the tritium source. In addition,
it has the option to be irradiated by UV light. During the UV irradiation electrons are
produced that could compensate a possible charging of the source. Due to their impor-
tance for both, KATRIN and this thesis, the physical objectives of these components are
discussed in detail in the section 2.3.1, 2.3.3 and 2.3.2. This paragraph continues the
technical discussion of the Rear Section.

The Rear Section primary system3 is divided in three main parts (compare figure 2.6):
the Rear Wall, the mid and the e-gun chamber. The Rear Wall chamber is connected

3The primary system is the vacuum system of an experiment or facility which safely contains the
tritium [Man93].
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Figure 2.6: Scheme and CAD of the Rear Section. At the top the basic compo-
nents of the Rear Section are shown. In the large second containment the e-gun chamber
and the mid chamber are located and divided from the small second containment with
the Rear Wall chamber by the re-condenser superconducting magnet (RSCM). The green
parts at the left side are the e-gun cathode and the post-acceleration electrodes. The
beam tube is surrounded by the normal conducting magnets (red line) and the magnetic
dipoles (orange rectangles). The electric dipoles inside the beam tube (yellow rectan-
gles) enable shifting the beam through the off-axis aperture (green line). The component
marked green at the right side is the Rear Wall, at which the double-sided arrow in-
dicates a piezo-motor with which the Rear Wall hole (needed to transport the e-gun
beam) can be closed. One of the two SDD detectors facing the Rear Wall is shown in
violet. The blue components are vacuum related components like pumps and valves. At
the bottom a CAD drawing of the Rear Section is presented. The setup is cut at the
center of the beam tube to illustrate how the Rear Section will look like after assembly
(the scheme and CAD are adapted from [Bab14]).
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to the DPS1-R of the WGTS, with a valve enabling the detachment. It houses the Rear
Wall in a chamber with 4 access ports. At 2 of these silicon drift detectors are installed
(compare 2.3.1). A further port is equipped with a UV transparent window for Rear Wall
irradiation. The last one houses electrical feed-throughs and sensors. The Rear Wall
chamber is separated from the mid chamber by a superconducting re-condenser magnet
of the same type as those installed at DPS. The connection between the chambers is
established by a pipe through the borehole of the magnet. The mid chamber’s main task
is to provide pumping. In addition, it houses a gate valve enabling the disconnection of
the e-gun in the furthest part of the Rear Section from the rest. As its name implies the
e-gun chamber houses the main components of the e-gun, namely the e-gun cathode and
the electromagnetic transport section. Additionally, normal conducting magnets, beam
steering coils and dipole coils completing the transport section of the e-gun are placed
around the primary system of the e-gun chamber. Furthermore, all mechanical, optical
and electrical feed-troughs necessary for the operation of the e-gun are attached to this
chamber. At the rear end of the mid chamber a small aperture with an offset to the z-axis
is installed. This aperture prohibits the direct motion of ions from the WGTS through
the central hole of the Rear Wall to the e-gun cathode.

The pressure in the e-gun chamber is expected to be 1.9·10−8 mbar calculated from the
pressure in the Rear Wall chamber which is equal to that of DPS1-R, namely 10−5 mbar
(for the detailed calculation see [Bab14]). This pressure is good enough to transport the
electron beam to the WGTS. The activity caused by the tritium partial pressure is about
14.8MBq in the Rear Wall chamber, about 5.2 kBq in the mid chamber and about 32.8 kBq
in the e-gun chamber. These activities are low enough that no second containment4 would
be required as the limit is 1010 Bq and a fume hood would be sufficient. But in the fore-
line of the turbo pumps an activity exceeding this limit could be reached. For that reason
a second containment is required. This second containment is realized by two glove boxes,
one smaller box surrounding the Rear Wall chamber and the very end of DPS1-R and a
large box surrounding the mid and the e-gun chamber. Both boxes are connected via a
pipe through the borehole of the superconducting magnet. The installation of both, the
primary system and the second containment, in the borehole of the solenoid offers the
advantage of easy access to the magnet for cryogenic fillings and maintenance in case of
malfunction.

After this rather technical description of the Rear Section the physics objectives of its
main components are discussed in the following section.

2.3 Main components of the Rear Section and their physics
objectives

The main components of the Rear Section with regard to the physics involved are the
Rear Wall, the silicon drift detectors (SDD-detectors) looking at the Rear Wall and the
angular selective electron gun. The following three sections discuss, why these components
are needed. In addition, their working principles and their implementation in the Rear
Section are elaborated.

4A second containment is a safety device required at TLK if the handled activity is higher than 1010 Bq.
It is an air tight box, e.g. a glove box, which encapsulates tritium containing components [Man93]. In
case of leakage no flowing tritium can reach a human operator of the laboratory. A second containment
has a slight under pressure with regard to the laboratory pressure to enable a flow into the box in case of
a failure of the second containment.
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2.3.1 SDD-detectors as activity monitor of the tritium source

As mentioned in section 2.1.4 the source activity must be either adjusted or monitored
with a relative stability of 0.1%. Two different detectors are used for this purpose, the
Forward Beam Monitor (FBM) [Bab12] and SDD-detectors for β-induced X-ray spec-
trometry (BIXS) (compare [Röl13],[Pri13b] and [Bab12]). If not stated differently all
information given in the following are taken from these sources. In addition to these
methods another one was investigated by the University of California Santa Barbara to
measure the source activity with help of the Rear Wall: a direct current measurement of
the decay electrons impinging on the Rear Wall which acts as a Faraday cup. But this
method is postponed to an eventual upgrade. The reason for that is that no working
prototype meeting all requirements could be manufactured yet (compare section 2.3.3).

The FBM is a silicon detector installed at CPS which can be moved directly in the flux
tube measuring the electron flux with a precision of 0.1% in 30 s [Bab12]. That means
that the FBM covers part of the flux tube during measurement. In contrast to that BIXS
measures the source activity directly at the rear end of the source. It does not interfere
with the flux tube or the plasma in general. In addition, BIXS is not led astray by other
secondary charges present in the source.

BIXS is based on the generation of X-rays by the inverse photoelectric effect. The X-
rays are produced on the Rear Wall gold surface by impinging tritium β-electrons. In
contrast to those the low energetic secondary electrons and ions produced in the source
by ionization of the gas molecules do not produce X-rays. The resulting spectrum is a
combination of bremsstrahlung and characteristic lines of gold and the other materials
surrounding the Rear Wall. The intensity of the produced X-rays is given by Kramer’s
law [Kra23]

I(λ)dλ = KiZ

λ2

(
λ

λmin
− 1

)
, (2.28)

where K is the Kramer constant and λmin is the minimum wavelength produced. The
intensity is therefore proportional to the incoming electron current i, the atomic number
of the target Z, which is 79 in case of gold, and the wavelength of the produced X-rays λ.
As the incoming electron current is proportional to the source activity and the count rate
at the SDD-detector is also proportional to the activity, a monitoring of the produced
X-rays enables the monitoring of the source activity.

The SDD-detectors offer two main advantages if they are used at KATRIN compared to
other radiation or electron detectors: generally the detector can be self-calibrated by the
characteristic lines of gold in the spectrum. Therefore, a drift of the calibrated energy
scale can be compensated. In addition, in the specific case of KATRIN the minimum
energy of the X-rays produced at the Rear Wall in direction of the detector is larger than
the energy threshold of the detector. That means, that a systemic effect on the count rate
due to a shift of the energy of the primary electrons or of the detector threshold is rather
unlikely [Bab14]. But the system also has a drawback as the expected rate of X-rays
impinging on one of the detectors is comparatively small with (7155 ± 218) cps [Röl15].
Therefore, the measurement time for one spectrum must be about 100 s to reach the 0.1%
precision. However, KATRIN requires the monitoring within an acquisition time of at
maximum 1 000 s [Ang05]. This requirement is met with BIXS.

A proof of concept experiment called TriRex [Pri13b] has shown that a monitoring of the
source activity with 0.1% precision is possible with this technique. In the TriRex setup
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Figure 2.7: Implementation of the BIXS detectors at the Rear Wall chamber.
On the left side a sliced-through view in the inner part of the Rear Wall chamber can
be seen. The blue components above and below the beam tube are the SDD detectors
looking at the Rear Wall. On the right side the Rear Wall (gold circle in the middle) is
shown. The green cone marks the viewing area of one of the SDD detectors (adapted
from [Bab14])

the 0.1% precision goal was reached in less than 70 s. But due to the different geometries
the count rate will be lower at KATRIN [Bab12].

To detect the X-rays a detector must be placed close to the Rear Wall. As the low
energetic X-rays can not penetrate through the Rear Wall, it is not possible to install the
detectors directly behind the Rear Wall. Therefore, the detectors must be placed in front
of the Rear Wall but without disturbing the flux tube. For that reason 2 ports are added
at the chamber which houses the Rear Wall. These ports enable a direct line of sight on
the Rear Wall gold surface, without reducing the space available for the flux tube (see
figure 2.7). This is possible as the produced X-rays have a broad angular distribution.
This distribution is dependent on the energy of the electron. At non relativistic electron
energies the intensity of emitted X-rays is of the same order at 0◦ and 90◦ [Koc59].
The detectors itself are separated from the Rear Wall chamber and the plasma by a
gold coated beryllium window. These windows enable a protection of the detectors from
direct electron irradiation as well as a transmission of the X-rays since beryllium is almost
completely transparent for X-rays.

The detectors used at the Rear Section are SDD-detectors of the kind Axas M SDD from
KETEK5 with 100mm2 sensitive area. SDDs are chosen as they combine a large sensitive
area and a good energy resolution of below 200 eV FWHM at 5.9 keV [Lec01]. For more
details on the working principle of SDDs and their performance see [Lec01].

5KETEK GmbH, Hofer Str. 3, 81737 München, Germany.
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Figure 2.8: Measurement of the column density with the Rear Section e-
gun. The curve shows two suitable positions for the column density measurement with
the Rear Section e-gun (marked by the dots). By decoupling the rate and the response
function one can calculate the column density [Ang05].

2.3.2 Electron gun as calibration and monitoring tool

A further monitoring instrument available at the Rear Section is the angular selective
e-gun based on the photoelectric effect. The e-gun is an electron source with a narrow
beam with less than 1mm diameter at the position of the e-gun6 and adjustable energy
and momentum. With the help of the e-gun several effects of the electrons emitted in the
source can be reproduced.

The main tasks of the Rear Section e-gun are given in the following. In table 2.1 the
e-gun measurement parameters of these tasks are summarized.

• Column density monitoring: a precise knowledge of the column density inside
of the WGTS is of high importance for the KATRIN sensitivity aim as discussed
already. The monitoring of the column density with the e-gun is performed by
measuring the electron rates at different retarding potentials. The measurement is
repeated at different analyzing potentials q∆U = Ee − δE by varying the retarding
potential, where Ee is the energy of the e-gun electrons. δE is the surplus energy of
the electrons with energy Ee compared to the required energy to pass the retarding
potential. The measurement is performed at δE = 5 eV and δE = 50 eV (compare
figure 2.8). Then the column density %d can be calculated as a fraction of %dfree,
the mean free column density with %dfree = (2.94 ± 0.06) · 1017 cm−2 [Ang05]. The
required electron rate is in the order of 104 s−1 or higher, as a higher rate reduces
the measurement time needed to achieve the statistical accuracy of 1·10−3 to 2·10−3

(compare [Ang05]). The measurement is planned to be repeated periodically but
not more often than every 2 hours [Ang05].
• Energy loss function measurement: the probability of an electron hitting the
detector and not being scattered on its way is only 41.3%. For that reason a precise
knowledge of the inelastic scattering cross sections, described by the energy loss
function, is required [Ang05]. As the energy loss function depends mainly on the

6The e-gun beam size is initially defined by the spot size of the incident light. But on the way through
the experiment, the diameter is changed according to the conservation of the magnetic flux.



2.3. Main components of the Rear Section and their physics objectives 41

column density, the electron rate is measured at different column densities. Once
measured for a certain column density, the probability to scatter should not change
during the whole KATRIN life-time. If a radial dependence or other spatial effects
occur, the measurement can also be performed at various angles or by scanning over
the whole flux tube, but in normal operation it is planned to be performed on-axis.

• Transmission function measurement: the transmission function depends on the
fields and the potential applied to the MAC-E-filter [Ang05]. For that reason the
measurement of the transmission function is also performed with the Rear Section
e-gun. During these measurements the count rate at the detector dependent on
the voltage differences Ugun − U between the e-gun voltage Ugun and the analyzing
voltage U0 is of interest. The rate is measured at several voltage differences and for
each of the 148 detector pixels individually. To enable an electron transport through
the source without scattering, the WGTS is not filled during the measurement.
When the energy loss function, the column density and the transmission function
are measured, the response function of the spectrometer is also known.
• Work function calibration: the absolute potential seen by the electron at the
analyzing plane is not solely defined by the supplied spectrometer voltage but also
by the work function7 of the surface with the most negative potential. The most
negative potential is applied to the inner wire layer. The work function of this
layer ΦMS can be measured by the electron gun, if the voltage applied on the e-
gun cathode UC, the kinetic energy of the e-gun electrons Eph, the punch through
voltage Upt, and the work function of the e-gun cathode Φe−gun are known:

|ΦMS| = |Φe−gun|+ |Eph| − |∆UC|+ |Upt| (2.29)

The cathode work function can be determined by measuring the rate at the detector
related to the wavelength of the UV-light used to emit the electrons. If the rate
at several wavelengths is measured, the resulting spectrum behaves like a Fowler
function [Fow31]. Fitting this function to the data gives the work function of the
material.
• Spectrometer trap testing: during the KATRIN measurements it could be pos-
sible that the residual gas in the main spectrometer is ionized by the electrons from
the source. The produced ions could be trapped in the spectrometer and cause an
additional background. If this trapping of ions occurs, it can be tested with the
e-gun. This is done by emitting at least 106 electrons per second. Due to the high
density of electrons in such an electron beam the probability to ionize a sufficient
number of residual gas atoms in the main spectrometer is much larger than during
normal operation of the WGTS8. To check for the dependence of the trapping prob-
ability of the spectrometer on the radial position the polar angle is varied between
0◦ and 51◦. The specific conditions during the measurements must be adapted to
each test individually.

To meet the requirements for each of these measurements an e-gun based on the pho-
toelectric effect was designed. The UV-light from a light source must be filtered and
transported into the primary system, where the UV-light transmits through a thin gold
layer which acts as a cathode (compare figure 2.9). The emitted electrons are accelerated

7The work function is the difference between the Fermi level of a material and the vacuum potential.
For more information see chapter 4.1.

8There are admittedly 1011 electrons per second emitted in the WGTS. Of these electrons 20% are
reaching the pre-spectrometer [Pra12]. But at the pre-spectrometer most of the electrons are reflected so
that only about 104 s−1 electrons reach the main spectrometer. The exact number of electrons reaching
the main spectrometer therefore depends on the retarding potential of the pre-spectrometer.
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Figure 2.9: Schematic drawing of the basic optical setup of the Rear Section
e-gun. Outside of the second containment there is only the filtered light source. The
light is transported by fibers via a not yet specified interface into the second containment
(marked gray). In the second containment an intensity monitoring is required. In
addition, an optical setup which focuses the light through a feed-through window into
the primary system is needed. To be able to focus the light into each of the 7 fibers
installed in the primary system, the focusing unit must be movable. Neither of the
components colored green is specified in detail yet (in the scope of the thesis in hand the
design of the optical setup is fixed, compare section 3.2.1.1). Directly behind the feed-
through window a plate is placed, in which the vacuum fibers are glued. The positioning
of the fibers on this plate is shown in (1). The fibers transport the light to the cathode
of the e-gun, where the electrons are produced. At the cathode the fibers are arranged
differently to the plate at the feed-through window (see (2)). The positions are a result
of the simulations presented in [Hei15].

by the acceleration electrodes to the required energy. The main spectrometer potential
acts as reference potential for this acceleration [Bab14]. Only an additional offset, possi-
ble in both directions, is generated by its own voltage supply. The adiabatic transport of
the electron through the Rear Section is ensured by the electromagnetic transport section
of the Rear Section. The components of this transport section are shown in figure 2.10.

The optical setup including the gold cathode defines many parameters of the e-gun,
namely the energy distribution of the electrons, the rate, the rate stability and the beam
size: the width of the energy distribution is mainly defined by the difference between the
photon energy and the work function of the cathode. For that reason it is necessary that
the wavelength of the UV-light source can be changed to adapt the photon energy to the
work function. In addition, a tunable width of the wavelength distribution is needed to
adjust the energy distribution for the purpose of the measurement. In doing so one has to
take into account, that the requirement of a small energy distribution is contradictory to
the rate requirements. But the rate is not only dependent on the light impinging on the
cathode but also on the material specific quantum efficiency and the free mean path of
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Figure 2.10: Components of the electromagnetic transport section of the
Rear Section e-gun. The electrodes shown at the top of the picture are placed inside
of the magnets and only drawn outside of the magnets for clarity. The electrodes of the
electromagnetic transport section of the Rear Section e-gun consist of the cathode, the
anode, the three-part post-acceleration electrodes and the dipole electrode. Electrons
emitted at the cathode are accelerated by the anode at first and afterwards by the post-
acceleration electrodes. The tube walls of the vacuum system, which is inside of the
coils surrounding the electrodes, are grounded. For that reason the negatively applied
voltages with the highest negative potential at the electrode surrounding the cathode
cause the acceleration on the electrons. The dipole electrodes make a shifting of the
beam possible. The magnetic components are the booster coils, the guide coils, the
steering coils and the superconducting magnet. The function of the booster coils is
to increase the magnetic field at the position of the e-gun cathode and in doing so to
improve the adiabaticity of the electron transport during the acceleration process. The
steering coils enable the passing through the off-axis aperture inserted in the beam line to
prevent ions from hitting the e-gun cathode. The guiding coils and the superconducting
magnets ensure the adiabatic transport of the electrons into the WGTS.

the electrons in the gold cathode (for a more precise description see section 3.2.1.2). The
beam size is defined by the light spot impinging on the gold cathode at first. As the light
is transported by 200 nm fibers to the gold cathode, the required beam size of less than
1mm with 99% of the light intensity [Bab14] is achieved. Later the beam size changes
with the magnetic flux tube on its way through KATRIN.

The angle of the e-gun beam towards the magnetic field line is changed by tilting the
cathode. In addition, the beam can be shifted by the Rear Section dipole fields. Dipoles,
which are installed at the WGTS for that purpose, are needed as well to fully cover the
flux tube. The angular distribution is defined by the transport of the electrons through
KATRIN: the magnetic moment depends on the energy perpendicular to the field lines
and this energy is defined by the kinetic energy and the polar angle of the electrons. If the
transport of the electrons is not adiabatic the magnetic moment is not conserved and the
angular distribution is broadened. Furthermore, the angular and positional distribution
depends on the quality of the cathode’s surface.
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2.3.3 Rear Wall as possible determinant of WGTS plasma potential

The Rear Wall is installed at the rear end of the beam tube. It is the main neutralizer of
charges in the WGTS: electrons, which are emitted in rear direction, and those, which are
reflected at the tandem spectrometer, impinge on the Rear Wall. To reduce the number of
electrons, which are reflected at the Rear Wall, the electron absorption of the Rear Wall
is maximized [Bab14]. This is required, as reflected electrons can reach the spectrometer
again with changed energy: it is expected that about 57.5% of the impinging electrons
are absorbed [Bab14]. The reflected electrons are moving through the WGTS towards
the spectrometer. The probability that the entire WGTS is passed without scattering
is 15.3% [Höt12]. That means that 8.8% of the primary electrons, which hit the Rear
Wall, emerges from the WGTS towards the spectrometer. In addition, the neutralization
of ions at the Rear Wall is one of the three main ion removal processes besides the
recombination with electrons and the removal through the electric dipole at the DPS
[Ang05]. Nonetheless, a charging of the Rear Wall is prevented by the connection to a
power supply [Bab14].

However, the main objective of the Rear Wall is to expose a well defined, temporally and
spatially stable electrostatic potential towards the magnetically confined plasma of the
tritium source. In the tritium source a neutral gas coexists with a cold plasma which
arises from the ionization of the gas molecules (on average 15 secondary electrons per
original β-electron are produced [Höt12]). The particles forming the plasma have a small
kinetic energy in the order of the gas temperature9 of the tritium source [Ang05]. For
that reason small potential variations in the source in the order of several 10meV have a
large impact on the neutrino mass measurement already. This is caused by the fact, that
the source potential acts as a reference potential for the electrons at the moment of their
formation: a change in the source potential causes a linear offset of the kinetic energy of
the electrons. Therefore, the energy filtering at the tandem spectrometer is also affected,
as a MAC-E-filter uses the difference of the potentials at the source and analyzing plane
for energy filtering.

The transport of electrostatic potentials through the source is defined by the mobility of
the charged particles. The movement of the charged particles towards the tube walls is, in
contrast to the longitudinal movement, reduced by the transverse magnetic confinement
of the plasma [Bab14]: the electrons dominate the longitudinal conductivity. Conversely,
in the transverse direction the electron conductivity is negligible due to their cyclotron
motion. For that reason, ions dominate the transverse conductivity as they can also move
towards the walls after scatter processes. But the perpendicular ion conductivity is about
7 orders of magnitude smaller than the longitudinal electron conductivity. That means
that potentials and external voltages can be shielded by or conducted through the plasma
depending on their position: the potential of the walls has only a small impact on the
potential of the source. But it must be considered that the impact is not negligible and it
increases along the beam tube. In contrast to this the Rear Wall potential is transported
through the whole tritium source (compare figure 2.11).

Previous calculations presented in [Bab14] confirm this dominance of the Rear Wall po-
tential and the increasing impact of the tube walls’ potential on the potential in the
tritium source. As this calculation neglects gas flows, densities, charge generation and
annihilation an improved simulation with COMSOL multi-physics is performed. Its main
result concerning the Rear Wall is, that the Rear Wall defines the plasma potential of the

9A gas temperature of 27K corresponds to a kinetic energy of 2.4meV.



46 Chapter 2. The Karlsruhe tritium neutrino experiment and its Rear Section

source as long as the difference between the Rear Wall potential ΦRW and the tube wall
potential Φtube is within the limits:

− 50 mV ≤ ΦRW − Φtube ≤ 100 mV. (2.30)

A detailed description can be found in [Kuc16].

To check the importance of the Rear Wall on the source potential during operation, a
monitoring of the Rear Wall impact is planned. This monitoring is also needed for the
adjustment of the potential difference between Rear Wall and beam tube walls. The
monitoring is done by changing the potential applied to the Rear Wall combined with a
scanning through the spectrometer potential. During this, the electron rate measured at
the detector is changing depending on applied potentials. To increase the statistics by a
higher electron rate the measurement takes place about 1 000V below the endpoint. If the
electron rate at the detector is changed for all pixels, the plasma potential is also shifted
over the entire source cross section. That means, the potential is fully defined by the
Rear Wall. The opposite result, that no detector pixel is affected, means the Rear Wall
has no impact. If both, the tube walls and the Rear Wall, influence the plasma potential
the count rate should change at the inner pixels and not at the outer ones. This effect
can be removed or at least reduced by applying a suitable voltage on the Rear Wall.

To make sure that the potential of the Rear Wall is suitable, an additional voltage of
±10V compared to the WGTS tube walls potential can be applied with the connected
power supply. But there is always an aspect of the Rear Wall potential that is completely
independent of the supplied voltage and determined only by the difference between the
vacuum level and the Fermi level of the Rear Wall material: the work function [Lan71]. If
the work function varies over the surface of the Rear Wall these variations are transported
along the plasma in so-called plasma tubes. These plasma tubes are shielded among others
by a double layer structure [Alf81], if their diameter is larger than the Debye length [Ina10]

λD =
√
ε0kBTe
nee2 = 3.78 · 10−4 m. (2.31)

Here ε0 = 8.9 · 10−12 Fm−1 is the vacuum permittivity, kB = 1.4 · 10−23 JK−1 is the
Boltzmann constant, e = 1.6 · 10−19 C [Moh15] is the elementary charge, Te = 30K is
the electron temperature and ne = 1011 m−3 is the charge density close to the Rear Wall
[Ott12]. If the plasma tubes are smaller, variations in the potential are averaged out.

This means that an unrecognized change of the Rear Wall work function, whether spatial
or temporal, causes a systematic uncertainty on the neutrino mass measurement. For that
reason the basic design of the Rear Wall must pass a test on long-term stability of its work
function. Each Rear Wall candidate10 must be tested on work function homogeneity in
general. Both of these tests must be passed with a standard deviation of σWF ≤ 20meV
[Bab13] in the area of each detector pixel11. For the latter test the absolute value of the
work function does not matter as it only causes a shift of the electron energy in total,
which is one of the fit parameters in the KATRIN analysis.

10Rear Wall candidates are parts which are fabricated identically to a Rear Wall. But the work function
of these candidates is not characterized yet. After a successful characterization procedure a Rear Wall
candidate can be installed as a Rear Wall (compare also chapter 4).

11The requirement on the work function stability is established per pixel as the data of each pixel will
be analyzed individually.
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Figure 2.11: Flux tube impinging on the Rear Wall. On the left side a side-view
of the Rear Wall with the outer flux tube of 229T cm2 is shown which can be transported
through the Rear Wall chamber without contacting the walls. On the right side a front
view of the Rear Wall and the technical flux tube of 210T cm2 is presented. This flux
tube impinges on the Rear Wall with a safety margin of 1.3mm (adapted from [Bab14]).

2.4 Objectives of this thesis

The setup and the main working principles of the Rear Section and its main components
have been presented in the last section. However, there are still some open questions which
must be answered before a fully functional Rear Section can be provided to KATRIN.
These questions are discussed in the following.

The Rear Section and its components need to withstand the KATRIN conditions prefer-
ably for the whole KATRIN lifetime of at least 5 calendar years. During this time all
components are exposed to a tritium atmosphere. The performance and properties of the
components must be unchanged or at least not changed in a way that impedes on the
required performance of the components. This is especially true for the components that
are part of or inside of the tritium containing primary system.

Due to the long-standing experience with tritium containing systems at TLK this poses no
risk for components like pressure sensors, vacuum chambers and pumps (KATRIN related
pumps have been tested in [Pri13b]). But there are other components where no experience
concerning their reliability in a tritium atmosphere is available either at TLK or in the
literature: piezo motors, fiber feed-throughs and fibers. The piezo motor is needed to
close the center hole at the Rear Wall if it is not crossed by an e-gun beam. When closed,
a complete gold surface faces the tritium plasma. As the piezo motor is installed at the
back side of the Rear Wall (which itself is installed at one end of the superconducting
magnet), exchanging the motor in case of a failure would be a huge effort. The fiber
feed-through is planned to be used to inject light into the second containment. But as
there are safety requirements on the leak tightness of the second containment the fiber
feed-through can only be used if the leak tightness and the tritium permeation rate meet
the TLK requirements. Otherwise, the fiber feed-through cannot be used. The mentioned
fibers are planned to be used inside of the primary system transporting the UV light to the
gold cathode of the e-gun. As the e-gun should be stable within 0.1% and a monitoring
of the intensity is not possible inside the primary system, the optical properties of the
fibers must not be affected by the tritium atmosphere, at least not within several hours.
Otherwise, it would be possible to not reach the required rate stability of the different
e-gun measurements.

In addition, a complete optical setup of the e-gun is not yet existing. It is established
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that the electrons are produced by the photoelectric effect by UV-light, most likely a laser
driven light source (LDLS). But it is not yet specified in detail how the broadband light
of the light source is filtered and focused into the fiber feed-through and later into the
fiber in the primary system. Also, a monitoring detector must be specified as well as the
position of this detector in the optical setup. In addition, it is yet unclear if an optical
design based on fibers can transport light of sufficiently high intensity to the gold cathode
to achieve the required rates of up to 106 electrons per second.

The design of the Rear Wall is also not yet specified in detail. While there is the known
requirement for a gold coating to enable the production of bremsstrahlung for the activity
monitoring of the tritium source, the substrate and potential intermediate layers like
diffusion barriers or adhesion layers are not yet defined. The main requirement on which
the design depends is the spatial and temporal work function stability of at least 20mV.
But other criteria like a good adhesion of the gold layer on the underlying layers for easier
handling and the possibility of a bake-out without damaging the gold surface must also
be met.

From these open questions and still missing designs the three main objectives of this thesis
are derived:

Investigation of tritium compatibility of components for the Rear Section
All three components, the piezo motor, the fiber feed-through and the fiber itself, must be
tested in a tritium atmosphere for possible degradation. Suitable test experiments must
be designed, built up and performed. Depending on the results of these experiments the
consequences on the Rear Section and its design are identified and if necessary the design
of the component must be changed.

Development of the optical design for the Rear Section e-gun and calculation
of the resulting electron rate
First the specific components are selected and their exact positions to each other is op-
timized. Then the expected electron rate must be calculated. This needs to take into
account all losses calculable with geometrical optics and the efficiency of the electron emis-
sion depending on the energy of the incident photons. Furthermore, the probability that
an electron can leave the gold layer must be considered depending on its starting position
in the gold layer. If the rates are lower than the required rates, further improvements of
the optical setup are also part of the objective.

Development of a Rear Wall for the Rear Section
The quality of the gold layers coated on different materials must be tested for their work
function homogeneity and stability dependent also on the surface treatment of the sub-
strate before coating. For this the work function measurement should not only take place
at ambient air but also at a vacuum of 10−5 mbar which will be the pressure at the Rear
Wall of KATRIN. In addition, the effect of bake-outs, UV light and electron irradiation
must be tested. If a suitable design is found, the manufacturing and characterization of
several Rear Wall candidates is also part of this objective.

The first two objectives are treated in the following chapter 3 in section 3.1,3.2.2 and
3.2.3 or 3.2.1, respectively. All measurements concerning the Rear Wall development can
be found in chapter 4.



Chapter 3

Investigation of the tritium
compatibility of Rear Section
components

As the Rear Section is one of the tritium carrying parts of the KATRIN experiment the
tritium compatibility of all used components has to be ensured. This is especially the case
for parts which can only be replaced making huge efforts1 and safety relevant components.
This makes tritium compatibility tests with materials that have not yet been deployed in
a tritium atmosphere essential prior to an installation at the Rear Section. This includes
a fiber feed-through as well as optical fibers which both are needed for the electron gun
and a piezo based motor. The latter is placed at the backside of the Rear Wall. For these
components the following questions must be answered:

1. Is a piezo based motor suitable for the KATRIN experiment, meaning that it can
perform more than 100 000 driving cycles in a tritium atmosphere without failure
even after multiple bake-outs at 150 ◦C?

2. Is the tritium leak rate through an optical fiber feed-through below 10−9 mbar l s−1

that the feed-through poses no safety risk when installed as part of a tritium con-
taining system?

3. Are the optical transmission properties of a fiber affected when installed inside of a
tritium containing system?

The fiber feed-through and the fibers itself are planned to be used at the optical setup
of the Rear Section e-gun. Therefore, it is required to answer another question before a
fiber feed-through is installed at the second containment or a fiber is used in the tritium
containing system:

4. Is the electron rate produced by the planned optical system high enough to meet
the requirement of at least 104 electrons per second and of an electron energy spread
of σE < 0.2 eV?

Due to the variety of the tested components three completely different tritium compat-
ibility tests are required. These are described in this chapter. The first section (3.1)
deals with the so-called Piezotest. The goal of this test is to demonstrate the suitability
of a piezo based motor for an operation in tritium atmosphere. The second part of the

1In this context huge effort means expenditure of time of about 3 to 6 months.
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chapter (section 3.2) deals with the performance of the optical setup of the e-gun and its
electron rate. In addition, the leak tightness of fiber feed-throughs concerning tritium and
the effect that tritium will have on the fiber’s optical properties are investigated. In the
last section of the chapter (section 3.3) the consequences of the results of these tritium
compatibility tests regarding the Rear Section are discussed.

3.1 Piezotest: measurement of the life expectancy of a piezo
motor in a tritium atmosphere

As discussed in chapter 2 the main tasks of the Rear Section are to provide an angular
selective electron gun and a Rear Wall with homogeneous as well as temporally and
spatially stable work function over the area of the whole flux tube. To ensure that the
Rear Wall covers the whole flux tube area, the e-gun has to be placed behind the Rear
Wall (compare figure 3.1). For that reason, the Rear Wall has a centered hole where the
electron beam can pass through. But if the hole cannot be closed, the plasma potential
of the tritium source is not homogeneous anymore. The electromagnetic field lines cross
the Rear Wall and impinge on a not gold coated surface behind the Rear Wall, which has
a undefined work function.

To solve this problem a moving mechanism on the back side of the Rear Wall is needed
(compare figure 3.2). This mechanism moves a cover which is gold plated on the side
facing towards WGTS. It can be placed in 2 different positions: the hole in the Rear Wall
is completely covered or is uncovered. In the latter position, the electron beam can pass
through the Rear Wall. In principle there are different moving mechanisms conceivable,
like stepper, servo, linear and piezo motors. These would be installed directly at the
backside of the Rear Wall. A mechanical feed-through for the control of the cover position
from the outside of the vacuum system could also be an option. Regardless of the choice
of moving mechanism the following general requirements must be met (compare [Bab14]):

• A travel range of at least 5mm is needed in order to open and close the 5mm hole
at the Rear Wall.
• The moving mechanism must be as small as possible since mechanical access is only
possible from the backside of the Rear Wall. The circumference must not exceed
192mm. The space for electrical feed-throughs is also restricted.
• The moving mechanism must be able to work in a magnetic field of more than 1T
as the Rear Wall is placed inside the superconducting magnet. That also means
that the motor must be built out of non-magnetic materials.
• The maximum load should be ≥ 2N as the cover has to be mounted on the moving

mechanism. To match the work function of the Rear Wall as closely as possible, the
same materials and manufacturing procedures must be used. This means the cover
is built out of gold plated stainless steel (for more detailed information about the
Rear Wall design see chapter 4).
• The operating temperature range will be between 10 ◦C and 50 ◦C. The upper tem-
perature that the motor can withstand while not moving must be higher, namely
up to 150 ◦C. This is required to make a bake-out of the vacuum system possible.

• The mean time before failure must be at least 100 000 driving cycles2. This number
results from the fact that the electron beam has to pass through the Rear Wall twice

2One driving cycle implies that the motor moves from one end of the travel range to the other end and
back again.
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Figure 3.1: Integration of a movable cover in the Rear Section setup. The
sketch shows the basic setup of the Rear Section (compare figure 2.6). The dotted circle
marks the place where the movable, gold plated cover is needed. It enables that the
electron beam can pass the Rear Wall if it is moved away from the hole. If it covers the
hole, a continuous gold plated surface is presented to the plasma of the WGTS. To avoid
electromagnetic field lines, electrons and ions impinging on the moving meachnism, it is
installed on the backside of the Rear Wall.

Figure 3.2: CAD-drawing of the integration of a possible piezo motor on the
backside of the Rear Wall holder in the Rear Section setup. On the moving
part of the piezo motor a gold coated cover is installed. This cover can be moved in
front of the central hole of the Rear Wall. In doing so, a complete gold surface is facing
the tritium plasma.
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each hour over three years of measurement time. Including a safety factor of about
2 this results in about 100 000 driving cycles. It is necessary that the motor does
not fail during the KATRIN measurement time as a replacement is very difficult
due to the position of the motor inside the superconducting magnet.
• Some kind of position sensor should be installed if possible, e.g. limit switches.
Especially in case of a motor failure a position sensor would be very helpful in
finding the cause.

Due to space restrictions, it is not possible to use mechanical feed-throughs and the
magnetic fields exclude all electromotors. Therefore, a piezo motor is the only viable
option.

Aside from the above requirements, certain tritium specific requirements also have to be
taken into account when selecting a suitable piezo motor:

• The motor should be UHV compatible as outgassing must be as low as possible to
minimize the impact on the tritium purity of the gas. Therefore, the outgassing
rate should in the order of or below the outgassing rate of stainless steel, which is
about 10−11 mbar l s−1 cm−2 [Avd12].

• Halogens are not allowed at all [TLK13] as corrosive liquids or acids can be produced
by their reaction with tritium [Wea99]. This restriction also includes common insu-
lators like Teflon3 or Viton4 and applies to cables and electronics inside the tritium
containing vacuum system as well.
• Lubricants must be avoided to minimize the possibility of unintended reactions with
the tritium gas.

A motor which meets all the above mentioned requirements could in principle be used
for the KATRIN experiment. Nevertheless, there remains the risk of a motor failure due
to the tritium atmosphere. Up to now, only tests of piezoelectric valves5 in a tritium
atmosphere have already been performed. During these the valves are tested concerning
β-induced charge leakage from the piezoelectric crystal to the ground which would cause
a degradation of the valve performance [Gil83]. In fact some gas discharge activities as
evidenced by a discoloration of the piezo crystal were observed [Gil83]. However, the
valve did not show any significant degradation (> 5%) of performance [Cof88, Gil83].
For all KATRIN intents and purposes, a piezo motor, especially one which must be able
to perform 100 000 driving cycles without failure, has never been tested in a tritium
atmosphere before. Therefore, two tests of different piezo motors are performed, the
so-called Attotest (described in detail in [Bab14]) and the Piezotest.

The results of the Attotest are briefly summarized in section 3.1.2. The Piezotest is then
discussed in detail in sections 3.1.3 to 3.1.5. Finally, a summary and discussion of the
results of the performed tests concludes the parts of this chapter that deal with the tritium
compatibility of piezo motors. Before that the general mode of operation of piezo motors
is explained in the following section.

3Teflon is a registered trademark of the company E. I. du Pont de Nemours and Company, 1007 Market
Street, Wilmington, DE 19898, USA. The chemical compound is Polytetrafluorethylen or shortened PTFE.

4Viton is also a registered trademark of the company E. I. du Pont de Nemours and Company, 1007
Market Street, Wilmington, DE 19898, USA. It is an umbrella term for different fluoropolymer elastomers.

5The operating principle of such valves is based on a piezo crystal which opens and closes the valve.
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Figure 3.3: Visualization of the inverse piezoelectric effect. In 1) an already
poled piezoelectric material is shown. The length of the crystal without applied ex-
ternal field is marked with the two dotted lines. If a voltage with the same polarity
is applied, as it was used to pole the crystal, the piezoelectric material gets extended.
This can be seen in 2). In 3) the polarity of external voltage is reversed compared to
the one in 2). Therefore, the crystal is compressed. The deformation in both cases is
directly proportional to the strength of the applied voltage (own figure in accordance
with [Vij12]).

3.1.1 Working principle of piezo motors

The working principle of piezo motors is based on the transformation of electrical energy
to mechanical motion using the inverse piezoelectric effect [Hii10]. If piezoelectric mate-
rials are subjected to an external field the anions and cations in the piezo material are
asymmetrically displaced. This microscopic displacement of charge causes a macroscopic
deformation of the crystal [Vij12] which is used in piezo motors (see figure 3.3).

There is a large variety of piezo motor designs, many of them described in [Spa06]. Com-
mon to all piezo motors are the extremely fine resolution down to the sub-nanometer
[Hii10], a fast response time [Mar09], large generated torques and a simple construction
[Mor03]. In the following two different piezo motors both based on a clamping-type de-
sign are presented in more detail as these are the designs tested in the Attotest and the
Piezotest.

The Attotest examines a piezo motor which is based on two principles: the inertia of
the slider and the friction between a piezoelectric crystal and the slider (compare figure
3.4 1)). Due to a slowly increased applied voltage the piezoelectric material extends.
During this phase the slider sticks to the piezoelectric material due to friction. Once
the piezoelectric material is extended as far as possible, it is very quickly compressed.
Due to inertia the slider is not following the quick motion of the piezoelectric material
[Spa06, Mar09, Sch00, Mor03] and sticks to the rod. This motion approach is also-
called stick-slip mechanism [Hii10]. It is also described in detail in figure 3.4. The main
advantages of this motor design are the simple design itself, the fast response and the
comparatively high velocities of several mm/s. In addition, large workspaces of several
mm3 are possible [Sch00]. However, there are some drawbacks to this design as well:
motors are restricted to horizontal movement unless a clamping mechanism is added
[Hii10] and the design relies on friction and inertia of the slider [Mar09].

The motor tested during the Piezotest is working with the Piezo Walk Drive design.
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Figure 3.4: Visualization of typical approaches for piezo actuators. In 1) the
working principle of a stick-slip motor is shown. A slider is placed on top of a driving rod
which is directly attached to the piezoelectric material. In (I) the piezoelctric material
is relaxed, in (II) the piezoelectric material is extended slowly (slider remains on rod
because of friction) and in (III) it is quickly shrunk again (slider stays at its position
because of interia). If the position of the slider in the top and bottom pictures are
compared (dashed lines) the slider moved towards the right side. The difference between
both positions is one step width of the motor [Mor03]. In 2) the motion of Piezo Walk
Drive based motors is shown. For simplicity only two bimorph legs are shown here. The
four piezo materials are tagged with numbers from 1 to 4 from left to right to be able
to distinguish between them. In (I) and (II) piezo 1 and 2 are expanded simultaneously,
thereby moving the slider to the right side. Now piezo 4 is also expanded and the second
leg is pressed against the slider (III). As the slider is fastend by the second leg, the first
leg can be removed from the slider (IV). By releasing piezo 4 and expanding piezo 3 at
the same time the slider is moved rightwards (V). In (VI) piezo 2 is expanded again and
the process starts over again with picture (I). The distance between the two dashed lines
marks the starting and end position of the motor. This is one step width of the motor
[Glö04] (own figures in accordance with [Mor03, Glö04].)
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Figure 3.5: CAD drawing of the ANPx101eXT20/RES tested during the
Attotest. The motor consists of three main parts: motor body, axis and platform.
Once the motor body is fixed to another surface, the only movable part is the platform.
The platform enables the attachment of a Rear Wall hole cover by six screw holes
[Bab14].

In this design four legs each consisting of a bimorph piezo are pressed against a slider.
Bimorph piezos consist of two piezo materials with different polarity [Sch11] which are
electrically isolated and bonded to each other. By that both piezo materials can be
controlled independently [Glö04]. By applying a voltage at one part of the bimorph piezo
the whole leg is bent. As the four legs are successively bent and released again, the slider
is moved forwards (see figure 3.4 2)). Similar to the stick-slip design high velocities of up
to 20mm/s [Mar09] and a very compact setup can be realized [Mar09]. Although it is not
necessary6, the forces developed by this design are much higher, namely 1 kN compared
to usually just a few 10N [Mar09].

In principle both motor types should be equally suitable for a tritium atmosphere if the
requirements mentioned in the last section, especially the material restrictions, are met.
None of them has been used in a tritium atmosphere before. That is why their tritium
suitability must be demonstrated in a test before usage. The test of the stick-slip based
motor in the Attotest was part of [Bab14]. The result of this test are presented briefly in
the following section.

3.1.2 Result of a previous experiment: the Attotest

During the so-called Attotest (for details see [Bab14]), a commercially available stick-slip
based motor, ANPx101eXT20/RES, from Attocube7 was tested (see figure 3.5). The
specifications of the motor are given in table 3.1. By comparing these specifications with
the requirements given in section 3.1 it can be seen that the motor meets almost all
requirements. There is no information regarding the mean time before failure from the
manufacturer. Therefore, the non-tritium related specifications of the motor met the
KATRIN requirements. But a proof of the tritium compatibility was required.

The procedure to test the tritium suitability of the motor was as follows: the motor was
constantly moved to randomly chosen positions. Each of these movements was called a
driving operation. Once the motor stopped, the current position was measured by the
positioning sensor and compared with the intended position. If both values deviated by
more than 10µm from each other the driving operation was considered erroneous. That

6Even the weight of a Rear Wall is less than 400 g.
7Attocube systems AG, Koeniginstrasse 11a, 80539 München, Germany
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Table 3.1: Summary of manufacturer specifications of the piezo motor
ANPx101eXT20/RE. Requirements for the KATRIN experiment are shown in the
third column. All specifications meet the requirements except for the mean time before
failure which was not specified by the manufacturer [Att13].

parameter specified KATRIN requirement
travel range 20mm > 5mm
maximum footprint size 24mm x 48 mm 6 48mm x 48 mm
magnetic field range 0T to 31T at least 1T
maximum load 2N > 2N
operation temperature range -273 ◦C to 100 ◦C 10 ◦C to 50 ◦C
maximum bake-out tempera-
ture

150 ◦C up to 150 ◦C

mean time before failure not specified 100 000
position sensor absolute resistive posi-

tion sensor
required if possible

UHV compatibility fulfilled required
used materials piezo material: zir-

conate titanate; motor
body: titanium; wires:
KAPTON isolated cop-
per

no halogens, no lubri-
cants or coatings

way the performance of the motor could be monitored by its error rate. At the beginning
of the Attotest, the error rate was below 3%.

Before the actual test in a tritium atmosphere was started, an initial functional testing
was performed in ambient air. In the course of this first test, experience with the motor
and its operation was supposed to be gained. During this time frequency and voltage
were adjusted in a way that an operation free from error was possible and re-polarization
in case of multiple errors was tested. Afterwards the motor was installed in a vacuum
system, where it moved for about 11 000 driving operations in an ambient air atmosphere
of 2·10−3 mbar to 13mbar. Towards the end of this test, the performance of the motor
worsened with the error rate rising up to about 30%. This error rate was reduced to
less than 15% by re-polarization of the motor before the vacuum system was filled with
0.08mbar gas and a tritium fraction of more than 90%. After about two and a half days
and 3 500 driving operations the error rate started to steadily rise again. Finally, the test
was unintentionally stopped after 4 days and about 5 500 driving operations in a tritium
atmosphere when the motor got completely stuck.

The most likely cause of this failure are abrasion-like effects of an organic coating needed to
ensure ideal friction and inertia for the stick-slip mechanism (see figure 3.6). The existence
of this coating was not mentioned in the data sheet of the motor. This extends to the
necessity of regular maintenance after about 10 000 end-to-end cycles. However, once
the motor is exposed to tritium a maintenance is only possible with huge efforts. This is
caused by the position of the motor inside of the borehole of the superconducting magnet:
both the primary system and the second containment must be disassembled to exchange
the motor. This work would be further complicated by the safety restrictions after the
tritium exposure. Concluding, the required mean time before failure of 100 000 driving
operations cannot be met with this motor. This means that the ANPx101eXT20/RES
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Table 3.2: Summary of manufacturer specifications of custom made piezo
motor N-310K176. Requirements for the KATRIN experiment are shown in the third
column. All requirements are met [Phy15, Phy13].

parameter specified KATRIN requirement
travel range 20mm > 5mm
maximum circumfer-
ence

192mm 6192mm

magnetic field range not specified, but non-
magnetic materials used

at least 1T

maximum load 10N > 2N
operation temperature
range

10 ◦C to 50 ◦C 10 ◦C to 50 ◦C

maximum bake-out
temperature

150 ◦C 0 ◦C to 150 ◦C

mean time before failure > 100 000 without
maintenance

100 000

position sensor limit switches required if possible
UHV compatibility specified required
used materials ball bearings: ceramics no halogens, no lubri-

cants or coatings
no lubricants

motor is not suitable for the KATRIN experiment.

Nevertheless, the reason for disqualification of the motor from Attocube is not a failure
caused by the tritium atmosphere but general problems with the slip-stick approach. For
this reason a piezo motor based on another motion approach which does not depend
on friction might be viable. To this end a custom adapted N-310K176 motor based on
the piezo walk drive approach was developed in cooperation with the company Physik
Instrumente8. The performance test of this motor is the so-called Piezotest which is
described in the following sections.

3.1.3 Experimental setup of the Piezotest

The Piezotest is designed to test the custom adapted motor N-310K176 from Physik
Instrumente (see figure 3.7) for its tritium suitability. The drive of this motor is taken
from the NEXACT9 and the technical implementation from the NEXLINE N-21610. All
specifications of this motor meet the requirements including the mean time before failure
(see table 3.2).

The vacuum chamber used for the Piezotest is a stainless steel DN100-63 CF11 reduction
cross (see figure 3.8). This is not only a vacuum chamber but also the primary system of

8Physik Instrumente (PI) GmbH & Co. KG, Auf der Römerstraße 1, 76228 Karlsruhe, Germany
9The NEXACT motor is a piezo linear motor based on the piezo walk drive and a registered trademark

of the company Physik Instrumente
10The NEXLIME motor is a piezo linear motor based on the piezo walk drive and a registered trademark

of the company Physik Instrumente
11CF is an abbreviation for ConFlat, a standard for vacuum flanges. ConFlat is a registered trade mark

of the company Varian, Inc., 5301 Stevens Creek Blvd. Santa Clara, CA, 95051 USA.
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Figure 3.6: Photography of the Attocube motor after its complete failure.
The dark spots visible at the axis of the motor (shown also in the enlarged part of the
picture) might be destroyed organic coating. This would explain why the motor got
completely stuck after about 20 000 driving operations [Bab14].
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Figure 3.7: CAD drawing of the N-310K176 tested during the Piezotest. The
motor axis is stabilized by ball bearings (marked in dark blue). The axis is the only part
of the motor which is moved once the motor body is screwed down to another surface.
The cover can be attached to the T-shaped parts of the axis (marked in green). Inside
of the central box (marked in light blue) the piezo walk drive mechanism is installed.
At the left side of the motor the contact plates of the limit switches can be seen.
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the Piezotest, the system where the tritium gas is safely stored. Therefore, the reduction
cross has to meet all requirements mentioned in [TLK13]. The motor is installed in the
vacuum chamber with an angle piece to which the motor is bolted. This angle piece is
bolted to one of the DN100 CF flanges sealing the vacuum chamber. At the opposite flange
a viewport is installed. This viewport enables a position measurement of the motor with
a Bosch12 GLM150 Professional [Rob15] laser rangefinder which is fixed at the viewport.
As it would be difficult to hit the small moving axis with the laser rangefinder, a stainless
steel plate is bolted on the axis. This plate also simulates the load due to the cover at
the KATRIN experiment.

At one of the smaller DN63 CF flanges two pressure sensors are installed, namely a MKS13

902-1213, a piezo pressure sensor, and a MKS 626B02TBE, a Baratron14 pressure sensor.
Both pressure sensors are gas type independent. Overall a pressure range from 10−5 mbar
to 1 000mbar is covered. At the same port there is also the possibility to connect a test
gas cylinder. By expanding the gas from the test gas cylinder into the vacuum system,
the experiment is filled with tritium. At the opposite DN63 CF flange the electrical feed-
throughs for the motor controller (a NEXACT controller from Physik Instrumente) are
placed.

For safety reasons the Piezotest is installed in the TRAP fume hood. The already existing
infrastructure of this specific fume hood can be used, namely a backing pump and a tur-
bopump. These pumps are connected to the TLK infrastructure. With this combination
of pumps a pressure of less than 10−5 mbar can be achieved in the Piezotest setup. The
connection to the primary system is realized at the same port where the pressure sensors
are installed. Due to the installation of the experiment in a fume hood, the activity in the
experiment is limited to 1010 Bq. This also limits the tritium partial pressure to about
10−2 mbar. However, this partial pressure exceeds the partial pressure at the Rear Wall
by three orders of magnitude.

Outside of the TRAP fume hood the motor controller and the measurement computer
are located. A LabView15 software is used for motor control and pressure sensors read
out. Additionally, the LabView Software automatically controls the motor during the
test procedure. A detailed description of the measurement procedure can be found in the
next section.

3.1.4 Measurement procedure

By using the previously described setup the piezo motor N-310K176 is tested for its
tritium suitability. To this end the primary system of the Piezotest is filled with a tritium
gas mixture with a gas mixture which contains as much tritium as possible. This usually
means >90%. As the motor will not just be exposed to tritium but also be baked out at
the Rear Section, this has to be tested as well. According to its specifications the motor
cannot be moved during bake-out and while the temperature is above 50 ◦C. Since the
only way to determine, if the motor has been damaged, is by observing it in motion, the
motor cannot be controlled for damage during the bake-out. So, to ensure that the motor

12Robert Bosch GmbH, Robert-Bosch-Platz 1, 70839 Gerlingen-Schillerhöhe, Germany
13MKS, 2 Tech Drive, Suite 201 Andover, MA 01810, USA
14Baratron pressure sensors are capacitance based sensors and the name Baratron is a registered trade

mark of MKS.
15LabView is a system design software of National Instruments Corporation (NI), 11500 N MoPac

Expwy, Austin, Texas, USA
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Figure 3.8: Sketch of the experimental setup of the Piezotest. The motor is
placed inside of a primary system which is sourrounded by a heating tape needed for
bake-outs. Two pressure sensors (PI) are connected to the system via a hand valve and
a crossed pipe. Tritium is injected and evacuated at the other available ports of the
cross pipe. The laser rangefinder is placed outside of the primary system but inside of
the fume hood.

can perform the required 100 000 driving cycles, the first bake-out will not take place until
this milestone has been reached. Otherwise, it would be impossible to determine if the
motor is suitable to perform as many driving operations in a tritium atmosphere.

Over the course of the experiment, the performance of the motor is monitored. In the
precursor experiment Attotest (see section 3.1.2) a change in performance was detected
by comparing the position of the intended motor targets with the position where the
motor actually stops. However, the N-310K176 is not equipped with position sensors but
only limit switches. Therefore, a completely different measurement procedure is neces-
sary in the case of the Piezotest: two different methods of how to register a performance
change have been developed. One of these is based on limit switches, called automatic
measurements, and one is based on the laser range finder, called manual measurement.
Both measurement techniques are performed on the same motor and are needed to en-
sure optimal data gathering about its performance. They are described in detail in the
following.

Automatic measurements are used to continuously gather data about the functioning
of the motor accumulated over the entire travel range, but not about detailed positional
failures. During this measurement the motor is automatically moved from one limit switch
to the other. One cycle is completed when the motor moved once the hole travel range
and back again. After a certain number of cycles a calibration run occurs: these are cycles
where the needed steps in both directions are counted. Therefore, the measured quantity
in this measurement technique is the number of steps needed to cover the entire travel
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Figure 3.9: Visualization of the measurement procedures of the Piezotest.
In both parts of the figure the positions that involve step counting are highlighted with
a rose box. On the left side automatic measurements (1) are shown: here the motor is
driving from one end to the other end and back again. Only after every fifth cycle are
the steps counted. Most of the measurements are taken exactly with this sequence of
counted and uncounted cycles. The measurements are performed with an accuracy of
10 steps meaning that after every 10th step it is checked whether the slider has reached
the end of the travel range. In general this check could be done with an accuracy of
1 step. However, this would be too time consuming. As an acceptable compromise ac-
curacy is downgraded to multiples of 10 steps to speed up measurements. Due to the
fact, that this measurement procedure is automated, it is performed almost 24/7. Since
both measurement techniques are performed on the same motor, the automatic measure-
ments are suspended to perform measurements with a laser range finder. These manual
measurements are shown at the right side of the sketch (2): the measurement procedure
starts with a movement to negative limit and back to positive limit. Afterwards the
motor is driven back to the negative limit again to achieve a reference position. From
this reference position the motor is moved 100, 500, 700, 900, 1 100 and 1 300 steps
each time moving back to the reference position after the allotted number of steps. It
should be noted that the 1 300 steps are only ever reached if there is already a drop in
performance. The measurement procedure is finished by a movement to negative and
positive limit.
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range. If the performance of the motor remains unchanged, the number of steps remains
unchanged as well (see also figure 3.9 1)).

Manual measurements are used to gather data about positional effects on the perfor-
mance of the motor over the travel range, e.g. to see if the motor looses performance only
at one particular point or over the whole travel range. As manual measurements cannot
be automated they are performed only once a workday and do not give a continuous
picture of the motor’s performance.

During the manual measurements the laser range finder is used to measure the distance
of the motor from the range finder after a certain number of steps (0, 100, 300, 500,
700, 900, 1100, 1300 from negative limit and 0 from positive limit) with an accuracy of
± 1mm (a more detailed description of the test sequence can be found in figure 3.9 2)).
The distance is always measured from the upper end of the laser range finder to the plate
bolted onto the moving axis of the piezo motor. If the distance after a certain number
of steps decreases this is evidence that the performance of the motor is getting worse.
Another important piece of information that can be gained is that of positional effects: if
distances are plotted against the number of steps one can see if there is just one position
the motor gets stuck at or if a change of travel distance is homogeneous over the whole
travel range.

3.1.5 Execution of measurements

Before being exposed to tritium the motor is moved in ambient air for a few driving cycles
(in the order of 1 000) to make sure that it is moving without any problems. Afterwards
the system is filled with tritium gas mixtures twice: as the measurement with the Piezotest
must be interrupted to perform another experiment in the TRAP fume hood, the tritium
gas is pumped out of the system. After the other experiment is finished, the Piezotest is
filled with tritium gas again. In addition, after about 186 000 driving cycles the system was
baked out three times at 150 ◦C, 180 ◦C and 180 ◦C. During the last bake-out the system
is connected to the pump again. By doing so the system is evacuated to ≤10−5 mbar for
the rest of the measurements. For more details about the actions performed during the
Piezotest see table 3.3.

Over the whole measurement time automatic and manual measurements are performed to
monitor the performance of the piezo motor. Exemplary sample data of these measure-
ments can be seen in figures 3.10 and 3.11. The remaining data can be found in appendix
A.3 on pages 198ff. In figure 3.10 one can see a change in performance after about 83 000
cycles: the motor needs an increased number of steps to get to a specified position. But
the motor still reaches the limits. About 11 000 cycles later steady degradation in perfor-
mance reaches some kind of plateau after which the performance no longer or just slightly
worsens. By this time the motor needs approximately 1.6 times the number of steps from
one limit to the other compared with its starting value.

After about 186 000 driving cycles and 119 days of tritium exposure two short bake-outs
are performed. Afterwards the motor seems to regenerate and performance remains stable
at a level similar to that at the beginning of the Piezotest. Finally, the third, longer bake-
out is performed which worsens the performance of the motor extremely. The number of
steps increases by a factor of 6 - 7. The steady increase in steps is stopped and reversed
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Table 3.3: Summary of actions performed during the Piezotest. For each action
the absolute pressure at its beginning and end as well as the action’s duration are given.
Note, that the absolute pressure in the system rose due to outgassing and the leak rate
of the vacuum system. In addition, the absolute number of driving cycles is noted.

action absolute
pressure in

mbar

duration
in days

driving cycles after
action

system filled with 0.1mbar
tritium gas with purity of
90%

0.1 - 0.3 16 23 149

system filled with 0.1mbar
tritium gas with purity of
90%

0.1 - 0.75 103 217 558

bake-out at 150 ◦C 0.77 - 1.58 0.25 ∼ 186 000
bake-out at 180 ◦C 1.58 - 2.8 0.25 ∼ 186 000
bake-out at 180 ◦C <10−5 3.2 217 558
filling system with ambient air 1 000 ∼ 21 ∼ 220 650

immediately when the system is filled with ambient air. After that, the number of steps
needed to reach the other limit is again back to its starting value.

From cycle 233 236 on the number of steps reaches negative, nonsensical values (only posi-
tive positions are defined) randomly at every 5th to 200th calibration run with increasing
frequency. The motor is therefore retroactively declared damaged starting at the first
occurrence of this behavior and the Piezotest is stopped.

The same effects on performance can be seen in figure 3.11 where the data of the manual
measurements are plotted against time. In figure 3.12 the same data is plotted against
the number of steps. The motor seems to homogeneously change its performance over the
whole travel range.

In the next section possible reasons for the observed performance changes are discussed.

3.1.6 Results of the Piezotest experiment and discussion

The piezo motor N-310K176 has shown performance changes during the course of the
measurement runs. Those reasons are discussed in the following.

Degradation of performance after about 83 000 driving cycles and reaching a
plateau of performance after about 94 000 driving cycles - The degradation ex-
presses itself in the increasing number of steps needed to move from one end of the travel
range to the other. It can be explained by a slight depolarization of the piezo crystals.
According to the manufacturer the fact that the performance degrades is expected for this
kind of piezo actuator. The number of driving cycles performed before the degradation
takes place is also common for that kind of motor. However, the fact that the degradation
saturates is rather unusual and cannot be explained exactly. Due to the smaller polariza-
tion the motion of the piezo legs is smaller. This can have two different impacts: either
the legs do not completely leave the slider anymore or the bending of the legs becomes
smaller. Both has the consequence that the slider is no longer moved in the same way as
it was before the depolarization.
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Figure 3.10: Plot of the data taken during the automatic measurements. The
number of steps is plotted against the cycles. Points in the range from about 185 000 to
190 000 are missing because of a malfunction of the data acquisition. The first two short
bake-outs and the third long bake-out are each marked by a vertical line. The grey area
beginning at about 220 600 cycles marks the time when system was filled with ambient
air again.

Improvement of performance after short bake-outs of about 6 hours at 150 ◦C
or 180 ◦C respectively - At elevated temperatures a repolarization of the motor is
possible. This repolarization causes an improvement of the performance. The fact that
the motor does not yet degrade from the temperature of 180 ◦C is most likely due to
the short bake-out time: the outside of the primary system had a temperature of 180 ◦C
for 6 hours. But the motor is not installed directly at the wall of the primary system.
Therefore, the motor temperature was probably not that high.

Degradation of Performance by more than a factor of 6 in steps after long
bake-out of more than 3 days at 180 ◦C - The temperature of 180 ◦C is higher than
the specified bake-out temperature of the motor. Above this temperature a depolarization
of the piezo material starts: the oriented dipoles are evenly distributed in the crystal again
and therefore the crystal looses its piezoelectric properties.

Improvement of performance after filling the system with ambient air - Ac-
cording to the manufacturer the fact that the motor performance is improved by filling
the system with ambient air again can be explained by an improvement of its friction
properties.

Damage after 233 236 driving cycles - While the motor can be moved to the end of
the travel range manually, it cannot do so automatically. The limit switches to not work
properly anymore. This indicates that the connection to the limit switches is damaged.
This is also supported by the microscopic examination of the slider after the experiment
is finished. The pictures taken during this examination can be found in figure 3.13.
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Figure 3.11: Plot of data taken during manual measurements with 700 steps.
Each point represents one measurement. The straight and dotted line represent the
mean and error of the reference data before the tritium exposure. At first the measured
distance is stable. From day 15 to 42 there is no measurement as the TRAP fume hood
is needed for other experiments at that period of time (marked blue). The Piezotest is
filled with ambient air during that time. About 20 days after filling the system with
tritium again performance starts to decrease until an almost stable level is reached.
The break afterwards is caused by preparations to bake-out the system (marked red).
Directly after the short bake-outs the travelled distance is similar to the reference again.
The next break is caused by the long bake-out (marked red) as is the following decrease
in performance. During the blue colored time duration from day 160 to day 180 no
manual measurements are performed. Data taken from day 180 on are performed at
ambient air.

Figure 3.12: Plot of data taken during manual measurements plotted against
number of steps. Data taken at six manual measurements are plotted against steps
the motor has to travel. NL and PL are abbreviations for negative limit and positive
limt. At all times the limit switches are reached.
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Figure 3.13: Photographies of the motor slider after the experiment is fin-
ished. In the middle the motor is shown with those positions marked where the mag-
nified pictures were taken. At the top the upper side of the slider is magnified. The
contaminated surface is probably caused by abrasion due to the high number of driving
cycles of the motor. At the bottom modifications caused by the degradation of the motor
performance can be seen (left): the motor got caught at this position and caused higher
abrasion there. This a characteristic artifact if the motor moves to the same position all
the time. At the right side a modification of unknown origin is found.
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3.2 Fibertest: investigation of performance characteristics
of fiber components in a tritium atmosphere

The angular selective electron gun discussed in section 2.3.2 is based on the photoelectric
effect [Her87, Ein05]: UV light in the range of approximately 260 nm to 300 nm16 is used
to emit electrons out of a gold cathode. Since the electron gun is integrated in a tritium
filled primary system the optical setup for UV irradiation is constrained by the following
factors:

• The materials allowed in the primary system are highly restricted by [TLK13].
• (Re-)alignment and replacement in case of damage of all optical components must
be possible at all times.
• Space both in the primary system and the second containment is limited.

Because of these restrictions the optical setup is placed outside of the second contain-
ment and the light is coupled in by a fiber and a fiber feed-through inside of the second
containment. Inside of the second containment a fiber coupled splitter enables the inten-
sity monitoring of the light. The injection into the primary system is done through two
lenses. Inside of the primary system several vacuum compatible fibers are staggered fixed
in which the light of the lenses is injected. These fibers guide the light towards the gold
cathode which is coated at the end of the fibers (for a more detailed description of the
optical setup see section 3.2.1).

However, questions which must be answered before using are (compare beginning of chap-
ter 3):

1. Is the electron rate that is emitted with this optical setup high enough to meet the
KATRIN requirements?

2. Is a fiber feed-through leak-tight concerning tritium?
3. Are the optical properties of a fiber affected by a tritium atmosphere?

To answer the first question a detailed analysis of the respective intensity, losses and rate
is conducted. This analysis is described in section 3.2.1. The answers to question 2 and 3
are given by the so-called Fibertest. This experiment is divided into two parts: Fibertest I
which deals with the leak tightness of a fiber feed-through; and Fibertest II in which the
effects of tritium on the optical properties of fibers are tested. Both experiments are
described in detail in section 3.2.2 and section 3.2.3 respectively.

3.2.1 Calculation of the electron rate of a fiber based optical system for
the electron gun of the Rear Section

In this section question 1 from section 3.2 is dealt with: is the electron rate achievable
with the planned optical setup high enough? To answer the question the optical setup
used at the electron gun and its design considerations are discussed in more detail first
(see section 3.2.1.1). With the knowledge of the optical properties of the components the
expected electron rate can be calculated. These calculations and its results are discussed
in the subsection 3.2.1.2. To test the calculations without the final e-gun setup, the same
calculations were successfully performed for the test setup of the e-gun which was used
at UCSB. The results of these calculations can be found in appendix B.2.

16The work function of gold once exposed to ambient air is in the range of 4.0 eV to 4.2 eV (compare
chapter 4).
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Figure 3.14: Scheme of the optical setup used at the e-gun. The light source
should be able to provide a high enough intensity needed for an electron rate of at least
104 electrons s−1 and a tunable wavelength. The tunable wavelength is important as
the energy spread of the produced electrons is dependent on the difference between the
incident light energy and the work function of the gold cathode. As the work function
could shift over time, a wavelength tunable light source is necessary. To meet this
requirement a laser driven light source with high broadband spectral radiance in the
order of 150mW in combination with a monochromator is used. Through a fiber and
a fiber feed-through the light is guided into the second containment. To minimize the
number of optical components not monitored by the detector, it is installed inside of the
second containment. Therefore, the fiber splitter is connected to the fiber feed-through
inside of the second containment. The usage of a fiber splitter avoids the need for the
light to be ejected from the fiber, focused by lenses into a stand-alone beamsplitter and
re-injected into another fiber. To focus the light through the feed-through window into
the fibers inside of the primary system two lenses are used. To be able to inject the
light in any of the 7 fibers inside of the primary system a translation stage is used. In
principle a Y stage would be suitable to inject the light in each of the fibers as they are
arranged in a vertical line. But to compensate potential variations from this vertical
line, e.g. by production tolerances, an XYZ translation stage is used.

3.2.1.1 The optical setup

For the optical setup commercially available parts are used where ever possible in order
to minimize the development time. In addition, separate optical components like lenses
and beamsplitters are replaced by fixed parts, e.g. a fiber splitter. In doing so the effort
to align the setup and make it ready for use is minimized and aligning of the setup is
simplified.

An overview of the complete optical setup is given in figure 3.14. The specifications of
each optical component is discussed piece by piece in the following:

• Light source: the light source is the laser driven light source EQ-99XFC from
Energetiq17. The light source is directly coupled to a 1m long fiber with an FC/PC18

connector at the end. The diameter of the fiber is 450µm and its NA19 is 0.22. The
spectral radiance of the light source at the end of the fiber is shown in figure 3.15.
To make the spectral radiance of the light source as stable as possible a temperature
stabilization is added.

17Energetiq Technology, Inc. 7 Constitution Way, Woburn, MA 01801 USA
18FC and PC are acronyms. FC stands for fiber channel and PC for physical contact.
19NA is an acronym for numerical aperture. It is a dimensionless number describing the beam width of

a beam of light.
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• Monochromator: the monochromator is of the type DK240 from Spectral Prod-
ucts20. The working principle of this monochromator is based on the Czerny-
Turner principle [Mes08]. The gratings itself are inserted into a turret. The grating
whose peak transmission best fits our needs is the AG1200-00250-686 grating with
1200 g/mm, a peak transmission wavelength of 250 nm and a peak transmission of
70% and the AG1200-00300-686, also with 1200 g/mm, a peak wavelength of 300 nm
and a peak transmission of 72% [Spe09] (see figure 3.15 for the transmission curves
of both gratings). The wavelength accuracy of the monochromator is ± 0.30 nm
[Spe09]. The slit width can be changed between 10µm and 3mm corresponding to
a wavelength width of 0.032 nm to 9.6 nm. Both, the wavelength and the slit width,
can be changed automatically via software control.
To focus the light from the fiber into the monochromator and to inject it into the
fiber after passing the monochromator again, two matching fiber adapters of the
type AFDK240-L-FC [Spe09] are used. These adapters contain UV lenses with
transmissions better than 90%. For better adjustment the adapters provide the op-
portunity to manually change the X and Y positions by 10mm and the Z position
of the fibers by 5mm.
• Fiber outside of second containment: the fiber used outside of the second
containment is a 1.5m long AVA FC-UV600-1,5-SR-FC from Avantes21. It is a so-
larization resistant 400µm fiber with transmission of about 95% after more than 80
hours of irradiation with light at 275 nm [Ava15]. To further improve the transmis-
sion properties of the fiber it is pre-irradiated by the manufacturer for 8 hours. The
attenuation is given in figure 3.15. At both ends of the fiber FC/PC connectors are
fitted.
• Fiber feed-through: the fiber feed-through is custom made and manufactured
by VACOM22. The solarization resistant 400µm multimode fiber with NA of 0.22
is fitted in a threaded flange which can be screwed to the wall of the second con-
tainment. The connector type of the feed-through is FC/PC at both sides. The
insertion loss of the fiber feed-through at 850 nm is less than 0.5 dB.
• Splitter fiber: the splitter fiber is manufactured by FONT23. All used fibers are
solarization resistant multimode fibers with 400µm core diameter. The insertion
losses are expected to be less than 0.5 dB. The length of the input arm is 0.5m. The
length of the two output arms is 0.25m and 0.5m, respectively. The splitting ratio
is 10/90, where 10% of the intensity is injected into the longer output fiber. The
excess losses at the splitter are less than 0.7 dB. At all fiber ends FC/PC connectors
are installed.
• Lenses: the lenses used to focus the light into the fibers in the primary system are
two lenses of the type 48-537 of Edmund Optics24. Theses lenses are aspherically
shaped, to improve the performance of the focusing system, as light entering the
lens at the center and off-axis is refracted to the same focal point. The diameter of
the lenses is 25mm with a clear aperture of 90%. The focal length of the lenses is
27.8mm at the design wavelength of 275 nm. The transmission curve of the lenses
is shown in 3.15. To enable an easy alignment of the lenses and also of the splitter
fiber, they are installed in the cage system of Edmund. The splitter fiber and the
second lens are both positioned at the focal point of the first lens but at opposite

20Spectral Products, 111 Highland Drive, Putnam, CT 06260, USA
21Avantes BV, Oude Apeldoornseweg 28, NL-7333 NS Apeldoorn, The Netherlands, Europe
22VACOM Vakuum Komponenten & Messtechnik GmbH, Gabelsbergerstraße 9, 07749 Jena, Germany
23Fiber Optic Network Technology Co., 2242 - 173 Street, Surrey, British Columbia, V3Z 9Z7 Canada
24Edmund Optics, 101 East Gloucester Pike, Barrington, NJ 08007, USA
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sides of the lens. The cage system is then mounted to the XYZ translation stage.
• XYZ translation stage: the translation stage is used to position the focusing
system in a way that its focus is at the end of a certain fiber inside of the primary
system. It is of the type PT3/M-Z8 from Thorlabs25. The XYZ translation stage is
built by stacking 3 PT1/M-Z8 motors, each with a travel range of 25mm. As the 7
fibers in the primary system are placed in a line of about 8mm this travel range is
more than sufficient. The resolution of one motor is 29 nm26 with a repeatability of
< 1.5µm. The integrated servo actuator Z825B DC enables the automatic approach
of a certain position.
• Feed-through window: the feed-through window is of the type VPCF16UVS-L
from Vacom. It consists of a sapphire window bonded into a CF16 flange. The
transmission curve is shown in figure 3.15.
• Fibers inside of primary system: the fibers are #57-074 fibers from Edmund

Optics, have a core size of 200µm and a length of 16.4 cm. The attenuation caused
by the length of the fiber is wavelength dependent and is given in figure 3.15.
• Detector: the detector used to monitor the stability of the light source and part of
the optical components is an AD421 from Spectral Products. It is a silicon detector
with a size of 5.8mmx5.8mm and a sensitivity of 0.4A/W at 720 nm. The dark
current of the detector is 20 pA [Spe09].
• Titanium and gold layer: the gold layer of the photo cathode is not really a

part of the optical setup. Nevertheless, these layers contribute to the losses of the
light on its way into the gold by reflection and absorption. Both contributions are
discussed in more detail in section 3.2.1.2. The thickness of the titanium layer is
3 nm and the thickness of the gold layer is 37 nm. Both are applied by sputtering
performed at UCSB.

As the properties of each optical component are now known, the overall performance of
the optical setup can be calculated. The knowledge of this enables the calculation of the
e-gun rate. This calculation and its results is presented and discussed in the following
subsection.

3.2.1.2 E-gun rate calculations

The calculation of the electron flux has two main parts: the spectral flux Φ(λ) reaching
the gold layer of the cathode and the probability Γ(λ) to produce an electron which leaves
the gold layer. By integration of the product of both parts the electron rate Ξ of the e-gun
can be calculated

Ξ =
∫ +∞

−∞
Φ(λ) · Γ(λ) dλ. (3.1)

The spectral flux Φ(λ) can be calculated by multiplying the spectral flux of the light
source with all losses at the components of the optical setup:

Φ(λ) = F (λ) ·T 2
a ·Tm(λ) ·Af1(λ) ·At(λ) · (A)s(λ) ·T 2

l (λ) ·Ll(λ) ·Tw(λ) ·Af2(λ) ·R(λ). (3.2)

All factors of this equation are explained in the following:
25Thorlabs Inc, 56 Sparta Avenue, Newton, New Jersey 07860, USA
26The resolution is calculated by the encoder counts per motor revolution and the gear transformation

ratio: as there are 512 encoder counts per revolution and the gear transformation ratio is 67:1 the resolution
is 1mm /(512 encoder counts · 67)
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Figure 3.15: Properties of the optical components. The optical properties of the
light source, of the two different gratings, of the fiber outside and inside of the primary
system, of the lenses and of the feedthrough window are shown. The diagram (1) shows
the spectral radiance of the light source, at the position of the fiber end. The graph is in-
terpolated from data points taken from a diagram provided by the manufacturer [Ene14].
In (2) the transmission through the grating AG1200-00250-686 and AG1200-00300-686
are shown (interpolation on data points taken from a transmission plot provided by the
manufacturer). (3) shows the attenuation of the fiber outside of the vacuum system.
The attenuation is interpolated from data points taken from a diagram provided by
the manufacturer. In (4) the transmission curve of the lenses is shown (interpolated
from data given by the manufacturer [Tho15b]). Diagramm (5) shows the transmission
through the feed-through window interpolated from data points taken from a diagram
provided by the manufacturer [MDC15]. In (6) the attenuation of the fiber inside of the
primary system can be found. The graph is an interpolation of data points taken from
a graph provided by the manufacturer.
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• F (λ) is the spectral radiance of the light source emitted at the end of the fiber
mounted to the light source (compare figure 3.15).
• Ta is the transmission through the lenses of the fiber adapters at the monochromator.
The adapters focus the light into the monochromator and after the monochromator
into the fiber. The value of Ta is given by the manufacturer as less than 90% without
wavelength dependence.
• Tm(λ) describes the transmission through the monochromator. In principle the
transmission curves Tgrating(λ) of possible gratings are given in figure 3.15. How-
ever, the bandwidth b, dependent on the slit width, must be taken into account to
really get the wavelength dependent transmission. Therefore, Tgrating(λ) must be
multiplied with a Gaussian peak with a mean value λpeak and the standard deviation

σ = FWHM
2 ·
√

2 · ln(2)
, (3.3)

where FWHM is equal to the bandwidth b of the grating. Therefore, Tm(λ) is given
by

Tm(λ) = Tgrating(λ) · exp

− (λ− λpeak)2

2 ∗
(

b

2·
√

2·ln(2)

)2

 . (3.4)

• Af1(λ) describes the losses at the fiber. It is composed of the attenuation over the
length of the fiber, Af1,attenuation, the insertion losses when light is injected into the
fiber, Af1,insertion, and the losses caused by a bigger fiber diameter at the entrance
than at the exit of the monochromator, Af1,spot:

Af1(λ) = Af1,attenuation · Af1,insertion · Af1,spot . (3.5)

The insertion loss is expected to be 0.5 dB, which is a conservative assumption
[Gha98]:

Af1,insertion = 1
10 0.5

10
. (3.6)

The value of att in
Af1,attenuation = 1

10att·l10
(3.7)

can be found in figure 3.15 and l is the length of the fiber. As the different fiber
radii before and after the monochromator are rfiber1 = 0.225µm and rfiber2 = 0.2µm
the losses are given by

Af1,spot = r2
fiber2
r2

fiber1
. (3.8)

• At(λ) takes into account the insertion losses at the fiber feed-through, namely

At,insertion = 1
10 0.5

10
(3.9)

or 0.5 dB, and the attenuation over the length of the fiber, which is 5 cm:

At(λ) = At,attenuation · At,insertion. (3.10)

• As(λ) describes the losses at the splitter and its fiber. Therefore, it is the product of
the insertion loss, As,fiberins, the attenuation over the length of the fiber, As,fiberatt,
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and the losses caused by splitting the light As,ratio itself and losses due to the splitting
As,losses:

As(λ) = As,fiberatt · As,fiberins · As,ratio · As,losses. (3.11)

The insertion loss is expected to be 0.5 dB:

As,fiberins = 1
10 0.5

10
. (3.12)

The splitting ratio at the splitter is 90:10, meaning

As,ratio = 90 %, (3.13)

and the losses directly at the splitter are less than 1 dB or

As,losses = 1
10 1

10
(3.14)

according to the manufacturer.
• Tl(λ) is the transmission through the lenses at a certain wavelength (see figure 3.15).
• Ll takes into account all losses due to geometrical optics considerations occuring at

the two lenses which are focusing the light into the primary system (compare also
figure 3.16):

Ll = Llens1 · Llens2 · LNA · Lspot. (3.15)

The first place losses is at the first lens, if the radius of the divergent light cone
from the fiber end r1 is larger than the diameter of the clear aperture of the lens
rca. This loss is described by

Llens1 = Θ(r1 − rca) · r
2
ca
r2

1
+ Θ(rca − r1), (3.16)

where Θ(x) is the Heaviside step function. The losses at the second lens are similarly
caused if the radius of the light cone after the first lens r2 is larger than the radius
of the clear aperture of the second lens:

Llens2 = Θ(r2 − rca) · r
2
ca
r2

2
+ Θ(rca − r2). (3.17)

During the insertion of the light into the fiber there are two possible reasons for
losses: first an angle that is too large compared to the acceptance angle [Gha98] of
the fiber. This loss is described by the formula

LNA = Θ(sin(ϑ)−NAfiber) ·
(tan(arcsin(NAfiber))xlens−fiber)2

(tan(ϑ)xlens−fiber)2 +Θ(NAfiber− sin(ϑ)),

(3.18)
where NAfiber is 0.22, xlens−fiber is the distance from the second lens to the end of
the fibers inside of the primary system and ϑ is the angle of the light on its path
from the second lens to the fiber. Second, a spot diameter that is too large at the
position of the fibers inside of the primary system causes losses. The combination
of both losses can be calculated by

Lspot = Θ(r3 − rfiber3) · r
2
fiber3
r2

3
+ Θ(rfiber3 − r3), (3.19)
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with rfiber3 = 0.2µm and r3 = f2
f1
rfiber2 being the radius of the light cone at the

position of the fibers.
For all these losses at the focusing system it is important to keep in mind that the
design wavelength of the lens system is 275 nm. That means that the position of the
fiber end inside of the second containment and the distance between the two lenses
is optimized for this wavelength. The efficiency of the light injection into the fiber
is not affected by a wavelength change, as the distance between the fiber and lens
can be changed with the XYZ translation stage. The overall losses at the focusing
lenses are 56.9% mainly dominated by the fact that the light spot at the position
of the fiber inside of the primary system is at least 400 nm since the magnification
of two lenses with the same focal length is 1.
• Tw(λ) describes the losses due to absorption and reflection at the feed-through

window. The remaining transmission can be found in figure 3.15.
• Af2(λ) takes into account the losses at the fiber inside of the primary system due to

attenuation and insertion losses:

Af2(λ) = Af2,fiberatt · Af2,fiberins. (3.20)

The insertion losses are conservatively expected to be 0.5 dB or

Af2,fiberins = 1
10 0.5

10
(3.21)

and the attenuation can be found in figure 3.15.
• R(λ) are the losses due to reflection at the sputtered titanium and gold layer:

R(λ) = (1−RAu) · (1−RTi). (3.22)

The second factor of equation (B.3), Γ(λ), describes the processes inside of the gold layer
(compare [Jia98b])

Γ(λ) =PQY,Ti(λ,EWF) ·
∫ xTi
0 I(x, λ)PS(x, λ) dx

xTi

+PQY,Au(λ,EWF) ·
∫ xAu
xTi

I(x, λ) · PS(x, λ) dx
xAu

,

(3.23)

namely the probability to produce an electron PQY(λ,EWF), which is also-called the quan-
tum yield, the absorption inside of the titanium and gold layer I(x, λ) and the probability
PS(x, λ) that an electron produced at position x in the layers reaches the surface and es-
capes there. The reason why both integrals are divided by the distances xAu and xTi, is
to arrive at a mean probability that a produced electron leaves the cathode.

The probability that an electron escapes out of the layers is equal to the probability that
the electron does not scatter on its way to the surface [Jia98b]. This probabiltiy can be
calculated by27

PS(x, λ) = (l − (t− x))2 · (3 · l − (l − (t− x))
4 · l3 if t− x < l

PS(x, λ) = 0 if t− x > l

(3.24)

27The points reachable by the isotropically emitted electron are all within a sphere defined by the free
mean path l which is the radius of this sphere. To derive equation (3.24) the volume of the spherical
segment outside of the gold layer is divided by the overall volume. This is performed at each position x
in the gold layer.
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Figure 3.16: Geometry at the focusing lens system. The light ejected by the
fiber positioned at the focal point of the first lens is propagating towards the first lens
with a half angle of ϑ1. Here the light is collimated. The half opening angle ϑ2 of the
light cone after the collimation is dependent on the radius of the fiber and the distance
to the lens. The second lens is placed in a way that the focal point of the second lens
is at the position of the first lens. In so doing the smallest spot size of the light cone
after the second lens is at the focal point of the second fiber. As the light must pass
the feed-through window as well, it is diffracted on its way to the fiber twice: first it is
refracted towards, then off the horizontal line.

Figure 3.17: Quantum yield calculation by using experimental data. The
calculated quantum yield of gold (black line) interpolated from data given by [Jia98b]
for 25 nm (red dotted line) and 50 nm gold thickness (blue dotted line) is shown.
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where l is the free mean path of an electron in the material, t is the thickness of the
material and x is the position in the material at which the electron is produced. The
energy dependent free mean path for gold and titanium can be found in [Sea79], which is

lAu = 177
E2 + 0.054

√
E (3.25)

in case of gold and
lTi = 143

E2 + 0.054
√
E (3.26)

in case of titanium. That means, that the free mean path in titanium is shorter than
the distance to the surface of the gold layer. Therefore, the first term in equation (3.23)
vanishes.

The light absorption in the different layers is calculated by

I(x, λ) = e(−α(λ)·x), (3.27)

where α(λ) is the wavelength dependent absorption coefficient of the material. For the
calculation this absorption coefficient is interpolated from data given by [Bab15] in case
of gold. Both the light absorption and the probability of reaching the surface as well as
their product is shown in figure 3.18.

The gold quantum yield is derived from data of Jiang et al. given in [Jia98b]. Jiang
has determined the quantum efficiency PQY of gold layers with different thickness if light
is transmitting through the gold layer deposited on sapphire. The measured data is
describable by

PQY = C(λ,Φ)(λ,EWF) · (1−R1(λ)) · (1−R2(λ)) ·
(
e(−x/l) − e(−α·x)

)
· (1− 1/(α · l))−1 ,

(3.28)
where R1(λ) and R2(λ) is the reflection at the air sapphire or the sapphire gold junction,
α is the absorption coefficient in gold28, l is the free mean path and C(λ,Φ) is the bulk
quantum efficiency. As in [Jia98b] the measured gold layer thicknesses are 25 nm and
50 nm, but the thickness of the gold layer of the e-gun cathode is 37 nm, an interpolation
between these two data sets must be performed. For this interpolation the fact is used
that the quantum yield of gold can be described by

PQY(λ,EWF) = a · (λ− b)2, (3.29)

as stated in [Mon91]. In this fit function a is a proportional constant and b is the work
function of the material. In doing so, the available data sets are interpolated.

By using these equations the expected e-gun rate can be calculated. Unfortunately the
work function of the cathode’s gold layer is unknown, although the work function of gold
exposed to ambient air is usually expected to be between 4.0 eV and 4.2 eV [Jia98b]. The
work function could be roughly determined by a comparison of the electron rates achieved
at the e-gun test setup at UCSB and the electron rate calculations for the optical setup
used at this setup. But this comparison does not produce explicit results as no dedicated
measurement runs are performed for that purpose (compare appendix B.2, page 213).
That is why the results of the calculations are always dependent not only on the slit
width and the peak wavelength set at the monochromator, but also on the gold work

28The absorption in the sapphire is neglected
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Figure 3.18: Plots of the light absorption as well as the quantum yield
and the escape probability of electrons in the e-gun gold layer. The black
dotted lines show the light absorption. In the range from 0nm to 3 nm the absorbing
material is titanium and between 3 nm and 40 nm it is gold. The light absorption lines
show a continuous behavior without step but with a small kink at 3 nm as the light is
continuously absorbed but with different absorption coefficients. The probability of no
scattering is plotted by the blue dotted line. The curve is dependent on the free mean
path in the specific material and the position in the material. If the distance to the
surface is larger than the free mean path, the escape probability is 0. The red line is the
product of the light intensity and the probability of no scattering.

function. Plots to visualize the dependence of the electron rate on these parameters can
be found in figure 3.19.

If a gold work function of 4.2 eV and the design wavelength of 275 nm is assumed the
required electron rate of at least 104 s−1 can be achieved even with a slit width of 0.05mm.
This slit width results in an energy distribution with σE ≈ 0.0011 eV, which is far below
the required value of σE ≤ 0.2 eV. For the same work function and wavelength the electron
rate at the maximum slit width of 3mm is 7.26·105 s−1. This maximum slit width results
in σE ≈ 0.07 eV which is still below the required value. If necessary the wavelength can
be changed between 220 nm, the smallest wavelength which is included in this calculation,
and 300 nm at maximum slit width.

Nevertheless, it must be taken into account, that there are some factors that can cause
the electron rate to be smaller than calculated here:

• Neglect of Gaussian beam properties: as the calculation of the optical beam path
is based on geometrical optics, bigger waste caused by the Gaussian profile of the
beam is not taken into account. Especially at the fiber injections this can cause
bigger losses than expected.
• Work function distribution of the cathode: for the calculation a sharp edge is as-
sumed and if the energy of the incoming photon is larger than this edge an electron
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Figure 3.19: Calculated e-gun rates dependent on the peak wavelength set
on the monochromator, the gold work function and the slit width. Left: here
the dependence of the electron rate on the work function of the gold cathode is shown
for 6 different peak wavelengths from 295 nm to 245 nm and a slit width of 0.1mm. As
expected the rate vanishes if the energy of the photon does not exceed the work function
of the material. Middle: the electron rate is plotted for different gold work functions
from 4.0 eV to 4.4 eV and a slit width of 0.1mm against the peak wavelength, set at
the monochromator. As expected the electron rate first increases with decreasing peak
wavelength, but after a certain wavelength the rate starts to decrease again (see chapter
4 for more details). The maximum of the rate is wavelength dependent. Right: in this
plot the dependence of the electron rate on the slit width of the monochromator is shown
for a gold work function of 4.2 eV. A change of the slit width from its minimum to its
maximum can change the electron rate by more than 2 orders of magnitude. If the work
function of the gold cathode is 4.2 eV the maximum possible rate achievable with the
optical setup described is 2.27·106 s−1 at 238 nm.

is produced. But in reality the edge usually has a certain width which can affect
the calculations, especially close to the edge.
• Less than perfect aligned optics: in the calculation all the optical components are
placed exactly at the perfect position and therefore the maximum possible intensity
is transported to the cathode. In reality the alignment of the optics might not be
that perfect. Therefore, it is very likely, that the intensity of the light is less than
the calculated one.
• Solarization of the optical components: due to the irradiation of all optics with UV
light the transmission of these optics could decrease. This is a commonly known
effect especially for fused silica, the material most of the optical components are
made of. Solarization is worst for wavelengths close to 214 nm and getting weaker
for longer wavelengths. Therefore, the effect at the design wavelength of 275 nm is
already reduced. In addition, all components are chosen in a way to further reduce
the solarization losses. For example, the solarization losses of the fiber connecting
the monochromator and the second containment are about 5% at 275 nm according
to the manufacturer. For more details on solarization see section 3.2.3.2.
• Volume effects of the photo effect: the calculated rate has a maximum at wave-
lengths of about 230 nm to 250 nm dependent on the work function of the material.
But in contrast to the expectation, based on [Fre31, May57, Tho57] and measure-
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ments presented in section 4.6, the rate is not decreasing enough towards lower
wavelengths. This is probably caused by an insufficient consideration of volume
effects. These volume effects are described in more detail in section 4.6.

These factors can reduce the measured electron rate at the final setup further. But the
comparison of the calculations with the data at the test setup (compare appendix B.2) has
shown, that the rate is underestimated by about a factor of 3 to 9 for most wavelengths
at the estimated work function of 4.2 eV. This underestimation could be caused by the
conservative estimates during the calculation. In addition σE is expected to be larger
than calculated: the calculation only includes the distribution of the wavelength but
not the distribution of the gold work function. However, the result of the presented
calculations is, that the electron rate produced with the described setup can meet the
KATRIN requirement.

3.2.2 Fibertest I: examination of tritium leak tightness of fiber feed-
throughs

To inject the light from the optical setup of the Rear Section electron gun (which is outside
of the second containment) into a fiber (which is inside of the second containment) a fiber
feed-through is planned to be used. However, a fiber feed-through that does not meet
the requirements on leaktightness standardized by the TLK (which is 10−9 mbar·l/s for
single connections [TLK13]) cannot be used for safety reasons. Therefore the Fibertest I is
performed which aims to determine if a fiber feed-through is leak-tight concerning tritium.

At first an estimation of the expected leak rate based on the available literature is given
in the next section. It briefly introduces permeation theory and then goes on to calculate
the permeation rates for tritium through silicondioxide (SiO2), which is the material the
fiber is made of, as well as epoxy, which is used to glue the fiber to the feed-through.
Then the experimental setup, the measurements and the results of the Fibertest I are
presented.

3.2.2.1 Literature based estimate of tritium leak rate through fiber feed-
throughs

The permeation process of a gas through a homogeneous solid can be divided into three
main parts [Hum98] (see also figure 3.20):

1. Dissolution of the gas at the high partial pressure side of the solid into the solid
2. Diffusion of the gas through the solid
3. Dissolution of the gas at the low partial pressure side of the solid into the gas phase.

The permeation process is driven by the concentration gradient measured normal to the
cross section of the solid. In case of solution in polymers or glasses the saturation value
of the gas concentration at the surfaces is directly proportional to the pressure [Nor57].
The gas concentration C is then given by Henry’s Law [Ste83, Rog54]

C = p · S, (3.30)

where p is the partial pressure of the gas and S is the solubility of the gas in the solid.
Both, solubility S and diffusivity D, are correlated with temperature by an Arrhenius



80 Chapter 3. Investigation of tritium compatibility of Rear Section components

Figure 3.20: Schematic diagram illustrating the main steps of permeation.
At the left side there is a high partial pressure p1 of a gas, on the right side the partial
pressure p2 of the same gas is lower. Because of this, there is a gradient of concentration
in the solid which is in the center between the two gases. Due to this gradient, the gas
is solved at the left side of the solid, diffuses through the solid and is dissolved at right
side of the solid (own figure in accord with [Sch08]).

equation [Hum98, Lee62]:

S = S0 · exp
(
− Es
R · T

)
(3.31)

D = D0 · exp
(
− Ed
R · T

)
, (3.32)

where S0 and D0 are coefficients, Ed and Es are activation energies, R = 8.314·0.239 cal
mol K

[Moh15] is the gas constant and T is the temperature.

As the dissolution process is much faster than the diffusion process, it is assumed that the
concentration at the high partial pressure side is achieved immediately after the exposure
to gas. The relation of the temporal and spatial change of the concentration during the
diffusion process in one direction is given by Fick’s second law [Bar41]:

∂C

∂t
= D

∂2C

∂x2 . (3.33)

The general solution to this partial differential equation in case of permeation through a
finite solid of length l is [Cra75]:

C = C1 + (C2 − C1)x
l

+ 2
π

∞∑
n=1

C2cos(nπ)− C1
n

sin
(
nπx

l

)
exp

(
−Dn

2π2t

l2

)
(3.34)

+ 4C0
π

∞∑
m=1

1
(2m+ 1) sin (2m+ 1)πx

l
exp

(
−D(2m+ 1)2π2t

l2

)
.

In case of the feed-through with length l and no inner starting concentration C0 which
divides the inside of the second containment with tritium partial pressure p1 and the
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outside with p2 = 0mbar, the following boundary conditions

C = C0 = 0 at t = 0, and 0 ≤ x ≤ l (3.35a)
C(x = 0) = C1 = p1 · S at t = 0, (3.35b)
C(x = l) = C2 = p2 · S = 0 at t = 0, (3.35c)

C = C(x) for all t > 0 and 0 ≤ x ≤ l (3.35d)

can be used to simplify formula 3.34 to [Bar41]

C = C1

(
1− x

l

)
+ 2
π

∞∑
n=1

−C1
n

sin
(
nπx

l

)
exp

(
−Dn

2π2t

l2

)
. (3.36)

There are two helpful approximations for this formula, a short-term approximation and a
long-term approximation. In case of the short-term approximation it is estimated that the
concentration of the gas at the low partial pressure side has not yet significantly changed.
Therefore, the finite solid can be approximated by a semi-infinite one (extending from
x = 0 to x→∞). The solution of the diffusion equation is then given by [Cra75]

C(x, t) = C1

(
1− 2√

π
·
∫ x/2

√
D·t

0
·e−y2 dy

)
= C1 · (1− erf(y)), (3.37)

where y = x′−x
2·
√
D·t and erf(y) is the Gaussian integral. This approximation can be used as

long as the concentration at position x = l is small. This is assumed to be the case as
long as the concentration C(x = l, t) is smaller than 1% of C1 [Cra75],

1− erf
(

l

2
√
D · t

)
≤ 0.01, (3.38)

which is the case as long as

⇒ t ≤ l2

(2 · erf−1(0.99))2 ·D. (3.39)

This also means that equation (3.39) gives an estimate of the time needed to get a non-
negligible tritium concentration at the low partial pressure side of the fiber feed-through.

The long-term approximation is used to calculate the partial pressure at the low pressure
side and the leak rate L through the material. In general the pressure change at the low
partial pressure side is given by [Rog54]

dp

dt
= A ·D · S

V · l · p1

(
1 +

∞∑
m=1

2 · cos(π ·m) exp
(
−m2 · π2 ·D · t

l2

))
, (3.40)

where V is the volume of the low pressure side and A is the surface area exposed to the
gas. After a sufficiently long time the linear part of this equation is getting dominant and
the exponential part can be neglected. In that case equation (3.40) becomes

dp

dt
= A ·D · S

V · l · p1. (3.41)

By multiplying this equation with V one gets the long-term approximation of the leak
rate

L = dp

dt
· V = A ·D · S

l
· p1. (3.42)
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Figure 3.21: Schematic of the composition of a fiber feed-through. The inner
core with a diameter of 400 µm consists of fused silica. Proximate to the core is the
40µm thick cladding which also consists of fused silica but differently doped. To glue
the silica parts of the feed-through in the surrounding jacket consisting of ARCAP (a
non-magnetic copper alloy with high corrosion resistance) a layer of about 10 µm of
epoxy is used.

By integrating the pressure at the low partial pressure side can be found to be

p = A ·D · S
V · l · p1(t− tc), (3.43)

where tc = l2

6·D is the time needed to get a constant flow through the material.

The materials of interest in the case of a fiber feed-through are SiO2 and epoxy resin
(compare figure 3.21) both with l = 4.1 cm. The copper alloy housing material ARCAP
and the stainless steel flange are known to meet the requirements on leak tightness and
are therefore not discussed further. In order to calculate the permeation and especially
the diffusion length at a certain time the coefficients D0 and S0 as well as the activation
energies Ed and Es of tritium in the permeated material have to be known. Unfortunately,
in case of tritium these values cannot be found in the literature directly, but in principle
it should be possible to approximately calculate them by using the values of hydrogen
and deuterium: the permeation and diffusion coefficient are inversely proportional to the
square root of the mass of the permeating or diffusing hydrogen isotope [Mar07]:

DH

DT
=
√
mT

mH
bzw. DD

DT
=
√
mD

mH
. (3.44)

This implies that solubility is independent of the mass of the solved isotope29. In table
3.4 some literature values for D0, Ed, S0 and Es for both SiO2 and epoxy resin are given.

In the following the worst case scenario30 is calculated to ensure the highest level of safety.

29The permeability K is defined as the product of solubility S and diffusivity D: K = D · S.
30Worst case means the highest possible diffusivity and solubility at 300K.
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Table 3.4: Values of the diffusivity and solubility parameters D0, Ed, S0 and
Es in case of SiO2 and diffusivity and solubility itself in case of epoxy resin.
Additionally, the reference source and the temperature range in which the values were
measured are given. ∗: in reference [Hum97] the parameters D0, Ed, S0 and Es itself
are not given. +: in [Hum97] solubility is stated without unit and the given value is
4.4 · 10−2. As described in [Rog54] a unitless solubility means cm3 of gas/(cm3· atm).
By assuming STP conditions and using the ideal gas law[Cla34] the number of molecules
per cm3 can be calculated and by so doing the unitless solubility can be converted to
the unit molecules

cm3atm .

gas/solid D0 Ed S0 Es in T source
in cm2

s in kcal
mol in molecules

cm3atm in kcal
mol in ◦C

H2/fused quartz 5.65 · 10−4 10.37 8.01 · 1016 -1.49 300-1000 [Lee62]
D2/fused quartz 5.01 · 10−4 10.52 7.76 · 1016 -1.47 300-1000 [Lee62]
H2/vitreous silica 5.65 · 10−4 10.37 8.0 · 1016 -1.48 300-1000 [Lee63]
H2/vitreous silica 5.65 · 10−4 10.40 9.4 · 1016 -1.36 300-1000 [Lee63]
H2/vitreous silica 3.07 · 10−4 9.68 4.9 · 1016 -2.46 45- 90 [Swa02]
H(atomic)/SiO2 1 · 10−4 4.15 - - - [Gri85]

H2/epoxy resin∗ D∗ = 3.2 · 10−7 cm2

s S∗+ = 1.18 · 1018 molecules
cm3atm 20 [Hum97]

Therefore, diffusivity and solubility are set to the following values:

Dsilica =
√
mH

mT
·DH,silica =

√
1
3 · 5.65 · 10−4 · exp

(
−10.40 · 103

R · T

)
cm2

s (3.45a)

Ssilica = 9.4 · 1016 · exp
(

1.36 · 103

R · T

)
molecules
cm3atm (3.45b)

Depoxy =
√
mH

mT
·DH2,epoxy =

√
1
3 · 3.2 · 10−7 cm2

s (3.45c)

Sepoxy = 1.18 · 1018molecules
cm3atm (3.45d)

With these values the permeation through the two materials can be calculated by solving
equation (3.36) both at the Rear Section electron gun and at the Fibertest I using Mu-
PAD31. For the first case, the electron gun, pressures32 of p1 = 10−8 mbar and p2 = 0mbar
and a fiber length of 4.1 cm is used. The results for permeation through SiO2 and epoxy
resin at different time steps are shown in figure 3.22.

In the diagram showing the permeation in SiO2 one can see that the penetration depth
even after 5 years is well below the 4.1 cm length of the fiber feed-through. Therefore,
no permeation through this part of the feed-through is to be expected. Nevertheless, the
calculations of the permeation through the epoxy resin does not look anything like the
permeation through the SiO2. After 1 year of exposure already, the concentration close to
the low partial pressure end of the feed-through is only 1 order of magnitude lower than at
the high partial pressure side. The reason that the concentration at 4.1 cm vanishes is the

31Multi Processing Algebra Data Tool developed by SciFace Software GmbH & Co. KG, Paderborn
32p1 ≈ 10−8 mbar is the pressure expected in the Rear Section primary system at the position of the

electron gun. Since usage of the fiber feed-through was initially also considered directly at the primary
system, all calculations and experimental tests are performed in a way that an approval of the fiber feed-
through for the primary system is possible. As the fiber feed-through is now only planned at the second
containment the p1 ≈ 10−8 mbar is used as a very conservative way of calculating the expected leak rate.
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Figure 3.22: Permeation through SiO2 and epoxy resin dependent on the
position inside the permeated material under KATRIN conditions. Both
diagrams show 5 graphs, each at another point in time after exposing the material
to tritium. On the left diagram the permeation through SiO2 and on the right side
through epoxy resin after 1 to 5 years of exposure time are shown.

Figure 3.23: Permeation through SiO2 and epoxy resin dependent on the
position inside the permeated material under Fibertest I conditions. In the
left diagram the permeation through SiO2 and on the right side through epoxy resin
after 1 day to 7 weeks of exposure time are shown.
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boundary condition defined in equation (3.35c). The condition defines the concentration
at the low partial pressure side as 0 at any time. By using equation (3.39) the time t
when the concentration at the low partial pressure side is higher than 1% of C1 can be
calculated as

t . 42.5days. (3.46)

The expected leak rate through the fiber and the surrounding epoxy can be calculated
by using the long-term approximation assuming a steady state inside of the fiber and the
epoxy (see 3.41). It can be calculated by

L = dp

dt
· V = ASiO2DSiO2SSiO2

l
p1 + AepoxyDepoxySepoxy

l
p1 (3.47a)

= (3.06 · 10−27 + 6.22 · 10−26)mbar · l
s (3.47b)

= (6.52 · 10−26)mbar · l
s (3.47c)

where ASiO2 = π·4402 µm and Aepoxy = π(4502−4402)µm are the areas of SiO2 and epoxy
facing the tritium gas (compare figure 3.21), p1 = 10−8 mbar is the pressure at the high
tritium partial pressure side and solubility S is transferred into the dimensionless value
by multiplying with 2.7·10−19 [Rog54]. The calculated leak rate of the fiber feed-through
is 16 orders of magnitude lower than the required leak rate.

However, since the calculation of tritium diffusivity from hydrogen diffusivity does not
necessarily reflect reality (see [Lee62]), the theory must be confirmed by an experiment.
That is why the so-called Fibertest I, which is described in the following section, was built
up at the TLK.

3.2.2.2 Experimental setup of the Fibertest I

Figure 3.24 shows the experimental setup that is used to determine the leak rate through
an optical fiber feed-through. It mainly consists of two vacuum vessels, one acting as
the primary system containing the tritium gas and the other containing ambient air and
acting as a measurement chamber. Both vessels are separated by a flange with an optical
fiber feed-through produced by VACOM33. The flange is a standard flange of the type
DN40 CF-MM400UV- FCPC-1 with minor modifications: the flange is produced out of
316L steel where possible and cutting edges as well as staggered tapped blind holes are
placed on both sides of the flange. That way tritium can only get into the measurement
chamber by permeating through the fiber feed-through.

The Fibertest I is installed in the TRAP fume hood for safety reasons. The infrastructure
of this fume hood, such as the backing pump and the turbopump, can be used. Tritium
sample cylinders prepared by the TLK infrastructure can be connected to the setup
(compare figure 3.24) and the gas is expanded into the sample chamber. Evacuation is
done by the TRAP pumping system. The tritium partial pressure inside of the primary
system can be calculated from the partial pressure and the volume of the test gas cylinder
and the volume of the primary system.

To measure the tritium permeated through the fiber feed-through an ionization chamber
DT D-MLB of the company PREMIUM Analyse34 is connected to the measurement

33VACOM Vakuum Komponenten & Messtechnik GmbH Gabelsbergerstraße 9, 07749 Jena, Germany
34PREMIUMAnalyse, ZAC Euromoselle, 9 rue de la Fontaine Chaudron, 57140 norroy-le-veneur, France
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Figure 3.24: Experimental setup of the Fibertest I. The setup mainly consists
of two vacuum vessels. The primary system vessel is built up from a standard DN40
CF pipe sealed by a DN40 CF flange with T-shaped pipe and a DN40 CF flange with a
fiber feed-through. The measurement vessel is built out of a DN40 CF pipe installed at
the feed-through flange and a DN63 CF pipe. The DN63 CF pipe is sealed by a flange
in which the ionization chamber is installed. The whole setup must be placed in a fume
hood for safety reasons.

chamber. Ionization chambers are gas-filled radiation detectors [May07] and which are
commonly used in tritium analytic [Dem12]. Their measurement principle is based on the
ionization of the gas in the chamber by, in this case, the electrons produced by the tritium
beta decay and a measurement of the resulting anode current [Wor05, Hal12, Leh11]
(compare figure 3.25). At that the measured signal not only depends on the activity in
the chamber but also on the applied voltage between anode and cathode [May07, Ahm14]:
at low voltages the number of electrons reaching the anode is relatively small as most of the
electrons recombine with other ions. The number of electrons detected can be increased by
increasing the voltage between the electrodes until it saturates at the saturation voltage.
At this voltage, the measurement signal reaches a plateau as all produced electrons are
collected. The region of this plateau is called the ionization chamber region [May07].
Usually the saturation voltage applied to get a current of the plateau is in the range from
about 100V to 200V [Leh11]. If much higher voltages are applied between the electrodes,
the energy of the electrons produced during the first ionization process is high enough to
further ionize the gas and produce a lot of electrons and ions [Hal12].

Due to the fact that the average energy needed to ionize a gas is almost independent from
the gas itself, basically any gas can be used to fill an ionization chamber [Ahm14]. For
that reason ambient air, as it is used during the Fibertest I, is commonly used as the filling
gas. The cylindrical geometry of the ionization chamber DT D-MLB is also one of the
most common ones [Ahm14]: this geometry mainly consists of an outer metallic cylinder
and a central anode. Due to this geometry the electrical field strength close to the anode
is increased compared to the cathode. For that reason electrons reach the anode much
faster than the positive ions reach the cathode, which increases the collection efficiency of
the ionization chamber. The DT D-MLB consists of a cylindrical wire grid as a cathode
with a volume of 100 cm3 and a typical noise value of 0.01 fA. The reason why the cathode
is built out of a wire grid is that the large surface of a solid electrode would increase the
background signal of the measurement and probably affect the whole measurement due
to surface contamination [Wor05].
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Figure 3.25: Cut-view of an ionization chamber. β-electrons produced in the
tritium decay ionize the gas molecules in the volume between the cylindrical cathode
and the anode in its center. The generated charges are divided by the electrical field
between cathode and anode. The resulting current is the measurement signal of the
ionization chamber which can be measured with an ammeter.

The ionization chamber DT D-MLB is connected to a feed-through seal DT PE-BTD
installed in a DN63 CF flange. The preamplifier DTP-LN 1B8 is connected to the feed-
through directly at the outside of the measurement chamber. The expected detection
limit is calculated in the following: the measuring range of the preamplifier is 0.04 fA to
40 nA with a conversion factor of 380 kBqm−3 fA−1. The sensitivity in this range is 2 aA
and the accuracy is 0.5% of the reading and ± 0.2 fA additionally. As the volume of the
measurement chamber is V =0.00078m3, the lowest activity A which can be detected
with the preamplifier is

A = (11.9 ± 59.3) Bq. (3.48a)

The activity is given by [Mar13]

A0(n = 1mol) = λ ·N = λ · 2 ·NA · n = λ · 2 ·NA · 1mol (3.49)

and
A = A0

p · V · TSTP
pSTP · V1mol · T

, (3.50)

where λ = ln(2)
thalflife

is the decay rate, thalflife = 4500days [Luc00] is the half-time of tritium,
N is the particle number, n = N

2·NA
is the amount of substances35, NA = 6.02214082(18) ·

1023 mol−1 is the Avogadro constant [Moh15], V1mol = 22.710953(21) · 10−3 m3 [Moh15]
is the volume of 1 mol at STP conditions and pSTP and TSTP are standard temperature
and pressure [Cox82]. The lowest detectable pressure can be calculated to

p = A · thalflife
2 · ln(2) ·NA

pSTP · V1mol · T
V · TSTP

(3.51a)

= (1.77 ± 8.83) · 10−10 mbar. (3.51b)

That means that the ionization chamber is able to detect tritium at the latest if the
tritium partial pressure in the measurement chamber exceeds the given pressure value.

35The factor 2 is necessary as tritium is present as a diatomic molecule.
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After this pressure is reached it measures with a sensitivity in the order of 10−11 mbar.
Therefore, it is possible to check whether the fiber feed-through meets the requirement
on leak tightness of less than 10−9 mbar l/s with this experimental setup. How the
measurements are performed is described in the next section in detail.

3.2.2.3 Measurement procedure and execution of measurements

The Fibertest I experiment mainly consists of two parts: the reference measurement and
the tritium measurement. The data taken during the reference measurement functions
as a comparative value, how the system behaves inside of the TRAP fume hood when
it is connected to the TRAP infrastructure. This is important, since the temperature
in the laboratory and also the local exhaust ventilation of the fume hood follows the
alternation of day and night and a temperature change could affect the measurement
as the ionization current is dependent on the temperature [Hec13]. In fact, the used
ionization chamber already has a temperature sensor implemented which is used to correct
for temperature effects, nevertheless it must be checked if and in which way temperature
affects the measurement. Additionally, the vibrations produced by the pumps could
influence the measurement and the system could show a drift.

One possible reason for a drift (in addition to a drift in the electronics of the ionization
chamber itself) is that the grid of the ionization chamber was already exposed to tritium
before. Although the grid was carefully decontaminated several times with the result that
the surface contamination was in the order of the detection limit36 of 0.02Bq/m2, tritium
which was diffused in the material of the grid could escape during the measurement.

In contrast to the tritium measurement during the reference measurements the primary
system is pumped down continuously. Once the tritium is filled into the primary system,
the tritium measurement starts.

The time tritium needs to permeate through the fiber feed-through can be estimated by
using equation (3.39), which gives the time needed to increase the tritium concentration
in the measurement chamber to 1% of the tritium concentration of the primary system.
The time is

t ≤ 79.25 days, (3.52)

calculated with the diffusion coefficient of epoxy resin. If the tritium partial pressure in
the primary system is 10−8 mbar and therefore comparable to the conditions we want
to qualify the fiber feed-through for, this would mean, that even after about 80 days the
pressure in the measurement chamber would be in the order of 10−10 mbar. As this pres-
sure is in the order of the detection of the ionization chamber, even longer measurement
times would be required to measure a significant permeation. Therefore, the fact that
permeation is directly proportional to the partial pressure is used to shorten the needed
measurement time during tritium measurement. The only restriction of the tritium par-
tial pressure in the primary system is that the tritium activity in the fume hood must
not exceed 1010 Bq. As the test gas cylinder has a volume of (10± 1) cm3 its maximum
allowed tritium partial pressure is (10.6± 1.1)mbar. If this pressure is expanded into the
primary system with a volume of (161.0± 1.1) cm3, the pressure in the primary system is
about (0.6± 0.1)mbar.

36The surface contamination is measured with a wipe test, which is dissolved in a scintillation liquid.
The analysis takes place in a liquid scintillation counter.
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Figure 3.26: Plot of data taken during the Fibertest I. The reference data is
shown in black, the tritium data is shown in blue. Each second one measurement was
performed over the whole measurement time.

For these Fibertest I conditions again MuPAD calculations are performed before the ex-
periment started. In figure 3.23 the results of these MuPAD calculations for Fibertest I
conditions are shown. From the calculations of the permeation in silica it can be seen,
that even after 7weeks the penetration depth of tritium does not exceed 0.08 cm. How-
ever, tritium permeating through the epoxy resin reaches the low partial pressure side
sometime between the first and the second week. Note that the faster timescale com-
pared to the calculations under KATRIN conditions is only caused by the higher tritium
partial pressure at the high partial pressure side. Due to these results, the data in the
Fibertest I can be analyzed by assuming only one material the tritium permeates through,
as no tritium should be able to permeate through the silica part of the fiber feed-through
within the measurement time.

In the experiment the duration of the reference measurement was 9 days 1 hour and
43minutes (compare figure 3.26). The system was then filled with a tritium gas mixture
with a tritium purity of 95± 5%. As the test gas cylinder was filled with 10± 0.5mbar of
this gas mixture the overall pressure in the primary system was 0.62± 0.07mbar directly
after the expansion of the gas. This leads to a tritium partial pressure of 0.59± 0.07mbar.
Note, that due to wall effects and exchange reactions the tritium partial pressure in the
gas phase is decreasing with time. This decrease cannot be monitored during the mea-
surement. After approximately 61 days of tritium exposure another experiment started
in the TRAP fume hood in parallel. The vibrations caused by the work in the fume hood
on this additional experiment disturbed the Fibertest I measurements so much, that the
taken data cannot be used. Therefore, the data is cut off after 70 days and only data
before the cut-off is analyzed. The analysis of this data is described in more detail and
discussed in the following section.
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Figure 3.27: Plot of data used for data analysis of the Fibertest I. In black,
azure and dark blue the data which is used for analysis and in gray and light blue the
data which is not used for analysis is shown. For better visibility the range of unused
data is shaded in gray additionally. The linear fits between day 0 and day 9 as well as
between day 10.98 and 28.951 are drawn in with a green line. The exponential increase
after day 28.951 is fitted with the red line.

3.2.2.4 Results of Fibertest I and discussion

Before a detailed analysis, the data is first cleaned up: in figure 3.26 all the data (one
measurement each second) is shown. As already discussed in the last section data after
day 70 are cut-off. In addition, one can see at 6 positions in figure 3.26 peaks in the
current value in positive or negative direction (twice at about 9 days and one at about 44,
56, 66 and 70 days each). These peaks are caused by a power-up after the deactivation
of the ionization chamber for data read-out and a kind of warming phase of about 5
minutes from power-up. This data is also not used for the data analysis. Furthermore,
the data of each minute is averaged to one measurement point. This is done to reduce
the memory requirements and to speed up the analysis. The error of the minute values
is calculated by the RMS deviation of the second values and the systematic uncertainties
of the measurement. The plot of the cleaned up data is shown in figure 3.27.

By looking at figure 3.27 some general observations can be made which are listed in the
following:

• The current data of the reference measurements drifts towards higher currents. The
drift seems to be linear.
• There is a sudden increase after 8 days and 2 and a half hours shortly before the
tritium gas is filled in. It can be ruled out that there was a sudden increase of
activity in the measurement chamber at that time as both measurement chamber
and primary system are sealed and no tritium was filled into the primary system
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Table 3.5: List of values of the fit parameters used to analyze the Fibertest I
data. For reasons of clarity and comprehensibility additional to the fit parameter names
the fit functions to which the parameters belong is given in the first column. The values
and also the errors of these values, given in the fourth column, are calculated using
ROOT.

fit function parameter value error

f1
c1 5.852·10−16 A 7.0·10−19 A
c2 2.554·10−17 Ad−1 1.5·10−19 Ad−1

f2
c3 6.635·10−16 A 2.0·10−18 A
c4 2.540·10−17 Ad−1 1.2·10−19 Ad−1

f3

c5 1.060·10−16 A 3.0·10−19 A
c6 54.62 d 0.13 d
c7 7.944·10−15 A 2.0·10−17 A
c8 3.754·10−2 d−1 2.0·10−4 d−1

so far. This increase is most likely caused by the work at the fume hood during
connection of the test gas cylinder to the Fibertest I experiment.

• There is no significant change in the current data visible directly after the tritium
gas was filled into the primary system.
• After the sudden increase the current slowly decreases. As the increase and decrease
in current does not seem to be caused by an activity change in the measurement
chamber but by an instability of the ionization chamber this data is not used for
data analysis.
• After the current decrease stops there is a slight drift in the data towards higher
currents noticeable again. This drift also seems to be linear.

Due to these observations the data is analyzed by using

f1(t) = c1 + c2 · t , t < 8.103days, (3.53)
f2(t) = c3 + c4 · t , 10.98 days ≤ t < 28.951days and (3.54)
f3(t) = (c5 · (t− c6) + c7 · exp(−c8 · t)) + f2(t) , 28.951days ≤ t < 70days (3.55)

as functions which are fitted to the data in the given time ranges. The linear functions f1
and f2 are chosen as the current value seems to linearly increase in this particular field.
f3 is chosen since the pressure at the low pressure side before reaching the linear regime
is given by the general formula37 [Rog54]

p = A ·D · S
V · l · p1

t− tc − 2 · l2
π2 ·D ·

∞∑
m=1

(−1)m
exp

(
−m2·π2·D·t

l2

)
m2

 (3.56)

plus drift with the fixed values from f2.
The time range of f1 is defined by the sudden increase. The ranges for f2 and f3 are found
by calculating the mean residues per measurement point for each fit and by minimizing
the sum of both mean residues per measurement point (for more information see appendix
A.2 on page 199).
All fits are performed with ROOT38 and the resulting fits are also shown in figure 3.27. In
addition, in figure 3.28 the residues of the three fits are plotted. These three plots indicate,

37Note that the sum of formula (3.56) vanishes at large t, so that the formula changes to equation (3.43).
38ROOT is an object oriented data analysis framework for large scale data analysis developed at the

European Organization for Nuclear Research Conseil Européen pour la Recherche CERN.
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Figure 3.28: Residues of functions fitted on the Fibertest I data. In graph (1)
the distribution of the reference data (black) and of the tritium data (azure) described
by a linear increase is shown. Both distributions have their maximum close to 0. In
addition, the mean and RMS deviation values for both distributions are given (reference
data on top). In the graph below (2) the residues of both data sets (same colors as
before) are plotted against the time. The residues are statistically fluctuating around
zero deviation. In the two graphs below the distribution (including mean and RMS
deviation values) of the residues (3) and the residues of the tritium data described by an
exponential increase itself (4) are shown. As before the distribution maximum is close
to 0 deviation and the residues are statistically fluctuating around 0, meaning that the
chosen exponential fit seems to be suitable.
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that the fit functions are suitably chosen. In table 3.5 the calculated fit parameters are
given. It needs to be mentioned that within the errors the slopes of f1 and f2 are equal, but
not the y intercepts. That might be an indication for a systematic drift of the ionization
chamber. Therefore, the addition of f2 to f3 seems to be suitable as well.

By comparing equation (3.56) and the function f3 one notices that parameter c4 is equiv-
alent to tc, the time needed to get a linear behavior of the pressure. That means that
after 54.62 days the activity in the measurement chamber should linearly increase with
the value of parameter c5 which is the gradient of the pressure increase. From the value
of c5 the increase of the tritium partial pressure inside of the measurement chamber can
be calculated to

dp

dt
= (4.68 ± 0.09) · 10−10 mbar

s (3.57)

by using equation (3.51b). The theoretically expected pressure change, calculated by using
equation (3.41), would be dp

dt = (4.76 ± 0.60) ·10−18 mbar
s . That means that the difference

between the calculated and the experimentally determined value is 7 orders of magnitude.
This can at least partially be explained by using diffusivity and solubility values for
tritium which are extrapolated from hydrogen and deuterium. In the case of deuterium
other measurements also found a difference between of experimentally determined and
extrapolated diffusivity and solubility values [Lee62].

The leak rate measured with the ionization chamber is

L = (3.65 ± 0.08) · 10−13 mbar · l
s , (3.58)

which is already 4 orders of magnitude below the TLK requirement of 10−9 mbar·l
s . If a

partial pressure of 10−8 mbar at the high partial pressure side is assumed, the leak rate
would be even lower by about 7 orders of magnitude.

Even if a pressure difference of 1 bar between the high and low pressure side is assumed
(which roughly means a pressure difference 3 orders of magnitudes higher than during the
Fibertest I) as it is usually the case during helium leak tests, the leak rate would still be
below the requirement as permeation is linear to the partial pressures. Due to this the
decrease in tritium partial pressure in the gas phase caused by wall effects and exchange
reactions, which is not expected to decrease the tritium partial pressure by several orders
of magnitude, should not significantly change the results of the Fibertest I.

In conclusion the tested fiber feed-through implemented in a DN40 CF flange meets
the requirements of the TLK and can be used to seal at least the second containment.
The usage of such a fiber feed-through at the primary system of a tritium facility seems
to be feasible as well. Nevertheless, a dedicated experiment similar to the Fibertest I
demonstrating the feasibility at higher tritium partial pressures would be needed.

3.2.3 Fibertest II: Investigation of influence of low pressure tritium at-
mosphere on optical properties of UV fibers

In this section question 3) from the beginning of chapter 3 is answered: what influence do
the tritium exposure and radiochemical effects caused by it have on the optical properties
of optical fibers optimized for the UV light range? Finding an answer to this question
is important since the e-gun rate and its stability is affected directly by changes in the
optical properties of the fibers which guide the UV light towards the gold cathode were the
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electrons are produced. The Fibertest II experiment is designed to answer this question
by measuring the transmission properties of fibers during a tritium exposure.

Before the Fibertest II experiment and its results are discussed in more detail in subsec-
tions 3.2.3.3 to 3.2.3.7 the requirements for the optical components itself are deduced from
those for the Rear Section e-gun as presented in subsection 3.2.3.1. The e-gun operating
parameters which can affect the optical properties of a fiber in general are discussed in
subsection 3.2.3.2.

3.2.3.1 Stability requirements on the e-gun and its optics under KATRIN
conditions

The stability of the Rear Section e-gun rate is of importance for monitoring the operation
parameters of both the WGTS and the spectrometer. As mentioned in section 2.3.2, the e-
gun electron rate of about 104 s−1 must be stable within 0.1% over several minutes (during
the column density measurements at the WGTS, the transmission function measurement
and the work function calibration at the main spectrometer). For measurements of the
energy loss function the same level of stability has to be maintained for several hours.

There are four factors which can affect the e-gun rate stability. These are the work func-
tion and the thickness of the gold layer, the intensity of the light source and transmission
properties of the optical setup:

• A change in the gold work function changes the energy of the light needed to get
electrons out of the gold layer. That means, that it directly affects the electron rate.
This effect is further increased by the fact, that the absorption and reflection as well
as the light intensity are wavelength dependent. In addition, the mean free path
of the electrons inside of the gold layer changes with the work function (compare
3.2.1.2). However, it is not expected that the gold work function of the cathode
changes. Jiang et al. measured the quantum efficiency of gold films irradiated by
UV light at 257 nm at a pressure of about 10−7 mbar in [Jia98b]. After a degradation
in the first 3 weeks by a factor of 3 the quantum efficiency remained stable for more
than 10 days. As the quantum efficiency is connected to the work function this
result implicates that after an initial measurement time of about 3 weeks the work
function should remain stable as well.
• A change in the thickness of the gold layer changes both the possibility of emitting
an electron and the possibility of producing an electron that reaches the surface of
the cathode without scattering. This is caused by the fact that the path of the light
and of the electron through the layer is decreased. A reduction of the gold layer
thickness can only occur through ion bombarding caused by the attractive potential
of the cathode with negative potential. This should effectively be prevented by the
usage of the dipole electrodes of the Rear Section [Bab14].
• A change in the intensity of the light source directly affects the electron rate. How-
ever, it is possible to detect intensity fluctuations of the light source using the
detector that is installed at one of the splitter fibers (compare figure 3.14 at page
68). The monitoring of the light source intensity effectively allows eliminating the
influence of an unstable light source.
• A change in the transmission properties of the optical setup also changes the amount
of photons available to eject electrons. Part of the transmission properties are
monitored with the detector, just as the stability of the light source is. However,
since the detector is not installed directly at the entrance position of the light
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into the gold layer but rather behind the splitter in the second containment, the
transmission of the focusing lenses, the feed-through window and the fibers inside
of the primary system are not monitored by the detector.

Due to all these factors, the 0.1% stability requirement of the e-gun can only be met, if the
transmission of the system consisting of the focusing lenses, the feed-through window and
the fibers inside of the primary system also meet this requirement. However, the fibers
are exposed to tritium which might cause a significantly different transmission behavior
during the e-gun operation. To make sure that the tritium environment is not preventing
the e-gun from achieving the intended stability it must be tested if the transmission of
the fibers is affected by tritium.

The theoretical changes in a fiber caused by tritium are discussed in the next section to-
gether with all the other possible changes caused by the operating parameters of KATRIN.

3.2.3.2 KATRIN measurement conditions affecting the optical properties of
fibers

Before discussing possible causes of a degradation of the optical properties of fibers that
are used inside of the primary system, some general remarks on those fibers and the
structure of the fiber material are necessary [Gha98]: the fibers used at the e-gun are so-
called step index fibers. They consist of a core with refractive index n1 and a surrounding
cladding with refractive index n2. Light which is injected into the fiber is guided through
the fiber by total refraction as long as the angle between the perpendicular and the light
path is more than

ΦC = sin−1
(
n2
n1

)
(3.59)

(compare figure 3.29). That implies that the maximum acceptance angle of a fiber is
given by

ϑmax = sin−1
( 1
n0
·
√
n2

1 − n2
2

)
. (3.60)

As the fibers used at the e-gun are made of fused silica and the refractive index of fused
silica is wavelength dependent [Mal65] it is quite evident that both ΦC and ϑmax are also
wavelength dependent. The transmission characteristic of the fibers is dependent on the
difference of the refractive indices of core and cladding.

Fused silica itself is an amorphous material with a short range order which dominates
its general properties [O’R83]. Therefore, the structure of fused silica is called an ideal
continuous random network [Gri85] (see figure 3.30). In this structure point defects can
be incorporated (described in detail in [Sal11]): one of the best known point defects is the
E’ center, where a silicon atom is bonded to 3 oxygen atoms leaving an unpaired electron
in the network (compare figure 3.31). Overall there a 4 different types of E’ centers,
all with an absorption band in the energy range above 5.2 eV. Therefore, this kind of
defect is not really important for the e-gun. A more important defect might be the non-
bridging oxygen hole center (NBOHC), where one oxygen has a dangling bond [Dev90].
Its absorption band is at 4.8 eV with a FWHM of 1.07 eV [Pac00]. Another defect with an
absorption band in the energy range of interest is the peroxy radical [O’R83]. This defect
is characterized by a silicon with only three bonds to oxygen atoms in combination with
an oxygen-oxygen bond at another silicon atom. For this defect an absorption band of
5.4 eV with FWHM of 1.3 eV at the surface of SiO2 is found [Pac00]. More point defects
in fused silica can be found in [Gri91, Sal11, O’R83]. Overall the absorption coefficient
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Figure 3.29: Design of step-index fibers with cylindrical central core. Left: a
fiber consists of a core with refractive index n1 and a cladding with refractive index n2.
Light with an angle ϑ to the horizontal smaller than ϑmax is guided by total reflection
through the fiber, as the angle to the perpendicular at the core cladding junction inside
of the core is always larger than the angle of total reflection ΦC. Right: here a diagram
with the refractive index as y-axis and the distance to the center of the fiber on the x-
axis is shown. To enable the total reflection at the core cladding junction the refractive
index of the core n1 must be larger than the refractive index n2 of the cladding. In case
of the fibers used at the e-gun the values n1 = 1.458, n2 = 1.441 , rcore = 100µm and
rcladding = 10µm measured from the outside of the core are given by the manufacturer
Edmund optics GmbH.

of fused silica with its natural defects is about 10−3 cm−1 between 200 nm and 300 nm
whereas it is about 10−5 cm−1 between 500 nm and 700 nm [Gri91].

The absorption as well as the density and the refraction index of fused silica fibers can
be changed by any kind of irradiation [Hir05] as point defects of the described kind and
others are created [Gri91]. In addition, a vacuum is known to have an effect on the
transmission properties of SiO2. The fibers of the primary system are exposed to UV
light of maximum 82µW at 275 nm and ionizing radiation of less than 2·105 Bq39 or
1.6·10−7 Gy/s40. In addition, the fibers are also exposed to a vacuum of about 10−8 mbar,
where the remaining gas is mostly composed of hydrogen isotopes. All these KATRIN
measurement conditions can have an effect on the optical properties of the fibers. These
effects are discussed in more detail in the following:

In case of UV light irradiation of silica, it is known that defects are generated that
cause both solarization and densification of the glass [Mar97]. E. A. Nevis has reported
in his work [Nev85] that the irradiation of different all-silica fibers with a pulsed UV
laser causes a sharp decay of the transmission with a quasi exponential behavior at short
exposures and a linear behavior with low slope at longer exposures regardless of the fiber
size. The decay time and the amount of decay is dependent on the intensity of the light,
but a significant effect can already be observed at pulses with an energy of 0.001 of the
surface damage-threshold energy. The loss in transmission is caused by an absorption
peak at 260 nm. After a time period of 2 to 3 weeks the transmission recovers again to
10% of its initial value. Nevis assigns the formation of color centers, which are related
to point defects [Cou67] like E’ and NBOHC [Nat04] in the silica, as the reason for the
transmission losses. W. Primak and R. Kampwirth also observed this effect. They were

392·105 Bq is the acitivity in the e-gun chamber as given in the Rear Section Technical Design Report
for the primary vacuum system, second containment and support structures.

40This dose rate is calculated by multiplying the mean electron energy of the tritium decay, 5.7 eV, with
the activity in the e-gun chamber of 2·105 Bq divided by the mass of the fiber. The mass is calculated
with the density of UV fused silica of 2.202 g cm−3 given by Newport [Cor15], the diameter of 200µm and
the length of the fibers of 16.4 cm.
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Figure 3.30: Visualization of the basic structure of amorphous SiO2. The
basic building block of amorphous SiO2 is an SiO4 tetrahedron with an O-Si-O bond
angle of β =109.5◦ and a Si-O-Si angle of α =120◦ - 180◦. The tetrahedrons are joined
in rings of variable amount of tetrahedrons. The smallest possible ring is built out of 3
tetrahedrons, but the most common one is a 4 membered ring also shown in this figure
[Dev94].

Figure 3.31: Visualization of the E’ defect, NBOHC and peroxyl radical 1)
shows the E’ defect. The red dashed circle marks the dangling bond at the silicon atom.
In 2) the NBOHC is shown. In case of this defect the dangling bond is at an oxygen
atom, which is also marked by a dashed circle. In 3) the two parts of the peroxyl radical
are drawn. This defect is characterized by an oxygen vacancy and an oxygen-oxygen
bonding (own figures according to [Sal11]).



98 Chapter 3. Investigation of tritium compatibility of Rear Section components

not able to find a threshold energy for the production of color centers in SiO2.

In addition to the production of color centers, the density and as a result the refraction
index of fused silica can also be changed by UV irradiation [Nat04]. The change in density
is found to be possible in both directions, meaning compaction at high to medium and
compaction combined with rarefaction at low doses of irradiation. The first one causes an
increase, the second one a decrease of the refractive index. The largest measured changes
are in the order of 10−5 in case of increase and about 10−6 in case of decrease. As the
refraction index of the core and the cladding of the fiber are optimized to each other for
a certain wavelength, this can cause a change in the properties of the fiber. But due to
the small changes in the refractive index the effects on the acceptance angle ϑmax and ΦC
are only in the order of at maximum 10−4 degree or -10−4 degree, respectively (compare
B.2). Besides the fibers, the lenses are also affected by the UV light or more precisely
their focal length. However, the change of the focal length is very small, meaning several
10 nm. That means the change in refraction would not cause further losses.

A third effect caused by the UV irradiation of fibers is hydrogen consumption. During the
irradiation hydrogen is absorbed by the generated E’ defects and NBOHC. The consump-
tion adds up to about 70% of the initial hydrogen content of the fiber [Nat04]. If this is
also true for tritium the incorporated tritium could decay directly as part of the network.
This might enhance the effect of the ionizing radiation further. The effects on fused silica
caused by ionizing radiation are in general similar to those of UV irradiation: it can
cause the generation of defects with absorption bands, a densification and as a result a
change in the refraction index as well as a possible change in the trapping probability and
the diffusion coefficient of hydrogen isotopes.

The defect generation under radiation can be divided in three basic processes [Gri85]:
radiolysis, which is the atomic rearrangement induced by any kind of radiation; the dis-
placement damage, resulting from the transfer of momentum and energy from the incident
particle usually in the range from 4 eV to 25 eV to an atom of the network by which bonds
are broken; and the electron rearrangement at already existing defects. Especially in
case of the first and the second processes the generated defects, like oxygen vacancy cen-
ters as E’ centers, are known to induce absorption in the range of 200 nm to 400 nm
[Dec04, Mar97, Leo09], which rapidly reduces the transmission in that region [GM00].
The number of generated defects is dependent on the precursor density, especially in
case of E’ centers implanted in the network during manufacturing [Leo09]. Therefore,
the manufacturing parameters such as temperature and drawing speed, the composition
(how is the material doped, what is the OH-content and how many impurities does the
material have?) and also a possible preconditioning by hydrogen-loading, annealing or
pre-irradiation can make a fiber more resistant to radiation [Dec04]. This is especially
important as radiation effects are enhanced at fibers compared to windows due to the
longer optical length [Dec04].

Another very important effect of ionizing radiation is the volume compaction of the ir-
radiated fused silica [Bus10, Gri85, Boi03]. This compaction is the result of two effects
[Nor74]: the knock-on displacement and a polyamorphic transformation [Bus09, Pfe85].
The latter is the result of a reorganization through rebonding whereby almost all initial
Si-O bonds are renewed. The new formed network has a larger number of members per
basic rings (mostly 3)[Dev94, Dev90, Boi03], a smaller β angle between Si-O-Si and an
increased Si-O-bonding length [Bus09]. This densification can reach a saturation value
of up to 3% [Dev94, Gri85], but in case of electron radiation the required dose to reach
this saturation value is 2 orders of magnitude higher than for proton irradiation [Hir05].
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Nevertheless, there is no electron energy threshold for a compaction onset found by the
irradiation with electrons above 2.2 keV [Nor74]. Just like the compaction due to UV
irradiation causes a change in the refraction index so does the compaction due to ionizing
radiation [Dev94], but in the order of 1%. A change in this order of magnitude could
cause a maximum reduction of the acceptance angle ϑmax of almost 9◦ and an increase in
ΦC of almost 5◦ if only the refraction index of the cladding is changed. The assumption
that only the cladding is affected by the radiation seems to be reasonable as the free
mean path of the tritium beta decay electrons is at maximum about 14 nm [Sea79] and
the thickness of the cladding is several micrometers. The change in the optical properties
of the fiber could increase the losses at the fiber injection by 37% (for a more detailed
calculation see appendix B.2). If both the refractive indices of the cladding and the core
are changed, there are no further losses expected.

Concerning the densification of fused silica due to irradiation with low energy electrons
from 0.05 keV to 30 keV J. Pitts and A. Czanderna have found that the O/Si ratio is
reduced from initially 2 to values from 0.59 to 0.91 by a stimulated desorption process at
the surface[Pit86]. This accelerated desorption implies that the irradiation with electrons
can change the permeability characteristics of fused silica. A similar statement is possible
by looking at the results of A. Ibarra et a. who found that the diffusion coefficients
and the trapping probability of deuterium in fused silica is increased by irradiation with
electrons [Iba07]. The exact impact of these results on the properties of fibers at the Rear
Section e-gun is not known.

Another effect which has to be considered at the e-gun of the Rear Section is the vac-
uum environment in which the fibers are used. The effect of vacuum on fused silica can
be divided into 2 processes: at first a kind of cleaning which increases the transmission
followed by a decrease in transmission. This was observed at a fused silica window irra-
diated with UV light by Stephen et al. This degradation finds expression in a decrease
of transmission [Ste93] mostly caused by an increased absorbance but also by a change
of reflectance from 0.5% to 1.1% [Bur00]. The degradation only occurs if the pressure
in the chamber is below 1 torr. If it is filled with higher pressures again the transmission
returns to 80% of its initial value [Ste93]. The damage is more quickly increasing in a
vacuum [SZ08]. The explanation for the degradation is an accumulation of point defects
and the formation of silica with a O/Si ratio of less than 2 [SZ08, Bur00]. Especially the
reduction of oxygen in the network is increased at vacuum conditions compared to air
[SZ08]. Due to the higher number of defects the damage threshold is also decreased in a
vacuum by 10 J·m−2 [Bur00].

All the discussed effects are known and can be found in the literature. However, the
literature just deals with one or at the maximum two of these effects at once. But the
effects could further enhance each other. Therefore, the Fibertest II is essential not only
with regard to the tritium compatibility of fibers but also as a first test of fibers under
KATRIN-like conditions. However, the main aim of the Fibertest II remains to qualify
the fibers for the tritium atmosphere. The setup which is used for that is presented in
the following section.

3.2.3.3 Experimental setup

The experimental setup of the Fibertest II can roughly be divided into two parts, namely
the optical system outside and the tritium containing primary system inside of the TRAP
fume hood (compare section 3.2.2.2, page 85).
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Figure 3.32: Experimental setup of the Fibertest II. In contrast to the later setup
at the e-gun a deuterium lamp is used as a light source with an intensity that is about a
factor of 100 lower. Instead of the monochromator of the e-gun the wavelength selection
at the fiber test is done by a filter optimized for 232 nm. This is also the wavelength the
whole setup is optimized for which in case of the e-gun is 275 nm. To split the light into
two fibers a Y-fiber instead of a real splitter is used. In a Y-fiber 3 fibers are simply
glued together. Therefore, spatial fluctuations in the intensity over the radius of the fiber
cause a change in the splitting ratio, whereas a splitter acts like a beamsplitter dividing
all the light spatially independent in a well defined ratio into the 2 output fibers. In
spite of these facts the Y-fiber is installed as no company was found that was able to
built a splitter optimized for 232 nm.

The optical system was planned in a way that it optimally represents the conditions in
the later optical setup of the e-gun. But as the optical setup of the e-gun has changed in
many ways since the design phase of the Fibertest II not all components are still the same
(compare figure 3.32). Therefore, the broadband light source of the setup is a deuterium
lamp of the type 63163 by Newport41. To collimate the light the lens assembly 60006
is used and the wavelength selection is done by a filter of the type 10BPF10-232 both
also manufactured by Newport. The filter has a peak transmission of at least 12% at
(232± 2) nm matching the gold work function of 5 eV to 5.5 eV42. The FWHM of the filter
is (11± 3) nm. After the filter the light is focused by a Newport lens of the type 6198
into the input fiber of a Y-fiber custom-produced out of a solarization resistant fiber by
SEDI·ATI43. The Y-fiber divides the light into two output fibers, one of them connected
to the so-called monitoring photodiode. The second output fiber is laid into the TRAP
fume hood where the tritium containing parts of the Fibertest II are placed.

The tritium containing primary system is a DN40 CF bellow leak-tight closed on both
sides by two flanges with fiber feed-throughs produced by Vacom. One of these flanges is
customized by an additional VCR connector which is added to the flange. This connector
enables the connection of the primary system with the infrastructure of the TRAP fume
hood and the filling with tritium by the expansion method. The output fiber of the Y-
fiber is connected to this modified flange. To the other flange the so-called measurement
photodiode is fastened. The fiber, which is exposed to tritium, is mounted inside of the

41Newport Corporation, 1791 Deere Avenue, Irvine, CA 92606, USA
42The given values for the work function are those directly after production and without exposure to

air. The exact value is depending on whether it is amorphous or crystalline and on the crystal orientation
[Hay14].

43SEDI·ATI Fibres Optiques, 8 rue Jean Mermoz, Z.A. de Saint Guénault, 91080 Courcouronnes, France
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Figure 3.33: Photography of a fiber in its holder. The fiber is clamped into a
holder to simplify the handling of the fiber. As the length of the holder can manually be
adjusted by screws to each of the three fibers a bending of the fiber and possible damage
is prevented.

bellow (see also figure 3.33). The bellow as the primary system is needed to make the
installation possible without damage to the fiber. Overall there are three fibers which are
tested.

In addition to the Fibertest II which directly monitors the transmission properties of the
fibers during tritium exposure a microscope of the type EXPERT-DN from Groß- und
Einzelhandel Müller GmbH44 is used to make microscopic pictures of the fibers. This
microscope provides a magnification of 7 to 90, reflected and transmitted light irradiation
and a camera. To enable the investigation of the contaminated fibers after the tritium
exposure the microscope is placed in a glove box. The microscopic investigation before
and after exposure are taking place for reasons of reproducibility.

With both the Fibertest II and the microscope a thorough investigation of the fibers
before, during and after the tritium exposure is possible. The measurement procedure of
this investigation is described in detail in the following section.

3.2.3.4 Measurement procedure

As the Fibertest II setup not only investigates the fibers with regard to their transmission
properties but also using a microscope, the whole measurement procedure includes 8
main steps (compare figure 3.34). A more detailed description of the steps is given in the
following:

1. The new fiber, which is already installed in its holder, is loaded into the glove box,
where the microscope is mounted. From this moment on the fiber is considered to
be contaminated and is handled that way. After the microscopic pictures are taken,
the fiber is unloaded again.

2. The fiber is installed into the primary system of the Fibertest II in a fume hood.
The handling of the fiber in the fume hood is necessary as the fiber is considered
to be contaminated. To make sure that the bellow of which the primary system
consists is not leaky due to the extension needed to close the primary system, a
helium leak test is performed inside of the fume hood to assure that the leak rate
is below 10−9 mbar l s−1.

3. The primary system is installed inside of the TRAP fume hood and connected to
the TRAP infrastructure and the optical setup of the Fibertest II. To make sure

44Groß- und Einzelhandel Müller GmbH, Hohenwindenstraße 13 Haus 3A, 99086 Erfurt, Germany
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Figure 3.34: Measurement procedure for the investigation of tritium exposed
fibers. Each of the 8 boxes represents one of the main steps of the experiment for a
single fiber. The procedure starts in the upper left corner and ends in the bottom left
corner. This procedure is repeated for each of the three tested fibers.

that the connection between the TRAP infrastructure and the primary system is
also leak tight an isolation test is performed.

4. For reference, transmission measurements are performed before exposing the fiber
to tritium. These measurements are performed at a vacuum of less than 10−5 mbar.

5. When a sufficient amount of reference data is taken (at least 1 week) the system
is filled with tritium gas. Due to the restricted activity of 1010 Bq which can be
handled in a fume hood the tritium partial pressure in the primary system does not
exceed 0.6mbar.

6. The tritium measurements are performed for at least a week.
7. To remove the fiber from the primary system again, the primary system is evacuated,

disconnected from the TRAP infrastructure and transported to another fume hood
which enables a more convenient handling of the system.

8. The fiber is loaded into the glove box where the microscope is mounted again and
the pictures of the fiber after exposure are taken.

These steps are performed for each of the 3 fibers which are tested in a tritium atmosphere.
However, before the experiment can be performed as described it must be ensured that the
Fibertest II produces reliable results if the light source is turned on once and not turned
off again during the measurement. To this end long-term measurements of the ratio of
measurement photodiode signal and monitoring photodiode signal are performed. As one
can see in figure 3.35 the ratio never settles down but is monotonically non-decreasing with
time following a rapid increase of the ratio immediately after turning on the light source.
The rapid increase, which cannot be explained by a change in intensity of the light source
as the ratio is calculated, is caused by different intensities reaching the photodiodes. The
intensities differ as the Y-cable splits the light not perfectly into a 50:50 ratio. As the
light intensity at the monitoring photodiode is larger, the formation of color centers is
also faster. That means that the intensity measured by the monitoring photodiode is
decreasing faster than the one measured by the measurement photodiode. As the rate of
color center formation is dependent on the light intensity, after a certain time the increase
in ratio decelerates. But it is not possible to predict how the ratio is exactly behaving
over time and a reliable comparison of data before tritium exposure with data during or
after is impossible.

For that reason the attempt was made to find the measurement interval with the smallest
deviation between the measurements, where each measurement has a well defined period
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Figure 3.35: Long-term measurements with the Fibertest II setup. The error
bars are not plotted, as the shape of the curve is more noticeable that way. Left: the
ratio of the measurement signal of the measurement photodiode to the measurement
signal of the monitoring photodiode is plotted against the time for 2 measurements of
about 8 hours and 1 measurement of about 17 hours. After a rapid increase at the
beginning of the measurement, when the light is turned on, the ratio changes to a
monotonically non-decreasing behavior. In addition, by comparing the data from the
19th of December and the 8th of January with the data from the 7th of January one
can see that the monotonically non-decreasing period is not behaving in the same way
for different measurements. Right: here the data of a measurement of about 8 hours is
shown again but the lamp has already been turned on for more than 2 days before the
data acquisition. Even then the ratio is still monotonically non-decreasing.

of time for which the lamp is turned on and off. The decision whether the measurements
give reproducible results is made by fitting the function

f(x) = a · e−xτ + y0 (3.61)

to the data after the rapid increase. This function is used since the color center formation
is following a quasi exponential function, at least at pulsed UV irradiation [Nev85]. The
comparison of the parameters a and τ for the same intervals results in the interval which
is chosen for the tritium measurements. In table 3.6 the relative RMS deviation of these
fit parameters for each kind of interval measurement are listed together with the results
of the fit parameters. Furthermore, a diagram of each fit parameter result is shown in
figure 3.36.

Overall there are 8 different intervals each tested with at least 2 measurements. The
shortest time the light source was turned on for is 30 minutes and the longest 90 minutes.
No shorter periods are used, since only the part of the measurement that occurs after the
rapid increase is used for analysis. Longer measurements would immoderately increase
the time to get a sufficient number of measurements and therefore are not tested. The
period of time the light is turned off lasts from 15 minutes to 90 minutes.

By looking at figure 3.36 one can see, that the values of the y intercept y0 is not stable
over the measurements but decreasing. That behavior can be explained by the formation
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Table 3.6: Relative RMS deviation of the fit parameters a and τ used to find
the best measurement interval. In addition to this, the period of time the light
source is turned off and on and the number of measurements performed with a given
interval procedure are listed. For measurements marked with ∗ the fit is done from time
values above 900 s until the end of the measurement and for those marked with † from
2 500 s onwards.

light off /min light on /min measurements σRMS,a /% σRMS,τ /%
15∗ 30 4 37.0 7.0
45∗ 30 3 28.8 5.6
30∗ 30 3 49.0 12.1
60∗ 30 4 25.6 8.7
70∗ 30 8 14.7 6.1

60,70∗ 70 2 20.9 7.4
40† 40 2 20.9 7.9
90† 90 5 11.6 23.8
90† 90 53 9.1 11.2

Figure 3.36: Diagram of the fit results of the interval measurements for the
Fibertest II. In each diagram the fit parameter value is plotted against the measurement
number consisting of one period of time where the light source was both off and on.
For all diagrams the large difference between the first and the latest measurement is
conspicuously. On the one hand this difference is caused by several modifications to
the setup during the commissioning phase including the exchange of a photodiode as it
became untransparent for UV light due to being irradiated with the light of the unfiltered
deuterium lamp. On the other hand more and more color centers are already produced
on both photodiodes from measurement to measurement. The left diagram shows the
values of the y intercept y0. The diagram in the middle shows the factor a. The diagram
on the right shows the time-constant τ values. Note that except for the second 90/90
and the 70/70 measurements there is always one measurement where the light source is
turned off for a much longer time than the usual interval duration, e.g. over night.
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of color centers. If the irradiation stops, color centers form back within a time period
of 2 to 3 weeks [Nev85]. If the same time constant of regeneration for the light path
to the monitoring and to the measurement photodiode can be expected (which seems to
be reasonable as it is the same defect in the same material) the regeneration is larger in
case of the light path to the monitoring photodiode due to the larger starting value of
color centers. Therefore, the ratio is decreasing from measurement to measurement. In
addition, it can be expected that the decrease in the ratio shows an exponential behavior
due to the saturation of the color center concentration (see also section 3.38). Therefore,
a and τ are used for comparing the different intervals, but not y0.

As the fit parameters a and τ of the different kinds of intervals also vary in their value
the relative RMS deviation of the fit parameters is used to find the best interval. The
deviations for these fit parameters are given in table 3.6. As one can see the measurements
with intervals of 70min off / 30min on and 90min off / 90min on are the most suitable
intervals according to this criterion. As the 90min interval has the advantage of more
data points which can be used to fit the exponential function this interval is used for all
the following measurements. The way how the data is analyzed which is collected during
the interval measurements with the Fibertest II, is described in detail in the following
section.

3.2.3.5 Analysis method for Fibertest II

In this section the analyzing procedure of the interval measurements is described. To
make all the data independent of fluctuations of the light source the ratio of the signals
of the measurement and the monitoring photodiode is calculated and used as the main
measurement parameter. As it was already described in the last section, the data of each
interval follows (after a first, sharp increase) an exponential behavior due to the formation
of color centers in the optical materials described by [Nev85] (see also equation (3.61)).
To find a comparable point from which the exponential fit starts the slope of the data is
used: if the slope of the following 88 ratio values is less than 1.647·10−7 the fit is started
from this ratio value. That this function describes the data well can be seen in figure
3.37, where an exemplary fit, its residues and the statistics of the residues can be found.

The results of the fit parameters a and τ stay stable over time. Therefore, a change in
the parameters after the fiber is exposed to tritium can be seen directly if the values after
exposure leave the 5σ error range of the data before exposure. In case of the y intercept y0
the analysis is different. This parameter is decreasing with time: the light path from the
y-cable to the monitoring photodiode and the photodiode itself are irradiated with more
intensity than the light path to the measurement photodiode and the photodiode itself.
Therefore, the formation of color centers is faster in case of the monitoring photodiode.
That can be seen in the data as the ratio increases from the time the light source is turned
on until it is turned off again. The moment it is turned off there are more color centers
on the part of the setup leading to the monitoring photodiode. As it is known that color
centers produced by UV irradiation recover with time [Nev85], it can be assumed that
there is also a regeneration of the transmission in case of the Fibertest II as soon as the
light source is turned off. If an exponential recovery of the color centers and the same
time constant is assumed, the absolute number of color centers decreases faster in case of
the light path to the monitoring photodiode. For that reason the signal of the monitoring
photodiode is more regenerated than that of the measurement photodiode, meaning that
the ratio is decreased. It is expected that y0 behaves as described until the saturation of
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Figure 3.37: Exemplary fit on Fibertest II data, its statistics and residues. In
all three diagrams data and the corresponding analysis of the 35th measurement before
tritium of the third fiber are shown. In the diagram at the top the measured ratio is
shown. The rapid increase at the beginning of the measurement is already cut off. The
time is corrected in a way, that it starts at 0. In addition, the fit adapted to the data is
shown. In the middle the residues of each measurement point is plotted. The residues
are evenly distributed around zero and the values of the residues are all below 3·10−5.
The statistic of the corresponding residues are plotted in the diagram at the bottom of
this figure. The histogram has the shape of a normal curve. The mean value and the
RMS deviation of the data are also given in the histogram. According to these values the
mean deviation of the fit with the ratio data is compatible with zero. Overall one can
conclude that neither the plot of the residues itself nor its statistics imply a misacception
of the fit function.
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color centers in the material is reached. A formula describing such a behavior is

y0(x) = e−τ1·x + y1. (3.62)

As a result a comparison between the y0 value before the exposure to tritium with those
during the exposure can be achieved by comparing the parameters of an exponential fit
with the formula given in equation (3.62) or more precisely by the time constant τ2 of
this exponential fit. The fit is performed in blocks of 5 measurement points at a time
in case of fiber 1 and 2 and 8 measurement points in case of fiber 3 and the values
of the fit parameters are used to detect a change caused by the tritium exposure. To
improve the low statistics of these fits the so-called bootstrap method is used [Efr94]:
during bootstrapping 5 or 8 pairs of y0 values and measurement number are drawn with
replacement from a certain block. The fit is now performed on this “new“ data set. This
procedure is performed not only once but 100 000 times. From these 100 000 fit parameters
the weighted mean and the RMS deviation are calculated and used for further analysis.
To attach the greatest importance to the time constant of the fit, the bootstrap procedure
is performed on all the data before tritium first. Then the mean value of the parameter
y1 is calculated and used for a second fit iteration. In this way all changes in the behavior
of the decrease in y0 are represented by changes in τ1. All the steps of the analysis are
illustrated in figure 3.38.

Before the results obtained with this analysis method are shown, the execution of the
measurements is described in detail.

3.2.3.6 Execution of measurements

All the measurements with the microscope and the Fibertest II setup are performed as
described in section 3.2.3.4. Before a new fiber is installed in the primary system the
bellow and the two flanges with the fiber feed-throughs are decontaminated to values
below 20Bq cm−2. In so doing it is ensured that the fibers are not exposed to tritium gas
emerging from the walls of the primary system during the reference measurements before
the actual exposure.

The pressure in the primary system during the reference measurements before exposure
is less than the lowest pressure detectable with the installed pressure sensor, meaning
below 10−5 mbar. The tritium partial pressure during the exposure to tritium is almost
the same for all fibers, as the same test gas cylinder with a volume of about 10 cm3 is
filled with about 10mbar gas and this gas is expanded into the evacuated system. The
time periods of the measurements before and during tritium exposure vary widely. Both
the pressures and the time periods are summarized in table 3.7.

In addition to the measurements before and during tritium exposure there are also mea-
surements after the tritium exposure in case of fiber 3. These measurements are preformed
in an evacuated system, which means that the pressure inside of the primary system
is below 10−5 mbar. As the tritium emerging from the walls of the primary system is
pumped out immediately it can be assumed that no further exposure to tritium takes
place. Therefore, the conditions of these measurements are comparable to those during
the measurements before exposure.

In the following section the results of both of the Fibertest II, executed as described here,
and the microscopic examination of the three fibers are shown.
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Figure 3.38: Scheme explaining the analysis method of the Fibertest II. 1)
Here it is shown what the raw data of the ratio looks like when it is plotted against time.
Each interval has a lower ratio than the one before. 2) The data after the cut off at the
beginning is shown. The time is also adjusted to this cut off, so that the time of each
interval starts at 0. To this data a line with the given function is fitted. 3) and 4) The
fit parameters τ and a are plotted in a diagram. In addition, the mean value and the
standard deviation of the measurements before tritium are calculated and plotted in the
same diagram. If the data during the tritium exposure does not significantly differ from
this mean value no change in these parameters due to the tritium exposure is detectable.
5) The decreasing values of the y intercept y0 are shown. To check if the decrease is the
same before and during the exposure the given equation is fitted to the data. Note that
the y intercept of the fit is fixed, so that the only fit parameter is the time constant τ1.
The fit is always performed at blocks of 5 or 8 data points depending on the fiber. 6) The
values of the fit parameter τ1 are plotted against the block number. Just like in diagrams
3) and 4) the mean value and the standard deviation of the measurements before tritium
are plotted in the diagram as well. If the parameter values are not changing after the
exposure to tritium the transmission properties are also unchanged. Diagrams like those
shown in 3), 4) and 6) are given in section 3.2.3.7 for each of the fibers.
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Table 3.7: Summary of the measurements performed during the Fibertest II.
In addition to the time periods measured before, during and after the tritium exposure
the pressure in the primary system is given. By mistake the pressure in the system is
much higher in case of fiber 2 as an intermediate piece was not evacuated before the gas
was expanded from the test gas cylinder into the primary system. Therefore, the pressure
in the system was much larger than the tritium partial pressure. The pressure due to
the gas expansion from the test gas cylinder is assumed to be about (0.55± 5)mbar as
the test gas cylinder was filled with 10mbar gas just like it was for the other fibers.
Since the gas that the test gas cylinders are filled with is not 100% pure tritium gas, a
gas chromatography of the gas is performed. The tritium content measured is given in
the fifth column.

fiber measurement
time in vaccum

measurement
time in tritium

pressure in
system

tritium
content

measurement
time after tritium

1 4 days 21 days 0.55mbar 84± 5% -
2 7 days 7 days >3.4mbar/

0.55± 5mbar
94± 5% -

3 13 days 26 days 0.61mbar 95± 5% 27 days

3.2.3.7 Results of Fibertest II

In this section, first the effect of tritium on the transmission of fibers is investigated and
afterwards the results of the microscopic examination are presented.

The results of the fit parameters of the first fiber are plotted in the diagrams of figure
3.39. In case of parameter a one can see a slight increase of the values both before and
after the tritium filling but the points do not leave the 5σ range of the fit. For the τ fit
parameter no significant change of the values after the exposure is visible either. Even
a slight change or a drift cannot be detected. Concerning the parameter y0 one first
has to notice that the general curve shape looks as expected. The ratio decreases before
and after the tritium exposure in a similar way. But the more precise analysis with the
exponential fit and the bootstrap method gives an increase in the time constant of the
exponential fit.

The results of the fits performed for the data of the second fiber are shown in the figures
3.40 and 3.41. In contrast to the results of the first fiber those of the second neither
show a change in the parameter a nor in the parameter τ . In addition, there are more
outliers especially before the tritium exposure. In case of the y-intercept the two main
finds are prominent: the parameter values seem to fluctuate around a general curve shape
and there is a sudden rise of the y-intercept directly after filling the system with tritium.
As this rise is caused by the filling of the system with a pressure of more than 3.4mbar
(compare appendix A.3 on page 200 and [Ste93, Bur00]) the data is corrected for the
difference caused by the pressure change. After the correction the data before and after
the exposure roughly follows the same curve shape again. With the corrected data the
second exponential fit and the bootstrap method are performed. The results of these
analyses are also presented in figure 3.40. Due to the fluctuation of the y0 parameters
around a general behavior, the error bars of the time constants of the fit on this data are
very large meaning that the minimum error is in the order of twice the value itself. Due
to the large error bars the values of each block both of the data before and during tritium
exposure are easily compatible with each other.

For the third fiber figure 3.42 shows not only the values of the fit parameters before
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Figure 3.39: Diagrams for the parameters a, τ , y0 and τ1 of fiber 1. In all
scatter diagrams the black dots are values before and the red triangles are values during
the tritium exposure. If the error bars are not visible, they are smaller than the marks.
Top row: on the left side a diagram of the parameter a against the measurement number
is shown. The data during the tritium exposure slightly increases with the measurement
number. In addition, the mean value as well as the 2σ and 5σ interval are shown. In the
histogram on the right side the distribution of the data before tritium is presented. The
distribution looks similar to a normally distributed data set. As only 30 measurements
before tritium are performed the statistics is not high enough for a clear statement.
Middle row: on the left side again the parameter τ is plotted against the measurement
number and on the right side the weighted frequency against the parameter value. It
is remarkable that there are only data points with greater variance at values above the
mean value. The data during exposure also has a slight tendency towards higher values,
but there is neither a significant change nor a drift clearly visible. Bottom row: the left
diagram presents the values of the parameter y0. Except for 3 to 4 outliers among the
points during tritium exposure no unexpected behavior can be found. In the diagram at
the right side the results of the parameter τ2 of the exponential fitting and bootstrapping
is plotted against the block number. One block combines 5 measurement points of the
diagram on the left. During all blocks, meaning both the values before and during
tritium exposure, there is an increase in the value noticeable.
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Figure 3.40: Diagrams of the parameters a and τ of fiber 2. The black dots
in the diagrams mark the data before and the red triangles the data during the tritium
exposure. The blue solid lines in the scatter plots indicate the mean value of the data
points and the dashed and dotted lines different σ intervals before tritium. All data
points are plotted with their errors, if the error bars are not visible they are smaller
than the markers. Top row: here the results of fit parameter a is presented. Both, the
data before and during exposure, are statistically distributed around the mean value of
the data before tritium (left diagram). The statistical distribution of the data before
tritium can also be seen in the histogram on the right side, where the weighted frequency
of parameter a is plotted against the parameter value. Bottom row: the scatter plot
at the left side shows the parameter τ plotted against the measurement number and
in the histogram at the right side the weighted frequency of τ is plotted against the
parameter value. In both diagrams the statistical distribution of the data before tritium
is noticeable. In addition, one can see that the data during the tritium exposure does
not show a significant change from the reference data. It must just be mentioned that
there is a slight tendency of the parameter values towards values which are higher than
the mean value.
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Figure 3.41: Diagrams of the parameters y0 and τ1 of fiber 2. In each diagram
the black dots mark the data before and the red triangles the data during the tritium
exposure. In addition, in the diagram at the bottom the mean value (blue solid line) and
the 1σ and 3σ intervals (dotted or dotted and dashed blue line) are plotted. In case that
the error bars of the data points are not visible, they are smaller than the marker. Top
row: in both diagrams the parameter y0 is plotted against the measurement number. The
difference between the two diagrams is, that the data in the right diagram is corrected
for the sudden rise caused by the filling of the system with a pressure of more than
3.4mbar. Bottom: here the parameter τ1, which is the result of bootstrapping and
exponentially fitting the data of the corrected parameter y0, is plotted against the block
number. Each block consists of 5 measurements. Due to the large error bars, which
are most likely caused by the small fluctuation of the data points also visible in the two
diagrams above, all data points are compatible with each other. Therefore, no change
in the parameter can be detected.

and during the tritium exposure but also the fit parameters of measurements after the
tritium exposure at vacuum. By looking at the diagram of the parameter a one can
see that about the first half of the data during tritium exposure is consistent with the
data before tritium. Afterwards there is a slight drift of the parameter towards larger
values. However, the change is only in the order of 3σ. A change in the values of the
parameter τ is not observable. The y0 parameter again shows the expected decay with
time. But directly after the tritium exposure the value of y0 first decreases followed by
an increase. The analysis with the bootstrap method and additional exponential fitting
gives fluctuant time constants τ1. After a rapid decrease of the value in case of the first
three blocks the value increases again and stabilizes in the 1σ interval around the mean
value of (-2.22± 0.07)·10−5. After the tritium injection the parameter stays inside of the
1σ interval for 11 blocks before it leaves out. The parameter saturates again at a value
of (-2.112± 0.005)·10−5. The first block after the tritium is pumped off again is also at
this saturation point. But then the τ1 value decreases for 8 blocks to increase again until
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Figure 3.42: Diagrams of the parameters a, τ , y0 and τ1 of fiber 3. In the
scatter plots at the left side of this figure the respective parameter is plotted against the
measurement number. In all scatter plots of this figure the black points mark the data
before, the red triangles the data during and the green squares the data after tritium
exposure. As every data point is plotted together with its error, the error is smaller than
the marker if the error is not visible. Top row: in this row the data of parameter a is
plotted. As one can conclude from the histogram at the right side, where the weighted
frequency is plotted against the parameter value, the data points before the exposure
are normally distributed around their mean value. Up to about half of the data during
exposure shows the same behavior. Afterwards the parameter value slightly increases,
which also continues in the data after the tritium exposure. Mid row: in the scatter
plot of parameter τ two outliers are not shown for better visualization of the remaining
data points, one before the tritium exposure with a value of -3 057± 122 and one during
the exposure of 24 040± 8 999. The data before tritium is normally distributed (see
histogram) and the data after tritium exposure has a slight tendency towards lower
values. A significant change of the data during tritium is not noticeable. Bottom row:
the values of the parameter y0 plotted at the right diagram show a slight drop after the
primary system is evacuated again. The values of the parameter τ1 which are plotted in
the right diagram against the block number show a similar variation in each time period
of the experiment: first the data decreases after which it increases and finally saturates.
This happens within the 2σ interval around the mean of the reference data.
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the saturation value is reached at the last measurement block again. Therefore, it is not
possible to predict, if the parameter saturates again at that value or further increases.

The microscopic examination yields similar observations for all fibers before the exposure
to tritium:

• There is a great number of small points at the surface of the fiber. Most of these
points are dust particles but the possibility that some of these points are also small
damage points cannot be excluded.
• There are some cracks at the fibers most likely caused by the mechanical stress
during manufacturing, transport and installation in the fiber holder.
• The first and the second fiber have some features, which can also be seen in figure
3.43 among others. But purely based on the microscopic examination it is hard to
say, if these features are imperfections of the fiber or inclusions in the material.

When examining the fibers after exposure special attention is paid to a possible change
of the three observations made before the exposure, especially to cracks and scratches
as tritium can enter the fiber more easily here: the number of small points is almost 0
after the exposure, which makes it possible to conclude, that these points really were
dust particles which have been removed by the evacuation of the primary system. In
contrast to the number of small points the number of cracks is further increased after the
exposure. But this is most likely caused by the mechanical stress during the installation
of the fiber in the primary system and the later disassembling as well as the transport
in the glove box from the lock to the microscope. No significant change to the cracks
before and after exposure is observable. The special features of the first and third fiber
also show no change after the exposure to tritium (compare 3.43).

In addition, attention is paid to new small spots which do not look like dust particles
and which could indicate damage caused by the tritium. However, all of those new points
were revealed by a shadow to be scratches or deposits.

The results presented in this section are discussed and interpreted the following section.

3.2.3.8 Discussion of the results of Fibertest II

Before the results of the Fibertest II are discussed in detail some general remarks on
the tritium exposure and transferability to the KATRIN experiment are addressed. The
activity, dose rate and overall doses during the Fibertest II experiment are given for each
fiber in table 3.8. In case of the overall dose a maximum value is given in the table. This is
the case, since a small part of the tritium diffuses into the walls of the primary system due
to wall exchange reactions [Mor77]. Nevertheless, the overall tritium content is assumed
to change by no more than 1% or 2%. A similar decrease was measured in [Fis11] in
which the composition of gas filled in a stainless steel primary system was monitored
over more than 22 days. During this time the content of tritiated hydrogen isotopologues
HT, DT and T2 changed but the overall tritium content stayed almost the same. The
overall dose during the 3 years of measurement time of KATRIN is in the order of 10Gy
to 20Gy. For that reason the overall dose during the exposure of the Fibertest II is about
2 to 3 orders of magnitude larger. Therefore, the compaction due to the irradiation with
low energy electrons should be larger in the Fibertest II compared with KATRIN as well,
as it follows an almost linear dose dependence at low doses [Nor74]. Even if the tritium
which is diffused into the fiber material has a larger impact, the effects during KATRIN
are simulated with the Fibertest II, as the diffusion is also proportional to the partial
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Figure 3.43: Microscopic view on the fibers before and after tritium expo-
sure. The left column shows the fibers before and the right column after the exposure to
tritium. In (1) a feature of the first fiber is shown and no change is visible (the different
colors are caused by a different irradiation of the fiber). In (2) one can see pictures of
the second fiber. Both the small points and a crack can be seen before the exposure.
Afterwards the points are removed, but there are additional smaller cracks. (3) and
(4) show features of the third fiber but from a different viewing angle. The exposed
fiber shown in (4) is turned by 180◦. In addition the fiber is rotated in a way that the
feature can be seen directly from above. No change in the features is noticeable after
the exposure.
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Table 3.8: Summary of the activity, dose rate and overall dose the fibers are
exposed to during the Fibertest II.

fiber activity in Bq dose rate in Gy s−1 dose in Gy
1 (7.9± 0.5)·109 (6.4± 0.4)·10−3 ≤(1.2± 0.7)·104

2 (8.9± 0.5)·109 (7.2± 0.4)·10−3 ≤(4.4± 0.2)·103

3 (9.0± 0.5)·109 (7.2± 0.4)·10−3 ≤(1.6± 0.9)·104

pressure, which is more than 4 orders of magnitude higher during the Fibertest II than
during KATRIN. In summary it can be stated, that an exposure time of about 1 hour
under conditions as they are at during the Fibertest II simulates the exposure during the
whole KATRIN experiment45.

Concerning the fit parameter a there are only small changes observable for all fibers,
especially in the case of the second fiber where no change can be found at all. The values
of fiber 1 increase with a slope of (8.1± 2.2)·10−7 per measurement point if the outliers of
the measurement, meaning points 32, 45 and 47, are not taken into account. The slope of
the parameter values of fiber 3 are even lower with (1.5± 0.2)·10−7 per measurement point
during the exposure. This change in the parameter value means that the 1σ deviation of
the measurement points before exposure of 7.9·10−5 (fiber 1) and 3.7·10−5 (fiber 3) are
reached after 98 days or 247 days exposure on average. Converted to KATRIN conditions
this is equivalent to an exposure time of at least 294 years or 741 years. An increase of
the negative parameter a means that the exponential part of equation (3.61) is getting
smaller and therefore the increase of the ratio especially at the beginning of the interval
measurement is not as steep anymore. This might be evidence of saturation of the color
center formation. In that case the exponential shape of the curve after the start period
should be less important and the curve should change to a stable value. This theory is
supported by the fact that the measurements after the exposure of fiber 3 show the same
increase with a compatible slope of (1.7± 0.3)·10−7 per measurement point.

That the time constant τ of the exponential fit stays the same in case of all fibers is
evidence that the tritium exposure does not change the characteristics of the color cen-
ter formation during tritium exposure. If that was the case a change of τ during the
measurement would have been expected.

Similar to parameter a the fit parameter τ2 of the exponential fit on the values of y0 only
shows a detectable change in case of the first and the second fiber. The change of the
first fiber seems to follow an exponential behavior again, but since the values already
increase for the blocks before the tritium exposure, it is unlikely that this is caused by
the tritium. Nevertheless, the specific parameters of the change could be effected by the
tritium exposure. To check if this is the case an exponential fit of the kind in equation
(3.61) is fitted to both the data before and during the exposure. The two fit functions
are then given by:

f(x)before = (−9.20 ± 0.83) · 10−5 + (−3.05 ± 0.49) · 10−5 · e− x
2.6± 1.7 , (3.63)

f(x)during = (−7.76 ± 0.17) · 10−5 + (−2.48 ± 0.10) · 10−5 · e− x
18.0± 3.8 . (3.64)

By comparing these functions one can see that the largest difference of the fit parameters
can be found in the time constants (the factor in front of the exponential function is

45This is correct even if the more than 10% of the tritium is absorbed in the walls of the primary
system.
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compatible within the errors, the y-intercept is compatible within 1.5σ and the time
constant within 2.8σ). During the exposure the time constant is larger than before.
Overall the parameter τ1 described by the function f(x)during also reaches higher values
than with the function f(x)before. In the context of the Fibertest II this means that the
y-intercepts are decreasing more slowly and if this is the case the transmission through
the fiber is also decreasing more slowly. So, one can conclude that there is a slight change
in the specific behavior of the decrease of the y-intercepts detectable, which would even
improve the performance of the fibers.

Concerning the τ2 parameters of the third fiber an explanation as to why it shows the
same behavior for the data before, during and after the exposure is hard to come by. As
the data points are not normally distributed, it is assumed that a systematical effect of the
measurement parameters is noticeable in the data. As the measurement was performed
exactly like the measurements with the other two fibers before and those fibers have not
shown the same behavior no explanation can be given. Nevertheless, as the parameter
does not decrease but rather increases after the tritium exposure a negative effect of the
tritium on the transmission can be excluded in case of this parameter as well.

Overall the measurements with the Fibertest II show that the transmission of the fibers
in a tritium atmosphere is definitely not worsened. This is also supported by the results
of the microscopic examination: no evidence of damage caused by the tritium could be
found not even at those positions of the fiber which were already mechanically damaged
before the installation in the primary system.

For that reason one can say that the Fibertest II and the microscopic examination have
demonstrated that the usage of these kinds of fibers in a tritium atmosphere is possible
without degradation of their optical properties.

3.3 Consequences for the Rear Section

In the previous sections the answers to the four questions concerning tritium compatibility
and general suitability of components stated at the beginning of this chapter are given:

Is a piezo based motor suitable for the KATRIN experiment, meaning that it can perform
more than 100 000 driving cycles without failure even after multiple baked-outs at 150 ◦C?
- Not every piezo motor is suitable for a tritium atmosphere and the KATRIN require-
ments. The tested N-310K176 meets all the requirements. In the case of the minimum
number of possible driving cycles it exceeds the requirement by more than a factor of 2
and the performance after a bake-out is also sufficient. Therefore, the motor is suitable
for the usage at the Rear Section. The hole of the Rear Wall can be opened if the e-gun
beam must pass the Rear Wall and be closed again to provide a closed gold surface to
the source plasma. Its later position at the backside of the Rear Wall is, as it was already
shown in figure 3.2. Due to its large dimensions the motor must be placed at the Rear
Wall in exactly the position shown in this figure. The new motor is on site already. As
it is possible to place the motor behind the Rear Wall as planned another question must
be asked now: does the plasma see a homogeneous surface potential if the hole is closed
and is there a deviation at the edges of the hole? This question is addressed in the next
chapter.

Is the electron rate produced by the planned optical system high enough to meet the
requirements of at least 104 electrons per second and of an electron energy spread of
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σE <0.2 eV? - Partially based on the experience made during the Fibertest II the optical
setup for the e-gun of the Rear Section has been designed. The resulting e-gun rate was
calculated: the rate is at maximum 1 orders of magnitude higher than the required rate (at
slit width 3mm, with a gold work function of 4.2 eV and a design wavelength of 275 nm).
The corresponding σE is found to be about 0.07 eV, if only the wavelength distribution of
the incident light and not the distribution of the gold work function is taken into account.
That means that even if the transmission decreases due to the UV irradiation the required
e-gun rate seems to be feasible. Nevertheless, due to the experience with the Fibertest
experiment it is recommended to carefully monitor the light intensity as described above.
In addition, the rate is calculated in dependence of the wavelength of the light, the work
function of the gold layer and the slit width of the monochromator. Due to these results
the design of the e-gun optics is fixed and will be used at the e-gun as described.

Is the tritium leak rate through an optical fiber feed-through below 10−9 mbar l s−1 that
the feed-through poses no safety risk when installed as part of a tritium containing system?
- The optical fiber feed-through of the manufacturer VACOM was successfully qualified
for the usage as part of the second containment. The leak rate of the component is found
to be more that 4 orders of magnitude lower than the required value. For that reason the
fiber feed-through will be used at the final optical setup of the e-gun irradiation.

Are the optical transmission properties of a fiber affected when installed inside of a tritium
containing system? - UV fibers were successfully qualified by the Fibertest II as well. The
fibers were found to show no degradation in transmission. Therefore, the fiber irradiation
of the gold cathode in the primary system will be implemented as planned. In addition,
helpful experience was gained as the fiber was tested under similar conditions as is the
case during the e-gun operation at the Rear Section: the transmission of the fiber can be
affected not only by the tritium environment but also by the vacuum and UV irradiation.
Especially the UV irradiation and the losses caused by it have to be taken into account: an
investigation of the light intensity stability is recommended as part of the commissioning
of the optical setup. If the light intensity decreases with too large gradient (≥ 0.1% within
several minutes), a test of the individual components and, if necessary, an replacement
of the most affected components is required. Furthermore, a precise monitoring of the
intensity with a detector is necessary. Among other things, that is the reason why a
detector, monitoring the light intensity, is placed as close to the cathode as possible. The
parts not monitored by that detector are the focusing system, the feed-through window
and the fiber in the primary system. The monitoring of those parts must be performed
directly by the electron rate: during commissioning the electron rates at all parameter
settings, needed for the usual measurements with the e-gun, must be measured, so that
the electron rate can be estimated by the monitored intensity at all times. If the electron
rate deviate from the estimated value significantly, the unmonitored components must
be assumed to be damaged. In addition, it is recommended to have at least some optics
as spare parts available locally. This is why a second focusing system is aligned already
at the commissioning of the optical system to make an easy and fast exchange possible.
Also, the fiber system installed at the primary system is planned to be manufactured
several times for the same reason.

In the following chapter the development of the Rear Wall occupies center stage. Most of
the open questions related to the Rear Wall are addressed there.



Chapter 4

Development of a Rear Wall for
the Rear Section

If the potential difference between the Rear Wall and the tube walls is between -50mV
and 100mV, the Rear Wall may significantly influence the potential of the tritium source
(compare 2.3.3). For that reason, it is required, that the Rear Wall surface potential is
not only homogeneous but also temporally and spatially stable. In addition to the voltage
applied to the Rear Wall, the surface potential has a material specific component which
is not changeable by the experimentalists in any way: the work function Φ.

This chapter is dealing with the development of a Rear Wall which meets the requirements
both on homogeneity and long-term stability of the work function. Concerning a suitable
layer design, it is already known, that the surface layer must be gold. But the substrate
and potential intermediate layers were not defined prior to this thesis. This also extends to
the surface treatment before coating and the coating procedure itself. Promising designs
concerning homogeneity were further investigated regarding their long-term stability and
the effects of bake-outs and UV irradiation. To enable the passing of the electron beam
produced by the Rear Section e-gun, the Rear Wall needs a central hole with 4mm diam-
eter. The manufacturing of this hole must be possible without damaging the substrate.
In addition, a change in the work function close to the hole due to the manufacturing
process must be minimized, or optimally excluded. The importance of this is emphasized
by the fact, that the hole itself could affect the work function. It is known, that the work
function can be changed by steps in the surface [Jia97, Jia98a]. Once the optimal layer
design is found, final Rear Wall candidates which could in principle be installed in the
Rear Section as a final Rear Wall must be characterized.

In summary, the following questions must be answered to find a suitable design and the
final Rear Wall:

1. Which Rear Wall layer design is most qualified for KATRIN?
2. Is the work function and its distribution stable over several weeks?
3. How does a bake-out or UV light irradiation affect the work function and its homo-

geneity?
4. How does a central hole affect the work function at the center region of the flux

tube?
5. How large are the work function deviations of final Rear Wall candidates and how

is the work function distributed over the sample?
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To answer these questions several samples are produced. An overview of these samples
is given in section 4.2. A first visual investigation of some of these samples is performed
by a scanning electron microscope (see section 4.3). For the investigation of the work
function a large variety of techniques is available. The most commonly used techniques
are presented in section 4.4. Two of these techniques are suitable and available for the Rear
Wall development: the Kelvin Probe technique and photoelectron spectroscopy. Three
different setups, an ambient air Kelvin Probe, a vacuum Kelvin Probe and a setup at the
monitor spectrometer of KATRIN, enable to obtain the required results. The setups, the
performed measurements and the results are presented in the sections 4.5, 4.7 and 4.6.
Prior to this, the requirements on the work function homogeneity are recapped in the
following section 4.1.

4.1 Requirements on homogeneity and stability of the sur-
face potential of the Rear Wall

The importance of the Rear Wall for KATRIN results from its interaction with the charged
particles of the tritium source: due to the β-decay and subsequent ionization processes a
mixture of plasma and neutral gas is formed in the source. The particles of this plasma are
confined along the z-axis due to strong axially symmetric magnetic fields. For that reason
the potential of the Rear Wall, on which the magnetic field lines impinge, is dominantly
transported through the tritium source. This is the case as long as the difference between
the Rear Wall potential and the potential of the tube walls is between -50mV and 100mV
[Kuc16]. In that case, the electrostatic potential of the Rear wall defines the plasma
potential of the source subsequently (compare section 2.3.3).

As the Rear Wall must define the plasma potential over the whole cross sectional area of
the source, it is important that the whole technical flux tube1 impinges on the Rear Wall
surface. In principle electrons are generated over the whole outer flux tube. However,
the outer flux tube is not transported through the whole KATRIN setup. Therefore, the
technical flux tube is defined as the cross sectional area each component must completely
transport towards the spectrometer instead. A magnetic field of 1.6T is required at the
position of the Rear Wall. By that, the cross sectional area of the technical flux tube is
equal to or smaller than the gold surface provided by the Rear Wall. In that case the
clearance between the end of the Rear Wall’s gold surface and the technical flux tube
is 1.3mm. To compensate for manufacturing uncertainties, the magnetic field and as a
consequence the clearance can be increased by adjusting the z-position of the Rear Wall
inside of the recondenser magnet (compare [Bab14]).

The electrostatic potential of the Rear Wall can be shifted by an applied voltage source.
This voltage source enables the adjustment of the Rear Wall potential with regard to the
potential of the tube walls. Overall a shift of ± 10V is possible. But the material specific
work function of the Rear Wall cannot be controlled by this. Therefore, inhomogeneities
and instabilities of the work function also cause inhomogeneities and instabilities in the
source potential. As a consequence, the endpoint of the measured β-spectrum is shifted
unnoticed (compare figure 4.1). This is caused by the fact, that the minimum electron
energy which is needed to pass the spectrometer is determined by the potential difference
between spectrometer and source. As the endpoint is one of the fit parameters in the final

1Overall there are 3 different flux tubes defined, namely the outer flux tube of 229T cm2, the technical
flux tube of 210T cm2 and the inner flux tube of 191T cm2.
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Figure 4.1: Influence of different work functions on the β-spectrum. In the
center of the figure so-called energy level diagrams of two materials with different work
functions are shown. The Fermi levels εF,1 and εF,2, the work functions Φ1 and Φ2 and
the resulting vacuum potentials are drawn with respect to each other. The larger work
function on the left side also causes a higher vacuum potential. Therefore, a β-electron
with the kinetic energy Ekin,decay, emitted on the left side, would seem to have a higher
kinetic energy at the spectrometer than an electron with the same Ekin,decay at the right
side. This leads to a shift in the spectrum at the detector (see corresponding diagrams
of this figure).

analysis of the KATRIN data, variations in both the spectrometer high voltage and the
plasma potential cause systematic uncertainties [Ang05].

For that reason strict requirements on the work function of the Rear Wall surface are
imposed: the work function fluctuations must be [Bab13]

σRMS,pixel < 20 mV (4.1)

within the projected area of each of the 148 focal plane detector pixels of the focal plane
detector on the surface of the Rear Wall2. The limitation on the detector pixels is possible,
as each detector pixel is analyzed on its own. Due to the fact that the plasma smears out
fluctuations which are at least smaller than the Debye length of about 0.4mm (see 2.3.3),
microscopic fluctuations are not included in this requirement.

In addition, the fluctuations over the whole Rear Wall must also be

σRMS,surface < 20 mV. (4.2)

This requirement enables an easier comparison of the data of the different pixels. But note
that this requirement is not as absolute as the requirement for σRMS,pixel. That means:
if a Rear Wall passes the σRMS,pixel requirement but fails the σRMS,surface requirement, it
can be considered suitable. This is the case, if the mean work function and σRMS,pixel
values of the detector are regularly distributed over the surface, e.g. radially distributed
or increasing from one side to the other.

The samples which are tested concerning these requirements are presented in the following
section.

2The projected area is 0.86 cm2 at the design z-position of the Rear Wall and a magnetic field of 1.6T
at the position of the Rear Wall.
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4.2 Produced Rear Wall candidates

The samples produced for the Rear Wall development are, with exception of a gold foil,
all based on a multilayer structure, which usually consists of the following layers:

1. Top layer: this layer is the only one which is in direct contact with the flux
tube and the tritium atmosphere in the source. It must consist of gold for several
reasons: gold has a high Z value of 79 which is needed to generate the required
Bremsstrahlung for the monitoring of the source activity by BIXS. Besides that,
gold is in general characterized by a high chemical inertness and a small degradation
of the surface. Both is associated with a stable work function. In addition, it does
not catalytically react with hydrogen molecules and has a small tritium adsorption
of maximum (0.68± 0.10) monolayer at room temperature [Röl15]. For that reason
gold outperfomrs most other elements.
The gold used for the Rear Wall must be as pure as possible to minimize work
function variations due to impurities. The possible coating methods are various,
e.g. galvanization, chemical or physical vapor deposition. Important for the choice
of the deposition technique is, that it results in a homogeneous work function.

2. Intermediate layer: an intermediate layer is not necessarily required. But the
usage of a diffusion barrier can avoid the diffusion of the gold into the substrate or
vice versa. An adhesion layer can improve the robustness of the Rear Wall if the gold
does not stick well to the substrate. In case that a Rear Wall should also act as source
activity monitoring tool by measuring the current of high energetic primary electrons
an insulation layer with thickness in the order of a few nanometers is required. This
layer must have an electric resistance above 106 Ω to prevent the low energetic
secondary electrons from reaching the substrate of the Rear Wall. Otherwise the
current measurement at the substrate is not linearly correlated with the source
activity. In any case the selection of a suitable or even required intermediate layer
depends on the substrate material.

3. Substrate: the substrate gives the Rear Wall the stability required during han-
dling. Its surface must be flat and homogeneous to prevent a possible impact of
flatness imperfections of the surface on the work function [Jia97, Jia98a]. The first
generation of Rear Wall samples were produced with substrates of α-aluminum ox-
ide ("corrundum" or sapphire), beryllium, silicon and copper: sapphire is tested as
it is possible to epitaxially grow mono-crystalline gold layers on it [Käs02]. The test
of beryllium is historically accounted for by former setup requirements. These have
required, that the produced Bremsstrahlung could penetrate through the Rear Wall
which is possible in case of beryllium. Silicon benefits from its wide availability in
chip grade quality. In addition, it is the preferred substrate for a current measuring
Rear Wall. The testing of copper is motivated by the successful production of a
gold coated copper electrode [Kon11, Sch12] at the aSPECT experiment [Zim00].
The second generation of Rear Wall samples concentrates more on widely available
materials, which are easily processed: copper, aluminum and stainless steel. In
addition, copper and stainless steel are commonly used at the tritium laboratory
and also at KATRIN. So no further materials with possibly unknown effects on the
source are integrated into the setup. Furthermore, the principle feasibility of gold
coatings, which can be baked-out without affecting the gold layer, has already been
shown at the tritium laboratory in case of these materials.

Rear Wall samples of smaller scale (mostly 3 inch) have been fabricated for the first
development steps. Later 6 inch samples and so-called Rear Wall candidates are also
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Table 4.1: Overview on stainless steel samples produced during the Rear Wall
development. The name of each sample can be split in four parts: first a consecutive
numbering of those samples which are similarly produced, then the substrate material
followed by the polishing technique of the substrate and last the size of the sample. If
there is a yes in the column “hole“ this means, that the sample has a hole. Note that
this hole does not necessarily need to be placed in the center of the sample. If the yes
is additionally marked by ∗ the sample has all the holes and recesses needed to install it
at the Rear section. These specific samples are the so-called Rear Wall candidates.

name substrate ø /” hole polishing coating
type

layers coating
company

1-SS-ep-3 1.4307 steel 3 no electro. sputtered 100 nm Ti, Siegert TFT1 µm Au

2-SS-ep-3 1.4307 steel 3 no electro. galvanic 1 µm Ni, Galvano2µm Au

3-SS-ep-3 1.4307 steel 3 yes electro. sputtered 100 nm Ti, Siegert TFT1 µm Au

4-SS-ep-3 1.4307 steel 3 yes electro. sputtered 100 nm Ti, Siegert TFT1 µm Au

5-SS-ep-3 1.4307 steel 3 yes electro. sputtered 100 nm Ti, Siegert TFT1 µm Au

6-SS-ep-3 V4A steel 3 no electro. sputtered 100 nm Ti, Siegert TFT1 µm Au

7-SS-ep-3 V4A steel 3 yes electro. sputtered 100 nm Ti, Siegert TFT1 µm Au

8-SS-ep-3 V4A steel 3 yes electro. sputtered 100 nm Ti, Siegert TFT1 µm Au

1-SS-ep-68V4A steel 5,7 no electro. sputtered 100 nm Ti, Siegert TFT1 µm Au

2-SS-ep-68V4A steel 5,7 no electro. sputtered 100 nm Ti, Siegert TFT1 µm Au

1-SS-ep-6 1.4571 steel 6 yes electro. sputtered 100 nm Ti, Siegert TFT1 µm Au

2-SS-ep-6 1.4571 steel 6 yes electro. sputtered 100 nm Ti, Siegert TFT1 µm Au

3-SS-ep-6 V4A steel 6 yes∗ electro. sputtered 100 nm Ti, Siegert TFT1 µm Au

4-SS-ep-6 V4A steel 6 yes∗ electro. sputtered 100 nm Ti, Siegert TFT1 µm Au

5-SS-ep-6 V4A steel 6 yes∗ electro. sputtered 100 nm Ti, Siegert TFT1 µm Au

6-SS-ep-6 V4A steel 6 yes∗ electro. sputtered 100 nm Ti, Siegert TFT1 µm Au

1-SS-mp 1.4571 steel 3 no mech. galvanic 2 µm Ni, Galvano2µm Au

2-SS-mp 1.4571 steel 3 no mech. sputtered 100 nm Ti, Siegert TFT1 µm Au

3-SS-mp 1.4571 steel 3 no mech. sputtered 100 nm Ti, Siegert TFT1 µm Au
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Table 4.2: Overview on non-stainless steel samples produced during the Rear
Wall development. With exception of the gold sheet, the copper mirror, the sapphire
and SiO2 samples, the other samples are named by the same system as described in
table 4.1. The copper mirror was not purposely produced for the KATRIN experiment.
If there is a "q" in the size column, the sample is not round but quadratic. Note that
none of these samples has been produced with a hole as one can see in column 4.

name substrate ø /” hole polishing coating
type

layers coating
company

Sapphire-5 sapphire 2 no unknown unspecified 10 nm TiN UCSB90 nm Au

Sapphire-6 sapphire 2 no unknown unspecified 10 nm TiN UCSB90 nm Au

SiO2-3 unknown 6 no unknown evaporated 10 nm TiN UCSB90 nm Au

SiO2-4 unknown 6 no unknown evaporated 10 nm TiN UCSB90 nm Au

SiO2-5 unknown 3 no unknown evaporated 10 nm TiN UCSB90 nm Au

SiO2-6 unknown 3 no unknown evaporated 10 nm TiN UCSB90 nm Au

Cu mirror unknown q no unknown evaporated unknown KIT - IMT

goldsheet - q no - - - -

1-Co-ep-3 Cu (Al99,5) 3 no electro. evaporated unknown KIT - IMT

1-Co-ep-3 Cu (Al99,5) 3 no electro. galvanic 1 µm Ni, Galvano2µm Au

2-Co-mp-3 E-Cu F20 3 no mech. evaporated unknown KIT - IMT

2-Co-mp-3 E-Cu F20 3 no mech. galvanic 1 µm Ni, Galvano2µm Au

3-Co-mp-3 E-Cu F20 3 no mech. sputtered 10 nm Ti, SiegertTFT1 µm Au

1-Co-LTU OFHC Cu 3 no unknown sputtered 10 nm Ti, SiegertTFT1 µm Au

2-Co-LTU OFHC Cu 3 no unknown evaporated unknown KIT - IMT

1-Al-ep-3 AlMgSi 3 no electro. galvanic 3-5 µm Ni, Galvano2µm Au
2-Al-ep-3 AlMgSi 3 no electro. evaporated KIT - IMT

3-Al-ep-3 AlMgSi 3 no electro. evaporated 15 nm Cr, KIT - IMT100nm Au

4-Al-ep-3 AlMgSi 3 no electro. sputtered 100 nm Ti, SiegertTFT1 µm Au

1-Al-mp-3 AlMgSi19 3 no mech. evaporated unknown KIT - IMT

2-Al-mp-3 AlMgSi19 3 no mech. galvanic 3-5 µm Ni, Galvano2µm Au

3-Al-mp-3 AlMgSi19 3 no mech. sputtered 10 nm Ti, SiegertTFT1 µm Au
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produced. The latter can in principle be installed in the Rear Section after successful
qualification. An overview of the produced samples using a stainless steel substrate is
given in table 4.1. Samples with other substrates are summarized in table 4.2. The
names given in these tables are used in the following to distinguish the samples. As one
can see, not only different materials are tested to find the most suitable Rear Wall design
but also different surface treatments and coating techniques.

The dependence of the work function homogeneity on the surface treatment and the corre-
sponding roughness before coating is investigated by testing different polishing qualities.
For that reason some samples are mechanically polished by the Institute of Microstructure
Technology (IMT)3 of the Karlsruhe Institute of Technology (KIT) and some electropol-
ished by Poligrat4. In addition copper mirrors produced by LTUltra5 were used as a
substrate.

The tested coating procedures are galvanization by Adler Galvano6, sputtering by Siegert
TFT7 and vapor deposition by the IMT. The companies Adler Galvano and Siegert TFT
have been chosen due to good earlier experiences with the work of these companies: Adler
Galvano already produced gold layers with high work function uniformity for the aSPECT
experiment and gold layers of Siegert TFT have already been used at Tritium Laboratory
Karlsruhe several times without any problems concerning adhesion.

In addition to the samples already mentioned, the following samples have been tested in
earlier investigations by M. Babutzka [Bab14]:

• A 3-inch silicon wafer of 100 nm thickness, on which silicon dioxide is grown by
thermal oxidation and atomic layer deposition. On top of this titanium nitride with
a thickness < 10 nm and 50 nm of gold are sputtered.
• A 2-inch sapphire sample produced by CrysTec8 which is coated by epitaxially
grown gold. The coating technique is not specified. The resulting gold layer is poly-
crystalline with grain sizes of about 1mm2 and a dominant (>90%) (111)-surface
orientation [Bab14].
• A Triade beryllium window from Materion9 installed in a CF-flange and coated by
Siegert TFT.
• Two 1-inch beryllium samples coated by sputtering at University of California, Santa
Barbara (UCSB).
• An aSPECT sample coated with galvanized gold. The copper substrate is first
mechanically polished and later electropolished.

• Platinized stainless steel of the sample holder used as a reference at the photoelec-
tron measurements.

A first purely visual examination of samples produced in the course of this thesis is
performed by scanning electron microscopy. The results of this investigation are presented
in the following section.

3Institute of Microstructure Technology, Karlsruhe Institute of Technology, Campus North, Hermann-
von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany

4POLIGRAT GmbH, Valentin-Linhof-Straße 19, 81829 München, Germany
5LTUltra Precision Technology GmbH , Aftholderberg, Wiesenstrasse 9 88634 Herdwangen-Schönach,

Germany
6Adler Galvano Metall-Veredelung GmbH, Friedrich-Koenig-Str. 21, 55129 Mainz, Germany
7Siegert Thinfilm Technology GmbH, Robert-Friese-Straße 3, 07629 Hermsdorf, Germany
8CrysTec GmbH, Köpenicker Str. 325, 12555 Berlin, Germany
9Materion Brush Beryllium & Composites, 14710 W. Portage River South Road, Elmore, OH, USA
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Figure 4.2: Scanning electron microscope picture of patterned gold surface.
Both pictures show the gold surface of sample 7-SS-ep-3, but sample 8-SS-ep-3 exhibits
the same structures. Left: there are lighter and darker areas visible, which are most
likely caused by grains in the gold. Right: on closer examination a lamellar structure
within the grains is visible. The lamellae of the grains are differently orientated.

4.3 Electron-microscopic investigation of Rear Wall candi-
dates

The samples 7-SS-ep-3 and 8-SS-ep-3 are examined at the Laboratory for Electron Mi-
croscopy (LEM)10, which is part of the KIT. The examination is performed by a scanning
electron microscope [Rei98].

The first observation during this examination is the patterned surface of the samples. Two
exemplary pictures with different magnification of the surface are shown in figure 4.2. It
seems that the gold layer is built out of grains of sizes in the order of 10µm. The higher
magnification makes a lamellar structure within these grains visible. An examination of
the back side, which is not gold coated and therefore pure stainless steel, gives similar
results. A plausible assumption is, that the grains existing in the steel could be transferred
to the gold coating. But due to the low contrast and the high noise level of the pictures,
a statistical analysis of the grains concerning their size is not possible. Therefore, neither
the correctness nor the falseness of this assumption can be verified.

In addition, features of different sizes from about 1µm to several 10 µm can be found
on the surface. One feature found on each of the examined samples is exemplarily shown
in figure 4.3. It is not possible to say if these features were taken up by defects already
existing at the substrate. However, the features cause a height change in the surface of
the gold layer and therefore can affect the work function of the gold layer at this position.
Jia et al. have found that the work function of gold coated copper is reduced on surface
irregularities. For instance at irregularities with a height of 6.5± 1Å they measured a
change in the work function of 0.9± 0.3 eV [Jia98a]. Indeed, it is not expected, that these
features cause a significant variation of the work function due to their smallness. This

10Laboratory for Electron Microscopy, Karlsruhe Institute of Technology, Kaiserstraße 12, 76131 Karl-
sruhe, Germany
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is a result of the fact, that the plasma averages out work function variations on scales
smaller than the Debey length of 0.4mm. But it might be possible that protruding parts
at the inner surface of the hole wall could affect the work function. The size of such parts
is found to be larger than the Debey length (compare 4.4).

This examination does not directly give any indication regarding the work function homo-
geneity. Nevertheless, it implies that the surface quality affects the structural homogeneity
of the gold layer. In addition, processing of the samples must even more carefully be per-
formed, to prevent defects and protruding parts at the central hole and their effect on the
work function. The most common techniques which enable the measurement of the work
function are described in the following section.

4.4 Techniques of work function measurements

In principle the work function measurement techniques can be divided into absolute and
relative techniques [Pan12]. Absolute techniques are based on the ejection of electrons by
temperature, electric field emission or photon absorption and the spectroscopy of these
electrons. Relative techniques do not directly measure the work function but the so-called
contact potential difference (CPD) [Lüt14]

UCPD = −(ΦS − ΦT) (4.3)

between the work function of a sample (ΦS) and that of a reference electrode, the so-called
tip (ΦT). Techniques which are commonly used are static and vibrating capacitors, the
diode method and thermionic-, photoelectric and field emission [Hol66, Kna73]. These
techniques are described in the following divided into absolute and relative techniques.

Absolute techniques

The Diode method is based on the thermic emission of electrons out of the sample
which is placed in a diode [Kor13]. The emitted electrons are captured by an electrode
on which high positive potential is applied. The saturation current of the diode is given
by [Kor13]

I = Arich · T 2e(−Φ/(kB·T )), (4.4)

where T is the temperature of the sample, Arich is the Richardson constant and kB is the
Boltzmann constant. By varying T the work function of the material can be measured
within ± 1mV [Kna73]. Advantages of this technique are the simplicity of the setup
and the little or non-existing disturbance of the sample surface. Drawbacks are that
measurements are only possible at pressures below 10−3 mbar to 10−4 mbar and that
reactions at the hot surface may take place.

The field emission retarding potential technique utilizes the increased tunneling
probability of electrons through the surface potential barrier in presence of strong accel-
erating fields (compare figure 4.5). By measuring the current density j of the emitted
electrons in dependence of the field strength E [Fow28, Dom74]

j = C1E2

Φ exp
(
−C2Φ3/2

E

)
, (4.5)

where C1 and C2 are constants, the work function can be found. The accuracy of this
measurement is ± 10mV [Hol66] to ± 20mV [Str73]. It also enables the possibility to
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Figure 4.3: Scanning electron microscope picture of defects on the gold sur-
face. Left: a defect on the surface of sample 8-SS-ep-3 is shown, the defect is about
20µm long and about 5µm wide. Right: an exemplary defect in the gold layer of sample
7-SS-ep-3 is shown. The length of this defect is about 5µm and the width about 4µm.
The height of the defects cannot be specified.

Figure 4.4: Scanning electron microscope picture of protruding parts at the
inner surface of the hole wall. Left: the hole of sample 7-SS-ep-3 is shown in this
picture. Right: here sample 8-SS-ep-3 is shown. Overall the protruding part has a length
of more than 0.6mm.
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Figure 4.5: Surface barrier and work function in the presence of accelerating
fields. Left: the surface potential barrier is shown without accelerating field. To eject
an electron out of the material (gray area) at least the difference between the vacuum
potential and the Fermi energy εF is needed, which is exactly the work function Φ.
Right: here an accelerating field −→E is present. By this field the potential barrier is
lowered which means that an energy of Φeff < ΦF is needed to eject an electron. In
addition, the probability that an electron tunnels through the narrowed surface barrier
is increased.

measure the work function of different crystallographic orientations within one material
[Dom74]. The fact, that a static field of about 107 V/cm is applied to the tip makes
the work function measurement independent of adsorption [Hol66]. A drawback of this
method is, that it only can be used in a non-destructive way if the pressure does not
exceed 10−6 torr [Hol66].

Photoelectron spectroscopy is based on the photoelectric emission of electrons by UV
light or more generally by electromagnetic radiation with energy below 100 eV [Pan12].
There are several kinds of photoelectron spectroscopy, like X-ray photoelectron spec-
troscopy [Hol70], X-ray photoelectron diffraction [Hub95] and Ultraviolet photoelectron
spectroscopy [Gos78], to name but a few. In the following the attention is focused on
the Ultraviolet photoelectron spectroscopy. The emission takes place if the energy of the
photon is higher than the potential difference between the Fermi sea and the vacuum
potential (see also section 3.2 on page 67 and especially subsection 3.2.1 within it). To
prevent the ejected electrons from returning to the surface of the sample a negative po-
tential must be applied to the sample. It must be ensured that the potential does not
generate an electric field which bends the potential barrier as shown in figure 4.5. In that
case not the real but a smaller effective work function would be measured.

One method to determine the work function is performed with a spectrometer which
measures the kinetic energy of the emitted electrons. This is possible as the kinetic
energy of the electrons is linked to the surplus energy of the photons and by that also
to the work function of the material: the rate is plotted in dependence of the surplus
energy. But the surplus energy is not only dependent on the work function, but also
on the variance of the spectrometer and broadness of the wavelength distribution of the
optical setup. However, the broadness of the rate spectrum is used to determine the work
function. If the rate spectrum is measured at several wavelengths an extrapolation to
the point of 0 eV kinetic energy gives the work function of the material. This method is
particularly suitable for measuring of the lowest work function in the area of the light
spot. This is caused by the fact that the main parameter is not the emission rate but
the broadening of the surplus energy. But there is another method, which can be used
to determine the work function with a wavelength-selective UV-light source: as soon as
the photon energy exceeds the work function, electrons are emitted. The increase with
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the wavelength at energies close to the work function is exponential (at least within the
first electron volt above the work function). The shape of the increase is described by the
so-called Fowler function [Fow31]

f(µ) = π2

6 + 1
2µ

2 −
(

e−µ − e−2µ

22 + e−3µ

33 − ...
)

for µ ≥ 0,

f(µ) = eµ − e2µ

22 + e3µ

33 − ... for µ ≤ 0,
(4.6)

with
µ = e

Eγ−Φ
kBT . (4.7)

Here Eγ is the energy of the photon, kB is the Boltzmann constant and T is the temper-
ature. Fitting this function to the data enables the calculation of the work function.

Although the photoelectron spectroscopy enables work function measurements with rel-
atively high sensitivity and high resolution [Hüf03] the accuracy of the measurement is
limited. This is caused by a splitting of the Fermi sea into complex surface states at the
surface of a material [Feu76, Güd05] and a smearing of the Fermi-Dirac function due to
thermodynamic effects. This smearing effect is described by the probability f(ε) [Roy01]

f(ε) = 1
exp(ε−µ)/(kBT ) +1

(4.8)

that a state in the material is occupied. This probability depends on the energy ε of
a single particle state, the temperature T and the chemical potential µ. Only if there
is neither thermal broadening nor an electrical field applied, µ becomes equal to the
work function. By using equation (4.8) the smearing at 20 ◦C can be estimated by using
kBT = 25meV [Bab14]. Also, adsorbates can have an impact on the measured work
function [Hec12].

Due to the sensitivity of photoelectron spectroscopy on the minimal work function this
method is microscopic: as soon as the photon energy is sufficiently high electrons are
emitted from any crystalline surface. But as any used light spot has a non-vanishing
dimension the measurement can also be called macroscopic. Due to the propagation of
the light into the material photoelectron spectroscopy is sensitiv not only to the surface
itself but also to the underlying layers up to to 20 nm thickness [Pan12].

Relative techniques

Examples of vibrating capacitor methods are Scanning Kelvin Probe Force Mi-
croscopy [Pan12, Ono01, Non91, Yas96] and the Kelvin Probe method11 [Kel98, Zis32,
Bai99]. As the latter is one of the most commonly used techniques of CPD measurement
[Woo88], the following description focuses on this technique.

The Kelvin Probe method was developed by W. T. Kelvin in [Kel98] and further
improved by W. A. Zisman in [Zis32]. It measures the CPD by a vibrating metal reference
tip which together with the stationary sample forms a capacitor [Bai01, Bai99] (see also
figure 4.6): two not electrically connected materials (in this case sample and tip) usually

11Although the Scanning Kelvin Probe Force Microscopy and the Kelvin Probe method are based on
the vibrating capacitor methods, they have a different observable: the Scanning Kelvin Probe Force
Microscopy measures the electrostatic forces on the tip, while the Kelvin Probe method measures the
voltage. That is why both are named.
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Figure 4.6: Energy level diagrams and the contact potential difference. In (1)
the non-connected materials with different work function but same vacuum potential
are shown. In (2) the materials are electrically connected and the Fermi levels are
equalized by a charge exchange. Resulting from that, the vacuum potentials are shifted
to each other. The magnitude of the shift is determined by the CPD. At the surface
of the material surface charges arise. In (3) an additional backing potential is applied
between sample and tip. If this backing potential is of the same value as the CPD but
with negative sign the vacuum potentials and Fermi levels are bend (to the position of
unconnected materials), while the vacuum potential is equalized again.

have Fermi levels of different energy εF and different work functions Φ. If the materials are
connected, the potentials influence each other. Electrons move from the material with
higher Fermi level to the material with lower Fermi level to compensate the potential
gradient. Once the Fermi levels are equal [Lüt14]

εF,S = Evac,S − eΦS = Evac,T − eΦT = εF,T (4.9)

the motion of the electrons stops. During this process the vacuum potentials are shifted
and surface charges are induced which shield the field inside of the material and generate
the potential gradient. That means that sample and tip form a capacitor with a charge
Q [Lüt14]

Q = C (− (ΦS − ΦP)) (4.10)
and capacitance C of approximately [Dem14]

C = ε0
A

d
, (4.11)

where ε0 is the vacuum permittivity, A is the area of the smaller surface (usually the tip
area) and d is the distance between sample and tip. Note that the given formula of C
is only an approximation which neglects stray fields and non-parallelism and which uses√
A � d. If now sine-like vibrations of the tip are induced the distance d and therefore

the capacity C of the capacitor are constantly changed. This cause a continuous charge
exchange between sample and tip describable by the current [Lüt14]

I = dQ
dt = (− (ΦS − ΦP)) dC(t)

dt ∝
d
dt

1
d+ ∆d sin(ωt) , (4.12)

with the variation of the distance d = d+ ∆d sin(ωt).

In order to measure the CPD an external voltage Ub can be applied between sample and
tip which affects the output signal (compare figure 4.7 (1)). If

Ub = ΦS − ΦP = −UCPD, (4.13)
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the output signal vanishes. This method of measuring the CPD is called the null method
[Rom15, Chu09]. To improve the measurement usually a lock-in amplifier is added to the
setup which is adjusted to the vibration frequency of the tip. But still the measurement
remains sensitive to noise as noise becomes dominant at a vanishing signal [Gri14, Bai91].
In addition a lock-in amplifier can only filter out noise with a frequency different from
the vibration frequency, but stray capacities generate noise with the same frequency.

A less noise-sensitive method of measuring the CPD is the so-called off-null technique
(compare figure 4.7 (2)). Here two or more different voltages are applied between sample
and tip differing from -CPD (e.g. ± 1V in case of CPD values in the order of ± 0.5V
[Bab14]). In doing so large signals with large signal to noise ratios are generated. By
using the linear dependence between signal and Ub a linear fit through the measured points
followed by a calculation of the x-intercept of this fit gives the negative CPD value. A
side effect of this method is that the distance between sample and tip is reflected by the
Gradient G of the fit line in a non-trivial manner.

With the Kelvin Probe technique the CPD of both metals and semiconductors [Bai89]
can be measured in a non-invasive way [Bai01]. The measurements can be performed
in a broad range of temperatures and pressures including ultra high vacuum (UHV). If
translation stages are added to the system scans over almost any area size are possible. As
the Kelvin Probe averages the CPD value over the surface area of the tip, it determines
the arithmetic mean of the CPD value of the outermost layer of the sample surface
[Bai89, Bai99]. That way a resolution of 1meV and an accuracy in the meV range are
possible [Bai99]. But the accuracy depends on any change in the work function of the
tip, e.g. by degradation, due to the relative character of the measurement. For that
reason the most common tip materials are gold and stainless steel. Despite the relative
measurement, changes in the work function and long-term stability measurements are
feasible, if the tip work function remains stable.

A static capacitor also uses the connection of two materials with different work func-
tions: it monitors the current which results from the connected materials forming a ca-
pacitor (compare figure 4.6 (1) and (2)). During the connection of the materials a backing
potential VB is applied until there is no current anymore. This must be done with a very
short response time tR. In this context short means that the time constant RC of the
circuit must be much larger than tR (the overall response time is typically in the order of
0.5 s) [Bac85]. If the ratio tR/RC is smaller than 0.01 the accuracy of the work function
measurement is ± 1% [Woo88]. The sensitivity can reach values of 0.25mV [Bac85].

The Kelvin Probe method is used to develop the final Rear Wall, as it combines a high
possible resolution and accuracy with the possibility to scan over the whole Rear Wall
surface. In addition, a Kelvin Probe is available at the KATRIN collaborator Johannes
Gutenberg University of Mainz. Of particular interest is the fact that a Kelvin Probe
averages the CPD over the tip surface. This represents the smearing effect of the plasma.
The measurements with the Kelvin Probe method are completed by photoelectron spec-
troscopy at the monitor spectrometer of KATRIN. In addition to the measurement of
absolute work function values, investigations of the impact of the hole area are possible
with this method. The monitor spectrometer is also based on the MAC-E filter principle.
Therefore a measurement of Rear Wall samples at the monitor spectrometer also tests
the performance of the Rear Wall in a MAC-E filter prior to its installation at the Rear
Section. The results obtained by the Mainz Kelvin Probe are presented in the following
section.
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Figure 4.7: Measurement principles of a Kelvin Probe. On the left side of (1)
the energy level diagram of two electrically connected materials is shown. If the distance
between these materials is periodically changed a signal as shown in the right part of
this figure can be measured. The amplitude of the signal is dependent on the CPD of
the two materials. In (2) the energy level diagram is again shown on the left side and the
resulting signal on right side. But now a backing potential is applied between sample
and tip. If the backing potential is equal to the negative CPD value - the situation
presented in this figure - the vacuum potentials are equalized again and the resulting
signal vanishes. This is the measurement principle of the on-null method. In (3) the
off-null method is shown. Here the amplitude of the signal is measured in dependence
of the applied backing potential. At least two different backing potentials V1 and V2 are
used. The x-intercept of the resulting line through the measured points is equal to the
negative CPD value.
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4.5 Relative Work function measurements by an ambient
air Kelvin Probe

In this section the results of a Kelvin Probe, which is available at the Johannes Gutenberg
University of Mainz are presented. This Kelvin Probe setup was implemented in late
2011 to investigate the work function of electrodes used at KATRIN or aSPECT [Sch12].
At the time of the measurements the system was already fully commissioned [Sch12].
Note that the measurements with the particular Kelvin Probe are performed at ambient
air conditions which is why it is called an ambient air Kelvin Probe in the following.
Nevertheless, two important questions concerning the Rear Wall and its work function
can be addressed with the measurement using the ambient air Kelvin Probe, namely:

1. Is the homogeneity of the CPD dependent on the treatment of the sample surface
before coating?

2. Which is the most suitable substrate material and coating technique?

In addition, at least a first assessment of the dependence of the CPD homogeneity on
time and bake-outs can be given.

An overview on the ambient air Kelvin Probe setup is given in the subsequent section 4.5.1.
The procedure during the measurements and the analysis of the data taken during the
measurements is described in section 4.5.2. Earlier results of the Rear Wall development
also generated with this ambient air Kelvin Probe are summarized in section 4.5.3. The
execution of the measurements and the results concerning surface quality dependence,
work function homogeneity of different samples, long-term stability and bake-out effects
are presented in the sections 4.5.4 and 4.5.5. Finally these sections about the ambient
air Kelvin Probe are completed by a discussion concentrating on first discoveries and
necessary further steps in section 4.5.6.

4.5.1 Experimental setup of the ambient air Kelvin Probe

The Kelvin Probe at Mainz is of the model ASKP150150 from KP Technologies LTD12.
By positioning the Kelvin Probe above stacked linear stages scans over an area of 150mm
× 150mm are possible. On top of these stages the sample stage with the samples is
installed. The adjustment of the tip position relative to the sample is realized by two
methods: For a rough height positioning a linear stage driven by a stepper motor is
used. The fine adjustment is done by the coil inside of the Kelvin Probe head which also
produces the vibration of the tip. A static offset voltage is applied to the coil in addition
to the periodic supply voltage. The tip which is installed at the Kelvin Probe head is
exchangeable. The available tips differ by their diameter. As the capacity linearly depends
on the tip area, different tip sizes result in different signal strengths and sensitivities. For
all measurements in this thesis a 2mm gold coated stainless steel tip is used. To enable
not only a relative but also an absolute measurement of the work function, two reference
sample surfaces are available at the sample stage: a gold and an aluminum surface.

To stabilize the conditions under which the Kelvin Probe measures, it is installed in an
optical enclosure. Influences on the measurement by light, humidity and temperature
are therefore reduced. But even with this enclosure the Kelvin Probe is not completely
independent of the ambient measurement conditions. To find correlations between CPD

12KP Technologies, Burn Street, Wick Caithness KW1 5EH, Scotland
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Figure 4.8: The ambient air Kelvin Probe setup. The photography shows a view
inside of the enclosure which surrounds the setup.

and the conditions inside of the enclosure ,temperature and humidity sensors are installed.
Especially the humidity was found to have a large impact on the CPD values as it can cause
drifts larger than 20mV [Sch12, Bab14]. For that reason the humidity is stabilized with
a saline solution of the salt complex MgCl2·6H6O which dries off the air. In equilibrium
at 25 ◦C this solution has a relative humidity of 32.3%. To improve and speed up the
drying of the air, a fan continuously blows air on the saline solution. The time until the
equilibrium is reached is about 12 to 24 hours. This period of time is always waited for
prior to measurements. A camera and an LED installed in the enclosure enable the visual
control of the Kelvin Probe. Both are controlled by the KP software. The photography
of the complete setup inside of the optical enclosure is shown in figure 4.8.

This setup is completed by dedicated motor controllers outside of the enclosure for the
motorized linear stages moving the sample stage and the z-stage. The measurement
signal is also further processed outside of the enclosure. For that the measurement signal
is split and routed into an oscilloscope for visual monitoring of the measurement signal
and into an ADC. The controlling of all components is performed by the KP software on
a PC which is connected with the controllers by a National Instruments13 6025E data
acquisition system. Limitations in this supplied software cause that only rectangular
shaped areas with limited number of points can be measured.

A precise description of the necessary steps to perform a measurement is given in the
following section.

13National Instruments Corporation, 11500 N MoPac Expwy, Austin, TX 78759-3504, USA
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4.5.2 Measurement procedure and analysis method

A sample which is planned to be measured with the ambient air Kelvin Probe must
first be installed on the sample stage in the optical enclosure. For a good electrical
connection between the Kelvin Probe and the sample, the samples are fixed to the stage
by clamps. Afterwards the optical enclosure is closed. After about 12 to 24 hours, when
the humidity in the enclosure and the saline solution reach the equilibrium, the samples
can be measured.

To perform an automatic scan controlled by the KP software the starting position as well
as the length and width of the area which should be scanned must be found manually.
Afterwards the work function of the gold reference sample is measured 50 times. For that
the tip is manually moved close to the surface with the z-stage. The fine adjustment is
performed automatically by the KP software by adjusting the Gradient G to a certain
value14 (compare section 4.4). The mean value of these measurements can be used to
detect drifts of the system during the scan. The next step is to again move the tip to
the starting position of the scan. The height is adjusted in the same procedure as at the
reference electrode. When the Kelvin Probe is in the correct position above the sample,
the scan can be started. Now the KP software automatically moves the sample under
the tip and adjusts the height by tracking the Gradient. During the scan the sample is
only moved 1mm from measurement point to measurement point in case of the 2mm
tip. In doing so the measurement points overlap which makes sure that in spite of the
round surface of the tip each position within the scan area is measured. After the scan
the Kelvin Probe is manually moved to the reference sample again, where an additional
50 measurements are performed.

The analysis of the data is performed by calculating the mean CPD value and its RMS
deviation σRMS,surface over the whole scan area. With these values it can be checked, if
the CPD value of the reference sample before and after the scan are compatible within
the errors. In case of the measurements presented in the thesis in hand this was true with
exception of only 6 measurements. But in case of these 6 measurements the CPD values
of the reference sample before and after the scan are also compatible within 3σ. For that
reason and for increased clarity the results of the reference sample measurements are not
discussed in the following.

The CPD and σRMS,surface give some indication of the overall homogeneity of the sample.
If σRMS,surface < 20 mV, one of the two KATRIN requirements is met. In addition, a
comparison of σRMS,surface of different measurements of the same sample, e.g. before and
after bake-out, makes effects on the homogeneity of the sample work function and its
stability visible. Note, that for these comparisons only the σRMS,surface and not the CPD
value itself can be used, as the CPD value is not comparable under ambient conditions.
To check for the spatial distribution the CPD value is plotted in a diagram dependent on
its x- and y-position. These diagrams are called CPD maps in the following.

Previous measurements with the ambient air Kelvin Probe by M. Babutzka were also
based on the measurement procedure and analysis method presented in this section. Their
results are summarized in the following section.

14The exact value of the Gradient is dependent on the Kelvin Probe itself and the amplification of the
measurement signal. In case of measurements performed with the ambient air Kelvin Probe in the course
of this thesis the Gradient is set to a value of 300.
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4.5.3 Previous results of measurements at the ambient air Kelvin Probe

The measurements described in [Bab14] were executed during one week. In general the
strong dependence of the measurement on humidity and dust under ambient conditions
could be verified at the Kelvin Probe in Mainz during this time. Work function changes
of more than 50mV have been detected and the correlation with the atmosphere in the
enclosure was shown.

In addition, 5 different samples have been measured with the ambient air Kelvin Probe.
The results of these measurements were:

• 3-inch silicon wafer: 171± 7mV
• 2-inch sapphire: 279± 6mV
• Triade window (beryllium substrate): -12± 26mV
• 1-inch beryllium 1: 154± 10mV
• 1-inch beryllium 2: 181± 8mV

As one can see, all samples with exception of the Triade window clearly have a work
function homogeneity of less than 20mV. The difference in homogeneity between the
Triade window and the beryllium samples can most likely be explained by the insertion
of the beryllium foil in the CF flange in case of the window. Due to this the surface of
the beryllium is curved. This might either induce stress in the beryllium and the above
gold layer causing the inhomogeneity or it might disturb the measurement of the Kelvin
Probe.

The results imply that silicon, sapphire and beryllium could be suitable as a substrate
for the Rear Wall. But as each sample was measured just once, long-term effects cannot
be excluded. To further investigate samples with these substrates, but also with other
substrates such as aluminum, copper and stainless steel, additional measurements were
performed with more samples and over a longer time. The execution of these measure-
ments and their results are presented in the following section.

4.5.4 Execution of measurements with the ambient air Kelvin Probe

During the measurements which are performed over a period of 3 months overall 20
different samples are measured at least once but mostly several times. In each scan a
rectangular area (or in case of the 6-inch sample a cross-like area15) is measured which
differs in position and size from scan to scan. The same surface cannot be measured, for
several reasons: the scan area is dependent on the mounting of the samples on the sample
stage, the sample is fixed by clamps and by the position of a possible hole. However,
it is assumed, that the work function homogeneity is more or less equal over the whole
surface so that the σRMS,surface values are comparable for different measurements of the
same sample.

During the measurements, the impact of the surface quality of the substrate on the work
function homogeneity is investigated in more detail. Therefore, the samples 2-Al-mp-3,
1-Al-ep-3, 1-SS-ep-3 and 3-SS-mp-3 are measured before and after the coating process.
The samples with same substrate but different surface treatment can be compared. In
addition, the gold coated Cu of mirror quality is measured. This mirror is of the same

15As the KP software does not allow measurements with unlimited number of points it was not possible
to measure the surface of the sample in one scan. Therefore, the scan is split in three to four parts.
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type as the copper mirror of the samples 1-Co-LTU and 2-Co-LTU. Therefore, a scan
of these uncoated mirrors is compared with the results of the coated Cu mirror sample.
Also, the impact of the substrate, the consequent layer design and the coating technique
is investigated by measuring differently produced samples. As some samples are measured
up to 5 times within the measurement period of 3 months, the long-term stability of the
homogeneity can be investigated.

In addition, the effect of a bake-out is tested on 6 samples: SiO2-6, 1-SS-ep-3, 2-SS-ep-3,
1-SS-mp, 2-SS-mp and 3-Co-mp-3. These samples are measured about 2 weeks before the
bake-out for comparison. As a reference the samples SiO2-5 and 3-SS-mp-3 are not baked
but also measured before and after the bake-out of the other samples. As these samples
are identically manufactured as the samples SiO2-6 and 2-SS-mp, a possible change in
the homogeneity of the baked samples but not in the reference samples is traceable to
the bake-out. Due to the fact that no heatable vacuum chamber is available at Mainz at
the time of the measurements, the bake-out is performed at the KIT. The samples are
installed in sample holders for the bake-out to avoid any damage. After the bake-out, the
samples are transported to the University of Mainz. During the approximately 4 hours
between the extraction of the samples out of the vacuum chamber and the closing of the
optical enclosure of the Kelvin Probe the samples are directly exposed to uncontrolled
and un-monitored ambient air.

An overview of all measured samples, the number of performed scans and the scanned
areas are given in table 4.3. Furthermore, it is stated if they are used to determine the
effect of the surface quality or of a bake-out on the CPD homogeneity. The results of
these measurements are given in the following section.

4.5.5 Results of the measurements with the ambient air Kelvin Probe

For reasons of clarity and comprehensibility the results of the measurements performed
with the ambient air Kelvin Probe are divided in 4 parts: the effect of the substrate
surface on the σRMS,surface, the homogeneity of differently produced samples, the long-
term stability of σRMS,surface and the impact of a bake-out on σRMS,surface.

4.5.5.1 Dependence of the homogeneity on the surface quality before coating

A copper mirror, mechanically polished and electropolished samples are measured before
and after coating. The results of these measurements are given in table 4.4. Before the
coating the mirror and 1-SS-ep-3 have a good homogeneity clearly lower than 20mV, 3-
SS-mp-3 and 1-Al-ep-3 have a barely to high inhomogeneity above 20mV and 2-Al-mp-3
has a σRMS,surface value of clearly more than 20mV. After the coating the homogeneity is
generally improved by a factor between 1.19 and 4 for all samples with exception of the
mirror. The σRMS,surface of the mirror is increased by a factor of more than 6.

The stainless steel samples have (independent from the surface treatment prior to the
coating) σRMS,surface values below 10mV. In case of the aluminum samples the relative
improvement of the mechanically polished sample is higher but the absolute σRMS,surface
value is worse: in case of sample 1-Al-ep-3 the requirement on σRMS,surface is barely met,
sample 2-Al-mp-3 failed the requirement.
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Table 4.4: Results of Kelvin Probe measurements of different samples be-
fore and after coating. In addition to σRMS,surface the CPD values are given for
completeness.

before coating after coating
sample CPD /mV σRMS,surface /mV CPD /mV σRMS,surface /mV
Cu mirror 123.4 8.7 45.2 54.1
1-SS-ep-3 -70.7 13.0 279.3 6.5
3-SS-mp-3 -422.4 25.8 258.0 9.4
1-Al-ep-3 79.8 21.6 53.3 18.1
2-Al-mp-3 -554.3 129.7 -46.5 32.4

4.5.5.2 The dependence of σRMS on the substrate

The CPD of 20 samples is measured after the coating process. The results of these
measurements are summarized in table 4.5. The corresponding CPD maps can be found
in appendix E. With exception of the gold sheet all measured σRMS,surface values are below
55mV. The first two measurements of the gold sheet give σRMS,surface values of more than
49V. In contrast to that the σRMS,surface of the last measurement is only about 63mV.
These very high values are most probably caused by bends in the gold sheet. These bends,
which are also visible by eye, cause an inhomogeneous distance between tip and sample
which makes a reliable measurement with a Kelvin Probe difficult. The copper mirror
has the highest σRMS,surface of the remaining samples with about 54mV.

The results of all other samples dependent on their substrate can be summarized as
follows:

• Sapphire: with the exception of the first measurement of sample Sapphire-6 all
measurements have a σRMS,surface below 18mV and are therefore within the accepted
RMS deviation over the sample surface of KATRIN. A CPD map of this first mea-
surement is shown in figure 4.9 in comparison to the second measurement. As the
feature which causes the high σRMS,surface of 46.1mV is visible in both plots it is
more likely that it is caused by a characteristic of the surface than for example by
dust.
• SiO2: there is also one outlier in case of the silicon substrates namely the first mea-
surement of sample SiO2-6. Just like in the first measurement of sample Sapphire-6,
line-like structures can be seen in the CPD map of this measurement. As those lines
can also be found in the second scan which is performed at the identical position,
this is again not caused by dust or other conditions of the measurement. The
associated figures can be found in appendix E.1. All other measurements have
σRMS,surface≤ 19.6mV. But most of the measurements show even smaller values of
below 10mV.
• Aluminum: independent from the used polishing and coating techniques 3 of the
5 performed measurements on aluminum samples show σRMS,surface >27mV.
• Copper: only the copper sample 3-Cu-mp-3 meets the requirements on the homo-
geneity of the CPD. Its σRMS,surface is less than 12.8mV. The other copper samples,
which are not coated by sputtering like sample 3-Cu-mp-3 but by galvanization, fail
the requirement with σRMS,surface≥ 28.0mV.

• Stainless steel: with the exception of sample 1-SS-mp-3 all tested samples have
σRMS,surface values below 20mV and therefore meet the requirement on the CPD
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Table 4.5: Overview of measured CPD and σRMS,surface of all samples tested
with the ambient air Kelvin Probe. Not listed in this table are results of measure-
ments prior to the coating and after the bake-out. In addition to the name, the CPD and
the σRMS,surface values the coating procedure is given for clarity. This is the case, as this
sample characteristic cannot be found in the name of the samples. The abbreviations v,
g and s in the second column mean: vapor deposited, galvanically coated and sputter
coated. Note, that the measurements of sample SiO2-3 or SiO2-4 are measured on one
day. The splitting into several measurements is only due to the size of these samples.

sample coa-
ting

CPD
/mV

σRMS,surf.
/mV

CPD
/mV

σRMS,surf.
/mV

CPD
/mV

σRMS,surf.
/mV

CPD
/mV

σRMS,surf.
/mV

goldsheet - 573.2 49508.0 12717.4 136875.0 -9.8 62.7
Cu mirror v 45.2 54.1
Sapphire-5 - 327.8 10.2
Sapphire-6 - 205.3 46.1 237.0 17.8 284.3 15.3 399.9 8.9
SiO2-3 e 218.3 9.2 224.9 6.7
SiO2-4 e 219.0 12.9 228.9 6.3 222.5 6.1 220.1 4.5
SiO2-5 e 303.1 18.3 353.9 9.8
SiO2-6 e 202.8 51.5 236.6 19.6 244.6 8.8 357.9 8.9
1-Al-ep-3 g 53.3 18.1
4-Al-ep-3 s 210.4 13.0 343.4 38.6
2-Al-mp-3 g -46.5 32.4
3-Al-mp-3 s 264.1 27.9
2-Cu-ep-3 g -77.6 46.8
2-Cu-mp-3 g 30.7 28.8 38.3 28.0
3-Cu-mp-3 s 232.8 10.4 298.9 12.8
1-SS-ep-3 s 279.3 6.5 288.8 7.5 302.4 7.9
2-SS-ep-3 g 11.5 12.5 15.4 12.9 126.0 19.3
1-SS-mp-3 g -28.1 46.6 49.7 37.5
2-SS-mp-3 s 309.9 11.5 324.6 10.3 339.4 12.0
3-SS-mp-3 s 258.0 9.4 270.0 8.0 338.3 13.2

homogeneity over the whole surface. Comparing the other samples, sputtered sam-
ples have slightly lower σRMS,surface: the mean σRMS,surface of the all measurements
on sputtered samples is (9.4± 2.3)mV compared to that of the galvanized samples
of (14.1± 3.5)mV without and (23.4± 15.0)mV with sample 1-SS-mp-3.
In addition the samples 2-SS-mp-3 and 3-SS-mp-3 have the same mean RMS devi-
ation. This is mentioned particularly as these samples are produced in exactly the
same way.

By comparing samples with same surface treatment but different coating procedures it
can be noticed that the sputtered samples always provide a higher CPD homogeneity
and lower σRMS,surface values compared to their counterparts coated by galvanization.
The difference spans from only 4.5mV to 36.3mV, if the first measurements after the
production are compared.

In conclusion the best results are found at sample 1-SS-ep-3 with

σRMS,surface,1−SS−ep−3 ≤ 7.9mV (4.14)

or
σRMS,surface,1−SS−ep−3 = (7.4 ± 0.8)mV (4.15)
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Figure 4.9: Comparison of the CPD maps of the 1st and 2nd measurement
of sample Sapphire-6. Top: here both the CPD map of the first measurement of
sample Sapphire-6 and the appropriate histogram are shown. The line of increased
CPD values in the CPD map in the area from 1mm to 3mm in x-direction and 8mm
to 32mm in y-direction could be caused either by a characteristic of the sample, e.g.
a scratch, or by dust which sticks on the tip and is browsed over the sample surface.
Bottom: the CPD map and the histogram of the second measurement are plotted. Again
a line of higher CPD values is visible in the left plot. This scan and the first scan are
performed at exactly the same position of the sample, which makes both shown CPD
maps comparable: the line with increased CPD is at the same position. Due to that it
is unlikely that the line is caused by dust.

and at sample SiO2-3 with

σRMS,surface,SiO2−3 = (7.5 ± 3.7)mV. (4.16)

Note, that in case of SiO2-3 only a mean value is given. This is the mean value of 4
measurements performed at the 6-inch sample on the same day. All scans are performed
at different areas of the sample.

4.5.5.3 Stability of homogeneity over time

To investigate the long-term stability of the CPD homogeneity the σRMS,surface results of
those samples which are measured more than twice are plotted against the measurement
number. This plot can be found in figure 4.10.

In case of sample Sapphire-6 and SiO2-6 the plotted measurements are performed over a
period of 3 months. Between the first and the second measurement a decrease of more
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Figure 4.10: Change of the σRMS,surface over time. For clarity the samples
Sapphire-6 and SiO2-6 are plotted in the diagram on the left side and the samples 1-
SS-ep-3, 2-SS-ep-3, 2-SS-mp-3, 3-SS-mp-3 and 3-Cu-mp-3 in the diagram on the right
side. Each measurement is related to a date, namely: (1) 28.05.2013; (2) 28.05.2013; (3)
29.05.2013; (4) 16.07.2013; (5) 17.07.2013; (6) 17.07.2013; (7) 18.07.2013; (8) 18.07.2013;
(9) 19.07.2013; (10) 14.08.2013; (11) 15.08.2013; (12) 16.08.2013; (13) 27.08.2013; (14)
27.08.2013; (15) 29.08.2013.

than a factor of 2 can be found. That the large σRMS,surface values of the first measurement
of both samples are most likely not caused by dust has already been discussed in the last
section. This is additionally supported by the fact, that the later σRMS,surface values are
further reduced.

In case of the results of the stainless steel and the copper samples, which are also plotted
in figure 4.10 a more stable behavior of σRMS,surface is found. With exception of sample
2-SS-ep-3, a sample coated by galvanization, no sample has obvious tendencies towards
smaller or lower σRMS,surface values. The values of 2-SS-ep-3 continuously increase by
7.8mV within the period of about 1 month. In this time 4 scans are performed.

4.5.5.4 Dependence of homogeneity on a bake-out

The results for σRMS,surface of the samples SiO2-6, 1-SS-ep-3, 2-SS-ep-3, 1-SS-mp-3, 2-SS-
mp-3 and 3-Co-mp-3 before and after the bake-out are given in table 4.6. The samples
SiO2-5 and 3-SS-mp-3 are identically produced as the SiO2-6 and 2-SS-mp-3 sample, but
not baked-out. These samples function as reference for the baked samples.

For the baked sample 1-SS-ep-3 and 3-Co-mp-3 a decreasing σRMS,surface is found. It
decreases by values ranging from 0.1mV to 2.7mV. The other baked samples have in-
creased σRMS,surface values after the bake-out. The largest absolute increase of 24.8mV to
σRMS,surface =62.3mV happens on sample 3-Co-mp-3. But note that this sample already
had an RMS deviation over the surface larger than the Rear Wall requirement before the
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Table 4.6: Comparison of the σRMS,surface values before and after the bake-
out at 160 ◦C for about 60 hours. The measurements before the bake-out are
performed about 2 weeks prior to those after the bake-out.

before bake-out after bake-out
sample bake-out CPD /mV σRMS,surface /mV CPD /mV σRMS,surface /mV
SiO2-5 - 303.1 18.3 353.9 9.8
SiO2-6 160◦C 60 h 357.9 8.9 281.9 27.2
1-SS-ep-3 160◦C 60 h 302.4 7.9 179.0 7.8
2-SS-ep-3 160◦C 60 h 126.0 19.3 -51.9 20.0
1-SS-mp-3 160◦C 60 h 49.7 37.5 -71.7 62.3
2-SS-mp-3 160◦C 60 h 339.4 12.0 180.9 15.2
3-SS-mp-3 - 258.0 9.4 359.7 10.4
3-Co-mp-3 160◦C 60 h 298.9 12.8 144.1 10.1

bake-out. The largest relative change can be observed for sample SiO2-6. In case of this
sample the σRMS,surface value increases by a factor of 3.1. That means, that this sample,
which met the σRMS,surface requirement before the bake-out, seems not to be suitable any-
more after the bake-out. This is further supported by the fact that the σRMS,surface of the
unbaked reference sample SiO2-5 decreases at the same time. It is also supported by the
CPD maps presented in figure 4.11.

To verify the unsteady CPD distribution over the surface an additional measurement
of sample SiO2-6 is performed two days after the first measurement. The result of this
measurement is

205.5 ± 16.1mV. (4.17)

This means, that σRMS,surface is decreasing again. The CPD map also looks similar, but
the difference between the minimal and maximal CPD value is reduced. This supports
the assumption that the CPD homogeneity rises with time.

4.5.6 Discussion of the ambient air Kelvin Probe results

The results of the ambient air Kelvin Probe provide first insights as how the best suitable
Rear Wall design looks like. The investigation of the dependence on the surface treatment
show no correlation between surface treatment and CPD homogeneity. With exception
of the copper mirror all samples have an increased homogeneity concerning CPD after
coating. The worse homogeneity of the mirror could be explained by a higher surface
roughness: as stated by the manufacturer of the mirror, the mean surface roughness is
usually in the range from 1nm to 5 nm [LTU14]. In case of 316L stainless steel values of
about 3.2 nm and 1.5 nm can be found in [Ven06] for mechanical polishing or electropol-
ishing, respectively. However, due to the fact that step-like scratches in the surface can
cause work function changes of up to 0.9mV [Jia97, Jia98a], even small scratches in the
surface must be prevented. Therefore, specially produced metals which are plastered with
foil are recommended to be used for later samples and Rear Wall candidates. The surface
of these metals is protected during the manufacturing process by the foil. These special
metals are available at the KIT main workshop. To get rid of possible damages during the
processing of the metallic blank discs, an electropolishing process is also recommended.
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Figure 4.11: Comparison of CPD maps before and after bake-out. On the left
side the CPD maps and on the right side the corresponding histograms are plotted. All
histograms and maps are plotted with the same difference of minimal and maximal CPD
value for better comparison. In (1) the results of sample SiO2-6 before the bake-out are
shown. In (2) those after the bake-out are presented. The CPD value is less steadily
distributed over the surface than prior to the bake-out. This can also be detected in the
histogram which is broadened after the bake-out. For comparison the results of sample
1-SS-ep-3 after the bake-out are also given in (3). Here no unsteadiness can be observed
in the CPD map and the distribution in the histogram is also not as broad as that of
sample SiO2-6.
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With these findings the first question of section 4.5 concerning the surface treatment and
its dependence on the CPD homogeneity is successfully answered.
During the investigations with the ambient air Kelvin Probe an even larger effect on
the homogeneity caused by the coating process is found. All samples with same surface
treatment but different coating processes have lower σRMS,surface values if they are sputter
coated. In addition, the evaporated sapphire and silicon samples also provide sufficient
results with σRMS,surface < 20mV, at least after a certain time. If this result is combined
with the fact, that the samples with the lowest σRMS,surface values are produced with
silicon and stainless steel substrates it is recommended to either produce the Rear Wall
candidates using sputter coated stainless steel or silicon wafers coated by evaporation.
As neither stainless steel samples coated by evaporation nor SiO2 samples coated by
sputtering were tested, a statement on the possible suitability of such samples is not
possible.
The long-term investigation of the σRMS,surface values indicates that a change in the up-
permost surface layer of the samples with silicon and sapphire substrate happens. These
layers, which at ambient air usually consist of adsorbed water molecules, smear out pos-
sible inhomogeneities of the work function and also reduce the work function [Hec12]. If
this is the case, a decrease in CPD homogeneity is expected after a bake-out, as adsorbed
water layers are removed. And indeed, this increase is found after a bake-out of the silicon
sample SiO2-6. Also the fact that σRMS,surface is again decreased two days after the first
measurement of the baked sample, can be explained by the formation of new water layers
on the surface. But the long-term stability of the Rear Wall’s σRMS,surface must be ensured
during the KATRIN measurements. This is of particular interest, as the work function
homogeneity cannot be measured anymore, after the Rear Wall is installed. Therefore,
samples with an unstable long-term behavior must be excluded. This also extends to
samples with a work function homogeneity of more than 20meV after a bake-out: it is
planned to bake-out the Rear Section at least once before the start of the KATRIN exper-
iment. As the silicon samples show an unstable behavior over several months and have an
increased σRMS,surface after the bake-out, they are not suitable for usage as a Rear Wall.
In contrast to the results of the silicon and sapphire samples the stainless steel samples
do neither show a temporal nor a bake-out effect. This could be explained by a faster
adsorption of water for those surfaces. In that case a removal or reduction of the adsorbed
layers would not be detectable with the Kelvin Probe setup working at ambient air: even
if the samples are baked out directly at the University of Mainz, the sample must be
exposed to ambient air for at least 12 to 24 hours to achieve the equilibrium in the optical
enclosure. Therefore, measurements at vacuum are required. These measurements are
described in section 4.6 and section 4.7.
Based on all these results an answer to the second question from section 4.5 can be given.
The recommended Rear Wall design consists of:
• a stainless steel substrate of 2mm thickness which is cut out of foil plastered
raw material and afterwards electropolished
• 100 nm of sputtered titanium as an adhesion layer
• 1µm of sputtered gold.

The comparatively large gold layer thickness is chosen, to prevent the gold from completely
diffusing into the other layers during the bake-out of the Rear Section. In addition, the
probability that the gold layer is removed completely by the ion bombardment from the
tritium source is reduced. In the following experiments the focus is on samples which are
produced with regard to these recommendations.
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Furthermore, the need of vacuum compatible measurement techniques gets obvious: the
Rear Wall will be installed in a vacuum environment with a pressure of about 10−5 mbar.
In addition, the Rear Wall will be baked out in this environment. It is also planned
to irradiate the Rear Wall with high intensity UV light to prevent the source from get-
ting positively charged. But as UV light irradiation enables the desorption of adsorbed
molecules from the surface, it can affect the work function homogeneity similar to a
bake-out. For that reason measurement techniques, which enable the simulation of these
conditions, are needed to verify the suitability of the recommended Rear Wall design. An
investigation of the impact of the central hole must also be possible. Therefore, photoelec-
tron spectroscopy measurements are performed at the monitor spectrometer of KATRIN
which enable the investigation of all aspects: the impact of the vacuum environment,
bake-outs, UV irradiation and of the hole on the work function and its homogeneity over
the surface. These measurements and their results are presented in the following section.

4.6 Absolute work function measurements by photoelec-
tron spectroscopy

The photoelectron spectroscopy measurements at the monitor spectrometer enable the
absolute measurement of the work function of Rear Wall samples. Due to the results of
the ambient air Kelvin Probe bare stainless steel and 3-inch samples based on stainless
steel substrates are investigated during these measurements. In addition the usage of
the Rear Wall as an electrode in the source part of a MAC-E filter (compare 2.1.3) can
be tested in the experimental setup. In doing so the suitability or the failing of the
recommended sample design can be examined.

The ambient air Kelvin Probe measurements were not able to give a final answer on the
third question from the beginning of this chapter

3. How does a bake-out or UV irradiation affect the work function and its homogeneity?

Especially the impact of UV irradiation could not be addressed at all. With photoelectron
measurements at the monitor spectrometer information about the impact of both, a bake-
out and UV irradiation, can be gained. In addition, a Kelvin Probe is in general incapable
of investigating the region of the hole or the area directly next to it16. For that reason
the question

4. How does the central hole effect the work function at the center of the flux tube?

from the beginning of this chapter can only be addressed by the measurements at the
monitor spectrometer.

The experimental setup which is used for the investigation of the stainless steel samples
is described in the following section 4.6.1. The measurement procedure and the analysis
method are then discussed in sections 4.6.2 and 4.6.3, respectively. Afterwards the results
of previous measurements at the monitor spectrometer and the experiences gained during
those measurements are summarized (section 4.6.4). The execution of new measurements
and their results are presented in the sections 4.6.5 and 4.6.6. The final discussion of the
results concerning photoelectron measurements in the last section (4.6.7) reconnects with
this introductory section and gives answers to the questions posed.

16During the Kelvin Probe measurements space of about 1mm is left to the hole.
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4.6.1 Experimental setup at the Monitor Spectrometer

The photoelectron measurements are performed at the source part of the monitor spec-
trometer. The monitor spectrometer was briefly introduced in section 2.2.3 already. A
drawing of its setup is shown in figure 4.12 together with some technical information on
it.

Besides the monitor spectrometer itself, the setup of the photoelectron measurements
consists mainly of two parts which were both developed at the University of Mainz and
are shown in figure 4.13: the sample holder acting as a high voltage electrode and an
optical setup providing the required UV light.

The light source of the optical system is a deuterium lamp. Its light is focused by a lens
with 3.5mm focal length into a prism spectrometer. The prism spectrometer filters the
light of the deuterium lamp to a certain wavelength. The particular wavelength must be
adjusted manually. This extends to the slit width of the prism spectrometer as well. The
specifications of this spectrometer can be found in [Lei]. After the prism spectrometer
another lens of the type LA4148 from Thorlabs with 5mm focal length collimates the
light. A lens of the type LA4158 from Thorlabs with a focal length of 25 cm focuses the
light. The long focal length make a small spot size at the sample possible. A mirror of the
type PF10-03-F01 from Thorlabs is used to redirect the focused light through a CF-40
sapphire window into the source vacuum chamber on the sample. Due to the fact that the
optical setup is well aligned the light intensity was so large that too many electrons are
produced and the detector was swamped by electrons. For that reason a pinhole aperture
is inserted in front of the prism spectrometer. This reduces the light intensity and enables
a measurement.

The sample holder is based on a two-part design which makes the installation of 2- and
3-inch samples possible. Larger samples cannot be tested due to space restrictions. The
sample is clamped between the two parts by the usage of insulating PEEK rods and nuts.
These rods are made of PEEK to insulate the sample from the rest of the sample holder
construction and the vacuum system. Together with an additional KAPTON foil the
sample holder is insulated by more than 10 kV from the other components of the setup.
As the holder also acts as electrode, it is shaped in a way that the resulting fields focus
the emitted electrons to a parallel beam. If an electrode is built with this special shape, it
is called a Pierce electrode [Pie49]. To minimize the production of background electrons
from the sample holder, it is platinized. As the work function of polycrystalline platinum
is 5.64V [Hay14] and therefore higher than that of gold17, close to the threshold of gold
no electrons can be emitted from the sample holder. To enable the positioning of the
sample, the actual sample holder is mounted on top of two plates of which each have two
parallel elongated holes. These make a change in x- and y-position of the sample possible.
The height and the dumping of the sample can be changed, as the sample holder and the
plates are connected by threaded rods and nuts. All components mentioned so far are
mounted on a CF flange which can be connected to the vacuum chamber. In the center
of this flange there is a high voltage feed-through. The connection between the sample
and the feed-through is established by a KAPTON insulated wire.

As both, the model of the deuterium lamp and its specifications, are unknown, the optical
setup has been calibrated at the University of Mainz. In doing so the optical power at
the position of the sample has been measured dependent on the wavelength selected at

17The maximum work function of gold is 5.47 in case of monocrystalline Au(100) [Hay14].
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Figure 4.12: The monitor spectrometer of KATRIN. The setup of the monitor
spectrometer can be divided into 3 main parts: the source section, the detector section
and the actual MAC-E filter. The later consists of 2 solenoids (the domes of the solenoids
are marked by dark green color) with a maximum magnetic field of 6.014T at both ends
of a vacuum tank. The diameter of this spectrometer vessel is 1m. The distance from
center to center of the solenoids is about 4m. At the analyzing plane of the MAC-E filter
the magnetic field drops to 309µT. 4 air coils improve the magnetic field at the analyzing
plane and 2 further coils in horizontal direction compensate for the earth’s magnetic field
(both shown in light green in the figure). The retarding potential can be applied to a
system of cylindrical and conical full metal and wire electrodes. The energy resolution of
the monitor spectrometer is ∆E=0.93 eV at 18.6 keV. In the detector section at the right
side of the figure a circular silicon PIN-diode is installed as detector. The sensitive area of
the detector is 1.5 cm2. Around the detector 4 further auxiliary PIN-diodes are arranged.
In the source section, at the left side of the MAC-E filter, the radioactive sources are
usually placed which are used to monitor the high voltage stability of KATRIN. In
case of the photoelectron measurements the large bellow and everything left of it is
removed. The vacuum chamber marked by the red arrow is the place where the samples
are installed (adapted from [Erh14]).
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Figure 4.13: Scheme and photography of the setup of the photoelectron
measurements at the monitor spectrometer. Top: here a schematic drawing of
the setup at the source part of the monitor spectrometer is shown. The light of the
optical system is focused in the vacuum chamber of the monitor spectrometer source
region. Here the Pierce electrode with the sample is installed. In addition to the flange
where the piece electrode can be installed and the port with the sapphire window, the
vacuum chamber has 2 further used ports. On one of these a viewport is installed, which
enables the visual control of the light spot position on the surface of the sample. On the
other port a pressure sensor is installed. Bottom left: a photography of the optical setup
is shown. All optical components are mounted to an aluminum profile. Bottom right:
a photography of the Pierce electrode with installed sample is shown. The electrode is
mounted on two plates with elongated holes for x-y-z positioning which are mounted on
a CF-flange (in accord with [Bab14]).
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Figure 4.14: Photography of the UV irradiation setup with a high intensity
xenon lamp at the source part of the monitor spectrometer. Left: the xenon
lamp is directly mounted to the sapphire window of the vacuum chamber. To reduce
the amount of produced ozone, the area between the lamp and the viewport is closed up
by tape. The light spot is collimated by the integrated optics at the front of the lamp.
Right: the light spot of the xenon lamp on the surface of the sample can be seen. The
sample is completely irradiated.

the prism spectrometer. The results of this calibration can be found in [Bab14]. The
optical setup can be replaced by a 300W xenon lamp. This lamp is used to determine the
effect of high intensity UV irradiation on the work function of the sample. It is mounted
directly in front of the sapphire viewport (see figure 4.14).

The flange with the sample holder and the high voltage feed-through are installed at the
end of the source vacuum chamber of the monitor spectrometer. The monitor spectrome-
ter is used in a pass through mode for the measurements. That means, that the retarding
potential of the MAC-E filter is below the acceleration potential which is applied to the
Pierce electrode. Therefore, all electrons produced at the cathode are reaching the detec-
tor at the other side of the monitor spectrometer and are counted there. The chosen value
of the acceleration potential is about 10 kV to improve the detection efficiency and signal
to noise ratio of the monitor spectrometer. In addition to the main setup of the monitor
spectrometer its corresponding infrastructure for bake-outs can also be used during the
measurement period.

The present electric fields in combination with the magnetic fields of the superconducting
magnets generate a Penning trap [Bla06] for electrons. To deplete this Penning trap a
wire sweeper is installed in the beam tube. This wire sweeper consists of a grounded wire
installed in a ring. This ring can be clamped into the beam tube between the source
section and the spectrometer vessel. The wire sweeper prevents the filling of the Penning
trap and associated discharges efficiently.

All parts of the just described setup are used to measure the work function by photo-
electron emission. The procedure of these measurements is described in the following
section.
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Figure 4.15: Measurement procedure during photoelectron spectroscopy at
the monitor spectrometer. Every measurement starts with the installation of a new
sample. To enable an unscattered motion of the electrons through the spectrometer the
vacuum chamber is evacuated afterwards. Only if the pressure in the source vacuum
chamber is below 10−8 mbar the connection to the monitor spectrometer vessel is opened.
After the measurements at different positions of the sample, the vacuum chamber is
baked out for at least a day at the target temperature of 180 ◦C and the sample is
measured again. The last part of each measurement cycle is the dismounting of the
sample. A new cycle starts again with the installation of a new sample.

4.6.2 Measurement procedure

A rough overview of the necessary steps during the photoelectron measurements is given
in figure 4.15: a new sample is installed at the source vacuum chamber and a first mea-
surement is performed. After a bake-out of the system, the sample is measured again.
The dismounting of the sample from the vacuum chamber is the last necessary step before
this procedure restarts with another sample.

To be able to mount a new sample at the source vacuum chamber, it must be installed
in the sample holder prior to that. This also includes the installation of a defined surface
behind the sample to cover the sample holder surface. The defined surface acts as a
background at the hole position of the actual sample. In addition, the sample and the
voltage feed-through must be electrically connected. Afterwards the flange, on which
the sample holder is installed, is mounted on the source vacuum chamber of the monitor
spectrometer.

During the measurement the wavelength dependent photoelectron rate is measured. This
is performed by deactivating the filter spectrometer. That means that a retarding poten-
tial of UMS ≈ −9.98 kV is applied at the MAC-E filter of the monitor spectrometer. The
cathode on the other hand is put on a potential of UC ≈ 10 kV<UMS. As a result even
emitted electrons with vanishing kinetic energy can pass the electrostatic filter.

The photon energy of the optical setup defines the kinetic energy of the emitted electrons.
The wavelength is changed in the range from 205 nm to 320 nm, always starting at the
longest and going down to the shortest wavelength. A complete scan through this range
is called a measurement in the following. The distance of the wavelength at which a
measurement is performed is either ∆λ = 5nm or ∆λ = 1nm. The smaller steps are only
used in the range from 320 nm to 280 nm to detect the exponential rise of the electron
rate close to the work function more precisely. But note, that not all measurements
are performed with these finer steps. The broadness of the wavelength distribution is
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determined by the slit width N at the prism spectrometer. This can be manually set to
arbitrary values from 2 to 90. For most of the measurements a value of N = 5 is used. The
wavelength distribution is linked to N by a wavelength dependent proportional factor.
This factor can be taken from graphs given in the manual of the prism spectrometer
[Lei]. The resulting wavelength distribution at N = 5 is between ∼0.3 nm at 205 nm and
∼1.5 nm at 320 nm.

By analyzing the wavelength dependent electron rate, the work function of the sample
can be calculated. These measurements are performed for each sample at least 5 times:
at top, bottom, left, right and hole position. For those samples where the hole position is
not equal with the central position the center position is also measured. By calculating
the mean value of these measurements the σRMS,surface can be estimated. The analysis
method to calculate the work function from the measured data is presented in the following
section.

4.6.3 Analysis method

The determination of the sample work function is achieved by the analysis of the increase
in the electron rate in dependence of the incident photon energy. For this the derivative
of the Fowler function [Fow31]:
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(4.18)

is fitted to the experimental data. In the fit function A is a constant of proportionality,
C is the background and

µ = e
Eγ−Φ
kBT , (4.19)

where Eγ is the photon energy, Φ is the work function, kB is the Boltzmann constant and
T is the temperature.

To take the wavelength dependent intensity of the optical setup into account, the calibra-
tion of the optical setup is also included in the analysis. At energies where no calibration
data is available a cubic spline interpolation is performed [Gal09].

By knowing the energy dependent quantum yield [Jia98b] and the free mean path of
electrons in gold [Sea79] the expected shape of the spectrum can be calculated. If the
experimental data is compared with this theoretical shape of the spectrum it can be found
that both generally match at energies close to the work function (compare figure 4.16).
Both have a maximum at energies about 1 eV above the threshold energy as well. But in
contrast to the experimental data the calculated data is not reduced to the background
rate. A systematic effect causing this decrease could be excluded by measuring the wave-
length dependent electron rate at the monitor spectrometer with a completely different
setup, namely the Münster e-gun [Val11]. The data of this measurement can be found in
appendix E.3 on page 258.

The rapidly decreasing rate can be explained by the coincidence of several effects: a free
electron cannot absorb light due to the violation of the conservation of momentum during
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Figure 4.16: Comparison of calculated and measured data of the photoelec-
tron spectroscopy. The black points mark the experimental data of sample 3-SS-ep-3
with gold background at the top position. The data of this sample is used, as its work
function is about 4.2 eV. This is important as the quantum yield assumed for the red
line, which is the calculated electron rate, is based on data of a gold surface with a work
function of about 4.2 eV given in [Jia98b]. Besides the quantum yield the decreasing free
mean path in gold with increasing photon energy is used to calculate the rate [Sea79].
As one can see, for both the calculated and the measured data, the electron rate rises
until the maximum at about 5.1 eV with the photon energy. From this point on the
measured data decreases until it reaches the background rate. In contrast to this the
calculated electron rate only drops to a value of about 70% of the maximum value.

this process18. In a material the momentum conservation is achieved by interactions
with the potential of the bulk (volume effect) or the surface (surface effect) [Tho57]. In
case of the volume effect the electrons lose energy through collisions, e.g. with other
electrons in the conductive band or by the excitation of plasma vibrations which are also-
called phonons. The latter is only possible from a certain energy on and its probability is
increasing with the kinetic energy of the electron [Sea79]. Both, collisions and excitations,
decrease the number of electrons as the electrons do not leave the bulk material anymore.
A surface effect involved in photoelectron emission is selective transparency [Fre31]. If the
surface field includes a transition from one potential energy level U1 inside of the material
to another level U2 outside of it, the reflection coefficient of the electron reflection is
dependent on the electron energy. The transition increases with the kinetic energy of
the electron after a first drop. This results in a peak in the spectrum. In addition, the
density of states, both of the bulk and the surface, is limited. At certain material specific
energies there are even gaps in these densities [Feu76]. These gaps cause that despite of
a sufficient number of photons no more electrons can be emitted in a capped region.

18At higher energies a partial energy transfer from a photon to a free electron is possible, but only with
a small wavelength change of the photon in the order of ∆λ/λ ≈ 10−5. This is the so-called Compton
effect [May57].
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All these effects are frequently investigated. Therefore, a more detailed description can be
found in [Mit36, Mit34, Tho57, May57, Met57, Fre31]. Nevertheless, an inclusion of these
effects into the fit of the analysis of the measured data is unrewarding. The introduction
of more fit parameters would increase the uncertainty of all fit parameters including the
work function. For that reason the fit is restricted to energies close to the work function
instead. The used energy range starts from an energy below the work function (about
3.8 eV to 4.2 eV) to approximately 1 eV above the work function. The exact values are
dependent on each spectrum. In this region the described effects can be neglected.

Before data of the measurements which were performed in the course of this thesis are
analyzed, previous measurements of Rear Wall samples at the monitor spectrometer are
briefly described in the following section.

4.6.4 Previous results of measurements at the monitor spectrometer

First results of photoelectron measurement at the monitor spectrometer have been pre-
sented in [Bab14]. One of the main results of these measurements was the fact, that the
work function of gold coated samples is significantly lower than given in literature: In
literature a work function of 5.31 eV in case of Au(111), 5.37 eV in case of Au(110), 5.47 eV
in case of Au(100) [Hay14] and 4.8 eV to 5.5 eV in case of amorphous and polycrytalline
gold [And59, Hay14] can be found. The work function values determined at the monitor
spectrometer are about 1 eV lower than these values. Mostly values in the range of 4.2 eV
to 4.4 eV are measured.

This discrepancy between literature and measurement can be explained by the physisorp-
tion of water molecules on the surface of the samples. The water molecules are condensed
from the humidity of the air the samples are exposed to. The samples in literature are
usually produced and measured in the same vacuum chamber and therefore not exposed
to air. If that is not the case, a work function value of about 4.2 eV for gold surfaces can
be found in the literature as well [Sav95, Jia98b].

Another important result was, that no significant degradation or change can be found in
the work function if a gold layer, coated on sapphire or silicon, is irradiated by electrons.
For this test 10 keV electrons were used to simulate the electron bombardment from the
tritium source. Although the energy of the electrons is less than the maximum energy
achievable from tritium decay, it is more than the mean value of 5.73 keV [Pil61]. The
used current also exceeds the expected current during the KATRIN run time of 5 years.

The results obtained after bake-out of the samples based on sapphire and silicon were
different. In case of the sapphire sample only an insignificant change in the mean work
function of about 5mV could be found, while the work function of the silicon sample was
shifted by 300mV. This shift was associated with a color change in the gold layer. The
explanation for this is the diffusion of the titanium adhesion layer into the gold driven by
the elevated temperature during the bake-out [Mar10].

Furthermore, another measurement method was used during the first photoelectron spec-
troscopy: instead of changing the wavelength, the potential of the monitor spectrometer
was changed. The potential increases from a value where no electrons can pass the ana-
lyzing plane to a value where all electrons pass the filter. By analyzing the broadness of
the kinetic energy distribution of the emitted electrons at several wavelengths an extrap-
olation to a vanishing energy distribution can be performed. The photon energy at that
point is equal to the work function. But these measurements need a comparatively long
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time of up to several days for the determination of the work function at one position of
the sample, if suitable uncertainties should be achieved. Therefore, this kind of measure-
ment is not recommended for the development of the Rear Wall. Only the measurement
method already described is used during the measurements presented in this thesis. A
description of the execution of the measurements can be found in the next section.

4.6.5 Execution of measurements

The measurements at the monitor spectrometer are performed over 4 weeks. Overall
4 different samples, namely sample 2-SS-ep-3, 3-SS-ep-3, 4-SS-ep-3 and 5-SS-ep-3 are
measured. All of these samples with the exception of sample 2-SS-ep-3 are produced by
sputter coating of an electropolished substrate with a central 4mm hole. Although the
substrate of sample 2-SS-ep-3 is also electropolished, it is not coated by sputtering but
by galvanization and the off-center hole is only 3mm in diameter.

The background behind the hole is varied only in case of sample 3-SS-ep-3. Both stainless
steel and gold are installed behind this sample at consecutive measurements. To be able
to compare the measurements at the hole position with measurements of the background
material, a measurement of the stainless steel back plate of the sample holder is also
performed before and after a bake-out. Since it is necessary that all measurements are
reproducible for this comparison, the reproducibility over time and after the motion of the
mirror has been successfully proven (compare appendix C). In case of all other samples a
gold surface is installed in the background. In case of sample 2-SS-ep-3 the gold surface
of sample 3-SS-el-3 and in case of the other samples the gold surface of sample 2-SS-ep-3
is used as background.

All samples are first measured at the 5 to 6 defined measurement positions and then baked
out at 180 ◦C for different duration. During heating up and cooling down of the system
the temperature gradient is adjusted to 0.2 ◦C/min. After the bake-out, a measurement
at each position is performed again. Sample 5-SS-ep-3 is additionally irradiated with high
intensity UV-light of the xenon lamp. This irradiation is done after the first measurement
of all positions. Afterwards these positions are measured again, before the sample is
baked out. A summary of the measured samples, the materials installed behind these
samples and their treatment can be found in table 4.7. A more detailed list of actions
performed during the 4 weeks of measurement time, e.g. including details like the monitor
spectrometer run numbers of performed voltage scans, can be found in appendix E on
page 246 ff.

4.6.6 Results of the measurements by photoelectron spectroscopy

In this section the results of the photoelectron spectroscopy at the monitor spectrometer
are presented. For clarity only the results of the analysis are shown here. The spectrum
of each individual measurement can be found in appendix E.2 on page 248.

The results are divided in two parts: section 4.6.6.1 investigates the work function homo-
geneity over the sample surface and the effect of a bake-out or UV irradiation. section
4.6.6.2 deals with the work function at the hole position and its dependence on the back-
ground material.
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Table 4.7: Summary of sample treatment during the photoelectron measure-
ment. Stainless steel refers to the back plate of the sample holder. The duration of a
bake-out starts, when 180 ◦C is reached, and ends as soon as the temperature is reduced
again. In case of the bake-out marked with ∗, one of the three heating sleeves installed
at the monitor spectrometer reaches only 170 ◦C.

sample background bake-out /h UV irradiation /h
3-SS-ep-3 stainless steel 49 -
3-SS-ep-3 2-SS-ep-3 15 -
stainless steel - 33 -
2-SS-ep-3 3-SS-ep-3 40 -
4-SS-ep-3 2-SS-ep-3 34 -
5-SS-ep-3 2-SS-ep-3 33∗ 0.5

4.6.6.1 The work function homogeneity over the sample surface and the effect
of a bake-out or UV irradiation

Each of the tested samples have been measured at 5 to 6 positions before and after any
treatment. Therefore, it is not possible to calculate either a σRMS,surface or a σRMS,pixel
value (compare section 4.1). Instead, the mean value Φ and the RMS deviation of the mea-
surements σRMS,Φ is calculated. The measurements at the hole position are not included
in the averaging. As it is assumed, that the measurements are uniformly distributed over
the surface, at least an assumption on the homogeneity over the surface is possible. The
values of Φ and σRMS,Φ are given in table 4.8 for all samples. The individual Φ values
and the error of each measurement can be found in appendix E.2 on page 256 ff.

By comparing the Φ values before any treatment 3 things are apparent:

• All Φ values are below 4.7 eV.
• The Φ values vary between (4.168± 0.011) eV in case of sample 3-SS-ep-3 and

(4.683± 0.044) eV in case of sample 5-SS-ep-3.
• σRMS,Φ of the sample 2-SS-ep-3, 3-SS-ep-3 and 4-SS-ep-3 is below 20meV, while
that of sample 4-SS-ep-3 and 5-SS-ep-3 is above 20meV.

After the bake-out, the Φ values of all samples are reduced with exception of sample 3-SS-
ep-3 with stainless steel background. This decrease is larger than 500mV. It also affects
each of the work function values in a similar way independent of the measurement position
(compare figure 4.17). On the contrary, Φ of sample 3-SS-ep-3 decreases only by 72mV
during the measurements with gold background. This comparatively small change could
be caused by bake-out time which was more than a factor of 2 shorter than in case of all
other bake-outs. After the bake-out of sample 3-SS-ep-3 with stainless steel background
Φ increases by 26mV. Therefore, Φ values of the measurements with steel background
before and after the bake-out are compatible within 2σ. But note, that the difference in
the change of Φ cannot be caused by the background material as the results of the hole
position are not included in the averaging. The hole position is the only position which
can be affected by the background material.

In addition to the bake-out sample 5-SS-ep-3 is irradiated by high intensity UV light,
too. As this irradiation took place before the bake-out, Φ after the irradiation must be
compared with Φ of the unbaked sample. The resulting change is 36meV. That means
the result of Φ before and after the UV irradiation are compatible within the errors.
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Figure 4.17: Effect of a bake-out and UV-irradiation on the work function.
Here the work function results of the measurements at different positions on the sample
are plotted. Filled markers are always used for unbaked samples and unfilled ones for
measurements performed at baked samples. The error bars of the work function values
are plotted, but they are too small to be seen. (1): the measurements of sample 2-SS-ep-3
are plotted. The change of Φ due to the bake-out is (524± 24)meV, which is compatible
with the mean change at the individual positions of (522± 23)meV, (2): here both the
work function values of sample 3-SS-ep-3 with stainless steel (red rhombus) and with gold
background (blue star) are shown. The difference of Φ before and after the bake-out of
(-26± 16)mV or (72± 8)meV is equal with the mean change of the work function at the
different positions of (-9± 17)meV or (70± 7)meV, respectively. (3): in case of sample
4-SS-ep-3 the mean work function change at the different positions is (580± 39)meV,
whereas the difference of Φ before and after bake-out is (585± 42)meV. (4): in this
diagram both treatments of sample 5-SS-ep-3 are plotted together, the bake-out and the
UV irradiation. The mean change due to the UV irradiation is (63± 38)meV. The work
function values after the bake-out are further decreased by (540± 10)meV. The changes
of Φ are (36± 51)meV and (564± 32)meV, respectively.
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Table 4.8: Mean work functions of the samples measured by photoelectron
spectroscopy. In addition to Φ and σRMS,Φ the material behind the sample, the treat-
ment and the number of measurement positions are given. If a certain position is mea-
sured more than once, the mean value of these measurements is for the calculation of Φ
and σRMS,Φ.

sample background treatment measured
positions

Φ /eV σRMS,Φ /eV

2-SS-ep-3 gold - 5 4.436 0.009
3-SS-ep-3 steel - 5 4.168 0.011
3-SS-ep-3 gold - 4 4.302 0.005
4-SS-ep-3 gold - 4 4.679 0.041
5-SS-ep-3 gold - 4 4.683 0.044
5-SS-ep-3 gold UV 4 4.647 0.027
2-SS-ep-3 gold baked 5 3.912 0.022
3-SS-ep-3 steel baked 4 4.194 0.011
3-SS-ep-3 gold baked 4 4.230 0.006
4-SS-ep-3 gold baked 4 4.094 0.010
5-SS-ep-3 gold baked 4 4.083 0.017

Table 4.9: Difference of the mean work function Φ and the work function at
the hole position. In case of the UV irradiated sample 5-SS-ep-3, the work function
difference is calculated by comparison with the unbaked sample. In contrast to that the
value given for the baked sample 5-SS-ep-5 is the difference between the UV irradiated
and the baked sample.

sample background treatment Φhole /meV Φ− Φhole /meV
2-SS-el-3 gold - 4.442± 0.008 -6± 12
3-SS-el-3 steel - 4.163± 0.005 5± 5
3-SS-el-3 gold - 4.279± 0.003 23± 11
4-SS-el-3 gold - 4.517± 0.004 162± 41
5-SS-el-3 gold - 4.575± 0.006 107± 44
5-SS-el-3 gold UV 4.472± 0.005 175± 27
2-SS-el-3 gold baked 3.925± 0.004 -13± 23
3-SS-el-3 steel baked 4.019± 0.002 175± 11
3-SS-el-3 gold baked 3.802± 0.017 428± 19
4-SS-el-3 gold baked 4.095± 0.004 -1± 11
5-SS-el-3 gold baked 4.076± 0.002 7± 17
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Figure 4.18: Work function at the hole position before and after bake-out
and UV irradiation. The corresponding error bars are plotted but not visible due to
their smallness.

In these considerations the work function at the hole position is not included. The effect
due to the hole is discussed in the following section instead.

4.6.6.2 The work function at the hole position and its dependence on the
background material

In table 4.9 the difference of Φ, the mean work function of all measurement positions with
exception of the hole position, and the work function at the hole Φhole are given. This
difference varies before the bake-out from a value which is compatible with 0meV to more
than 160meV. With exception of sample 3-SS-ep-3 the work function at the position of
the hole is always smaller than the work function of the remaining surface.

After the bake-out the work function at the hole position is reduced for all samples
(compare figure 4.18). But this reduction is not equally large for the different samples: it
is largest in case of sample 2-SS-ep-3 with (517± 9)meV and smallest at sample 3-SS-ep-3
with stainless steel background with (144± 6)meV. As result of this, the work functions
measured at the hole position becomes equal to the work function at the remaining surface
(compare table 4.9). For most samples the work function difference after the bake-out is
even compatible with 0meV, but not in case of sample 3-SS-ep-3. With both background
materials the work function difference gets larger after the bake-out.

The UV irradiation affects the work function at the hole position similar to a bake-out.
It also decreases the work function at this position. But the difference between the work
function of the surface and that at the hole position is further increased.

4.6.7 Discussion of the measurements by photoelectron spectroscopy

During the photoelectron spectroscopy at the monitor spectrometer further knowledge
is gained to develop a final Rear Wall. A general observation is that the work function
measured at any position of any sample is up to 1 eV smaller than expected from the
literature [Hay14]. The largest work function values before the bake-out are only in the
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order of 4.6 eV and the lowest just about 4.1 eV. This discrepancy between the measured
and the literature value was already detected in [Bab14] for differently produced samples.
The explanation for this is known: even at vacuum conditions a condensed film of water
molecules is both physisorbed and chemisorbed at any gold surface [Nov03, Wel72]. This
film cannot be removed by pumping and can be easily polarized. The latter can affect
measurements of the potential [Ono01]. In addition, the work function can be decreased
by 1 eV due to the adsorbed water depending on the packing of the water molecules at
the surface [Hec12].

Furthermore, a comparatively large variation of the mean work function Φ of different
samples is observed. The difference between the sample with the highest work function
and that with the lowest work function is more than 500meV. A difference of sample 2-
SS-ep-3 can be explained by the coating procedure, as it is the only tested sample which
is coated by galvanization. The fact that samples 4-SS-ep-3 and 5-SS-ep-3 provide similar
results can also be explained: both samples are produced in the same way and in the
same batch. However, it is not explainable, that sample 3-SS-ep-3 has the lowest mean
work function value of all samples, although it is also produced in the batch of sample
4-SS-ep-3 and 5-SS-ep-3. But as the absolute values of the work function are of minor
interest compared with the homogeneity and long-term stability for the later Rear Wall,
these differences do not cause a modification in the recommended layer design.

This statement is further underlined by the homogeneity of Φ. The values σRMS,Φ of the
sputtered samples after the bake-out are all below 20meV. The largest variation found is
17meV in case of sample 5-SS-ep-3. But it must be noted, that σRMS,Φ is not measured
over the whole surface and it is not equal to σRMS,surface of the requirement. However,
the small RMS deviations imply a good homogeneity. This is even underlined by the fact
that photoelectron spectroscopy does not average over the light spot area: it measures
the microscopic work function in this area. These work functions are assumed to vary
more than macroscopic, averaged ones, e.g. due to impurities in or at the surface of the
gold layer.

In addition to the improvement of the homogeneity of Φ, the bake-out also affects Φ
itself: the work function of all samples is shifted towards lower energies, in case of sample
5-SS-ep-3 by even more than 500meV. The only exception is sample 3-SS-ep-3 with gold
background. For this sample the mean work function is increased by 26meV, but this shift
is compatible within 2σ of the measured uncertainties. The decrease of the work function
after the bake-out is rather unexpected. By the bake-out the adsorbed water molecules
are desorbed, which should cause an increase in the work function [Wel72]. Eventually the
titanium intermediate layer is diffused into the gold layer during the bake-out [Mar10]
as it happened for the SiO2 sample during the first measurement time at the monitor
spectrometer. But this is not expected for several reasons: there is no color change
observable as it was the case for the SiO2 sample, the gold layer is much thicker, namely
1µm, which makes the diffusion through the complete gold layer to the surface within
about 40 hours unlikely, and the decrease is also observable at sample 2-SS-ep-3 which
does not have a titanium layer. Another possibility is, that additional adsorbed layers are
formed at the gold surface. In spite of the bake-out, this is possible if the temperature of
the gold surface is much lower than the temperature of the vacuum chamber walls. In that
case the desorbed adsorbates from the surface of the chamber walls could be adsorbed at
the gold surface. As the heating sleeve directly heats up the chamber walls but the sample
holder and the sample itself are mostly heated by thermal radiation, a lower temperature
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of the sample holder is possible19. Therefore, this is the most probable explanation of the
observed work function reduction. However, as discussed already a change in the absolute
work function is not as important as the homogeneity and the long-term stability of it.

At the hole position there is also a decrease in Φ observable by the bake-out. But the
value of the shift is different from that at the other positions of the sample: in case of
the samples 4-SS-ep-3 and 5-SS-ep-3 the shift to lower work functions is by 28% or 17%,
in case of sample 3-SS-ep-3 it is by a factor of more than 5 larger and in case of sample
2-SS-ep-3 the values are compatible within the errors. The different shifts of the three
sputtered samples can either be explained by the shift of the background material or by
a different coating thickness at the inner surface of the hole. But it is not possible to
distinguish between these reasons or to exclude that both contribute to the shift. The
fact that Φ and Φhole are compatible in case of sample 2-SS-ep-3 can on the one hand be
explained by the smallness of the hole at this sample. As the hole diameter is only 3mm
the light cannot enter the hole as it does in the case of the other samples. On the other
hand the galvanization process deposits the gold at every position of the sample including
the inner surface of the hole. In addition, it must be mentioned that no harsh reduction
of the work function of up to 0.9 eV compared to the surface are detected. Shifts in this
order of magnitude were detected by another working group at steps and edges at the
surface [Jia97, Jia98a].

Concerning the high intensity UV irradiation no significant effect on Φ itself is detected,
but on its homogeneity. The latter is improved by 17meV to 27meV. Contrary to that,
at the hole position the work function is reduced by more than 100meV. Similar to the
bake-out, an increase instead of a reduction was expected, as adsorbed molecules are
removed which reduce the work function at ambient air.

In conclusion one can state, that the recommended layer design of the Rear Wall is
successfully tested within a MAC-E filter for the first time during the photoelectron
measurements. In addition, the work function homogeneity of the recommended layer
design20 is proven to be equal to or below 20meV. Concerning the question about the
effect of a bake-out on the work function and its homogeneity from the beginning of this
chapter further knowledge is gained: the bake-out does reduce the work function of the
gold surface but increases its homogeneity. But for a final answer long-term measurements
on the work function of baked samples are necessary. If the work function remains stable
at the lower work function value with smaller RMS deviation, the effect of the bake-out
is even positive with regard to KATRIN. Concerning the question about the effect of a
UV irradiation, no change of the work function over the surface but only at the hole
position is measurable. Therefore, further investigations with longer irradiation time and
long-term measurements afterwards are recommended.

In contrast to this, the question about the work function at the hole position can be
answered: the work function can be different compared to the remaining surface and it
can also be differently affected by a bake-out. Both depends not on the step at the hole or
the edge of the hole as assumed prior to these measurements, but either on the material
behind the hole or the inner surface of the hole. Therefore, it is recommended to coat
the inner surfaces more carefully so that there is no difference in the thickness of the gold
layer at the inner surface of the hole compared to the that at the surface. In addition,

19Note, that the Rear Wall will be actively heated in the Rear Section. This is enabled by thermocouples
installed at the backside of the Rear Wall holder.

20Note, that only the layer design and not the complete design was proved to be suitable. The used
substrate was not the foil plastered stainless steel.
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a matching of the work function of the surface behind the Rear Wall to the Rear Wall
work function is recommended. In doing so a different work function at the hole position
is prevented.

To find further approaches for an answer to the question about the effect of a bake-out
and UV irradiation on the work function and its homogeneity, long-term measurements
and measurements over the whole surface under KATRIN-like conditions are needed. But
neither the ambient air Kelvin Probe nor the photoelectron measurements are suitable
for these investigations. Also, a final characterization of Rear Wall candidates at vacuum
conditions and the possibility to bake the candidate in the same vacuum chamber as they
are measured in are required. For that reason a third setup is build up which enables all
these measurements: a scanable, vacuum compatible Kelvin Probe. This setup and the
results obtained at it are the content of the following section.

4.7 Work function measurements with a UHVKelvin Probe

From the previously presented experiments the need for a further experimental setup can
be concluded. At this setup the following requirements are imposed:

• The complete surface of a Rear Wall candidate must be scannable to measure the
homogeneity of the work function over the surface.
• Long-term measurements must be possible, automatically by preference.
• The measurement must be possible in a pressure of 10−5 mbar to simulate the pres-
sure conditions at KATRIN.
• A bake-out of the sample at 150 ◦C must be possible within the measurement cham-
ber. This is needed to investigate the effect of the bake-out on the homogeneity
without exposing the sample to ambient air before measuring.
• The irradiation of the sample with UV light is also required inside of the measure-
ment chamber for the same reason.

In addition to these requirements the experimental setup must have measurement uncer-
tainties, which enable the measurement of σRMS,surface and σRMS,pixel if they are equal
to or smaller than 20mV. To decide, if a system is suitable for this, the overall uncer-
tainty σtot of the system must be considered: σtot consists of the homogeneity of the work
function over the surface of the sample, σRMS,surface or σRMS,pixel, and the systematic and
statistic uncertainties

σexp =
√
σ2

sys + σ2
stat (4.20)

of the measurement technique (compare also figure 4.19):

σtot =
√
σ2

RMS,surface/pixel + σ2
exp. (4.21)

It must be noted, that the calculation of the RMS deviation over a scan of a surface
does not directly give σRMS,surface or σRMS,pixel, but σtot. A first approach to the required
uncertainties of the experiment is

σexp ≤ 20 mV. (4.22)

Otherwise a distribution of the work function of 20meV is not detectable. But of course
σexp =20mV is the absolute maximum value which could be accepted. To improve the
sensitivity for the work function homogeneity of the Rear Wall measurements stricter
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Figure 4.19: Uncertainties of the work function measurement. The overall
uncertainty σtot which can be determined experimentally consists of the statistic uncer-
tainty σstat, the systematic uncertainty σsys and the work function distribution over a
certain surface σRMS,surface/pixel. σstat can be determined by measuring several times at
the same position of the sample. As the work function of the material does not change
within short times, the deviation of the resulting distribution is equal with σstat (1).
In long-term measurements at one position of the sample drifts of the signal can be
detected. These drifts are described by σsys (2). In addition to the uncertainties before
there is also the sample specific uncertainty σRMS,surface/pixel involved in the measure-
ment. This uncertainty describes the homogeneity of the work function independent
from the experiment (3).

requirements are defined: the contribution of σexp to σtot must be smaller than 30%21

of the contribution of σRMS,surface/Pixel. That means that in case of σRMS,surface/Pixel =
20meV the upper limit of the experimental uncertainties must not exceed

σexp ≤ 10.95 mV. (4.23)

Therefore the desired experimental setup needs to have smaller uncertainties than 10.95meV.
In addition, it could be the case, that σexp and σRMS,surface/pixel are intact in a way which
minimizes σtot. Therefore, the 20meV limit must also be fulfilled for σtot in this worst
case. As a consequence

σtot =
√
σ2

RMS,surface/pixel + σ2
exp ≤ 20 mV (4.24)

must be fulfilled as well. As a distinction between σRMS,surface/pixel and σtot is not pos-
sible, the name σRMS,surface/pixel is used for the combination of both uncertainties in the
following.

As no experimental setup was available which meets all these requirements, a new one
had to be built up: a vacuum compatible, scanning Kelvin Probe, which in the following
will be called UHV Kelvin Probe. This measurement device is designed and built up
during the course of this thesis. Although no absolute but only CPD measurements are
possible with this setup, all requirements given above can be met (see section 4.7.1 and
appendix D.6).

21The 30% requirement is an additional requirement defined by the experimentalist.
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The aim which needs to be achieved with the UHV Kelvin Probe is to give further answers
to the questions about the long-term stability of the homogeneity and the effect of a bake-
out or UV irradiation on the homogeneity. First results on this are given in this thesis.
Furthermore, Rear Wall candidates must be characterized and qualified concerning their
homogeneity and the CPD distribution over the surface.

The experimental setup of the UHV Kelvin Probe is described in the following section
4.7.1. The used measurement procedure and the analysis of the consequent data are
described in sections 4.7.2 and 4.7.3. Details on the execution of the measurements
presented in this thesis are given in section 4.7.4, before the results of these measurements
are presented in section 4.7.5. Conclusively these results are discussed and the posed
questions are answered in section 4.7.6.

4.7.1 Experimental setup of the UHV Kelvin Probe

The experimental setup of the Kelvin Probe is self-built from components of various
manufactures such as McAllister22, AML23 and Vacom to name but a few. A picture of
the complete setup is shown in figure 4.20. The main component is the vacuum compatible
Kelvin Probe head of the type KP6500 from McAllister at whose end the tip is installed.
Different tip sizes with varying sensitivities dependent on the specific capacities (compare
equation (4.11)) are available. But for all measurements presented in this thesis a stainless
steel tip with 5mm diameter is used. The Kelvin Probe head is installed at the top flange
of a 5-way cross with 5 CF250 flanges produced by Vacom. This cross functions as a
vacuum chamber for the Kelvin Probe. A picture of the Kelvin Probe head can be found
in figure 4.21 where the components inside of the vacuum chamber are shown.

Below the Kelvin Probe head the sample is installed in a sample holder. This sample
holder consists of a base holder and an additional holder for specific samples. The base
holder has a diameter of 160mm and 44 threaded holes. These threaded holes can be used
to mount almost any sample fixed by clamps. For the most common Rear Wall samples
and Rear Wall candidates specific sample holders are available. These can be installed on
top of the base holder. All holders are made of stainless steel as it does not oxidize like
copper or aluminum. This oxidization would cause a degradation of the electrical contact.
To minimize virtual leaks24 by the stacking of the sample holders, slits enabling the gas
to stream out are integrated in the design of all sample holders and the base holder.

The height of the Kelvin Probe above the sample can be adjusted in two different ways:
a z-stage of type BLT026-2 from McAllister driven by a Schneider electronic25 MDrive 34
intelligent motor enables a rough positioning. The vacuum compatible connection of the
linear stage is made by a CF40 membran bellow. Two limit switches make sure that the
Kelvin Probe cannot move further than a certain position in both directions. The fine
adjustment of the height is realized by the coil in the Kelvin Probe head which drives the
vibration of the tip. This is done by applying an additional static voltage to the periodic
signal on the coil. The travel range of the coil at a certain applied voltage is dependent on
the used coil itself. In the case of the here described setup, the travel range is ± 0.12mm.

22McAllister Technical Services, West 280 Prairie Avenue, Coeur d’Alene, ID 83815, USA
23Arun Microelectronics Limited, Fitzalan Road, ARUNDEL, BN18 9JS, United Kingdom
24Virtual leaks are volumes which enclose gas. This gas cannot be easily pumped out. Therefore, the

driblets of gas which escape from the virtual leak cause the pressure in the vacuum system to rise similar
to a real leak in the system.

25Schneider Electric SA, 43-45, bd Franklin Roosevelt, 92500 Rueil Malmaison, France
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Figure 4.20: Setup of the UHV-Kelvin Probe. In the photography the corre-
sponding electronics and the flange opened to exchange samples cannot be seen as they
are hidden by the setup.

The scanning over the complete surface of a Rear Wall candidate is realized by a rotary
table of the type CRS10K stacked on a LTVL150L linear stage. Both components are
vacuum compatible, bakeable and produced by the manufacturer AML. Due to the usage
of a rotary table, a travel range of about 73mm would be required to scan over the
complete surface of a Rear Wall candidate. But the installed linear stage has a travel
range of 150mm. This makes a more comfortable exchange of the samples possible, as
it can be moved closer to the flange used for that purpose. To enable the installation of
the motor in the vacuum chamber a base plate is welded in the 5-way cross, on which the
motors are fastened in place.

Neither the linear stage nor the rotary table have an encoder which would provide infor-
mation about the actual relative position of the Kelvin Probe to the sample. In case of
the linear stage a calibration of the position by a limit switch is possible. But this is not
possible in case of the rotary table, as it can move endlessly in one direction. For that
reason it cannot be compensated if the motor of the rotary table loses steps.

The electrical connection of the Kelvin Probe head with the sample must be realized via
the vacuum chamber, the linear stage, the rotary table and the sample holder. But as the
table of the rotary table is electrically isolated from its housing, this connection cannot
be established just by the contact of these components. Furthermore the connection of
the vacuum chamber with the sample holder by a simple vacuum compatible cable is also
not possible as the rotary table can in principle rotate endlessly. For that reason the
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Figure 4.21: View into the vacuum chamber of the UHV-Kelvin Probe.
The linear stage, the rotary table, the sample holder and the sliding contacts, which
electrically connect sample and Kelvin Probe, can be seen. In addition, the bottommost
part of the Kelvin Probe head is in view. As the tip itself is covered by the sample
holder, a magnified view of it is added in the left corner of the photography.

electrical contact is realized by sliding contacts. For redundancy in case of the failure of
a sliding contact, two of them are installed.

The visual control of the Kelvin Probe is possible through a CF63 viewport of the type
HVP-2500 from Hositrad26. In addition, a potassium fluoride window (VPCF40CAF2-L)
produced by Vacom is installed at the top flange of the vacuum system. Through this
flange a temperature measurement by an IR thermometer is possible.

To be able to irradiate the Rear Wall with UV light a mercury arc lamp is also installed at
the top flange of the vacuum system. This lamp has an optical power of about 76µWcm−2

at the position of the sample after warm up. The measurement of the optical power is
described in appendix D.6 about the commissioning of the UHV Kelvin Probe.

To evacuate the system a Pfeiffer27 HiPace 80 is connected to the vacuum chamber by
an insulator and bellows. The insulator is needed to electrically disconnect the pump
from the remaining system to avoid disturbing the measurement signal. The bellows
mechanically decouple the pump and the vibration of the Kelvin Probe. The pressure
at the outlet of the turbo pump is reduced by a baking pump of the type SCROLLVAC
SC 15 D of Oerlikon Leybold28. To make sure that the electrical circuits of both pumps
are not coupled with the electrical circuit of the Kelvin Probe, an adjustable transformer
is installed at the pumps as well. This is required as the Kelvin Probe is grounded by
the fuse of the power outlet. With the described combination of pumps a pressure in the

26Hositrad Holland B.V., Postbus 114, 3870 CC Hoevelaken, Netherlands
27Pfeiffer Vacuum GmbH, Berliner Strasse 43, 35614 Asslar, Germany
28Oerlikon Leybold Vacuum, Bonner Str. 498, 50968 Köln, Germany
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order of 10−5 mbar can be reached. In this way the pressure conditions at the Rear Wall
position in the KATRIN experiment are simulated.

The monitoring of the pressure is achieved by a combination of a Pirani pressure sensor
THERMOVAC TR 212 KF from Leybold and a cold cathode sensor Penningvac PR36
from the same manufacturer. The first pressure sensor covers pressure from 5 · 10−4 mbar
to 1 000mbar, the second from 1 · 10−9 mbar to 1 · 10−2 mbar. Therefore, the complete
pressure range of interest can be monitored. But as the cold cathode causes a disturbance
of the Kelvin Probe if both are measuring at the same time (compare appendix D.6), the
cold cathode can be disconnected by a valve from the vacuum chamber. To avoid a direct
line of sight between cold cathode and Kelvin Probe tip, the pressure sensor is additionally
mounted by a corner piece to the chamber.

In order to bake-out the system a heating sleeve is installed around the vacuum chamber.
This heating sleeve enables the bake-out at 150 ◦C, which is the Rear Wall baking tem-
perature at the Rear Section. That means, that a bake-out of the sample directly in the
Kelvin Probe measurement chamber is also possible.

For the operation of the described hardware several dedicated controllers are needed,
which are mostly controlled by a LabView software especially designed for the usage at
the UHV Kelvin Probe by M. Babutzka: the KP controller 6500 from McAllister powers
and controls the Kelvin Probe head, meaning that it controls the backing potential and the
vibration of the coil inside of the Kelvin Probe. In addition, it passes the signals from the
pre-amplifier, which is directly mounted to the Kelvin Probe head via a BNC connector,
to the signal processing. This further signal processing is realized by a proprietary link to
the LabView connector box SCB-68 and a DAQ module of the type NI USB-6212. The
DAQ module is finally connected to the PC on which the control software is running. The
z-stage is controlled by the dedicated controller produced by McAllister. It controls the
movement of the motor and stops it if a limit switch is pushed. The connection to the
PC is realized by a RS232-to-RS485 converter, as the controller only provides a RS485
interface. The movement of the rotary table and the linear stage is controlled by the
dedicated AML 2-stage motor controller. In addition, it monitors the temperature of
the motors and the limit switches. Note, that only one motor can be driven at once. It
provides both, an automatic control via a RS232 bus connected to the PC and manual
control directly at the controller.

Not controlled by the LabView software is the pressure sensor controller COMBIVAC CM
32 from Leybold. This controller automatically changes between the cold cathode and
the pirani sensor dependent on the pressure in the vacuum chamber. The heating con-
troller is also not controlled by the software. The desired temperature must be manually
adjusted. The controller works using the bang-bang principle. To enable a safe operation
the controller includes a limiter, which switches the heating off, if a certain temperature
is exceeded.

The LabView software itself allows controlling of all parameters of the measurement, e.g.
amplitude of the coil vibration and position of the Kelvin Probe head with respect to the
sample and distance between sample and tip by using the Gradient (compare section 4.4).
In addition, it enables manual and automatic measurements with these parameters.

In the commissioning phase of the UHV Kelvin Probe setup the functionality of the setup
and of all related components is proven. In addition, the software is tested and improved
if necessary. The overall uncertainty of measurements of 3-inch samples is determined to

σexp,3inch = 5.5 ± 0.5 mV (4.25)
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and of Rear Wall candidates to

σexp,RW = 9.8 ± 2.3 mV. (4.26)

A detailed description of the commissioning can be found in appendix D.6.

In conclusion the presented UHV Kelvin Probe setup meets all requirements described
in the last section. Therefore, principle effects caused by the parameters of KATRIN
can be investigated in more detail. The same is true for a qualification of Rear Wall
candidates for the usage in KATRIN. The measurement procedure during both kinds of
measurements is described in the following section.

4.7.2 Measurement procedure

All measurements of a sample are consecutively performed without opening the vacuum
system and with running pumps including the time periods of bake-out and UV irradia-
tion. Before the actual scan can start, the sample and the corresponding sample holder
must be installed. To make this simpler, the sample can be automatically moved to the
so-called exchange position using the LabView software. After the installation it must be
checked that the connection of the sample and the Kelvin Probe allows measurements.
The resistance between both must be below

Rtip−sample = 5 Ω. (4.27)

In addition, it is necessary to adjust the positions of the limit switches at the z-stage and
the z-limit which is implemented in the software. Both prevent the Kelvin Probe during
a scan from getting damaged by a too low position. In order to adjust the software limit,
the z-position at several outermost positions of the sample must be determined by manual
measurements. The minimal measured z-position plus a safety margin is set as z-limit.

After these installation related operations, the vacuum system can be closed and the
baking and later the turbo pump can be started. During the evacuation both pressure
sensors are connected to the system. Conditions stable enough for measurements are
achieved about 1.5 days after the beginning of the evacuation due to desorption processes.
Before a scan is started, the cold cathode sensors must be disconnected from the vacuum
chamber by the valve in between (compare appendix D.4).

To perform a scan the following measurement parameters must be set: the Gradient G,
the baking potential Vb and the number of measurements at ±Vb used to determine the
work function. In addition, a file must be provided to the software in which the r- and φ-
coordinates of the measurement positions are given. After starting the scan the software
controls the Kelvin Probe and all motors automatically: the first approach of the tip is
done by the increase of the measurement signal with decreasing distance between tip and
sample. As soon as a certain peak-to-peak signal is exceeded, the approach stops. From
this position on the height adjustment is based on the current value of the Gradient.
During the complete measurement G is stabilized within 2% of its value to keep the
distance between sample and tip constant. The scan is stopped either if the end of the
positioning file is reached or, in case of repeated measurements, if the scan is manually
interrupted.

The measurement positions of the scan are arranged in circles with increasing radius r.
Between two consecutive circles the radius is increased by ∆r = 2.5mm, which is equal
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Figure 4.22: Scheme explaining the calculation of ∆ϕ. ∆ϕ is dependent not
only on ∆r but also on the radius of the current measurement circle. The chord is in
this case equal to ∆r (marked in red). By using the dependence between the chord and
the angle ϕ, the latter can be calculated.

to the radius of the tip. Meaning, the measurement points overlap. This ensures, that
the complete surface is covered despite the round area of the tip. The same applies to
the position change within each circle: ∆ϕ is chosen in a way that the chord is equal to
∆r, namely 2.5mm (compare 4.22). To meet this requirement ∆ϕ must be

∆ϕ = 2 · arcsin
( ∆r

2 · r

)
(4.28)

in the radian measure. The resulting measurement grid and the order of position changes
is described in figure 4.23. At each of the grid positions 5 work function measurements
are performed. To ensure that the Kelvin Probe does not touch the surface during the
positioning it is moved upwards by

∆z =
√
|∆r|+ |r ·∆ϕ|

25 . (4.29)

For all measurements the vacuum system must be heated up to temperatures slightly
above the room temperature. In doing so, it is ensured, that temperature changes in the
laboratory do not affect the measurements. In case of a bake-out at higher temperature
all connectors to the Kelvin Probe head and also the z-motor and its limit switches must
be removed. In addition to the bake-out using the heating sleeve, it is possible to directly
heat up the motor of the rotary table and therefore the sample. The motor can achieve
a temperature between 150 ◦C and 175 ◦C. The usage of this additional heating makes
sure that gas desorbed at the vacuum chamber walls is not adsorbed at the cooler Kelvin
Probe surface. Especially during the ramp down of the temperature this is important.

The irradiation with the UV light source can be performed without any change at the
system. To enable the best possible irradiation of the sample surface, the sample must
be moved to a r-position of ∼ -60mm.

The analysis of the measurements performed according to the described procedure is
presented in the following section.
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Figure 4.23: Grid of the scans performed with the UHV Kelvin Probe
measurements using the example of a sample without central hole. Each
circle represents the area of the Kelvin Probe tip. The red colored circles are the current
measurement points, grey marked circles give the positions where the Kelvin Probe has
already measured before. During the measurement the r-coordinate is always increased
by half of the tip diameter and the φ-coordinate by a value which is dependent on the
current radius. This ∆ϕ value is constant for a complete circle with the corresponding
radius (compare fig 4.22). (1) The first measurement point is the center. (2) The r-
position r2 is changed using the linear stage. Afterwards the φ-position is changed
by the rotary table. As soon as the new coordinates are reached, the Kelvin Probe
measures. (3) The circle with radius r2 is completed by the current measurement. After
this measurement, the rotary table is turned back by 360◦. (4) Again the radius is
increased to r3. After the new φ-position is also reached, the measurement takes place.
(5) As a result of the fact, that the angle ϕ between two measurements is always the
same, the current measurement position is the last one with ϕ < 360◦. That means
the circle would usually not be closed. (6) For that reason an additional measurement
point at the φ = 360◦ is added to the circle. (7) This procedure of first increasing the
radius by half of the tip size, then changing the φ-position until the circle is completed,
rotating the rotary table 360◦ backwards and increasing the radius again is continued
until the complete sample surface is measured.
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4.7.3 Analysis method

The analysis of the data is in principle done similarly to the data of the ambient air
Kelvin Probe described in section 4.5.2. But since in case of the UHV Kelvin Probe each
measurement position is not only measured once but 5 times, the mean values and their
σRMS are calculated for each measurement point. Then the mean CPD value and the
σRMS,surface is calculated as it is in the analysis of the ambient air Kelvin Probe. But
different from the ambient air Kelvin Probe, the actual mean CPD values can also be
used for the analysis. This is possible as the work function of both, the sample and
the tip, is not or only insignificantly affected by the measurement conditions at vacuum.
The CPD values of all measurements, where the vacuum chamber was not opened in the
meantime, are comparable. Therefore, not only can the effect of a bake-out on σRMS,surface
be detected, but also on the CPD value itself: an absolute measurement of the work
function is admittedly not possible but the change of the CPD value before and after a
bake-out or UV irradiation can be detected.

The CPD distribution over the surface is investigated using the CPD maps also introduced
in section 4.5.2. But due to the comparability of the CPD values at the UHV Kelvin Probe,
these CPD maps can also be used to detect spatial changes of the CPD distribution.

In addition to this analysis the stricter requirement on the Rear Wall work function,
σRMS,pixel, can also be addressed by the analysis of the UHV Kelvin Probe data. For this,
all measurement points are selected, which are within the area of a specific detector pixel
of the Focal Plane Detector projected on the surface of the Rear Wall candidate (compare
figure 4.24). Then the mean CPD and σRMS,pixel within this detector pixel is calculated.
This is successively done for all 148 detector pixels. But since the possibility, that the
flux tube is rotated on its way through KATRIN can not be excluded, the projection of
the detector pixels must be analyzed after any possible rotation. This means that the
outer detector pixel projections must be rotated by up to 30◦ and the four inner ones by
up to 90◦. The rotation is performed in 1◦ steps. The maximum of all pixels and possible
rotations, σRMS,pixel,max, is also the maximum σRMS,pixel of the Rear Wall candidate:

σRMS,pixel = σRMS,pixel,max ≤ 20 mV. (4.30)

The mean CPD values of the detector pixels and the corresponding σRMS,pixel values are
again visualized in so-called CPD and σRMS,pixel pixel maps. The projected area of each
detector pixel is plotted in a color representing the individual mean CPD or σRMS,pixel
value. Using the color scale the diagram makes the distribution of both values over the
surface visible. Usually the distribution leading to the maximum σRMS,pixel,max of all
rotation angles, is used for the presented plots.

Based on the measurement procedure described in the last section the measurements
performed with the UHV Kelvin Probe are described in the following.

4.7.4 Execution of measurements

During the measurements described in the course of this thesis, 4 different samples are
used, namely the samples 6-SS-ep-3, 7-SS-ep-3, 3-SS-ep-6 and 5-SS-ep-6. All of these
samples are produced in the way recommended in section 4.5.6. Sample 6-SS-ep-3 is the
only sample, which does not have a hole in the center. Both 6-inch samples are Rear Wall
candidates.
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Figure 4.24: Rear Wall with projection of the pixels of the focal plane
detector on its surface. The detector pixels are arbitrarily rotated and projected on
the surface of the Rear Wall candidate. Overall the detector has 148 detector pixels,
organized in 12 rings of 12 pixels and 4 center pixels. Each pixel has the same area.
The outer radius of the projection of the largest detector ring is about 64mm assuming
1.6T at the Rear Wall design z-position.

The order of measurements and treatments are basically the same for all samples: they
are measured after the evacuation of the vacuum system and prior to the bake-out several
times. After the bake-out, the samples are again measured several times. In case of
sample 6-SS-ep-3 and sample 3-SS-ep-6 a second bake-out is performed. The latter is also
exposed to UV irradiation of the discharge lamp for 69 hours. The number of scans after
a certain treatment varies from sample to sample. The number of scans is given in table
4.10 for all samples.

But there are also sample specific deviations from this general procedure:

• Sample 6-SS-ep-3 is baked out twice. But after the 4. measurement after the first
bake-out the system is vented completely. Afterwards the system is evacuated and
baked-out a second time to restore the conditions after bake-out. The sample is not
measured between venting and second bake-out.
• Sample 7-SS-el-3 is accidentally vented to 1.2mbar during ramping up the tem-
perature due to an open fuse. During the sudden breakdown the turbo pump is
damaged. After the exchange of the pump, the ramping up of the temperature is
continued without measuring the sample again. As several software issues caused
interruptions of most scans before the first bake-out, this data is not used for further
analysis.
• Sample 5-SS-ep-6 is also baked twice consecutively. During ramping down of the
temperature after the first bake-out, the system was vented to 3.2mbar due to
a total blackout in the laboratory. Therefore, the system was baked again. No
measurements took place between these bake-outs.
• In case of sample 3-SS-ep-6 the measurements of the Kelvin Probe were disturbed
after the first bake-out most likely by damages at the surface of the sample. Due to
that the measured CPD values are too low, e.g. in the order of -1V and even below.
For that reason the first 5 measurements after the first bake-out are not used for
further analysis.

The duration of the bake-outs and how long the heating with the rotary table is used, is
given in table 4.11.
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Table 4.10: Overview of performed scans per sample. If there are several num-
bers given, they are ordered by the date of the measurement, the earlier scan is repre-
sented by the first number. As incomplete scans are also counted, in the brackets the
number of completed scans is additionally given. The outer radius which defines a full
scan is given in the second column from the left.

sample radius /mm scans before
bake-out

scans after
bake-out

scans after UV
irradiation

6-SS-ep-3 27.5 5 (3)/0 4(2)/22 (18)
7-SS-ep-3 30.5 17(7)/21(20) 18(14)
5-SS-ep-5 62.5 6 (5) 6 (5)
3-SS-ep-5 62.5 8 (6) 11(10)/17(16) 7(6)

Table 4.11: Overview on the performed bake-outs. The duration of the motor
heating is varying so much as the motor controller tends to break down during operation.

sample duration of bake out
with heating sleeve /h

duration of bake out
with motor heating /h

6-SS-el-3 155 -
6-SS-el-3 157 14
7-SS-el-3 161 32
3-SS-el-5 161 51
3-SS-el-5 140 51
5-SS-el-5 164 4
5-SS-el-5 182 186

The pressure in the system is in the order of 10−5 mbar for each measurement. To enable
stable temperature conditions the temperature is elevated to about 45 ◦C at the outside
of the vacuum chamber with the heating sleeve.

The Gradient describing the distance between sample and tip is adjusted to -0.07± 2%
for all measurements. As the relation between Gradient and distance is non-trivial the
exact distance is unknown. The baking potential in most cases is set to ± 1V, but a few
of the measurements are also performed at ± 1.2V. The number of measurements at ±Vb
used to determine the CPD is 10 for each scan.

The results of these measurements are presented in the following section.

4.7.5 Results of the measurements with the UHV Kelvin Probe

The CPD and corresponding σRMS,surface values of all samples are plotted in figure 4.25.
In this figure the data points, which are not used for the following analysis, are also
marked. For clarity only a few exemplary CPD maps are shown in the following. But a
collection of all CPD maps and corresponding mean CPD and σRMS,surface values can be
found in appendix E.4 on page 259 ff.

During the analysis of the data three topics are investigated: the bake-out effect on the
CPD, the effect of an irradiation with UV light on the CPD and the suitability of two Rear
Wall candidates as a final Rear Wall. Each of these topics is addressed in the following
paragraphs.
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4.7.5.1 Investigation of bake-out effects on several samples

By looking at the mean CPD results of each scan, comparing those scans before and those
after a bake-out, it is conspicuous that the mean CPD is decreased by the treatment
(compare figure 4.25). This decrease is about several 10mV to several 100mV. It is either
caused by an increase of the mean work function ΦS of the sample relative to the work
function Φp of the tip or by a decrease of Φp compared to ΦS. This is a consequence of
the relation

ΦS = ΦP − UCPD (4.31)

deduced from equation (4.13). But it is not possible to distinguish between a change of
ΦS or Φp or of a simultaneous change of both work functions.

After this first rapid decrease the mean CPD value increases again by about 50mV. The
shape of the increase is exponential. To characterize it, a function of the form

f(t) = −
(
C1 − C2 · e−τ ·t

)
(4.32)

is fitted to the data. Here C1 describes the saturation value of the mean CPD over the
surface and C2 is a constant of proportionality. The time dependence of the exponential
increase is represented by τ .

The results of these fits are:

f3−SS−el−6(t) =−
(
(350.4 ± 4.8) mV + (−45.9 ± 17.4) mV · e−(0.7± 0.5) d−1·t

)
f5−SS−el−6(t) =−

(
(340.2 ± 68.9) mV + (−64.8 ± 64.7) mV · e−(0.3± 0.5) d−1·t

)
f7−SS−el−3(t) =−

(
(493.4 ± 7.8) mV + (−60.1 ± 20.0) mV · e−(2.9± 3.0) d−1·t

)
.

Note that the fit is not successful in case of sample 6-SS-ep-3 and the first bake-out of
sample 3-SS-ep-6. The corresponding fit graphs are presented in figure 4.26. In case
of sample 5-SS-ep-6 it must be taken into account, that this is the only sample, which
was not measured within 3 to 4 hours after the temperature at the heating sleeve again
reached the measurement temperature. Instead, the measurement was started after more
than 15 hours. This could cause the comparatively small τ value.

However, the absolute CPD value over the surface is not of such big interest as its fluc-
tuation over the surface and its long-term stability. For that reason the mean value CPD
of all mean CPD values over the surface is calculated. The deviation of these values
reflects the stability of the work function over time. This also extends to the mean RMS
deviation σRMS,surface and its deviation σσRMS,surface averaged from the σRMS,surface of the
single scans. These values are given in table 4.12. With exception of sample 6-SS-ep-3 the
stability of the CPD is improved after the bake-out. The same is true for σRMS. This is
of particular interest in case of sample 3-SS-ep-6: here the measurements after bake-out
are performed over about 3 weeks, which is the longest measurement duration without
changing the conditions presented in this thesis. In addition, the exponential fit param-
eters C1, the saturation value, and the CPD values given in table 4.12 are compatible
within the errors.

Besides the mean CPD over the surface and σRMS,surface, also their spatial distribution over
the surface is of great interest. Therefore, some exemplary CPD maps before and after the
bake-out are shown in figure 4.27. The corresponding histograms are presented in figure
4.28. Overall in the three shown comparisons three different behaviors are noticeable:
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Figure 4.25: Overview on results of all measurements performed with the
UHV Kelvin Probe. For all samples the mean CPD values are plotted together with
the σRMS,surface as error bars against the measurement number. Data points which are
grayed out are incomplete scans. The red lines in the diagrams mark the time of the
bake-outs. (1) Here the results of sample 7-SS-ep-3 are plotted. The data in the gray
area is not used for further analysis. This is a consequence of software related issues
during the data collection. The dashed line marks the moment of the first bake-out of
the sample. The sample is exposed to ambient air at a pressure of 1.2mbar after this
bake-out. The solid red line represents the time of the second bake-out. (2) The diagram
shows the results of sample 6-SS-ep-3. Before the second bake-out, the system is vented.
(3) The mean CPD values of the scans of sample 5-SS-ep-6 are plotted. (4) The data
points represent the mean CPD values of sample 3-SS-ep-6. During the measurements
performed between the two bake-outs the Kelvin Probe is not working properly (data
points are blank). This is most likely caused by the damages on the surface of the
sample. Therefore, only the last 4 measurements can be used for the further analysis
although the scans before are also completed.
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Figure 4.26: Exponential behavior of CPD after the bake-out. The mean
CPD values over the sample of the surface are plotted against the time starting at
the beginning of the first measurement after the bake-out. The difference in the time
between 2 scans is caused by the different sizes of the samples and the resulting longer
duration of 1 scan. The red lines are the fit graphs. The results of sample 7-SS-ep-3 are
presented in diagram (1), those of sample 5-SS-ep-6 in diagram (2) and those of sample
3-SS-ep-6 in diagram (3). Note that only the mean CPD values over the sample surface
and the corresponding σRMS,surface values of completed scans are plotted and used for
the fit.

• Before and after the bake-out the CPD values are higher towards the edge of the
sample.
• Before the bake-out the edge has a lower and afterwards a higher CPD compared
to the center of the samples.
• The basic distribution is not changed.

It is still possible to state from these results, that regions of higher/lower CPD before a
bake-out also have a different CPD compared to the remaining surface after a bake-out.
However it is possible for regions of lower CPD to be higher after the bake-out and vice
versa.

4.7.5.2 Investigation of the effect of UV irradiation on the contact potential
difference

Sample 3-SS-ep-6 is irradiated by UV light after the second bake-out. The first scan after
the UV irradiation is started about 2 minutes after the light source is switched off. At
the beginning of the measurement the CPD value is increased from a negative value by
about 800mV to above 400mV. That means that the sample has a lower work function
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Figure 4.27: Effect of bake-out on the CPD distribution over surface. On
the left side of the figure the CPD maps before the bake-out and on the right side after
the bake-out are shown. Within each row the difference from maximum to minimum of
the color scale is the same but not the scale itself. Otherwise, the distribution over the
surface would not be visible anymore due to the change of the CPD after the bake-out.
Note, that in case of the CPD maps in (2) also the same scale is used. (1): both CPD
maps belong to sample 7-SS-ep-3. The CPD rises from the center to the edges of the
sample in both cases. (2): exemplary CPD maps of sample 6-SS-ep-3 are shown. The
CPD is homogeneously distributed over the surface. (3): the distribution of the 6-inch
sample 5-SS-ep-6 is presented here. In contrast to the CPD maps of (1) the CPD values
are decreasing towards the edges of the sample before the bake-out. This changes after
the bake-out: The CPD values at the edge are higher after the bake-out compared with
those of the surface.
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Figure 4.28: Effect of bake-out on the CPD distribution over surface -
histograms. The histograms that correspond to the CPD maps given in figure 4.27 are
shown in the same arrangement as the CPD maps: on the left side those histograms of
the scans before and on the right side those after the bake-out are shown. In (1) the
values of sample 7-SS-ep-3, in (2) those of sample 6-SS-ep-3 and in (3) those of sample
5-SS-ep-6 are presented. The relative range of the x-axis before and after the bake-out
is equalized for better comparability. The absolute range is equal only in case of the
histograms shown in (2).
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Table 4.12: CPD and σRMS,surface before and after bake-out. For the calculation
of values before the measurements which are not excluded from the analysis are used.
In case of the values after the bake-out, the values of the first and the second scan are
not included.

sample note CPD /mV σRMS,surface /mV
3 - -270.8± 79.4 116.5± 144.9
3 after 2.bake-out -352.9± 18.5 20.8± 9.9
5 - -133.9± 8.5 20.9± 2.5
5 after bake-out -364.2± 7.3 9.4± 0.2
6 - -419.8± 3.3 6.0± 0.6
6 after 2.bake-out -428.1± 22.7 11.8± 5.4
7 - -491.5± 70.3 24.5± 7.8
7 - -413.2± 21.2 12.2± 1.9
7 after bake-out -492.3± 7.4 25.0± 7.8

Table 4.13: CPD and σRMS,surface results after UV irradiation. The seventh
scan, which is marked with ∗ is not completed.

scan CPD /mV σRMS,surface /mV
1 200.1 60.1
2 121.4 15.3
3 96.9 12.7
4 83.4 12.0
5 72.9 11.3
6 68.2 10.7
7∗ 63.4 9.2

than the tip.

After this sudden rise, the CPD values decreases exponentially. After the first scan,
meaning about 1 day later, the exponential decrease change into an almost linear act-
ing one (compare figure 4.30). The values of the mean CPD over the surface and the
corresponding values of σRMS,surface after the UV irradiation are given in table 4.13.

4.7.5.3 Characterization of a Rear Wall candidates

In the last 2 sections more general investigations on the effects of a bake-out and UV
irradiation on the CPD are presented. In this section the specific characterization of 2
Rear Wall candidates is described, namely of sample 3-SS-ep-6 and 5-SS-ep-6.

Sample 3-SS-ep-6 is not suitable as Rear Wall. Over the surface of the sample there are
several scratches with sizes in the order of several millimeters. These scratches influence
both the work function of the sample at their position and the CPD measurement with
the UHV Kelvin Probe. The latter is most probably caused by heaped up material at
the edges of the scratches. This material reduces the distance to the tip inhomogeneously
and therefore disturb the measurement. The RMS deviation of the mean CPD values
over the sample surface varies between almost 50mV and 10mV. All values can be found
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Figure 4.29: Defects on sample 3-SS-ep-5. The defects are marked with black
circles. The change in the position from one to the next scan is caused by a rotation of
the sample. This rotation is due to the fact, that the stepper motor of the rotary table
loses steps during motion.

in appendix E.4. This also extends to the CPD maps and corresponding histograms. 3
of the scratches are marked in the CPD maps presented in figure 4.29. At most of the
performed scans these or even other points can be found. But due to their position on
the surface of the sample an identification of the single scratches is possible.
Nevertheless, sample 3-SS-ep-6 is used to investigate the long-term behavior of the CPD
after the bake-out. The CPD values can be found in table 4.12. The deviation of 18.5mV
over a time of 3 weeks even with this sample, implies that the work function stability of
Rear Wall candidates without scratches is of equal size or even lower than this value.
However, sample 5-SS-ep-6 does not have any visible scratches on the surface. But the
highest σRMS,tot measured at this sample is 25.7mV. The highest value of a reliable scan is
20.7mV. In any case, especially after the bake-out, these values are even smaller, namely
in the range of 10mV to 12mV. In table 4.14 the mean CPD values over the sample and
the σRMS,tot for all scans are given.
If the mean values CPD and σRMS are calculated from the values given in table 4.14, they
are:

CPDbefore = 132.6 ± 8.2 mV σRMS,before = 20.3 ± 2.7 mV
CPDafter = 372.2 ± 18.3 mV σRMS,after = 10.4 ± 1.5 mV.

(4.33)

Before the bake-out the requirement for the homogeneity is not met in case of a rigid
interpretation of the requirement. After the bake-out σRMS,after is clearly below the limit
of 20mV. In contrast to this the stability of CPD is worse after the bake-out. But it must
be noted, that this is a worst case calculation including an unreliable scan and the first
scan after the bake-out. More realistic values are:

CPDbefore = 127.6 ± 0.6 mV σRMS,before = 18.9 ± 1.2 mV
CPDafter = 364.2 ± 7.3 mV σRMS,after = 9.4 ± 0.2 mV.

(4.34)

Here both, the values before and after the bake-out, meet the requirement concerning
homogeneity. By interpreting the uncertainty of CPD as temporal stability, the total
uncertainty of the CPD over the surface of the sample after the bake-out is therefore√

18.32 + (10.4 ± 1.5)2 = (21.0 ± 0.7) mV (4.35)
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Figure 4.30: CPD maps and CPD behavior of sample 3-SS-ep-6 after UV
irradiation. (1) Here the first scan after the UV irradiation can be seen. On the left
side the CPD map is presented. The scan starts near the hole at the center with a CPD
of about 450mV with time and increasing radius the CPD drops down. On the right side
the corresponding histogram is plotted. As the frequency is increasing with decreasing
CPD value, the reduction of the CPD is slowing down with time. (2) The CPD map
of the last completed scan, scan 6 after UV irradiation, is shown on the left side. The
color scale is adapted to the scale of the first measurement for easier comparability. On
the right the histogram of the same data is plotted. (3) The temporal progress in the
CPD value is shown. The CPD first decreases exponentially. After about one day, the
decrease changes more into a linear one.
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Table 4.14: CPD and σRMS,surface over the whole samples 5-SS-ep-5. ∗ marks
uncompleted scans.

scan baked CPD /mV σRMS,surface /mV
1 no -143.4 20.7
2 no -145.9 25.7
3 no -127.5 20.7
4 no -128.3 18.9
5 no -128.4 18.5
6∗ no -128.0 17.5
7 yes -405.4 12.2
8 yes -385.1 9.3
9 yes -373.8 9.7
10 yes -363.2 9.2
11 yes -356.0 9.3
12∗ yes -352.1 12.7

with the values of the worst case and√
7.32 + (9.4 ± 0.2)2 = (11.9 ± 0.2) mV (4.36)

in the more realistic case. In the realistic case both, the requirements for σRMS,surface
concerning stability and homogeneity, are met. In the worst case scenario the Rear Wall
candidate barely fail to meet the latter requirement.

The distribution of the CPD over the surface of the sample is examined, to decide whether
the sample is suitable as a Rear Wall or not. One exemplary CPD map of sample 5-SS-
ep-6 before and after the bake-out was shown already in figure 4.27 and the corresponding
histograms in 4.28. In both cases the CPD has a gradient from the center to the edge
of the sample. As mentioned in section 4.1, such a radial distribution is suitable for the
Rear Wall.

The results of the pixelwise analysis for this Rear Wall candidate are given in table 4.15.
Note that the given values in the fourth column are the maximum values found in all
detector pixel and in any rotation of the detector projection on the surface of the sample.
With exception of the first 2 measurements the requirement on σRMS,pixel is met in every
scan even in case of σRMS,pixel,max. The mean values of σRMS,pixel and σRMS,pixel,max
averaged over all scans are

σRMS,pixel,before = 5.9 ± 2.8 mV σRMS,pixel,max,before = 22.8 ± 9.6 mV
σRMS,pixel,after = 3.4 ± 0.7 mV σRMS,pixel,max,after = 10.0 ± 1.0 mV.

(4.37)

Before the bake-out the numeric value of σRMS,pixel,max is higher than the required value.
After the bake-out the homogeneity requirement of σRMS,pixel <20mV is clearly met.

An exemplary CPD pixel map and the corresponding σRMS,pixel pixel map are presented
in figure 4.31. In these diagrams the tendency of higher CPD values at the edges is visible.
But in addition there is a bisection of the sample over the complete surface. This regular
distribution is not as easy to compensate during analysis as the radial distribution but it
might still be possible. In the σRMS,pixel pixel map it can be seen that the edge is not only
the position with the higher CPD values but also with higher σRMS,pixel values. But again
the distribution is more or less regular. All CPD pixel and σRMS,pixel pixel maps can be



184 Chapter 4. Development of a Rear Wall for the Rear Section

Table 4.15: CPDpixel, σRMS,pixel,max and σRMS,pixel of all pixels after every
possible rotation of the projection of the detector pixels on the surface of the
Rear Wall. Maximum means in this context, that the given values are the maximum
values which can be found in any of the 148 detector pixels and in any possible rotation.
As scan 6 and 12 are not completed they are not included in the analysis.

measurement CPDpixel σRMS,pixel /mV σRMS,pixel,max /mV
1 141.4± 19.6 7.2± 4.1 30.5
2 143.9± 22.3 9.9± 8.4 37.8
3 123.8± 20.3 5.2± 2.6 14.7
4 124.7± 18.6 5.0± 2.8 14.7
5 124.0± 18.0 5.1± 3.3 16.2
7 406.7± 11.6 3.8± 1.9 10.9
8 385.8± 8.7 3.5± 1.6 10.0
9 364.1± 8.7 3.2± 1.0 9.9
10 374.7± 9.3 3.3± 1.3 8.2
11 356.8± 8.7 3.4± 1.5 10.9

found in appendix E.4. In the following section the results presented in this section are
discussed in more detail.

4.7.6 Discussion of the UHV Kelvin Probe results

In the described results, changes of the CPD due to both, a bake-out and UV irradiation,
are observed. In case of a bake-out the CPD values are decreased after the bake-out
by several 100mV. But due to the measurement principle of a Kelvin Probe, it is not
possible to distinguish between an increase of the sample work function, a reduction of
the tip work function or a combination of both. From the literature it is expected, that
the gold work function is increased [Wel72] and the stainless steel work function of the
tip is decreased by the removal of adsorbates from the surface during bake-out. That
the gold work function is actually changed, at least in case of sample 5-SS-ep-6, can be
seen from the CPD distribution. This distribution is changed after the bake-out by about
100mV29. For that reason the minimal change of the gold work function is in the order of
this value. Following the explanation of removed adsorbates from the surface, the limited
exponential increase of the CPD after the bake-out is explainable by adsorption on the
surface [Bab14]. But it is again not possible to distinguish between changes of the tip
and the sample work function.

In the last section limited exponential functions are fitted on the mean CPD results of sev-
eral scans. These fit functions include the fit parameters C1, which reflect the saturation
value of the increase, and the time constants τ , describing the temporal behavior. The
parameters τ of all fit functions are consistent within the errors. On the one hand this
could be a result of their large errors, especially in case of f7−SS−ep−3(t), the fit function
of sample 7-SS-ep-3. Here the error on τ is large enough that the value is compatible
with zero. On the other hand the consistence could be caused by a reproducible behavior
of all equally produced and treated gold surfaces. In case of the latter explanation an
estimation of the time to reach the saturation values of the work function after a bake-out

29The difference between the center work function and the edge work function is about 60mV before
and -40mV after the bake-out.
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Figure 4.31: CPD pixel and σRMS,pixel pixel maps of sample 5-SS-ep-6. Both
the maps on the left side and the corresponding histograms on the right side present
data from the second scan after the bake-out. (1) The CPD pixel map is shown here.
From the left bottom corner (at about position 40mm/50mm) of the diagram to the
right top corner (at about position -20mm/60mm) the CPD increases over the complete
surface of the sample. In addition, higher CPD values are found in the outer rings of the
detector projection on the sample. (2) The corresponding histogram to the CPD map
in (1) is plotted here. The distribution is rather broad and not normally distributed.
(3) The σRMS,pixel pixel map is presented here. In the outer rings the highest RMS
deviations can be found. (4) The histogram contains the σRMS,pixel values. Most pixels
have values between 2mV and 5mV RMS deviation.

is possible. The time to achieve 95% of the saturation value is given by

t =
log

(
0.05·C1
C2

.
)

−k (4.38)

By setting the fit parameters to the values given in equation (4.33) the following time
scales are obtained

t3−SS−el−6 = 1.4 ± 1.1 d
t5−SS−el−6 = 4.5 ± 9.0 d
t7−SS−el−3 = 3.0 ± 0.3 d.

(4.39)

That means, that under the assumption of equally behaving gold surfaces after a bake-
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out, 95% of the saturation value is latest achieved after about 2 weeks. This effect must
be taken into account at KATRIN measurements. As a bake-out of the Rear Section is
not planned regularly but only in the beginning of KATRIN and eventually on request at
a later moment, it is feasible to wait this time.

In addition to the change of the mean CPD value over the surface, the CPD homogeneity
is improved after the bake-out for all tested 6-inch samples. This improvement is in the
order of a factor of 2 or even larger. Besides that, the distribution of the CPD value
can be changed due to the bake-out. But this is sample specific, as different behaviors
have been observed at the different samples. Therefore, the change of the work function
distribution after a bake-out must be investigated for each Rear Wall candidate during
its characterization process.

A completely different behavior of the CPD is observable after the UV irradiation: The
CPD value is increased by about 800mV after the irradiation. Again, it is most probable
that both, the work function of the tip and the sample, are shifted. However, as discussed
before this behavior is not expected in case of a cleaning of the surface from adsorbates.
Therefore more measurements and a detailed investigation of this effect are recommended.

The results of Rear Wall candidates demonstrate the importance of a careful manufac-
turing and handling of the final Rear Wall. Sample 3-SS-ep-3 has clearly visible scratches
on the surface. These scratches result in a σRMS,surface of up to 50mV. For that reason
the sample is not suitable for KATRIN.

The results after the bake-out of the Rear Wall candidate 5-SS-ep-6 can be summarized
as follows:

σRMS,surface,max =12.2 mV for completed scan
σRMS,surface = 9.4 ± 0.2± 7.3stability mV averaged over all σRMS,surface

σRMS,pixel,max =10.9 mV for completed scan (4.40)
σRMS,pixel,max =10.0 ± 1.0± 4.2stability mV averaged σRMS,pixel,max

σRMS,pixel = 3.4 ± 0.7± 4.2stability mV averaged over all σRMS,pixel.

The given stability values are the fluctuations of the CPD over time. As both, the change
of the tip and the change of the sample work function with time, is included in the stability
value, it is an upper limit for the stability. All these σ values are below the surface and
pixel requirement of 20mV RMS deviation. Concerning the CPD distribution it must
be stated, that the work function at the edge is higher after the bake-out. The higher
work function result in a higher endpoint energy in the β-spectrum of KATRIN in the
outer detector pixels compared to that of the inner pixels. In addition, a gradient of the
work function in the detector pixel projection on the Rear Wall is found. This gradient
covers the complete surface of the Rear Wall. In the analysis of the KATRIN data these
differences must be considered.

Concluding the following results are obtained by the presented measurements with the
UHV Kelvin Probe:

• The work function of gold surfaces is changed by a bake-out. The specific value of
the change cannot be quantified.
• The distribution of the work function can be changed by a bake-out, but this is sam-
ple specific and must therefore be investigated during the characterization process
of Rear Wall candidates.
• The homogeneity of the work function over the surface is increased after a bake-out.
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• UV irradiation changes the CPD measured with the Kelvin Probe. The reason for
this is so far unknown. Therefore further investigations are required.
• The Rear Wall candidate 3-SS-ep-6 is not suitable as a Rear Wall. But its re-
sults demonstrate the necessity of careful manufacturing and handling of Rear Wall
candidates and the later Rear Wall.
• A long-term measurement of sample 3-SS-ep-6 over 3 weeks after a second bake-out
implies that the work function stability within this time range is possible to be in
the order of 19mV or even smaller.
• A first final Rear Wall is found: sample 5-SS-ep-6. This sample meets all require-
ments after the bake-out. The homogeneity over the surface is 9.4± 0.2mV with a
stability of ≤7.3mV in one week. The averaged maximum RMS deviation within
one pixel (σRMS,pixel,max) is found to be 10± 1.0mV with a stability of ≤4.2mV in
one week. The average RMS deviation within the 148 detector pixels is 3.4± 0.7mV.
• The CPD values of sample 3-SS-ep-5 follow a radial distribution combined with a
distribution covering the complete surface. But as these distributions are not ran-
dom, their consideration in the analysis of the KATRIN data seems to be possible.

These results also answer some of the questions mentioned in the beginning of this chapter.
In the last section of the chapter the results of all experiments, which are performed to
find a final Rear Wall meeting all the KATRIN requirements, are collected again. The
consequences of these results on the Rear Section are also considered.

4.8 Consequences for the Rear Section

In the previous sections the development of the Rear Wall and the setups related to its
development were presented, namely the ambient air Kelvin Probe, the photoelectron
spectroscopy at the KATRIN monitor spectrometer and the UHV Kelvin Probe. The
results obtained with these setups answer the questions from the beginning of this chapter:

1. Which Rear Wall layer design is most qualified for KATRIN? - Based on the results of
the ambient air Kelvin Probe the most qualified layer design was found: a stainless steel
substrate of 2mm thickness, which is cut out of foil plastered raw material, electropol-
ished and sputter coated with 100 nm titanium and 1µm gold. The later tests in the other
presented experiments confirmed that samples produced according to this recommenda-
tion are suitable for KATRIN (see especially last question). Besides that, the layer design
has already been successfully used as an electrode in the source region of the monitor
spectrometer MAC-E filter. In addition, the importance of a careful manufacturing and
handling of the sample was demonstrated by the results of sample 3-SS-ep-6 at the UHV
Kelvin Probe. Therefore, the decision for foil plastered raw material as a substrate is
justified. To prevent changes in the work function at the position of the central hole this
part of the Rear Wall must be coated with special diligence (see also question 4).

2. Is the work function and its distribution stable over several weeks? - The results of
the ambient air Kelvin Probe showed that samples with stainless steel substrate have
σRMS,surface values of below 20mV over 1.5 months. But in this time only 3 to 4 measure-
ments of the sample were performed. In addition, the samples were stored at ambient
conditions between the measurements. Nevertheless, it was possible to deduced, that the
σRMS,surface stays below 20mV over this time. An exact value for the long-term stability
cannot be given. But with the UHV Kelvin Probe long-term measurements were possible
under stabilized conditions. Sample 3-SS-ep-6 was measured for 3 weeks after the sample
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is baked out. The stability of CPD over the surface in this time was 18.5mV. But it must
be noted, that the sample was difficult to measure due to scratches on its surface which
cause issues in the measurement with the UHV Kelvin Probe. Therefore, the given values
are suspected to be a conservative estimate of the stability of CPD during 3 weeks of
measurement.
3. How does a bake-out or UV light irradiation affect the work function and its homo-
geneity? - Concerning the bake-out different results are found. During the photoelectron
measurements a decrease in the work function of gold due to the bake-out was found for
most of the sample. But this reduction could have also been caused by a further adsorp-
tion on the surface due to a lower temperature of the sample compared to the vacuum
chamber walls. The measurements at the UHV Kelvin Probe indicated an increase of the
work function. This result is in agreement with other results in the literature. However,
both experiments give the same result concerning the homogeneity of the work function
over the surface: The work function homogeneity is improved after the bake-out. In ad-
dition, it was found that a bake-out can also have an effect on the distribution of the
work function over the surface. But this effect is sample specific and must be investigated
during the characterization process of the individual Rear Wall candidate.
Concerning the UV irradiation no significant effect on the work function value could be
found during photoelectron measurements. But similar to a bake-out the UV irradiation
improved the work function homogeneity.
4. How does the central hole effect the work function at the center region of the flux tube?
- It was found, that the work function at the central hole can be different compared to the
remaining surface. In addition, a different behavior of the hole after a bake-out or UV-
irradiation is possible. The reason for the different behavior can either be the material
behind the hole or the inner surface of the hole. With the performed measurements a
distinction between these two causes was not possible.
5. How large are the work function deviations of final Rear Wall candidates and how is the
work function distributed over the sample? - Two final Rear Wall candidates were tested
so far. Of these sample 3-SS-ep-6 is not suitable as Rear Wall due to scratches on its
surface. In the contrary sample 5-SS-ep-6 was found to be suitable. That means, it is the
first final Rear Wall which was found. The σRMS,surface is 9.4± 0.2mV and σRMS,pixel,max
is 10.0± 1.0mV with a stability of ≤7.3mV or ≤4.2mV in one week. The maximum values
of σRMS,surface,max and σRMS,pixel,max after bake-out are 12.2mV or 10.9, respectively. All
these values meet the requirements concerning homogeneity over the whole surface and
within a detector pixel. The work function distribution over the surface was found to be
a mixed distribution of a radial distribution and a non-symmetric distribution over the
whole surface. The work function is not randomly distributed over the surface.
Although each of the questions could be answered, further investigates of Rear Wall
related effects are advisable. One of these investigations is related with the UV irradiation
of the Rear Wall and its effect on the work function. It must be investigated, why the
CPD value is increased by about 800mV. Therefore, further measurements after an UV
irradiation are required.
Also, the long-term stability of the Rear Wall needs further investigation. A measurement
over 60 days is required, as this is the duration of one KATRIN measurement run. In
addition, it must be verified, if there are differences in the long-term stability of various
samples which are produced in the same way.
Despite of the fact, that the final Rear Wall is found during the Rear Wall development
phase another tested Rear Wall candidate is not suitable. Due to the fact that 3 Rear Wall
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candidates are produced so far, only one further candidate is remaining. Therefore, the
production of further Rear Wall candidates is highly recommended. In case of damage of
the Rear Wall surface during installation another already qualified and characterized Rear
Wall candidate must be available. For that reason the qualification of further Rear Wall
candidates is needed. As consequence of the results presented in the scope of this chap-
ter, this qualification must also include an investigation of changes of the work function
distribution caused by a bake-out.

Another consequence of the presented results is that a careful matching of the Rear Wall
and the small cover, which is installed behind the Rear Wall to cover the Rear Wall
hole, is required. This matching process will be performed at the UHV Kelvin Probe:
several covers will be installed together with a Rear Wall candidate. By comparing the
CPD values of the covers and the Rear Wall candidate, the best matching cover for
the individual Rear Wall candidate can be found. This requirement results from the
photoelectron spectroscopy at the position of the hole. In addition, these measurements
have shown, that the absolute work function values of identically produced samples can
be very different.

Due to the results of the UHV Kelvin Probe it is also required to wait after a bake-
out before measurements at KATRIN are performed. This must be considered in the
measurement plan of KATRIN. It is recommended to wait for about 2 weeks before a
KATRIN measurement run is started. By that changes of the Rear Wall work function
are minimized.

But the most important consequence of the presented results is, that after a development
phase of several years, a first final Rear Wall is found. This Rear Wall meets all KATRIN
requirements and is fully characterized concerning its spatial work function distribution.



190 Chapter 4. Development of a Rear Wall for the Rear Section



Chapter 5

Summary and outlook

This thesis set out to answer a number of questions regarding the setup of the Karlsruhe
Tritium Neutrino experiment, which aims to measure the mass of the neutrino with an
unpresedented sensitivity. The stage for the efforts of measuring the neutrino mass was
set by the discovery of the neutrino oscillation. Since then all previous experiments were
limited in their ability to pinpoint the neutrino’s mass, permitting them only to set an
upper limit. The Karlsruhe Tritium Neutrino experiment KATRIN is designed to improve
the current sensitivity on the neutrino mass by 1 order of magnitude.

To be able to achieve this sensitivity the measurement parameters of KATRIN must be
known and monitored precisely in order to minimize the systematic uncertainties of the
measurement. This is the purpose of the Calibration and Monitoring System (CMS) of
the tritium related components of KATRIN. The Rear Section as one important part of
this system combines different monitoring tools in one component. It provides monitoring
of the source activity by β-induced X-ray spectrometry (BIXS) and an angular selective
electron gun. The e-gun is essential for several purposes such as the measurement of
the column density in the tritium source and of the transmission of KATRIN’s main
spectrometer. In addition, the Rear Section provides the gold coated Rear Wall which
dominantly defines the source potential with its work function.

Great progress in the development of the Rear Section components has been achieved
already. But there are still some open questions, which cover a highly diverse range of
subjects. These must be answered in order to provide a fully functional Rear Section to
KATRIN. Answering these questions was the objective of the thesis in hand. A summary
of the obtained answers is given in the following.

1. Are all components, which are planned to be used, tritium compatible
concerning aspects of safety and their performance?
Three components were tested in a tritium atmosphere in the course of this thesis: a
piezo motor, a fiber feed-through and an optical fiber. None of them have been operated
in a tritum atmosphere before. To qualify these components three different experimental
setups were developed and built up. All components tested were found to be suitable for
usage in a tritium atmosphere both concerning safety aspects and their performance:

• In the Piezotest a custom made piezo motor based on the N-310K176 motor was
developed in cooperation with the company Physik Instrumente. This motor was
successfully tested concerning its performance in a tritium atmosphere. The required
driving cycles of 100 000 were found to be exceeded by more than a factor of 2. While
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the motor’s performance degraded, this does not affect its suitability for KATRIN
since only driving operations from one limit switch to the other are required. In
addition, it was shown that the motor can be baked out at 150 ◦C. That means, that
the motor can be used in the KATRIN experiment due to the qualification process
presented in this thesis.
• The suitability of a fiber feed-through installed in a vacuum flange was successfully
demonstrated in the Fibertest I for the first time. The leak rate through such a fiber
feed-through was measured in a test experiment. The fiber feed-through divided two
chambers, one with a tritium partial pressure in the order of 10−1 mbar and one with
0mbar tritium partial pressure. The leak rate through the fiber feed-through was
determined to be L = (3.65± 0.08) · 10−13 mbar l s−1. This leak rate is expected to
be about 7 orders of magnitude lower at the Rear Section. This is a consequence of
the linear pressure dependence of a diffusion process and the fact, that the tritium
partial pressure in the Rear Section will be about 7 orders of magnitude lower than
it was in the Fibertest I. It was therefore demonstrated, that the safety limit of
10−9 mbar l s−1 is maintained and that the fiber feed-through can be used for a
tritium containing system.

• The effect of a tritium atmosphere on the optical transmission of fibers was investi-
gated in the Fibertest II. Here no significant change of the optical properties caused
by the tritium exposure could be found: the detected changes of the respective
parameters were all within 3σ compatible with the initial values before the tritium
exposure. In addition, these changes were found to cause no degradation of the
transmission but rather an improvement. Although the fibers were only exposed to
tritium for a minimum of 7 days these results are applicable to the whole KATRIN
lifetime of 5 years: due to the linear dependence of the activity and the diffusion
on the tritium partial pressure, 1 second in the Fibertest II is equivalent to more
than 100 days under KATRIN conditions. This is a consequence of the 7 orders of
magnitude larger tritium partial pressure in the Fibertest II compared to the partial
pressure at the Rear Section e-gun. Therefore, the optical transmission properties
of the tested fibers under tritium conditions were found to be suitable for KATRIN.

2. How can the optical setup, used to produce the electrons at the e-gun, be
designed to prevent misalignment of optical components inside of a glove box
and to meet the required electron rate of at least 104 s−1?
In this thesis the final optical setup of the e-gun was designed. The main components
of the optical setup are a laser driven light source, an automatable monochromator,
a fiber feed-through, a splitter fiber and a focusing system consisting of 2 lenses. All
these components were chosen in a way that the transmitted light is maximized and the
probability of a misalignment especially inside of the Rear Section glove box is minimized.
The former was accomplished (among other things) by carefully selecting the utilized
lenses based on a detailed analysis of the losses of different candidate lenses. The latter
was achieved by using fiber (coupled) components wherever possible, e.g. a beam splitter
which is integrated into a fiber and therefore cannot be misaligned.
The electron rate of this optical setup was calculated and shown to be sufficient for
KATRIN. The calculated electron rate was found to exceed the required rate by up to
1 order of magnitude at the design wavelength of 275 nm. Assuming a work function of
4.2 eV, the electron rate is 7.26·105 s−1 at the maximum slit width of the monochromator.
The maximum achievable rate (for this slit width and gold work function) is 2.27·106 s−1

at 238 nm. The contribution of the optical system to the energy distribution width σE
was calculated to be approximately 0.07 eV at the design wavelength of 275 nm using the
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maximum slit width. Therefore the contribution of the optical system was found to be
lower than the required value of less than 0.2 eV. All in all an optical setup was developed
which meets all the KATRIN requirements.

3. What is the most suitable design of the Rear Wall to achieve a homo-
geneous and long-term stable surface potential, how is the surface potential
effected by a bake-out or UV irradiation and how large is the resulting inho-
mogeneity of a final Rear Wall?
Thanks to the experiments performed in the course of this thesis it was possible to de-
termine the most suitable layer design for Rear Wall candidates. This design uses foil
plastered stainless steel as a substrate, which is electropolished after the cutting process.
On this 100 nm titanium and 1µm gold are coated by sputtering. This layer design was
successfully tested as a cathode in a MAC-E (Magnetic Adiabatic Collimation combined
with an Electrostatic) filter already.
A precise knowledge of the effects of a bake-out and of UV irradiation is essential for the
KATRIN experiment. Therefore, detailed investigations of the work function dependence
on these treatments were performed in this thesis: both, a bake-out and UV irradiation,
were found to improve the homogeneity of the work function over the surface. But a gen-
eral quantification of this improvement is not possible as it is sample specific. However,
the improvement seems to be mostly in the order of a factor of 2 measured against the
work function homogeneity before the bake-out/UV irradiation. A bake-out additionally
can change the work function distribution over the surface. But again this effect is found
to be sample specific. For that reason, bake-out effects are recommended to be charac-
terized in the qualification process of the final Rear Walls as well.
Also the impact of the central hole of the Rear Wall on the work function is of great
interest for KATRIN. If the work function fluctuations at this position exceed the 20meV
requirement, the 4 central detector pixels of KATRIN can hardly be used for the deter-
mination of the neutrino mass. Investigations of this Rear Wall region were performed in
this thesis for the first time. It was found, that the inner surface of the hole and the plate
behind the hole affect the work function at the hole position. But it was not possible to
distinguish their different effects.
All in all the efforts of this thesis lead to a first final Rear Wall (which can in principle
be installed in the Rear Section). This Rear Wall was fully characterized concerning
the KATRIN requirements. Its σRMS,surface was determined to be 9.4 ± 0.2mV and its
σRMS,pixel,max to be 10.0 ± 1.0mV. The stability of these values was found to be ≤7.3mV
and ≤4.2mV in one week. The maximum values σRMS,surface,max and σRMS,pixel,max after
one bake-out were 12.2mV and 10.9, respectively. Examination of the contact potential
difference (CPD) distribution after a bake-out showed a combination of a radial distri-
bution and an asymmetric distribution from one side to the other side over the complete
surface. As the CPD distribution is not random, it can be compensated by later KATRIN
analysis. That means, that a Rear Wall which meets all homogeneity requirements on
the work function has been determined.
Finally, a first investigation of the long-term stability of the gold surface CPD in a vacuum
atmosphere was performed for the first time. This investigation indicates a stability of
at least 18.5mV over 3 weeks. Therefore, the stability requirement on the work function
of the Rear Wall is most probably also met. But further investigations are required for a
more definitive statement.
As its most important result the work of this thesis has therefore enabled the development
of a first final Rear Wall which meets all the KATRIN requirements.

In spite of great effort, concerning questions 2 and 3 there are still open tasks which must
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be completed:

• The optical setup of the e-gun must be built up. The experience gained during the
Fibertest II implies that the intensity of the light could decrease with time due to
the formation of color centers. These effects will be investigated and quantified if
existing.
• Further investigations on the long-term stability of the work function are needed.
This includes the measurement of several equally manufactured samples to investi-
gate if the stability is sample specific. Besides that a long-term measurement of at
least 60 days, which is the duration of a KATRIN run, is recommended.
• The effect of UV irradiation on the Rear Wall will be investigated further. In
particular a measurement strategy to do so at the UHV Kelvin Probe is required.
• Further Rear Wall candidates must be fabricated and characterized. In addition,
several plates, which can be used to cover the central Rear Wall hole from the
backside, will be fabricated. For each final Rear Wall a plate must be found, which
has a matching work function.

All these tasks are currently approached or will be in near future by the Rear Section
group. The optical system of the e-gun is being set up in winter 2015. Also, the qualifica-
tion of further Rear Walls is ongoing. The Rear Wall and the plate behind it are installed
at the latest in August 2016. After a final test of all components the Rear Section is
planned to be ready for operation at KATRIN at the end of 2016.



Appendix A

Additional data of tritium related
experiments

This appendix presents additional data of the experiments described in chapter 3. This
data is not absolutely necessary to arrive at the results of the experiments but it supports
the conclusions drawn in the given chapter.

A.1 Additional data of the Piezotest

In this section additional data both, of the automatic and the manual measurements, are
presented. No new takeaways from these plots are possible but they support the already
draw conclusions from the plots shown in section 3.1.

First the data of the manual measurements with the laser rangefinder are presented. In
each plot the blue areas mark the time in which the TRAP fume hood was needed for
other experiments and therefore the Piezotest was suspended. The red areas mark the
time periods of the bake-outs. The straight lines plotted in the diagrams represent the
mean value of the measurements before the tritium exposure and the dotted lines mark
the error of the mean value. The last to diagrams present the data of the automatic
measurements where the motor moves towards the negative limit.
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Figure A.1: Plot of data taken during manual measurements with 100 and
300 steps. Left: here the data with 100 steps is plotted. Right: diagram if the motor
is moved by 300 steps.

Figure A.2: Plot of data taken during manual measurements with 500 and
700 steps. Left: here the data with 500 steps is plotted. Right: diagram if the motor
is moved by 700 steps.

Figure A.3: Plot of data taken during manual measurements with 900 and
1 100 steps. Left: here the data with 900 steps is plotted. Right: diagram if the motor
is moved by 1 100 steps.
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Figure A.4: Plot of data taken during manual measurements with 1 300 steps
and moving towards the negative limit. Left: here the data with 1 300 steps is
plotted. Right: diagram if the motor is moved towards the negative limit.

Figure A.5: Plot of data taken during manual measurements towards the
positive limit.
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Figure A.6: Plot of data taken during automatic measurements to negative
limit. The steps needed to move from the positive limit to the negative limit are plotted
against the driving cycles. In addition the bake-outs are marked by the vertical blue
lines. The gray area at the right side of the diagram marks the time when the system
is filled with ambient air. In the remaining time the system is filled with tritium gas.
Note that the motor reached the negative limit at each cycle.

Figure A.7: Detailed plot of the data taken during automatic measurements
to negative limit. This is a magnified section ot the figure A.6. The markers (blue
line and gray area) have the same meaning as they do in that figure. In direction of the
x-axis the same range is covered, but at the y-axis only steps in the positive range are
shown.
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A.2 Limit finding of fits in the Fibertest I

Here the analysis leading to the most suitable time, when the signal of the Fibertest I
ionization chamber switches from a signal describable with the linear function f2 to a
signal describable with exponential function f3, is presented. In addition the lower limit
of f2 must be found. To do so, more than 150 000 fittings with different limits were
performed. The decision which time is most suitable is made by the minimization of the
summed up mean residuals of both fits. The results for the most suitable times are given
in table A.1.

Table A.1: List of the most suitable limits for the functions describing the
Fibertest I signals. In the first column the time, when the description with f2 stops
and the description with f3 starts, is given. Then the residuals of f3 are given. In
the third column the lower limit from where the signal is suitably described by f2 is
indicated. The residuals of f2 and the sum of both the residuals of f2 and f3 are given
in the last two columns. By looking at the limits one can see that the time range for
which the two fits are most suitable is very narrow.

upper limit
f2/lower limit f3

/days

residuals of f3 lower limit
f2 /days

residuals of f2 added
residuals

28.951 7.18750·10−17 10.980 7.23421·10−17 1.44217·10−16

28.950 7.18747·10−17 10.980 7.23430·10−17 1.44218·10−16

28.951 7.18750·10−17 10.981 7.23443·10−17 1.44219·10−16

28.958 7.18753·10−17 10.980 7.23442·10−17 1.44219·10−16

28.950 7.18747·10−17 10.981 7.23453·10−17 1.44220·10−16

28.951 7.18750·10−17 10.979 7.23449·10−17 1.44220·10−16

28.952 7.18761·10−17 10.980 7.23436·10−17 1.44220·10−16

28.953 7.18777·10−17 10.980 7.23420·10−17 1.44220·10−16

28.949 7.18754·10−17 10.980 7.23456·10−17 1.44221·10−16

28.950 7.18747·10−17 10.979 7.23459·10−17 1.44221·10−16

28.954 7.18772·10−17 10.980 7.23434·10−17 1.44221·10−16

28.956 7.18752·10−17 10.980 7.23462·10−17 1.44221·10−16

28.951 7.18750·10−17 10.982 7.23470·10−17 1.44222·10−16

28.952 7.18761·10−17 10.979 7.23464·10−17 1.44222·10−16

28.952 7.18761·10−17 10.981 7.23458·10−17 1.44222·10−16

28.953 7.18777·10−17 10.981 7.23442·10−17 1.44222·10−16

28.957 7.18741·10−17 10.980 7.23481·10−17 1.44222·10−16

28.958 7.18753·10−17 10.979 7.23470·10−17 1.44222·10−16

28.958 7.18753·10−17 10.981 7.23464·10−17 1.44222·10−16

28.959 7.18752·10−17 10.980 7.23471·10−17 1.44222·10−16

28.949 7.18754·10−17 10.981 7.23479·10−17 1.44223·10−16
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Table A.2: Slope of the measurements performed at different pressures. The measure-
ments are ordered not chronologically but with increasing pressure.

pressure /mbar slope /(10−10 s)
1 -8.83±0.05
3 2.58±0.05
10 1.55±0.05
200 20.11±0.05
400 21.46±0.05
600 23.46±0.05

A.3 Pressure effect on transmission through optical fibers

During the investigation of the second fiber with the Fibertest II the primary system is
accidentally filled with a pressure larger than 3.4mbar (but still with a maximum tritium
partial pressure of 0.59mbar or maximum activity of below 1010 Bq). This pressure caused
an increase in the ratio of the two photodiodes. As it is not expected that the signal of
the monitoring photodiode is suddenly decreased for no reason, this increase is caused
by an increase of the monitoring photodiode’s signal. Similar effects are described in
[Ste93, SZ08, Bur00].
To check for the pressure dependence a reference measurement at 10−2 mbar is performed
at first. Before this measurement the light source was turned off for 20 days. Afterwards
the primary system is filled first with 200mbar, then with 400mbar and finally with
600mbar. In between the system is not evacuated only after the 600mbar measurement.
For the following measurements at 1mbar, 10mbar and 3mbar the system is evacuated
before each measurement. The light source is turned on 4 hours before each measurement,
which means that the optics are irradiated for this period of time before the actual
measurement starts. The pressure is increased directly before a measurement starts.
For the analysis the reference measurement is subtracted from the other data to see
changes in the behavior more precisely. The obtained data is plotted in figure A.8. A
linear fit is performed for it. The resulting slopes are given in table A.2.
What attracts attention is, that the only negative slope is for the 1mbar measurement,
which is below the limit stated in [Ste93], where the transmission decrease starts. The data
at 3mbar and 10mbar have a positive but relatively small slope and the measurements
at even higher pressures have a slope which is about 1 order of magnitude larger.
The large and positive slope of the obtained data with 200mbar, 400mbar and 600mbar
can be explained by a higher transmission through the measurement photodiode due
to the higher pressure in the primary system. The higher pressure cause the ratio to
be increased compared to the reference measurement. That means that a regeneration
of the silica and its transmission takes place. An explanation for the increasing slope
from the 200mbar to the 600mbar measurement is that the color center formation of the
monitoring photodiode slows down due to the exponential behavior of the color center
formation.
The three measurements below 10mbar behave differently, their slope is negative and
by a one order of magnitude smaller than the ratios taken at measurements above this
pressure. This is evidence that the pressure has an impact on the transmission through
the fiber, indeed: below 10mbar the transmission through the fiber is reduced.
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Figure A.8: Plot of the measurements at different pressures. From top to bot-
tom the pressures are 200mbar, 400mbar, 600mbar, 1mbar, 10mbar and 3mbar. This
is also the chronological order. As the ratio decreases from measurement to measure-
ment, the values of the ratio substracted by the reference ratio become more negative
as well.
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Appendix B

Additional calculations on optics

In this appendix additional calculations on optics are presented, namely: the e-gun rate
calculations of the e-gun test setup at the University of California Santa Barbara (UCSB)
and the effect of irradiation on the acceptance angle due to a change in the refractive
indices of the fiber which is installed in the primary system.

B.1 E-gun rate calculation of the e-gun test setup at UCSB

B.1.1 The optical setup

As the setup of the e-gun has been tested at UCSB before shipping, the measured count
rates can be used to test the count rate calculations shown in section 3.2.1. But before
the calculations and their results are discussed in more detail, the optical setup and its
properties are presented.

The optical setup used for the test measurements is shown in figure B.1. It was originally
planned to use this optical setup at the final e-gun but due to the better handling of
the fiber coupled setup described in section 3.2.1 this plan was altered. Nevertheless the
optical setup of the test experiments can help to improve the calculations of the electron
rate of the final setup by comparing the calculated with the measured e-gun rate.

The optical setup described in this appendix consists of the following parts:

• Light source: the light source is of the type EQ-99X from Energetiq1. The spectral
radiance of the light source is given in figure B.2 and its NA value is 0.47. In contrast
to the final setup the light source is not directly coupled to a fiber in this case.
• Lenses: all lenses are of the type LA4052 from Thorlabs2. The transmission curve
is shown in figure B.2. All lenses are uncoated. The front focal length is 35.1mm,
and the back focal length (BFD) is 29.5mm at the design wavelength of 587.6 nm.
The actual focal length and BFD can be calculated by [Hec13]

1
f(λ) = (n(λ)− 1)

( 1
R1
− 1
R2

+ (n(λ)− 1) · d1
n(λ) ·R1 ·R2

)
(B.1)

1Energetiq Technology, Inc.,7 Constitution Way, Woburn, MA 01801, USA (Corporate Headquarters)
2Thorlabs Inc, 56 Sparta Avenue, Newton, New Jersey, 07860, USA
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Figure B.1: Optical setup used during the e-gun test measurements. The
numbers given in the lower part of the scheme are the distances between the optical
components.

Table B.1: Specifications of the different filters used during the e-gun test
at UCSB

filter wheel
position

filter part number center wavelength
/nm

transmission
at peak

FWHM
/nm

1 Edmund Optics 67-802 220 +3 / −0 > 0.12 10 ± 2
2 Edmund Optics 67-804 232 +3 / −0 > 0.15 11 ± 2
3 Edmund Optics 67-806 248 +3 / −0 > 0.12 12 ± 2
4 Edmund Optics 67-812 270 +3 / −0 > 0.12 13 ± 2
5 Edmund Optics 67-815 297 +3 / −0 > 0.15 14 ± 2

and
BFD(λ) = f ·

(
1− (n(λ)− 1) · d

n(λ) ·R1

)
(B.2)

where f is the focal length, n(λ) is the refractive index of the lens material, R1 =
16.1mm and R2 = ∞ are the radii of the lens at the side of the light source or of
the other side and d = 2mm is the thickness of the lens without the thickness of
the curvature.

• Filters: a selection of five different filters produced by Edmund Optics3 is available
and can be chosen by a filter wheel. The specifications of the filters are given in
table B.1. The transmission curves are given in figure B.2.
• Fiber (outside vacuum): the fiber is of the type FG550UEC from Thorlabs. The
core size is 550µm, the NA value is 0.22, and the length is 1m. At both sides the
fiber is terminated by a FC/PC connector which usually has an insertion loss of
0.2 dB. The attenuation caused by the length of the fiber is wavelength dependent
and is given in figure B.2.

• Feedthrough window: the feedthrough window is of the type 9712000 from MDC
Vacuum Products, LLC4. The transmission of this sapphire window is shown in
figure B.2.

• Fiber (inside vacuum): the fibers are of type Edmund Optics #57-074, have a
core size of 200µm and a length of 16.4 cm. The attenuation caused by the length
of the fiber is wavelength dependent and is given in figure B.2.

3Edmund Optics Inc.— 101 East Gloucester Pike, Barrington, NJ 08007-1380, USA
4MDC Vacuum Products, LLC, 23842 Cabot Blvd, Hayward, CA, 94545-1661, USA
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Figure B.2: Properties of the optical components. In this figure the optical prop-
erties of the light source, the lenses, the filters, the different fibers and the feedthrough
window are shown. Top left: the diagram is showing the spectral radiance of the light
source. The graph is interpolated from data points taken from a diagram provided by
the manufacturer [Ene14]. Top right: the transmission curve of the lenses, which is
interpolated from data given by the manufacturer [Tho15b], is shown. Middle left: here
the transmission curves of the five filters with center wavelengths at 220 nm, 232 nm,
248 nm, 270 nm and 297 nm are shown. The curves are interpolated from data points
taken from a diagram provided by the manufacturer [Edm14]. Middle and bottom right:
the attenuation of the fiber outside (middle) and inside (bottom) of the vacuum sys-
tem is shown. The attenuation is interpolated from data points taken from a diagram
provided by the manufacturer [Tho15a, Edm14]. Bottom left: the given transmission
through the feedthrough window is interpolated from data points taken from a diagram
provided by the manufacturer [MDC15].
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Table B.2: Absorption coefficients of titanium and gold. The absorption coeffi-
cients are taken from [Joh74].

wavelength
/nm

absorption
coefficient of Ti

/cm−1

absorption
coefficient of Au

/cm−1

220 9.4933·105 8.0870·105

232 9.1359·105 8.1341·105

248 9.2221·105 8.2217·105

270 9.7007·105 8.4228·105

297 1.0220·106 7.9712·105

Figure B.3: Reflection curves of the different material junctions of the e-
gun cathode. As Jiang at al. [Jia98b] measured the quantum yield of thin films of
gold coated on sapphire, the reflection at air-sapphire and sapphire-gold junctions must
be known. In addition the reflection at a silica-titanium and titanium-gold junction is
needed, as the e-gun is build out of these materials. In the left diagram the reflection at
these four junctions calculated by data of [Mal65, Joh74] is shown.

• Gold layer: the gold layer has a thickness of 37 nm and is coated on a 3 nm
intermediate layer of titanium. The work function Γ of the gold layer is unknown,
but is expected to be about Γ = 4.2 eV. The reflection at the silica titanium and
the titanium gold junction is shown in figure B.3. The absorption coefficients of the
titanium and the gold layer are listed in table B.2.
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B.1.2 The calculation of the electron rate

The calculation of the electron flux has two main parts: the spectral flux Φ(λ) reaching
the gold layer of the cathode and the probability Γ(λ) to produce an electron which leaves
the gold layer. By integration of the product of both parts the electron rate Ξ of the e-gun
can be calculated

Ξ =
∫ ∞
−∞

Φ(λ) · Γ(λ) dλ. (B.3)

Both parts are separately discussed in the following.

B.1.3 The spectral flux in the gold layer

The formula

Φ(λ) = I(λ) ·E ·Tlens(λ)4 ·Tfilter(λ) ·Lfiber1(λ) ·Twindow(λ) ·Lfiber2(λ) ·R(λ) ·Lalign(λ) (B.4)

is used to calculate the spectral flux of the light directly after entering the gold layer
(which means after the reflection on the silica gold junction and before absorption takes
place). The parameters of this formula are:

• I(λ): spectral radiance of the light source (compare figure B.2).
• E: etendue of the light source. In case of the used light source with NA of 0.47 the
etendue can be extrapolated from data given by the manufacturer [Ene14]:

E = 0.0244 mm2sr. (B.5)

• Tlens(λ): transmission of the lenses divided by 100 (compare figure B.2).
• Tfilter(λ): transmission of the filter divided by 100 (compare figure B.2).
• Lfiber1/2(λ): losses in the fiber caused by the insertion loss Li,fiber1/2 and the atten-

uation inside the fiber Latt,fiber1/2(λ) (compare figure B.2):
– Li,fiber1/2: the insertion loss for the used fibers is 0.2 dB or

Li,fiber1/2 = 10
−0.2
10 . (B.6)

– Latt,fiber1(λ): the length l of the fibers is 1m or 0.16m, respectively. The
attenuation can be calculated with

Latt,fiber1/2(λ) = 10
−attenuation(λ)·l

10 . (B.7)

The values of attenuation(λ) are shown in figure B.2.
• Twindow(λ): transmission of the feed-through window divided by 100 (compare figure
B.2).
• R(λ): the reflection at the entrance of the gold film is part of every quantum yield
measurement. As the quantum yield data used in these calculations was taken of a
gold film coated on sapphire, the quantum yield must be adapted to the e-gun setup.
Therefore the reflection at the junctions silica-titanium and titanium-gold (in case
of the e-gun setup) and air-sapphire and sapphire-gold must be calculated. The
reflection of these junctions are shown in figure B.3. The resulting correction factor
R(λ) caused by the different reflection factors compared to the measured quantum
yield data is also shown in figure B.3. The formula used to calculate the correction
factor is

R(λ) = (1−RSiO2−Ti) · (1−RTi−Au)
(1−Rair−sapphire) · (1−Rsapphire−Au) . (B.8)
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• Lalign(λ): this factor combines all losses due to the alignment of the optics. It con-
sists of four different factors Lalign,lens1, Lalign,lens2(λ), Lalign,fiber1(λ) and Lalign,fiber2(λ).
All are described in more detail in the following (compare figure B.1 for all distances
and figure B.4 for notations):
– Lalign,lens1: Lalign,lens1(λ) describes the losses at the first lens of the setup di-

rectly after the light source. As the NAls of the light source is 0.47 and the
distance x1 is 25.77mm, the radius r∗1 of the light cone at position of the first
lens is

r∗1 = tan(ϑ1) · x1 = 13.72mm. (B.9)

But the radius r1 of the lens is only 12.7mm. Therefore the losses at the first
lens are given by

Lalign,lens1 = r2
1
r∗21

= 92.6 % (B.10)

– Lalign,lens2(λ): the light collimated by the first lens is not perfectly parallel.
Therefore, the light cone increases on its way to the second lens. The angle of
this widening is

ϑ2(λ) = arcsin
(

r1
f1(λ)

)
, (B.11)

where f1(λ) is the wavelength dependent focal length of the lens given in equa-
tion (B.1). So the light cone radius at the position of the second lens is

r∗2(λ) = r1 + tan(ϑ2(λ)) · x2, (B.12)

with x2 = 76.81mm. The losses at the second lens are calculated by

Lalign,lens2(λ) = r2
2

r∗2(λ)2 , (B.13)

where r1 is the radius of the lens, namely 12.7mm.
– Lalign,fiber1(λ): Lalign,fiber1(λ) describes the losses due to the light injection into

the fiber outside of the second containment. As the fiber end was moved out
of the back focal point of the second lens on purpose to reduce the electron
rate the light path looks like it is shown in the upper part of figure B.4. The
losses can be calculated with

Lalign,fiber1(λ) = r2
3

r∗3(λ)2 , (B.14)

with r3 = 550nm/2 and

r∗3(λ) = tan(ϕ(λ))·x4(λ) = tan
(

arctan
(

r2
BFD(λ)

))
·(y1−BFD(λ)). (B.15)

BFD(λ) can be calculated with equation (B.2) and y1 =30.89mm.
– Lalign,fiber2(λ): the losses at the fiber in the primary system depend on whether

the distance y2 between the second lens and the fiber end is larger or smaller
than BFD(λ). Additionally there are two different contributions to the losses:
the light spot being to large and the angle of the light spot exceeding the
acceptance angle ϑ = arcsin(NAf ) of the fiber, with NAf = 0.22. Therefore
one has to distinguish between the following cases:
Case 1: y2 is larger than BFD(λ) (as in the upper part of figure B.4). If r∗3 is
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larger than the radius of the fiber (r3 = 100µm), the loss due to a too large
light cone is given by

Lalign,fiber2(λ) = r2
3

r∗3(λ)2 = r2
3

(tan(ϕ) · (y1 −BFD(λ)))2 , (B.16)

with tan(ϕ(λ)) = r2(λ)/BFD(λ), r2(λ) = tan(ϑ)·x5+tan(arcsin(rf/f(λ)))·x4,
x5 = 30.79mm, rf = 275µm, x4(λ) = y1 − BFD(λ) and y1 is not known
exactly but expected to be 21mm (compare figure B.5). In addition, it must
be checked, if the angle ϕ(λ) exceeds the acceptance angle ϑ. If this is the
case, Lalign,fiber2(λ) must be multiplied by racc(λ)2/r3(λ)2, where racc(λ) =
x4(λ) · tan(ϑ) is the acceptance radius of the cone with acceptance angle ϑ.
Case 2: y2 is equal or smaller than BFD(λ) (as in the lower part of figure
B.4). Then Lalign,fiber2(λ) is given by

Lalign,fiber2(λ) = r2
6

r∗6(λ)2 = r2
6

(tan(ϕ2(λ)) · (BFD(λ)− y2))2 , (B.17)

with r6 = 100µm, tan(ϕ2(λ)) = r5/BFD(λ) and r5(λ) = r4 +x6 ·tan(ϑ5(λ)) =
r4+x6 ·tan(arcsin(rf/f(λ))). As already mentioned, the value of y2 is unknown
but expected to be 21mm (see figure B.5). As in the last case, it must be
checked if the angle ϕ2(λ) is larger than the acceptance angle of the fiber ϑ.
If this is the case, Lalign,fiber2(λ) must be multiplied by racc(λ)2/rϕ(λ)2, where
racc = BFD(λ) · tan(ϑ) and rϕ(λ) = BFD(λ) · tan(ϕ2(λ)).

B.1.4 Probability of electron production and leaving of gold layer

The probability that a produced electron leaves the gold layer is given by

P =
∫ t

0
A(x) · Pleaving(x)dx · Pquantumyield(λ), (B.18)

where t is the thickness of both the titanium and gold layer taken together, A(x) is the
absorption of the light in the titanium and the gold layer, Pleaving(x) is the probability
that a produced electron leaves the gold layer and Pquantumyield(λ) is the probability to
produce an electron. The factors of this formula are discussed in more detail in section
3.2.1.

B.1.5 Results of the calculations and discussion

As already mentioned above the electron rate Ξ(λ) can be calculated by using equation
(B.3).

The resulting spectra for each filter dependent on the work function of the gold layer
is shown in figure B.5. According to the calculations the maximum achievable rate is
3.1·105 electrons s−1 with the 232 nm filter and a work function of 3.8 eV. As long as the
work function is not exceeding a value of about 4.52 eV the maximum value is always
achieved with this filter. At higher work functions the highest possible rates are reached
with the 220 nm filter. Generally by comparing the ratio of the calculated rates of the
different filters with the ratios of the measured rates one should be able to determine
the actual work function of the gold layer. The measured rates and the ratios are listed
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Figure B.4: Sketch to clarify the loss calculations. In the upper scheme (I) the
situation of the light injection into the fiber outside of the second containment is shown.
The dark blue light cannot be injected into the fiber. If the distance between the lens
and the in-vacuum fiber is larger than BFD(λ) the sketch also represents the situation
at the fiber injection inside of the primary system. If this is not the case, sketch (II) can
be used for clarification.

in table B.3. But the measured ratios cannot be made consistent with the calculated
ratios. The main reason for that is, that the measured rate of the 220 nm filter is higher
than measured rate with the 232 nm filter at 4.2 eV work function. According to the
calculations that can only be the case, if the work function is higher than 4.6 eV. But in
this case, no electrons should be produced with the 297 nm filter and almost none with
the 270 nm filter. For that reason it is expected, that the optical system has lost more
transmission due to the UV irradiation at the measurement with the 232 nm filter already.
If that is the case the transmission is highly effected by the UV irradiation, indeed. As this
degradation is wavelength dependent, it would also explain the different factors between
experiment and calculation at each filter.

Nevertheless the rates given by this calculation seems to be in the correct order of mag-
nitude and allow an estimate of the expected electron rate with the final optical system
of the e-gun.

B.2 Injection intensity changes due to refractive index changes

Both radiation and UV irradiation are known to densify fused silica and consequently
change the refractive index [Nat04, Dev94]. The effect of this change on the acceptance
angle and the critical angle for total-reflection ΦC are calculated in the following.
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Figure B.5: Electron spectra of the different filters. From top left to bottom the
spectra of the filters with 220 nm, 232 nm, 248 nm, 270 nm and 297 nm center wavelength
are shown. As expected the rate drops down to 0 s−1 if the energy of the photon does
not exceed the expected work function.

The the critical angle is [Gha98]

ΦC = arcsin
(
n2
n1

)
(B.19)

and the acceptance angle of a fiber is given by

ϑmax = arcsin
(

1/n0 ·
√
n2

1 − n2
2

)
, (B.20)

where n0 is the refractive index of the material surrounding the fiber, n1 is the refractive
index of the core and n2 of the cladding. In case of the used fiber at the e-gun the
manufacturer gives the following values for the refractive indices for the used fiber:

n1 = 1.458 and n2 = 1.441. (B.21)

As the fiber is surrounded by vacuum, n0 is equal to 1 by definition. With these values
the acceptance angle and the critical angle are

ΦC = 56.6◦ (B.22)
ϑmax = 12.8◦. (B.23)

By UV irradiation the maximum change in the refractive index is about 105 [Nat04] and
the change caused by ionizing radiation is 1%[Dev94]. The change in ΦC and ϑmax caused
by this depends on the fact which refractive index is affected by the irradiation: in case
of the UV irradiation the cladding is usually not irradiated which is why a change of the
refractive index n2 is unlikely. In case of the ionizing radiation a change of the cladding is
more likely as the electrons do not reach the core. Only at the end of the fiber facing the
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Table B.3: Measured electron rates at the e-gun test setup at UCSB. For each
filter the electron rates Ξ are listed, both the measured rates with reduced light source
power and accordingly estimated maximum rates. In the fourth column the calculated
electron rate at a cathode work function of 4.2 eV is given for comparison.

center wavelength
of filter /nm

measured
electron rate Ξ

/s−1

estimated
electron rate /s−1

calculated
electron rate /s−1

220 36 058 4.5 ·105 1.4 ·105

232 29 779 3.7 ·105 1.6 ·105

248 9 258 1.2 ·105 6.6 ·104

270 1 888 2.4 ·104 3.1 ·104

297 423 5.3 ·103 7.3 ·102

Table B.4: Summary of the changes on ϑmax and ΦC by irradiation.

effected refractive indices change in ϑmax change in ΦC

electron irradiation n2 -7.8 0.6
electron irradiation n1 and n2 0.13 -
UV irradiation n1 0.004 -0.0004
UV irradiation n1 and n2 0.00005 0.000005

feed through window and if tritium is diffused into the fiber do the electrons have direct
contact with the core.

Nevertheless the changes for both scenarios (at the first the refractive index of the cladding
and in the second of the cladding and the core is changed) are calculated. The results
can be found in table B.4. The UV irradiation and the electron irradiation affecting both
indices cause only minor changes in the parameters. In contrast the electron irradiation
with an increased n2 changes ϑmax by 5◦ which is almost a 40% change.

The losses due to the change in the acceptance angle can be calculated by

L = rf
ri

= tan (ϑmax,f) · f
tan (ϑmax,i) · f

, (B.24)

where r is the radius of the accepted light cone at the last lens of the focusing system,
f = 27.8mm is the focal length of the lens if the refraction at the feed-through window is
neglected5, the index i stands for the initial values before irradiation and the index f for
those after irradiation. The losses caused by electron irradiation in case of an unchanged
n1 are

L = 0.85. (B.25)

For the three other possibilities no additional losses occur, as the acceptance angle is
increased.

5Neglecting the feed-through window is possible as it only redirects the light path twice and therefore
increases the distance between lens and fiber by about 0.3mm. The angle of the light cone before and
after the window is the same.
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Reproducibility of the
photoelectron measurements at
the monitor spectrometer

To be able to compare different measurements of the photoelectron spectroscopy at the
monitor spectrometer, the reproducibility of those measurements must be proven first.
Therefore, measurements are performed verifying the reproducibility at the same position
over time without moving the mirror in between. In addition it is tested whether the work
function results are comparable when the mirror is moved in between two measurements.
For these measurement the top position of the unbaked sample 5-SS-ep-3 is used.

Initially the reproducibility of the measurements in short time scales is verified. For this
the same position is measured twice with a period of 1 hour in between. Note, that the
mirror is not moved during this time. The work function results of the first measurement
are

Φ1 = 4.704 ± 0.007 eV (C.1)

and of the second
Φ2 = 4.711 ± 0.008 eV. (C.2)

Both values are equal within the errors. This is also supported by a look at the spectra
presented in figure C.1.

To test if the comparability is also achieved over longer time scales, two additional mea-
surements are performed. The time between these measurements is 14 hours. The work
function results of these measurements are

Φ3 = 4.696 ± 0.006 eV (C.3)

and
Φ4 = 4.700 ± 0.007 eV. (C.4)

Again, the work function values are equal within the errors. The corresponding spectra
presented in C.2 have also the same shape.

As a movement of the mirror can have even larger effects on the results of the measure-
ments, it must be verified if the same position can be reproduced. For that reason the
mirror is moved between the first and the second reproducibility tests presented above.

213
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That means that a comparison of Φ2 and Φ3 indicates whether the reproducibility is
achieved or not (the corresponding spectra are plotted together in C.3 for better com-
parison). The result is that the change caused by the movement is larger than the errors
of the measurements. Nevertheless, the values match within 2σ. Therefore no signifi-
cant change can be detected and the reproducibility is also proven in case of a mirror
movement, as supported by the spectra themselves.

in conclusion, the reproducibility of the photoelectron spectroscopy at the monitor spec-
trometer is proven.

Figure C.1: Comparison of measurements with 1 hours time difference. The
mirror is not moved in between the measurements. Left: the complete spectrum of both
measurements is plotted. Right: the region of interest for the analysis is shown enlarged.

Figure C.2: Comparison of measurements with 14 hours time difference.
The mirror is not moved in between the measurements. Left: the complete spectrum
of both measurements is plotted. Right: the region of interest for the analysis is shown
enlarged.
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Figure C.3: Comparison of measurements after the movement of the mirror
Left: the complete spectrum of both measurements is plotted. Right: the region of
interest for the analysis is shown enlarged.
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Appendix D

Commissioning of the UHV
Kelvin Probe

In this appendix the commissioning of the UHV Kelvin Probe which is described in section
4.7 is presented. The commissioning includes the tests of individual components: The
optical power of the installed discharge lamp (see section D.1) is measured and a good
electrical contact between the tip and the sample is insured (compare section D.2). Besides
that, the best parameters for the measurements are defined during the commissioning and
can be found in section D.3. The influence of the cold cathode on the measurement signal
is presented in section D.4 and the long-term stability of the system is presented in section
D.5. In the last section of this appendix, D.6, the uncertainties of the measurements based
on the commissioning results are discussed.

D.1 Measurement of the optical power of the installed dis-
charge lamp

The discharge lamp is used to simulate the planned UV irradiation at the Rear Wall. By
irradiating the Rear Wall with UV light of suitable energy electrons are produced by the
photoelectric effect [Ein05]. The emitted electrons can compensate an eventual positive
charging of the source.

To test the optical power per area a power meter is used. The optical power per area is
not a constant but dependent on the distance to the light source. For that reason a bellow
with a length which is approximately equal to the distance between discharge lamp and
power meter is used. On one side of the bellow a plate is mounted to which the light
source can be fastened. On the other side an equal plate with the power meter is used
to close the system. The closing is needed as the light source produces ozone by ionizing
the oxygen atoms in the air.

The measurement of the optical power per area is performed at ambient air. After the
discharge lamp is switched on the optical power increases. After about 6 minutes the
saturation value of 76µWcm−2 is reached.

As the light source used at the Rear Wall is not yet fully specified and designed a com-
parison of the measured optical power per area with the expected typical power per area
at the Rear Wall is not yet possible.
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Figure D.1: Resistance between Kelvin Probe tip and sample. The resistance
is well below the required value of 5Ω which is marked by the red line in the diagram.

D.2 Verification of contact quality between tip and sample

The Kelvin Probe method is based on the electrical connection of the sample and the
Kelvin Probe tip. In case of the UHV Kelvin Probe this electrical connection is established
over the vacuum system: the Kelvin Probe head is connected with the vacuum chamber
by its flange. The linear stage, which is made of conductive stainless steel, is mounted
on the plate which is welded into the vacuum system. That way the connection remains.
But the rotary table poses two problems. On the one side it is insulted against its motor
housing. For that reason a Kapton insulated copper wire is used for the connection. On
the other side the rotary table could in principle be rotating endlessly. Therefore for
safety reasons it is not possible to connect the sample holder directly with the wire. The
solution is to use two sliding contacts which are connected to the wire and are sliding over
the bottom side of the sample holder. In principle one of these contacts would be enough,
but as the connection is of such importance for the measurement a second sliding contact
is added for redundancy.

To make sure that the connection at any position of the rotary table is below the maximum
defined resistance of 5Ω1, this resistance is measured with a common multimeter with
a resolution of 0.1Ω. The rotation angle is changed by ∆ϕ=1◦ per measurement. The
rotary table is turned by 360◦ over the measurement.

The results of this measurement are plotted in figure D.1. As one can see the resistance
between the sample and the tip is far below the 5Ω requirement. The mean resistance is
183±44mΩ. The resistance must be verified again after each exchange of a sample.

1This is not a limit given by the manufacturer, but a limit set by the experimentators.
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D.3 The best parameters for measurement with the UHV
Kelvin Probe

In order to measure accurately, the best parameters of the Kelvin probe must be found.
All parameters must be chosen in a way, that the measurement is as stable as possible.
That means, that the deviation of the mean CPD values of several measurements at the
same position is minimized.

At the UHV Kelvin Probe there are 4 main parameters which can be chosen:

• The amplitude of the tip vibration
• The frequency of the tip vibration
• The Gradient G during the measurement (which is correlated in a non-trivial way
with the distance between tip and sample)
• The backing potential ±Vb which is applied between tip and sample during the
measurements

For the amplitude 125 is chosen as this is the recommended value provided by the manu-
facturer. The frequency is set to 165Hz. This frequency is chosen as it is far enough from
a resonance frequency of the coil. The resonance frequencies of the coil are determined
by a frequency scan (compare figure D.2 (1)). This frequency scan is performed with the
dedicated McAllister software. The other two parameters, G and ±Vb, must be deter-
mined experimentally so that the deviation of the measured CPD values is minimized.
The principle dependence of the CPD on these parameters can be found in the diagrams
(2) and (3) of figure D.2.

To reduce the effort caused by the search for the best values for the parameters G and
±Vb the parameter regions are limited: in case of the Gradient values between -0.05
and -0.1 are tested. Values above these region cause a large distance between tip and
sample. The resulting measurement signal is too noisy to measure reliable. In case of even
lower gradients the distance between tip and sample gets very small (a precise distance
information is not possible due to the non-trivial correlation of G and the distance). But
to enable a scan over the surface the sample must be moved below the tip. To make sure
that the tip is not scratching over the surface during a scan the gradient is limited to
values of -0.1 or above. That means, that the Gradient is limited to

− 0.05 ≥ G ≥ −0.1. (D.1)

In case of the backing potential the lowest possible value is given by the measured sample:
Ub should not be chosen smaller than the CPD value. Otherwise the measurement signal
is too noisy to give reliable results: if for example Ub=0.45V and the CPD value is -0.4V
the signal is almost zero. In addition no values larger than 2V are tested although the
signal is increased with the backing potential. This is the result of the analysis by a fit.
If the two points through which the line is fitted are to far away from each other outliers
and uncertainties have more of an effect on the fit and therefore on the result of the
measurement. Hence the limited parameter range of Ub is:

2V ≥ Ub ≥ 0.5V. (D.2)

To find the best parameters within these limited parameter ranges, G and Ub are changed
with a step width of ∆G=0.005 and ∆Ub=0.05V. At every possible combination within
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Figure D.2: Frequency scan and dependence of CPD on G and ±Vb. (1) a
frequency scan of the coil in the Kelvin Probe head is shown. The unit of the amplitude is
not given by the manufacturer. (2) The CPD value measured with Vb=1V is measured
for different G values. At each position 10 measurements are performed. From these the
mean gradient and the mean CPD are calculated. The change in the CPD value due
to a change in G is clearly visible. At gradients of about -0.03 (which is far away from
the sample) the CPD values are larger than at lower gradients (which means a smaller
distance between tip and sample). A minimum in the CPD value is reached around G= -
0.05. At even lower gradients the effect on the CPD due to a change in G is reduced.
(3) The diagram visualizes the dependence of the CPD on the backing potential ±Vb.
All measurements are performed at G= -0.07. At each potential 10 measurements are
performed. No dependence of the CPD on ±Vb can be found. The errors vary between
1.5mV and more than 5mV.
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Figure D.3: Results of the best parameter search at UHV Kelvin Probe. In
both parts of the figure σRMS is plotted by color in a diagram with the backing potential
on the y-axis and the Gradient on the x-axis. (1) Here the diagram of the best parameter
search at the central position of sample 6-SS-ep-3 at ambient air is shown. (2) These are
the results of a measurement performed not at the center of the same sample in vacuum.
Both the backing and the turbo pump are running during the measurement.

the parameter ranges 20 CPD measurements are performed. The required σRMS is cal-
culated out of these measurements. To make sure that the parameters do not change if
the conditions of the measurement change, these measurements are performed at several
conditions: at ambient air, at vacuum both with pumps running and without and at
different positions of the sample.

Two exemplary diagrams resulting from these measurements are presented in figure D.3.
In both cases the highest detected σRMS is below 8mV. The highest values are obtained
at high gradients above -0.05. For gradients below -0.07 σRMS is equal or smaller than
4mV. A dependence on the backing potential is not detectable.

Although the smallest σRMS values are obtained at the smallest gradient (smallest dis-
tances between tip and sample) the standard for measurements with the UHV Kelvin
Probe is set to

G = −0.07 (D.3)

and
Ub = 1V. (D.4)

By increasing the distance between the tip and the sample the risk that the tip could
scratch over the surface during a scan is taken into account. With only a few exceptions
these parameter values are used for all measurements presented in section 4.7 and all
following measurements discussed in this appendix.

D.4 The influence of the cold cathode on the measurement
signal

During the first long-term measurements performed with the UHV Kelvin Probe a behav-
ior of the measured values as shown in figure D.4 is observed: the CPD value increases
by more than 100mV within the measurement time of about 1.5 days. The shape of
the increase is in the beginning similar to an exponential increase. After about 5 000
measurement points this increase is slowed down but still steady.
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Figure D.4: Long-term measurement performed with the UHV Kelvin Probe
with cold cathode running. The measurement is performed at a pressure of
2·10−5 mbar. Both the backing and the turbo pumps are running during the mea-
surement. The duration of the measurement is about 1.5 days.

After the exclusion of almost any other possible reason for the behavior of the CPD with
time, the cold cathode, which is installed at the vacuum chamber, is found as the cause:
ions produced by the cathode disturb the measurement with the UHV Kelvin Probe. If
the cold cathode is not sparked the signal shows no indications for the described behavior.

For that reason it is decided, that the cold cathode is turned off for any measurement
with the UHV Kelvin Probe. In addition the direct line of sight between potentially
produced ions in the cathode and the sample is disrupted by the installation of a corner
piece between vacuum chamber and pressure sensor. A long-term measurement performed
after this improvement of the setup is described in the following section.

D.5 Long-term stability of the UHV Kelvin Probe mea-
surements

To determine the statistical fluctuation of the measurement signal and possible systematic
drifts long-term measurements are performed. To also simulate the position change of
the sample during a scan these measurements are done at 2 different positions. At each
of these positions 5 measurements are performed before the sample is moved to another
position. To improve the stability of the measurement it is performed at elevated tem-
peratures of about 45 ◦C. In doing so the temperature of the Kelvin Probe is decoupled
from the temperature of the laboratory.

The longest of these long-term measurements is presented in figure D.5. The duration of
the measurement is 69 hours. The system is pumped. The pumping started more than
one week prior to the measurement.

The CPD signal shows a slight decrease with increasing measurement point numbers.
This decrease can be fitted by a line, resulting in the fit functions:

f1(x) = (−423.2 ± 0.4) mV + (−9.9 ± 0.7) · 10−4 mV · x
f2(x) = (−420.4 ± 0.4) mV + (−6.5 ± 0.6) · 10−4 mV · x

(D.5)

That means that the mean drift per measurement point is

(8.1 ± 2.4) · 10−4 mV. (D.6)
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With this value the expected drift during the scan of a Rear Wall can be calculated:
during a Rear Wall scan with 5.5mm inner diameter and 62.5mm outer diameter the
CPD value is determined at 2 079 measurement positions. To compensate for outliers
each of these positions is measured 5 times. So each scan consists of 10 395 measurement
points. The expected drift is:

σdrift = (8.4 ± 2.5) mV. (D.7)

In addition it is possible to determine the statistical uncertainty of a measurement by the
data given in figure D.5:

σRMS,1 = 5.3 mV
σRMS,2 = 4.9 mV

→ σRMS = (5.1 ± 0.3)mV
This values of σRMS is consistent with the errors measured for the used measurement
parameters during the best parameter search.

The overall measurement uncertainty of the UHV Kelvin Probe is calculated in the fol-
lowing section based on the results presented in this section.

D.6 Discussion on the uncertainties of the UHV Kelvin
Probe measurements

As described in detail in the beginning of section 4.7 the uncertainty of the Kelvin Probe
measurements is given by

σtot =
√
σ2

RMS,surface/pixel + σ2
exp, (D.8)

where σRMS,surface/pixel is the work function fluctuation over the surface of the sample and
σexp are the measurement uncertainties of the Kelvin Probe setup. The latter consists of
both the systematic and the statistic uncertainties of the Kelvin Probe measurements:

σexp =
√
σ2

sys + σ2
stat. (D.9)

With the values
σstat = σRMS = 5.1 mV (D.10)

and
σsys = σdrift = (8.4 ± 2.5) mV. (D.11)

which are given in the last section the uncertainty of the Kelvin Probe can be calculated:

σexp = 9.8 ± 2.3 mV. (D.12)

That means that the requirement of an uncertainty is achieved with the UHV Kelvin
Probe setup.
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Figure D.5: Long-term stability of the UHV Kelvin Probe. In (1) and (3)
the measured CPD values are plotted against the measurement point number. The red
lines are the fits performed on the data. The mean CPD values are (-427.5±5.3)mV
or (-423.8±4.9)mV, respectively. the difference in the number of measurement points is
caused by faults in the positioning file, which defines the measurement positions. This
causes some of the measurement positions to be measured not only 5 but 6 times. In
(2) and (4) the corresponding residuals are plotted. These are arranged around 0, which
means that the linear fit assumption suitably describes the behavior of the data.



Appendix E

Additional information on Rear
Wall related experiments

This appendix present additional data of the experiments described in chapter 4. This
data is not necessary to get a result of the experiment but it supports the conclusions
drawn in the given chapter.

E.1 Additional data taken by the ambient air Kelvin Probe

In this section the CPD maps of all measurements performed with the ambient air Kelvin
Probe are presented. In addition the corresponding histograms to the CPD maps are
given. The ranges of both the CPD maps and the histograms are optimized for the
respective measurement. This must be considered by the comparison of different mea-
surements.

Goldsheet

Figure E.1: CPD map and histogram of the 1. measurement of the goldsheet.
The date of the measurement is the 27.05.2013. The mean CPD value of this scan is
(573.2± 49 508.0)mV.

225
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Figure E.2: CPD map and histogram of the 2. measurement of the goldsheet.
The date of the measurement is the 27.05.2013. The position and the scan area is not
changed between this and the first measurement. The mean CPD value of this scan is
(12 717.4± 136 875.0)mV.

Figure E.3: CPD map and histogram of the 3. measurement of the goldsheet.
The date of the measurement is the 29.05.2013. The mean CPD value of this scan is
(-9.8± 62.7)mV.

Cu mirror

Figure E.4: CPD map and histogram of the measurement of the gold coated
Cu mirror. The date of the measurement is the 27.05.2013. The mean CPD value of
this scan is (45.2± 54.1)mV.
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Figure E.5: CPD map and histogram of the measurement of the uncoated
copper mirror. The date of the measurement is the 15.08.2013. The mean CPD value
of this scan is (123.4± 8.7)mV.

Sapphire-5

Figure E.6: CPD map and histogram of the 1. measurement of sample
Sapphire-5. The date of the measurement is the 13.08.2013. The mean CPD value of
this scan is (327.8± 10.2)mV.

Figure E.7: CPD map and histogram of the 2. measurement of sample
Sapphire-5. The date of the measurement is the 29.08.2013. The mean CPD value of
this scan is (311.1± 8.8)mV.
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Sapphire-6

Figure E.8: CPD map and histogram of the 1. measurement of sample
Sapphire-6. The date of the measurement is the 28.05.2013. The mean CPD value of
this scan is (205.3± 46.1)mV.

Figure E.9: CPD map and histogram of the 2. measurement of sample
Sapphire-6. The date of the measurement is the 28.05.2013. The position and the
scan area is not changed between this and the first measurement. The mean CPD value
of this scan is (237.0± 17.8)mV.

Figure E.10: CPD map and histogram of the 3. measurement of sample
Sapphire-6. The date of the measurement is the 17.07.2013. The mean CPD value of
this scan is (284.3± 15.3)mV.
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Figure E.11: CPD map and histogram of the 4. measurement of sample
Sapphire-6. The date of the measurement is the 16.08.2013. The mean CPD value of
this scan is (399.9± 8.9)mV.

Figure E.12: CPD map and histogram of the 5. measurement of sample
Sapphire-6. The date of the measurement is the 29.08.2013. The mean CPD value of
this scan is (324.6± 6.2)mV.

SiO2-3

Figure E.13: CPD map and histogram of the 1. measurement of sample
SiO2-3. The date of the measurement is the 21.08.2013. The mean CPD value of this
scan is (218.3± 9.2)mV.
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Figure E.14: CPD map and histogram of the 2. measurement of sample
SiO2-3. The date of the measurement is the 21.08.2013. The measurement is performed
directly after the first measurement but at a different position of the sample. The mean
CPD value of this scan is (224.9± 6.7)mV.

SiO2-4

Figure E.15: CPD map and histogram of the 1. measurement of sample
SiO2-4. The date of the measurement is the 22.08.2013. The mean CPD value of this
scan is (219.0± 12.9)mV.

Figure E.16: CPD map and histogram of the 2. measurement of sample
SiO2-4. The date of the measurement is the 22.08.2013. The measurement is performed
directly after the first measurement but at a different position of the sample. The mean
CPD value of this scan is (228.9± 6.3)mV.
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Figure E.17: CPD map and histogram of the 3. measurement of sample
SiO2-4. The date of the measurement is the 22.08.2013. The measurement is performed
directly after the first measurement but at a different position of the sample. The mean
CPD value of this scan is (222.5± 6.1)mV.

Figure E.18: CPD map and histogram of the 4. measurement of sample
SiO2-4. The date of the measurement is the 22.08.2013. The measurement is performed
directly after the first measurement but at a different position of the sample. The mean
CPD value of this scan is (220.1± 4.5)mV.

SiO2-5

Figure E.19: CPD map and histogram of the 1. measurement of sample
SiO2-5. The date of the measurement is the 16.08.2013. The mean CPD value of this
scan is (303.1± 18.3)mV.
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Figure E.20: CPD map and histogram of the 2. measurement of sample
SiO2-5. The date of the measurement is the 27.08.2013. The mean CPD value of this
scan is (353.9± 9.8)mV.

SiO2-6

Figure E.21: CPD map and histogram of the 1. measurement of sample
SiO2-6. The date of the measurement is the 28.05.2013. The mean CPD value of this
scan is (202.8± 51.5)mV.

Figure E.22: CPD map and histogram of the 2. measurement of sample
SiO2-6. The date of the measurement is the 28.05.2013. The position and the scan
area is not changed between this and the first measurement. The mean CPD value of
this scan is (236.6± 19.6)mV.
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Figure E.23: CPD map and histogram of the 3. measurement of sample
SiO2-6. The date of the measurement is the 18.07.2013. The mean CPD value of this
scan is (244.6± 8.8)mV.

Figure E.24: CPD map and histogram of the 4. measurement of sample
SiO2-6. The date of the measurement is the 16.08.2013. The mean CPD value of this
scan is (357.9± 8.9)mV.

Figure E.25: CPD map and histogram of the 5. measurement of sample
SiO2-6. The date of the measurement is the 27.08.2013, which is after the bake-out of
this sample. The mean CPD value of this scan is (281.9± 27.2)mV.
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Figure E.26: CPD map and histogram of the 6. measurement of sample
SiO2-6. The date of the measurement is the 29.08.2013, which is after the bake-out of
this sample. The mean CPD value of this scan is (205.5± 16.1)mV.

1-Al-ep-3

Figure E.27: CPD map and histogram of the 1. measurement of sample
1-Al-ep-3. The date of the measurement is the 29.05.2013. The sample is not coated
at the time of the measurement. The mean CPD value of this scan is (79.8± 21.6)mV.

Figure E.28: CPD map and histogram of the 2. measurement of sample
1-Al-ep-3. The date of the measurement is the 19.07.2013. The mean CPD value of
this scan is (53.3± 18.1)mV.
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4-Al-ep-3

Figure E.29: CPD map and histogram of the 1. measurement of sample
4-Al-ep-3. The date of the measurement is the 16.07.2013. The mean CPD value of
this scan is (210.4± 13.0)mV.

Figure E.30: CPD map and histogram of the 2. measurement of sample
4-Al-ep-3. The date of the measurement is the 15.08.2013. The mean CPD value of
this scan is (343.4± 38.6)mV.

2-Al-mp-3

Figure E.31: CPD map and histogram of the 1. measurement of sample 2-
Al-mp-3. The date of the measurement is the 28.05.2013. The sample is not coated at
the time of the measurement. The mean CPD value of this scan is (-554.3± 129.7)mV.
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Figure E.32: CPD map and histogram of the 2. measurement of sample
2-Al-mp-3. The date of the measurement is the 19.07.2013. The mean CPD value of
this scan is (-46.5± 32.4)mV.

3-Al-mp-3

Figure E.33: CPD map and histogram of the 1. measurement of sample
3-Al-mp-3. The date of the measurement is the 16.07.2013. The mean CPD value of
this scan is (264.1± 27.9)mV.
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2-Cu-ep-3

Figure E.34: CPD map and histogram of the 1. measurement of sample
3-Cu-ep-3. The date of the measurement is the 18.07.2013. The mean CPD value of
this scan is (-148.0± 35.0)mV.

2-Cu-mp-3

Figure E.35: CPD map and histogram of the 1. measurement of sample
2-Cu-mp-3. The date of the measurement is the 18.07.2013. The mean CPD value of
this scan is (30.7± 28.8)mV.

Figure E.36: CPD map and histogram of the 2. measurement of sample
2-Cu-mp-3. The date of the measurement is the 18.07.2013. The position and the scan
area is not changed between this and the first measurement. The mean CPD value of
this scan is (38.3± 28.0)mV.
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3-Cu-mp-3

Figure E.37: CPD map and histogram of the 1. measurement of sample
3-Cu-mp-3. The date of the measurement is the 16.07.2013. The mean CPD value of
this scan is (232.8± 10.4)mV.

Figure E.38: CPD map and histogram of the 2. measurement of sample
3-Cu-mp-3. The date of the measurement is the 15.08.2013. The mean CPD value of
this scan is (298.9± 12.8)mV.

Figure E.39: CPD map and histogram of the 3. measurement of sample 3-
Cu-mp-3. The date of the measurement is the 28.07.2013, which is after the bake-out
of this sample. The mean CPD value of this scan is (144.1± 10.1)mV.
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1-SS-ep-3

Figure E.40: CPD map and histogram of the 1. measurement of sample
1-SS-ep-3. The date of the measurement is the 29.05.2013. The sample is not coated
at the time of the measurement. The mean CPD value of this scan is (-70.7± 13.0)mV.

Figure E.41: CPD map and histogram of the 2. measurement of sample
1-SS-ep-3. The date of the measurement is the 17.07.2013. The mean CPD value of
this scan is (279.3± 6.5)mV.

Figure E.42: CPD map and histogram of the 3. measurement of sample
1-SS-ep-3. The date of the measurement is the 17.07.2013. The position and the scan
area is not changed between this and the first measurement. The mean CPD value of
this scan is (288.8± 7.5)mV.
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Figure E.43: CPD map and histogram of the 4. measurement of sample
1-SS-ep-3. The date of the measurement is the 14.08.2013. The mean CPD value of
this scan is (302.4± 7.9)mV.

Figure E.44: CPD map and histogram of the 5. measurement of sample
1-SS-ep-3. The date of the measurement is the 28.08.2013, which is after the bake-out
of this sample. The mean CPD value of this scan is (179.0± 7.8)mV.

2-SS-ep-3

Figure E.45: CPD map and histogram of the 1. measurement of sample
2-SS-ep-3. The date of the measurement is the 18.07.2013. The mean CPD value of
this scan is (11.5± 12.5)mV.
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Figure E.46: CPD map and histogram of the 2. measurement of sample
2-SS-ep-3. The date of the measurement is the 18.07.2013. The position and the scan
area is not changed between this and the first measurement. The mean CPD value of
this scan is (15.4± 12.9)mV.

Figure E.47: CPD map and histogram of the 3. measurement of sample
2-SS-ep-3. The date of the measurement is the 13.08.2013. The mean CPD value of
this scan is (126.0± 19.3)mV.

Figure E.48: CPD map and histogram of the 4. measurement of sample
2-SS-ep-3. The date of the measurement is the 28.08.2013, which is after the bake-out
of this sample. The mean CPD value of this scan is (-51.9± 20.0)mV.
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1-SS-mp-3

Figure E.49: CPD map and histogram of the 1. measurement of sample
1-SS-mp-3. The date of the measurement is the 19.07.2013. The mean CPD value of
this scan is (-28.1± 46.6)mV.

Figure E.50: CPD map and histogram of the 2. measurement of sample
1-SS-mp-3. The date of the measurement is the 15.08.2013. The mean CPD value of
this scan is (49.7± 37.5)mV.

Figure E.51: CPD map and histogram of the 3. measurement of sample
1-SS-mp-3. The date of the measurement is the 28.08.2013, which is after the bake-out
of this sample. The mean CPD value of this scan is (-71.7± 62.3)mV.
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2-SS-mp-3

Figure E.52: CPD map and histogram of the 1. measurement of sample
2-SS-mp-3. The date of the measurement is the 17.07.2013. The mean CPD value of
this scan is (309.9± 11.5)mV.

Figure E.53: CPD map and histogram of the 2. measurement of sample
2-SS-mp-3. The date of the measurement is the 17.07.2013. The position and the scan
area is not changed between this and the first measurement. The mean CPD value of
this scan is (324.6± 10.3)mV.

Figure E.54: CPD map and histogram of the 3. measurement of sample
2-SS-mp-3. The date of the measurement is the 14.08.2013. The mean CPD value of
this scan is (339.4± 12.0)mV.
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Figure E.55: CPD map and histogram of the 4. measurement of sample
2-SS-mp-3. The date of the measurement is the 27.08.2013, which is after the bake-out
of this sample. The mean CPD value of this scan is (180.9± 15.2)mV.

3-SS-mp-3

Figure E.56: CPD map and histogram of the 1. measurement of sample
3-SS-mp-3. The date of the measurement is the 28.05.2013. The sample is not coated
at the time of the measurement. The mean CPD value of this scan is (-422.4± 25.8)mV.

Figure E.57: CPD map and histogram of the 2. measurement of sample
3-SS-mp-3. The date of the measurement is the 17.07.2013. The mean CPD value of
this scan is (258.0± 9.4)mV.
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Figure E.58: CPD map and histogram of the 3. measurement of sample
3-SS-mp-3. The date of the measurement is the 14.08.2013. The mean CPD value of
this scan is (338.3± 13.2)mV.

Figure E.59: CPD map and histogram of the 4. measurement of sample
3-SS-mp-3. The date of the measurement is the 27.08.2013. The mean CPD value of
this scan is (359.7± 10.4)mV.

Figure E.60: CPD map and histogram of the 5. measurement of sample
3-SS-mp-3. The date of the measurement is the 27.08.2013. The position and the scan
area is not changed between this and the first measurement. The mean CPD value of
this scan is (391.2± 5.3)mV.
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E.2 Raw data and additional information on the photoelec-
tron measurements

In this section the raw data of the photoelectron measurements is presented first. The fit
results of these measurements are summarized in the second paragraph of this section. In
addition, further information is provided concerning the actions during the measurements
in the last part of this section.

Detailed description of the performed actions during photoelectron mea-
surements

In this section a detailed chronological description of all action performed during the
photoelectron measurements at the KATRIN monitor spectrometer is given. Due to the
quantity of actions the list is divided in two tables (see tables E.1 and E.2).

Table E.1: List of actions during the photoelectron measurements at the
monitor spectrometer.

date actions
21.04.2014 Pickup of all the components provided by University of Mainz.
22.04.2014 Modification of the monitor spectrometer, setting up and adjusting the

optical setup.
23.04.2014 Optimization of the optical setup by using a sheet of paper inside the

pierce electrode.
Integration of a pinhole aperture to reduce the electron flux on the de-
tector.
Performance of filter scans to find the voltage at which the electrons
reach the detector (runs 167622 - 167623).
Installation of sample 3-SS-el-3; no other sample is installed behind this
sample so that the stainless steel back plate of the pierce electrode can
be seen through the centered hole of the sample.
First measurements of sample 3-SS-el-3.

24.04.2014 Measurements of sample 3-SS-el-3.
At 15:45 power-up of heating; the set value of the temperature is 120 ◦C
and the temperature rise 0.2 ◦C/min.

25.04.2014 At 8:45 raising temperature to 180 ◦C.
At 13:30 system reaches 180 ◦C.

27.04.2014 At 14:10 reducing temperature to room temperature.
29.04.2014 Performance of filter scans to find the voltage at which the electrons

reach the detector (runs 167629 - 167631).
Measurements of baked sample 3-SS-el-3.
Modification: sample 2-SS-el-3 is installed behind sample 3-SS-el-3.
Through the hole of sample 3-SS-el-3 the gold surface of sample 2-SS-el-3
can be seen, as sample 2-SS-el-3 has a non-centered hole.

30.04.2014 Measurements of sample 3-SS-el-3 on top of sample 2-SS-el-3.
Performance of filter scans to find the voltage at which the electrons
reach the detector (runs 167633 - 167637).
At 12:15 power-up of heating: the set value of the temperature is 180 ◦C.
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Table E.2: List of actions during the photoelectron measurements at the
monitor spectrometer - continuation of table E.1.

date actions
01.05.2014 At 2:30 system reaches 180 ◦C.

At 17:45 reducing temperature to room temperature.
02.05.2014 Measurements of baked sample 3-SS-el-3 on top of sample 2-SS-el-3.

Modification: all samples are removed. The back plate of the pierce
electrode act as a substitute of a blank stainless steel sample.
Measurements of stainless steel back plate.
At 16:25 power-up of heating: the set value of the temperature is 180 ◦C.

03.05.2014 At 5:25 system reaches 180 ◦C.
04.05.2014 At 14:50 reducing temperature to room temperature.
05.05.2014 Measurements of baked stainless steel back plate.

Modification: sample 2-SS-el-3 is installed in front of sample 3-SS-el-3.
Through the hole of sample 2-SS-el-3 the gold surface of sample 3-SS-el-3
can be seen, as sample 2-SS-el-3 has a non-centered hole.

06.05.2014 Measurements of sample 2-SS-el-3 on top of sample 3-SS-el-3.
At 10:25 power-up of heating; the set value of the temperature is 180 ◦C.
At 23:40 system reaches 180 ◦C.

08.05.2014 At 15:15 reducing temperature to room temperature
09.05.2014 Measurements of baked sample 2-SS-el-3 on top of sample 3-SS-el-3.

Modification: sample 4-SS-el-3 is installed in front of sample 2-SS-el-3.
Through the hole of sample 4-SS-el-3 the gold surface of sample 2-SS-el-3
can be seen, as sample 2-SS-el-3 has a non-centered hole.
Measurements of sample 4-SS-el-3 on top of sample 2-SS-el-3.
At 16:55 power-up of heating; the set value of the temperature is 180 ◦C.

10.05.2014 At 6:00 system reaches 180 ◦C.
11.05.2014 At 16:00 reducing temperature to room temperature.
12.05.2014 Measurements of baked sample 4-SS-el-3 on top of sample 2-SS-el-3.

Modification: sample 5-SS-el-3 is installed in front of sample 2-SS-el-3.
Through the hole of sample 5-SS-el-3 the gold surface of sample 2-SS-el-3
can be seen, as sample 2-SS-el-3 has a non-centered hole.

13.05.2014 Test for reproducibility on sample 5-SS-el-3.
Measurements of sample 5-SS-el-3 on top of sample 2-SS-el-3.
Installation of a 300 W xenon lamp in front of the vacuum chamber.
At about 15:35 begin of irradiation wit xenon lamp.
At about 16:05 end of irradiation wit xenon lamp.
Measurement of UV irradiated sample 5-SS-el-3 on top of sample 2-SS-
el-3.

14.05.2014 At 17:30 power-up of heating: the set value of the temperature is at
all heaters 180 ◦C at the beginning; as the heater directly at the elipot
turns off several times, the set value of this heater is set to 170 ◦C.
At 6:25 system reaches 180 ◦C or 170 ◦C respectively.

15.05.2014 At 15:00 reducing temperature to room temperature.
16.05.2014 Measurements of baked sample 5-SS-el-3 on top of sample 2-SS-el-3.

Performance of several filter scans to find the voltage at which the elec-
trons reach the detector (runs 167638 - 167674).
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Spectra of the photoelectron measurements

In this section the raw data of the photoelectron measurements at the monitor spec-
trometer is presented. To be able to compare different raw data spectra in each diagram
different spectra are combined: First the spectra of all positions of a specific sample are
plotted. The treatment of the sample before data taking is the same for all spectra within
a diagram. In the second paragraph the spectra within a diagram are measured at the
same position of a sample but after different treatments. The results of all fits on the
presented data can be found in the last paragraph of this section.

Photoelectron spectra of each sample after a certain treatment

Figure E.61: Photoelectron measurements at sample 2-SS-ep-3 before and
after bake-out. In the background of the sample a gold surface is installed. Left: in
the unbaked spectra of all positions of sample 2-SS-ep-3 are plotted. Right: the spectra
taken after a bake-out are shown here.

Figure E.62: Photoelectron measurements at sample 3-SS-ep-3 before and
after bake-out. In the background of the sample a gold surface is installed. Left: in
the unbaked spectra of all positions of sample 3-SS-ep-3 are plotted. Right: the spectra
taken after a bake-out are shown here.
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Figure E.63: Photoelectron measurements at sample 3-SS-ep-3 before and
after bake-out. In the background of the sample a gold surface is installed. Left: in
the unbaked spectra of all positions of sample 3-SS-ep-3 are plotted. Right: the spectra
taken after a bake-out are shown here.

Figure E.64: Photoelectron measurements at sample 4-SS-ep-3 before and
after bake-out. In the background of the sample a gold surface is installed. Left: in
the unbaked spectra of all positions of sample 4-SS-ep-3 are plotted. Right: the spectra
taken after a bake-out are shown here.
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Figure E.65: Photoelectron measurements at sample 5-SS-ep-3 before and
after bake-out. In the background of the sample a gold surface is installed. Top left:
the spectra before bake-out of all positions of sample 5-SS-ep-3 are plotted. Top right:
spectra after the UV irradiation are plotted. Bottom center: the spectra taken after a
bake-out are shown here.
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Photoelectron spectra at each position

Figure E.66: Photoelectron spectra of sample 2-SS-ep-3 at different positions
of the sample with gold background. In the background of the sample 2-SS-ep-3
sample 3-SS-ep-3 is installed. Top left: the spectra of the top position are plotted here.
Top right: the presented spectra belong to the bottom measurement position. Middle
left: the spectra of the measurements performed at the left position of the sample is
shown. Middle right: the electron rate emitted from the right position of the sample
is plotted. Bottom left: the measured spectra of the center position is presented here.
In contrast to all other samples the center position of the sample is not equal to the
position of the hole. Bottom right: the electron rate emitted from the position of the
hole is drawn in the diagram.
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Figure E.67: Photoelectron spectra of sample 3-SS-ep-3 at different positions
of the sample with gold background. In the background of the sample 3-SS-ep-3
sample 2-SS-ep-3 is installed. Therefore a gold surface can be seen through the central
hole. Top left: the spectra of the top position are plotted here. Top right: the presented
spectra belong to the bottom measurement position. Middle left: the spectra of the
measurements performed at the left position of the sample is shown. Middle right: the
electron rate emitted from the right position of the sample is plotted. Bottom center:
the electron rate emitted from the position of the hole is drawn in the diagram.
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Figure E.68: Photoelectron spectra of sample 3-SS-ep-3 at different positions
of the sample with steel background. In the background no further sample is in-
stalled. Therefore a stainless steel surface can be seen through the central hole. Top left:
the spectra of the top position are plotted here. Top right: the presented spectra belong
to the bottom measurement position. Middle left: the spectra of the measurements
performed at the left position of the sample is shown. Middle right: the electron rate
emitted from the right position of the sample is plotted. Bottom center: the electron
rate emitted from the position of the hole is drawn in the diagram.
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Figure E.69: Photoelectron spectra of sample 4-SS-ep-3 at different positions
of the sample with gold background. In the background of the sample 4-SS-ep-3
sample 2-SS-ep-3 is installed. Therefore a gold surface can be seen through the central
hole. Top left: the spectra of the top position are plotted here. Top right: the presented
spectra belong to the bottom measurement position. Middle left: the spectra of the
measurements performed at the left position of the sample is shown. Middle right: the
electron rate emitted from the right position of the sample is plotted. Bottom center:
the electron rate emitted from the position of the hole is drawn in the diagram.
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Figure E.70: Photoelectron spectra of sample 5-SS-ep-3 at different positions
of the sample with gold background. In the background of the sample 5-SS-ep-3
sample 2-SS-ep-3 is installed. Therefore a gold surface can be seen through the central
hole. Top left: the spectra of the top position are plotted here. Top right: the presented
spectra belong to the bottom measurement position. Middle left: the spectra of the
measurements performed at the left position of the sample is shown. Middle right: the
electron rate emitted from the right position of the sample is plotted. Bottom center:
the electron rate emitted from the position of the hole is drawn in the diagram.
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Work function results of photoelectron measurements

In this section all results of the photoelelectron spectroscopy at the monitor spectrometer
are presented. Due to the large number of measurements the results are split in 2 tables
(see tables E.3 and E.4).

Table E.3: Results of the fits on the photoelectron spectra of sample 2-SS-
ep-3 and 5-SS-ep-3 performed at the monitor spectrometer.

sample back-
ground

position comment Φ /V σΦ
/V

P σP B σB

2-SS-ep-3 Au

bottom unbaked 4.438 0.009 36 1 104 7
center unbaked 4.422 0.009 41 1 140 7
left unbaked 4.448 0.007 35 1 102 6
Loch unbaked 4.442 0.008 42 1 131 6
right unbaked 4.437 0.009 38 1 191 9
top unbaked 4.439 0.008 38 1 103 7

2-SS-ep-3 Au

bottom baked 3.926 0.007 170 4 8314 116
center baked 3.925 0.004 135 2 8276 50
left baked 3.938 0.006 167 4 8301 104
Loch baked 3.902 0.004 218 3 8296 79
right baked 3.899 0.007 167 4 7938 152
top baked 3.886 0.008 228 6 8036 245

5-SS-ep-3 Au

bottom UV 4.612 0.006 222 9 268 12
center UV 4.472 0.005 184 5 1152 38
left UV 4.629 0.008 187 7 9554 74
left 2 UV 4.687 0.006 133 5 159 7
right UV 4.628 0.010 405 20 9916 82
right 2 UV 4.633 0.010 313 15 397 22
top UV 4.618 0.006 318 12 332 13

5-SS-ep-3 Au

bo unbaked 4.704 0.007 328 17 325 13
bottom unbaked 4.629 0.009 202 10 152 6
center unbaked 4.575 0.006 131 4 528 25
center 2 unbaked 4.570 0.006 128 4 578 26

left unbaked 4.731 0.008 87 4 164 8
right unbaked 4.677 0.009 362 22 359 14
top 2 unbaked 4.711 0.008 346 20 339 13
top 3 unbaked 4.696 0.006 315 15 333 13
top 4 unbaked 4.700 0.007 330 17 330 13

5-SS-ep-3 Au

bottom baked 4.068 0.005 860 20 1111 21
center baked 4.076 0.002 813 13 1308 11
left baked 4.104 0.005 726 17 971 18
right baked 4.080 0.004 780 16 1247 21
top baked 4.076 0.002 813 13 1308 11
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Table E.4: Results of the fits on the photoelectron spectra of sample 3-SS-
ep-3 with different background material, sample 4-SS-ep-3 and stainless steel
performed at the monitor spectrometer.

sample back-
ground

position comment Φ /V σΦ/V P σP B σB

3-SS-ep-3 Au

bottom unbaked 4.299 0.005 360 9 470 16
center unbaked 4.279 0.003 282 5 455 7
left unbaked 4.300 0.005 365 9 498 16
right unbaked 4.308 0.006 368 10 514 16
top unbaked 4.297 0.003 383 8 520 7

3-SS-ep-3 Au

bottom baked 4.224 0.006 395 10 11283 86
center baked 3.802 0.017 247 7 4242 1653
left baked 4.226 0.006 378 9 11309 85
right baked 4.236 0.005 391 9 11354 81
top baked 4.236 0.004 408 8 12844 83

3-SS-ep-3 steel

bottom unbaked 4.188 0.006 461 13 658 14
center unbaked 4.163 0.005 425 9 1177 30
center
15

unbaked 4.143 0.003 1642 29 4440 75

left unbaked 4.174 0.006 480 12 872 17
left 2 unbaked 4.149 0.004 469 9 848 17
c.t.

center
unbaked 4.164 0.006 493 13 1285 63

c.t.
center 2

unbaked 4.176 0.005 478 10 1166 46

right unbaked 4.156 0.004 520 11 864 17
top unbaked 4.169 0.006 404 10 798 16

3-SS-ep-3 steel

bottom baked 4.181 0.005 396 9 4359 35
center baked 4.019 0.002 266 3 4861 27
center
15

baked 4.080 0.004 1524 27 23604 547

left baked 4.180 0.005 398 9 4325 35
right baked 4.186 0.005 409 10 4378 35
top baked 4.175 0.006 410 10 4609 37
top 2 baked 4.223 0.003 475 10 5797 33

4-SS-ep-3 Au

bottom unbaked 4.700 0.005 618 21 513 16
center unbaked 4.517 0.004 305 7 887 23
left unbaked 4.699 0.007 803 33 552 17
right unbaked 4.687 0.005 755 26 1052 24
top unbaked 4.608 0.004 557 15 890 32

4-SS-ep-3 Au

bottom baked 4.103 0.005 712 18 7758 107
center baked 4.095 0.004 546 13 9312 177
left baked 4.085 0.006 606 17 8016 136
right baked 4.101 0.006 666 17 8262 110
top baked 4.084 0.003 632 11 8208 49

stainless steel- center unbaked 4.535 0.008 33 1 123 4
top unbaked 4.523 0.008 43 2 170 8

stainless steel- center baked 4.141 0.004 124 2 8166 45
top baked 4.149 0.007 107 2 8143 86
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E.3 Photoelectron measurements performed with the Mün-
ster e-gun

In addition to the photoelectron measurements performed in the context of the Rear Wall
development, a photoelectron spectrum is taken with the Münster E-gun. The reason
of this measurement is the verification of the basic shape of the spectra, especially at
wavelengths below 240 nm. At these wavelengths the electron rate drops down to the
background rate.

For the measurement the same light source and prism spectrometer as for the other photo-
electron measurements is used. But the cathode is not a Rear Wall sample but the e-gun
cathode. The measurements are also performed at the KATRIN monitor spectrometer.

The resulting spectra can be found in figure E.71. By comparing this spectrum with the
other photoelectron measurements no difference in the basic shape of the spectrum can
be identified.

Figure E.71: Spectrum of the photoelectron measurements with the Münster
e-gun. The spectrum has a maximum at about 5.4 eV. To higher and lower photon
energies the electron rate drops down.
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E.4 CPD maps taken by the UHV Kelvin Probe and their
results

In this section additional information on the results of the UHV Kelvin Probe is given.
The results are sorted by the samples. For each sample all CPD maps and also the
calculated CPD and σRMS,surface values are given. In case of sample 5-SS-ep-6 the CPD
and σRMS,pixel pixel maps and the corresponding value are given as well.

Measurements performed at sample 6-SS-ep-3

In this section the results sample 6-SS-ep-3 are presented. First the CPD maps are plotted
and then the numeric values of CPD and σRMS,surface are summarized subsequently. Both
are presented in chronological ordering.

CPD maps of the measurements performed on sample 6-SS-ep-3

Figure E.72: CPD map and histogram of the 1. scan of sample 6-SS-ep-3.

Figure E.73: CPD map and histogram of the 3. scan of sample 6-SS-ep-3.
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Figure E.74: CPD map and histogram of the 4. scan of sample 6-SS-ep-3.

Figure E.75: CPD map and histogram of the 1. scan of sample 6-SS-ep-3
after 1. bake-out.

Figure E.76: CPD map and histogram of the 2. scan of sample 6-SS-ep-3
after 1. bake-out.
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Figure E.77: CPD map and histogram of the 3. scan of sample 6-SS-ep-3
after 1. bake-out.

Figure E.78: CPD map and histogram of the 1. scan of sample 6-SS-ep-3
after 2. bake-out.

Figure E.79: CPD map and histogram of the 2. scan of sample 6-SS-ep-3
after 2. bake-out.
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Figure E.80: CPD map and histogram of the 3. scan of sample 6-SS-ep-3
after 2. bake-out. As the ring of lower CPD (blue) is following the scanning behavior
of the Kelvin Probe, it is most probably caused by a particle between tip and sample.

Figure E.81: CPD map and histogram of the 4. scan of sample 6-SS-ep-3
after 2. bake-out.

Figure E.82: CPD map and histogram of the 5. scan of sample 6-SS-ep-3
after 2. bake-out.
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Figure E.83: CPD map and histogram of the 6. scan of sample 6-SS-ep-3
after 2. bake-out.

Figure E.84: CPD map and histogram of the 7. scan of sample 6-SS-ep-3
after 2. bake-out.

Figure E.85: CPD map and histogram of the 8. scan of sample 6-SS-ep-3
after 2. bake-out.
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Figure E.86: CPD map and histogram of the 9. scan of sample 6-SS-ep-3
after 2. bake-out.

Figure E.87: CPD map and histogram of the 10. scan of sample 6-SS-ep-3
after 2. bake-out.

Figure E.88: CPD map and histogram of the 11. scan of sample 6-SS-ep-3
after 2. bake-out.
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Figure E.89: CPD map and histogram of the 12. scan of sample 6-SS-ep-3
after 2. bake-out.

Figure E.90: CPD map and histogram of the 13. scan of sample 6-SS-ep-3
after 2. bake-out. The point of higher CPD is probably caused by a scratch as it can
be found in several scans from now on. This scratch is the result of a contact between
tip and sample and can be seen by eye.

Figure E.91: CPD map and histogram of the 14. scan of sample 6-SS-ep-3
after 2. bake-out. The point of higher CPD is probably caused by a scratch as it can
be found in several scans. This scratch is the result of a contact between tip and sample
and can be seen by eye.
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Figure E.92: CPD map and histogram of the 15. scan of sample 6-SS-ep-3
after 2. bake-out. The points of higher CPD are probably caused by scratches as
they can be found in several scans. These scratches are the result of a contact between
tip and sample and can be seen by eye.

Figure E.93: CPD map and histogram of the 16. scan of sample 6-SS-ep-3
after 2. bake-out. The points of higher CPD are probably caused by scratches as
they can be found in several scans. These scratches are the result of a contact between
tip and sample and can be seen by eye.

Figure E.94: CPD map and histogram of the 17. scan of sample 6-SS-ep-3
after 2. bake-out.The points of higher CPD are probably caused by scratches as they
can be found in several scans. These scratches are the result of a contact between tip
and sample and can be seen by eye.
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Figure E.95: CPD map and histogram of the 18. scan of sample 6-SS-ep-3
after 2. bake-out. The points of higher CPD are probably caused by scratches as
they can be found in several scans. These scratches are the result of a contact between
tip and sample and can be seen by eye.

Figure E.96: CPD map and histogram of the 19. scan of sample 6-SS-ep-3
after 2. bake-out. The points of higher CPD are probably caused by scratches as
they can be found in several scans. These scratches are the result of a contact between
tip and sample and can be seen by eye.

Figure E.97: CPD map and histogram of the 20. scan of sample 6-SS-ep-3
after 2. bake-out. The points of higher CPD are probably caused by scratches as
they can be found in several scans. These scratches are the result of a contact between
tip and sample and can be seen by eye.
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Figure E.98: CPD map and histogram of the 21. scan of sample 6-SS-ep-3
after 2. bake-out. The points of higher CPD are probably caused by scratches as
they can be found in several scans. These scratches are the result of a contact between
tip and sample and can be seen by eye.

Figure E.99: CPD map and histogram of the 22. scan of sample 6-SS-ep-3
after 2. bake-out. The point of higher CPD is probably caused by a scratch as it can
be found in several scans. This scratch is the result of a contact between tip and sample
and can be seen by eye.
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Results of the measurements performed on sample 6-SS-ep-3

Table E.5: CPD and σRMS,surface over the whole samples 6-SS-el-3. ∗ marks
uncompleted scans.

scan baked mean CPD of whole
sample /mV

σRMS,surface /mV

1∗ - -416.7 18.4
2∗ - -422.0 13.8
3 - -416.0 6.8
4 - -418.5 5.8
5 - -424.0 5.4
1 once -465.1 22.3
2 once -454.2 19.6
3∗ once -445.1 19.1
4∗ once -455.9 3.8
1 twice -481.5 15.6
2 twice -451.8 13.9
3 twice -440.5 23.4
4 twice -430.1 8.0
5 twice -443.8 9.9
6 twice -439.1 8.1
7 twice -435.2 7.6
8 twice -449.0 11.3
9 twice -468.4 4.9
10∗ twice -471.8 10.3
11 twice -476.0 20.4
12∗ twice -463.3 12.5
13 twice -415.7 21.0
14 twice -419.2 19.8
15 twice -416.4 8.3
16 twice -413.8 10.4
17 twice -409.9 9.7
18 twice -400.6 11.5
19 twice -398.8 9.9
20 twice -397.5 9.7
21 twice -407.8 7.2
22∗ twice -407.4 4.6
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Measurements performed at sample 7-SS-ep-3

In this section the results of sample 7-SS-ep-3 are presented. First the CPD maps are
plotted and then the numeric values of CPD and σRMS,surface are summarized subsequently.
Both are presented in chronological ordering.

CPD maps of the measurements performed on sample 7-SS-ep-3

Figure E.100: CPD map and histogram of the 2. scan of sample 7-SS-ep-3.

Figure E.101: CPD map and histogram of the 3. scan of sample 7-SS-ep-3.
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Figure E.102: CPD map and histogram of the 4. scan of sample 7-SS-ep-3.

Figure E.103: CPD map and histogram of the 5. scan of sample 7-SS-ep-3.

Figure E.104: CPD map and histogram of the 6. scan of sample 7-SS-ep-3.
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Figure E.105: CPD map and histogram of the 7. scan of sample 7-SS-ep-3.

Figure E.106: CPD map and histogram of the 8. scan of sample 7-SS-ep-3.

Figure E.107: CPD map and histogram of the 9. scan of sample 7-SS-ep-3.
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Figure E.108: CPD map and histogram of the 10. scan of sample 7-SS-ep-3.

Figure E.109: CPD map and histogram of the 11. scan of sample 7-SS-ep-3.

Figure E.110: CPD map and histogram of the 12. scan of sample 7-SS-ep-3.
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Figure E.111: CPD map and histogram of the 13. scan of sample 7-SS-ep-3.

Figure E.112: CPD map and histogram of the 14. scan of sample 7-SS-ep-3.

Figure E.113: CPD map and histogram of the 15. scan of sample 7-SS-ep-3.
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Figure E.114: CPD map and histogram of the 16. scan of sample 7-SS-ep-3.

Figure E.115: CPD map and histogram of the 17. scan of sample 7-SS-ep-3.

Figure E.116: CPD map and histogram of the 1. scan of sample 7-SS-ep-3
after venting.
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Figure E.117: CPD map and histogram of the 2. scan of sample 7-SS-ep-3
after venting.

Figure E.118: CPD map and histogram of the 3. scan of sample 7-SS-ep-3
after venting.

Figure E.119: CPD map and histogram of the 4. scan of sample 7-SS-ep-3
after venting.
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Figure E.120: CPD map and histogram of the 5. scan of sample 7-SS-ep-3
after venting.

Figure E.121: CPD map and histogram of the 6. scan of sample 7-SS-ep-3
after venting.

Figure E.122: CPD map and histogram of the 7. scan of sample 7-SS-ep-3
after venting.
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Figure E.123: CPD map and histogram of the 8. scan of sample 7-SS-ep-3
after venting.

Figure E.124: CPD map and histogram of the 9. scan of sample 7-SS-ep-3
after venting.

Figure E.125: CPD map and histogram of the 10. scan of sample 7-SS-ep-3
after venting.
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Figure E.126: CPD map and histogram of the 11. scan of sample 7-SS-ep-3
after venting.

Figure E.127: CPD map and histogram of the 12. scan of sample 7-SS-ep-3
after venting.

Figure E.128: CPD map and histogram of the 13. scan of sample 7-SS-ep-3
after venting.
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Figure E.129: CPD map and histogram of the 14. scan of sample 7-SS-ep-3
after venting.

Figure E.130: CPD map and histogram of the 15. scan of sample 7-SS-ep-3
after venting.

Figure E.131: CPD map and histogram of the 16. scan of sample 7-SS-ep-3
after venting.
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Figure E.132: CPD map and histogram of the 17. scan of sample 7-SS-ep-3
after venting.

Figure E.133: CPD map and histogram of the 18. scan of sample 7-SS-ep-3
after venting.

Figure E.134: CPD map and histogram of the 19. scan of sample 7-SS-ep-3
after venting.
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Figure E.135: CPD map and histogram of the 20. scan of sample 7-SS-ep-3
after venting.

Figure E.136: CPD map and histogram of the 21. scan of sample 7-SS-ep-3
after venting.

Figure E.137: CPD map and histogram of the 1. scan of sample 7-SS-ep-3
after bake-out.
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Figure E.138: CPD map and histogram of the 2. scan of sample 7-SS-ep-3
after bake-out.

Figure E.139: CPD map and histogram of the 3. scan of sample 7-SS-ep-3
after bake-out.

Figure E.140: CPD map and histogram of the 4. scan of sample 7-SS-ep-3
after bake-out.
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Figure E.141: CPD map and histogram of the 5. scan of sample 7-SS-ep-3
after bake-out. The ring like structures with higher CPD are caused by a damage of
the surface. The tip is scratched over the surface for a complete circle by mistake. In
doing so the gold is scrapped away. Similar rings can be found in all scan from now on
due to that.

Figure E.142: CPD map and histogram of the 6. scan of sample 7-SS-ep-3
after bake-out. The ring like structures with higher CPD are caused by a damage of
the surface (compare figure E.141).

Figure E.143: CPD map and histogram of the 7. scan of sample 7-SS-ep-3
after bake-out. The ring like structures with higher CPD are caused by a damage of
the surface (compare figure E.141).
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Figure E.144: CPD map and histogram of the 8. scan of sample 7-SS-ep-3
after bake-out. The ring like structures with higher CPD are caused by a damage of
the surface (compare figure E.141).

Figure E.145: CPD map and histogram of the 9. scan of sample 7-SS-ep-3
after bake-out. The ring like structures with higher CPD are caused by a damage of
the surface (compare figure E.141).

Figure E.146: CPD map and histogram of the 10. scan of sample 7-SS-ep-3
after bake-out. The ring like structures with higher CPD are caused by a damage of
the surface (compare figure E.141).
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Figure E.147: CPD map and histogram of the 11. scan of sample 7-SS-ep-3
after bake-out. The ring like structures with higher CPD are caused by a damage of
the surface (compare figure E.141).

Figure E.148: CPD map and histogram of the 12. scan of sample 7-SS-ep-3
after bake-out. The ring like structures with higher CPD are caused by a damage of
the surface (compare figure E.141).

Figure E.149: CPD map and histogram of the 13. scan of sample 7-SS-ep-3
after bake-out. The ring like structures with higher CPD are caused by a damage of
the surface (compare figure E.141).
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Figure E.150: CPD map and histogram of the 14. scan of sample 7-SS-ep-3
after bake-out. The ring like structures with higher CPD are caused by a damage of
the surface (compare figure E.141).

Figure E.151: CPD map and histogram of the 15. scan of sample 7-SS-ep-3
after bake-out.

Figure E.152: CPD map and histogram of the 16. scan of sample 7-SS-ep-3
after bake-out. The ring like structures with higher CPD are caused by a damage of
the surface (compare figure E.141).
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Figure E.153: CPD map and histogram of the 17. scan of sample 7-SS-ep-3
after bake-out. The ring like structures with higher CPD are caused by a damage of
the surface (compare figure E.141).

Figure E.154: CPD map and histogram of the 18. scan of sample 7-SS-ep-3
after bake-out. The ring like structures with higher CPD are caused by a damage of
the surface (compare figure E.141).
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Results of the measurements performed on sample 7-SS-ep-3

Table E.6: CPD and σRMS,surface over the whole samples 7-SS-el-3. ∗ marks
uncompleted scans.

scan baked CPD /mV σRMS,surface /mV
1 no -399.5 30.6
2 no -471.9 29.4
3 no -491.7 27.2
4 no -357.4 16.5
5 no -362.2 14.9
6 no -374.0 14.8
7 no -375.5 12.7
8 no -402.0 16.6
9 no -400.1 11.8
10 no -405.4 11.3
11 no -402.2 13.2
12 no -407.5 12.0
13 no -413.8 13.1
14 no -415.5 14.1
15 no -416.6 12.7
16 no -420.2 11.3
17 no -425.3 11.7
18 no -425.7 10.1
19 no -426.9 9.9
20 no -429.2 10.2
21 no -428.9 9.6
22 no -445.2 10.8
23 no -434.5 11.1
24 no -436.5 12.1
25 yes -556.1 17.9
26 yes -517.0 10.7
27 yes -503.7 11.6
28 yes -501.0 15.0
29 yes -491.9 21.6
30 yes -493.9 24.0
31 yes -487.9 24.1
32 yes -493.9 22.7
33 yes -491.6 18.8
34 yes -478.2 23.1
35 yes -480.2 36.8
36 yes -482.3 32.5
37 yes -487.6 28.5
38 yes -477.2 30.7
39 yes -541.4 68.6
40 yes -488.3 33.6
41 yes -487.9 36.2
42 yes -483.7 50.6
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Measurements performed at sample 3-SS-ep-6

In this section the results sample 3-SS-ep-6 are presented. First the CPD maps are plotted
and then the numeric values of CPD and σRMS,surface are summarized subsequently. Both
are presented in chronological ordering.

CPD maps of the measurements performed on sample 3-SS-ep-6

Figure E.155: CPD map and histogram of the 1. scan of sample 3-SS-ep-6.

Figure E.156: CPD map and histogram of the 2. scan of sample 3-SS-ep-6.
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Figure E.157: CPD map and histogram of the 3. scan of sample 3-SS-ep-6.

Figure E.158: CPD map and histogram of the 4. scan of sample 3-SS-ep-6.

Figure E.159: CPD map and histogram of the 5. scan of sample 3-SS-ep-6.
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Figure E.160: CPD map and histogram of the 6. scan of sample 3-SS-ep-6.

Figure E.161: CPD map and histogram of the 7. scan of sample 3-SS-ep-6.

Figure E.162: CPD map and histogram of the 8. scan of sample 3-SS-ep-6.
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Figure E.163: CPD map and histogram of the 1. scan of sample 3-SS-ep-6
after 1. bake-out.

Figure E.164: CPD map and histogram of the 2. scan of sample 3-SS-ep-6
after 1. bake-out.

Figure E.165: CPD map and histogram of the 3. scan of sample 3-SS-ep-6
after 1. bake-out.
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Figure E.166: CPD map and histogram of the 4. scan of sample 3-SS-ep-6
after 1. bake-out.

Figure E.167: CPD map and histogram of the 5. scan of sample 3-SS-ep-6
after 1. bake-out.

Figure E.168: CPD map and histogram of the 6. scan of sample 3-SS-ep-6
after 1. bake-out.
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Figure E.169: CPD map and histogram of the 7. scan of sample 3-SS-ep-6
after 1. bake-out.

Figure E.170: CPD map and histogram of the 8. scan of sample 3-SS-ep-6
after 1. bake-out.

Figure E.171: CPD map and histogram of the 9. scan of sample 3-SS-ep-6
after 1. bake-out.
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Figure E.172: CPD map and histogram of the 10. scan of sample 3-SS-ep-6
after 1. bake-out.

Figure E.173: CPD map and histogram of the 11. scan of sample 3-SS-ep-6
after 1. bake-out.

Figure E.174: CPD map and histogram of the 1. scan of sample 3-SS-ep-6
after 2. bake-out.
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Figure E.175: CPD map and histogram of the 2. scan of sample 3-SS-ep-6
after 2. bake-out.

Figure E.176: CPD map and histogram of the 3. scan of sample 3-SS-ep-6
after 2. bake-out.

Figure E.177: CPD map and histogram of the 4. scan of sample 3-SS-ep-6
after 2. bake-out.
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Figure E.178: CPD map and histogram of the 5. scan of sample 3-SS-ep-6
after 2. bake-out.

Figure E.179: CPD map and histogram of the 6. scan of sample 3-SS-ep-6
after 2. bake-out.

Figure E.180: CPD map and histogram of the 7. scan of sample 3-SS-ep-6
after 2. bake-out.
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Figure E.181: CPD map and histogram of the 8. scan of sample 3-SS-ep-6
after 2. bake-out.

Figure E.182: CPD map and histogram of the 9. scan of sample 3-SS-ep-6
after 2. bake-out.

Figure E.183: CPD map and histogram of the 10. scan of sample 3-SS-ep-6
after 2. bake-out.
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Figure E.184: CPD map and histogram of the 11. scan of sample 3-SS-ep-6
after 2. bake-out.

Figure E.185: CPD map and histogram of the 12. scan of sample 3-SS-ep-6
after 2. bake-out.

Figure E.186: CPD map and histogram of the 13. scan of sample 3-SS-ep-6
after 2. bake-out. The missing area of the Rear Wall was measured. But during the
measurement an error occurred, which prevents the data taking
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Figure E.187: CPD map and histogram of the 14. scan of sample 3-SS-ep-6
after 2. bake-out. The missing area of the Rear Wall was measured. But during the
measurement an error occurred, which prevents the data taking.

Figure E.188: CPD map and histogram of the 15. scan of sample 3-SS-ep-6
after 2. bake-out. The missing area of the Rear Wall was measured. But during the
measurement an error occurred, which prevents the data taking.

Figure E.189: CPD map and histogram of the 16. scan of sample 3-SS-ep-6
after 2. bake-out. The missing area of the Rear Wall was measured. But during the
measurement an error occurred, which prevents the data taking.
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Figure E.190: CPD map and histogram of the 17. scan of sample 3-SS-ep-6
after 2. bake-out. The missing area of the Rear Wall was measured. But during the
measurement an error occurred, which prevents the data taking.

Figure E.191: CPD map and histogram of the 1. scan of sample 3-SS-ep-6
after UV irradiation.

Figure E.192: CPD map and histogram of the 2. scan of sample 3-SS-ep-6
after UV irradiation.
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Figure E.193: CPD map and histogram of the 3. scan of sample 3-SS-ep-6
after UV irradiation.

Figure E.194: CPD map and histogram of the 4. scan of sample 3-SS-ep-6
after UV irradiation.

Figure E.195: CPD map and histogram of the 5. scan of sample 3-SS-ep-6
after UV irradiation.
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Figure E.196: CPD map and histogram of the 6. scan of sample 3-SS-ep-6
after UV irradiation.

Figure E.197: CPD map and histogram of the 7. scan of sample 3-SS-ep-6
after UV irradiation.
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Results of the measurements performed on sample 3-SS-ep-6

Table E.7: CPD and σRMS,surface over the whole sample 3-SS-el-5. ∗ marks
uncompleted scans.

scan baked CPD over the
surface /mV

σRMS,surface
/mV

1 - -313.9 45.7
2 - -276.5 46.2
3 - -276.8 56.0
4 - -257.5 46.2
5 - -68.8 440.1
6 ∗ - -217.9 18.3
7 - -243.0 64.5
8 ∗ - -219.4 110.4
1 once -418.3 39.1
2 once -550.0 234.8
3 once -682.4 132.6
4 once -648.7 115.0
5 once -630.0 111.8
6∗ once -598.7 88.4
7 once -579.3 93.8
8 once -528.1 81.3
9 once -492.4 69.1
10 once -482.7 65.4
11 once -421.7 49.7
1 twice -398.3 18.3
2 twice -366.7 12.6
3 twice -369.7 30.2
4 twice -366.1 11.3
5 twice -367.7 19.2
6 twice -336.5 10.2
7 twice -328.8 13.2
8 twice -325.3 20.6
9 twice -347.5 12.8
10 twice -358.5 16.2
11 twice -365.2 10.0
12 twice -371.5 42.7
13 twice -394.5 26.5
14 twice -350.8 18.9
15 twice -339.7 37.9
16 twice -343.8 21.4
17 twice -327.2 10.0
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Measurements performed at sample 5-SS-ep-6

In this section the results sample 5-SS-ep-3 are presented. In the following the CPD maps
are plotted. Then the pixel maps of CPD and σRMS,pixel are presented. All diagrams are
presented in chronological ordering.

CPD maps of the measurements performed on sample 5-SS-ep-6

Figure E.198: CPD map and histogram of the 1. scan of sample 5-SS-ep-6.

Figure E.199: CPD map and histogram of the 2. scan of sample 5-SS-ep-6.
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Figure E.200: CPD map and histogram of the 3. scan of sample 5-SS-ep-6.

Figure E.201: CPD map and histogram of the 4. scan of sample 5-SS-ep-6.

Figure E.202: CPD map and histogram of the 5. scan of sample 5-SS-ep-6.
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Figure E.203: CPD map and histogram of the 6. scan of sample 5-SS-ep-6.

Figure E.204: CPD map and histogram of the 1. scan of sample 5-SS-ep-6
after bake-out.

Figure E.205: CPD map and histogram of the 2. scan of sample 5-SS-ep-6
after bake-out.
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Figure E.206: CPD map and histogram of the 3. scan of sample 5-SS-ep-6.

Figure E.207: CPD map and histogram of the 4. scan of sample 5-SS-ep-6
after bake-out.

Figure E.208: CPD map and histogram of the 5. scan of sample 5-SS-ep-6
after bake-out.
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Figure E.209: CPD map and histogram of the 6. scan of sample 5-SS-ep-6
after bake-out.

Pixel maps of the measurements performed on sample 5-SS-ep-6

Figure E.210: CPD pixel map and histogram of the 1. scan of sample 5-SS-
ep-6 after bake-out.
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Figure E.211: CPD pixel map and histogram of the 2. scan of sample 5-SS-
ep-6 after bake-out.

Figure E.212: CPD pixel map and histogram of the 3. scan of sample 5-SS-
ep-6 after bake-out.

Figure E.213: CPD pixel map and histogram of the 4. scan of sample 5-SS-
ep-6 after bake-out.
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Figure E.214: CPD pixel map and histogram of the 5. scan of sample 5-SS-
ep-6 after bake-out.

Figure E.215: σRMS,pixel pixel map and histogram of the 1. scan of sample
5-SS-ep-6 after bake-out.

Figure E.216: σRMS,pixel pixel map and histogram of the 2. scan of sample
5-SS-ep-6 after bake-out.
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Figure E.217: σRMS,pixel pixel map and histogram of the 3. scan of sample
5-SS-ep-6 after bake-out.

Figure E.218: σRMS,pixel pixel map and histogram of the 4. scan of sample
5-SS-ep-6 after bake-out.

Figure E.219: σRMS,pixel pixel map and histogram of the 5. scan of sample
5-SS-ep-6 after bake-out.
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