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ABSTRACT

The KArlsruhe TRitium Neutrino (KATRIN) experiment, which is housed at the Karlsruhe
Institute of Technology (KIT), is designed to measure the mass of the electron antineutrino
in a direct and model-independent way with a sensitivity of 0.2eV/c? at 90 % confidence
level. This is achieved by a precise measurement of the beta spectrum of tritium. The
electrons originate from a high luminosity windowless tritium source and are measured
spectroscopically in an electro static filter (MAC-E filter).

The topic of this work is the development, investigation and final integration of the For-
ward Beam Monitor (FBM) of KATRIN. The FBM is used in KATRIN to monitor the
relative intensity of the electron flux, generated by the tritium source, with a precision of
0.1%. Furthermore the FBM is able to record beta spectra with an energy resolution of
orwnM ~ 2keV for additional analysis. In order to achieve this degree of quality, the detec-
tor electronics, the detection device itself and its response to electron events must be well
understood. Therefore measurements with electrons are performed as well as simulations
which can reproduce the measured spectra.

The detector can be moved to any position in the flux tube’s cross section with a positioning
accuracy of 0.1 mm. The positioning is realized by a more than two meter long vacuum
manipulator. High demands on the hardware are made since the setup must be suitable
for the use in ultra high vacuum environment, it has to be non-magnetic and must fulfill
all criteria for the use in a tritium bearing system.

The present work presents the developing process from the prototype to the final commis-
sioning of the FBM at KATRIN.
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Deutsche Zusammenfassung

Mehr als 60 Jahre nach der Entdeckung des Neutrinos im Jahre 1953 [Rei53] hat sich
die Neutrinophysik zu einem der aufregendsten Felder der Wissenschaft entwickelt. Das
Phénomen der Neutrinooszillation impliziert eine nicht verschwindende Neutrinomasse,
was im Widerspruch zur Beschreibung des Neutrinos im Standard Model steht. Da das
Neutrino nach den Photonen das am zweithdufigsten vorkommende Teilchen in unserem
Universum ist, ist seine Masse, auch wenn sie sehr klein ist, ein wichtiger Parameter im
Entstehungsprozess und der weiteren Entwicklung unseres heutigen Universums. Dies be-
griindet die grofle Motivation, die absolute Massenskala der Neutrinos zu bestimmen. Trotz
vieler durchgefiihrter Experimente konnten bis heute nur obere Ausschlussgrenzen fir die
Neutrinomasse gemessen werden. Die heutigen besten Limits fiir das Elektron-Antineutrino
wurden im Rahmen von Beta-Zerfalls-Experimenten mit Tritium in Mainz und Troitsk be-
stimmt. Eine Einfiihrung in die Neutrinophysik mit Fokus auf die Neutrinooszillation und
der Neutrinomasse ist in Kapitel 1 gegeben.

Das KArlsruher TRitium Neutrino (KATRIN) Experiment, welches sich auf dem Campus
Nord des Karlsruher Institut fiir Technologie (KIT) befindet, ist das direkte Nachfolgeex-
periment der in Mainz und Troitsk durchgefiihrten Experimente. KATRIN wird die Masse
des Elektron-Antineutrino mit einer bis dato unerreichten Sensitivitit von 0.2eV/c? (90 %
C.L.) messen. Dies geschieht durch eine prazise Vermessung des Betaspektrums des Was-
serstoffisotops Hs (Tritium). Die Elektronen stammen von einer starken, fensterlosen Tri-
tiumquelle und werden in einem elektrostatischen Spektrometer gefiltert (MAC-E-Filter).
Um die hohe Sensitivitdt von KATRIN innerhalb von fiinf Jahren zu erreichen, muss das
Experiment stark vergrofsert werden im Vergleich zu den Vorgéngerexperimenten in Mainz
und Troitsk: Das Hauptspektrometer alleine hat ein Lange von 24 m und eine Durchmesser
von 10 m wéhrend die volle Lange des KATRIN Experiments 70 m betriagt. Im Kapitel 2
dieser Arbeit wird der experimentelle Aufbau beschrieben.

Das Thema der vorliegenden Arbeit ist der Forward Beam Monitor (FBM) von KATRIN.
Der FBM ist Teil des Uberwachungssystem, welches eine Reihe von Komponenten zur
Stabilitdtskontrolle der Quellenparameter umfasst. Um die gewiinschte Prézision von KA-
TRIN zu erreichen muss die Sdulendichte der Quelle mit einer Prézision im per-mil Bereich
bekannt sein. Der FBM befindet sich kurz vor der Stelle, an der der Elektronenstrahl in
den Spektrometerbereich eintritt. Die Hauptaufgabe des FBM ist die kontinuierliche Uber-
wachung des Elektornenflusses mit einer Prézision von 0.1 % ohne dabei einen Schatten
auf den Hauptdetektor zu werfen. Um diese Prézision zu erreichen muss die Detektorelek-
tronik, der Detektor selbst (p-i-n-diode) und die Detektorantwort auf Elektronenereignisse
gut verstanden sein. Des Weiteren ist der FBM in der Lage, das Betaspektrum mit einer
Energieauflosung von opwum =~ 2 keV sowie das Magnetfeld an jeder Position innerhalb der
Querschnittsfliche des Stahls zu messen mit einer Positionierungsgenauigkeit von 0.1 mm.
Fiir die Positionierung wurde ein iiber zwei Meter langer Vakuum-Manipulator entwickelt
mit einem Faltenbalg, welcher einen Verfahrweg von 1.8 m ermdoglicht. An das Setup sind
hohe Anforderungen gestellt da es UHV kompatibel, méglichst aus nicht-magnetischen Ma-
terialien bestehen sowie alle Kriterien fiir den Gebrauch innerhalb eines Tritium fiihrenden
Systems erfiillen soll.
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In dieser Arbeit sind die Weiterentwicklung, die Untersuchung und die finale Integrati-
on des FBM in das KATRIN Experiment beschrieben sowie die Ergebnisse der ersten
KATRIN-Messkampagnen, welche u.A. die erste Tritiummessung beinhaltet. Die Weiter-
entwicklung und Inbetriebnahme des vakuumdichten Manipulators wird in Kapitel 3 im
Detail beschrieben einschliefslich einer Untersuchung seiner Positionierungsgenauigkeit. In
Kapitel 4 wird die Weiterentwicklung des Detektors und des Datenaufnahmesystems so-
wie deren Integration in das KATRIN Experiment beschrieben. Um Testmessungen mit
Elektronen durchzufiihren, wurde fiir diese Arbeit eine Elektronenkanone entwickelt. Der
Entwicklungsprozess dieser Elektronenquelle ist in Kapitel 6 beschrieben. Zum besseren
Versténdnis der Detektorantwort wurden Simulationen durchgefiihrt, wie sie in Kapitel 7
beschrieben sind, und mit den entsprechenden Daten verglichen. Diese Arbeit schliefst mit
einem Fazit und einem Ausblick in Kapitel 8.
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INTRODUCTION

Introduction

More than sixty years after the experimental discovery of the neutrino in 1953 [Rei53],
neutrino physics has developed into one of the most exciting field in physics. The phe-
nomenon of neutrino oscillation implies that neutrinos have a finite rest mass which is in
conflict with its descriptions under the Standard Model. Since the neutrino is the second
most abundant particle in the universe, its mass, although it is very small, is a key param-
eter to understand the development of large-scale cosmic structures. Thus there is strong
motivation to measure the absolute mass scale of the neutrino. Many experiments were
performed to determine the neutrino’s mass but so far only upper limits could be obtained.
The current best limit on the electron antineutrino is 2.2eV/c? (95% C.L.) obtained by
beta decay experiments with tritium in Mainz and Troitsk. An introduction on neutrino
physics is given in Chapter 1 of this work.

The KArlsruhe TRitium Neutrino (KATRIN) experiment is the direct successor of the
Mainz and Troitsk experiments and is located at the Karlsruhe Institute of Technology
(KIT) at Campus North. KATRIN is designed to measure the mass of the electron an-
tineutrino in a direct and model-independent way with a sensitivity of 0.2 eV with a 90 %
confidence level (corresponding to a sensitivity of 0.35eV at 5o significance). The precise
measurement of the beta spectrum of tritium is the basis of the experiment. The beta
electrons, originating from a high luminosity windowless tritium source, are analyzed in a
spectrometer utilizing the MAC-E filter principle. In order to achieve the aimed sensitivity
of KATRIN within five years the size of the experiment is increased enormously compared
to its predecessor experiments: the main spectrometer alone features a length of 24 m and
a diameter of 10 m while the whole KATRIN experiment is 70m long. In Chapter 2 the
KATRIN experiment is described in detail.

The topic of this work is the Forward Beam Monitor (FBM) of KATRIN. The FBM is
part of the source monitoring system which comprises a set of instruments monitoring the
stability of the source parameters. To achieve the design goal of KATRIN the column
density of the tritium source must be known with per-mil precision. The FBM is located
just before the electron flux, originating from the source, enters the spectrometer section.
The main task of the FBM is to monitor the electron flux continuously with a precision of
0.1 % without shadowing the main detector. In order to achieve this precision the detector
electronics, the detector (of silicon type) itself and its response to electron events must
be well understood. Therefore measurements with electrons must be performed as well
as simulations which can reproduce the data. In addition to its monitoring capability
the FBM is able to record beta spectra with opwum ~ 2keV energy resolution and can
measure the magnetic field strength at any position in the flux tube’s cross section with
a positioning accuracy of 0.1 mm. The positioning is realized by a more than two meter
long vacuum manipulator which includes a long bellows with a working-stroke of 1.8 m.
High demands on the hardware are placed since the setup must be suitable for UHV,
non-magnetic and fulfill all criteria for the use in a tritium bearing system.

In this work the further development, investigation and final integration of the FBM is
described as well as the results of the first measurement campaigns, including the first
tritium data-taking, are given. Chapter 3 comprises a detailed description of the further
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development and commissioning of the vacuum manipulator including a brief study on its
positioning accuracy. The further development of the detector and the data acquisition
as well as their integration into KATRIN is presented in Chapter 4. The analysis results
of data from commissioning phase and from the first KATRIN measurement campaigns,
including the first tritium data-taking period, are shown in Chapter 5. For this work
an electron gun was developed which provides electrons for test measurements during
the commissioning phase of the FBM. The development process of the FBM is described
in Chapter 6. In order to understand the detector response numerical simulations, as
presented in Chapter 7 were performed and validated based on experimental data. The
thesis closes with a conclusion and an outlook given in Chapter 8.



1 INTRODUCTION TO NEUTRINO MASS

1 Introduction to neutrino mass

Decades after their postulation by W. Pauli in the early 20th century and their discovery
twelve years later by C. Cowan and F. Reines, the physics of neutrinos has become one of
the most exciting fields of science, still puzzling physicists all around the world. Neutrinos
are the second most abundant and lightest fundamental massive particles in the universe.

The discovery of neutrino oscillation gave clear evidence that neutrinos have mass, in
contrast to the assumption of the standard model. However, their absolute mass scale as
well as the question if neutrinos are Dirac or a Majorana particles, remain unanswered up
to the present day. This chapter gives a brief overview on neutrino physics starting with a
short summary of the neutrino history in Sec. 1.1. The discovery and theory of neutrino
oscillation is described in Sec. 1.2 and Sec. 1.3 gives an introduction into the experimental
techniques of neutrino mass measurements.

1.1 A brief summary of the neutrino history

In 1896 the phenomenon of radioactivity was discovered by H. Becquerel and further in-
vestigated by M.&P. Curie and E. Rutherford in the early 20th century. In this time the
B -decay was assumed to be a two-body process in which the mother nucleus X decays
into a daughter nucleus Y by emitting an electron. In this picture the full energy freed in
the decay is transferred to the electron resulting in a discrete single line spectrum. But
there were already first hints that the S-spectrum is not discrete and in 1914 J. Chadwick
finally discovered that the S-spectrum of radium is continuous. Even though a continuous
spectrum in a two-body model violates the conservation of energy and momentum, it took
15 years until W. Pauli extended the - decay to a three-body process by postulating a
weakly interacting uncharged spin-1/2 particle with nonzero mass [Pau64|, which carries
away the missing energy and momentum and which he called “neutron” at this time.

Two years later Enrico Fermi introduced a theoretical formulation of the 8-decay by assum-
ing a point-like weak interaction and a nonzero neutrino mass [Fer34|. He could derive the
transition probability, which was named “Fermi’s Golden Rule” in his honor. Fermi found
that the shape of the energy spectrum strongly depends on the neutrino mass, especially
close to the end point, and hence it would be possible to determine the neutrino mass by
a precise measurement of the spectrum. From the spectra available at this time Fermi
concluded that the neutrino mass is either zero or very small in relation to the electron
mass such that it can be neglected. The beta decay reaction can be written as follows:

B -decay: YX — Y Y+e +7e (1.1)
BT-decay: ¥X — Y Y4et+u. (1.2)

The cross sections for the interaction of neutrinos with matter, calculated with Fermi’s
rule, are found to be small (¢ ~ 10~* cm?) which made an experimental discovery of
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the neutrino difficult. It therefore took another 12 years until the first discovery of the
neutrino by C. Cowan and F. Reines with their now famous “Poltergeist” experiments in
1956 [Cow56, Reib3]. Predecessor experiments, located at Hanford site, led to inconclusive
results such that the experiment was moved to the Savannah River Plant where a high flux
of neutrinos from fission processes was available. Two tanks filled with 200 liter water with
40 kg dissolved cadmium chloride (CdCly) served as the detector volume. The tanks were
surrounded by three scintillation modules equipped with PMTs to enable the detection of
scintillation light. The detection principle was the classical inverse S-decay:

Vetp—n+et (1.3)

The detection of the neutrinos is based on the delayed coincidence method. The target
protons are provided by the water molecules as they are available in a large number in the
tanks. The positrons quickly lose their energy in collisions and finally annihilate with shell
electrons into two 511keV photons which are emitted in opposite direction. The recoil
neutron becomes thermalized within a few microseconds by collisions with water molecules
and finally gets captured by a cadmium molecule. The cadmium nucleus gets excited and
decays immediately into its ground state by emitting photons in the MeV range. The short
time delay of typically < 17 us between the two signals was used to separate neutrino signals
from background. During the total measurement time of 1341 hours only three neutrinos
per hour were detected. With Poltergeist the cross section of the inverse beta decay has
been determined to the value of o = 6.3 - 107% cm? [Cow56]. This example shows why
neutrino detectors in general need large detector volumes and low noise levels to obtain a
significant event rate.

In 1962 a second type of neutrino, the so-called muon-neutrino, was detected at the
Brookhaven National Laboratory by L. M. Lederman, M. Schwartz, and J.S Steinberg
[Dan62| and finally, in 2001, the tau-neutrino as the third neutrino flavor was discovered
by the DONUT experiment at Fermilab [KodO1]. These results have confirmed the three
flavor picture as it has been predicted by the standard model of particle physics.

Generation Electric Spin Interaction

1 2 3 charge

e W T —e 1/2  electromagnetic, weak
Ve Vy Vs 0 1/2 weak

e p T e 1/2  electromagnetic, weak
Ve Uy Ur 0 1/2 weak

Table 1.1: Overview of the 12 leptons in the standard model of particles including the three types of
neutrino flavors.

In the Standard Model of Particles (SM) there are exactly three neutrinos predicted, each
coupling to one of the three charged leptons: the electron e, the muon p and the tau 7.
Neutrinos are electrically neutral and interact only via the weak force. The lepton number
is conserved separately for each of the three lepton families: (e,ve), (p,v,) and (7,vr).
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Figure 1.1: Solar neutrino energy spectrum as predicted by the standard solar model (BS05(OP)). The
energy distribution of the neutrinos depend on the fusion processes in which they are produced. Taken
from [Bah05].

Neutrinos have left-handed helicity, and antineutrinos are right-handed [Gol58]. In total
there are 12 leptons in the SM (see Tab. 1.1).

1.2 Neutrino oscillation

During their propagation neutrinos change their flavor eigenstate periodically, e.g. a tau
neutrino can be turned into a muon or electron neutrino. This phenomenon is known as
neutrino flavor oscillation and implies that at least two of the three mass eigenstates are
non-zero. However, in the Standard Model of particle physics neutrinos are described to
be massless, thus there is strong motivation to extend the existing model. This section
discusses the discovery of the neutrino oscillation phenomenon, its well described theory
and the current experimental results.

1.2.1 The solar neutrino problem

In 1970 the Homestake experiment [Cle98| measured the solar neutrino flux intending to
confirm the theoretical predictions on the neutrino flux calculated in the framework of the
standard solar model which assumes that in total 60-10? solar neutrinos per square centime-
ter and per second reach the Earth (see Fig. 1.1). A tank of 615t of tetrachloroethylene
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(C2Cly) served as the target material, located in the Homestake gold mine 1478 m un-
derground. The neutrinos were detected with the radiochemical chlorine-argon-method
following the inverse beta decay reaction:

STCL+ ve +— 3TAr + e (1.4)

After a few weeks of measuring time, only small quantities of 37 Ar have formed and were
isolated by a radiochemical process. The 37Ar atoms decay with a half-life of 35 days via
electron capture into exited 37Cl (Eq. 1.4 from right to left ). Finally, the Auger electrons
from the de-excitation of the 37Cl atom were detected in a proportional counter. The
rate of neutrino flux measured in this experiment was only 1/3 of the expected flux. This
deficit is called the “Solar neutrino problem”. The result of the Homestake experiment
was confirmed by further radiochemical experiments with "'Ga at lower energy threshold
(GALLEX [Ham99], SAGE [Abd02]). However, the disadvantages of these experiments
were that they were only sensitive to electron neutrinos and that information about the
neutrino interactions, such as energy and time of interaction got lost.

In Cerenkov-based neutrino detectors, such as Super-Kamiokande or SNO, neutrinos can
be detected in real-time and their energy as well as the direction, where they originate
from, can be reconstructed. The Super-Kamiokande detector consists of 50,000 tons of
high-purity water surrounded by 1200 photomultipliers and is located 1000 m underground
|[Fuk03]. Here, the neutrino can interact via elastic scattering (ES) with electrons:

(ES) vp+e —uvp+e (z=eu,7) (1.5)

The electrons are accelerated to a velocity above the speed of light in water which cause
characteristic Cerenkov radiation. Although the energy threshold is 8 times higher than for
the radiochemical experiments about 18 neutrino events per day were detected due to the
huge detector volume. Super-Kamiokande confirmed the neutrino deficit and in addition
proved that the neutrino actually originated from the sun. Furthermore they found that
muon neutrinos produced in the atmosphere traveling great distances through the Earth
were disappearing and announced the discovery of neutrino oscillations in 1998 [Fuk98§].
Electron neutrinos change into tau neutrinos within the Earth.

The SNO detector instead is filled with 1000 tons of heavy water (D20O) monitored by
960 photomultipliers and is located 2000 m underground in a mine in Sudbury/ Canada
[Bog00]. The deuterium opens two further reaction channels, following charge current (CC)
and neutral current (NC) reactions:

(CC) ve+D—p+p+e (1.6)
(NC) vpy+D —n+p+vy (z=e,u,71) (1.7)
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The observation of the CC reactions allows to determine the flux of solar electron neutrinos
ve on the Earth, while the observation of the NC reactions allows to determine the flux
of neutrinos of any flavor v, (z = e, u, 7). In 2002 the SNO experiment showed that the
flux of solar electron neutrinos was approximately three times smaller than the flux of all
three flavors together [Ahm02|. Thus, it was proved that solar electron neutrinos were
transformed to tau and muon neutrinos on their way from the sun to the Earth confirming
the theory of neutrino oscillation.

In the following years further model independent experiments with artificial sources such
as nuclear power plants (e.g. KamLAND [Abe08]) or particle accelerators (e.g. the MINOS
experiment [Adal3]) confirmed neutrino oscillation and measured the oscillation parame-
ters. Thus, neutrino oscillation was discovered. The theory of neutrino oscillation will be
described in the next section showing that the existing neutrino data is well described if a
three-neutrino mixing is assumed.

1.2.2 The oscillation of neutrino flavors

The theory of neutrino oscillation describe the effect of periodic flavor change of neutrinos.
Each of the three flavor eigenstate of a neutrino |v,) where o = e,u,7 is determined as a
linear superposition of three light, stationary mass eigenstates |v;) where i = 1,2, 3:

3
‘Voa> :Z Uai ’V2> (18)
=0

Here, U,,; represents the unitary PMNS (Pontecorvo-Maki-Nakagawa-Sakata) matrix which
is the analogous of the CKM matrix describing the mixing of quarks. In the standard three-
neutrino theory the matrix is 3x3 and given by (|Tan18]|)

C12C13 $12€13 s1ze P
U = | —s12023 — C12823513€"°C7  c1a¢a3 — S12823513€°CP $23C13 (1.9)
512823 — C12C23513€0CP  —Cia893 — S12C23513€0CP  cazcns
1 0 0
x [0 elo21/2 0

0 0 eon/

where cop = cosfupg and sap = sinfyg. with the mixing angle ,5€[0 : 7/2). In the
case the phase factor dcpel0 : 27] is nonzero, CP symmetry is violated but this has not
yet been observed experimentally. Only if neutrinos are identical to their antineutrinos,
known as Majorana particles, the phase factors a1 and ag are meaningful. The square of
the absolute value of one matrix element (|Ung)?) gives the probability to find the neutrino
in the mass eigenstate i for a given flavor «.

The evolution in time ¢ of the mass eigenstates |v;(t)) can be expressed as propagating
plane waves:
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vi(t)) = e P | 1 0)), (1.10)

where F; is the energy and p; the momentum of the mass-eigenstate ¢, and Z is the position
of the neutrino relative to its origin.

In the ultra-relativistic limit neutrinos are traveling very close to the speed of light such
that their rest mass m; can be neglected compared to their energies E; ( |p;| = p; > m;):

2 2
ms= ms=
E; = p§+m?:>pi+—2p’imE+—2E’, (1.11)

With this approximation and expressing the parameter ¢ via the distance traveled [ (and
also dropping the phase factors), the wave function of a neutrino mass eigenstate becomes:

(L)) = e ™2 |1,(0)). (1.12)

Because of their different masses, the oscillation frequencies of the mass eigenstates are
different which results in a time dependent phase shift among the three mass-eigenstates.
Since the neutrino flavor-eigenstate is a superposition of the mass-eigenstates it is possible
to observe a neutrino which was originally of flavor a as a flavor § neutrino after at the
distance traveled I:

2

Passg = (v(L)lva)|* = (1.13)

Z U;z U/jie_im?l/QE
)

To simplify the calculation one can assume that only two neutrinos participate in the
mixing. The corresponding PMNS matrix then reduces to a simpler form containing only
one mixing angle ©:

—8in®,, cosO,,

U:< cos O, sm@m> (1.14)

The probability of observing a neutrino with flavour 3, created with flavour « then is given
by

Am?j A
AE  he

P(vy — vg) = sin? ( ) -sin? (20,,) . (a # B) (1.15)

One can see that the oscillation probabilities depend on the difference of the mass squares

Amgj = m? — m? and not on the absolute masses. Figure 1.2 illustrates the oscillation

i
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Figure 1.2: [Illustration of two-flavor neutrino oscillation showing the probability of an initial neutrino
of flavour « to be converted into a flavour S neutrino after distance traveled 1. The maximum probability
of conversion is defined by the mixing angle. This figure is inspired from [Babl0b].

probability of the two flavor eigenstates given by Eq. 1.15 with the characteristic oscillation
length L = drhEAm, *c™3.

One of the most important conclusions one can draw from neutrino oscillation is that
neutrinos have nonzero mass and measuring the oscillation length allows determining the
difference of masses squared. The combined result of the observed oscillation parameters
in the three flavour case obtained by a variety of neutrino oscillation experiments, are given
in Tab. 1.2.

However, oscillation experiments cannot probe the absolute mass scale of the neutrinos
and also leave the question open whether or not my is heavier than ms, which is referred
as the “neutrino mass hierarchy problem”. Since the sign of Am%z is not known yet two
scenarios are possible:

Normal hierarchy m; < mo < mg

Inverted hierarchy ms < mqp < mo

An illustration of these orderings is given in Fig. 1.3. If the absolute masses m; are
much larger than the differences of the mass squares Am,;, the hierarchy is said to be
“quasi-degenerated”:

Quasi-degenerate hierarchy m; ~ mgy ~ ms

In the following section methods to determine the absolute mass will be presented.
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Figure 1.3: Neutrino mass hierarchy and the color-coded probability that a mass eigenstate contains
a certain flavor. Note that neutrino oscillation experiments do only have experimental access to the
differences of the mass squares. Since the sign of Am32, is not known yet, two mass orderings are possible,
namely the normal mass hierarchy (left) and the inverted mass hierarchy (right). Taken from Ref. [Kin13].

1.3 Methods of neutrino mass measurements

As mentioned before only the difference of the mass squares is accessible by the neutrino
oscillation experiments. To measure the absolute mass of the neutrino, complementary
methods are needed. The different experimental approaches can be divided into two cate-
gories: the direct methods such as single or double -decay experiments are based on the
kinematics (energy and momentum conservation) of S-decay, while the indirect methods
such as neutrino mass determination from neutrinoless beta decay or cosmology data are
based on theoretical assumptions on rare decays or the imprint of cosmological neutrinos.
These methods are described in the following sections.

1.3.1 Cosmological approach

Similar to the cosmic microwave background (CMB) the Big Bang theory also predicts
the presence of a cosmic neutrino background which was created in the early times of the
Universe at a temperature of about 1 MeV. The estimated density of these relic neutrinos
is about 112cm™3 for each species which makes the neutrino the second-most abundant
particle after the photon. Although the neutrino density and temperature have not been
measured yet due to the extremely low cross sections of neutrinos, it is possible to estimate
the summed mass of the neutrinos by fitting cosmological data within the standard ACDM
model of cosmology. Although their masses are expected to be very small, the neutrinos

10
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’ Parameter ‘ Source ‘ ‘ Value
sin?(013) reactor (0.212 £0.08) x 10~2
sin?(012) solar 0.307 £+ 0.013

F0.033
sin?(@,3) | atmospheric III}I;I gjﬁ;_rgzgéé
Am3, [eV?] solar (7.53+£0.18) x 10~

NH | (2.5140.05) x 103

2 2 i
Amiy V] | atmospheric |y | 7o 56 4 0,04) x 1073

Table 1.2: Experimentally observed values for the oscillation parameters. The values for the Dirac CP-
violation and Majorana phases 8, a1, o are currently unknown. Since the sign of Am32, is also unknown
two neutrino mass ordering are possible, the normal hierarchy (NH) and the inverted hierarchy (IH). Data
taken from [Tanl8].

contribute to the Universe’s total energy density {2,y within the ACDM model which takes
the different matter contributions (vacuum energy {2, , baryons (2, , and cold dark matter
2par) into account. In a publication of the Planck collaboration in 2018 [Agh18| an upper
limed of the sum of all three neutrino species is given:

m(v) :Z m(v;) < 0.12eV/c? (95% C.L.) (1.16)
i=1

However, note that this method extremely depends on the model in which strongly corre-
lated fit parameters have to be adjusted simultaneously. When varying these parameters,
different specific neutrino mass limits are obtained. Turning it around: a precise model-
independent measurement of the neutrino mass is of great importance for cosmology since
the absolute neutrino mass has great impact onto the structure of the universe.

1.3.2 Neutrinoless double beta decay

The neutrinoless double beta decay (OvSf3) (unobserved so far) is a beyond SM process
which opens the opportunity to derive the neutrino mass and at the same time to prove
whether neutrinos are Majorana particles or not. In the ordinary double beta decay (2v35)
two neutrons of a nucleus simultaneously decay into two protons:

2v6p-decay: Y X — Y. ,Y 42 + 27, (1.17)

The electron spectrum of this allowed and observed process is continuous as it is in the
single -decay. Assuming the neutrino is its own anti-particle (Majorana particle) the
neutrinoless double beta decay

Ovp3B-decay: gX — ngQY + 2e” (1.18)

11
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is possible in which the originally continuous spectrum of the double ([-decay becomes
discrete such that a sharp electron energy peak will be observed at the energy of the full
Q-value.

In principle 2v35 -decay can appear in any beta emitters but is much less likely compared to
the single 5-decay. To investigate 2v33-decay, therefore, isotopes are used in which single
p-decay is energetically forbidden according to the Bethe-Weizsécker equation [Wei35|. The
two most promising isotopes are Ge and 2%Xe so they are used in several experiments,

such as GERDA [Ago13|, EXO [Augl2| and KamLAND-Zen |Ganl6].

However, by now no Ovf5-decay was observed. But it is possible to obtain limits on the
effective neutrino mass. The inverse half time for Ov33-decay is given by

08
(T3 /2

-1 2 2
)7 = GIM|" [mpgg| (1.19)
where G is a phase space factor, M is the nuclear transition matrix element. Hence the
current limits on the half time obtained in the ongoing experiments also give limits on the
neutrino mass. The current best limit from Ov33-decay is

e’

3
mgs =Y _miUZ, < 0.05 to 0.16eV/c* (90% C.L.) (1.20)
=1

given by the KamLAND-Zen collaboration. Note that this limit is only valid if Ov35-decay
actually exists.

1.3.3 Single beta decay

Another method to measure the neutrino mass, which is also the basic approach of the
KATRIN experiment, is given by investigating the kinematics of the three body process in
the single S-decay (Eq. 1.1). Since it is fair to assume that the kinematics of this process
are well understood, this method can be regarded to be model independent. Neglecting the
recoil energy of the nucleus the decay energy (Q-value) is only shared between the electron
and the neutrino where the energy of the neutrino is given by

E, = /m2c* + p2c2. (1.21)

In case of a nonzero neutrino rest mass m,, the end point of the tritium spectrum is shifted
by the neutrino’s rest mass (see Fig. 1.4). Therefore investigating the shape of the beta
spectrum close to the end point allows drawing conclusions on the neutrino mass. The
transition rate I';_, ; of the 3-decay process can be calculated with Fermi’s Golden Rule:

2
= Myl () (1.22)

12
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Figure 1.4: a) Entire electron energy spectrum of tritium S-decay (complete). b) Spectrum close to
the end point E, for a vanishing neutrino mass (red) and a nonzero neutrino mass of mg, = 1€V (blue).
Taken from [KATO05]

where My; denotes the matrix element for the transition of the initial state i to the final
state 1 and p(Ey) corresponds to the final states density of energy E;. Applying the
relativistic relation of the energy-momentum, the integrated rate over all possible discrete
and continuous final states is given by [Ott08, KATO05]:

dN,
—(E) = C-F(Z+1, B) p-(B+mec)-(Ey—E)/ (B — B)E — m(ve)2ch-0( By~ E—m(v.)e?)
(1.23)
with the constant
G2 cos?(0,.)
_f ¢ 2
= omen M (1.24)

where

F: Fermi function (includes the Coulomb interaction between doughter nucles and electron)
FE . kinetic energy of the electron

p: momentum of the electron
Ep : end point energy (equals the Q-value if recoil energy is neglected)

© : Heaviside function (ensures the conservation of energy)
Gy : Fermi coupling constant

6. : Cabibbo angle

M : matrix element

13
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In Fig.1.4 the theoretical differential spectrum is shown. The experimental observable in

Eq. 1.23 is the square of the effective electron anti-neutrino mass m2 , which is given by

Ve
the incoherent sum of the three neutrino mass eigenstates m,,:
2
ma, = > |Uul*m2, (1.25)
i

with the neutrino mixing matrix Uk;.

The currently best limits on the electron anti-neutrino mass by kinematic methods have
been achieved by measurements of the tritium S-spectrum with Magnetic Adiabatic Colli-
mation Electrostatic (MAC-E) filters. The upper limits achieved by experiments in Mainz
|[Kra05| and Troitsk [Asell] are given by:

Troitsk experiment: 2.2eV/c? (95% C.L.)
Mainz experiment: 2.3eV/c? (95% C.L.)

KATRIN, the direct successor of these experiments, aims to improve these limits by one
order of magnitude.

14
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2 The KATRIN Experiment

KATRIN (KArlsruhe TRitium Neutrino experiment) is the upcoming next generation ex-
periment to determine the effective mass of the electron anti-neutrino (7,) in a direct and
model-independent way with a sensitivity of 0.2eV with a 90% C.L (corresponding to
0.35eV at the statistical significance of 50) after three years of data taking (five calendar
years of operation). This design goal is to improve the former upper limits by the Mainz
and Troitsk experiments by one order of magnitude. In order to achieve this KATRIN will
precisely measure the shape of the spectrum of the tritium (-decay. The experiment is
located at the Karlsruhe Institute of Technology (KIT).

In this chapter an overview on the KATRIN experiment is given. In section 2.1 the
measuring principle of MAC-E filters is explained. In section 2.2 the main components
of the experiment and their working principles are described. Since this work focuses on
monitoring the KATRIN tritium source, the different monitoring methods are described
in more detail in section 2.3.

A more detailed description of KATRIN, complementing the introduction given in this
chapter, can be found in the KATRIN design report [KAT05].

2.1 MAC-E filter electron spectroscopy

To obtain the neutrino mass from a precise measurement of the end point region of the
tritium [B-spectrum both a high energy resolution and a high source luminosity is re-
quired. The Magnetic Adiabatic Collimation with Electrostatic (MAC-E) filter technique
was successfully applied for both preceding neutrino mass experiments in Mainz [Lob85|
and Troitsk [Pic92] and will also be applied at KATRIN.

MAC-E filters combine electrostatic filtering and magnetic adiabatic collimation. The
electrons are guided adiabatically from the source with the help of strong magnetic fields
provided by superconducting magnets. Since electrons from the tritium decay are emitted
isotropically their momentum p'can feature both a parallel component p;| = |p| cos f and a

transversal component p; = |1;\ sin # where 0 denotes the angle between electron momen-
tum and magnetic field (also known as pitch angle). Then the full energy can be written
in two components (in the non-relativistic case):

I
2me

Exin = = B+ E| = Exjncos® 0 + Ey, sin” 0 (2.1)

The “longitudinal energy component” £ propagates the electrons along the field lines while
the “transversal energy component” E| causes the rotational movement. Both movements
superimpose to a cyclotron movement. For the transport of an electron along a magnetic
field line the adiabatic invariance is important which implies that the product of the mag-
netic moment p = E| /B and Lorentz factor is constant. In the case of tritium with its low
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T, source detector

0. (without E field)

Voo AL

Figure 2.1: The working principle of a MAC-E filter. The schematic shows the magnetic (blue) and
electric (green) field lines as well as one trajectory (red) of an electron traveling through the filter with
cyclotron motion. The retarding potential U determines the minimum energy qU a particle of charge ¢
must feature to pass the filter while the different magnetic fields B, define the energy resolution and the
acceptance angle of the setup (see text for details). Following the conservation of the magnetic moment
the electron’s transversal momentum (red arrows) is transformed into a longitudinal momentum. Figure
taken from Ref. [KATO5].

Q-value the electrons feature a mild relativistic gamma factor (7 = 1.04 ~ 1) such that in
a first approximation only the magnetic moment needs to be considered:

E
= f = const. (2.2)

Thus, if the magnetic field is changed, the transversal energy component changes in the
same way. A MAC-E filter takes advantage of this fact as illustrated in Fig. 2.1: the MAC-
E filter utilizes an electrostatic retarding potential U to analyze the longitudinal energy.
Therefore the transversal energy is transformed into longitudinal energy by lowering the
magnetic field, following Eq. 2.2. To ensure that this transformation happens adiabatically
the magnetic field gradient must be sufficiently small (AB/B < 1). This process is called
magnetic adiabatic collimation. The magnetic field reaches its minimum at the maximum
of the retarding in the center of the MAC-E filter, in the so-called analyzing plane. At
this point only electrons with sufficient longitudinal energy can overcome the retarding
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potential. Since the magnetic field can never be zero, a small part of transversal energy
alway remains.

The energy loss, mainly due to scattering, is prone to large uncertainties and it is therefore
beneficial to limit the absolute path length of the electrons through the experiment by
limiting their starting angle # and hence their transversal energy component. With Eq.
2.1 and 2.2 the maximum acceptance angle becomes

By

max

Omax = arcsin

(2.3)

where By is the magnetic field in the source and Bj,ax the maximum magnetic field at the
entrance of the MAC-E filter!.

The resolution of MAC-E filters is basically determined by the residual transversal energy
component | at the analyzing plane. It is given by

E Bmax .

where By, is the magnetic field at the analyzing plane. At KATRIN the field configuration
is B = 3.6 T, Bpax = 6 T and Byjn = 0.3mT which results in the acceptance angle
Omax =~ 50.77° and the high resolving power of AE =~ 0.93¢€V.

2.2 Main Components

KATRIN is located at the KIT Campus North, where the Tritium Laboratory Karlsruhe
(TLK) provides the expertise and infrastructure to handle the large amount of gaseous
molecular tritium required by the experiment. In Fig. 2.2 an overview of the 70 m-long
beam-line is shown including all major components. The setup can be divided into two
parts which are located in two different buildings.

Source and Transport Section (STS) The STS contains all tritium-bearing components
and is therefore located in the TLK building. It includes the windowless gaseous
tritium source (WGTS), the rear section, the Differential Pumping Section (DPS)
and the Cryogenic Pumping section (CPS).

Spectrometer and Detector Section (SDS) The SDS houses all tritium free compo-
nents and is located outside the TLK in the spectrometer hall. It contains the pre-
and main spectrometer as well as the detector system (FPD).

In this section the major components are discussed.

At KATRIN an asymmetrical magnetic field configuration is chosen such that the maximum magnetic
field is located at the end of the main spectrometer just before the detector.

17



2 THE KATRIN EXPERIMENT 2.2 Main Components

Figure 2.2: Overview of the 70 m-long KATRIN beam including all major components: (A) Rear
section (B) Windowless Gaseous Tritium Source (WGTS) (C) Differential Pumping Section (DPS) (D)
Cryogenic Pumping Section (CPS) (E) Forward Beam Monitor (FBM) (F) Pre-spectrometer (G) Main
spectrometer (H) Focal Plane Detector (FPD) system (I) Monitor spectrometer

2.2.1 Tritium source

The central piece of the windowless gaseous tritium source (WGTS) is a 10m long evac-
uated beam tube with an inner diameter of 90 mm. Gaseous molecular tritium (Ts at
temperature 7' = 27 K) is injected through capillaries at the center of that beam tube and
pumped out again at both ends by differential pumping systems (DPS1-R and DPS1-F).
The source is terminated upstream by a gold-plated disc (Rear Wall) but features no win-
dow downstream that could cause electron energy loss. The tube is surrounded by seven
superconducting magnets creating a highly homogenous magnetic guiding field along the
beam tube of By = 3.6 T.

The column density pd = N/A of the source is defined by the number of gas molecules N
per cross-section area A and can be controlled by the gas inlet pressure p;,. It is possible to
increase the source activity by increasing the column density but this would also increase
the scattering probabilities. For KATRIN the optimal inlet pressure is p;, = 3.4-107° mbar
(results to a flow of ¢ = 1.853 mbar -1/s) such that the column density equilibrates to the
value pd = 5 - 1017 ecm=2 . The full magnetic flux tube in the source is @¢, = 229 Tem?
but for tritium analysis only the so-called inner flux tube @; = 191 Tem? is used which
corresponds to the cross-section area A; = 53cm?. With the nominal tritium purity of
e = 95 % the [-decay activity of the source is

In(2)

p=ap t12(T)

-2~ 101 Bq (2.5)

considering the tritium half time of ¢;5(7") = 12.3 years. The factor 2 originates from
the fact that each tritium molecule T5 contains two tritium atoms. In order to achieve
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Figure 2.3: Cross section view of the windowless gaseous tritium source (WGTS). Cold gaseous tritium
molecules (blue) (T2, temperature 7" = 27K) are injected via capillaries into the center of a 10m long
evacuated beam tube (b). Electrons from beta decay (red) are guide through the source via magnetic fields
(Bs = 3.6 T) produced by seven superconducting magnets. The gas is pumped-out again by two 3 m-long
differential pumping systems (DPS1-R (a) and DPS1-F (c)) at both ends of the tube. Figure taken from
[Wan13].

the sensitivity goal of KATRIN the column density must be kept stable at a level of
0.1%. Therefore the source parameters are kept under constant monitoring. Since source
monitoring is one of the scopes of this work its concept is described in more detail in Sec.
2.3.

2.2.2 Transport sections (DPS and CPS)

The transport section connects the WGTS and the spectrometer section. It is needed
to reduce the tritium flow to the spectrometer (since there is no physical barrier in the
source), thus preventing tritium related background in the spectrometer section. To fulfill
the design goal of KATRIN the tritium flow must be reduced by 14 orders of magnitude.
Two pumping sections, namely the differential pumping section (DPS) and the cryogenic
pumping section (CPS), utilize different approaches to achieve a reduction of seven orders
of magnitude each.

DPS  The full differential pumping section (DPS) is the first pumping stage (see Fig.
2.2 and 2.4). Tt features an approximately 6.5 m-long beam tube consisting of five elements
arranged with an angle of 20° between each of these elements to form chicanes. Along the
chicanes four high performance turbomolecular pumps (TMPs) with an overall pumping
speed of more than 24001/s for T are installed. The neutral tritium molecules cannot over-
come the chicanes such that they hit the walls of the beam tube and can get pumped out.
Five superconducting magnets, providing a field strength up to 5.5 T, guide the electrons
through the chicane without collisions with the walls. However, ions are produced in large
numbers inside the tritium source as well and can also be guided to the spectrometer and
produce background. To prevent this from happening the ions are removed by electrostatic
dipole fields via the E x B drift. In order to analyze the ions, a Fourier Transform-Ion
Cyclotron Resonance (FT-ICR) mass spectrometer is installed [UD09]| [[Ubill]]). At the
exit of the DPS the tritium flow is reduced by seven orders of magnitude.
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position of|
the FBM

Figure 2.4: Technical drawing of the transport section. Left: The DPS features five beam tube segments
worming a chicane and each sourced by super conducting magnets guiding the electrons through the chicane
while uncharged particle as tritium molecule (7%) hit the walls and get pumped out. Taken from [Janl5].
Right: The gold plated beam tubes of the CPS are cooled down to 3 K and prepared with an argon
frost layer on which tritium molecules get captured. Behind the cold gate valve the pump port 2 (PP2) is
located (between beam tube (BT) 6 and 7) which provides access to the CPS. The Forward Beam Monitor
(FBM) is mounted to the vertical port. Figure adapted from [Wan13].

CPS At the end of the DPS the tritium flow is still too high and must be reduced by
another seven orders of magnitude in the cryogenic pumping section (CPS) which makes
use of the so-called cryosorption technique. The CPS beam tube has a length of about
7m and features, like the DPS, a chicane with an angle of 15° in between its elements.
The gold-coated beam tube is cooled down with liquid helium to a temperature of 4 K and
cold argon snow will be frozen on the beam tube surface. This argon frost layer has a high
sticking probability for all neutral molecules including tritium 75. To limit the background
contribution from the decay of the absorbed tritium molecules the cryosorption pump is
regenerated every two months by removing the absorbed gas, flushing, out-baking and
preparing a new argon frost layer. There are seven superconducting magnets guiding the
electrons in a field of 5.6 T.

Besides the gas reduction capability the CPS features two pump ports (PP1 and PP2)
which are equipped with vacuum monitoring equipment, such as pressure gauges, residual
gas analyzers and pumps. Pump port 2 (PP2) in addition provides both a horizontal and
vertical port which allow access to the CPS from the outside. They lead to a 255.7 mm
wide cylindric vessel, which connects beam tubes 6 and 7 of the CPS. At these ports
two calibration and monitoring instruments are installed, namely the Condensed Krypton
Source (CKrS) and the Forward Beam Monitor (FBM). At the horizontal port the FBM
is located, which is the subject of this thesis and will be introduced and discussed in detail
in Sec. 2.4 and from Ch. 3 on. The CKrS, which is mounted to the vertical port, provides
conversion electrons from krypton (®3™Kr) gas condensate at a cold finger, to check for
drifts in the retarding potential of the MAC-E filter. Both devices can be separated from
the CPS volume by valves. Pump port 2, as well as the beam tubes 6 and 7, are cooled
with liquid nitrogen down to 77 K.
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2.2.3 Spectrometers

The spectrometer section comprises two MAC-E filters (see Sec. 2.1), the pre- and main
spectrometer, in a tandem setup in which the high-precision S-spectroscopy takes place. A
third spectrometer, the monitor spectrometer, is implemented in parallel to the beam line
in order to monitor small fluctuations of the main spectrometer’s high voltage. All three
spectrometers are basically large stainless steel ultra high vacuum (< 10~!! mbar) vessels
with a appropriate electrode and magnet system to form a MAC-E filter.

Pre-spectrometer The task of the 3.4 m-long and 1.7m-wide pre-spectrometer is to
reject the vast majority of the S-electrons with energies well below the tritium end point
Ey = 18.6keV. As pointed out in Sec. 1.3.3 only the electrons close to the end point
are used for the neutrino mass analysis. To avoid background signals from ionization of
residual gas in the main spectrometer, electrons below the threshold of 18.3 keV are rejected
which corresponds to an electron flux reduction by a factor of 107. Two superconducting
magnets, one at each end of the pre-spectrometer, generate a field of 4.5 T. Unlike for the
main spectrometer, high filtering precision and hence high field stability is not critical for
the pre-spectrometer.

Main spectrometer The main spectrometer is the analyzing MAC-E filter of KATRIN.
It is a much larger version of the pre-spectrometer featuring a length of 24 m, a diameter
of 10m and a volume of 1240 m>. The large dimensions are a consequence of the design
requirements for precise energy-analysis and adiabatic transport (see Sec. 2.1). The high-
voltage for the retarding potential is applied to the vacuum vessels itself. Additionally
a two-layered wire electrode system is installed at the inner surface of the vessel. These
wires are kept about 100V below the vessel voltage to prevent secondary electrons, which
are emitted from the vessel wall (e.g. from interaction with cosmic muons or from radio
active decays) from entering the flux tube.

In order to reach the ultra low pressure of p < 107! mbar the main spectrometer is
equipped with six TMPs and in total 3000 m of Non-Evaporable-Getter (NEG) stripes.
Since getter pumps emit radon, which is a source of background inside the main spectrom-
eter, a cooled (77 K) copper baffle is positioned in front of each pump. These baffles absorb
the radon such that it can not decay in the flux tube. Pre- and main spectrometer share
the magnet which is located between them and creates 4.5'T. The second magnet of the
main spectrometer creates a magnetic field of 6.0 T at the exit side. Additionally, in order
to compensate for the earth magnetic field and for fine tuning the field in the spectrometer,
a large volume air coil system is installed, surrounding the main spectrometer vessel.

2.2.4 Focal plane detector

Electrons passing the main spectrometer are finally register by a p-i-n diode-type silicon
detector which terminates the flux tube at the end of KATRIN. Two super conducting
solenoids guide the signal electrons to the wafer. The segmented detector with 90 mm
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sensitive diameter covers the inner flux tube of ®; = 191 Tem?. The 148 pixels of the
array, all of equal area, are arranged similar to a dart board pattern. The central four
pixels form the bulls eye which is surrounded by twelve concentric rings and each of these
rings has twelve segments. The mean energy resolution of the pixels is about (2.2+0.2) keV
FWHM which allows separation of the electron signal from background. In order to keep
the background rate below 1073 cps in the region of interest (ROI) the detector includes
an active muon veto system and passive shielding with lead and copper surrounding the
detector. Additionally, a post acceleration electrode is installed such that the signal can be
shifted up to 35keV to further reduce background and to increase the detection efficiency
at the same time.

2.2.5 Rear section

The rear section is located at the rear side of the WGTG terminating the primary KATRIN
beam line. It comprises a calibration and monitoring system (CMS-R): the X-ray detectors
(BIXS) and the rear section electron gun (RS e-gun). Since both devices are part of the
source monitoring system they are explained together with the further source monitoring
devices in the next section. A detailed description of the Rear section can be found in Ref.

[Bab14].

2.3 Monitoring methods for the KATRIN tritium source

Among several other sources of systematic uncertainties, such as uncertainties due to the
final distribution of the daughter molecule of (*HeT)" or scattering processes in the source
(see Ref. [KATO05]), the fluctuation in the column density pd of the source is one of the
main contributions to systematic uncertainties on the analysis of the observable m?2. None
of these contributions is expected to add more than ogy. = 0.0075 eV? which, together
with the expected statistical uncertainty of oyt = 0.018 eVZ, leads to the total uncertainty
of

5
Aml =Y 02 i+ 02, =0.0256V (2.6)
i=1

resulting to KATRIN’s target sensitivity of 0.2eV (90% C. L. ). Figure 2.5 shows the
systematic error caused by an unobserved change in the column density. The horizontal
black line represents the above mentioned upper limit ogys;.. This makes clear that, de-
pending on the analyzing energy interval, it is required to monitor the source parameters
on the per-mil level. This is done by a number of monitoring systems (see Fig. 2.6) which
apply different methods to measure the working parameters of the WGTS. While the gas
inlet pressure and the temperature of the WGTS are monitored and controlled with 0.1 %
precision within the so-called inner loop (see Fig. 2.6) by conventional methods, dedicated
customized monitoring systems are applied for monitoring the activity, column density and
the gas composition of the source. These systems are presented in this section.
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Figure 2.5: The impacted of unaccounted shift of the column density on the systematic uncertainty
for different analysis intervals. For instance: if the end point region [Ey — 30€V, Ey| is used for neutrino
analysis an unaccounted shift of the column density above 0.5 % will induce a systematic uncertainty above
the limit of ogyst. = 0.0075¢eV? (black horizontal line). Taken from [KATO05].

2.3.1 BIXS

The rear sections includes a S-induced X-ray spectroscopy (BIXS) system for monitoring
the activity of the source. It comprises two custom-made high-resolution silicon drift
detectors which are attached close to the so-called Rear Wall (RW) of the rear section.
The gold plated RW terminates the beam line upstream such that electrons from [-decay
impinging the RW induce X-ray fluorescence and bremsstrahlung. A part of the emitted
X-ray radiation pass through two beryllium windows to reach the detectors. Half of the
isotropically emitted S-electrons are guided in backwards direction directly to the RW
while most of the electrons, which are emitted in forward direction, will be reflected either
by magnetic mirroring or by the high potential barrier in the main spectrometer and finally
also reach the RW. The intensity of the X-ray radiation is proportional to the number of
electrons impinging the RW. BIXS measures the source activity with a precision of 0.1%
over time intervals of 100s.

2.3.2 LARA

The Laser-Raman (LARA) system measures the composition of neutral gas molecules
in the source [Schll|. Tt is integrated into the inner loop system. The system takes
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Figure 2.6: Overview on the source monitoring system. Taken from [Bab12].

advantage of the inelastic Raman effect which is the inelastic scattering of a photon by
molecules which are excited to characteristic vibrational and rotational states. For this,
light originating from a high intensity 5 W laser with a wavelength of 532 nm, scatters with
with a representative sample of the WGTS gas. The wavelength-shifted light (carrying the
information of gas composition) is collected under an angle of 90° and analyzed by optical
spectroscopy to obtain the isotopic composition and the tritium purity. The gas mixture
is analyzed both qualitatively and quantitatively with a precision of 0.1 % on a time scale
of 100 seconds.

2.3.3 RS e-gun

The rear section electron gun (RS e-gun) is another monitoring system installed in the
rear section. The angular-selective e-gun is based on the photoelectric effect and provides
a nearly mono-energetic thin electron beam of 1 mm diameter. The e-gun can be oper-
ated with two different light sources: a laser-driven light source (LDLS) produces variable
wavelengths of about 240 nm to 320 nm and a pulsed laser which provides monochromatic
UV light with 266 nm wavelength. The free electrons generated at the gold coated pho-
tocathode are accelerated and guided in dedicated electrical and magnetic fields in which
the beam can also be directed using a set of dipole magnets.

The column density can be determined with the e-gun by shooting a mono energetic elec-
tron beam at 0° pitch angle through the gas filled WGTS. The rates of the transmitted
electrons are measured at two different retarding voltages. The ratio of these rates can be
used to determine the column density with a precision of 0.2 % within 2 minutes. A similar
approach is used to determine the energy loss function. For further details the reader is
referred to [Babl4|. In contrast to the other monitoring systems the e-gun measurement
cannot be combined with regular neutrino-mass data taking. The e-gun measurements are
therefore scheduled every 2 hours.
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Figure 2.7: The FBM inserted into the electrons flux tube at monitoring position. Two separate drive
systems allows the detector board to be moved within the full cross section of the electron flux tube (grey
shaded circles, scaled down relative to FBM). For electron detection two silicon p-i-n diodes are mounted
to the tip of the board such that they can be position into the outer outer rim of the flux tube which is
not projected to the main detector (see text for details). Taken from [Arel8].

2.34 FBM

A further device for monitoring the WGTS activity is the Forward Beam Monitor (FBM)
which is installed at the horizontal pump ports of the CPS. Since the FBM forms the
central topic of this thesis, it is described in detail in the following sections and chapters.

2.4 The concept of the Forward Beam Monitor (FBM)

As pointed out in Sec. 2.3 it is required to monitor the source properties with 0.1 %
precision in order to extract the neutrino mass with the target sensitivity of 0.2eV. The
determination of the column density using the e-gun or the focal plane detector requires
interruption of the regular neutrino-mass data taking and are therefore planned to be
performed only in certain time intervals. The Forward Beam Monitor (FBM) complements
the BIXS system, as part of the monitoring system, which measures the source properties
continuously. Unlike BIXS, the FBM analyzes the electron flux in the forward direction and
directly within the flux tube. The concept of the FBM was first proposed in Ref. [Sch| in
which the requirements and the properties such a detector system has to meet is described.
The design document includes the basic concept of the mechanical infrastructure, the
vacuum systems and the detector itself. In the following three years the FBM prototype
was developed by the author of Ref. [Sch08] and the concept was tested and proven.
The detector (silicon type) was further developed as described in Ref. [BablOb| and it
was investigated with respect to its (temperature) stability [Bes11]. Before going into the
details on the further development of the FBM, its integration into the KATRIN beam line
and the results of the first measurements, this section introduces the reader to the topic
by depicting the concept of the Forward Beam Monitor.

The main demand on the FBM arises from the precision required for the continuous mon-
itoring of the source properties as pointed out in Sec. 2.3. To detect fluctuations in the
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column density with a given precision it is required to measure the electron flux with at
least the same precision. (Eq. 2.5). Thus, the event rate must be in order of O(10%)
to achieve the aimed 0.1 % precision in less than 100 seconds. Furthermore, the detector
must not shadow the FPD so that the regular neutrino measurement is not disturbed. The
possibility to reach with the detector any point within the cross section of the flux tube
was an additional design goal.

’ Position B [T| Dy [em]| D [em]  dpyim|cm] ‘
nominal | 3.6
WGTS ceduced 925 8.2 9 0.4

nominal 1.2
CPS @ FBM reduced | 0.84 14.81 16.21 0.7

Table 2.1: Size of the magnetic flux tube and width of the outer rim at WGTS and FBM. Due to
conservation of the magnetic flux (® = A - B = const) the size of the flux tube can be calculated for any
position in the beam line if the magnetic field is known. The full magnetic flux is ¢ = 229 Tem? but for
tritium analysis only the inner flux tube &; = 191 Tem? is used. As a result an outer rim of width dirim
is formed allowing the FBM monitoring the electron flux without shadowing the main detector. For the
first measurements phases the magnets were operated with reduced (70 %) field strengths which does not
change the rim size.

The position of the FBM within the KATRIN beam line at the pump port 2 of the CPS
(see Fig. 2.2 and Fig. 2.4) was carefully chosen considering the following aspects:

Tritium free environment: Although the FBM is located in the TLK building the re-
gion between the cold gate valve of the CPS and the pre spectrometer is already
considered to be quasi tritium free. This fact prevents contamination by tritium
diffusing into the detector which would reduce the detection capability. Additionally
the integration and maintenance of the FBM is facilitated because there are fewer
safety requirements to be fulfilled than in tritium bearing components. For example,
the FBM only requires a fume hood while the CPS itself is enclosed by a second con-
tainment?. Although the safety requirements are lower, it is still necessary to perform
contamination measurements and supervision by the radiation office if maintaining
the FBM after tritium measurements.

Axial symmetric magnetic field: At pump port 2 the magnetic field is axially sym-
metric because the two magnets mainly creating the field are aligned coaxially unlike
the others which are tilted to guide the electrons along the chicanes. Since the in-
tensity of the electron flux is proportional to the magnetic flux it is easier to find
asymmetries of the source emission or other unwanted effects in the WGTS or the
STS. In Sec. 5.6 the results of the magnetic field measurements and their comparison
with simulations will be presented.

Moderate magnetic fields: The continuous source monitoring must be performed at
the outer region of the flux tube such that the main detector (FPD) is not covered.
This region is called outer rim and only exists because not the full magnetic flux tube

2Glove boxes are used as secondary tritium containment.
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of the source is projected onto the FPD (see Sec. 2.2.1). With the conservation of
the magnetic flux
® = A- B = const (2.7)

one can calculate the radius of the magnetic flux tube at the FBM position by

Bwarts
BrpwMm

Rrpm = Rwats (2.8)
where Rwqrs is the radius of the flux tube in the tritium source at magnetic field
strength BwagTs. The moderate magnetic field in pump port 2 of the CPS reaches its
minimum in the measurement plane of the FBM (Bppny). The resulting width of the
outer rim is about 0.7 mm (compare with Tab. 2.1) which provides sufficient space
for the FBM detector. However, during the last measurement campaigns the outer
rim appeared to be smaller than expected, probably due to unaccounted collisions
of the flux tube with the walls in the source and the transport section. In Fig. 2.7
the flux tube with its outer rim is illustrated including a CAD drawing of the FBM
front end as it is in monitor position, measuring the electron flux within the outer
rim. The moderate magnetic field also lowers the forces acting on the hardware and
possible disturbing influences on the detector electronics.

Beam tube slightly above 77 K: To prevent large temperature gradients the beam tube
temperature should be at least at 77 K.
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3 The vacuum manipulator

The FBM is designed to measure the electron flux produced in the WGTS (see Sec. 2.2.1)
directly in the flux tube, just before it enters the spectrometer section. In order to do this, a
detector board will be inserted horizontally into the beam line from the spectrometer sided
pump port 2 (PP2) perpendicular to the CPS (see Sec. 2.2.2). Schmitt et al. [Sch| were
the first to propose a manipulation mechanism and presented a prototype of the FBM
vacuum manipulator in Ref. [Sch08] which was manufactured by an external company.
The prototype proved the concept with a positioning reproducibility in a two-dimensional
plane which is better than 50 pym.

However, for the final integration of the FBM into the KATRIN experiment the vacuum
manipulator had to undergo several modifications such that almost every part needed to
be redesigned and reproduced.

The main reason for these modifications was the increased distance between the FBM and
the CPS, compared to the original design, which arose from adding additional vacuum
components (TMP, RGA, vacuum gauges and vales) to PP2 (red marked area in Fig. 3.1).
This made it necessary to extend the movement range of the FBM and therefore its absolute
length by approximately 1.5m. Additional design changes were necessary because strict
material specifications needed to be fulfilled for tritium safety reasons as well as magnetic
field and UHV compatibly. These aspects were not fully considered for the prototype.

All vacuum related components of the newly developed FBM were designed and specified in
Wuppertal, produced by an external company and temporarily assembled in the laboratory
in Wuppertal to further build up and test the system. In Figure 3.8 an overview of these
components is given. In the following the same symbols x as in the drawing will be used
in the text to ease identifying and locating the hardware parts. All other parts were either
manufactured in the local workshops or purchased from external companies.

The first two sections of this chapter describe the principle mechanical setup of the FBM
and its further development with the focus on the major modifications which had been done
for this work. Section 3.3 begins by introducing the positioning hardware, followed by a
brief overview of the FBM’s control and interlock system, and closes with an investigation
of the positioning reproducibility. In section 3.4 the final integration of the FBM into the
KATRIN experiment is presented including the investigation of alignment and absolute
positioning accuracy using magnetic field measurements. The vacuum system is outlined
in the last section.

3.1 Mechanical setup

The movement of the detector board is realized by combining two linear drive mechanisms.
A long stainless steel support tube 106 with an outer diameter of 54 mm and a wall thickness
of 2mm can be driven by 1.8 m along its symmetry axis. At its forward end the detector
holder (hereafter know as the “front end”, see section 3.2) is attached. The support tube
provides space inside for the electrical feeding and a driving rod 108 which can be moved
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Figure 3.1: Sketch showing the mechanics of the FBM. The p-i-n diodes for the electron detection can
be positioned at any point within the electron flux tube (z-y plane, green, normal to this page) with the
help of two combined linear drive mechanisms (a support tube and a driving rod inside the tube) where
one is converted into a rotary movement with a rack-and-pinion drive. This is an idealized illustration
where many flanges and components are not drawn. Taken from [Tep13], changed by the author.

coaxially along the tube by approximately 10 cm. The latter linear movement is converted
by the front end into a rotary movement such that the combination of these two movements
enable the positioning of the detector board in a two-dimensional plane.

Figure 3.1 shows the principal of the movement mechanism. Two edge-welded bellows 105
and 108 are used to realize the linear movements within vacuum. The large bellows 105
has an unusual long extended length of 2223 mm with a working-stroke of 1800 mm. This
is the most delicate and sensitive part of the FBM and requires careful handling. Even
the smallest particles inside the ripples of the diaphragms of the bellows can generate
strong forces on the material, if the bellows is compressed, and this may lead to micro-
leaks. Hereafter the linear movement of the support tube is called “z-movement” and the
movement created by the rotary mechanism is called “y-movement” even if the latter is
always a combined z-y-movement.

At the rear end of the long tube a DN63 T-piece flange 107 with two DN40 outlets is
attached providing the electrical feedthrough as well as the mechanics for the y-movement.
The complete rear end’s sub-assembly is called “back-end” in the following.

The customized integrated linear unit of the prototype setup for the z-movement was
replaced by a 2m long of-the-shelf variant with spindle drive (slider) featuring a low play,
two carriages for more stability, an aluminum shaft housing profile for more compatibility
and an integrated end switch. A special slide plate with a DN63 flange holder for the
support tube and the long bellows was added to the sliders carriages.
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Figure 3.2: CAD drawing of the FBM as it is inserted into the CPS. Parts of PP2 and the CPS and
half of the FBM’s bellows are invisible for a better illustration of the mechanics. To prevent the tube from
hanging down it is supported and led by two supports with ceramic ball bearings 104 110. Also the driving
rod 108 is supported inside the tube by two analogous supports 162. The long bellows is supported by
three 3D printed trolleys 171 which are automatically pulled along from the bellows.

Due to the elongation of the FBM it was necessary to design and add several supports to
prevent the long parts from sagging and hanging down. Three new support types were
added to the setup (see Fig. 3.2 for illustration): (i) To prevent the driving rod 108
from sagging it is evenly supported at two points. The supports 162 are situated inside
the support tube and use ceramic ball bearings to lead the driving rod coaxially to the
tube. (ii) To prevent the support tube from hanging down if the detector is inserted, an
additional support flange 110 (also with ceramic ball bearings) was added close to the CPS.
(iii) To prevent the new over 2m long bellows from sagging and hereby grinding onto the
support tube three 3D printed trolleys 171 were added which can move freely on the slider
and are automatically pulled along from the motions of the bellows. The wagons do not
have a fixed path of motion and therefore their positions need to be verified from time to
time. Before inserting the FBM they need to be evenly distributed along the slider /bellows
and if inserted the wagons should not touch each other. Additionally the bellows’ flange
holder should not touch the last wagon.

3.2 The front end

The front end of the FBM is the mechanical and electrical connection between the detector
and the manipulator. It converts the linear movement of the driving rod into a rotary
movement with a rack-and-pinion drive to allow the y-movement. This part had to be
redesigned completely because of the following reasons: (i) Due to the necessary extension
of the FBM the tube must be supported at a second position 110 when the detector is
inserted into the CPS to reduce a possible hanging of the detector and the leverage force
acting on the first support. The old design of the front end did not allow that since the
main body was not flush with the support tube. (ii) The new detector board is longer
and wider and therefore requires adaptions. (iii) The permeability of the old pinion did
not fit the specifications.

The front end needs to consist, as with all vacuum components, of low permeability pp
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Figure 3.3: The front end is the mechanical and electrical connection between the detector board and
the manipulator. It converts the linear movement of the driving rod into a rotary movement with a rack-
and-pinion drive enabling a +40 degree movement. The main body is flush with the support tube. The
materials of the moving mechanism alternate to prevent cold welding (steel, titanium, and aluminum).
Including the cover the head of the detector has a width of 50 mm and a lever-arm length of 130 mm. The
tip of the FBM is the reference point for positioning.

und vacuum suitable materials. Using materials with high permeability would increase the
magnetic force acting on the system and in addition the magnetic flux guiding the beta
electrons would get denser and hence more field lines collide with the detector which might
remove electrons from the beam. Furthermore it is necessary to alternate the materials of
moveable parts to prevent cold welding.

The new front end’s cylindrically shaped main body is made of stainless steel 1.4429 (u, <
1.005 ) and fits now the long tubes outer diameter of 54 mm. To facilitate an easy slipping
onto the second support 110 the cylinder has a chamfer at its forward end. Two cut outs
extend the movement limits in y-direction and provides space for the electrical feeding. To
lead the rack free from play along the pinion a precise groove needed to be added inside
the cylinder. Here the correct leading of the rack through the groove is a crucial point.
The bottom of the rack, which is made of titanium, was face grinded to find the ideal
fitting which allows the leading of the rack without play against the pinion on one side
and without clamping, and a minimum of friction in the groove on the other side. To
further reduce the friction, lubrication of the groove and the rack was necessary. In UHV
applications only dry lubrications can be used because of the strong outgassing of standard
lubricants. Therefore ultra low friction dry lubrications is used, which mostly consists of
a coating with tungsten disulfide.

The axis of the detector holder is made of steel 1.4429 like the pinion and is ball bearing
mounted. These dry full-ceramic ball bearings were not considered for the prototype
because they were not available in the required quality at that time. Dry metal ball
bearings could not be used because of potential cold welding. The lever arm is made of
steel 1.4429 but the detector board holder (back plate) of aluminum to reduce weight.
To shield the detector board from radio frequency and, even more importantly, from the
electron beam, a steel 1.4429 cover was designed featuring two small holes for the two p-i-n
diodes. The full lever arm length from the axis to the tip (including the cover) is 130 mm
and the maximum width of the detector equals the width of the cover which is 50 mm.
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The electrical connector is covered from the electron beam by a thin steel plate.

3.3 Positioning and controlling

All parts of the actuators are placed outside the vacuum chamber. For each of the drive
mechanisms (y, ) a set of one motor and one encoder allow driving and position detection
separately.

3.3.1 Motorization

Both drive mechanism are actuated by stepper motors. To guarantee full compatibility
with the new controller of the slow control system (3.3.3) the old motors of the prototype
needed to be replaced. The new stepper motor for the main spindle works with a holding
torque of 12.1 Nm and a smaller one for the driving rod with 2.7 Nm. Unlike the vacuum
recipient, the motors are magnetic and external magnetic fields can influence the fault-free
operation. Non-magnetic motors utilizing other techniques (e.g. piezo or pneumatic) can
not be used because they are either too weak or not precise enough. To minimize the
impact of the magnetic stray fields, the motors are attached at positions located as far as
possible from the beam axis. From measurements with the old motors [Sch08| an upper
limit of 30 mT was determined. This value was confirmed within the present work, i.e. the
new motors also work up to this limit. Figure 3.6 illustrates the distances of the whole
equipment from the beam axis when the FBM is inserted as well as the simulated and
measured magnetic fields. The numerical simulations were performed with the internal
simulation framework KASPER [Furl7| of KATRIN and the measurements performed
during the first tritium measurement campaign. Both will be discussed in more detail in
section 5.6. One can see that the absolute magnetic field at the closer situated y-motor’s
position never exceeds 2mT which is well below the limit. The xz-motor is attached to the
end of the slider and therefore exposed to even lower fields. Hence, no malfunctions of the
motor due to the influence of magnetic stray field are expected.

Both motors are not directly acting on the spindle axes but with one stage transmissions
using toothed wheels. Since the FBM is not equipped with motor breaks the x-transmission
needed to be chosen such that the torque at the motor can withstand the vacuum forces
when there is no current in the motor. The transmissions are 19/25 for x and 12/18 for
y-direction receptively. Both motors have a resolution of 200 steps per revolution (1.8°).

3.3.2 Position detection

Stepper motors can miss steps without being noticed, thus counting steps is insufficient
to determine the position of the detector. To perform the task of position detection in-
dependently from the stepper motors, two separate encoders are used. Power cuts can
cause a loss of all data, i.e. the counted number of revolutions of standard incremental
encoders can get lost. Therefore absolute rotary encoders are used for the FBM because
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they always keep the full information of the position even during a power cut which has
been tested successfully®. These optical encoders work with up to 16-bit single turn and
14-bit multi turn resolution, i.e. 2'¢ steps per revolution and in total 24 revolutions can
be counted. This sums up to an overall resolution of 230 steps. The data is transferred
via a RS422 interface using the Gray-Code standard. To reduce mechanical play both
encoders are connected directly to their corresponding spindle axes. The main spindle has
a slope of 2.5 mm, hence a theoretical precision of 1075 um can be reached. However, due
to mechanical tolerances the real precision is significantly lower as it will be described in
section 3.3.5.

3.3.3 Control system and interlock

The movements of the FBM are a potential risk for the whole experiment since mechanical
collisions can cause internal damage. For example a closing valve when the FBM is inserted
or a retraction with a non horizontal lever arm might cause huge damage to the setup.
Also a collision of the FBM with the condensed Krypton source (see Sec. 2.2.2 ) which also
uses PP2 to be inserted into the flux tube, needs to be avoided. To avoid such collisions
both systems should never be in the CPS at the same time. Hence it is crucial to know
the position of the detector at any time and to set movement limits as well as interlock
conditions. Therefore hardware switches are applied for - and y- direction and connected
with the valves and the FBM’s control system. Furthermore the FBM control system is
integrated into the TLK’s interlock system.

Switch system

A system of multi-level end switches prevents collisions. The first stage is the evaluation
of the switch status by the software of the control system and the second stage directly
cuts the power supply for the stepper motors.

For the y-movement three optical switches are attached to the back end limiting the move-
ment range of the lever arm and indicating if it is in horizontal position. Two mechanical
end switches are integrated into the slider switching off the motors if the FBM reaches the
end of the slider or the CPS. Three optical and three mechanical switches are attached to
the moving bellows holder. They indicate the FBM’s position between the end switches.
Two of them prevent the FBM from being inserted when the valves are closed and the
valve from being closed when the FBM is inserted. One switch indicates that the FBM
is fully inserted into the beam tube such that pivoting with the detector arm is allowed.
At all other z-positions, y-movements are prohibited. The optical switches are connected
with the slow control system and the mechanical switches directly (hardwired) with the
valves.

3Detailed acceptance test protocol available.
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Low-level * Sensor read out

Figure 3.4: The data hierarchy of the control system. The low level is represented by an embedded
controller with real-time processor and reconfigurable Field-programmable gate array (FPGA) which runs
system-independently and permanently. It includes a full safety retraction of the FBM even when all higher
data level have crashed. The middle level provides a database and communication between the high and
low level.

FBM slow control system

To fulfill the aforementioned safety requirements a highly stable system needs to be inte-
grated which even keeps on running during a power cut. Hence software based solutions
on standard computers have an insufficient reliability. The system needs to read switch
and valves statuses, read out the encoder values, control motors, communicate with the
global interlock system and provide a database and data access as well as have a safe user
interface environment.

In collaboration with the Institute for Data Processing and Electronics (IPE) at KIT a sys-
tem was integrated which fulfills all needs. An embedded controller with real-time processor
and reconfigurable Field-programmable gate array (FPGA) runs system-independently and
permanently even during a power cut with the help of accumulators. FPGAs are highly
reliable hardware based systems. It represents the low level of the data hierarchy (see Fig.
3.4) and is directly connected with the motor controllers, encoders and sensors. It controls
and monitors and also includes a full safety retraction of the FBM even when all upper data
level have crashed. The middle level of the data hierarchy is the Real-Time-Target running
in a stable Real-Time Linux OS. It provides database functions for reading process values
and writing set points and transfers commands and set points from the higher level (GUI)
to the FPGA . The GUI (Graphical User Interface) is connected to the database to read
and update set-points at the Real-Time Target. The operator can control the system and
monitor all values and statuses. The most comprehensive method to control the system is
via ORCA (Object-oriented Real-time Control and Acquisition software, [How04|) scripts
which are optimized for DAQ and combines slow and run control. In ORCA hardware and
DAQ concepts are realized by software objects which are accessible in a graphical user in-
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terface. The set-points are updated via ADEI (Advanced Data Extraction Infrastructure)
[Chil0].

3.3.4 Positioning theory

When talking of the “position of the FBM”, a point on the detector board needs to be
defined which represents that “position”. For data analysis it would be logical to use the
sensor for this reference point but there are three sensors which are equally important.
Since for safety reasons the position of the tip of the detector, which represents the end
of the FBM, is from importance, the reference point of the FBM is on the symmetry axis
and at the end of the detector arm (see Fig. 3.3). The position of this point is given by
the following relation:

< x ) [ @0+ Nausg +7cos <ao + Lj{f” 2%) (3.1)
= ' N .
Y 7 sin (ao + izjosy 2%)

N, (Ny): number of revolutions of the spindle

sz (sy): slope of the spindle thread

e 1: x-direction offset

dp: distance between two teeth of the rack

e n: number of teeth of the pinion

r: length of the detector arm

e «aq: angle offset of lever arm

Note that the z coordinate depends on the y coordinate.

When using rotary encoders (3.3.2) coaxial to the spindles for positioning detection one
can determine for g = 0 the corresponding absolute encoder value zf and for apg = 0
(horizontal lever arm) y§, respectively. The number of revolutions can then be written as
N, = R, (2° — zf) and Ny = R, ' (y° — y§) where R, and Ry, are the resolutions (number
of steps per revolution) of the encoders. Defining the transition coefficients T, = R, - s,

Ry . .
and Ty = dz,iy, the coordinates can be written as

( x ) _ ( Tp(x® — x§) 4+ rcos (2n Ty (y° — y§)) > _ (3.2)

y rsin (27T (y° — yg))

Table 3.1 summarizes the relevant quantities to calculate T, and T,,. The determination
of x§ and y§ is part of the alignment and is described in the following sections. So far the
accuracy is determined by the hight resolution of the rotary encoders. However, the play
of the mechanical parts and the uncertainties in the alignment will limit the positioning
accuracy.
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resolution slope spindle pitch of pinion (no Transition (T,,)
of encoder [mm] rack [mm]| of teeth)
218 2.5 - - -9.53674-1070 22
18 -7
y 2 1 3.14159 30 2.54313-107 rad

Table 3.1: The necessary quantities to calculate the transition coefficients from encoder steps to x- and
y- movement. The motors have different, 100 times smaller transitions and therefore limit the step lengths.

3.3.5 Positioning reproducibility

Positioning reproducibility expresses the ability of the FBM to find a position relative to
a former position. This is different to the absolute positioning accuracy which includes
external reference points, e.g. given by the KATRIN coordinate system. In particular, the
ability to find back to a former position is of crucial importance for the monitoring mode.
The reproducibility has been validated twice, once in the Wuppertal laboratory and once
in the TLK. In Wuppertal a simple setup with a laser pointer and a mirror was used to
increase the accuracy in measuring the angle of the lever arm and hence the y-position.
For the z-position a caliper gauge was used to measure the distance between the front end
and a fixed reference point in the laboratory. At TLK a portable coordinate measuring
machine (CMM) was used to determine both positions.

For the tests® moving sequence were carried out which move the detector up and down
or forwards and backwards but always come back to its origin. As an example: the
detector is moved 1000 motor steps up, 2000 steps down and then 1000 steps up again.
Before and after the sequence the position is measured with the aforementioned methods.
This was repeated several times and also with different sequence to reduce the statistical
and systematic errors, respectively. The positioning reproducibility is expressed by the
standard deviation of the mean of reproduced positions. The results are summarized in
Tab. 3.2. The error 6ymqs in the y-position obtained in the TLK deviates from the result in
Wuppertal by a factor of 4.4. It is assumed that the measurements with the CMM include
a large systematic error because the exact measuring point at the front was difficult to
find between each moving sequence. All following magnetic field measurements performed
in the CPS (see Sec. 5.4.4 and 5.6) agree with the smaller error obtained in Wuppertal
which was also expected from the specifications of the prototype. Therefore the positioning
reproducibility of the FBM is better than 0.1 mm for both directions.

3.4 Mechanical integration and alignment

The necessary makings for the mechanical integration of the new FBM were done by the
modifications described in section 3.1. Figure 3.5 shows the FBM as it is attached to the
CPS. The additional vacuum components which are attached to the PP2 (and which caused
the extension of the FBM) close with a DN100 gate valve which is there to separated the

4Detailed acceptance test protocol available.
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Measurement ‘ Oy mm]| ‘ ool ‘ Fymae [mm| ‘ Caemaz |Mm| ‘
Wuppertal 0.015 0.03 0.07 0.042
TLK 0.018 (0.138) (0.312) (0.180)

Table 3.2: The positioning uncertainties determined with two measurements with different methods. The
uncertainties in both directions generally depend on the angle of the lever arm. For simplicity the upper
maximums Gymaz and Gzmae are given. The values in brackets include unknown systematic uncertainties
and therefore should not be used (see text).

FBM from the PP2 volume. These vacuum components are supported by a separate stand
(stative) which also serves as the support for the FBM six-way cross, the TMP 119 and the
FBMs gate valve 140. The FBM itself is supported by a profile stand and connected with
the small bellows 103 to the six-way cross as vibration insulation. The DN100 distance
flange 110 with the additional ball bearing support is positioned close to the CPS valve
(compare Fig. 3.2). The beam line and therefore the main axes of the FBM and PP2 is
situated at a height of approximately 1.8 m from the uneven floor.

As shown in section 3.3.5 the FBM is able to find relative positions in a plane with a
precision of less than 0.1 mm. However, this section is about the absolute alignment of
the FBM manipulator in relation to the KATRIN coordinate system, to the CPS, and to
the magnetic flux tube. The last three are not necessarily the same since the alignment
of the CPS has uncertainties as well as the flux tube’s position which is determined by
the alignment of the WGTS and the solenoids which create the magnetic field in PP2. A
global frame is given by the KATRIN coordinate system (x,yr,2x) which has its origin in
the analysis plane approximately in center of the main spectrometer (see Sec. 2.2.3). The
center of PP2 of the CPS, where the FBM is connected normal to the beam line, is located
at z = —18.27535 m.

For the alignment a portable coordinate measuring machine (CMM) was provided by TLK.
With a CMM it is possible to perform a three dimensional analysis of the FBM setup to find
the position of single points, planes or axes of flanges with a precision better than 0.1 mm.
Prior to measurements, the CMM is calibrated to the KATRIN coordinate system with a
set of four reference points which are installed in the laboratory at several locations.

y, z- alignment The FBMs main axis needs to match the axis of the vertical PP2 at
yk = O0mm and zx = —18.27535m. The main axis is defined by the axis of the
support tube 106. At its rear end the support tube is welded to a distance flange
which is supported from the outside by a flange holder which is connected to the
linear unit (compare Fig. 3.2). During operation a second support is provided by
ball bearings which are installed in a distance flange 110 behind the second six-way
cross to hold the long tube coaxial during movements. These two flanges are the only
two points supporting the FBM during operation, hence for the alignment they need
to be coaxial to vertical PP2 at all times. During movements of the FBM along the
z-axis using the linear unit the FBM must not move its main axis. Consequently the
slider must be parallel to the z-axis and perpendicular to the z-axis.
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part Az Ay T o encoder value
(fl.-=flange) [mm] [mm]| [mm] [mm]|
CPS fl. big -6660.38 -1.26 - < 0.10 -
CPS fl. small -6660.05 -1.34 - < 0.10 -
support fl. big | -6660.24 -1.03 - < 0.10 -
support fl. small | -6660.48 -0.93 - < 0.10 -
fl. long tube -6660.97 -0.98 - < 0.10 -
slider back -6736.39 | -103.13 - < 0.50 -
slider front -6736.55 | -102.39 - < 0.50 -
front end - - 1572.46 <0.28 578191798
slider end - - 2000,745 - -
fl. holder back - - 4256.718 <0.50 -
fl. holder front - - 1916.662 <0.50 -

Table 3.3: Deviation of the alignment from the specified values. The errors are upper estimations
including the main uncertainty of the CMM by measuring a single point and the uncertainties in the
alignment of the CMM to its reference points which was specified to be less than 0.5 mm. Errors can
be reduced by using more then one measuring point. The misalignment in y-direction of approximately
—1mm is caused by the deviations of the big support tube holder and the slider .

z-alignment For the alignment in z-direction the CMM was used to determine the posi-
tion of the tip when the FBM is in the six-way cross with a horizontal lever arm.

Table 3.3 lists the deviations of the alignment from the upper specification.

With the errors of the alignment and the errors of the reproducibility measurements in
Sec. 3.3.5, an overall error can be calculated using standard error propagation. The result
is given in Tab. 3.4. When former alignment is done and the lever arm is set to zero angle
the corresponding encoder value yg relates to yppy = 0 mm.

|| Gatigment [mm] [ Gimao [mm] | oy [mm] |
z 0.28 0.042 0.28
y 0.1 0.07 0.13

Table 3.4: The precision of absolute positioning results from the combination of the uncertainties of
the alignment and the positioning reproducibility. The alignment error dominates the precision for the
z-direction but this can be optimized in future.
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FBM  CPS
six-way valve

small  cross
bellows

roof long bellows
\ AY

electrical

cabinet
profile
stand

Figure 3.5: In this CAD drawing the FBM is shown as it is attached to the CPS. The FBM six-way
cross, valves and TMP are supported by a tripod stand which also serves as the support for additional
vacuum equipment such as pumps and a residual gas analyzer. The FBM is installed on a profile stand
which also features a roof to prevent dirt from falling into the bellows. The manipulator is connected to
the FBM six-way cross via the small bellows which serves as vibration insulation.
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Figure 3.6: Measured and simulated magnetic field along the z-axis. The middle panel shows the
positions of the hardware components within the magnetic field. Motors, encoders, TMP, valves and
vacuum gauges operate in a magnetic field of less then 2mT such that no malfunctions due to the impact
of the field are expected.

3.5 Alignment with magnetic field measurements

The FBM is the only device in KATRIN which can perform measurements directly within
the flux tube. Therefore the detector board is equipped with a 1D Hall sensor which is
there to measure the z-component of the magnetic flux tube directly within the CPS.
These measurements are important for the FBM commissioning since it enables alignment
relative to the magnetic flux tube and hence to the actual hardware, i.e. the magnets and
the CPS. Additionally, magnetic field models can be validated. In this section the magnetic
field data is only used for alignment and to determine the field strength in which the FBM
hardware operates. A more detailed analysis on the data including the comparison to
simulations is carried out in section 5.6.

Horizontal scan

Around the flux tube a magnetic stray field is built up which might influence the func-
tionality of external components. This is of particular importance for the stepper motors
and the TMP but also in general for ferromagnetic components which experience mag-
netic forces. Therefore simulations were carried out for the z- and xz-components within
the field. The y-component is negligible in this picture. Figure 3.6 shows the simulated
and measured magnetic field as well as the positions of the external components. The
Hall sensor can only measure the z-component which is the strongest up to 800 mm ra-
dial distance from the beam axis. The probe only reaches positions up to approximately
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x = —1500mm. Simulation and data agree well within the range of the Hall sensor and
the simulated magnetic field at the TMP and the y-stepper motor is less then 2mT which
is within specification. None of the devices have shown any malfunction during several
weeks of operation in the fields.

Full scan

The strength and the position of the magnetic field in CPS is mainly determined by the
magnets no. 6 and no. 7. These fields can be considered as stationary because the currents
through the magnets can be kept stable to a high level. On the other side these fields can
be measured very precisely with the Hall sensor on the detector board. With the following
method the relative positioning between the magnetic flux and the FBM can be derived
from the full (2D) scans. Of even greater importance is, that the encoder value for a
horizontal lever arm y§ can be determined easily and precisely.

The shape of the magnetic flux can be described by a two-dimensional Gaussian. Open fit
parameter in a global fit are the encoder value for the horizontal lever arm ¥ , a possible
offset (zg,yo) of the magnetic flux to the FBM system, the widths (o,,0,) of Gaussian and
the maximum magnetic field By in the center. The fit function is given by

B =B, <exp ((xh _ x°)2> +exp <(yh _ y°)2>> (3.3)

2 2
20z 203

with the coordinates xj and yj off the Hall sensor given by equation 3.2, but corrected by
the offset of the sensor from the tip. In Fig. 3.7 the data and the fit of one of the scans can
be seen as an example. The data was calibrated [Sch17] and temperature corrected (see
Sec. 5.7). Table 3.5 shows the results of four scans which have been performed at different
times.

3.6 Vacuum system and compatibility

While in the main spectrometer an ultra-high vacuum (UHV) with less than 101! mbar is
reached, the CPS still reaches pressures in the 10719 mbar regime. For reaching these pres-
sures a combination of turbo molecular pumps (TMP) and non-evaporable getter pumps
(NEG) [Arel6] are used. The FBM is connected to the PP2 of the CPS but can be sepa-
rated from the CPS volume by a UHV gate valve 101. Before opening the valve the pressure
in the FBM volume needs to be comparable to the pressure in the CPS. The reasons for
that are as follows:

1. The valve cannot be opened at a pressure difference above 30 mbar which is a hard-
ware limitation implemented by the producer.

2. A possible high gas load from the FBM stresses the NEG pumps and the argon frost
layer which would require a shorter maintenance cycle of these systems.
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® Fit * Residuals

Figure 3.7: The left plot shows the calibrated and temperature corrected magnetic flux data measured
with the Hall sensor and the fit result. The right plot shows the residuals from the fit.

After opening the gate valve the TMP of the FBM is separated with another gate valve
140 from the system for safety reasons. The final pressure of the FBM which is needed to
be reached before opening the valve is specified to 10~ mbar.

Outgassing test

One of the major concerns for vacuum processing equipment designed to reach the UHV
range, is the outgassing from the walls of the vacuum chamber and its containing equip-
ment. Whenever a vacuum system is exposed to air, the internal surfaces will be covered
with layers of water molecules. Also dirt (e.g. from finger prints) and the outgassing of
other molecules with a low boiling point (such as hydrocarbon) increases the amount of
residual gas. These effects increase the gas load, which is given in mbar-1-s~!, and which
is a quantity for the number of molecules entering the volume. Also leaks add to the gas
load. The TMP removes the molecules with its pumping speed given in 1-s~. A rough
estimate of the end pressure which can be reached can be given by the ratio of gas load
and pumping speed.

Leak tests with a helium leak tester show that the FBM setup has a integral leakage rate
of <1 x 10~®mbarl/s. This leakage rate is relatively high for UHV applications but still
negligible compared to the outgassing rate which is shown next.

The gas load is determined with the Rate-of-Rise method by which the pressure rise after
separating the TMP from the volume is investigated. If the TMP does not remove molecules
anymore the pressure rises because of the gas load. The slope of the curve multiplied by
the volume of the recipient represents the degree of gas load. The results given in Tab. 3.6
show that the leakage rate but also the outgassing rate from the stainless steel surfaces,
which is typically less than 10~® mbar - 1/s, can be neglected. The main source of the
gas load is expected to originate from the detector board. The SMD parts have plastic
casings which likely contribute the most to the overall gas load. Dedicated outgassing tests
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’ Name ‘ Date ‘ Run ‘ Imag [A] ‘ Prespec. ‘ Tet |°C]| ‘ Comment
Sim50 | 2017/07/19 | N/A | 99.8 (£ 50 %) On 0.5
Sim70 | 2017/07/19 | N/A | 139.6 (£ 70 %) 0.5
FirTri | 2018/07/15 | 346 | 139.6 (= 70 %) On —15.5
EnW | 2018/07/30 | N/A a 38.2 to 33.8 | Cooling down
EnK | 2018/08/08 | N/A | B96(S70%) | On ~13

| Name | By [mT] | 2o [mm] | yo [mm] [ o, [mm]| | oy [mm] | il ‘
Simb50 | 617.99(1) | —1.390(9) | 3.408(41) | 176.97(4) | 179.23(9) | 628402440(1341)
Sim70 | 863.93(2) | —1.167(9) | 3.49(4) | 175.54(4) | 177.00(9) | 628400841(1412)
FirTri | 879.96(2) | —1.08(1) 3.69(4) | 174.94(4) | 175.10(6) | 628442371(1279)
EnW | 872.77(3) | —0.27(2) 4.34(8) 175.2(1) | 176.1(1) | 628371029(2718)
EnK | 874.03(3) | —0.15(1) 4.34(5) | 175.08(6) | 176.18(8) | 628423287(1707)

Table 3.5: The results from 2D Gaussian fits of data from different magnetic field scan. The currents of

the CPS magnets I)nq4 are listed as well as the FBMs board temperature Tge;.

[Bab10b| with an earlier version of the detector board came to the same result. Further
strong contributions probably originate from the lead and the adhesive.

Table 3.6:

’ measurement ‘ P; |mbar] ‘ P, |mbar| ‘ At [h] ‘ gas load [mbar-1/s| ‘

1 9x 1078 | 1.6 x 1073 1 6.7 x 1076
2 3.6 x107%| 1x1073 1 4.3 x 107

Gas load of the FBM calculated with the Rate-of-Rise method. The pressure rise after

separating the TMP from the system is measured for one hour. The rate of rise (given in mbar/t) multiplied
by the volume of the vacuum recipient represents the degree of gas load.

Pumps For the layout of a pump system the desired end pressure and pump down time

need to be specified as well as the surface area A and the desorption rate gges s of the
materials used need to be known. Typically, the largest fraction of the pump down
time is caused by the continuous desorption of molecules and atoms from the surfaces
which need to be removed by the TMP. The approximate volume of the FBM vacuum
chambers is 15.131 and consists mainly of steel with gges 1 = 2.7.107*Pam3s ' m—2.
The TMP has a pumping speed of 3001/s and to reach the final pressure of py =
10~ mbar a time of

Qdes, v A - o

=92.67-10%% = 741h
S -py

tdes = (3.4)

is needed. The forepump is an oil free (dry) multi-stage Roots pump with a pumping
speed of maximum 28 m? /h.

Materials Besides the outgassing problematic, also the use of magnetic fields and the

tritium usage give further material requirements. Only materials with a permeability
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very close to 1 reduce the magnetic force acting on the setup and minimizes a change
in the fields. Since the FBM is measuring directly in the beam, the latter is of
greater importance than for other systems. The vacuum chamber is mainly made of
1.4429-ESU (316 LN) steel which has a lower permeability ( < 1.005) then standard
stainless steels. The driving rod and the back plate are made of aluminum and the
rack of titanium. The detector board is made of polyimide.

Out baking

Below a pressure of 10~*mbar surface outgassing becomes the dominant effect for the
pump down time. Here the desorption rate of water from the stainless steel surfaces of
the recipient is the most prominent part. The TMP can only remove molecules which are
close to it in the volume of the recipient but due the permanent outgassing new molecules
reach the volume. The outgassing rate drops very slowly, hence depending on the amount
of surface the pump down time can take very long, up to timescales of days, weeks and
even months. Out baking of the vacuum parts increases desorption and diffusion rates in
the chamber and reduces significantly the pumping times to days.

The largest surface area is the long bellows 105. Additionally, the shape of the bellows and
the small distance to the support tube 106 causes low conductivity for molecules, which
increases the pumping time, too. Standard heating cables or belts can not be used because
of the difficulty of putting them on, the difficulty of maintaining homogenous temperatures
and the danger of adding dirt which might remain in the ripples of the diaphragms and
cause damage when the bellows is compressed again. Therefore a customized heating collar
was purchased which perfectly fits the bellow and heats it homogeneously. The bellows
must be relaxed or slightly extended for the procedure. Before putting on the heating
collar, it is recommended to put a sheet of standard tinfoil around the bellows to cover
it from dirt. The front part (six-way cross and short bellows) and back end of the FBM
can be baked out with standard heating cables and sheets of tin foils for insulation. The
back end, long bellows and front part can be set to different temperatures. To find the
right temperature configuration one needs to consider the following: (i) The higher the
temperature the shorter the pumping time but from TLK regulations the upper limit is
200°C (ii) Maximum temperature allowance for the detector board (120 °C), the bellows
(150°C), the TMP and vacuum gauge flanges (35 °C and 80 °C) should never be exceeded.
(iii) The bake out temperature must be a gradient from the back to the front towards the
TMP to further reduce pumping time.

To find the right configuration a test was performed at BUW. The heating devices were
set to the following values:

o Tpuer = 170°C (cable)
e Theriows = 150 °C (heating collar)
® Ttront = 90°C (cable)

The heating collar and cables have their own temperature gauges for regulating the heat.
Additionally five temperature gauges were attached to measure the temperature at the
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’ time |min]| ‘ Back [°C| ‘ Bellow [°C] ‘ Slider [*C] ‘ TMP [°C] ‘ Gauge [°C| ‘ Board [°C]| ‘

0 22.0 23 21.2 23.3 24.1 37.2
10 199.4 157 25.2 23.9 24.8 374
20 >200 152 27.8 25.7 26.9 39.0
30 191 153 28.5 26.7 28.9 41.4
40 186 154 28.7 28.3 30.6 43.7
70 193 162 29.2 32.6 34.5 49.5
130 190 148 30.3 35.9 37.9 56.7
250 197 159 30.8 36.9 39.3 63.5
430 190 154 31.1 37.1 39.7 66.6

>490 194 +6 155+ 5 304+£04 | 37£0.1 40.6+0.6 | 67.0£0.1
equilibrium

Table 3.7: The temporal temperature profile and maximum temperature of the critical components
during back out. The set temperatures are Tpecr = 170°C (cable), Tpeiiows = 150 °C (heating collar) and
Tfront =90 OC

critical points of the setup plus the sensor on the detector board. Because the heating collar
touches the slider it is also monitored. Table 3.7 lists an excerpt of the time dependent
temperature development and in the last line the mean value over 3.5 hours after reaching
the equilibrium (after approximately 7 hours). The slider, vacuum gauge and the detector
board are well bellow their hardware limits. The TMP temperature exceeds the limit by
two degrees but the temperature gauge was conservatively close to the flange such that
the actually TMP temperature is expected to be lower. The temperature at the back end
occasionally exceeds the TLK limit but that is just because of the temperature oscillation
due to the control mechanism, the mean temperature is within the limit. The temperature
of the bellows is 5 °C higher than allowed.

This test is to be redone at TLK since the new detector board has a higher thermal

conductivity and likely will become warmer, although not much warmer. It is proposed to
reduce the set temperatures of the bellows and the back end by 5 °C.
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assembly. The AK 1 contains

all parts that separates the vacuum volume (which potentially can be contaminated with tritium ) from
the atmosphere (the laboratory), e.g. the vacuum recipient and the pump. The rod and the front end are

General layout drawing of the requirement class 1 (AK 1) sub-

.

Figure 3.8

(right) six-way cross is provided by the KIT und

not part of AK 1 and therefore not shown. The second
just displayed because of position 110 which is attached to it.
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4 DETECTOR

4 Detector

The main task of the FBM is to monitor the electron flux within the electron beam and to
obtain the beta spectrum of tritium. Silicon detectors provide a large range of applications
for particle detectors. For the FBM, detector chips with a thin entrance window (dead
layer) are needed to allow the detection of electrons with energies below 10keV. In addition
they must also allow detection of low energy photons which is important for calibrating
the detector. In Ref. [Babl0b] and [SchO08] the basic preamplifier circuit was developed in
cooperation with the IPE and a prototype detector board was tested successfully. However,
a suitable detector chip as well as the final layout of the detector board were open issues.
For this work several silicon detectors were tested, and based on the existing preamplifier
circuit, a new two-channel detector board was developed, including additional sensors and
a UHV compatible electrical connector.

The first section 4.1 of this chapter gives a brief overview of the interaction of ionizing
radiation with matter which is important for understanding the detector response and for
performing simulations. In the following sections the working principle of silicon detectors
(4.2) and signal processing (4.3) are introduced with focus on the detector chips and DAQ
used for this work. Section (4.5) describes the development of the new detector including
the detector chip, the board, the electrical connector and feeding. The final section 5.2
presents the evaluation of the detector properties as energy resolution, efficiency and dead
layer thickness and closes with the temperature dependence of these parameters.

4.1 Interaction of radiation with matter

Ionizing radiation interacts with matter in several ways resulting in electrical, optical
or thermal signals. For the present work, only photons with energies below 60keV and
electrons with energies below 20 keV are of interest. The cross sections for each interaction
process depends on the particle’s energy E, (r = -, €¢) and the atomic number Z of
the target material. Each primary interaction can produce further secondary particles.
Hereafter the incident particles (photons, electrons, etc) are called “primary” particles and
particles created within interactions, “secondary” particles.

4.1.1 Photons

Photons in the energy range, as mentioned above, interact with matter via Compton and
photoelectric effect. Electron-positron pair production is not expected in the FBM as the
photons do not reach the minimum energy of 1.024 MeV, and thus is not discussed.

Compton effect: When a photon interacts with free electrons or loosely bound outer-
shell orbital electrons of an atom it can get scattered. In this inelastic scattering
process the wavelength A of the scattered photon increases and hence the energy of
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Figure 4.1: Partial cross sections of photoelectric absorption, Compton scattering and electron-positron
pair production in silicon as a function of energy. For photon energies below 60keV, the photoelectric
absorption is the dominant effect. This plot is taken from [Wro05].

the photon E = % is lowered. The total energy and momentum are conserved in
this process. The transferred energy

1
BB = (1 14 B (1-— cos(¢))> (1)

Mec?

depends on the scattering angle ¢ and is therefore continuous. Here E, is the primary
photon energy. Taking into account that the electrons are loosely bound (ionization
energy W4 ~ O(100€V)), the energy is transferred almost completely into kinetic
energy. The cross section of the Compton effect depends on the energy of the incident
photon and is linear to the atomic number Z of the given target material.

Photoelectric effect: The Photoelectric effect describes the process where the full energy
of the incident photon is transferred to a shell orbital electron of an atom. The
photon effectively disappears and transfers both its energy and momentum whereas
the nucleus acts as the third scattering partner. The energy carried away by the
electron equals the energy of the photon minus the binding energy of the electron.
The probability for the Photoelectric effect depends on the photon energy and is
proportional to the third to fourth power of the atomic number, Z374.

In Figure 4.1 the interaction probabilities for each channel in silicon as a function of photon
energy is displayed. Secondary electrons from the primary interaction will undergo further
scattering processes as described below.
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4.1.2 Electrons

Unlike low energy photons, electrons lose their energy in matter in many subsequent in-
elastic interactions. This is a result of a larger cross section in combination with a smaller
energy loss per collision. For example the mean free path of 10 keV electrons is only
A = 10nm [JP99|. For photons the mean free path is about 100 to 1000 times larger then
for electrons. The mean energy loss per distance travelled (or stopping power) of electrons
is described by the Bethe formula with correction for slow electrons [Tan18|:

dE 2 2 Z 1 m66252’72Tma1
_ <dx> ZQWNATemeC pZ? |:1I1 <212

9 2y —1 1 /~v—1 2 (42)
+(1—-p5%) — 2 ln2+§ <7> —(5]
where
N4 :  Avogadro’s number
re :  Classical electron radius
me :  Electron mass
p: density of absorber (for silicon 2.336 g/cm®)
Z :  Atomic number of absorber
A:  Atomic mass of absorber
c: Speed of light
v: Speed of incident particle
I: Mean excitation energy (for silicon 172¢eV)
Tnaz ©  Maximum imparted kinetic energy
0 :  Density effect correction
g= wv/c

y= 1/V/1-8

As a result of the large cross section the following substantial differences between electrons
and photons are important for detector applications:

e The interactions of electrons take place within the first um of the detector material
while photons can interact through the whole volume.

e The possibility detecting an electron entering the detection volume is generally much
higher than for photons, which may leave the detection volume without performing
any interactions. Hence the detection efficiency for electrons is higher.

e Electrons interact with significant probability already in the non-sensitive region of
the detector. This region is called the “dead layer” and forms the entrance window
of the detector. It mainly consists of a silicon dioxide layer (which is either a result
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Figure 4.2: Stopping power of low energy electrons in silicon calculated with the Bethe formula.

of natural or induced passivation) and a doped layer of the diode (compare with Fig.
4.4). The interactions in the dead layer result in the non-detection of electrons or in
detections at lowered energies, thus modifying the observed spectrum.

e A significant fraction of electrons are reflected from the entrance window of the
detector.

4.2 Silicon detectors

Semiconductor detectors are commonly used in particle and nuclear physics since they
have a better energy and spatial resolution compared to other types of detectors, e.g. gas
ionization chambers. However, they effectively function as ionization chambers. Particles
penetrating the detection volume deposit their energy by creating positive and negative
charge carriers which are guided under an applied electric field to the electrodes where a
change in charge is induced. The key is to create a so-called reverse-biased p-n-junction.
Silicon is a group 4 semi conductor and has a band gap of 1.11 eV at room temperature. The
conductivity of intrinsic silicon is too small for detector appliance but it can be increased
by introducing controlled impurities into the crystal, a procedure called "doping". By
replacing a silicon atom by a group 5 atom (n-doping) one valence electron is left without
a partner. The bound level of this donor electron is approximately 0.01eV below the
conduction band and can easily be introduced into it at room temperature (F = 0.026 V).
Replacing a silicon atom by a group 3 atom (p-doping) leaves an unpaired silicon bond
whose bound level is above the valence level also by approximately 0.01eV. At room
temperature electrons from nearby atoms fill a substantial fraction of these levels and
leave mobile quasiparticles (acceptor holes) in the valence band.
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Figure 4.3: Illustration of a p-n-junction with Figure 4.4: Schematic of a p-i-n photodiode.

zero bias voltage in thermal equilibrium. By ther- A p-i-n diode comprise a third, intrinsic region
mal diffusion free charge carriers from the p-region located between the n- and p-region of a com-
(n-region) are driven to the n-region (p-region) mon p-n-junction. Photons (or electrons) enter the
where they recombine. The result is a positive entrance window (green and p-region) and create
(light red) and negative (light blue) space charged electron-hole pairs also in the i-region. The created
region. The resulting potential is called “built-in” charge carriers are guided under an applied electric
potential of the diode. Taken from [Adu]. field to the electrodes where a change in charge is

induced. Taken from [Pas].

4.2.1 The reverse-voltage biased p-n-junction

To form a p-n-junction the silicon crystal is doped in a way such that a donor and acceptor
region adjoin. Thermal diffusions drive the electrons of the n-region into the p-region where
they fill the holes. The result is a positively charged region which restrains the diffusion
process more and more until the space charge potential exceeds the available thermal
diffusion energy. In the analogous process the diffusion of the holes into the n-region is
also limited. The resulting potential between the n- an p-regions is called the “build-in”
potential Vj, of the detector. The diffusion process leaves a region which is free of mobile
charge carries. This neutral region is called depletion region (or space charge region) and
can be increased by applying a reversed voltage V,.. The depletion width is given by

[ 2e€0€r 1 1
d= . (NA ]VD> (Vo = Vi) (4.3)

where Np and Nj are the donor and acceptor doping concentrations.

The conductive n- and p-region can be seen as electrodes of a capacitor and the depletion
region as its dielectric. The capacitance is then given by
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A
C = €oer (4.4)

where the permittivity of silicon €, = 11.8, the detector area A and the depletion width d
are then used.

Free mobile charge carriers in the depleted region will be swept by the electric field. In
this way the diode acts as an ionization chamber and is the base of the semiconductor
detector. Applying a reversed voltage to the diode has two important effects: The volume
of the ionization chamber (depleted region) increases and the time for sweeping the charge
carriers is shorter which results in a faster detector response.

4.2.2 p-i-n diodes

A p-i-n diode (compare Fig. 4.4) comprises a third, intrinsic region between the p- and
n-region of a common p-n-junction diode as described in the last section. The intrinsic
region is a layer without or with only low doping and is usually much wider than the p- or
n-region. This makes p-i-n diodes interesting for detector appliance because the intrinsic
layer increases the detection volume and therefore the efficiency for detecting passing by
particles. Fortunately p-i-n diodes are commonly used e.g. as high voltage rectifiers, radio-
frequency switches and photodiodes, such that a wide range of p-i-n diodes is available.
Here photodiodes are of the most interest because they are already optimized to act as
photon detectors. Such photodiodes are used as detector chips for the FBM. Section 4.5
deals with the requirements a suitable diode has to meet.

4.3 Signal processing
4.3.1 Charge sensitive preamplifiers

Charge sensitive preamplifiers (CSPs) are commonly used in radiation detectors to deter-
mine the energy of ionizing radiation. Their design offers low noise, good stability, and due
to its integrating nature the output is proportional to the total charge flowing from the de-
tector during the pulse event. The fundamental design of all CSPs is illustrated in Fig. 4.5.
The pulse, which is in the nanosecond range, needs to be integrated and amplified by the
preamplifier. The feedback capacitor C stores the charge flowing from the detector (iq)
between the input and output of an operational amplifier (op-amp). The output voltage
Vout is proportional to the collected charge @ in dependence of the integration time:

t

Vour(t) o Q(t) = / iadr (4.5)

To create one electron-hole pair in silicon an average energy of ¢ = 3.8 €V is needed. The
clearly higher absorbed energy F from an X-ray photon or electron (e.g. from nuclear
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decay) therefore produces N = FE/e electron-hole pairs. The number of electron-hole pairs
is hence proportional to the deposited energy E. The charge flowing to the electrodes is
@ = e *x N and the conversion factor of the preamplifier Cj?l. Assuming a capacitance of
Cy = 0.5pF and a particle energy of ' = 3.8keV the output voltage of the preamplifier is
given by

-

: Vout Vout

Voutlt): CSP output pulse: 10nsidiv CSP output pulse: 100us/div

Figure 4.5: The fundamental design of a charge sensitive preamplifier. The charge flowing (I4) from the
detector is stored in a feedback capacitor C; between the input and output of an operational amplifier.
The signal is amplified by the factor of C’f_l, Without applying a feedback resistance Ry (left) the resulting
signal is step shaped (lower left panel). The feedback resistor (right) discharges the Cy after each pulse
which results in a exponentially falling signal after peaking. Figures taken from Ref. [Inc18|.

Vour = 7 = S— = 38 =0.32mV. (4.6)

Q E . e 3.8keV 1.6 - 10—19 C
Cy Cy 0.5-10712F

The storage of the §-like pulses results in a step shaped signal as shown in the lower left
panel of Fig. 4.5. It is superimposed with the leakage current of the detector. To prevent
the amplifier from saturation the charge needs to be removed from the feedback capacitor
Cy. Two standard methods can be used: The “Pulse Reset” method fully discharges the
detector in certain time intervals. But the sudden discharge adds noise in the detector and
dead time after each reset. The “Static Clear” method removes the charge permanently
with a feedback resistor Ry which is in parallel with the feedback capacitor Cy (see Fig.
4.5, upper right panel). In this setup the charge is removed exponentially with time from
Cy just after an event occurred. The time dependent decay of the voltage is given by

Vour(t) = Vet (4.7)
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Figure 4.6: Scheme of signal processing. The d-like detector pulse is at first amplified followed by
digitization and pulse shaping. Taken from Ref. [Babl0a).

[ — |

where 7 = Ry - Cy is called the feedback time. The amount of discharge per time is
proportional to the charge in the capacitor. This leads to an equilibrium between the
discharge via Ry and the incoming charge from events and leaking current of the detector
and results in a voltage offset.

4.3.2 Data acquisition

The task of the data acquisition (DAQ) is to process the weak, analogue detector signal
from the preamplifier output, to trigger events and to extract the pulse height. Figure 4.6
outlines the different stages of the pulse processing. The DAQ includes several shaping
and filter procedures (e.g integrating, differentiating and trapezoidal filter) to extract the
pulse height fast and precisely. Furthermore the DAQ digitizes the data to enable post
analysis with dedicated software.

For the FBM two digital pulse processors® (DPP) are used as they are already used for
other subsystems in KATRIN. A software module for the DPP is already available in
the control and acquisition software ORCA [How04|, such that the FBM detector control
and data flow can be integrated into KATRIN. In this section, the functionality of DPP’s
in general and of the DPP’s used for the FBM in particular are described based on the
documentation of the manufacturer.

DPPs are commonly used in high performance nuclear instrumentation where both low
noise and high count rates are required. The basic working principles of DPPs and common
analog DAQs are the same. In both cases the preamplifier output is differentiated and
integrated which improves the signal-to-noise ratio. In both cases the pulse height is
digitized and stored in a histogram. The main difference is that in DPPs the preamplifier
signal is digitized directly using a fast ADC. Thus the pulse shaping is digital which
enables applying almost ideal digital filters to the input to get the best signal-to-noise
ratio at a given count rate. Further advantages of an early digitization is the stability and

SManufacturer: Amptek, Inc. - Products: PX5 and DP5
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Figure 4.7: Block diagram of the DPP. The output of the charge sensitive preamplifier is the input
signal of the DPP. First, the signal is prepared for digitization in an analog prefilter which includes a gain
such that the largest pulses are approx. 1V (to maximize the effective ADC resolution) and a high pass
filter whit a 3.2 us time constant. Unlike analog DAQs the signal is digitized before pulse shaping in a fast
ADC, hence the pulse shape process is digital. There are two independent channels which are optimized
for accurate pulse height extractions (slow channel) and a good time resolution of 120ns (fast channel).
Pulses for which an accurate measurement cannot be made are rejected by the pulse selection logic which
includes pile-up rejection, threshold and rise-time discrimination. The histogram logic stores pulses with
certain peak height values in their corresponding bins of an ADC and the result is the energy spectrum
which is the main outcome of the DPP. The DPPs can be controlled and read out by computers via USB
or ethernet connection. It is possible to observe the signal’s different stages of the pulse process with an
oscilloscope via the DAC output.

reproducibility because in analog systems all parameters are determined by resistors and
capacitors and therefore the stability is limited to the stability of these components.

The following outlines the working principle of the DPPs (compare with Fig. 4.7)

Analog Prefilter and ADC: The negative output signal of the CSP is the input signal of
the DPP. First it enters the prefilter circuit which prepares the signal for digitization.
It includes a high pass filter with a relatively short 3.2 us time constant, a gain
such that the largest pulses are approximately 1V (to maximize the effective ADC
resolution) and a DC offset such that the signal always falls within the range of the
ADC. The output of the analog prefilter is digitized by a 12-bit ADC at a 20 or 80
MHz rate. This stream of digitized values is sent into the digital pulse shaper in real
time.

Digital Pulse Shaper: The DPP utilizes trapezoidal shaping. A trapezoidal filter pro-
vides a very good signal-to-noise ratio and reduces pile-up events at the same time
because of its finite nature. Fig. 4.8 shows the typical output shape of the trape-
zoidal filter as well as the input signal. The rise/fall time (peaking time) and the
duration of the flat top can be adjusted over many steps. For comparison a DPP
with 2.4 us peaking time will be roughly equivalent to a semi-Gaussian shaper with
1 pus shaping time. The DPP provides two independent channels. The “slow channel”
is optimized to extract the pulse height and therefore provides long shaping times
in ps range. The “fast channel” is optimized for isolating pulses which are separated
by only 120ns in the slow channel. It works with relative short peaking times of
O(100ns).
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Figure 4.8: Oscilloscope traces illustrating the signal processing. The dark blue trace shows the output
of the CSP (in Static Clear Mode). The traces were measured with 60keV (left) and 5.9keV (right) X-rays.
For the lower energy the signal to noise ratio is clearly degraded. The light blue traces show the output of
the analog prefilter, with its 3.2 pus time constant. The magenta trace shows the output of the trapezoidal
filter. Its peak height is extracted and binned in the ADC memory. Figure taken from the product manual
of the producer.

Pulse Selection: The pulse selection logic rejects pulses for which an accurate measure-
ment cannot be made. It includes the threshold, pile-up rejection and rise-time
discrimination.

Histogram Memory: The histogram memory operates as in a traditional MCA. When
a pulse with a certain pulse height occurs, a corresponding counter in the memory is
incremented. The result is a histogram containing in each bin the number of events
with the corresponding peak height value. This is the energy spectrum which is the
primary output of the DPP. The unit also includes several other scalers, counting the
total number of selected pulses but also counting input pulses, rejected events, etc.

The DPPs provide a BNC input for the signal and auxiliary outputs including a DAC
output, such that the signals at different stages of the pulse processing can be tapped and
e.g. observed with an oscilloscope (see Fig. 4.8). The devices can be controlled and read
out either via USB or ethernet connection. The manufacturer provides a user interface
but also a programmers interface which allows customized user interfaces or integrations
in other software, as it was done with the ORCA module.

4.4 Quality of a detector
4.4.1 Energy resolution

The energy resolution o expresses the ability of a detector to accurately determine and
resolve the energy deposited in the detector. It is given by

0? =op® 402 (4.8)
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Often the energy resolution is given by the full width at half maximum (FWHM)

orwHM = 2v/21n(2)0 ~ 2.355 - 0. (4.9)

The first term in Eq. 4.8 op is called Fano noise and arises from statistical fluctuations in
the charge collection process. Even when particles deposit the same amount of energy in
the detector, there will be fluctuations in the number of electron hole pairs produced. It
is given by

op = VeFE (4.10)

where F' is the Fano factor (= 0.115 for silicon), & the mean energy to create one electron
hole pair (= 3.8 ¢V for silicon) and E the deposited energy. For a 10keV event 2.355-veFE
equals approx. 150¢€V.

The second term o, represents the intrinsic noise of the detector and preamplifier. Statistic
fluctuations in all electronic parts and circuits cause variations in voltages and currents
which is called (electronic) noise. Sources of these fluctuations are e.g. thermal motions
of the electrons, leakage currents, quantum effects or the production and recombination of
electron hole pairs. Also external sources can induce noise. In the following section only
the most dominant noise sources in a detector-preamplifier-filter-system are considered.

e Parallel noise caused by detector leakage current: Noise sources which produce par-
allel noise (or current noise) are connected in parallel and act like current sources.
The leakage current Ij of the p-i-n diode is such a source. The uncertainty in the
signal is not caused by the current itself but by its fluctuations. The current I, is
Poissonian distributed and therefore causes an uncertainty of

oipoxIpT (4.11)
Parallel noise can be reduced by decreasing the shaping time of the DAQ.

e Serial noise caused by thermal noise in the JFET: Noise sources which produce serial
noise (or voltage noise) are connected in series and act like voltage sources. Such a
noise source is located at the gate of the JFET induced by random thermal motions.
These varying motions are superimposed with the current. The directly observable
results are variations in the signal. That statistical effect decreases if the shaping
time increases. The variance (0% ppr) of the JFET current depends on the input
capacity Cp and the shaping time of the DAQ .

> Ch
OTFET X €n = (4.12)

where the noise coefficient e,, is device specific and usually given by the manufacturer.

Due to its statistical nature serial noise can be reduced by increasing the shaping
time of the DAQ.
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Figure 4.9: Energy resolution as a function of shaping time. Changing the voltage or current noise
contribution shifts the minimum of total noise (solid line). For example increased voltage noise is shown.
Taken from [Ber12], changed by the author.

e 1/f noise in the transistor channel: Trapping and detrapping processes in the source
drain channel of the JFET introduce additional fluctuations which power spectral
density is inversely proportional to the frequency f of the signal. The variance also
depends on the input capacity Cp

2 2

where the noise coefficient Ay is device specific and usually given by the manufacturer.
Note: The shaping time does not have any influence to 1/f noise.
The total uncertainty arising from the main noise sources is then given by
2 2 2 2

0, =0LD T 0T rET T 05 FET (4.14)
The two terms in Eq. 4.8 result in a perfect Gaussian peak shape. But additional effects
can broaden the peak and cause deviation from the Gaussian shape e.g. pseudo random
noise, electromagnetic interference and imperfect charge collection in the detector. Section

4.6.1 deals with the calibration of the detector and includes a line shape analysis as well
as the determination of the energy resolution of the detector.

The dependency of Eq. 4.11 and 4.12 on the shaping time leads to optimal shaping time
for the best energy resolution (compare Fig. 4.9).

4.4.2 Dead layer

As discussed earlier the dead layer of semiconductor detectors is a region in which charge
is, at best, partially collected. For example, electrons with 10keV primary energy lose in
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a 500 nm-thick dead layer approx. 1.5keV on average. The lower the primary energy the
larger the mean energy loss. As a result the detection thresholds for photons and electrons
do not match. Furthermore, a larger mean energy loss is related to a broader distribution
which results in a broader peak with the typical pronounced low-energy tail. To keep these
effects small the dead layer must be as thin as possible.

The impact of the dead layer onto the detector response needs to be understood and taken
into account when predicting or analyzing spectra.

4.4.3 Efficiency

The intrinsic efficiency €; = No/Np of a detector is defined by the ratio of the number of
counts N¢ in the detector to the number of particles Np striking its entrance window. For
the p-i-n diodes used for the FBM the following effects need to be taken into account:

Reflected particles (¢,) Due to the interaction of particles with matter the particles can
be part-wise reflected from the entrance window. For electrons with energies up
to 30keV a fraction of approx. 22% is reflected which is derived from numerical
simulations (see Sec. 7.3).

Transmitted particles (¢;) If the interaction probability is too low the particle might
not interact with the detector at all. For electrons measured with a semiconductor
diode this effect does not occur.

Threshold (g4,) Particles which signal does not exceed the noise threshold remain unreg-
istered.

Dead layer (¢4) Due to the energy loss in the dead layer a fraction of electrons will not
reach the active volume (or their remaining energy will not exceed the noise thresh-
old).

The full intrinsic efficiency is then given by

€i = Ep - Ed " Et  Eth- (4.15)

Interaction cross sections depend on particle type and energy, therefore €; depends on these
parameters, too.

4.4.4 Pile-up

Pulse pile-up happens when two (or more) pulses arrive closer in time than the shaping
time 75 of the DAQ. Two (or more) primary particles will then be detected as one particle
with an energy deposit which is larger than the energies of single particles but in maximum
the sum of the single energies. Pile-up will therefore adulterate the recorded intensity.
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There are two methods how to handle that issue: 1.) Pile-up rejection is a method where
pile-up events are identified by the pulse processor and all pulses involved are rejected. The
disadvantage is that there is no guarantee that all or only pile-up events are removed. The
involved uncertainties to the count rate and the spectrum are not known and can not be
simulated. It is not recommended to use pile-up rejection for the FBM. 2.) The fraction
of pulses involved in pile-up events is given in first order by

Ppy=1—e¢ (Fom) (4.16)

where R}, is the number of pulses per second. Keeping the pile-up rate quantity P, below
10 % will guarantee that the added uncertainty on small rate changes of 0.1 % will be kept
under 0.01 % such that in first order pile-up can be neglected for relative flux measurements
with small changes but must be taken into account in a more detailed post analysis.

4.5 The FBM detector
4.5.1 p-i-n diode detector chip

Due to their wide fields of application, p-i-n diodes are available in various specifications
and shapes. Photodiodes are of the most interest because they are already optimized to act
as photon detectors. In order to find the appropriate p-i-n diode for the FBM following
requirements need to be taken into account:

Count Rate In the measurement plane of the FBM an electron flux in the order of
O(10°mm~2s7!) is expected. To achieve the required precision of 0.1% = N-1/2
within 100s a minimum count rate of R = (1079 - 100s)~! = 10%cps is needed.
On the other side, to keep background effects (e.g. pile-up) as low as possible, the
maximum event rate of O(10° mm~2s7!) should never be exceeded. From basic cal-
culation one gets a rough estimate on the ideal size of the diode which is in the order
of O(10~! mm?). During commissioning tests of KATRIN smaller amounts of tritium
are injected such that suitable larger sizes are needed of similar type. An advantage
of such small diodes is a low capacitance and low dark current and therefore good
energy resolution (compare with Sec. 4.4.1).

Geometry In monitoring position the FBM should not cover any pixel of the FPD and
is therefore not allowed to enter the inner flux tube. From the outer flux tube to the
inner flux tube is a 7mm wide rim. Only within this so-called “outer rim” the FBM
is allowed to operate during monitoring. Therefore the casing of the diode must be
small i.e. the distance from the diode’s center to the most outer edge must be small.

Dead layer The dead layer must be thin enough such that at least half of the beta spec-
trum can be detected.

Low dark current Lower dark current results in better energy resolution.
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Mounting The bare diodes (possibly including a carrier) need to be easily removable from
the casing such that they can be mounted onto the board.

Material The p-i-n diodes need to fulfill the material restrictions for UHV and tritium
appliance.

Availability For future replacements of the p-i-n diodes a prospect of long term avail-
ability is of importance.

Many p-i-n diodes from several manufactures were reviewed and the following two were
short-listed:

The p-i-n diode chips AXUVHS11 and AXUVHSS5 from the manufacturer “Opto
Diodes” have a very thin dead layer of just 10 nm what would enable the FBM to measure
very low electron energies. But the diodes are offered in only two different sizes and neither
of them are the correct size for nominal tritium operation. Additionally it turned out that
it is difficult to remove the bare diode from its casing without damaging it. These diodes
are kept as an option in case a lower energy threshold for electrons is desired in future.

The p-i-n diodes 5971, 5972, 5973 series and S9055 series from Hamamatsu come
in different sizes which makes the FBM more flexible during commissioning phase when
e.g. only fractions of the nominal tritium amount or gaseous Krypton is injected into the
source (see Sec. 5.3). Also for the nominal tritium amount a suitable size is available. These
commercial “off the shelf” photo diodes come in a TO-18 casing which Hamamatsu offered
to be delivered in a customized cap-tapped version where the lid is already removed. It
turned out that removing the lid from the off-the-shelf diodes is easy such that the diodes
can be purchased from several basic electronic shops at low costs. The bare diodes are
mounted on a ceramic carrier which is glued to the TO-18 socket. The carrier can be
removed mechanically such that it is ready to be mounted onto the FBM detector board.

Diode type | Sensitive area [mm?| | C [pF| | Igark [PA] ddeqq [nm]
data sheet (at 10 V) | (at 10 V) | data sheet ‘ measured
S9055-01 0.0078 0.5 2
S9055 0.031 0.8 2
S5973 0.12 1.6 1.9 <1000 300-500
S5972 0.5 3 10
S5971 1.1 3 70
AXUVHSI11 0.28 - - 100 )
AXUVHS5 1 - -

Table 4.1: Parameters of the FBM p-i-n diodes. Capacitance C and dark current I, are taken from
the data sheets. The thickness of the dead layer dgeqqa was measured for this thesis (see Sec. 5.2.2).
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ceramic carrier

i

Pt1000 >
Hall sensor —,.. .

Al back
plate

Figure 4.10: Picture of different Hamamatsu p- Figure 4.11: The FBM detector board is made
i-n diodes in TO-18 casings as delivered (left) and of polyimide and equipped with SMD parts. The
the model S9055 with the lid removed (right). The  two p-i-n diodes are glued to the tip of the board

silicon diode itself is mounted on a ceramic carrier and their signals are amplified by two separate tran-

which can be taken out of the casing. simpedance amplifiers. Close to the p-i-n diodes a
Pt1000 temperature sensor and a Hall sensor are
located.

4.5.2 Front end electronics
Detector board and back plate

The printed circuit board (PCB) is made of polyimide. Polyimide boards meet the vacuum
and material requirements and are less expensive than ceramics which was used for the
prototype. At first a 1 mm-thick rigid PCB (Board V1) was tested but it was found that
the thermal conductivity of the board was too low to dissipate the heat produced by the
electrical components (see Tab. 4.2) The new PCB (Board V2) is a flexible, very thin
(0.2 mm) multilayer board which consists of alternating polyimide and copper layers. The
PCB is equipped with standard SMD components.

The board is mounted on an 5 mm-thick aluminum back plate. Board V2 is glued to
the back plate with a UHV compatible two-component adhesive to ease the mounting of
the electrical parts and for a better thermal conductivity. Two distance holder screws
additionally fix the board onto the back plate and at the same time serve as mounting
points for the stainless steel cover. The cover shields the whole board from the electron
flux (and RFI) but features two holes which allow electrons to reach the detectors.

Preamplifiers

The board comprises two detector channels i.e. two preamplifier circuits. Each preamplifier
combines two amplification stages where the first is a common-source FET circuit which
means that the signal enters the gate of a JFET and exits the drain. The signal can be
tapped amplified and with low impedance from the drain and being post processed in the
second stage, an operational amplifier (op-amp) integrator. The feedback of the op-amp
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consists of a 0.5 pF capacitor and a resistor of 1 G{2. That matches a CSP in static clear
mode (see Sec. 4.3) with a feedback time of

7=C-R=0.5ms. (4.17)

In order to reduce power consumption the JFET current was reduced by replacing the
standard 1k{?2 drain resistor by 4k{2. This countermeasure decreased the energy resolu-
tion but was necessary to reduce the heat production which in turn increases the energy
resolution.

The detector chips are glued along with their ceramic carriers between the corresponding
electrodes (pads) located at the tip of the board (using two-component adhesive). The
cathodes and anodes of the diodes are connected to the corresponding board pads with
bonding wires. The bonding is done by the IPE.

The detector board is equipped with additional devices. A Pt1000 temperature gauge
measures the board temperature close to the detector chips. It is two wired meaning that
the read out resistance has to be corrected for the feeding cables. Additionally a Hall probe
is located close to the detectors to measure the magnetic field in the CPS and hence in
the detector as well. Both sensors are operated with constant current power supplies (CC
supplies) for different reasons. The temperature dependency of Hall sensors are generally
lower with CC supplies while the read out of the Pt1000 can be done by reading out the
voltage with an ADC. Finally, a LED is attached for alignment measurements. Table 4.2
lists the operation parameters of all components.

’ Component ‘ Voltage [V] ‘ Current [mA| ‘ Power [mW]| ‘
diodes (bias) +5 -
op-amps (2x) +5 4.7 47
JFETSs (2x) +10 1 10
Hall sensor* ~ 15 3.45 34.5
Temperature gauge* ~ 40.4 0.337 0.135
Total power dissipation 148.635

Table 4.2: Operating parameters of preamplifier and sensors. Sensors marked with an Asterix (*) are
operated with a constant current power supply. The maximum reverse bias voltage for the diodes given
by the manufacturer is 20 V. Since there is no significant performance gain above 5V it was set to this
value. By lowering the currents for Hall sensor and Pt1000 as well as increasing the drain resistor, the
power consumption could be reduced by a factor of 2.3 (340 mW before). These countermeasure were done
to reduce heat production after measuring temperatures above 50 °C during commissioning.

Electrical feeding

The 22 pads of the board are connected with a special connector which was designed for this
work. Common electrical connectors are made of materials which are not UHV compatible
due to their strong outgassing behavior. For UHV applications ceramics is commonly
used but these are too brittle for small structures. Polyether ether ketone (PEEK) is a
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semicrystalline thermoplastic with excellent mechanical and chemical resistance properties
and relatively low outgassing values. As illustrated in Fig. A.14 the connector consists
of two parts. The bottom part has bores for the contacts matching the footprint of the
board pads. As connectors, spring loaded contacts (pogo pins) are used to ensure reliable
connections. The cables are soldered to the ends of the pogo pins. The top half of the
connector clamps the cables and the contacts for holding them on position. The connector
is pressed onto the board by two screws. Because of the pogo pins it is not necessary to
tighten the screws too much.

The cable harness is laid from the PEEK connector through the frond end’s main cylinder
and the 2m long tube and ends in the back end at two electrical feedthroughs. For the
signals two thin (outer diameter =1.45 mm) coaxial cables are used which are fed through
a BNC feed through while all other cables for power supply, Hall sensor, Pt1000 and LED
are single strand and fed through a D-Sub25 feed through. All vacuum sided cables are
polyimide insulated.

Outside vacuum, the BNC signal cables are connected to their corresponding DPPs while
the D-Sub25 cable is connected to an interface box which splits the signals from the power
lines. A +15V power supply and voltage regulators (in the interface box) are used for the
preamplifier and bias voltages (compare Tab. 4.2). Hall sensor and Pt1000 are operated
with CC supplies and the signal voltages are read out with ADCs.

4.6 Evaluation of the detector (Part 1)
4.6.1 Energy calibration and resolution

In gamma-ray spectroscopy the most commonly used fit function to find a photo-peak is
the Gaussian, in best case, with a linear background, which is normally sufficient for high
energies. But in semiconductor detectors the photo peak has a more complicated structure,
which becomes important for low-energy photons and in small detectors. Figure 4.12 shows
the typical shape of the 59.5keV photon peak in the ' Am spectrum measured with one
of the FBM’s p-i-n diodes. The low-energy tail of the Gaussian leads into a plateau which
is essentially flat. Mainly the following two effects cause the distorted peak shape:

Escape Peak Escape peaks are caused by escaping Si K photons after photo-electric K-
shell excitations of silicon atoms near to edge regions of the detector. The energy
deposited in the detector is reduced by the Si K-photon’s energy. The escape peak
is By = 1.742keV below its parent peak. A peak fit with single gaussian leads
to wrong results. The effect is negligible for high energy gamma spectroscopy but
becomes important for lower energies. The escape peak can not be seen by eye in
Fig. 4.12 because the detector cannot resolve it and its intensity is low. Nevertheless,
it broadens and shifts the peak.

Partial Charge Collection In the edge regions of the detector (e.g. doped regions, dead
layer) not all the charge created by the incoming radiation is collected due to diffusion
or recombination precesses. This results into the flat plateau on the low-energy side
of the peak.
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Figure 4.12: Data and fit of the 59.54keV y-peak of ?*! Am measured with the FBM detector. The peak
shape differs from the standard Gaussian: Its low energy flank falls into a flat plateau. Furthermore a low
intensity escape peak (Si K) is located Es = 1.742keV below its parent peak. Good fit results (black) can
be obtained with a sum of two Gaussians (G(FE),S(E)) and one error function (P(E)). Not considering
the escape peak S(E) leads to a slightly worse result (grey).

In Ref. [Cam85] several line shape models are described containing all these features. The
following model describes the FBMs detector response sufficiently :

R(E)=G(E)+ P(E) + S(E) (4.18)
where
G(E) = Agexp[—(E — Ey)*/(20?)] Full energy peak
P(E) = %Aperfc[(E — E0)/V?2 * 0] Plateau from partial charge collection

S(E) = Agexp[—(E — Ey — Es)?/(20?)] Escape peak
with the K shell excitation energy Fs = 1.742keV.

In order to evaluate the quality of different line fits, the 59.54 keV peak of 24 Am was fitted
with three different function and the reduced X%ed calculated. The fit results are listed
in Tab. 4.3. Neglecting the upper effects can lead to a shift of the determined position
of up to approx. 0.2keV (0.1% ) and an overestimation of the FWHM up to approx.
0.4keV (2%). Comparing the X%ed values it therefore appears that the effect of the escape
peak is of minor effect which could be neglected in favor to reduce fit parameters in the
global 24! Am spectrum fit. The full 24! Am spectrum includes several characteristic peaks
as described and listed in Tab. A.4. Due to the relatively large opwim =~ 2keV (see Sec.

65



4 DETECTOR 4.7 Temperature dependance

: Noise
10t 4 241 Am data
3 — Global fit
*NpLo  TNpL,
10° 3
E ] 237NpL7
= 241
[Ay)
oCo -1
10 photo
electrons
1072 5
T T T T T T
0 10 20 30 40 50 60

Energy [keV]

Figure 4.13: Data and fit of the full 2*! Am spectrum. The spectrum is recorded with the FBM detector
(Board 4, Ch.2) with an energy resolution of ocrwmm =~ 2keV. The positions of all 241 Am lines are
identified and labeled. The full fit function consists of several peak functions for each visible peak. Each
peak function includes a combination of Gaussians and error functions for each (strong) ***Am line in the
peak. The global fit comprises 33 free fit parameters. Just the Gaussians parts of the fits of the strongest
lines are used for calibration.

4.4.1) of the detector not all lines can be resolved such that several lines are located within
one peak.

The 2! Am spectrum displayed in Fig. 4.13 is recorded with the FBM detector. The
positions of all lines are identified and labeled. There is a trade-off: including all lines into
the fit in principle increases precision but also increases the number of fit parameters. Too
many fit parameters in a dense region lead to bad fits in which e.g. weak peaks are not
found or non existing peaks are found. Therefore, only the strongest lines in the peaks
are included as listed in Tab. 4.45. To reduce the number of fit parameters further, the
Gaussian and plateau heights (Ag,Ap) of each line are related among lines within one
peak with regard to their relative intensities /. Additionally the escape peak S(F) is only
considered for the 59.54 keV peak. That way the fit parameter number was reduced from
109 to 33. For the final linear calibration fit only the positions of the strongest lines are
used. Exemplary, the calibration fit for the first tritium measuring campaign is shown in
Fig. 4.14 and is listed in Tab. 4.3. Figure 4.13 displays the global fit of channel 2.

4.7 Temperature dependance
The amplifiers of particle detectors are in general sensitive to temperature changes be-

cause their capacitor and transistor parameters depend on temperature. As a result the

5A complete table listing all 2! Am lines can be found int the appendix
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Figure 4.14: Example of typical calibration plot for the FBM (Board 4 (V2), Ch 2).

’ Fit methods \ Centroid [keV] \ FWHM [keV] ‘ X?ed ‘

G(E) 59.33(1) 2.33(1)
G(E)+ P(E) |  59.456(6) 2.154(14) | 4.8
R(E) 59.522(6) 2.003(14) | 4.9

Table 4.3: Fit results for the 59.54keV y-peak of *** Am. Three different fit functions are tested and
evaluated by the reduced x2.;. G(E) is a single Gaussian, P(E) an error function modeling the plateau
and R(E) = G(E) + P(E) + S(E) includes the Si K escape peak S(E). Centroid and FWHM are always
obtained from G(E).

amplification factor and noise behavior changes resulting in a so-called detector drift which
includes a shift of the spectrum and a change in energy resolution. The energy calibration
of the FBM can only be done in parking position at atmosphere (vented system) where
the detector temperature is around 30 °C.

The temperature of the detector will be different when the detector is inserted in UHV
into the cooled down CPS. Upstream at the cold gate valve of the CPS (see Sec. 2.2.2)
the temperature of the beam tubes (BTs) increase from 4K (BT5) to 77K (BT6). On
the downstream side, at the transition from the CPS to the spectrometer section, an
increase from 77 K (BT7) to room temperature (SDS) is located. The detector is positioned
approximately in the middle of this temperature scenario. While the detector electronics
produce heat it exchanges heat with the long detector arm via heat conduction and the CPS
via heat radiation. In the following the temperature impacted on the detector response is
investigated. The results of thermal simulations, which were performed for this work, can
be found in the appendix (see Sec. A.1).

The test setup was cooled down with a refrigerator in a dark and dry environment to
—40°C and warmed up again afterward. During this procedure the detector continuously
took spectra from a ®3Rb source with 20s runs. The position of the 12keV X-ray line is
determined for each run. The detector drift in the 12keV region is (—1.69 £ 0.07) % as

shown by a fit in Fig. 4.15.
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Peak ‘ E [keV| ‘ rel. I H Function ‘ cal FWHM |keV]
Chli | Ch2
y-peak 1 Am (59.54) 59.5412 | 35.9 R(E) v || 2.01(5) | 1.91(4)
y-peak 1 Am (26.34) 26.3448 | 24 || G(E)+P(E) | v || 1.90(4) | 1.82(4)
y-peak 24T Amg 33.1964 | 0.126 || G(E) + P(E) - -
X-ray peak 'Np La1a2 | 13.761 | 1.07 || G(E) + P(E)
13916 | 96 [[GE)+PE) [« [ 1100 | 165(2)
X-ray peak 'Np Lg1 g2 | 17.751 | 5.7 || G(E)+ P(E) | v
16816 | 25 [|[G(E)+PE)| v L72(4) | 1.721(4)
X-ray peak Z'Np L1536 | 20.784 | 1.39 || G(E)+ P(E) | v
e Do AP 1 | 1ty
s1.a91 | 029 || CE)FPE) |V
Photo electrons peak 48-50 - G(E) - -

Table 4.4: Overview of the **' Am lines which are included in the global fits and the used fit functions.
The centroids of G(E) which are used for the calibration fit are marked (v').

A drift causes a change in count rate above the set and fixed cut. For example a temperature
change of +5°C causes an energy drift of +8.45eV which results in a change in rate of
0.16 % which is already larger then than the required stability of the FBM.
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Figure 4.15: Detector drift due to temperature changes. Plotted is the position (centroid) of the 12keV
X-ray peak of 83Rb for different board temperature. The detector drifts linearly with the temperature by
(—1.69 +0.07) <.

4.8 Stability

As described earlier, the major design goal of the FBM is the ability to measure the relative
stability of the electron flux in the CPS with a precision of 0.1 % within 60 to 90 seconds.
The rate is measured by counting events which occur above a certain energy threshold. For
non-perfect detectors (noise threshold above zero) which measure a beta spectrum, this
threshold must be located within the spectrum (compare with Fig. 4.17). This fact is the
main source of systematic errors since the count rate strongly dependents on the stability
of the detector response which includes:

Figure 4.16: The experimental setup for detector tests in Wuppertal. The 33Rb source can be exchanged
by 24'Am.

Energy resolution: A change of the noise level can change the energy resolution (FWHM)
of the detector and thus the widths of the measured peaks. This leads to an exchange
of events between the low and high energy sides of the threshold. If the threshold is
located at a slope of the spectrum, this exchange is unbalanced.
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Energy calibration: In case of a detector drift the spectrum is shifted or stretched such that
the energy calibration, which was performed beforehand, is no longer valid. Hence
the position of the threshold within the spectrum is shifted resulting in a change of
count rate.

Noiseevents: In case of a detector drift or a change in the noise level, noise events can
exceed the threshold, which was set beforehand.
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Figure 4.17: In the left plot the noise threshold shifts to lower energies due to a detector drift resulting
in a higher count rate. The left plot shows how noise counts exceed the threshold after the noise level
increases.

As discussed earlier a detector drift, e.g. due to temperature changes, can be one source
of instability. Further sources can include radiation damage and charge up effects in the
p-i-n diodes. Therefore for a meaningful conclusion on the detector stability all these
components must be included in a test. Furthermore the electron source for the test must
be stable at least within 0.1 % and emit electrons with similar energies as in the tritium
beta spectrum. The isotope 83Rb is such a source (see Sec. 5.1.2).

The half time of ®3Rb is relatively short such that approximately 0.1% of the isotope
decays every 3 hours. Thus for long term measurements the decay must be considered.
Since the lifetime 7 of 83Rb is accurately known one can correct for the decay by utilizing
the radioactive decay law for the rates R(t) = Roexp(—A\-t) where R(t) is the measured
rate at time ¢, Ry is the rate at time t = 0 s and A is the decay constant. To correct for the
change, “rate loss” AR = Ry — R(t) must be added to the measured rate. The corrected
rate is then given by

Reorr(t) = R(t) + Ro — R(t) = R(t) - exp() - 1). (4.19)

Due to the Poissonian nature of nuclear decay the error is given by

ARcorr(t> =V Ncorr(t)/trun =0 (420)

where t,, is the run time and the frequency with which a rate is measured follows a
Gaussian distribution with the standard deviation o. Once corrected, the data is fitted
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with a linear or constant and the reduced chi-squared test applied to test the “goodness”
of the fit.

Figure 4.18 illustrates the result of a long term measurement of about 4 days with run
lengths of t,.,, = 300s. The slope of the linear fit is within the error consistent with 0
and the 2, value close to one. The frequency distribution is Gaussian and its standard
deviation equals the counting statistic error ARcopy(t).

This measurement proves that the FBM is able to measure the relative stability of an
incoming electron flux with a precision of 0.17 % within 300 seconds which can be translated
into 0.1 % within 900 seconds. The verifiable precision depends on the measured rate and
is therefore limited by the activity of the available source. At the University of Wuppertal
the handling of sources of higher activity is forbidden. To allow proving 0.1 % precision
within 60 to 90 seconds a at least 900/90 = 10 times more active source is needed. Such
a source was manufactured and provided (see Sec.5.1.2) for this work and for the use at
TLK. By now it was not possible to redo this test and keeps therefore outstanding. The
author of this thesis recommends to perform this measurement in the near future.
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Figure 4.18: Illustration of the stability of the FBM. Left: The slope of the linear fit of the rate
trend is consistent with zero. Right: The frequency distribution of the same measurement follows
a Gaussian distribution with the standard deviation ¢ which equals the counting statistic error.
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5 Measurements

This section presents the results of the measurements performed with the FBM during the
commissioning phases in Wuppertal and Karlsruhe as well as the first KATRIN measure-
ment campaigns. Some of the data is already analyzed and presented in terms of hardware
alignment and detector evaluation in chapter 3 and 3, respectively.

In the first section the properties of the gamma and electron sources, which are used for
the measurements, are described. Measurements during the commissioning phases, which
basically serve as an evaluation of the detector, are presented in Sec. 5.2. The first results
from the gaseous ®3™Kr and the first tritium measurements campaigns are given in Sec. 5.3
and 5.4, respectively. The first measurements with the rear section electron gun (RS e-gun)
are analyzed in Sec. 5.5. The sections 5.7 and 5.8 comprise two subsequent measurements
and analyses, e.g. a shape comparison between magnetic and electron flux.

In some cases the data is compared to the results of numerical simulations of the detector
response which are not further explained at this point but described in detail in chapter 7.

5.1 Radiation sources
5.1.1 X-ray sources

X-ray sources allow an energy calibration which is independent of dead layer effects. It is
also used to determine detector characteristics such as the energy resolution.

In Americium sources, ! Am nuclei decay with a half time of 432.2 years only via a-decay
into the daughter nuclei 23"Np which remain with 99.65 % probability in excited states.
These nuclear states and also the excited electron shell of 22"Np decay over several cascades
by emitting discrete y-ray and X-ray lines, respectively. The most intense lines up to 60 keV
are listed in the appendix (see Tab. A.4). Figure 4.13 shows a 2! Am spectrum measured
with the FBM.

The 24! Am source which is used in Wuppertal has an activity of about 350 kBq, while the
one at KIT has an activity of 18.5 MBq. However, the used p-i-n diodes have relatively
small entrance windows and are very thin. The first property limits the number of pho-
tons reaching the detector while the latter reduces the efficiency for photons strongly. In
addition the minimum distance between source and p-i-n diode at KIT is limited by the
detector’s cover. The count rates are therefore in the 100 cps regime for the largest diodes
and 10 cps for the small diodes such that especially for the small diodes long calibration
measurement times are needed.

5.1.2 Electron sources

Electron sources are used to investigate the dead layer effects and hence the detector
response to mono-energetic electrons. The dead layer thickness can be determined and the
sources are used to examine the stability of the detector.
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Rubidium 83 (33Rb)

Nuclei of the isotope 83Rb decay with a half time of 86.2 days only via electron capture
into excited 83Kr* which emits both gamma-rays as well as conversions and Auger electrons
to reach its stable ground state. In Tab. A.5 the energies and relative intensities of the
emitted electrons and gamma particles from 5 to 32keV are listed and Fig. 5.2 shows 83Rb
spectra recorded with the FBM.

Three custom 3Rb sources were produced with our collaborators. The sources were pro-
duced by implanting 83Rb ions into a metal target at the Bonn University” mass separator
using 33Rb produced at the NPI Rez® cyclotron.

Source (i) and (ii): Two sources were produced for the use in the Wuppertal laboratory.
The 83Rb is implanted into 100 ym-thick polycrystalline aluminum foils with
4keV implantation energy and a maximum activity of 1 MBq, which is the
maximum allowance under the permission on radiation protection for the Uni-
versity of Wuppertal. The sources are delivered as bare metal sheets and put in
a casing in Wuppertal. Figure 4.16 shows such a source and how it is positioned
in front of the test detector setup.

Source (iii): This source will be used in the tritium laboratory at KIT. The 83Rb with
a maximum activity of 15MBq is implanted into a polycrystalline aluminum
block. For the use in KATRIN much stricter regulations to the casing of the
source need to be complied in order to guarantee radiation safety and prevent
contamination. The two-piece casing (Fig. 5.1, left) is easy and quick to
assemble and the cover flap can be opened easily with a long tool. The source
holder in Fig. 5.1 (right) allows the positioning of the source within the FBMs
six-way-cross such that the detectors movement mechanism can be used to
align the source with the desired p-i-n diode.

Electron guns

Unlike natural isotopes, an electron gun (e-gun) can provide mono-energetic electron beams
with a freely selectable energy within a certain range.

Wuppertal field emission e-gun As part of this work an e-gun has been developed
fitting the requirements for the purpose of detection of low energy electrons with p-i-n
diodes. The e-gun produces electrons via the field emission effect and accelerates them
to any desired energy between 4 and 20keV with a flux in the 10* cps regime. It’s main
purpose is the study of the detector response, e.g. the characterization of dead-layer
losses. For detector stability tests the e-gun is insufficiently stable. Chapter 6 describes
the development of the e-gun.

"Helmholtz - Institut fiir Strahlen- und Kernphysik, Bonn
8Nuclear Physics Institute of the Czech Academy of Sciences, Rez
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Figure 5.1: Rubidium source (iii) (left) and source holder (right) for the use in the FBM setup at KIT.

Rear section e-gun The RS e-gun is introduced already in Sec. 2.3.3. In addition to
the characteristics of the Wuppertal e-gun it allows angle selection, better stability and
precise positioning. It can be used for studying the energy-dependent detector response,
in-situ detector drift tests, alignment and stability tests.

5.2 Evaluation of the detector (Part 2)

In section 4.6 the detector is evaluated with regard to its energy resolution, temperature
dependence and stability. In this section the influence of hight rates and the determination
of the dead layer thickness are addressed.

5.2.1 Influence of high rates (pile-up)

With the 33Rb sources several spectra are obtained at different rates as they are shown in
Fig. 5.2. Because of the high intensity of the Bonn 33Rb source, it is possible to achieve
high count rates. The maximum registered rate was 50 keps. Although these measurements
were taken with the pile-up rejection (PUR) enabled, a huge pile-up background can clearly
be seen in region C and B (green), which also features a pile-up peak at about 60keV. In
region A the relative intensities among the peaks change if the rate changes.

This example shows that the PUR of the DAQ does not work sufficiently. The PUR
can only reject events which occur within the peaking time of the fast channel which is
maximum 400ns resulting for example in approximately 2% not rejected pile-up events
at a rate of 50keps (Eq. 4.16). Due to its short peaking times the fast channel is noisier
compared to the slow channel and hence has a higher noise threshold. Events not exceeding
the slow channel but the fast channel threshold, are not rejected. Additionally it can be
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observed that a change of the noise level in the fast channel, such that noise events exceed
the formerly set noise threshold, has the following effect: electron events, which pile-up
with these “new” noise events, are additionally rejected which leads to a dropping count
rate.

Therefore the author of this thesis recommends not using the pile-up rejector of the DAQ
since it adds more unknown systematics than it removes. A better approach is choosing
the right electron intensity to diode size combination to keep the uncertainties, which are
caused by pile-up effects, below 0.1 % (compare with Sec. 4.4.4) and if necessary correct for
it afterwards with adequate tools, either analytically (e.g with Eq. 4.16) or with dedicate
numerical simulations (e.g DRIPS software).

200 .
CE LM.N —— Rate: 8 kcps
—— Rate: 27 kcps
175 1 —— Rate: 50 keps
150 A
125 A
@
‘E 100
©
o
75
50 - |
25 1 pile-up
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Figure 5.2: 33Rb spectra with low, medium and high event rate measured with enabled pile-up
rejection. The positions of the strongest conversion electron, auger electron and X-ray lines are
identified and labeled. In region B and C pile-up effects can still clearly be seen for the 27 and
50 keps spectra. In region A the relations between the intensities of the peaks changes if the rate
changes.

5.2.2 Dead layer

Each electron passing the dead layer loses a certain amount of energy before it reaches the
detection volume. The mean energy loss of the electrons results in a shift of the observed
peak in the spectrum to lower energies. The mean energy loss depends on the dead layer
thickness and the electron’s initial energy. Electron spectra were taken with the p-i-n
diode model S5972 at different acceleration voltages with the Wuppertal e-gun. The peak
positions are plotted in Fig. 5.3 as a function of initial electron energy. In a detector
without a dead layer all data points would lay within the identity function. But the used
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Figure 5.3: Dead layer measurement of the S5972 p-i-n diode with the Wuppertal e-gun. The
measured peak positions as a function of the initial electron energy are shown. For an ideal detector
(no dead layer) and data acquisition all measurements must be within the identity function but
due to the energy loss the measured peaks are shifted towards lower energies. The best simulation

results were achieved using a 320 nm-thick dead layer.

p-i-n diode features a dead layer such that the mean energy loss (distance between identity
function and data points) is none-zero and increases towards lower initial energies.

This measurement has also been simulated for several dead layer thicknesses (see Ch. 7
for details) and the best-fitting simulation is chosen according to the x? value. The best
fits are obtained with a 320 nm-thick dead layer. The data is shown in Fig. 5.3 together
with the simulation result.
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5.3 Gaseous %™Kr campaign

Gaseous 33Kr was for the first time induced into
the WGTS without any additional carrier gas. 0.10

The purpose of this campaign was to test the T 2::: ZESXZ I::Z:Z:g E:;Eg;ggf;zzs
KATRIN setup in terms of high-voltage opera- 0087 H back ground \ -

tion and temperature-dependent source proper- &

ties. The excited gaseous Krypton 83 (3¥™Kr ) = ul e
was injected into the WGTS with the so-called & 0011

“Krypton Generator”. The conversion electrons

from 83™Kr decays were detected with the FBM, ]

the FPD and indirectly with the BIXS detector. 0.00 ; ; ; ; ——
The FBM’s noise level was relatively high dur- ’ v Enﬂirgy [fgv] Lo ®

ing this campaign such that the lower energy
threshold had to be set to 14keV. Therefore Figure 5.4: Kry%gon spectrum recorded
only the 18 and 30keV peak can be identified in during the gaseous ***Kr campaign.

the observed spectrum in Fig. 5.4.

Nevertheless, constant monitoring of the 83Kr* was performed. The normalized relative
count rates are compared with the FPD and the BIXS system which is shown in Fig. 5.5.
The vertical lines indicate hardware changes in the KATRIN setup. All three detector
systems observe an increase in count rate by a factor of about 5 when the intensity of the
krypton source was increased (green line). When the magnetic field of the WGTS was
lowered (grey lines) the FBM and FPD measured a decrease in the count rate by 50 %
and 20 %, respectively. The reason for the lower count rate is a combination of two effects:
first, the acceptance angle for electrons from the source is lower and second, the flux tube
is smaller and more focused. The latter effect strongly decreases the flux at the FBM’s
monitoring position which is at the rim of the flux tube. The BIXS system is not sensitive
to the magnetic field setting.

5.4 Tritium measurement phase

In preparation for the nominal tritium operation, for the first time tritium was injected into
the WGTS on 19th of May 2018 with a gas mixture of 0.5 % tritium in deuterium. This was
a crucial milestone of the KATRIN experiment. The campaign allows the characterization
of the hardware, systematic effects and the overall stability of the systems including the
FBM. A disadvantage of this step is that from now on it is more complicated, time consum-
ing and at some point impossible to maintain the systems due to tritium contamination.
In contrast to the DPS and the WGTS the procedures are a bit easier for the FBM since
the system is classified as tritium free from the V1 downstream. Still, for maintenance
purposes, e.g. a front-end change, the fume hud and the system have to be opened which
needs contamination measurements and supervision by the radiation office. In addition,
only qualified persons can do the work.

During this very first tritium measurement the FBM manipulator was equipped with the
faraday cup to perform ion and electron measurements. The interested reader is referred
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Figure 5.5: Normalized relative count rates observed by the FBM (blue squares), the FPD (black
circles) and the BIXS detector (red dots) during the gaseous ®3™Kr campaign. The vertical lines
indicate hardware changes. The count rate increased by a factor of 5 in all three detectors when
the 83mKr source intensity was increased (green line). When the magnetic field in the WGTS was
lowered (gray lines), the FBM and FPD measured a decrease in count rate by approximately 50 %
and 20 %, respectively while BIXS is insensitive to the WGTS magnetic field. Taken from [Arel8|.

to [Klel8]. The FBM detector measurements started two weeks later on 7th of June during
the so-called “first tritium measurement campaign” which took place from the 5th to the
20th of May 2018. A list of the monitoring runs, which are analyzed for this work, can be
found in table 5.2. In the following sections the results of this very first data-taking period
with tritium are presented.

5.4.1 Configuration and acceptance test

With 0.5 % tritium purity an electron flux of only about 5000 s~ mm™2 is expected. There-

fore the largest p-i-n diodes are chosen (1.1 mm?, Board no. 5) to optimize counting statis-
tics. The peaking time of the DAQ for booth channels was 6.4 us resulting in a pile-up
rate of about 3 % which can be neglected for stability analyses (see Sec. 4.4.4).

Acceptance tests were performed prior to the campaign to extract the backgrounds, cal-
ibrations, energy resolutions and noise thresholds of the detectors. These measurements
were taken with the Karlsruhe 2! Am source in the vented system with the FBM in park-
ing position. The source is put directly in front and between the two diodes. The desired
diode can then be chosen by using the standard movement mechanics (manually) and be
adjusted to find the maximum count rate. Section 4.6.1 describes the analysis method
and Fig. 4.13 shows one of the ' Am spectra extracted from these measurements. The
obtained calibration parameters are listed in Tab. 5.1.
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’ Channel ‘ Tpt |18 ‘ slope m [eV /channel] ‘ offset b [eV] ‘
1 6.4 31.859 £ 0.031 —497.230 + 0.016
2 6.4 32.006 = 0.045 —516.935 £ 0.023

Table 5.1: Calibration parameters for the first tritium campaign.

5.4.2 Cool down

For the first time it was possible to test the thermal properties of the new detector board
type V2, which was designed to reduce the board temperature, directly within the CPS.
The cool down time determines how long it takes before the FBM detector is operational
for stability measurements. The final temperature needs to be below room temperature
and above the operation parameters of the electrical components.

The detector is inserted into the CPS from room temper-
ature environment. The powered detector board (ther- 0

mally optimized board type 2) has an initial temperature 30 e
of 38 °C and reaches the equilibrium of -15°C after about 2 \

25 hours which is shown in Fig. 5.6. The vertical line % o

indicates when the detector reaches the temperature at :éf .

which the expected change in rate due to a temperature " o

related detector drift is less than 0.1% (compare with T
Sec.4.7) which is after 11 hours. ! " Crmem “

Figure 5.6: Cool down of the de-

tector.
5.4.3 Tritium spectrum ector

The noise corrected spectrum shown in Fig. 5.7 is the first tritium spectrum recorded with
the FBM. Between 8 and 20 keV the spectrum agrees with the expectation, but below 8 keV
the steepness of the slope was unexpected since it further decreases. This is probably due
to background counts from noise and edge effects from the diode (see Sec. 5.5.1 and 7.2).
This may also explain why the spectra of the two channels do not match for lower energies.
But the most likely source for this mismatch, which is also the reasons for a about 2%
lower rate in channel 1 than in channel 2 during the whole campaign, is the uncertainty in
the energy calibrations.

5.4.4 Flux tube scans

Several scans of the flux tube’s cross section were performed recording the tritium count
rate, the magnetic field, and the temperature. As an example, Fig. 5.22 illustrates all
measured quantities, including the detector positions, during such a scan. During a scan,
the temperature usually drops by about 1°C, which happens when the detector is moved

79



5 MEASUREMENTS 5.4 Tritium measurement phase

—— Channel 1/ cut at 4.6 keV / rate=1967 cps
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Figure 5.7: Tritium spectrum measured with both channels of he FBM detector during the first
tritium campaign. The rate of channel 1 was approximately 2% lower compared to channel 2
during the whole campaign. This is probably because of uncertainties in the calibrations which
cause the deviations among the channels for lower energies.

further into the cold CPS where the detector directly faces the 4 K cold beam tube of the
CPS in which the argon frost layer is prepared.

Since the motors induce noise only sub-runs are analyzed in which the motors are switched
off. Figures 5.8 and 5.21 show for both detector channels the results of one cross scans
(RUN164) for the tritium rate. The tritium flux shows the expected Gaussian shape where
the rate drops from the center to the outer rim by approximately 10% as predicted by
simulations [Haul9|. It can be seen that the event rate for identical positions changes
during the scans which affects the extracted mean of the fits. Nevertheless, the means are
comparable to the results of the alignment measurements (see Sec. 3.4). The magnetic
field data of the same scan (see Fig. 5.9) has smaller uncertainties and the Gaussian fits
better to the data.

In Fig. 5.9 the result of the magnetic field data during the same scan is shown. Due to
the fact that the magnetic field can be considered as constant the analysis includes no
unknown systematic error. The scans fit to a high degree and confirm the result of the
magnetic field scans performed in July 2017. Only the y§ encoder value changed which
corresponds to a movement of the lever of approximately 0.5°. This small movement can
be explained by the mechanical temperature drift.
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Figure 5.8: Radial dependence of the count rate derived from a cross scan during the first tritium
campaign (channel 1). Top: 1D Gaussians are fitted to the data for each horizontal (X; ) and
vertical (Yi,2) scan. The Gaussian means are comparable with the results from magnetic field
measurements. One can clearly see that for same positions different rates are measured e.g. the
rate increased during the z- scans such that the mean of the X5 fit is lower than for X;. The
Gaussian standard deviations are approximately ¢ = 165 mm. Bottom: Scattered 2D-plot of the

same data. The scans for y are not perfectly on a vertical line due to the chosen scan pattern
which explains the larger uncertainties in the fits.
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Figure 5.9: Radial dependency of the magnetic field within the CPS derived from a double cross
scan during the first tritium campaign. 1D Gaussians are fitted to the data for each horizontal (x)
and vertical (y) scan. The Gaussian means are comparable with the results from other magnetic
field measurements. The error bars are smaller than the graph symbol size.
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5.4.5 Rate stability

In section 4.8 it was shown that the FBM is able to monitor an electron flux with 0.17 %
precision within 300 seconds which can be translated into 0.1 % within 900 seconds. How-
ever, these values were obtained in the Wuppertal laboratory. During the installation of
the FBM at KIT the electrical feeding of the detector underwent several changes and a
second stage preamplifier was added between detector board and DAQ. To keep the noise
as low as possible the new amplifier is positioned right after the signal is fed through from
vacuum to the ambient-air.

During the two weeks of campaign the FBM was mainly monitoring the flux in the CPS at
position zpgy = 65 mm (ze = 420263558). The whole monitoring time is separated into
6 time intervals (regions) as listed in table 5.2. Time by time background measurements
were taken slightly out of the beam at xppy = 80 mm (z, = 421833798). The full rate
trend graphs are shown in Fig. 5.10 for both diodes including selected linear fits to the
data. There is a long term drift of approximately 0.2 %/h which spreads over the regions
while for single regions the drift is generally smaller, especially for the longer regions 2, 3,
5 and 6, hence the reason for the long term drift must mainly originate from events which
happened between the regions.

1 2 3 4 5
Rate channel 1
1820 7 Rate channel 2
1800 -
1780 A
E —
=, 1760 _—
o T
© -
T 1740
full linear fit: slope=(0.334+0.001) cps/h / x2.4=1.78
1720 4 - region 1: slope=(2.623+1.348) cps/h / x2.,=1.14
- region 2: slope=(0.154+0.035) cps’h / x2,.,=1.04
- region 3: slope=(0.161-+0.004) cps/h / x2.,=1.07
1700 A - region 4: slope=(0.412+0.499) cps/h / x2,,=0.96
- region 5: slope=(0.184--0.048) cps/h / x2.,=0.97
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Figure 5.10: Rate trend summary of the whole tritium campaign. Plotted is the full available
data from the stability measurements at monitoring position for both channels. The count rates for
channel 1 are approximately 0.7 % smaller compared to channel 2 using the same energy threshold
(here 5.3 keV). Apart from that, the channels follow the same trend. The full linear fit reveals a
mean relative change of about 0.2 % per hour while for the single regions this value is smaller than
0.1% per hour.

To investigate the reasons for the instabilities, the tritium spectra taken at different times
are compared. In Fig. 5.11 the integrated spectra of the first and the last hour of the
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72 hours time interval (region 3) are plotted with the residuals. It is visible that the
shape of the spectrum changed. This observation is representative for both channels and
all regions and the change in the shape happens continuously over the whole data-taking
period. Therefore the rate change cannot be explained by a simple change in the intensity
of the flux as it would be the case if the tritium purity changes. Also a simple change
in the detector’s gain can be ruled out since it is not possible to match the shapes with
a linear recalibration. Note that it is still possible to have a combination of two or more
effects such that the former mentioned effects cannot be completely ruled out.
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Figure 5.11: Change of the measured shape of the tritium spectrum during the first tritium
campaign. As an example the first and the last run of region 3 are compared revealing a change of
the tritium spectrum measured with the FBM. This change develops continuously over time causing
the continuously increasing rates during the whole campaign. In this region the rate changes by
4.2 % within 72 hours. Different to the nominal threshold here a lower threshold of 4keV is chosen
to illustrated how the effect increases with lower energies.

FBM Runs | Run length | Duration | Region

145-146 2.2h 1
150-167 17.5h 2
169-240 1h 72h 3
248-250 3h 4
253-266 13h )
348-400 53 h 6

Table 5.2: Monitoring run list for the first tritium data-taking. The monitoring position for all runs
is rM = 65 mm. Approximately 159 hours ~ 6.6 days of monitoring data is available. The regions
correspond to the shaded regions in Fig. 5.10.

In order to find the source of the instabilities the count rates are compared to all quantities
with possible correlations by calculating the Pearson correlation coefficients. This is done
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Figure 5.12: The development of the noise peak parameters during the first tritium campaign.
The properties are obtained from Gaussian fits to the noise peak in the sub-runs every minute.
The noise peak moves toward higher energies and gets broadened while the amplitude and the rate
drop. All four quantities share a significant correlation.

for the whole campaign (long term) but also for each region (short term) separately. On
the one hand, there are quantities which change the electron flux in the CPS which include
the source properties such as the tritium purity and the concentration of each competent
of the WGTS gas mixture (D2, HD,....) and the magnetic field in the CPS. On the other
hand, quantities exist which may cause an instability of the detector e.g. the noise level,
temperature or magnetic field.

The tables 5.3 and 5.4 list all correlation which have an absolute Pearson correlation
coefficient larger than 0.35. As an example several correlation plots with medium and
strong correlation are shown in Fig. 5.13. There is medium correlation between D2 and
HD concentration which is random since a causation is ruled out by a more detailed analysis
[Zel18]. The tritium purity and the coil currents of the CPS magnets were stable during
the whole campaign such that for now one has to assume the flux to be stable within the
CPS. There is no further correlation to external sources.

There is a strong long term correlation between the rate, the temperature and the read out
magnetic field strength. On short terms (within the regions) there is a weak correlation
between rate and temperature only in region 3. There are still short term correlations be-
tween noise, temperature and magnetic field read out but not in all regions and sometimes
the sign of the correlation coefficient changes. Hence, there are no clear internal correlation
on short terms.
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Examining the noise peak in the detector channels can give hints to the detector stability.
Therefore the noise peaks are fitted with a Gaussian to extract their positions, widths
and amplitudes. The noise level is unstable as one can see in Fig. 5.12. The peak moves
continuously during the whole campaign toward higher energies while it gets wider and the
amplitude as well as the number of noise counts decreases. Reasons for this behavior can
be a detector drift, charge-up effects or degrading effects, e.g., due to radiation damage.
Most likely this change of the noise peak (and/or the source of it) also causes a change
of the position and width of a peak from mono-energetic electrons and hence a shift and
shape change in the tritium spectrum. This needs to be investigated in future in more
detail.

Summary on the tritium stability analysis During the whole tritium campaign a
continuous increase in the count rate in both channels was observed. Also the measured
shape of the tritium spectrum changes continuously. A change in the detector gain alone
cannot be the reason. It cannot be excluded that there are two or more effects superim-
posed. The mean long term drift is stronger than for single time intervals which hints to
an additional drift between these intervals in which the detector was taking background
runs or performing a scan. So far there is no evidence that the flux at the CPS was not
constant. There are no correlations between the rate and the source properties. The coil
currents of the CPS magnets were stable. But there is a clear long term correlation be-
tween rate, noise level, Hall sensor and temperature read out, but no clear evidence for
such correlations in short terms. In addition the noise peak changes as continuously as the
spectrum such that a causation is considered.

The author of this thesis recommends, to further investigate the correlation between the
noise and Hall/Temperature readouts. It could be possible that the sensors induce noise
into the detector since the corresponding circuit paths and sensors are located close to each
other. This can be done e.g. by taking background runs with and without powered Hall
and temperature sensor or by monitoring the constant current sources of these devices.
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’ S1 ‘ ‘ S2 ‘Region Pearson
Temp 0.35
D2 3 0.41
Rate HD -0.45
Noise -0.41
HD 6 -0.37
Temp 1 -0.99
Mag 0.98
Temp 2 0.59
Noise | > [ Temp - 0.71
Mag 0.67
Temp 6 -0.42
Mag 0.63
1 -0.99
3 0.56
Mag Temp 5 074
6 -0.81
Table 5.3: Linear correlation test between

quantities which may have causal links in short
term. In this table the Pearson correlation co-
efficients between all quantities, which may be
related to the short term (within the regions)
rate drift during the first tritium campaign, are
listed.
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’ S1 ‘ ‘ S2 ‘ Pearson
Temp -0.78
Rate Mag 0.94
vs Noise -0.98
. Mag -0.77
Noise Temp 0.81
Mag Temp .0.95
Table 5.4: Linear correlation test between

quantities which may have causal links in long
term. In this table the Pearson correlation
coefficients between all quantities, which may
be related to the long term (whole campaign)
rate drift during the first tritium campaign, are
listed.



5 MEASUREMENTS 5.4 Tritium measurement phase

. Pearson correlation -0.4533 154800 1
5.7 (region 3)
= X 154600 -
550 R
g ry
§ 5 T 154400 -
a Z 154200 -
T 534
oL | Pea(son correlation 0.6733
5.2 154000 A - (region 5)
1700 1710 1720 1730 1740 0.7963 0.7964 0.7965 0.7966 0.7967 0.7968
Rate channel 1 [1/s] Magnetic field [T]
93.8 4 i ; P I
160000 4 earson correlation -0.98
—93.6 1 = T
c )
2 ' =, 155000 1 R
S 93.4 )
c ©
8 ®
< . 150000 A
8 93.2 o
~ z
a .
93.0 1 Pearson correlation 0.4068 145000 -
(region 3) Blan . il
1700 1710 1720 1730 1740 1680 1700 1720 1740 1760 1780 1800
Rate channel 1 [1/s] Rate channel 1 [1/s]

Figure 5.13: Correlation plots for selected quantities measured during tritium stability runs. The
two left plots show a medium correlation between the FBM rates and the D2 and HD concentrations
as they were measured with the LARA system. This correlation can only be found in short term
(here region 3) but not for the full campaign. Most likely these correlations are random correlations
[Zel18]. The top right panel shows an example for the medium to strong correlation between the
magnetic field and the noise rate as it is observed in some regions (here region 5), see Tab. 5.3 for
others. There is a strong anti-correlation between rate and noise rate in long term as one can see
in the lower right panel.
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5.5 RS e-gun during STSIIIa

During the STSIITa measurement campaign, which took place from 10th September to 22nd
October 2018, for the first time electrons from the rear section electron gun (RS e-gun, see
Sec. 2.3.3) were detected with the FBM. The single electron peaks are investigated as well
as the e-gun stability. Since there were not any changes be done to the FBM between the
first tritium and the STSIIIa campaign the same calibration as given in Sec. 5.4.1 is valid.

5.5.1 Beam spot scans

The diameter of the beam at the exit of the e-gun was approximately dgyn, = 1 mm [Beh18]
and the pitch angle 0°. The magnetic field Bgy, at the e-gun was at 70 % of its nominal
value of 25 mT. The approximate size dg,, of the beam spot at the FBMs position is then
determined by the magnetic corresponding field strength By, (compare with Eq. 2.8):

Bgun
bem

dFBM = dgun = 0.14 mm (5.1)

The beam size is therefore about 8.5 times smaller than the size dget = 1.2mm of the
diode (type S5971). Since the beam is way smaller than the diode, one can rather speak
of scanning the diode with the beams than vice versa. However, with the e-gun position
fixed FBM scans were performed in a grid pattern with 0.1 mm steps length to find the
position of the beam spot. The result of such a scan is shown in Fig. 5.14. The scattered
plots show the measured intensities in the z-y measuring plane. In the right plot the
background is removed by a noise cut at 100 cps, i.e. only positions where electrons were
detected are shown. The circles represent the entrance window (small, g1 = 1.2mm) of
the detector as it is stated in the data sheets and the visual surface (large, g2 = 1.3 mm)
of the diode as it was measured. The position of the circles is such that the number of
events within the circles is maximized. The center represents the actual position of the
beam at rrpgy = —1.2mm and yppy = 7.6 mm.

As expected, within the entrance window the detection efficiency is similar at all positions.
As an example the spectra obtained from one horizontal line (position 1 to 16) are shown
below. Only at position 10 the detector measured a rate less than 2000 cps but all spectra
obtained within the entrance window (pos 4 - 14) are “good” e-gun peaks. Maybe the e-gun
intensity dropped or the diode has some dirt at this position. Pos. 1 is only background.
Unexpectedly, the detector responds to electrons hitting the detector outside the entrance
window but in the close vicinity of 0.1 to 0.3 mm around it. This regions is called “edge”
from now on. The spectra obtained at these positions are distorted “bad” spectra. In case
of a fully irradiated diode as it is the case during 83Rb or tritium measurements the effects
at the edges add a plateau-like background to the measured spectrum (see Fig. 7.3). In
this scan the fraction of “bad” events is about 30 %.
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Figure 5.14: Scan of the RS e-gun beam. The beam is fixed and the FBM detector is moved
through the beam in a grid with 0.1 mm step length. Each colored dot represents the measured
rate at this very detector position. Note that the size of the data points is arbitrary and does not
represent the size of the beam spot. The inner circle represents the active surface (1.1 mm?) of
the detector with the radius as stated by the manufacturer and the outer circle the visual surface
of the diode. The detector profiles are positioned such that they comprise the highest rate. The
spectra at the bottom were taken at the corresponding positions marked in the upper left panel.

5.5.2 E-gun peaks

With one of the scans from the last section it was ensured that the beam hits the detector
in the center such that it is not expected that any electrons hit the edges of the detector.
The obtained e-gun peaks in Fig. 5.15 are therefore “good” peaks in which no background
from edge events are expected. As expected, the peaks are shifted toward lower energies
because of the mean energy loss in the dead layer of about 0.7 keV (compare with Sec.
5.2.2) and they feature the characteristic long low energy tail. From simulations (see Sec.
7) a dead layer thickness of 340 to 345 nm and a detector resolution of FWHM = 2.35 keV
are obtained. The latter value does not fit to the value (FWHM = 2keV) obtained from
the corresponding calibration measurements which is possibly caused by the change in
noise level during the tritium campaign. This result needs to be verified with a further
calibration measurement.
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Figure 5.15: Measured and simulated e-gun peaks obtained during the first tritium campaign.
The simulation involves a detector convolution with FWHM = 2.35keV energy resolution. The best
results were obtained with dead layer thicknesses of 340 and 345 nm. The simulations overestimate
the data at the low energy tail which is caused by an incomplete model which does not include the
magnetic field configuration in the CPS. The bump is the result of reflected electrons which are
guided back into the detector within the shaping time due to magnetic mirroring in the CPS.

5.5.3 E-gun rate stability

The long term rate stability was recorded for both light sources of the RS e-gun, the LDLS
and the UV laser. The e-gun was set to approximately 18.6 keV. The rate trends are shown
in Fig. 5.16.

The mean rate with the LDLS is about 2.8 kcps above the threshold of 5keV. The rate
varies within in 1% (horizontal lines). Although with the UV laser very high rates can
be achieved the rate was lowered to reduce pile-up in the FBM detector. The mean rate
with the laser is about 8.9 kcps. The rate drops almost steadily during the measurement
by 7%. The positions of the single electron peaks during the measurements were stable
and the shape of the peaks did not change.
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Figure 5.16: Rate trend plot of stability measurement for the RS e-gun using the FBM. The
LDLS measurement features rate variations in the 1% regime in the [1h,4h| time interval but is
stable within the statistic errors during the remaining time. The UV-Laser source is not stable
and drops by approximately 7% during the 17.5 hours measuring time.
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5.6 Magnetic field analysis

In chapter 3 the magnetic field measurements were already utilized for the alignment by
performing two-dimensional Gaussian fits to the data (global fit). In this section the data
is analyzed in greater detail by analyzing the horizontal and vertical slices individually and
comparing the data to numerical simulation which had been carried out by [Haul8] with
Kassiopeia. Hereby the results of the global fits for the offsets xg, yo and y§ as they are
listed in Tab. 3.5 are used for the corresponding scans.

Data and simulations are compared for one scan (EnrK) in Fig. 5.17. The measured field
is approximately 0.7 % weaker than the simulated one, but this deviation is within the
uncertainties of the Hall sensor [Sch17|. In the two lower panels the residuals are plotted
with (right) and without (left) offset and y§ corrections. Without correction the residuals
do not have the expected rotation symmetry. If corrections are applied the residuals are
essentially symmetric. In the y = 40 mm region a step-like deviation can be seen which is
probably caused by mechanical clamping of the y-mechanism. This can also be observed
from outside at the small bellow which performs step-like jumps for large y-values. This
step (or edge) can be seen in all scans and is even more dominant in a scan from bottom
to top which underlines clamping as the error source.

In Figure 5.18 a more detailed analysis is illustrated in which the scan is stripped down
into horizontal and vertical slices which enables the analysis at this very positions. For
each slice in panel la separated 1D Gaussian fit is applied which is demonstrated for two
slices (dashed lines) in panel 1a and 1c. The Gaussian means which represent the positions
of maximum magnetic field are plotted for all slices in panel 2 and zoomed in for each
direction in the panels 2a and 2b. From the residuals of the fits one can draw conclusions
on the symmetry. Within the errors the field is symmetric in « while the edge causes an
apparent asymmetry in y whose strength does not allow to draw conclusion about the field
symmetry itself. Another systematic error is that the scans were not optimized to the
position of the Hall sensor such that the vertical lines are bent.

5.7 Temperature dependance of Hall sensor

The calibration of the Hall sensor done by the author of Ref. [Sch17] includes a temperature
dependence measurement. However, the experimental setup was not optimal: the detector
board was cooled down with liquid nitrogen and warmed up in the ambient-air resulting in
large temperature gradients in time and space which involves large uncertainties. Obtaining
temperature dependence from measurements directly within the CPS is easier and more
precise because the temperature range is only in the range in which the detector will
operate and the temperature change is slow which lowers uncertainties in the Hall sensor’s
temperature determination.

The warm detector board was inserted into the cold CPS and it started immediately to
cool down (compare with Sec. 5.4.2). The magnetic field settings were constant while
temperature and Hall voltage were recorded during the cool down process. In Fig. 5.19
the Hall voltage is plotted as a function of temperature and reveals an essentially linear
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Figure 5.17: Measured and simulated z-component of the magnetic field in the CPS. Top: The
measured field (left) is 0.7 % weaker than in the simulation. Bottom: Left the residuals without
correcting for the offset between FBM and KATRIN coordinate system and right with correction.
In the corrected plot the edge horizontally at y = 40 mm becomes visible which is caused by
clamping of the y-movement mechanism.

dependence of 4.55 - 107*V /K which was obtained by a linear least square fit. This value
differs by a factor of 0.5 from the result in Ref. [Sch17] due to the reasons mentioned
above.

5.8 Rate and magnetic field profile comparison

The electron flux in the CPS is determined by the number of tritium decays R and the
magnetic flux Bwgrg(r) in the WGTS (see Sec. 2.2.1) the acceptance angle 6 at the exit
of the WGTS and the ratio of the radial dependent magnetic fields at the FBM Bppnm(7)
and in the WGTS Bwgrs(7s):

|

(1 —cos®) - BBFBw (5.2)

Repm(r) = waTs(7s)

Simulations reveal that BwgTs is constant such that the electron flux is proportional to
the magnetic field:

93



5 MEASUREMENTS 5.8 Rate and magnetic field profile

w. =
40.

= 20 A

£

s o0

:‘ﬁ

o

Q

> _20.

—404
—60 1
0871 —0.86 -084 -082 -0
Mag. feld [T]
0.86
£ 0851 61 2
— 40 .

k) i E o

208 E 20+ .

(E%’ 0.83 1 é 04 oococoooo.:-oooo..oo_ -
0.82 g —20- 8} <
081 40 : l Ed

—60- o | .
0.80 I
1d _61 2b 5 00
E 000 E X pos [mm]
- = . ot
§ §4_ L e WIS A
>
—0.002
T T T T T T T 27— T
=75 -50 -25 0 25 50 75 -75-50-25 0 25 50 75
X position [mm] X position [mm)]

Figure 5.18: Slice analysis of the magnetic field data. The upper left plot shows the calibrated
and temperature corrected magnetic flux data measured with the Hall sensor (here the residual
to the simulations for visualizing edge). Horizontal (vertical) data point slices are fitted with a
Gaussian to extracted the z (y) mean and the standard deviations and the residuals are calculated.
This is shown for two selected slices (dotted boxes) in x and y. The residuals for 2 show that the
field is symmetric within the uncertainties. The residual in y feature a bump where the clamping
edge is located.

Rppm(r) o Brm(7) (5.3)

For verification the normalized Gaussian fit functions for the magnetic field and the rate
from Sec. 5.4.4 are compared in Fig. 5.20. The radial rate distribution (blue) is narrower
than the one for the magnetic field (orange). The discrepancy of the normalized intensity of
about 1% towards the outside of the flux tube is caused by additional effects. One effect
is the dependence of the acceptance angle 6 on the radial position of the electrons. In
addition radial dependent reflections of the electrons at valve VO, which was closed during
the measurements, explain the discrepancy sufficiently. The interested reader is referred
to Ref. [Haul9|.
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Figure 5.19: The Hall voltage as a function of temperature. There is an essentially linear but relatively
weak dependency of approximately 0.045 %/ K.
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Figure 5.20: Comparison of the profiles of the electron flux and the magnetic flux. Plotted are
the Gaussian fit functions derived from one of the double cross-scans (see Sec. 5.4.4). From theory
the rate drops with the magnetic field which is not the case here. The rate distribution is narrower
than the magnetic field distribution causing a deviation of approximately 1% at the edges of the
flux at x = £60 mm.
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Figure 5.21: Radial dependence of the count rate derived from a cross scan during the first tritium

campaign (channel 2). The rate variations in channel 2 are larger resulting in worse fits.
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Figure 5.22: Measured quantities during a double cross scan (RUN 256). In a double cross scan
the detector performs two scans for each direction: First two horizontal scans with y=0 (X; 2)
from opposite directions followed by two vertical scans (Y7 2) with x=0. The temperature drops
because during the scans the detector directly faces the 4 K cold beam tube of the CPS. The noise
in the rate plot (rates above 3000 cps), which originates from the stepper motors, can be cut out
since the information on the stepper motor statuses is logged, too.

97



6 FIELD EMISSION ELECTRON GUN

6 Field emission electron gun

During the development of the FBM, electron sources were needed to perform test mea-
surements and for characterizing the detector. Unfortunately, suitable sources were not
available at the laboratory in Wuppertal. Therefore an electron gun (hereafter called “e-
gun”) was developed in the frame of the present work. This development is outlined in the
following sections.

In section 6.1 the general working principle of an e-gun is shortly introduced and the
requirements which the e-gun has to fulfill for the purpose of this work are listed. Section
6.2 gives a brief overview on the theory of the field emission effect. The following section
6.3 is about the preparation of sharp tips (radius <100 nm) which are mandatory for field
emission. The hardware setup of the e-gun is described in section 6.4 and the experimental
setup as well as first measurements are presented in the final section 6.5.

6.1 Working principle and requirements

Electron guns allow to generate a narrow, collimated electron beam with an almost mono-
energetic kinetic energy. All e-guns are formed of two basic components: an electron
source (filament) and electrodes which accelerate and focus the electrons. Depending on
the requirements, e-guns have different filaments and electrodes configurations.

The new e-gun must fulfill following requirements:

High electron flux The expected nominal electron flux at the FBM’s monitoring position
in the CPS is O(10° mm~2s7!). The new e-gun should provide comparable values.

Energy The maximum expected electron energy is given by the end point of the tritium
[B-spectrum at 18.6keV. The e-gun should provide electrons up to approximately
20keV kinetic energy.

Nolight emission The p-i-n diodes are extremely sensitive to visible and infrared light.
Therefore the filament of the e-gun should not produce photons in this wavelength
range.

Compatibility The e-gun must be compatible with the vacuum equipment in the Wup-
pertal laboratory.

Low production cost Only a limited budget is available.

In a thermionic e-gun the electrons are produced by a hot cathode, which is heated to create
free electrons via thermionic emission. As an unwanted side effect these hot filaments also
emit photons in the infrared and visible range. Preventing such photons from reaching the
detector is technically challenging and the maximum flux of such filaments is relatively low.
An alternative method to produce free electrons is the field emission effect (also known
as cold emission). Field emission e-guns use cold filaments such that no heat or light is
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Figure 6.1: Diagram of the energy-level schema Figure 6.2: In the presence of a strong electrical
for electrons in a box-potential of a metal. The field, the potential outside the metal is bent, such
potential is filled with electrons to the Fermi level that an almost triangular barrier is formed allowing
Er. The gap between Fermi level and the vacuum the electrons to tunnel though it.

level is called the work function ® ( & 3 to 5€V).

produced. The electrons are extracted from the thin filament with intense electrostatic
fields via the field emission process. The filaments are O(100 nm)-thick tips (diameter of
the tip) hence the electrons are accelerated from a almost point-like source such that the
initial beam is thin which makes further focussing unnecessary. Since the filaments do
not have to be heated the setup is rather simple, as it comprises only the emitter and an
opposing anode.

6.2 Field emission

Generally an electron has to overcome the work function ® ( =~ 4 - 5¢V) of the given
material (see Fig. 6.1) in order to be emitted from a solid into vacuum. By introducing an
electric field E; at the surface of a metal, the potential barrier is bent as a result (see Fig.
6.2). For sufficiently intense fields the potential barrier becomes narrow enough allowing
electrons the quantum-mechanic effect of tunneling through the barrier. This process is
known as Fowler-Nordheim tunnel emission. The corresponding current density j(FE) is
described by the Fowler-Nordheim equation for field emission:

E? 3
J(E) = Ky =% - e K2 @2 /B (6.1)

where K7 and K5 are material constants.

In pure metals field emission occurs in electric fields typically in order of O(10° V/m) and
strongly dependents on the work function .

To create such strong field for example in a plate capacitor with a plate distance of d =

Imm a voltage of V. = E-d = 10°V/m - Imm = 1MV is needed. But the dielectric
strength of vacuum is only 20-40kV/mm. The solution is to utilize intense fields which
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occur at sharp edges or tips of electrodes. The electric field at a tip is proportional to the
squared inverse of the radius:

Eyip %2 =9 %o (6.2)
As a result: if the radius is sufficiently small, the necessary electric field for field emission
can be achieved for any applied voltage. The tips of the e-gun in the scope of this work
feature a radius of r = O(100nm) such that at an electrode distance in mm range only
electrode voltages of several kiloelectron volts are needed to reach the necessary electric
field strengths (O(10° V/m) ) at the tips. As a positive side effect of the moderate voltages
the hardware requirements are lower. The next section deals with the production of these
thin tips.

6.3 Tip preparation

For producing sharp tips from polycrystalline wires the electrochemical etching procedures
have been well established for more than 60 years and are described in several books and
articles. For this work the easy to use so-called “lamellae drop-off technique” is used which is
described in detail in Ref. [K1e97]. The base material is a 0.2 mm-thick tungsten wire which
undergoes electrochemical etching to form the sharp tip. The etching of the tungsten wires
has been carried out in an electrolytic solution of 2 N sodium hydroxide (NaOH). Tungsten
reacts with sodium hydroxide and water producing water-soluble sodium tungstate and
hydrogen. The simplified equation [Kar00| of the chemical processes is

W+2H50-+2NaOH—3H+NasWOy4. (6.3)

The setup for the etching process is illustrated in Fig. 6.4. A ring electrode is used as a
cathode in which a drop of the electrolyte forms a thin film (lamella). The tungsten wire is
etched in this lamella and at the end of the process, the lower part drops into a cushioned
container. The etched end of this part is very sharp and used as the e-guns filament. The
tip is cleaned after the etching process in distilled water, isopropanol and acetone. But
a layer of tungsten (tri)oxides remains on the tip which leads to an inhomogeneous work
function. The common method to removed this layer is by heating the tip within the
vacuum chamber but this is not possible with this e-gun since filament heating was not
considered in favor of simplification.

6.4 The e-gun and the experimental setup

The e-gun is mounted on a DN100 to DN40 CF reducing piece. Two high voltage feedthroughs
(maximum 25kV DC voltage) on a DN40 flange are used for the electrical feeding. The
e-gun is formed by three electrodes (see Fig. 6.5 and 6.7).
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Figure 6.3: SEM picture of the sharp tungsten Figure 6.4: The experimental setup for electro-

tips produced via electrochemical etching. The ra- chemical etching of the tungsten wires with the

dius of the tips is in order of O(100 nm). “lamellae drop-off technique”. In a ring electrode a
drop of the electrolyte forms a lamella in which the
0.2 mm-thick tungsten wire is etched. The etching
voltage is about 3 to 9V and the procedure lasts
about 5 to 15 minutes. The etched end of the lower
part is very sharp and used as filament for the e-
gun. Figure taken from Ref. [Kul03].

Back plate (K1) To keep the high voltage part simple the back plate is directly mounted
onto one of the vacuum feedthrough’s electrodes which reduces the possibility of
sparks and unwanted field emission. It includes a central mounting point for the tip
holder. The negative voltage Vi applied to the back plate is the final acceleration
voltage.

Front plate (K3) The front plate is the middle stage of the electrode system and is con-
nected to the second electrode of the feedthroughs. Its voltage influences the electrical
field at the tip and therefore the field emission properties.

Ground plate (K3) The ground plate is electrically connected with the main flange (ground
potential) such that the electrons have reached their final energy when passing it.

The plates are electropolished to minimize unwanted field emission. The front and the
ground plate are held and separated by PEEK distance holders which are connected to
the main flange. The electrodes of the feedthroughs are insulated with ceramic beads.
Additionally polyimide tape covers high voltage parts which may have sharp edges such that
electrons from unwanted field emission are stopped. Table 6.1 lists the setup parameters.
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Figure 6.5: Picture of the Wuppertal field emis- Figure 6.6: Picture of the experimental setup for
sion e-gun. e-gun measurements in Wuppertal.

For the measurements the e-gun is attached to a DN100 outlet of a DN160 vacuum chamber
(see Fig.6.6). The distance between the e-gun (ground plate) and the detector is approx-
imately 10cm. Two separate high voltage supplies are connected to the electrodes. The
best achievable vacuum for the vacuum chamber is about 1075 mbar.

6.5 Measurements

A scheme of the e-gun setup is illustrated in Fig. 6.7 (also compare with Fig. 6.1) high-
lighting the principle functionality. Two cathodes (K7 and K3) and one anode (K3) are
arranged in an order such that electrons ejected from K7, which is set to the desired ac-
celeration voltage V7, are accelerated to K3 which is at zero volts. Downstream of K3 the
electrons have their final energy. The voltage Vo at cathode K2 does not change the final
energy of the electrons but determines the shape and strength of the electrical “extraction”
field at the tip.

Detector response

The electron spectrum at the bottom of Fig. 6.7 is taken with the shown configuration
above. The spectrum shows the typical properties of an electron peak taken with a detector
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front and ground plate diameter/ thickness 64.5mm/ 2mm
diameter of aperture in front/ ground plate 5mm/ 8 mm
distance between front and ground plate 20 mm
back plate diameter/ thickness 15.5mm/ 5mm
distance between back and front plate 13 mm
diameter on edges 0.5 mm
acceleration voltage 8 to 20kV
extrusions voltage 2 to 8kV
tip diameter < 100 — 500 nm

Table 6.1: Parameters of the e-gun setup.

which features a dead layer and a none zero shaping time. The peak position E, =
Vie — Ejyss is shifted to lower energies due to the mean energy loss Ej,ss in the dead layer,
the lower energy flank descends into a plateau which is formed by partial charge collection,
and a pile up peak is formed at Ep;. = 2- E.. The peaks can be fitted with a combination
of a Gaussian and an error function, similar to Sec. 4.6.1 but without the escape peak
since it only occurs with photons.

Stability

The field-emission process is generally unstable. The e-gun as developed in the present
thesis showed several features. Not all of them were reproducible. Following behaviors
were observed.

1. After setting the back (K7) and front plate (K2) to the desired negative acceleration
voltage (V1 = V), the voltage of the front plate V3 is increased slowly such that
voltage difference AV = Vo — V] increases i.e. the electrical field at the tip increases.
The field emission process starts step-like such that the measured intensity jumps
from zero to high rates which can not be measured with the detector. After this
sudden increase AV can be lowered again to adjust the count rate to a sufficient
level.

2. During the measurements the rate varies by a factor of about 2 and drops in long
term.

3. The field emission process sometimes stops unforeseeably.

There is no clear rule at which voltage or voltage difference the upper features appear.
Nor is there a certain time interval for how long the field emission process can be held up.
Although stability was not required for the e-gun since detector stability measurements
are performed with the 83Rb source, an increased stability would simplify the handling of
the e-gun which may be relevant for projects in the future. The reason for points 1 and 3
is possibly that the field emission takes place over a large part of the tip instead of only
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6.6 Summary and outlook

1. HV supply

-16.0 kV I
E --------------------------------- ..
2. HV supply 73kv]| i
K1 K2 K3
noise Data: eGun @ V1=16.0 kV (V2=7.3 kV)
/ — fit function=gaussian +error function
103 4 -'\’ ; —-—- gaussian part, mean=14.901 keV
- ----error function
= I \
> i
@ 102 4 i \ pile-up peak
8 ] \
£ i \
i \
I \ .
! \ S
10" 4 i VolEs
i VoL L
! Ill . -.- -:-
I_I \ . e
T T - T T T T
5 10 15 20 25 30 35 40
Energy [keV]
Figure 6.7:

Illustration of the working principle of the e-gun. Top: Schematic of the e-gun setup. Two
power supplies provide the cathodes K1 and K2 with negative voltages Vi and V> receptively. In this
example Vi =

—16KkV is chosen for the desired final electron energy of 16keV. V5 does not change the
final energy but determines the electrical field at the tip. Cathode K3 is ground such that the electrons

will have reached their final energy after passing it. Bottom: The electron peak obtained for the upper
example in logarithmic scale. The position of the peak is shifted to a lower energy due to the energy loses
in the dead layer. Because of the hight rate a pile-up peak is formed.

the very end of the tip. Therefore electrical field simulations (see Fig. 6.8 and 6.9) were

Tests are outstanding.

performed with Kassiopeia to understand how the fields at the tip look like. The strong
field can be limited to the very end of the tip by dipping it deeper into the detector holder.

6.6 Summary and outlook

A field emission e-gun which emits electrons with energies of 5 - 20 keV was developed,
built, tested successfully and the first use of the e-gun was the determination of the dead

ways:

layer of one of the p-i-n diodes. However, the e-gun showed strong intensity instabilities
during operation which impeded the handling. The stability can be increased in three

1. Field emission gets more stable with lower pressure. This thesis proposes to use a
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Figure 6.8: Simulated electrical field of the e-gun. Figure 6.9: Simulated electrical field of the e-gun.
(zoomed)
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Figure 6.10: Annealing the tip with self-sputtering.

UHV vacuum chamber to reach pressures below 10~7 mbar.

2. Simulations were carried out which show, that the strong field gradient comprises
only the very end of the tip if it is dipped deeper into the tip holder. This limits the
electron emission to a smaller area such that the e-gun may work more stable.

3. In [Ekv99] it is proposed to anneal the tip to clean and sharpen it for higher rates
and more stability. The described method is called self-sputtering. The vacuum
chamber is filled with neon at 10* mbar and the e-gun is in normal operation (see
Fig. 6.9). The electrons from the field emission of the tip ionize the neon atoms.
The positive neon ions get accelerated towards the tip bombarding it. During the
sputtering process an increase of the count rate can be monitored. The expected
annealing time is about one hour.
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7 Simulations

To understand the detector response of the FBM a detailed Monte Carlo model for the pas-
sage of electrons from vacuum into a silicon detector was developed within the GEometry
ANd Tracking (Geant4d+PENELOPE) simulation toolkit [Ago03].

7.1 The model

The model of the detector comprises a detection volume and a fully insensitive dead layer
(also known as slab-model). Within the detector the electrons undergo elastic and inelastic
scattering losing their energy subsequently. As an example, in Fig. 7.1 (left) the projected
electron tracks of a simulation with 30 electrons of 10keV initial energy is shown. The
electrons lose a fraction of their energy in the dead layer. Due to the scattering kinematics
of similar particles (electron-electron scattering) the scattering angles can be relatively
large such that the primary electrons can be reflected into the dead layer and even fully
reflected out of the detector.

In the present example the mean energy loss in the dead layer is about 1keV and approx-
imate 17% of the electrons are fully reflected. Only energy losses within the detection
volume are added to the event. In the right panel of Fig. 7.1 a 18.6 keV electron peak,
which was measured with the FBM at a detection rate of 2kcps, is shown. The long,
low energy tail, as a result of partial charge collection, can readily be identified. The low
energy region (A) is predominantly produced by reflected electrons and region B mainly
by the dead layer losses which also cause the shift of the main peak (C) by approximately
0.6keV (mean energy loss in the dead layer).

The predicted energy spectra are compared to the experimental single energy electron
spectra (e-gun) and 33Rb spectra. The following steps are performed to obtain the best
fit:

1. Electrons are simulated matching the source properties

2. For each source property, simulated spectra were generated for different dead-layer
thicknesses

3. To take the electronic noise into account, the Geant4 spectra are convolved with a
Gaussian probability distribution such that the experimental detector resolution is
matched (typically 2 — 2.4keV FWHM)

4. The measured electron spectrum is compared to the library of simulated spectra with
X?- tests. Before the comparison the simulations are normalized to the peak with
the highest energy from the measured spectra.

With this method good fits (see Fig. 5.15) could be obtained for measurements in which
only the center of the diode is irradiated as it was the case during the Rear Section e-gun
measurements (see Sec. 5.5). The low energy tail is always slightly overestimated which is
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Figure 7.1: Numerical simulation of electrons entering and interacting with a silicon detector.
Left: Thirty 10 keV initial electrons (red) are passing from vacuum from perpendicular direction
into the detector. The detector model uses a 350 nm-thick dead layer, which is completely insen-
sitive, and the detection volume which is fully sensitive. Within the detector the electrons lose
energy by many subsequent elastic and inelastic scattering processes. Secondary electrons can be
produced (blue). The scattering angles can be large such that electrons may leave the detector
again i.e these electrons get reflected. Right: Electron spectrum (18.6keV) and the best fit. The
low energy tail (A and B) originates from partial energy deposit.

due to fact that electrons which get reflected from the detector are back reflected into the
detector due to the magnetic fields in the CPS. This happens within the shaping time of
the DAQ such that it is registered as a not reflected event which results in a less intense
region A in Fig. 1.1. Magnetic mirroring is not considered in this model. The interested
reader is referred to [Haul9].

7.2 The edge of the diode (edge correction)

It was never possible to achieve good fits for measurements in which the diode was irradi-
ated completely, as it is the case for the ®3Rb and tritium measurements. The simulations
always underestimate the data (compare with Fig. 7.4) for lower energies. The results from
the e-gun scan in Sec. 5.5.1 allow the assumption, that such spectra include events from
electrons which hit the detector in the narrow area of approximately 0.1 to 0.2 mm outside
but in the immediate vicinity (edges) of the sensitive area. This increases the efficiency of
the diode but these additional events undergo different or additional partial charge collec-
tion processes as one can see in the corresponding spectra measured at Pos. 2, 3, 15 and
16 in Fig. 5.14. This is not considered in the model as described above so far in which
only a slab-model dead layer is assumed in the sensitive area and a fully non-responsive
diode outside. In the following section the method for correcting this effect is described.
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Figure 7.3: Simulation with edge correction. The orange spectrum only includes electrons which
hit the detector within its sensitive area. If including events from electrons which hit the detector
outside of the sensitive area (see Sec. 7.3) the response of the detector changes (blue) basically by
an additional plateau left from the peak.

Edge correction
The events which occur at the edge of the diode (see Sec.
5.5.1) clearly undergo more partial charge collection than
events within the sensitive area. The precise geometry of
the diode’s edges is unknown but it is fair to assume that
its rather complex. However, to take these edge effects
into account it is assumed that each event has a certain
possibility to happen at the edges, which is expressed by
the edge factor f., and undergoes further scattering after
the passage through the basic dead layer. The result
is a higher plateau at the low energy side of the peak. Figure 7.2: Edge correction with
Technically this is done by adding a plateau to the low the bin-wise method. Bin i rides
. . ; . . up on plateaus created by a parti-
energy side of each bin after the simulation with Geant4 . charge collection of electrons in
(between step 2. and 3.). If the number of events in the bin i+j (j=1, 2,3 ...).
bin is I, then the plateau has the hight Iyqtcqu = Lpin - f-
There is no additional free parameter.

Intensity (arbitray)

r4.

Bin[]

The e-gun scan (see Sec. 5.5.1) which enables looking only into events from electrons
hitting the sensitive area (e.g. Pos. 4 - 14) also allows adding events from electrons which
hit the edges (e.g. Pos. 1, 2, 3, 15 and 16). Because the scan is performed in a grid-like
structure this is a reasonable approximation for a completely irradiated diode as it is the
case for 83Rb and tritium measurements. Figure 7.3 shows the spectra obtained including
(blue) and excluding (orange) edge events. The additional events lift the peak onto a
plateau. The simulation includes the edge correction which leads to a good fit. As next
this method is applied to the electron spectrum of ®3Rb.

During commission in Wuppertal several 83Rb spectra were recorded. One of such a spec-
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Figure 7.4: Measured and simulated 3Rb spectrum. The ®3Rb data (blue) is measured with a
S5971 diode. Without edge correction the simulation underestimates the data (black). With edge
correction (yellow) the simulation describes the data well above 8 keV but underestimates the data
below this value.

trum is shown in Fig. 7.4 together with the simulation results. Without taking the edge
effects into account the simulation underestimates the data below 27.5keV. The simulation
with the edge correction describes the data well down to 8 keV but still underestimates the
data below that energy. A possible reason for the underestimation can be the large uncer-
tainties (23 %, see Tab. A.5) in the relative intensity of the 7.5keV conversion electrons.
However, the bin-wise edge correction is a simple but effective approach to deal with the
additional “none-perfect” events which occur at the edges.

The edge factor obtained from the best fit is f&¢@ = 1.41 for Geant4 and fXF99 = 0.0019
for KESS. KESS |[Renll] is a further Monte Carlo simulation toolkit commonly used in
the KATRIN collaboration for dead layer simulations [Wall4, Haul9).

7.3 Efficiency of the detector

To determine the intrinsic efficiency of a detector, the number Dp striking the entrance
window needs to be known. In practice, large uncertainties are involved to determine Dp
for small detectors which are close to a radioactive source or if using an e-gun of which the
flux is not properly known. In addition, the experimental setup for detecting reflected elec-
trons or electrons which are not transmitted through the dead layer, is complex. Therefore
numerical simulations are performed to obtain these quantity. The probabilities for elec-
trons for getting reflected before reaching the sensitive volume (P,), stopped in the dead
layer (P;) and for not exceeding the energy threshold of 5keV (Py(5keV)) are determined
for initial electron energies from 3 to 20 keV.

The efficiency can be calculated by ¢, = 1 — P, (z = r, th, d). The intrinsic efficiency
of the detector is then given by €;(5keV) = &, - g4 - e (5 keV). The results are shown in
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Figure 7.5: The simulated efficiency of the p-i-n diode with a 340 nm-thick dead layer as they

are used for the FBM.

Fig. 7.5 for the inclination angles of 0° (electrons velocity perpendicular to the diode) and
28° (maximum for nominal tritium runs). Applying this result to the simulated tritium
spectrum ([Haul9], electron flux in the CPS) results in a counting efficiency for tritium of
approximately 40 % i.e. the FBM sees 40 % of the spectrum at a threshold of 5keV.
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8 Summary and outlook

The work presented in this thesis is the development, investigation and integration of the
Forward Beam Monitor (FBM) into the KATRIN experiment. The experiment aims for
a precise measurement of the shape of the tritium beta spectrum at its end-point region
in order to determine the mass of the electron antineutrino with a sensitivity of 0.2 eV/c?
at 90 % confidence level. One of the major systematic uncertainties in this measurement
arises from instabilities related to the high luminosity tritium source. An unaccounted
shift of the column density, for example, would result in a shift of the observed neutrino
mass. In order to reach the design goal of KATRIN, the fluctuation of the column density
must be measured on the per-mil level. Therefore the source is continuously monitored by
several monitoring systems, one of which is the FBM.

Within the scope of this thesis a UHV compatible vacuum manipulator was developed. It
is able to place the detector board directly into the beta electron flux originating from the
tritium source. Although the mounting position of the apparatus demands a movement
mechanism with a working stroke of 1.8 m the FBM is able to reach any position within
the electron flux cross-section with a precision of 0.1 mm which can be determined with
magnetic field measurements.

Furthermore the detector board, which is situated at the tip of the FBM manipulator,
was developed which measures the electron flux with two silicon p-i-n diodes. The FBM
detector reaches an energy resolution of about opwuy = 2keV at an energy threshold of
5keV. The readout electronic was optimized to be able to register electron events at a rate
of O(10* cps) and thus to measure relative changes in the electron flux with 0.1 % precision
in about 100s.

The entrance window (dead layer) of the p-i-n diodes has a great impact on the detector
response when measuring electrons. To understand the related effects in order to reach
the required precision for the FBM numerical simulations were performed. From these
simulations it was found that the p-i-n diodes used for the FBM have a 350 nm-thick
dead layer causing an energy dependent shift of the measured peak of 0.5 to 2keV for
electron energies up to 20keV. The peak itself widens and develops a long low energy tail
descending in a basically flat plateau.

After commissioning, the FBM was deployed for several KATRIN measurement campaigns
including the very first measurement with tritium. The capabilities of the FBM detector
could be confirmed as well as the positioning accuracy of the manipulator. A long term
(days and weeks) drift of the rate was observed which correlates to a drift of the noise
level. In short terms (hours) the FBM is stable to the per-mil level.

For the commissioning of the FBM, electron sources were needed to test the detector.
Besides the provision of an ion implanted rubidium source, an electron gun was developed
for this work. It takes advantage of the field emission effect and provides a narrow electron
beam with energies from 5 to 20 keV.

To summarize, the work presented in this thesis led to the realization of a monitoring
device which reaches all design goals.
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Based on these findings the following items should be addressed in future works.

e During the first tritium measurements a low pile-up rate (in the order of a few
percent) was expected such that the data is used for tritium analysis without any
pile-up corrections. In nominal KATRIN pile-up rates above 10 % can occur such
that this effect may not be neglected anymore. Therefore a dedicated study on the
pile-up behavior of the DAQ is proposed. Simulated beta spectra, which already
considered the dead layer effect, were carried out in Ref. [Haul9]. These spectra can
be used to predict the impacted pile-up e.g. by performing simulations utilizing Eq.
4.16 or using the simulation software DRIPS which is included in Kasper, KATRIN’s
simulation framework.

e By now only the AC part of the preamplifier signal is processed (events, spectrum)
which is decoupled from the DC part in the second preamplifier. However, the DC
offset is a measure of the mean energy deposited in the detector and hence can
also be used for stability analysis. This has not been tested yet but a read-out
channel is already provided as well as the cabling. A new preamplifier with outputs
for the DC signal would easily provide this new feature which usefulness still needs
to be investigated. In addition the second stage preamplifier would benefit from a
temperature sensor.

e During first measurement campaigns a shift of the noise peak was observed. At the
same time a shift in the spectrum and hence in the count rate was measured. A lot
of effort was invested to understand if there is a causal link between the two and if
the gain of the detector might have drifted. This could not been answered before
opening and recalibrating the detector. The analysis of the FBM data would benefit
from a repeated calibration measurement with the RS e-gun performed in certain
time intervals. This thesis proposes three electron energies 10, 15 and 18 keV.

e In case the FBM is opened for maintenance (e.g to place new cables into the tube
for the FBM-TRISTAN project) it is recommended:

— to exchange the long aluminum rod by a stainless steel rod to decrease y-
movements of the detector due to temperature changes.

— to check for abrasion at all movement parts, especially at the toothed rod and
the groove which were coated with tungsten disulfide. If in doubt one must
consider to revise the part.

e In case the field emission e-gun will be used for future projects it is proposed to revise
the high-voltage system. In addition, the vacuum setup should be upgraded to be
UHV compatible and the tip annealing method with gaseous neon must be tested.
In addition the handling of the e-gun would benefit from a read out of the emission
current.

A major detector upgrade for the FBM is already planned. The TRISTAN project (Tritium
Beta Decay to Search for Sterile Neutrinos) will take advantage of the high luminosity
tritium source of KATRIN after the nominal neutrino mass data-taking has ended. It aims
to confirm the existence of the sterile neutrinos which has been predicted in numerous
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theories. Therefore the KATRIN main detector will be replaced by a new silicon multi-
pixel detector system. The TRISTAN detector utilizes novel silicon drift detectors with
a dead layer only 100nm thick. It records spectra with an energy resolution of about
orwaM = 140 meV and features a energy threshold less than 2keV . The interested reader
is referred to Ref. [Merl8|. One of these detector chips will be tested in the FBM at the
end of 2019 and if this test is successful the FBM might be operated permanently with
the TRISTAN upgrade such that the neutrino-mass runs of KATRIN can already benefit
from its excellent performance.
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A  Appendix

A.1 Thermal simulations

Typically the energy resolution of a silicon detector decreases if the temperature of the
detector rises which is mainly caused by thermally activated charge carriers into the con-
duction band. The dark noise of the detector chip rises which increases the voltage noise.
Hence one tries to keep the temperature low, at least below room temperature. The tem-
perature scenario in which the detector board is located during nominal operation in the
CPS is rather complex and already described in Sec.4.7. Although the FBM detector is
surrounded by cold beam tubes (at temperatures at least 77 K) its temperature was found
to be unexpected hight up to 50 °C during the first measurements in the CPS. Therefore
numerical simulations were performed using the simulation framework COMSOL multi-
physics.

Besides three parts of the front end, namely the backplate, the front end lever arm and the
cover, all other components are simplified in the geometric model. The long bellows, the
vacuum components of PP2 and the interior of the CPS are idealized by cylindric shapes.
This measure not only eased the modeling but also speeds up the simulation time. The
thermal conductivity and emissivity coefficients for each component are set corresponding
to their material:

’ Component ‘ Material ‘ A [Wm_lel] ‘ el ‘
Detector board polyimide/ ceramic 0.12/18 0.86/0.9
back plate aluminum 237 0.08

CPS stainless steel/ gold plated 14.4/345 0.55/0.02
electrical comp. plastics 0.2 0.95
Inner rod
Bellows
PP ; ZEIgng;zin = stainless steel 14.4 0.055
CPS
stainless steal

Table A.1: List of materials and thermal properties as they are used for thermal simulations. Given are
the thermal conductivity A and the emissivity e coefficients.

In the simulations the inside surfaces of the outer boundary are set to a fixed temperature.
Here the walls of the CPS are at 77 K while the bellows and PP2 are at room temperature.
The electrical components of the detector board can be set to produce a certain thermal
power. Both heat conduction and heat radiation are included into the simulation. For the
latter some small and cold (ox T#) surfaces are excluded to reduce computation time.

In figure A.2 the resulting temperature contribution of the FBM is shown for the case of
a not gold plated (left) and a gold plated CPS beam tube (bottom). Two-thirds of the
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interior of the FBM remain at room temperature while the other one-third features a large
temperature gradient down below 0°C. Due to its high reflexivity the gold coating of the
CPS beam tube acts as an insulator resulting in a 25 °C higher temperature than calculated
with a stainless steel surface. This is one of the reasons why the board temperature is higher
than expected. Another reason arises from the board itself as one can see in Fig. A.3. With
the 1 mm-thick polyimide board V1 the electrical components reach temperatures up to
50°C. With a ceramic board, which features a thermal conductivity 15 times greater, this
temperature can be lowered by 30°C. Hence, to reduce the temperature of the electrical
components it is recommended to increase the heat flow from the electrical components to
the back plate and reducing the power consumption of the preamplifier circuit.

Instead of using ceramics for the new detector board V2 a thinner (0.2mm) multilayer
board, which consists of alternating polyimide and copper layers, is used. To further
increase the heat flow the new board is contacted through from the FET ground contacts
to the back layer of the board (made of copper), and then glued directly to the backplate.
Additionally the power consumption was reduced (see Sec. 4.5.2). These countermeasures
reduced the board temperature below 0°C (compare with Sec. 5.4.2).

296 K 77 K

Model in COMSOL

=

=

=)

Zoome in on front end
N
m’;"

Figure A.1: The geometric model of the FBM in the thermal simulations. To shorten the simulation
times, the long bellow, the vacuum parts of PP2 und the CPS chamber are idealized by cylindric shapes.
The complete back end is removed as well as the toothed wheel and rod of the frond end. The walls
of the setup are set to 77K or room temperature for walls located inside or outside the CPS chamber,
respectively.
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Figure A.2: Thermal simulations of the FBM with and without gold plated CPS beam tube. In general
about two-thirds of the inner parts of the FBM remain at room temperature and the front end features
the lowest temperature. Due to its hight reflectivity the gold plating in the CPS acts like an insulator for
the heat radiation such that the final temperature of the FBM is about 25 °C higher than for a beam tube
which is not gold plated.
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Figure A.3: Thermal simulations of the FBM front end. The temperature of the electrical components
reaches up to 50 °C with the polyimide board (left, board V1). The same simulation but with a ceramic
board instead results in a reduction of these temperature of about 30°C.
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A.2 Detector boards

Channel ‘ Location ‘ Hardware number ‘ Analysis number ‘ ID ‘ DAQ
1 bottom | 322-RRP-8-5000-00 | 322-CHN-0-5000-00 | 1 | PX 5 (322-EBU-
0-2010-00)
2 top 322-RRP-8-5100-00 | 322-CHN-0-5001-00 | 0 | DP 5 (322-EBU-
0-2000-00)

Table A.2: Allocation and KATRIN numbers of the DAQ.

Board ‘ Channel 1 diode ‘ Channel 2 diode ‘ type ‘ Measurement time
1 V1 Test
2 V1 Test
3 S9055 (0.031 mm?) | S5972 (0.5 mm?) | V1 Krypton measurement
campaign, July 2017
4 S5971 (1.1mm?) | S5971 (1.1mm?) | V1 Test
5 S5971 (1.1mm?) | S5971 (1.1mm?) | V2 First tritium, May 2018 and
STSIIIa, Sep 2018
6 S9055 (0.031 mm?) | S5973 (0.12mm?) | V2 NxT tritium, from Feb 2019

Table A.3: An overview of the different FBM boards used for different measurement campaigns. The
main differences between the boards are the size (and type) of the p-i-n diodes and the type of the PCB.
Board V1 is a 1 mm-thick polyimide PCB which is only fixed with screws to the back plate while board
V2 is a 0.2mm-thick polyimide PCB which is additionally glued to the back plate for better thermal
conductivity.
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’ Peak ‘ E [keV| ‘ rel. I | decay mode/assignment
y-peak *1Am (59.54) 59.5412 | 35.9 a
y-peak 2 Am (26.34) 26.3448 2.4 a

y-peak 24 Am, 314 - o}
32.183 | 0.01746 «
33.1964 | 0.126 o
X-ray peak 23"Np L; 11.871 0.66 ZTNp L
X-ray peak 23"Np Ly142 | 13.761 1.07 La1
13.946 9.6 La2
X-ray peak "Np L, 51_52 | 15.861 | 0.153 L,
17.751 5.7 Lsi
16.816 2.5 Lso
17.992 1.37 Ls3
17.061 1.5 Lsa
17.505 0.65 Lgs
16.109 0.184 Lge
X-ray peak Z"Np L,1_3.6 | 20.784 | 1.39 L,
21.099 0.65 Ly2
21.342 | 0.59 L3
21.491 0.29 L6
Photo electrons peak 48-50 - -

Table A.4: An overview of the strongest **' Am gamma and x-ray lines below 60 keV[SC].

Electron | Energy [keV] | Intensity
CE L 7.4847 8 81 % 19
CE M 9.1177 12 13% Z
CEN 9.3817 10 1.3% 3

Auger K 10.8 36.5 % 21
CE K 17.8260 9 17.3 % 24
CE L 30.2306 8 44 % 6
CE M 31.8636 11 7.4 % 10
CEN 32.1276 9 055 % 7

X-ray | Energy |keV] | Intensity
XR 1 1.59 5.5 %5
9.4057 6 5.9 % 14

XR k2 12.598 19.9 % 13
XR k1 12.651 39 % 3

XR k3 14.104 2.77 % 19
XR k1 14.111 54 % 4
XR k2 14.311 0.71 % 5
32.1516 5

Table A.5: An overview of the strongest 3*Rb lines below 33keV.
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Figure A.4: The circuit layout of the detector board. The drawing shows the electronic layout of the
two equivalent charge sensitive preamplifiers as well as the Hall-sensor, the temperature gauge and LED
circuits.
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Figure A.5: The circuit layout of the interface board. The circuit provides voltage to voltage converters
and splits the data and power lines.

Figure A.6: The board layout of the splitter circuit.
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Figure A.7: The board layout of the preamplifier circuit. The connector for the 22 pads is a specially
designed PEEK connector (see Fig. A.14 and A.13).

The bonding of Hamamatsu p-i-n diodes on the FBM detector board

Left pad (Cathode) —m— Right pad (Anode)

Cathode Ch1l

Figure A.8: The bonding of the p-i-n diodes. The figure shows the p-i-n diodes as they are positioned
between their corresponding pads (cathode and anode pad).
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Figure A.9: The circuit layout of the second stage preamplifier. The drawing shows the electronic layout
of the two equivalent amplifiers which are installed outside the vacuum chamber to further amplify the
signal originating from the charge sensitive (first stage) preamplifiers.
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All technical drawings of the FBM are stored in Wuppertal and Karlsruhe and can be
viewed upon request. Since the Wuppertal e-gun is not a part of the FBM its technical
drawing are given below. Further more three-dimensional CAD drawings of the PEEK
connector and the detector holder are shown to help the reader understanding how the
front end is assembled.

kathode_spitzenhalter ?7

™ T = T S % =3 T @ T <

Figure A.10: Three-dimensional CAD drawing of the Wuppertal e-gun.
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Figure A.11: Technical drawing of the cathode K1 und the tip holder of the Wuppertal e-gun. The
cathode is directly attached to one of the electrical feed throughs. The tip holder as well as the tip itself
are fixed from the side with grub screws.
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Figure A.12: Technical drawing of the electrodes K2 und K3 of the Wuppertal e-gun.
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Figure A.13: Three-dimensional CAD drawing of the assembly of the front end. The detector board
is glued to the back plate and fixed with two distance holders which also serve as mounting points for
the cover. The polyimide insulated wires are soldered to the pogo pins which are situated in the PEEK
connector. The connector itself is mounted by pressing it against the pads and tightening it with two
screws. Due to the pogo pins the connection to the pads is ensured.
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Figure A.14: The vacuum sided detector board connector is made of PEEK which is a organic thermo-
plastic polymer.
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