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CHAPTER 0

Zusammenfassung

Die vorliegende Arbeit beschreibt Untersuchungen mit dem Karlsruhe Tritium Neutrino
Experiment, welche wihrend der “First Light” Messkampagne durchgefiihrt
wurden. Diese ermoglichte es erstmals, Elektronen am flussaufwérts gerichteten Ende des
Experiments zu erzeugen und diese mit Hilfe eines magnetischen Fiithrungsfeldes adia-
batisch durch die gesamte 70 m lange Anlage zum Detektor zu leiten, um transmittierte
Elektronen mit einem Silizium-Detektor zu zéhlen. Ziel war es, die erforderliche kollisions-
freie Fithrung von Elektronen in einem magnetischen Flussschlauch von 210 Tem? durch
das gesamte Strahlsystem zu demonstrieren. Die gewonnenen Ergebnisse sind fiir
die Bestimmung der absoluten Neutrinomasse mit einer bisher unerreichten Sensitivitét
von my = 200meV (90 % C.L.) von entscheidender Bedeutung.

Das Standardmodell der Teilchenphysik beschreibt die drei bekannten Neutrinos als masse-
lose, elektrisch neutrale und rein schwach wechselwirkende Teilchen. Die Entdeckung von
Neutrinooszillationen lieferte jedoch den eindeutigen Beweis, dass Neutrinos eine nicht
verschwindende Masse besitzen. Neutrinos sind damit das am haufigsten vorkommende
massive Teilchen im Universum, da jeder Kubikzentimeter 339 Neutrinos enthilt. Mit
ihrer nicht verschwindenden Masse hatten sie somit direkten Einfluss auf die Bildung
groffrdumiger Strukturen im frithen Universum. Eine direkte und modellunabhingige Be-
stimmung der Neutrinomasse wiirde es erlauben, einen der wichtigen Fit-Parameter in
kosmologischen Modellen festzulegen. Zuséatzlich konnte die Beobachtung der absoluten
Neutrinomasse einen Hinweis geben, wie Massen jenseits des Higgs-Mechanismus erzeugt
werden. Daher ist es fiir die Kosmologie und Teilchenphysik von essentieller Bedeutung,
die absolute Neutrinomasse zu bestimmen. Die hochprézise Spektroskopie der Energie von
Elektronen aus dem Tritium {3-Zerfall ist eine bewihrte Methode, um im Bereich des
kinematischen Endpunkts die Masse des Neutrinos direkt und modellunabhéngig zu be-
stimmen. Die Neutrinomasse manifestiert sich dabei in einer geringfiigigen Anderung der
spektralen Form nahe des Endpunkts. Das Experiment ist das fithrende Tritium
Neutrino-Massen-Experiment der nichsten Generation, da es die Sensitivitdt der bisheri-
gen Experimente in Mainz und Troitsk um eine Gréflenordnung iibertreffen wird. Dieses
ehrgeizige Ziel erfordert insbesondere eine Erhohung der statistischen Préazision bei gleich-
zeitiger Verringerung aller systematischen Unsicherheiten. Dies wird durch die Kombinati-
on der hierfiir besonders geeigneten Technik einer fensterlosen gasformigen Tritiumquelle
mit Auslese durch ein retardierendes Spektrometer erreicht. Dies entspricht der bekannten

Filtertechnologie.

Die Quelle des KATRIN Experiments ist so konzipiert, dass sie eine Aktivitit von 10!
B-Elektronen pro Sekunde liefert. Da nur ein winziger Bruchteil von 2 x 10713 aller p-
Zerfille im letzten 1eV-Intervall unterhalb des Endpunkts Ey des Energiespektrums auf-
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0. Zusammenfassung

treten, wird eine Signalzdhlrate von einigen erwartet. Daher sind drei Nettojahre
an Datenaufnahme, die fiinf Kalenderjahren experimenteller Laufzeit entsprechen, notwen-
dig, um die erforderliche Statistik fiir die angestrebte Sensitivitdt zu erreichen. Schwan-
kungen der Aktivitit der fensterlosen gasférmigen Tritiumquelle fithren zu sys-
tematischen Unsicherheiten, daher muss diese auf einem bisher unerreichten Niveau von
0.1 % stabilisiert werden. Die Quellstabilitit wird von folgenden Parametern direkt beein-
flusst: der Reinheit des Tritiumgases, dem Einlassdruck des Tritiumgases in das Quellrohr,
der Pumpleistung der Turbomolekularpumpen (TMPk) und der Temperatur der Quelle.
Dementsprechend muss die Temperatur des Quellrohrs auf dem gleichen Niveau wie die
Quellaktivitat stabilisiert werden. Um den Effekt der thermischen Dopplerverbreiterung
der B-Elektronenenergien durch molekulare Bewegung zu minimieren, wird die gasférmi-
ge Quelle durch das umgebende Quellrohr auf 30 K gekiihlt. Ein wesentliches Ziel dieser
Arbeit war es festzustellen, ob der geforderte Temperaturbereich sowie die spezifizierte
Temperaturstabilitdt erreicht werden kann.

Im Herbst 2015 wurde der Zusammenbau des Kryostaten durch einen industriellen
Partner abgeschlossen und an den Campus Nord des geliefert, wo er das
Strahlrohrsystem der Quell- und Transportsektion (STS)) mit den bereits vorhandenen
Komponenten der differentiellen Pumpstrecke und kryogenen Pumpstrecke (CPS
vervollstidndigte. Die Inbetriebnahme der umfasste den Betrieb des Zwei-Phasen-
Kiihlsystems des Quellrohrs und des Temperaturmesssystems. Die Temperaturmessungen
des Quellrohrs konnten zeigen, dass der Temperaturbereich von 30 K zuverléssig und oh-
ne technische Probleme erreicht wurde. Eine durchschnittliche Temperaturstabilitdt von
(3,28 +1,68) mK /h wurde iiber einen Zeitraum von 16 Tagen ermittelt. Dieses Ergebnis
iibertrifft die spezifizierte Temperaturstabilitit von 30 mK /h um eine GréBenordnung. Dies
ist ein wichtiges Ergebnis im Hinblick auf das Budget der systematischen Unsicherheiten,
um die angestrebte Sensitivitit auf die Neutrinomasse zu erreichen. Die Temperatur am
hinteren &ufleren Ende des Quellrohrs ist dabei jedoch 500 mK hoher im Vergleich zur Mit-
te und dem vorderen Ende. Die Spezifikation der Temperaturhomogenitit von 30 mK kann
somit nicht erreicht werden. Im Hinblick auf die ausgezeichneten Ergebnisse der Tempera-
turstabilitidt kann aber die Temperaturinhomogenitét in das Quellmodell integriert werden.
Dieses modifizierte Quellmodell ermoglicht es den Einfluss der Temperaturinhomogenitét
zu beriicksichtigen, ohne die Sensitivitdt auf die Neutrinomasse zu beeintrachtigten.

Um die erforderliche Statistik zu erreichen und Systematiken zu minimieren, muss das Ma-
gnetfeld, welches einen Flussschlauch innerhalb des Strahlrohrs erzeugt, die [3-Elektronen
kollisionsfrei von ihrem Ursprungspunkt durch die 70 m lange Anordnung leiten, um sie
schliefllich am Detektor zu zédhlen. Hierbei sind zwei magnetische Flussschlduche von Rele-
vanz. Der erste hat einen kreisformigen Querschnitt von 191 Tem? um die Lingsachse des
Strahlrohrs und fiihrt die relevanten {3-Elektronen fiir die Neutrinomassen-Analyse von der
Quelle zum Detektor. Der zweite hat eine GréBe von 210 Tem? und bildet eine ringférmige
Struktur um den ersten magnetischen Flussschlauch. Die Hauptaufgabe dieses erweiter-
ten Flussschlauchs ist es, einen Pufferbereich zu definieren, der frei von Kollisionen mit
der Wand des Strahlrohrs ist, und somit fiir den engeren 191 Tem? Flussschlauchbereich
sicher stellt, dass damit einhergehende Anderungen der kinetischen Energie der relevan-
ten B-Elektronen bei hohen Energien verhindert wird. Im Strahlrohrabschnitt der
befindet sich auflerdem der forward beam monitor (FBM)), welcher die Quellaktivitdt am
duBersten Rand des 210 Tcm? Flussschlauchs iiberwacht. Das Hauptziel dieser Arbeit war
es, die Ausrichtung des magnetischen Flussschlauchs innerhalb des gesamten Strahlrohrs
zu untersuchen. Dies beinhaltet damit die detaillierte Bestimmung, ob die 3-Elektronen
kollisionsfrei gefiithrt werden kénnen und ob die Quellaktivitit mittels des iiberwacht
werden kann.

'milli counts per second (Ereignisse pro 1000s)



Die Kombination der Komponenten zu einer durchgehenden Strahlfithrung wurde
Anfang 2016 abgeschlossen. Dies beinhaltete eine simultane Inbetriebnahme aller Strahl-
rohrkomponenten. Das Hauptspektrometer und das Detektorsystem (FPD), die einen Teil
des Spektrometer- und Detektorsektion bilden, wurden bereits zwischen 2012 und
2016 im Rahmen von zwei Messkampagnen, [SDS-T/und [SDS-IT|, in Betrieb genommen. Den
letzten fehlenden Bestandteil von bildete das Vorspektrometer, welches im Sommer
2016 den Bereich komplettierte und damit das Strahlrohrsystem vervoll-
standigte. Durch die erfolgreiche Inbetriebnahme der einzelnen Komponenten konnten die
supraleitenden Magnete erstmals gemeinsam betrieben werden und erzeugten dadurch den
ersten durchgéngigen magnetischen Flussschlauch innerhalb des 70 m langen Strahlrohrs.
Im Herbst 2016 wurden zwei kiinstliche Elektronenquellen, welche einen schmalen und
einen breiten Elektronenstrahl generieren, am flussaufwirts gerichtetem Ende des
Strahlrohrs installiert, um die Ausrichtung des magnetischen Flussschlauchs relativ zum
Strahlrohr zu messen.

Durch einhergehende mechanische Positionsmessungen der einzelnen KATRIN Komponen-
ten wihrend der Konstruktion und Inbetriebnahme war es méglich, ein realistisches Modell
des gesamten Strahlrohrsystems mit dem Kassiopeia Softwarepaket zu erstellen.
Dieses Modell wurde um die “As-Built” Geometrien der Magnete erweitert. Dies erm6glicht
eine realitdtsnahe Simulation des Verlaufs der Magnetfeldlinien im Strahlrohr. In Kombina-
tion mit der implementierten Elektronenstrahlquelle konnten umfangreiche Simulationen
zur Teilchenbewegung entlang der Magnetfeldlinien durchgefiihrt werden. Dadurch war es
moglich, eine Abtastung des Flussschlauchs mit Elektronen iiber die supraleitenden Dipol-
magnete der durchzufiithren. Das Ergebnis ist eine lineare Abhéngigkeit zwischen
der Auslenkung des Elektronenstrahls auf dem Detektorwafer und dem Dipolstrom. Diese
Korrelation ermoglicht eine sehr genaue Bestimmung des Zentrums des Elektronenstrahls
auf dem Detektorwafer, da dieser unabhéngig von der Pixelauflosung bestimmt werden
kann.

Im Hinblick auf die First Light Messkampagne war es moglich, durch die lokale Absenkung
des Magnetfeldes den Flussschlauch aufzuweiten und mit Hilfe der Elektronenstrahlabtas-
tung des entstandenen Engpasses zur Wand gezielt nach Kollisionspunkten zu suchen,
um die Ausrichtung des magnetischen Flussschlauchs im [STS!Bereich zu iiberpriifen. Mit
Hilfe der Elektronenstrahlabtastung wurden Engpésse auf dem Detektorwafer abgebildet,
so dass die Ausrichtung der untersuchten Komponente im Bezug auf den ermittelt
werden konnte. Die begleitende Simulationen zeigen, dass der 191 Tcm? Flussschlauch in
der Tat kollisionsfrei durch das gesamte Strahlrohr gefiihrt werden kann. Allerdings kolli-
dierte der 210 Tcm? Flussschlauch horizontal innerhalb des Strahlrohrs. Durch den
Betrieb der Magnete bei einem moderat hoheren Magnetfeld kénnen die Kollisio-
nen des 210 Tcm? Flussschlauchs vermieden werden. Die Ausrichtung der Strahlfiihrung
zwischen Spektrometer und Detektor wurde mit der in Vorgingerarbeiten entwickelten
asymmetrischen Magnetfeldmethode untersucht. Dazu wird der flussaufwirts gerichtete
Magnet des zu untersuchenden Spektrometers abgeschaltet. Dies fithrt zu einer Aufwei-
tung des magnetischen Flussschlauchs, wodurch Elektronen, die durch Feldemission nahe
der inneren Oberfléiche des Spektrometers emittiert werden, auf den Detektor geleitet und
detektiert werden konnten. Das Ergebnis ist ein ringférmiges Abbild auf dem Detektor,
welches die Ausrichtung zwischen der inneren Elektrodenstruktur des Spektrometers und
dem FPD beinhaltet. Da das globale Magnetfeld fiir die First Light Ausrichtungsmes-
sungen reduziert werden musste, wurden Simulationen fiir verschiedene Feldeinstellungen
durchgefiihrt. Dadurch konnte gezeigt werden, dass die Ausrichtungsmessungen magnet-
feldunabhéingig sind. Die aufgefiihrten komplexen Messstrategien wurden anschliefend im
Rahmen der First Light Messkampagne zur Bestimmung der Ausrichtung des magneti-
schen Flussschlauchs eingesetzt.
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0. Zusammenfassung

Mit Hilfe einer Elektronenquelle, die den gesamten Querschnitt des Flussschlauchs be-
leuchtet, konnten erstmals die Transporteigenschaften des magnetischen Flussschlauchs
auf einer gesamten Lange von 70 m gemessen werden. Das Ergebnis fiir niederenergetische
Elektronen war die Beobachtung eines Schattens, der auf dem unteren Teil des Detektor-
wafers sichtbar war. Weitere Untersuchungen ergaben, dass der Schatten durch ein elek-
trostatisches Blockierungspotential am Klappenventil zwischen dem Vor- und Hauptspek-
trometer verursacht wird. Dieses Potential reflektiert sehr niederenergetische Elektronen
mit Energien unter 100eV. Die relevanten (-Elektronen fiir die Neutrinomassenmessung
besitzen aber Energien im multi-keV Bereich und werden somit nicht von dem beobach-
teten elektrostatischen Potential beeinflusst. Dieses verhindert jedoch die Beobachtung
von niederenergetischen Untergrundereignissen, welche im [STSFStrahlrohrbereich als auch
im Vorspektrometer erzeugt werden. Weitere Untersuchungen miissen daher durchgefiihrt
werden, um das Bauteil zu identifizieren welches das Potential erzeugt. Dieses Bauteil muss
anschlieBend modifiziert werden, um eine erneute Bildung des elektrostatischen Potentials
zu verhindern.

Ein wesentliches Ergebnis der First Light Messkampagne war die Verifizierung der er-
warteten linearen Abh#ngigkeit zwischen der geometrischen Verschiebung des Elektronen-
strahls auf dem Detektor und dem Strom in den Dipolspulen der WGTS| Leider wurde
die Messung durch Beobachtung eines Elektronenhalos um den Elektronenstrahl beein-
flusst, was zu einem einen stérenden systematischen Effekt verursacht und zum anderen
zu einer signifikanten Unsicherheit in den Ausrichtungsergebnissen fiithrt. Dennoch sind
die erzielten Ausrichtungsergebnisse den Simulationsergebnissen sehr dhnlich, da nur der
[DPS!Bereich den magnetischen Flussschlauch horizontal so weit einengt, dass nur der
191 Tem? Flussschlauch kollisionsfrei bei nominalen Magnetfeldeinstellungen gefiihrt wer-
den kann. Durch den Betrieb der Magnete bei hoherem Magnetfeld verschwinden
die Kollisionen des 210 Tem? Flussschlauchs fast vollstindig. Dementsprechend sollte es
moglich sein, die Quellaktivitit mit dem im #uBeren Bereich des 210 Tem? Fluss-
schlauchs zuverlassig zu iiberwachen. Die Ausrichtung der einzelnen Komponenten von
und untereinander und zum zeigte keine signifikante Abweichung vom De-
sign. Eine mechanische Neuausrichtung einer Komponente der [DPSStrahlfithrung oder
eine Verschiebung des magnetischen Flussschlauchs unter Verwendung der supraleitenden
Dipolmagnete der ist daher nicht erforderlich. Somit koénnen die 3-Elektronen dort
kollisionsfrei und ungestort gefiithrt werden.

Die bevorstehende Inbetriebnahmephase III des gesamten Experiments zu An-
fang 2018 wird es ermoglichen, die Ausrichtung des magnetischen Flussschlauchs noch ge-
nauer zu untersuchen. Dies wird durch die Elektronenkanone der Rear Section ermoglicht,
welche ab diesem Zeitpunkt zur Verfiigung stehen wird. Dieser Emitter erzeugt einen ha-
lofreien und scharfkantigem Elektronenstrahl mit einem Durchmesser im sub-mm-Bereich.
Dieser wohldefinierte Elektronenstrahl ermoglicht es, ein sehr detailliertes Bild der Aus-
richtung der magnetischen Flussschlauchs im Strahlrohr unter Verwendung der etablierten
magnetischen Engpassmethode zu erzeugen. Zusétzlich wird der Aufbau der gesamten
Strahlrohrinstrumentierung abgeschlossen sein. Dies erlaubt es, zudem die Ausrichtung
zwischen der Instrumentierung und dem magnetischen Flussschlauch exakt zu bestimmen.
Basierend auf den Ergebnissen dieser Arbeit erfiillt der magnetische Flussschlauch damit
alle Anforderungen, um die effektive Neutrinomasse mit einer Empfindlichkeit von 200 meV
bei 90 % C.L. iiber fiinf Kalenderjahre zu messen, wenn die wie vorgeschlagen, mit
einem hoheren Magnetfeld betrieben wird.

xii



CHAPTER 1

Introduction

This thesis presents the results of the “First Light” measurement campaign of the Karlsruhe
Tritium Neutrino experiment. For the first time a configuration was imple-
mented which has allowed to create electrons at one end of the experiment and to guide
these electrons through the entire 70-m-long setup to the detector to be counted. The
goal was to verify that electrons can be guided collision-free through the setup, thereby
allowing to minimize systematic effects from energy losses. This is essential for
to reach the absolute neutrino mass scale with an unreached sensitivity of m, = 200 meV

(90% C.L.) [Ang05].

The Standard Model of particle physics describes the neutrinos as massless, electrically
neutral and purely weakly interacting particles. However, the discovery of the neutrino
oscillation has provided unambiguous evidence that neutrinos have a non-vanishing mass
Fuk98bl, [Ahm01] [Ahm02| [Aha05, Wen10, [Ahal3]. Thus, neutrinos are the most abun-

dant massive particle in the universe, with each cubic centimeter containing 339 neutrinos
Les12]. Due to their non-vanishing mass, they have a direct influence on the formation of
large-scale structures in the early universe. Additionally, their non-zero mass has a major
impact on particle physics since the Standard Model of particle physics offers no explana-
tion about the mechanism behind neutrino masses and oscillation. The strong influence
of massive neutrinos on cosmology and particle physics is the motivating raison d’étre for

to realize the next-generation direct neutrino mass experiment, KATRIN

The experiment makes use of the kinematics of tritium B-decay to measure the
neutrino mass in a direct and model-independent way. The neutrino mass has a direct
influence on the shape of the spectrum only near the endpoint. Therefore, will
investigate the electron energy spectrum of f-electrons in the region close to the endpoint
with unprecedented precision. The unique sensitivity of the experiment can
only be achieved by combining a high-luminosity gaseous tritium source with a large
spectrometer that is based on the filer principle. Since only a small fraction
of B-electrons originates from the region close the endpoint of the spectrum,
requires a stable source activity on the 0.1 % level to obtain the required statistics while
simultaneously reducing systematic effects. The huge flux of 3-electrons has to be guided
adiabatically and collision-free from the source through the 70-m long beamline of the
experiment to the detector.

The entire beamline is surrounded by a series of superconducting solenoids which provide
a magnetic field to guide the B-electrons. Due to the cylindrical geometry of the beamline,
the magnetic guiding field can be described as a magnetic flux tube of specific size. To
avoid collisions, the superconducting magnets and thus the magnetic flux tube are coaxi-
ally aligned with the beamline. The rather stringent specifications have to be verified by
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dedicated alignment measurements and the actual geometry data have to be implemented
into a sophisticated simulation model of the beamline to scrutiny the magnetic
flux tube alignment. With the help of simulation results it is possible to develop spe-
cific alignment strategies. During the First Light campaign, these complex measurement
strategies are used to determine the alignment of the magnetic flux tube in the beamline,
forming the main objective of this thesis.

To minimize the source-related systematic uncertainties, the -activity has to be stabilized
on a 0.1 % level. Several parameters influence the activity, such as the pressure and purity
of the gas, and the temperature of the source tube, containing the gaseous tritium. Since
the source activity is directly correlated with the temperature of the source tube, it has to
be stabilized on a 0.1 % level as well. In addition, to limit the effect of thermal broadening
of the f3-electron energies due to molecular motion, the source tube and hence the gaseous
tritium source is cooled to a temperature regime of 30 K. Another objective of this thesis
is to determine whether the specified temperature regime as well as the corresponding
stability and homogeneity requirements can be achieved.

Chapter 2 gives a summary of the history and status of neutrino physics. Current results of
neutrino experiments are outlined with the focus on neutrino oscillation, since these provide
evidence for a non-vanishing neutrino mass. It concludes with outlining and contrasting the
different-model dependent and independent methods to determine the absolute neutrino
mass scale.

The underlying principles of B-spectroscopy using filters is presented in chapter
3. It outlines the technical setup of the experiment while giving an overview
of individual components and their technical realization. The statistic and sys-
tematic performance with regard to source activity and magnetic flux tube alignment are
discussed as well. The chapter is completed by a detailed description of the objectives of
this thesis.

Chapter 4 presents the works performed during beamline commissioning. The focus
of this chapter is on the commissioning of the source tube cooling system and on the
achieved level of temperature homogeneity and stability. The determination of the position
of the superconducting inside the cryostats of the beamline and with respect to
the global coordinate system is outlined as well as the achieved magnetic field
stability. Finally the commissioning of the cryogenic pumping section with regard on the
3-K cryogenic beamline trap is discussed.

The First Light measurement campaign is described in detailed in chapter 5. It includes
the objectives of the measurement campaign as well as the hardware status of
experiment during this crucial measurement period. It explains the technical setup behind
the use of a pencil beam and a wide beam electron source that were used for alignment
measurements. The chapter concludes with an overview of the underlying principles of the
alignment measurement methods.

Chapter 6 details the simulation efforts of this thesis for the global beamline,
including the careful investigation of the magnetic field. At first the simulation software
Kassiopeia is presented, which allows to create a detailed model of the geometry and the
electromagnetic fields of the entire beamline for particle tracking. The simulation allows
to assess the merits of the two implemented electron sources. The main focus here is on
the pencil beam to scan the magnetic flux tube by making use of superconducting dipole
magnets of the source section. Finally, the pros and cons of different measurement methods
as well as the best-suited magnetic field configurations are presented.

The experimental results obtained during the First Light campaign are discussed in chapter
7. It presents the alignment parameters for each [KATRIN] section with respect to the



detector. The main task was to identify if the magnetic flux tube can be guided collision-
free through the entire beamline. The outcome is discussed together with options
to further improve the flux tube alignment. Finally, the implications for the neutrino
mass measurement are outlined and complemented by suggestions for future alignment
measurements.

The last chapter summarizes the performed measurements and the results obtained and
will give an outlook on the upcoming neutrino mass measurement starting in 2018.
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CHAPTER 2

Neutrino physics

Being the most abundant massive particle in nature, neutrinos have a key role in elementary
particle physics with strong links to the formation of large scale structures in the early
universe. With its non-vanishing mass and large-scale oscillation effects, neutrinos could
be central to answer the fundamental questions:

1. Are neutrino oscillations violating [CPtsymmetry? Could this potentially explain the
matter-antimatter asymmetry in the universe?

2. What is the absolute mass of the neutrino? Could this be a hint on how masses are
generated beyond the Higgs mechanism?

3. What type of particles are neutrinos Dirac or Majorana particles?

4. In which way did neutrinos influence the structure formation in the early universe?

Since W. Pauli has postulated the neutrino in 1930 [Pau30bl [Pau30a] in a letter to a con-
ference in Tiibingen, they have fundamentally changed our understanding not only of the
[3-decay but also in understanding the interactions of elementary particles. Due to their
weak interaction, a direct detection seemed to be impossible at these times. However, in
1956, a mile-stone in neutrino physics was achieved when Reines and Cowan finally discov-
ered neutrinos in the Savannah River reactor experiment [Rei56a), Rei56bl [Cow56]. Since
then neutrino physics has continuously gained pace and two more types of neutrinos, the
p-neutrino and the t-neutrino were found in 1962 and 2001 [DONOI]. A break-
through observation in 1998 [Fuk98al, [Fuk98b] and 2001 [AhmO1] [Ahm02] has provided
unambiguous evidence for the phenomenon of neutrino oscillations, which was already de-
scribed by Pontecorvo in 1968 [Pon6§]. Neutrino oscillations give incontrovertible proof
that the masses of neutrinos are non-zero. Due to this fact neutrinos clearly point to
physics beyond the standard model of particles, which assumes neutrinos to be massless.

The hierarchy of neutrino masses is still unknown, but the mass splittings between the three
neutrino types have been determined with high accuracy. The observed mass splittings
allow to define at least a lower mass limit [Ber12]. Upper mass limits have been set by using
cosmological models and direct neutrino mass measurements using {3-spectroscopy. To
determine the neutrino mass in a model-independent way, high-precision (3-spectroscopy
is used to investigate the endpoint energy region of the tritium (-spectrum, where the
neutrino mass has a measurable influence on the shape [Asell].

Neutrino masses are one of the fundamental yet still unknown parameters in the Standard
Model (SM). Being the lightest and most abundant fermionic particles in the universe,
the influence of neutrinos on the structure formation in the early universe is of specific
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importance. Therefore, a precision determination of its mass is a key motivation for
the leading next-generation neutrino mass experiment: the Karlsruhe Tritium Neutrino
experiment. The target of is to improve the neutrino mass sensitivity
by one order of magnitude compared to the present neutrino mass results. The sensitivity
goal is 200meV at 90 % C.L., which will be achieved by using high-precision tritium -
spectroscopy.

A brief overview of the history of the neutrinos with milestone observations will be given
in the next section of this chapter. Afterwards the theoretical description of neutrinos in
the of particle physics will be explained in section The observation of neutrino
oscillations and the underlying physics beyond the will be shown in section The
different techniques used in precision neutrino mass investigations will be given in section
2.4L In the last section the current status of direct and model independent neutrino
mass experiments will be detailed.

2.1 A summary of the neutrino history

It took more then 10 years after the first discovery of radioactivity by Henri Becquerel
in 1896 until N. R. Campbell showed that {3-rays are identical with electrons emitted by
the radioactive decay of a nucleus [Rutl0]. At the beginning p-decay investigation on
the decay properties were incorrectly described, implying simply that a mother nucleus X
decays into a daughter nucleus Y under the emission of an electron e™:

5X = AV 4e. (2.1)

The consequence of this two-body decay should be a discrete spectrum of electron energies.
First investigations of the (-electrons in an external magnetic field however gave a hint
to a continous energy distribution [Baellbl [Baellal Meil3]. In 1914, J. Chadwick finally
proved that the energy spectrum of the B-emitter 2'4Pb and ?'Bi is indeed continuous
(Chald], as shown in figure Two additional experiments confirmed Chadwicks result

of a continuous B-spectrum [ElI27] Mei30].
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Figure 2.1: Electron energy distribution curve of the radium p-decay. Chadwick
used a RaB and RaC B-emitter within a vacuum chamber in a magnetic field to study the
energy distribution of the f3-ray, shown in the left figure. The energy distribution showed 4
linies, but the most important insight was the continous energy spectrum, shown on the right
figure. Twenty years later F. Scott repeated the measurement and confirmed Chadwicks result

Chald]. Figures adapted from [Chald].
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Although, this result seemingly violates conservation of energy, momentum and angular
momentum it took more than a decade until the 3-decay reaction was extended to a three-
body-decay by W. Pauli [Pau30b]. Pauli postulated a then hypothetical stable, interacting
only weakly, described as an electrically neutral, spin —1/2 particle (V,), which carries
away the missing angular momentum and the energy. This explains the continuous energy
spectrum:

X =AY +e v (2.2)

Furthermore, Pauli concluded that the shape of the 3-spectrum could only be explained
if neutrinos have a non-vanishing mass [Pau30b]. The first BT-decay was detected by
F. Joliot and I. Curie in 1932 [Jol34], completing the radioactive decay processes which
produce (-rays (not taking into account electron capture):

B -decay: n — p+e + 7V, (2.3)
Bt-decay: p — n+e" +v..

In 1934, E. Fermi formulated the theory of a three-body 3-decay by assuming a point-like
weak interaction [Fer34|, and renamed the new neutral particle to neutrino. His calculation
of the transition rate I';_, s of the $-spectrum from the initial state ¢ to the final state f:

AN
dE’

was named in his honor and today is called "Fermi’s Golden Rule” [Fer34]. Here
Gr denotes the coupling constant, followed by Mp; which describes the transition matrix
element, and the final-state density (i—%). For weak interactions between neutrinos and

matter, H. Bethe and R. Peierls calculated a cross section of ¢ = 107* cm? in the same

year |[Bet34].

A variety of novel phenomena improvements during the last decades have required to
2

describe the differential spectrum of the (-electrons éitT]}g as a function of the kinetic

energy of the electron as follows:

Ting = 2m- G2 |(f1Mili)? (2.5)

d2N B G%~ cos? O
dtdE 273

IMPF(Z 4+ 1,E) - \/(E? + m2)2 — m2ct - (E + mec?) -

(Bo — B)\/(Bo — E)? —m2 ¢t ©(Bo — E —ms,¢?).  (2.6)

Here, we have integrated over all possible discrete and continuous final states [Bel03
[Drel3]. The elements of "Fermi’s Golden Rule” are listed in table
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Table 2.1: Physical quantities of ”Fermi’s Goldener Regel”.

physical quantities description

Gr Fermi’s coupling constant

Oc Cabibbo-angle

My; transition matrix element

F(Z+1,E) Fermi-function with nucleus charge value Z of the daughter nucleus
E energy of the electron

Me mass of the electron

Ey end-point energy of the [3-spectrum

D momentum of the electron

my, mass of the electron anti-neutrino

A major experimental breakthrough was achieved in 1956, when C. Cowan and F. Reines
finally could prove the existence of neutrinos with their now famous series experiments,
among them “project poltergeist” [Rei53| [Rei56b], [Cow56]. Predecessor experiments were
first located at the Hanford Site, but to allow a more definitive conclusion, the experimen-
tal location had to moved to the P Reactor of the Savanna River Plant. With a maximal
distance of 11m to the reactor core, a reactor-neutrino flux of 5 x 103 cm=2s~! was cal-
culated [Gri04]. Furthermore, the detector was buried 12m below ground to provide ade-
quate shielding against the soft component of cosmic rays. This last implementation of the
“poltergeist” experiment consists of a sandwich configuration where two target tanks are
placed between three scintillator modules. These scintillator modules are equipped with
110 to collect the scintillation light and produce electric signals. Each tank was
filled with 100 ¢ water including a total of 40 kg of dissolved cadmium chloride (CdCly).

The classical inverse 3-decay was used to detect electron antineutrinos (Ve):

p+ve — n+e'. (2.7)

The target protons are provided by the largest number of water molecules inside the tanks.
The positrons annihilate quickly with electrons into two 511-keV photons. The heavy
recoil neutron propagates a few microseconds through the target until being thermalized
by scattering processes with protons of the water to finally be captured by a cadmium
nuclei. The excited cadmium nuclei after capture immediately deexcites via emission of
several y-photons with an overall energy in the MeV range:

Wcd+n — Mcdr, (2.8)
Medr - ™Med+y.

The short time delays of typically < 17 us between the 511-keV photons and the MeV
v-photons were used to distinguish neutrino signals from the background . This is
the so-called delayed coincidence method still in use today in many reactor v-experiments.

A second type of neutrino, the so-called muon-neutrino (v, ), was discovered at the Brookhaven
National Laboratory in 1962. There, at the Alternating Gradient Synchrotron (AGS]),

15 GeV protons were striking a beryllium target to produce pions (7). Nowadays it is
well-known that these pions can decay via the following channels:

oo w4y, (2.10)
T = W 4V (2.11)

Tt

The pion beam from[AGS|was focused onto a massive 13.5 m thick iron block for absorption.
Some of the pions decayed in flight to neutrinos, which penetrate the massive block, while
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Figure 2.2: Configuration of the neutrino experiment poltergeist. The left picture
shows the sandwich configuration of project poltergeist. On the right side the measurement
principle is demonstrated. The target tanks (A and B) are highlighted with lines. The scintil-
lator modules (I — III) which are covered with the photo multipliers are highlighted in trans-
parent. A time delay of 3 — 10 s is mentioned. The time delay shown on the right side of the
figure, depends on the cadmium concentration in the water of the target tanks [Reib6b).
This figure is adapted from [Sut16

all other particles were blocked off. The outcome was a pure beam of neutrinos. A 10t
aluminum spark chamber was placed inside this beam path. The aim was to prove that the
muon neutrinos (v,) can be distinguished from electron neutrinos (v.). Experiments were
able to detect 29 muon events, being identified by their straight tracks. These straight
tracks could clearly be discriminated from six electron events, which had produced a wide
electromagnetic shower. Accordingly, it could be demonstrated that the muon-neutrino
and the electron-neutrino are two different particles [Dan62].

In 1975, the tau-lepton (T) and hence, the third leptonic generation was detected [Per75].
Although the existing of tau-neutrinos (v;) was expected since then, it took another 25
years until the first T-neutrinos were detected at the experiment. High-energy
protons with 800 GeV from the Tevatron accelerator were guided onto a tungsten beam
dump. The particles created did contain an unstable part of Dg-mesons, which immediately
decayed to:

Ds — T+Ve (2.12)

This tau-neutrino beam was focused on a detector, consisting of stainless steel sheets,
separated from each other by nuclear emulsion plates. A shield of concrete, lead and iron
was used to absorb all other particles. The unique track of the produced T-leptons in the
fiducial volume resulted in a typical kink in its trajectory. With these characterizations it

was possible to identify four T-neutrino events [DONO1].

Already in 1989 the Apparatus for Physics experiment investigated the
total width of the Z’-resonance at the Large Electron-Positron collider at
The analysis of the Z%resonance showed about three (N, = 3.27 + 0.30) light neutrino
species with a mass m < 45 GeV [DeC89], twelve years before the T-neutrino was detected.
In 2006 the combined analysis of the and the data provided a light neutrino
number of Ny = 2.9840 + 0.0082 [The06].
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Figure 2.3: The standard model of particle physics. The left side of the figure shows
the three generations of the quarks and the leptons, which form together the fermions. The
fermions are classified as spin 1/2 particles. On the right side of the figure the bosons are
presented, classified as spin 1 particles, excluded the higgs boson which has a spin 0. Figure

is adapted from |[Lubl7].

2.2 Neutrinos in the standard model of particle physics

Today the of particle physics describes the three discovered light neutrino generations,
which can be distinguished by their different flavor (ve, v, and vq), see figure With
their spin 1/2, neutrinos are classified as fermions, and, together with their corresponding
partners (e”, u~ and 1), they form a distinct subcategory of fermions, the leptons, see
figure In the[SMlleptons are arranged in doublets, transforming under the weak isospin
SU(2) gauge symmetry, while its weak hypercharge Y describes transformations under
U(1). A unification of these symmetries forms the gauge group SU(2) ® U(1), creating the
electroweak interaction. The Higgs mechanism allows this gauge group to contain three
massive gauge bosons, the W & Z° which mediate the weak interaction and a massless
vector boson y mediating the electromagnetic interaction.

Based on the spectacular successes of quantum electrodynamics in the 1950s, major
efforts have been undertaken to construct a similar theory for the weak interaction. First
descriptions in the 1960s by S. Glashow [Gla61], A. Salam and J. Ward were
expanded in a formulation in 1967 which was simultaneousely achieved by S. Weinberg
and A. Salam [Sal68]. Around 1968 this culminated in the unified electroweak
theory by S. Glashow, S. Weinberg and A. Salam. Key to their theory was the so-called
Higgs mechanism which gives mass to the gauge bosons W+ & Z0. As early as 1964, this
mechanism was formulated by P. Higgs, F. Englert, and R. Brout in the PRL symmetry

breaking papers [Higb4] [Eng64].

These authors implemented a scalar Higgs field into the SU(2) ® U(1) Lagrangian, which
couples to the gauge fields of U(1), giving mass to the gauge bosons W* & Z° by spon-
taneous symmetry breaking. The remaining gauge boson y remains massless. In doing
so, three unphysical massless Goldstone bosons were eliminated, while one massive boson
remains [Hig64]. In 2012 the theoretically predicted scalar Higgs boson was observed in
the [CMS| and [ATLAS] experiments at LHC (Chal2].

10
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In 1955, one year before the first neutrinos were detected by Cowan and Reines, R. Davis set
out to measure reactor neutrinos, based on Pontecorvo’s original idea by the radiochemical

reaction [Dav55]:
SIC1+v A 3TAr4e. (2.13)

Accordingly, a large amount of carbon tetra-chloride next to the Savannah river reactor
was used as a target. The underlying theoretical model in these days assigned the same
identity to neutrinos and antineutrinos (v =7¥). At present, a detection of V. from a
reactor is impossible due to the fact that conservation of lepton number 2.12 is violated.
Consequently, R. Davis experiment had to yield a negative result.

In 1956, Lee and Yang suggested violation of parity conservation in weak interactions
[Lee56]. An experimental breakthrough was achieved in the same year by C. Wu as she
could prove maximal violation of parity conservation in weak reactions [Wu 57]. The
resulting fundamental left-right asymmetry in weak interactions, gives couplings between
the weak gauge bosons and left-handed particles, and right-handed antiparticles. The
investigated physical observable was the handedness of a particle, so-called helicity:

h— P (2.14)

151171

which is the projection of the particle spin § on its momentum p. Due to the fact that
the helicity operator depends on the reference frame, it is not Lorentz-invariant. Hence, in
the case of creating a massive particle by the weak interaction, this can be detected with
right- and left-handed helicities. However, massless particles will only be detected with a
left-handed helicity.

The first determination of the neutrino helicity was achieved in 1958 by M. Goldhaber
[Gol58]. Helicity of neutrinos was determined by measuring the polarization of photons,
produced by the electron capture of ?MEu and the ensuing fast deexcitation of the
daughter nucleus %2™Sm* (7 = 30fs):

B2mpy p e —  152MGm* 4 v, +950keV, (2.15)
192mgm* 5 192mGy 4y 4 961 keV. (2.16)

Goldhaber finally determined the neutrino helicity to be h = —1.0 + 0.3 [Gol58]. The
conclusion is that the direction of neutrino spin and momentum are opposite. The achieved
result is in good agreement with maximum parity violation of weak interactions, discovered
earlier in the Wu experiment.

Hence, the corresponding V—A theory [Fey58| [Sud58| implies the existence of massless
left-handed neutrinos and massless right-handed antineutrinos, a central asset of the

2.3 Neutrino physics beyond the standard model

Since the postulation of neutrinos by Pauli in 1930, major efforts were undertaken to
disclose its secrets. For along period of time, the theoretical description of the neutrino
was in good agreement with the experimental results starting in the 1980s and 1990s,
a series of neutrino experiments found more and more stringent indications for flavor
transformation between all three neutrino generations. The consequence of this oscillation
results is that at least two neutrino generations are not massless and the flavor number
conservation is violated. Furthermore, the 3 X 3 neutrino mixing matrix comes with a
factor which could violate the [CPLsymmetry. This could be the key element to explain
the evident asymmetry between matter and anti-matter in the universe. The following
sections give a short introduction to the history of neutrino oscillation physics, followed
by a brief discussion of the theoretical framework and concluding with recent results.

11
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2.3.1 The solar neutrino problem

Combining the inconclusive experiment of Davis in 1955 with the landmark discovery of
the electron antineutrino by Reines and Cowan, it seemed evident that neutrinos are non-
identical to their anti-particles [Dav55| [Rei56bl [Cow56]. Although Pontecorvo’s first idea
to measure the neutrinos via an inverse 3-decay was not successful, neutrino-iduced n-p
transpormations can be used to measure neutrinos from fusion processes that occur in
the core of the sun [Dav64] Bet14b]. Here, the radio-chemical transformation of chloride

into argon via an inverse [3-decay and vice versa was proposed to detect solar neutrinos

Pon91]:

decay

3701+ v, STAr +e™. (2.17)

capture

Already in the same year Bahacall published his detailed estimates of solar fusion processes
and nuclear 3-decays, to establish the Standard Solar Model (SSM) [Bah64al, [Bah64b)]

1

The then new results in neutrino physics gave Davis a strong impetus to realize his famous
Homestake experiment to measure solar neutrinos [Dav64]. A tank filled with 615 tons
of liquid perchloroethylene CoCly was used as target, placed in the Homestake gold mine
1478 m underground. Interactions of solar neutrinos with 37Cl transforms it to 3"Ar, is a
radioactive isotope of argon with a half-life of about 35 days. After a few weeks, small
quantities of the argon isotope have formed and can be purged out of perchloroethylene
with gaseous helium. Afterwards, a few tens of atoms of 37Ar were separated from the
process gas helium by using a cold trap. Finally, a small proportional counter was filled to
detect the decay of 37Ar via K-electron capture to excited 37Cl*. During the deexcitation,
a 2.8-keV Auger electron is emitted and was detected with proportional counter [Dav68]:

STAr+e= — 3TCI* 4 v, (2.18)
a1 — 37CL e (2.19)

With this radio-chemical method, the real-time information about neutrino interactions,
such as time of reaction and neutrino energy, get lost. With an energy threshold of
814 keV, Davis was able to detect "Be and ®B neutrinos, see ﬁgur Already in the
seventies, first results were consistently at a value of only one third of Bahcall’s calculated
solar neutrino flux [Bah76, [Dav79]. This result established the so-called “solar neutrino
problem”. Between 1970 and 1994, more than 108 extractions were performed. This gave
a solar neutrino induced production rate of r = 0.48 & 0.03 (stat.) 4 0.03 (syst.) 37Ar per
day [Dav94].

The solar neutrino problem seemed at first to be an issue related to uncertainties related
to the [SSM), nuclear cross sections, or even Davis’ experiment. Bahcall’s calculations and
Davis’ experiment were checked repeatedly, but both were indeed correct [Bah82]. Subse-
quently, a series of successor experiments, using the transformation of gallium "'Ga into
germanium "'Ge, such as GALLEX [Ham99], SAGE and GNO [AIt05], confirmed
the deficit of solar neutrinos. However, these experiments could not deliver real-time
information about neutrino fluxes. A significant milestone was achieved in the nineteen-
nineties, when the water Cherenkov-based Kamiokande experiment delivered first real-time
information and confirmed the deficit again [Fuk96].

The next-generation Cherenkov experiments like Super-Kamiokande [Fuk98a] and SNO
AhmO1] are based on light and heavy water as a target, respectively. These experiments
were designed to investigate the solar neutrino problem in more detail. A water Cherenkov
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Figure 2.4: The solar neutrino flux. The energy spectrum of solar neutrinos as predicted
by the standard solar model. Figure is adapted from [Bah05].

detector makes use of the principle that neutrinos can interact with matter via elastic
scattering off atomic shell electrons:

Vo+e = voteo (= e, 1, 7). (2.20)

The result of a neutrino interaction in this channel is an electrically charged particle with
a rather high energy of up to several MeV, produces characteristic Cherenkov light cones
in the target medium. The shape and alignment of theses cones include information about
the direction of the incident neutrino, its kinetic energy, the arrival time and the point of
interaction inside the target mass. To detect the Cherenkov light cones, the surface of a
vessel is completely covered with a large number of photomultipliers.

Located in the Kamioka mine in Japan, the Super-Kamiokande is the largest real-time
neutrino detector so far, with a target mass of 50000t of high-purity water. More than
13000 tubes allow a high-resolution Cherenkov light detection. Based on the elastic
scattering process (see equation, the Super-Kamiokande detector allows to observe all
neutrino flavors, in principle. A landmark discovery was achieved in 1998 by observation
of an up-down asymmetry of high-energy atmospheric muon neutrinos. Although the
primary cosmic ray flux is nearly isotropic, a discrepancy between the measured and the
expected number of atmospheric muon neutrinos (v, ), as a function of the zenith angle and
hence the propagation length through the earth, was observed (see figure . This gave
the first indication that the measured neutrinos flavor depends on the distance between
the production point and the detection point, which could only be explained by neutrino
oscillations.

The new era of precision neutrino oscillation studies culminated in the results of the
Sudbury Neutrino Observatory (SNO) experiment. Here, the same Cherenkov technology
was used, however with a target mass of 1000t heavy water (D20). The vessel was
surrounded by 10000 to detect the Cherenkov light from reaction of ®B-neutrinos.
For the first time it was possible to measure the elastic scattering reaction, see equation
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Figure 2.5: Observation of the neutrino oscillation. On the left site the measured at-
mospheric neutrino flux by Super-Kamiokande is shown. The measured results are highlighted
with black points and complemented by the expected rate considering the oscillation theory,
marked in red. Shown in blue is the expected rate without oscillation. On the right picture
the measured solar neutrino flux ¢, . versus the neutrino flux ¢, is shown. The colors denote
the CC-, NC-, and ES-reactions. Furthermore, the Super-Kamiokande results are shown as
brown band [Fuk03]. The predicted neutrino flux of ®B is highlighted in black dashed
lines [Bah05]. Figures are adapted from [Virl6] and [Aha05]

el

2.19, and simultaneously the neutral (NC) and charged current (CC) reactions:

CC: ve+d — p+p+e, (2.21)
NC: vo+d — n+p+vs (v =e, 1, T). (2.22)

Due to their origin from fusion processes, solar neutrinos have a limited energy (Ey), see
figure so that CC reactions are energetically possible for electron neutrinos only (m, >
me and m,, > E,). Consequently, the true flux of v, can be measured via this reaction. In
contrast, the NC reaction is flavor blind, allowing an overall neutrino flux measurement.
The thermalized neutron of this process from deuteron break-up is captured by a suitable
nucleus resulting in the emission of photons with known energies to be detected with[PMT5.
This breakthrough discovery was published in 2001, where the total rate of NC reactions
was found to be in excellent agreement with the predicted rate of solar neutrinos gained
from the (see figure [2.5)). Furthermore, the electron neutrino fraction of one third
confirmed the results of the previous experiments [Ahm02]. As predicted by Bahcall, the
solar core is an electron neutrino source only. Both results give unambiguous evidence that
neutrinos can transform their flavor during propagation. Moreover, the Super-Kamiokande
atmospheric neutrino oscillation result gives clear evidence for the oscillatory character

therein [Aha05l [Zub11].

2.3.2 The theory to describe the neutrino oscillation

The idea for neutrino oscillations was put forward in the fifties by Pontercovo, however,
then as a neutrino-to-antineutrino oscillation channel [Pon58]. Further develop-
ments in the framework on the theory by Maki, Nakagawa and Sakata have completed
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2.3. Neutrino physics beyond the standard model

the theory of flavor oscillation put forward by Pontercorvo and Gribov [Mak62| [Dan62]
[Gri69]. Key reason for the theory development was the observation of the solar
neutrino deficit. The basic framework of this theory will be briefly outlined and be based

on Zubll].

Neutrino mixing

Based on the theory of weak interaction, neutrinos interact as flavor eigenstates |v,) (a0 =
e, 1, T). Each of these flavor eigenstates can be written as a linear superposition of three
light, stationary mass eigenstates |v;) (i = 1,2,3), and vice versa. In the simplest form,
neutrino mixing can be expressed as a unitary transformation relating the three flavor
eigenstates and their mass eigenstates. The transformation is defined by a unitary n X n
mixing matrix U (U = U},) according to:

Vo) = Y Uai [vi) and Vi) Z * | va) (2.23)

A convenient parametrization of the unitary 3 x 3 mixing matrix U is given:

c12€13 512€13 s19€7%0 1 0 0
= (6 10 i/2 -
U = | —s12c23 — c12523513€"° 12023 — S12523513€"°  s3c13 | - | O e/2 021 0
512823 — C12C23513€"  —C19893 — S12803513€"  ca3ci3 0 0 ei/2- s
(2.24)

which is called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix. The matrix in-
cludes ¢;; = cos(6;;), sij = sin(6;;), a Dirac [CPhviolation phase § = [0, 27], three weak
mixing angles 6;; = [0,7/2] and two Majorana [CP+violation phases a1 and agsp (the lat-
ter are of no relevance here). The contribution of a mass eigenstate to a specific flavor
eigenstate, and vice versa, is given by the mixing angle. At the writing this thesis, it is not
known if neutrinos are Majorana or Dirac particles, therefore it is possible to introduce CP
violation with one or, in the Majorana case, of three phases. Under the assumption that
the three neutrino generation theory is consistent, the neutrino mixing is characterized
by seven or nine parameters (012, 623, 013, m1, my, m3, d and ag, ag1). However, oscillation
experiments are not sensitive on these Majorana phases and they can be safety ignored
for the extended description below.

Neutrino oscillation

The stationary mass eigenstates are physical eigenstates of the free Hamiltonian H with
eigenvalue F. As a solution of the time-independent Schréodinger equation, the temporal
propagation along a one-dimensional coordinate (x) can be described by plane waves:

vi(a, 1)) = e FEPi)/ iy, (2.25)

Although neutrinos are produced and detected in pure flavor states, during their propa-
gation they develop into a superposition of flavor states according to:

|V04 x, t ZU(M |V7, xz, t (226)

[Va(z,t)) = Z Unie " Et=pin)/h ;) (2.27)

V(@) =Y Uil " Fitpinl /i |y ) (2.28)
/L‘?ﬂ
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2. Neutrino physics

For a flavor conversion v, — vg, the transition amplitude is given by:

A(va = vg)(@,t) = (Vglva(@, b)) = Y UpUgse " Fitriml/, (2.29)

resulting in the transition probability:
P(va = vg)(,t) = |A(Va = vg)(x,t)] Z Uiz UpiUgge™ Pt el Est=paz) I,

(2.30)

In case of ultra-relativistic neutrinos (v &~ ¢) with total energy of E; ~ p;c > mic?, the
energy eigenstate can be approximated to:

m204
R T B 4 231

With v = ¢, mfj = mz2 — m? and the length L between the neutrino source and the point

of detection, equation 2.30 respectively yields to:

P(vq = vg)(x,t) = P(va = vg)(L, E) (2.32)
i Am%-c3
= UaiU%;UsiUgje™ "2 % (2.33)
. Am?-c3
= Z UaiUsil? + 2Re Y UailUz;UpiUgje ™" —2— £, (2.34)

J>t

The final equation presents the quantum mechanical nature of neutrino oscillation
as interference phenomenon. In addition, the formula demonstrates how the oscillatory
behavior of the transition probability depends on the parameter m o and the experimental
variables L and E. This result in an oscillatory behavior of the transition probability non-
diagonal terms in U, and at least one mass eigenstate which is non-zero. Accordingly,
neutrino oscillations are sensitive to mw only, and not on the absolute scale.

Simplified neutrino oscillation

If neutrino oscillations are simplified within a two-neutrino flavors model (vq, vg) with
two massive neutrinos (vi, vg), the unified mixing matrix reduces to a simpler 2 x 2 form,
containing one mixing angle 6 only:

(o) = (ot - () .

For the two-flavor case the transition probability is:

m2
é) =1—P(va = Va). (2.36)

P(vq — vg) = sin?(20) sin (A

The result of the oscillation theory is that neutrino oscillations occurs only if # and Am?
are non-vanishing parameters. The characteristic oscillation length of a full oscillation

cycle is given by [Zubl1]:
LO = 4rhc-

E
vt (2.37)
Further, the matter-caused effect requires to modify the flavor transformation [Wol78

Mik86]. A variety of oscillation experiments over the past years has allowed to obtain pa-
rameters in the [PMNS| matrix. Depending on the specific neutrino source, the baseline
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2.3. Neutrino physics beyond the standard model

to the detector and the energy range of neutrinos, these experiments were sensitive on
different parameters (6, Am?) of the matrix. A large variety of oscillation experiments
has improved our understanding of the parameters. In the next section, different
neutrino sources and corresponding experiments will be summarized briefly and selected
results will be presented.

2.3.3 Detailed study of the neutrino oscillation

Neutrino oscillation experiments make use of two fundamental detection scenarios: the
appearance of a new flavor (appearance channel) and the disappearance of an initial flavor
(disappearance channel) to measure 6;;, Am?2, and Am2,. To achieve the best sensitivity,
the flux rate has to be measured one scales similar to the oscillation length, where the
oscillation effect is most pronounced. The most important neutrino sources to study
oscillation effects are nuclear reactors, particle accelerators, astrophysical sources and the

sun [Zubl1].

Solar neutrino experiments

Various nuclear fusion reactions produce solar neutrinos in the core of the sun with char-
acteristic rates and energies up to 15 MeV, yielding the solar neutrino spectrum (see figure
. The first solar neutrino experiments such as Homestake were sensitive only to electron
neutrinos. Due to the huge 1.5 x 108 km baseline between the solar core and detection on
earth and in view of the effect (Ey > 5MeV), a component of the electron neutrino
flux is transformed into myon and tau neutrinos. Early solar neutrino experiments, thus
only observed the disappearance channel of v, and interpreted the result as a deficit of
the solar neutrino flux.

As mentioned in section the solar neutrino deficit is explained by neutrino trans-
formation as proven by the results of the SNO experiment [AhmO01 [Ahm02], which was
sensitive to all flavors [Zubll]. In its second phase, two tons of dissolved salt (NaCl)
enabled the detection of two channels, the exclusive CC channel, and the inclusive NC
channel. For the first time the bolometric ®B neutrino flux was measured and compared to
the flavor-selective channel to discriminate between the v, and (v, v{) contributions. A
total B neutrino flux rate of = (5.25 & 0.16(stat.) T015(syst.)) x 106 cm™2s~! verified the
standard solar model [Ahal3]. The following oscillation parameters have been determined
[Ahal3):

Am3, = (5.6711) x 1077 eV? (2.38)

tan? 015 = 0.42715553. (2.39)

In 2012, the Borexino experiment detected for the first time neutrinos from the pep fusion
reaction [Bell2]. Furthermore, by combining results for different solar neutrino branches,
it could be demonstrated that the effect reduces the survival probability of electron
neutrinos from the ®B reaction with energies above 3 MeV [Bell0} Mik85] [Wol78]

1

Atmospheric neutrino oscillation

A persistent and isotropic flux of high-energy charged particles from the galaxy, so-called
cosmic rays, is penetrating the upper atmosphere of earth, producing a cascade of lighter
particles. This cascade typically consists of hadrons, in particular of positive or negative
pions and kaons. Some of these subsequently decay into muons and neutrinos [Zub11]:

= ut + vy, (2.40)
wt = et +ve + vy, (2.41)
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2. Neutrino physics

and

T — W+ Vy, (2.42)
W —e +Ve+ vy (2.43)

The flavor ratio of this decay is expected as R = (v + V.)/(Ve + Ve) & 2 over a large
energy range and thus is suitable to investigate oscillations of atmospheric neutrinos.

For a detailed probe it is necessary to obtain information of the energy (E), the baseline
(L) of the neutrino and its direction of motion. Water-Cherenkov detectors like Super-
Kamiokande are ideally suited to make use of this information. This enables to discriminate
between down-going neutrinos, which are produced in the atmosphere above the detector
(L ~ 10km), and upward-going neutrinos, produced in the atmosphere on the opposite
side of the earth (L ~ 10*km) [Zub11]. When measuring the flavor ratio R as a function
of direction (zenith angle of the neutrino), it is possible to investigate the oscillation
probability P as function of L/E. First indications of atmospheric neutrino oscillation
were published by the Kamiokande experiment in 1994, as they observed a smaller ratio
than expected [Fuk94]. Further examination in 1998 by the Super-Kamiokande experiment
confirmed these results and provided definite evidence for v, — v, oscillations
[Fuk98b]. In 2011, the following results for oscillation parameters were published in [Abel1]:

< JAm3;| <4103 eV? (90 % C.L.), (2.44)
0.78 < sin® 2643 (90% C.L.). (2.45)

In comparison to the solar neutrino mass splitting, this value is significantly higher. In
this context it is important to note that the sign of Am3, is still unknown.

Reactor neutrino oscillation

Nuclear fission reactors play a key role in experimental neutrino physics since they are
the most intense man-made (anti)neutrino source on earth. Plutonium isotopes are bred
during the “burning” process of uranium isotopes. The latter undergo a decay chain,
which is specific for each isotop, %3U, 255U, 239Pu and 2iPu [Menll, [Chal5]. Each
fission produces ~ 200 MeV of energy and isotropically emittes neutrinos with energies
below 10 MeV, resulting in a large number of ~ 10%° ¥, per second for one GW of thermal
power. Reactor oscillation experiments only look for the disappearance channel of vV,
due to the low energy scale, which is below the threshold to create p- or t-leptons. The
detection principle of the reactor electron antineutrino is identical to “project poltergeist”
from 1957, using a large-volume organic liquid scintillator as target.

One of the most important oscillation experiments is KamLAND in Japan, using a mean

baseline of about 180km to all Japanese nuclear reactors. This led to a precise measure-
ment of the following parameters [Abe08]:

Ami, = 7580 13(stat.) T 12 (syst.) x 107 eV?, (2.46)
tan? 12 = 0.5670 0. (2.47)

Finally, in 2012, the third mixing angle 613 was observed by the Daya Bay experiment,
using a baseline of 1.7km [An 12]. The results are in agreement with the RENO and
DoubleChooz experiments [Abel2]. To minimize reactor-related systematic effects,
all three experiments use a near detector (L ~ 0.4km) and a far detector (L ~ 1 — 2km).
This principle allows to use the near detector to verify the predicted Ve-flux to obtain a
precise rate of the disappearance strength at the far detector [Dwy15].
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2.4. Determination of the neutrino mass

In 2015 the Daya Bay collaboration puplished the following results Coll7]:
sin?(20;3) = 0.084 & 0.005. (2.48)

This is in good agreement with the independent v, detection channel using signals based
on neutrons captured on hydrogen [An 14]:

sin?(20;13) = 0.083 & 0.018. (2.49)

Accelerator neutrino oscillation

A man-made neutrino source with great promise to study neutrino oscillations in detail
are particle accelerators. A vy -neutrino beam on the GeV-scale produced by irradiating
a fixed target (e.g. graphite or aluminium) with high energetic protons [Zubll]. The
alm is to produce pions and focus them with a so-called magnetic horn. A well-focused
neutrino beam results from the decay of these poins inside a decay tunnel. A shield at
the end of the tunnel stops all particles except neutrinos, producing a pure beam of v,
or V. Oscillation experiments use the disappearance channel of v, to study v, — v.. A
near detector, typically located directly behind the shield, detects the undistorted energy
spectrum, the overall neutrino flux and its radial profile. Using a long baseline (250 km
up to 730km) between the neutrino source and the main detector is key to measure 63
and the CP violating phase ¢ in the appearance channel v, — V.. Simultaneously, the
disappearance channel v, — v, is sensitive on Am§3 and o3 [Zubl11]. Important results
have been achieved by the T2K experiment, which uses Super-Kamiokande as far detector

Ahn06]:

Am2, = (2.51 4+ 0.10) x 1073 eV?, (2.50)

sin® O3 = 0.51470022%, (2.51)

at 68% C.L. for normal mass ordering [Abel5], which confirms previous results from
other accelerator experiments like MINOS or OPERA [Adal3]. As already mentioned, by
using a vy-beam and an v-beam allows to measure the [CPtviolating phase 0. The
experiment has published a value of [Abel5]:

9 =[0.15,0.83]x (normal mass hirarchy), (2.52)
0 =[-0.08,1.09]m (inverted mass hirarchy). (2.53)

This will be further scrutinized by the acceleration oscillation experiment NOvVA, with a
baseline of 810 km, which aims to resolve 613 and §, and furthermore the mass hierarchy
of neutrinos. For detailed information see some of the latest puplications [Adal7|[Adal6al

Adal6b].

2.4 Determination of the neutrino mass

The previously discussed discovery of neutrino oscillations has provided evidence that
neutrinos are massive particles. However, the technique of neutrino oscillations does not
allow to study the absolute neutrino mass scale. To determine this, two different methods,
a direct and an indirect method, are used. The direct method is based on the kinematics of
B-decays (see section, while the indirect method uses specific theoretical assumptions
on rare decays or the imprint of cosmological neutrinos. Both methods are outlined in the
following.
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2. Neutrino physics

2.4.1 Cosmological approach

The very early universe is successfully described by the “Big Bang” model, which describes
many thermal processes in the then hot dense state. Since that time the univers ex-
pands and simultaneously cools down [Per09]. Observations have demonstrated that its
structure is isotropic and homogeneous on large scales [Zub11]. Quantum fluctuations in
the early universe were amplified during the proposed inflationary stage of the universe.
Subsequently, gravitational overdensities from density inhomogeneities evolved into galaxy
clusters that exist in the present [Per09]. During this early time of the universe neutrinos
being produced in thermal processes were relativistic and free streaming. Accordingly, they
damped gravitational clustering on small scales. The strength of the damping depends on
the total neutrino density [Per09], which is proportional to:

Miot = Zmz (2.54)
A

An example of the influence of different neutrino masses on the structure formation in the
early universe is presented in figure These relic neutrinos, however, have not been
detected until now. Due to their large number of 339cm™ they have to be taken into
account for the overall matter and energy content of the universe [Les12].

The Friedmann equations, which connect the energy contributions of radiation, matter
and dark energy to the expansion of the universe can be used in the standard cosmological
model, the so-called “ACDM” model, to investigate the impact of matter and energy on
cosmic evolution. In the case of an Euclidean geometry, the critical energy density is given
by

3. H2
crit. — ) 2.55
Qcrit e ( )

with the gravitational constant GG, and the Hubble constant Hy, first measured by E.
Hubble 1929 [Hub29|. The density parameters

0 = = (2.56)

3
Ocrit.

are given by the critical energy density ocit. and energy densities gy of each contributor
x. Neutrinos contribute to this as so-called hot dark matter. This comes from their
characteristics, in particular their relativistic free-streaming after decoupling from thermal
equilibrium in the early universe [Per09]. In the ACDM model, neutrino mass eigenstates
m; are linked to the energy density €2, of the relic neutrinos by:

> mi=Q,-930%eV, (2.57)

where h is the dimensionless Hubble parameter. By assuming a flat and neutrino dom-
inated universe, and by using the Hubble parameter h = 0.678 £+ 0.009 [Adel6], a very
conservative upper limit on the sum of all neutrino masses can be estimated of:

> m; $42.75£0.01eV. (2.58)

A much more stringent limit on neutrino masses was published in 2015 by the Planck
collaboration, in the form of a model-dependent upper limit of the sum of all neutrino
masses:

D m;<0.23eV (95% C.L.). (2.59)

(2
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Figure 2.6: The effect of massive neutrinos on the baryon density distribution in
the universe. As it is shown, the massive neutrinos smear out the small scale structures.

The figure is adapted from [Agall].

This limit includes the latest Planck data, as well as the results of investigations of baryon
acoustic oscillations, supernova-light curve analysis from [SNLS| results of the [SDSS] su-
pernova sky survey and several other shift supernova data [Beull], [Bet14a]. The model
to obtain this upper limit is thus based on a large variety of parameters in the ACDM
model, some of which have only been measured in a model-dependent way yet. At present,
neutrino masses are an input parameter to cosmological models. A direct and model-

independent measurement of neutrino masses would thus supplement cosmological models.

2.4.2 Time-of-flight method using supernova neutrinos

A core-collapse supernova of type II, Ib or Ic occurs, when the stellar core collapses un-
der its own gravitational force as the core cannot produce any further energy by fusion
processes. Neutrinos produced by thermal processes with energies in the MeV range carry
away about 99% of the released gravitational energy. The mass of neutrinos can then be
determined by measuring their time-of-flight [Zub11]:

L ( m2>
T2~ (14, (2.60)
v 2F2

To determine m,, one has to determine the spread of arrival times for neutrinos with
different energies Fy, Fo. The observed temporal delay At then depends on the time
difference Aty between their emission time t; and to. Hence the delay is given by:

m? 1 1
At=to—t1 =Atg+ — | —0— — =— | - (2.61)
2 \E2, L,

Supernova neutrino detectors can measure the parameters At, E\Q,’1 and E%}Q, while other
astrophysical observations provide the distance L. Since the neutrino pulse is model-
dependent, however this leads to significant uncertainties on the neutrino mass m .

In 1987 the famous supernova SN1987A was observed by water-based Cherenkov detectors
Hir88]. Within 13 seconds two experiments, Kamiokande and IBM, counted a
total of 19 neutrinos. This was the first direct observation of supernova neutrinos and the
beginning of the neutrino astronomy. The corresponding result on the antineutrino mass
is an upper limit of:

my, <5.7eV (95% C.L.), (2.62)

and up to date still represents the first and last observed galactic neutrino burst [Lor02].
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2.4.3 Double (3-decay

In the case of a double beta decay, two protons of one nucleus are simultaneously trans-
formed into two neutrons, or vice versa:

SX =AY e de Ve + Ve, (2.63)
%X — Z_AQY + et + et + Ve + Ve. (264)

This process occurs if single (-decay is energetically forbidden according to the Bethe-
Weizsiicker equation [Wei35]. The long half-lifes time of about ~ 10%° years [Zub11], results
from the fact that 3p-decay is a second order process of weak interactions. In 1935, this
process was postulated first [Goe35]. The first observation of double 3-decay was achieved
in 1969 by a geochemical experiment using the decay of ¥2Se into 52Kr [Kir69].

Postulating that neutrinos could be their own antiparticles in 1937, E. Majorana proposed
a second type of double [3-decay process, with the distinction of being neutrino-less due to
the exchange of a virtual Majorana-like neutrino [Maj37| [Rac37| [Fur39]. In this process

two neutrons can transform into two protons and vice versa:

X =AY e te, (2.65)
2X = LAY et tet (2.66)

This processes violates lepton number conservation by two units and is thus forbidden
in the of particle physics. An observation of this rare decay would indicate physics
beyond the[SML As neutrino-less double B-decay is characterized by two electrons carrying
away all decay energy, it manifests as a tiny peak at the decay endpoint of the (3-spectrum.
By investigating such a peak, the effective Majorana mass is measured:

2 2
(mpp)” = Y Usma| = > [UailPe™imi| (2.67)
i i
where «o; are violating Majorana phases.
This can lead to a cancellation of the coherent sum, so that
<m[3[3)2 < my. (2.68)

A variety of neutrino-less double (3-decay experiments like GERDA [Ack13], EXO [Albl14
or KamLAND-Zen determiend half-lifes of specific even-even isotopes, typical limit

is given by [Agol3]:
), >21x 10y (90% C.L.). (2.69)

o\ —1
) | 2.70)

Since the nuclear matrix element Mgl’r in equation depends on the theoretical nuclear
model, the determined half-life in corresponds to a upper limit of :

The effective mass can be obtained via:

2
s = (1562 s
A

mpp < (0.2 —0.4) eV, (2.71)

for the effective mass of Majorana neutrinos.
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Figure 2.7: The tritium (-spectrum. The left figure shows the entire (3-spectrum. The
influence of a neutrino mass of about 1eV on the spectrum shape near the endpoint Ej of the
spectrum is presented in the right figure.

2.4.4 Single [3-decay

The most straightforward and unique way prominent principle to determine neutrino
masses independent of further assumptions is the investigation of single -decay. This
principle only relies on the kinematics of three body decay reactions such as

n — p+e +7V, (2.72)

exploiting energy and momentum conservation. The theoretical description of this decay
reaction is given by Fermi’s golden rule (see equation . A precise spectroscopy of
the kinetic energy of f3-electrons allows to determine the effective mass of the electron
antineutrino as a non-vanishing mass has a tiny influence on the shape of the energy
spectrum. A visualization of the influence of a neutrino with a mass of 1eV on the
spectrum of the tritium -decay is presented in figure The differential rate of the
electron energy spectrum is described by equation [2.6, including the observable of interest:
the squared mass of the electron antineutrino m?2. Although it is a superposition of three
neutrino mass eigenstates:

3
m3 =Y |Usil*m?, (2.73)
=1

and the incoherent weighted sum causes a fine structure at the endpoint of the energy
spectrum, the effect is much smaller than the energy resolution of the current experiment.
For this reason, the current experiments observe the effective mass of the electron antineu-
trino. In the following, different measurement techniques are presented to obtain a precise
measurement of the -spectrum.

Bolometer experiments

Cryogenic bolometers, similar to those often used for investigation of neutrino-less double
[3-decay, represent a well-known technique for investigations of single 3-decay. In such a
calorimeter setup the f-source and detector are combined. Hence, the entire decay energy
is released into the detector. Such a setup minimizes systematic effects from energy losses
of the signal particles on their way from the source to the detector.
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Figure 2.8: The energy spectrum of the '®*Ho electron capture. The figure on the
left side shows the entire energy spectrum of the '*Ho electron capture. The influence of

different neurino masses on the shape of the energy spectrum near the endpoint, is presented
in the right figure. The figure is adapted from [Tell5].

With a low endpoint energy of Q = 2.67keV, rhenium '®"Re was long considered to be a
favorable isotope, despite its long half-life of ¢,/ = 4.3 x 10'9y. To reach a high source
activity, a large amount of ®"Re is required. The MILANO experiment made use of about
2.5 — 3.0 ug of AgReOy, crystals, allocated in an array of 10 micro-calorimeters. In 2004
an upper limit on the electron antineutrino mass of

my, < 15eV  (90% C.L.), (2.74)

was published [SisO4]. However, this f-emitter has been abandoned in favour of another
isotope, '%3Ho, which decays by an process:

'%Ho + e~ — '%Dy* + v, (2.75)

with the resulting 1%Dy* deexciting via the emission of electrons and radiation (see figure
. Its half-life of ¢,/ ~ 4570y is relatively short in comparison to 187TRe. Another
benefit is the low Qgrc-value of 2.858 + 0.010(stat) £ 0.05(syst) keV [Ranl7].

The experiment is designed to measure the energy released in the deexcitation
process as a small temperature increase, mediated by phonons. It is planned to measure
the mass difference between ®*Ho and '®*Dy in a dedicated penning trap [Gas14]. The
aim of is to eventually reach a sub-eV sensitivity with a large array of cryogenic
bolometers.

Synchrotron radiation experiment

A new approch to measure the neutrino mass is in developement by the Project 8 col-
laboration [Asnl15]. Here, tritium p-electrons are guided by a strong magnetic field to
emit synchrotron radiation on the GHz scale. An antenna array measures the frequency
of synchrotron radiation for energy measurement. A first demonstration of the measuring
principle was performed by using 8™Kr as a source of monoenergetic electrons, as shown
in figure [Asn15]. This technique has the potential to eventually reach sensitivities of
my, < 40meV by using an atomic tritium source in absence of systematics [Ash17].
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Figure 2.9: Electron cyclotron spectrum of the Project 8 collaboration. A typical
signal from the decay of 33™Kr characterized by an abrupt onset of narrow-band power over
the thermal noise of the system. The measured frequency reflects the kinetic energy of the
electron, in this case 30keV. The frequency-time window shown represents only a portion of
an extended event lasting more than 15 ms. The frequency increases slowly as the electron
loses energy by emission of cyclotron radiation. RThe spectrum shows six or possibly seven
frequency jumps before the electron is ejected from the trap. The jumps result from the
energy loss and pitch-angle changes caused by collisions with the residual gas, predominantly
hydrogen. The most probable size of the energy jump, as determined from many events, is

14eV. The figure and the text is adapted from Ash17].

MAC-E filter experiments

The best model-independent neutrino mass limits have been achieved by the Magnetic
Adiabatic Collimation with Electrostatic (MAC-E)) filter technology. The most stringent
results have been achieved by the Mainz and Troitsk [Lob85] experiments. The

Mainz experiment mode use of a solid quenched tritium source, and achieved an upper
limit of

my, < 23eV  (95% C.L.), (2.76)

[Kra05]. The Troitsk experiment is based on a windowless source of molecular tritium,
and has reported an upper limit of

my, < 2.05eV  (95% C.L.), (2.77)

. The outcome of a combined analysis leads to a slightly more stringent upper limit
of

my, < 2.0eV  (95% C.L.), (2.78)

Pat16]. This result is currently the most sensitive model-independent upper limit on
neutrino masses. These experiments have, however, reached their intrinsic limit due to
statistics and systematics.

25



2. Neutrino physics

2.5 Current generation of neutrino mass experiments

Reaching a sub-eV neutrino mass sensitivity is the target of the new generation of 3-decay
experiments, with the Karlsruhe Tritium Neutrino Experiment leading the
field. It is currently under construction and commissioning and will improve the current
sensitivities by one order of magnitude. is designed to reach a sensitivity of
200meV (90 % C.L.) [Ang05]. Therefore, the source luminosity has to be increased by a
factor of 100 while at the same time decreasing the systematic uncertainties by two orders
of magnitude in comparison to the Mainz and Troitsk experiments. To do so,
will exploit the concept of a windowless gaseous tritium source, which was successfully
used at the Troitsk experiment. The filter principle will be used for precision f3-
spectroscopy, a well-known technique to investigate the endpoint region of tritium 3-decay
at 18.6keV. In the following chapter, the filter principle is discussed in detail with
focus on the experiment.
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CHAPTER 3

Determination of the neutrino mass with
KATRIN

This chapter will detail the working principle and main components of the Karlsruhe
Tritium Neutrino experiment which is currently under construction at
Drel3]. It is designed to investigate the shape of the electron spectrum of tri-
tium (-decay with unprecedented precision, resulting in a measurement of the effective
electron antineutrino mass with a sensitivity of mgz, = 200meV at 90 % C.L.. The discov-
ery potential for my, = 350meV at 5o is reached after five years of operation. Pushing
forward into the sub-eV level, and exceeding the sensitivity of previous direct neutrino
mass experiments by a factor of 10, represents the leading next-generation neu-
trino mass experiment. In brief, relies on the combination of a high-luminosity
Windowless Gaseous Tritium Source (WGTS) and a high-resolution spectrometer, based
on the Magnetic Adiabatic Collimation combined with an Electrostatic filter
technologies.

The measurement principle as well as fundamentals of precision tritium [-spectroscopy
are outlined in section The ensemble of components forming the 70-m long
beamline, is presented in section The single units are outlined in-depth together with
its specific task. Each unit is designed at the extreme limit of technological feasibility,
to operate at a precision level well above previous efforts to guarantee a reliable neutrino
mass measurement.

The magnetic flux tube characterization is the main part of this thesis. Therefore, the
principle of 3-electron guiding as well as specific properties of the magnetic flux tube are
explained in section The unrivaled neutrino mass sensitivity of evidently
is limited by systematic and statistic uncertainties, which then are outlined in section
Since the magnetic flux tube is used to guide (-electrons, a collision-free alignment
is key to achieve the required small systematics by avoiding energy losses. The statistic
performance as well as details of the sweeping process are explained in section As
a main part of systematic uncertainties are source-related, these are presented in section
Here, the source stability with focus on the source temperature is discussed in great
detail. Finally, this chapter summarizes the objectives of this thesis in section
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3. Determination of the neutrino mass with KATRIN

3.1 Principle of precise 3-spectroscopy with a MAC-E filter

The filter principle is leading technique to determine the absolute neutrino mass
scale in a direct and model-independent way at present [Wei99 [Ang05| [Thulll [Drel3].
Since only a minute fraction 2 x 10713 of all decays fall into the last 1-eV region of the
-spectrum, a high-luminosity tritium source is needed together with a high-precision
filter to achieve the desired sensitivity of my, = 200meV. These two main com-

ponents are outlined in the following.

3.1.1 Concept of a high luminosity gaseous tritium source

Previous neutrino mass experiments based on tritium sources have corroberated the fact
that tritium (®H) is the ideal B-emitter for a direct and model independent neutrino mass
determination [Drel3]. Here, the endpoint region of the B-spectrum of tritium was
investigated using precision p-spectroscopy. Since *H is an unstable isotope of hydrogen,
it decays via the weak interaction process into a daughter nucleus (3He+), an (-electron
and the particles of interest, the electron antineutrino ve:

SH — 3He™ + e~ + 7. (3.1)

Several unique characteristics of tritium (-decay provide key advantage in view of high
resolution MAC-E] filter read-out:

¢ low endpoint energy: Tritium has the second lowest endpoint energy of Fy =
18.6keV, after 8"Re [Nag06]. This leads to a rather large event rate close to Ey in
comparision to other (3-emitters. In combination with the well-established concept of
a[MAC-El/filter the low retarding voltage allows to investigate the tritium B-spectrum
endpoint region Kru83].

e short half-life: With a half-life of 7, = (12.3240.02) years [Luc00], small
amounts of gaseous tritium can be used to create a high-luminosity source. This
is necessary in view of the tiny fraction of 2 x 107! decays contributing to the 1-eV
endpoint region. Additionally, the amount of source material is minimized, reducing
the probability of inelastic scattering processes for (-electrons at 18.6 keV.

e super-allowed decay: The nuclear matrix element of the transition is energy-
independent, since the mother H, and the daughter He, are mirror nuclei. Thus,
the spectrum is completely determined by the available phase space. Additionally,
the matrix element is rather large |[M|?> = 5.55, close to the free neutron decay

Rob88 )

e atomic shell structure: The atomic shell structures of the daughter *He and the
mother necleus *H are rather simple due to the low nuclear charge. Consequently,
this minimizes required corrections caused by inelastic scattering prozesses or excited
electron final states in case that a gaseous tritium source is used [Bel03]. This allows
to calculate electronic exitations and their propabilites [Dos08]. Further, the
Fermi function allows to quantify interactions between daughter nucleus and emitted
[3-electrons.

e recoil correction: The daughter nucleus experiences a recoil of Fe = 1.72€V,
the variation in the electron region-of-interest of about 30eV below Ej results in a
variation of to AE... = 3.5meV. This leads to a quasi fixed enpoint energy .

e gaseous phase: Solid state effects have not to be considered in a gaseous tritium
source, on condition that it remains fully gaseous at temperatures of 30 K without
formation of clusters.
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3.1. Principle of precise [3-spectroscopy with a MAC-E filter

In the temperature regime of 30 K, the tritium source is based on molecular tritium (T3),
implying the more complex decay reaction:

Ty — (PHeT)" + e~ + 7. (3.2)

Accordingly, molecular effects such as excitation, rotation or vibration have to be taken
in account for final states as these effects lead to a systematic uncertainty in the neutrino
mass analysis.

The design of a high-luminosity gaseous tritium source has to fulfill several tasks. Fore-
most, a source activity of ~ 101! B-electrons per second with a stability of 0.1 % is required.
For this activity, and aspired tritium gas purity of 95 %, an effective source column den-
sity of 5 x 10" molecules/cm? results. Higher column densities would lead to increased
scattering processes and more frequent energy losses of signal electrons and an increase of
systematic effects. This results in a delicate trade-off between improving systematic effects
and increasing the statistics.

The maximum acceptance angle 6, = 50.8° in combination with the detector efficiency
results in an expected signal rate in the endpoint region, ranging from a few counts per

second to a few [Ang05], [Drel3].

3.1.2 Measurement principle of the MAC-E filter

After the first implementation as a high-resolution method for electron energy analysis by
Beamson, Porter and Turner [Bea80], the filter principle was advanced further
by the work of Kruit and Read [Kru83]. This method for analyzing electron energies
was finally adapted for the neutrino experiments at Mainz and Troitsk [Lob85].
The filter principle combines high energy resolution with a very large angular
acceptance. This allows to investigate the tiny distortion at the endpoint of the tritium
3-spectrum caused by the non-vanishing neutrino mass. Simultaneously, it uses a large
fraction of the source luminosity.

Magnetic adiabatic collimation

The filter principle makes use of a large retarding spectrometer, formed by an evac-
uated large-volume vessel, which is located between two superconducting solenoids. An
axially symmetric magnetic field guides signal electrons from the source on the upstream
side of the spectrometer to the detector, where they are counted, as displayed in figure
The isotropically emitted electrons have an individual starting angle 6;.,:5 with respect to
the direction of the guiding magnetic field line. Due to the starting angle, and the Lorentz
force, the electrons are propagated through the spectrometer on spiral-shaped cyclotron
trajectories. Hence, the kinetic energy is a composition of longitudinal component ) and
a transversal component E| which can be described as:

FEyn = E” + FE,. (3.3)

Since the superconducting solenoids are localized at the two ends of the spectrometer, the
magnetic field in between decreases by several orders of magnitude, reaching the minimum
at the so-called analyzing plane located mid-point. The superconducting solenoids generate
a magnetic field which guides the electrons adiabatically through the spectrometer, so that
an invariant can be used to discuss the motion:

_ 7+l Ey

5B = const. (3.4)
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3. Determination of the neutrino mass with KATRIN

with the relativistic Lorentz factor v and the orbital magnetic moment p of the electron.
The adiabatic invariant of the motion is the magnetic moment ~ = 1.04, which can be
approximated to 1, so that:
Ey

p=—75= const.. (3.5)
The decrease of the magnetic field B thus causes a reduction of the transversal energy
component F |, according to equations and so that to keep the adiabatic invariant
of the electron constant. Hence, adiabaticity of this process is only guaranteed in case that
the gradient of the magnetic field is sufficiently small. From the conservation of kinetic
energy, the decrease of the transversal energy component E| leads to an increase of the
longitudinal component E according to equation . Consequentially, the magnetic field
gradient causes an energy transformation | — Ej. This process is completely reversible,
and re-transforms the almost parallel beam of electrons with Ey > F | on the way from
the analyzing plane to the detector side via Ej — E, as shown in figure Since the
minimum magnetic field at the analyzing plane is non-zero, a small fraction of the kinetic
energy remains in the transversal component. This fraction can not be analyzed and limits
the “energy resolution” (or better filter width) of the filter:

- Byin. (3.6)

Electrostatic filtering

The filter principle is based on applying a retarding potential Uy to perform preci-
sion energy analysis of 3-electrons. A careful field design guarantees that the spectrometer
connected to negative potential is characterized by an electric field parallel to the mag-
netic field lines. Only electrons with a sufficiently large longitudinal energy Ej > lqUo|
can overcome this potential barrier |qUp| at the analyzing plane. Electrons with a longitu-
dinal energy E) < |qUp| are reflected by the electrostatic potential back to the upstream
direction. As mentioned above, magnetic adiabatic collimation ensures that the kinetic en-
ergy is almost completely transformed into longitudinal energy Fj at the analyzing plane,
which is highly important, since only electrons with an longitudinal energy greater than
the retarding voltage can pass this barrier, as seen in figure After passing the an-
alyzing plane, the electrons are reaccelerated by the decreasing potential and are finally
counted at the detector. By repeatedly varying the retarding potential, the [3-electron
energy spectrum is scanned in an integral way.

Magnetic-mirror effect

The magnetic adiabatic collimation has one drawback in the form of the magnetic mirror
effect. Thereby, background or scattering signal electrons at the center can be reflected
when traveling from the weak into the strong magnetic field. The setup is de-
signed so that the maximum magnetic field does not occur at the source Bg, but at the
downstream part of the spectrometer (Bs < Bpax). This implies that signal electrons
at larger angles are reflected at this magnetic mirror, as their longitudinal energy com-
ponent has been completely transformed into transverse energy Ey — E, (E; =0 and
E| = Ey,). If the starting angle fg of a (-electrons in the source is greater than the

maximum acceptance angle
B
Omax = arcsin ( 5 ) , (3.7)

Bmax
this electron will be reflected. A large starting angle also implies a longer trajectory

through the experimental setup. Thus, the probability of energy losses as a result of scat-
tering processes and emission of synchrotron radiation is increased. To limit the maximum
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Figure 3.1: Principle of the MAC-E filter technology. The sketch shows the signal
electrons, isotropically emitted in the tritium source, which are guided by the magnetic field
(red) through the spectrometer. Two superconducting solenoids, one on each side of the
spectrometer, provide this magnetic field. The momentum of the electrons is transformed
adiabatic towards the analyzing plan, shown in the lower part of the figure. In the center
of the spectrometer, where the magnetic field reaches the minimum, the momentum of the
electrons is parallel to the magnetic field direction. The electric field, shown as the retarding
potential on the top of the figure, acts as a high-pass filter. Thereby, signal electrons with
lower energies as the retarding potential are reflected back to the source. The signal electrons
which can pass the analyzing plane, are accelerated afterwards by leaving the electric field.
Finally these electrons are counted at the detector.

acceptance angle consequently has the benefit of suppressing less-favorable trajectories for
precision p-spectroscopy Hig08]. The magnetic mirrors on both side of the spec-
trometer most importantly traps background electrons which are generated inside the
spectrometer. More information about background processes and its composition can be
found in [Sch14| [Har15]. In addition, effects such as scattering processes of signal electrons
with residual gas molecules can change the energy or angle of the electron. To increase the
possibility for a store electron to leave the spectrometer in upstream direction, the pinch
magnet is operated at the highest magnetic field in the setup.

3.2 Technical setup of the KATRIN beamline

In view of implementing a high-luminosity gaseous tritium source, the source components
of are located inside the Tritium Laboratory Karlsruhe (TLK). It is the only
laboratory which offers the infrastructure as well as the handling and process technologies
and the license to operate the gaseous tritium source of KATRIN! [Pen00, [Sch13a]. There-
fore, and due to safety reasons, all tritium containing parts of the setup are located at the
TLKL In 2016 the entire beamline was assembled, and the first global superconducting

solenoid and vacuum commission of the beamline was realized.

The commissioning measurements of the beamline as well as of single (source and
transport section) components are the main objective of this thesis and are outlined in the
following chapters. A detailed description of each section, with focus on their
unique tasks, is outlined in the following parts, starting with a general overview of the

global KATRIN] setup.
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3. Determination of the neutrino mass with KATRIN

1 2 3 4

Figure 3.2: Setup of the KATRIN experiment. The rear section (1) forms the upstream
end of the experiment followed by the 16-m long cryostat which includes the gaseous
tritium source (2). The transport section (3) consisting of the and the is used to
guide the signal electrons from the source to the spectrometer section (4). Simultaneously the
transport section reduces the tritium gas flow by 14 orders of magnitude between the source
section and the spectrometer section to prevent a tritium introduced background. Finally, the
signal electrons which passed the spectrometer potential are counted by the detector wafer of

the [FPD) (5).

3.2.1 Overview

A unique feature of the 70-m long beamline is the windowless combination of
a gaseous tritium source with a high resolution spectrometer system of very large size,
which allows precision analysis of the kinetic energy of signal electrons. To achieve the
required statistics, high purity tritium gas is injected with a rate of 1.853 mbar ¢/s into
the central part of the windowless gaseous tritium source (WGTS)). The coaxial beamline
is surrounded by a system of 24 superconducting solenoids to create a strong magnetic
field to guide signal electrons from the source to the detector. A major challenge is
to reduce the tritium gas rate between injectionat the source and the spectrometer to
prevent tritium-induced background there, without disturbing the kinetic energy of the
electrons. This task is being fulfilled by the transport section, located between the
and the spectrometers, reducing the tritium gas flow by more than 14 orders of magnitude.
The source and transport section (STS) is the tritium-containing part of the whole setup,
which is followed by the tritium-free spectrometer and detector section (SDS)). The latter
consists of two filters and the focal plane detector (FPDI|). The pre-spectrometer
is used as a pre-filter close to Ey at 18.3keV, reducing the flux of low-energy electrons
into the main spectrometer . There, high-precision analysis of the kinetic energy of
signal electrons is implemented to investigate the shape of the tritium [-spectrum . Signal
electrons which pass the spectrometer system are counted at system in a Si-detector
array. This system provides the end of the beamline in downstream direction. The opposite
end of the beamline, in upstream direction, is formed by the rear section . This system
allows to monitor the source activity and to perform regular calibrations.

3.2.2 Windowless gaseous tritium source (WGTS) cryostat

The windowless gaseous tritium source is formed by the 10-m long stainless steel beam
tube, the so-called source tube with radius of 45mm. To restrict energy losses of tri-
tium (-electrons to scattering processes of source gas molecules only, the source tube is
windowless on both sides. Molecular tritium gas is injected in the center of the source
tube through a set of capillaries. An inlet pressure of about 3 x 1073 mbar results in an
injection rate of 5 x 10 tritium molecules per second. The source tube is located be-
tween the two differential pumping sections on the upstream side and
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3.2. Technical setup of the KATRIN beamline
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Figure 3.3: Sketch of the beamline and the source density profile. The upper
part of the figure shows a sketch of the beamline surrounded by the superconducting
solenoid system - (green) and a simplified representation of the inner loop system.
Both ends of the beamline include a system of vertical and horizontal superconducting
dipoles (red). This dipole system can be used to align the magnetic flux tube inside the
beamline. The 10-m long source tube contains the The density profile of this source
is simplified presented in the lower part of the figure.

on the downstream side. Each consists of six turbo molecular pumps (TMP5). They
reduce the tritium gas flow into the adjacent systems, the and as displayed
in figure A closed inner loop system collects the processed gas after the pumping
sections. There, a permeator separates the small fraction of impurities. To obtain a
constant tritium gas amount with the required tritium purity of er > 95% in the inner
loop cycle, it is feeded batch-wise with high-purity tritium from the infrastructure
Ang05] [Stul0] Bab12]. To monitor the isotopic composition of the gas before re-injection
into the source tube, a so-called setup is used, based on Laser-Raman spectroscopy
[Fis11] [Sch11] [Sch13al [Sch13c| [Sch13bj [Fis14] [Sch15]. This inner loop system is designed
to achieve the required column density of pd = 5 x 107 molecules/cm?, corresponding to
a source activity of ~ 10! decays per second Bab12]. To minimize systematic
effects on the neutrino mass, a source stability of 0.1 % is required [Ang05]. The following
parameters have to be stabilized on this level: gas purity, inlet-pressure, pumping per-
formance of the [TMP5, and source tube temperature stability and homogeneity. A key
feature of the source tube is its two-phase neon (argon) cooling system mounted on the
outer side of the tube in beam direction. It is designed to cool the source tube and operate
it at a temperature of 30 K (100 K) with the required stability of 0.1 % Bab12].
This temperature regime was identified, as it minimizes distortions of the (-spectrum due
to thermal Doppler-broadening. Also, it reduces the tritium gas flow and hence the tri-
tium throughput. More information about systematic effects in this system is presented
in section (3.3.2]

The source tube is surrounded by three superconducting solenoids operated at 3.6'T, as
well as the solenoids to generate a magnetic field to guide the B-electrons adia-
batically, see figure To prevent collisions of the electron flux in downstream direction
the solenoids are operated at 5.6 T, compressing the diameter of the magnetic
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3. Determination of the neutrino mass with KATRIN

flux tube. A vertical and horizontal superconducting dipole magnet system, placeded
around the outermost solenoids on the rear side and on the front side, is used to
adjust the magnetic flux tube to avoid collisions with the beamline, as detailed in figure
The kinetic energy of signal electrons can be influenced by plasma-related phenom-
ena, as well as by collisions between the [3-electrons and beamline elements. To prevent
these effect, and to compensate possible misalignment of the magnetic flux tube inside the
global beamline, only the inner part of the gaseous tritium source with a radius
of 41 mm is used for the neutrino mass analysis. Accordingly, the source cross section
of ~ 53 cm? and the magnetic field of 3.6 T, generate a magnetic flux tube of 191 Tcm?,
relevant to the neutrino mass analysis.

The windowless gaseous tritium source (WGTS)) cryostat was assembled at RI Gmb at
Bergisch Gladbach and delivered to on September 10" 2015. Since then the cryostat
has been commissioned, the works therein form a significant part of this thesis and are
outlined in section

3.2.3 Rear section

The rear section is the concluding component of the beamline in upstream
direction, behind the with the rear wall chamber. A gold-coated disc, the
so-called rear wall with an almost uniform work function is located inside this
chamber, which for tritium condition, defines the source potential. It also provides a
wide electron beam generated by illumination with a strong light source. This low-
energy electrons are required to maintain quasi-neutrality of the plasma potential of the
source [Babl2| [Babl4] [Sch16), [Kucl6]. Additionally, a customized beta-induced X-ray
spectrometer monitors in-situ the tritium activity of the WGTS on the 0.1 % level
[Bab12| [Roel3| [Babl4] [Roel5]. The column density of the gaseous tritium source is mea-
sured in regular intervals via inelastic scattering, via angular-resolved electron gun
Bab14]. Before starting the regular neutrino mass measurements, the
system is used to determine and optimize the magnetic flux tube alignment of the
beamline. First measurements of the magnetic flux tube alignment by using a comparable
and a very broad electron beam constitute a major part of this thesis and are outlined
in chapter 7. An other key task of the during the start-up of the neu-

trino mass measurement will be to determine the energy-loss function and the inelastic
scattering cross section of 18.6-keV signal electrons [Grol5].

3.2.4 Transport section

The transport section features two essential design cornerstones: the first one is to guide f3-
electrons collision-free and adiabatically up to the elements, and the second one is to
reduce the tritium gas flow up to the[SDS|part by more than 14 orders of magnitude
[Jan15]. This reduction factor is required, since tritium-induced background within
the spectrometer system has to be prevented with respect to the reference background rate
of 1072 cps. This leads to a maximum allowed tritium gas flow of about 10~'4 mbar ¢/s at
the entry of the [Ang05]. As demonstrated by equation tritium molecules are left
in an ionized state after B-decay. Due to their charge (T+, T3") they are guided by the
magnetic field like signal electrons. Another essential task of the transport section is thus
to block these ionized tritium molecules from reaching the part of since
these would generate background in the spectrometer by collisions.

'RI Research Instruments GmbH, Friedrich-Ebert-Strasse 75, 51429 Bergisch Gladbach, Germany
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Figure 3.4: The differential pumping section of the KATRIN experiment. The
figure shows a CAD drawing of the The modular superconducting solenoid system is
highlighted in a transparent grey. Therefore, it is possible to see the single beam tubes (red)
inside the warm bore of each magnet. The beam tubes are connected via the pump ports
(brown) to the entire beamline. Four (silver) are located at the lower part of the
pump ports. A part of the loop system (yellow) is connecting the gas outlet of all to
guide the collected process gas back to the infrastructure.
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Figure 3.5: Beamline instrumentation and pumping concept of the The
beamline of the is highlighted in yellow and can be separated to by the beamline
valve (V1) and to the by the beamline valve (V2). The beamline includes four dipole
electrodes consisting of two half-shells with conically ends (grey) implemented in beam tubes
1-4 (BT I-1V). Beam tube five (BT V) includes a ring electrode in upstream direction to
block the ions. An device is implemented to measure the ion flux composition. The
loop system with the is arranged in a quasi cascade configuration.
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3. Determination of the neutrino mass with KATRIN

The first part of the transport section is found by the being integrated into the
cryostat, as detailed in Two large components form the main part of the
transport section after the cryostat, the differential pumping section , and
the cryogenic pumping section (CPS). The reduces the tritium gas flow with
by five orders of magnitude down to 10~7 mbar £/s at the entry of the A total of
five superconducting solenoids (M1 — M5) creates the required magnetic guiding field of
up to 5.0 T inside the beamline. It consists of five beam tubes located in the warm
bore of each solenoid, attached to each other via four pump ports. One is located
at each pump port at the bottom, see figure The extra pump port 0 is located at the
beamline connection between the WGTS|and [DPS|units, and pump port 5 at the beamline
connection between [DPS| and [CPS| shown in figure Since the pumping efficiency of
decreases at very low gas flows, an other pumping technique has to be used after the
to reduce the tritium gas flow even more. To achieve the required gas flow reduction
factor, the traps the remaining tritiated molecules by cryosorption. Therefore, the
beam tube elements 2 — 5 are cooled down to 3 K, see figure The gold coated inner
surface of the beam tubes has to be prepared with a thin layer of argon frost to increase
the effective sorption surface, as well as to increase the sticking coefficient, resulting in an
enhanced pumping efficiency. Seven superconducting solenoids (M1 — M7) are surrounding
the[CPS/beamline, providing magnetic guiding fields up to 5.6 T. The beamline of the DPS]
as well as the beamline of the include 2-shaped chicanes, which are formed by beam
tube elements arranged in a tilt of 20° in the and of 15° in the [CPS] see figure
and 3.6 This shape prevents the so-called molecular beaming effect, which corresponds to
a collimated gas flux directed strongly forward [Luk12]. Additionally, the pump efficiency
is increased by this chicanes.

- LHe vessel

tritium
\

gold coating

stainless steel beam tube

Figure 3.6: The cryogenic pumping section. The stainless steal beamline (yellow) of the
is gold coated. A picture of the inner surface of the beamline is presented on the top
left part of the figure. The beamline is surrounded by seven superconducting solenoids (red)
cooled down with liquid helium. The beam tubes 2 — 5, which are surrounded by the solenoids
M2 — M5 are operating as a clod trap. Shortly before each tritium run the gold coated surface
is prepared with argon frost layer (light blue) to increase the surface of the cold trap, as shown
in the sketch on the lower part pf the figure.
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3.2. Technical setup of the KATRIN beamline

Due to their positive (or negative) charge, the ionized molecules generated in the gaseous
tritium source are guided towards the detector. As ions cannot be pumped out by the
or the the ions have to be prevented from reaching the [SDS. This task is
performed by two ring electrodes in the elements, located in the beam tube
5 and pump port 5. To prevent an accumulation of ions due to trapping between the
ring electrodes and the gas pressure at the gaseous tritium source, an ensemble of dipole
electrodes in beam tube elements 1 — 4 has to remove the ions. The generated electric
field there is orthogonal to the magnetic field direction, resulting in an ExB force, which
is orthogonal to the magnetic and electric field direction. The resulting force drifts the
ions out of the magnetic flux tube were they collide with the stainless steel surface of
the beamline to recombine. Afterwards, the neutralized molecules can be pumped out,
as previously explained. Since the efficiency of charge removal depends on the charge-to-
mass ratio, it is of great importance to measure the number densities and the different
species of ions. Therefore, a diagnostic unit, the Fourier transform-ion cyclotron resonance
device, is located in beam tube element 5 of the The commissioning of the
transport section is outlined in chapter 4. For more detailed informations about technical
setup and latest results of the and the[CPS|see [Ang05| [Kos12] [Jan15| [Hac15| [Glal5]
[Sac15} [Roel6), [Sch17] [Fril7]

1

3.2.5 Spectrometer section

One of the most challenging parts of the experiment is to achieve high-resolution
spectroscopy of the electrons close to the shape of the 3-spectrum. To this end, two elec-
trotsatic spectromteters are used as high-pass filters based on the MAC-E!filter technology,
oulined in section [Ang05]. Since background in the spectrometers is of major concern
to reach the aspired neutrino mass sensitivity, the 3-decay induced background rate there
has to be kept sufficiently low. This requires that the spectrometers are operated at very
stringent ultra-high vacuum conditions of about 10~'! mbar. This is of key impor-
tance to reduce the scattering probability of signal electrons with molecules of residual gas

in the

Pre-spectrometer

The 3.4-m long vessel of the pre-spectrometer is placed between two superconducting
solenoids, pre-spectrometer solenoid 1 and pre-spectrometer solenoid 2 (PS2). Both
are operated at a nominal value of 4.5T, resulting in minimal magnetic field of the at
its center equivalent to an energy resolution of 70eV at 18.6 keV [Ang05].

Low-energy electrons have a very large cross section for scattering processes with residual
gas molecules, therefore the pre-spectrometer acting as a pre filter is very important. When
operated at 18.3keV, it will minimize the signal electron flux into the main spectrometer
by seven orders of magnitude. If the would be operated at even higher potentials,
there is a non-negligible risk that the beta electrons near the endpoint will be influenced
by the pre-spectrometer, for instance through non-optimized transmission conditions such
as early retardation. When the is operated at high potential, this results in a strong
Penning trap between the pre- and main spectrometer. Latest results indicate however
that the Penning trap has no significant impact on the background in the due to
excellent conditions in the For lower pressure, sophisticated measures (wipers)
have to be taken into action to mitigate background from this trap [Pral2].

The pre-spectromter was the first component of the KATRIN| beamline which was manu-
factured and commissioned [Hab09, [Fral0) [Pralll Mer12] [Wan13| [Goel4]. Between 2006

S 1

and 2011, a large number of sophisticated investigations of electron transport and back-
ground processes in a high-pass filter were performed. The design of the main
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3. Determination of the neutrino mass with KATRIN

spectrometer was significantly influenced by these investigations. In 2016, the full integra-
tion of the system into the [KATRIN| beamline was achieved successfully. This thesis will
provide first results of the magnetic flux tube alignment between the pre-spectrometer and

the

Main spectrometer

With a diameter of 10.0m and a length of 23.3 m, the main spectrometer has pushed the
technical feasibility of vessels to the limit, and it is thus the final step in up-sizing
the filter spectrometer technology. It is located between two superconducting
solenoids, the magnet and the 6-T pinch magnet. The analyzing plane inside the
main spectrometer is located at a minimum magnetic field of typically 3.0 G (~ 0.3mT).
According to equation this is equivalent to an energy resolution (or better filter width)
of AE = 0.93eV at 18.6keV. A low field coil system (LFCS]), which consists of 15
normal-conductive coils which surround the main spectrometer in an axially symmetric
fashion, is required to fine-shape the magnetic flux tube. Additionally, an earth magnetic
field compensation system (EMCS) consisting of 16 vertical and 10 horizontal cosine-
coils required to compensate the earth magnetic field is implemented [Glul3]. During a
standard tritium run, the spectrometer is operated at a high negative potential. A two-
layer wire electrode system next to the inner surface of the spectrometer vessel is used
to fine-shape this electric potential. In addition to the dominant magnetic shielding, this
electrode system creates an electrostatic shield for low-energy electrons which originate
from the inner surface of the vessel [Hug08, [Val09| [Zac09, [Hugl0| [Val10| [Leild]. To scan
the shape of the [3-electron energy spectrum, the retarding potential is varied in an interval
between 50 eV below the endpoint and 5eV above the endpoint region of the [3-spectrum

at 18.6keV [Klel4].

In 2013, the first commissioning and measurement campaign of the main spectrom-
eter in combination with the[FPDlsystem was successfully performed [Sch14] Leildl[Grol5].
A second measurement campaign was performed in 2014 and 2015 with the focus
on hardware improvements and more in-depth to investigations of the complex background
characeristics at the Har15| [Lin15| [Erh16] Kral6, Muel6]. The observed background
rate at present is about fifty times higher than the design value [Harl5]. Despite this high
background, it is possible to reach a neutrino mass sensitivity of 240 meV [Fral7]. This
sensitivity can be achieved by an optimized measurement time distribution, and a higher
magnetic field in the analyzing plane to reduce the size of the flux tube (and background
processes) there, taking into account that this results in a reduction of the energy res-
olution. The statistics and the measurement time distribution are explained in section

3.3.1

3.2.6 Detector section

The focal plane detector section forms the counterpart to the rear section, defining
the downstream end of the beamline. Signal electrons, which have passed the
retarding potential of the main spectrometer, are guided by the magnetic flux tube through
the section. Two superconducting solenoids, a pinch magnet at the exit of the
main spectrometer, and a 3.6-T strong detector magnet, together create the magnetic
guiding field as shown in figure [Sch14]. A silicon PIN-diode array with high efficiency
(€det = 90 %) and a nearly background-free detector environment allow to count signal
electrons [Ang05]. The entire monolithic silicon wafer has a diameter of 12.5cm, while
the sensitive area of this wafer has a diameter of 9.0 cm and is segmented into 148 pixels
of equal area [Schl4]. Each pixel is separated by 50 um thick boundaries, resulting in a
specified resistance between pixels of 1GS) [Sch14]. The magnetic field at the position
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3.2. Technical setup of the KATRIN beamline

detector magnet

calibration source

pinch magnet _ detector wafer

magnetic flux
tube

post-acceleration
electrode

main spectrometer

Figure 3.7: The focal plane detector section. The magnetic flux tube (green) is generated
by the pinch and detector magnet and is guiding the signal electrons, which have passed the
main spectrometer, to the detector wafer. To calibrate the detector system two calibration
sources are mounted downstream of a valve, which is used to separate the detector from the
main spectrometer for such a measurement. A much better signal to background ratio is
expected for higher electron energies, therefore the signal electrons are accelerated by the
post-acceleration electrode.

of the wafer is about 3.3T, since the wafer is displaced about 140 mm in downstream
direction with respect to the coil center of the detector magnet [Harl5]. This field in
combination with the sensitive area of the wafer results in a detectable 210 Tcm? magnetic
flux tube. Since the 191 Tcm? magnetic flux tube is used for the neutrino mass analysis,
the remaining outer rim of the 210 Tem? magnetic flux tube can be used to investigate
background processes in the outer parts of the flux tube. The spatially resolved mapping
of the 210 Tem? magnetic flux tube is feasible due to the identical area (44.1 mm) of each
pixel [Sch14]. More information about the magnetic flux tube is presented in section
In combination with the good time and energy resolution it is possible to map important
parameters such as the homogeneity of the column density, or the plasma potential of
the gaseous tritium source. To perform independent detector calibrations, two sources,
an 2*'Am source used as a y emitter, as well as a photo-electron source, can be placed
in front of the Upstream of the detector wafer a post-acceleration electrode shifts
signal electrons to higher energies by > 10keV. In this higher energy regime, a more
favorable intrinsic background rate of the is provided. Additionally, signal electrons
reach an energy regime where the effect of back scattering at the detector wafer and noise
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3. Determination of the neutrino mass with KATRIN

is reduced. The natural environment radiation at the wafer is reduced by a cylindrical
lead-copper radiation shield, which surround all sensitive parts. This complemented by
an active veto system to determine cosmic ray-induced background events. The radial
segmentation of the wafer enables to investigate the radial pattern of background, as well
as to determine different background sources in the spectrometer volume.

The commissioning of the detector system in combination with the main spectrome-
ter was implemented during the measurement campaigns [SDS-I, [SDS-II, [SDS-ITA! and
[SDS-TIB| resulting in a detailed understandings of detector systematics, the intrinsic
background rate, radon-induced background in the main spectrometer, and the
characterization of non radon-induced background, from Rydberg states, as outlined in
[Sch14] Har15] Muel6| [Fral7]. Since mid-2017 the system has reached full opera-

3 1

tional readiness and is ready for the neutrino mass measurement.

3.2.7 Magnetic flux tube

Due to the radially-symmetrical geometry of the source tube and its surrounding solenoids,
the generated guiding field for (-electrons can be characterized best via the value of the
magnetic flux:

qS:/AB~dA, (3.8)

which is a conserved quantity. Since this magnetic flux is constant over the entire beam-
line, it can be visualized as tube with a magnetic field-dependent radius. Accordingly,
a reduction of the magnetic field |§ | increases the radius of the flux tube cross section
|A|. At nominal magnetic field settings, the wafer of the is located in a magnetic
field of 3.3 T. Accordingly, the magnetic flux tube of 191 Tem? projects an image of the
source on the detector with radius of ~ 4.3cm. Using the magnetic field of the source
Bs = 3.6 Tcm?, the radius of the flux tube decreases to ~ 4.1cm. This magnetic flux
tube carries the relevant rate of signal electrons to be used in the neutrino mass analysis
Drel3]. Additionally, the radius of the magnetic flux tube in the source part is less
than the size of the source tube rg = 4.5 cm, to suppress the detection of (3-electrons which
were influenced by plasma related surface effects, or by small angle scattering processes
with source tube surfaces. Moreover, electrons originating from the beamline surface can
stem from radioactivity, cosmic muons or field emission. Due to their energies they are not
able to reach this inner magnetic flux tube as the Lorentz force bends these electrons back
to their origin. Due to the radially homogeneous distribution of source density, 3-electrons
are also generated in the outer ring shaped area encompassing the inner 191 Tcm?. With
a source tube radius of 4.5cm and a magnetic field of 3.6 T the biggest electron-guiding
magnetic flux tube has the size of about 230 Tem?, according to equation The outer
shape of the sensitive wafer pixel pattern has a radius of 4.5cm at a magnetic field of
3.3 T, resulting in a detectable magnetic flux tube size of 210 Tcm?, as outlined above.
The ring-shaped structure which is formed by the 210 Tem? section around the 191 Tem?
magnetic flux tube, is thus not used for the neutrino mass analysis, creating a buffer zone
to account for small misalignments between beamline and superconducting solenoids, see
figure The effect of a potential collision of electrons traveling in the inner magnetic
flux tube and the beamline is presented in section Additionally, this ring shaped
magnetic flux tube is used by the to monitor the source activity. The outermost
ring shaped structure between the 230 Tcm? and the 210 Tem? magnetic flux tube is of no

concern for KATRINI
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Figure 3.8: Magnetic flux tube alignment. The upper part of the figure shows a perfect
aligned beamline and superconducting solenoid system with a centered detector. The 210 Tcm?
magnetic flux tube forms an ring-shaped image around the 191 Tem? magnetic flux tube. In
the lower part of the figure a misalignment between the beam tube and the source solenoid is
demonstrated. It is shown that the misalignment results in a shift of the mapped image on
the detector. The outer shape of the 210 Tcm? magnetic flux tube can be used as a buffer
area, in the case to compensate such an misalignment.

3.3 Neutrino mass sensitivity

The aspired neutrino mass sensitivity, as defined in the technical design report, represents
an enormous challenge in many areas [Ang05]. In the scenario of a vanishing neutrino
mass the sensitivity on the neutrino mass can be understood as the total uncertainty on
m%e, which is given by

Grot(m2,) = 1/ (Gutar(m2,))* + (0s(m2,))?, (3.9)

i.e. the quadratically combined statistic Ustat(m%e) and systematic uncertainties asys(m%e).
The latter includes contributions from a variety of experimental parameters, and by the-
oretical uncertainties in the description of the spectrum, as explained in section [3.3.2]
At first, section will discusses statistical uncertainties with respect to measurement
intervals and background rates.

3.3.1 Statistic performance

Using the retarding potential to scan the endpoint region of the -spectrum, the
filter measures an integral spectrum since all electrons with kinetic energies larger than the
retarding potential are counted by the detector. Consequently, the expected count rate
Rey depends on the assumption of a constant background rate Ry, the non-fluctuating
retarding potential Uj, and the two unknowns, the endpoint of the -spectrum Ey and the
squared neutrino mass m%e. The expected count rate for a Poisson-distributed background
rate is given by:

Rex(Us, C, Rug, Eo,m3) = Rign(Us, C, Eg,m3_) + Rug. (3.10)
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3. Determination of the neutrino mass with KATRIN

The signal count rate Rgen depends on the number of tritium nuclei in the source:
NT:As~pd-2~6T, (311)
a proportionality constant C', the detector efficiency eqe; and the response function of the

filter:

Rign (U, C, Eg,m2 ) = C'- N Q/EO(PN(E m2 ) - Regn(Eo, qUi)dE.  (3.12)
sign\Vi, LU, 20, Ty ) = T * €det An o dEdt 0, Ty, sign(£20, QUi . .

In the final neutrino mass analysis the free parameters C, Ryg, Ey and m%e have to be
varied such that:

Rm(Ui) — Rex(Ui; C, Rb ,Eo, mg )
X*(C, Rug, Eg,m3) = ( - gl ) (3.13)
i t(Ui) 'Ue(Ui,C, RbgrEDumVe)
is minimized. The statistical uncertainty:
0e(Ui) = \JH{UL) - Re(Us, C, Rug, Eo, m2,), (3.14)

of each retarding potential then depends on the measurement time distribution and cor-
responds to the expected statistical uncertainty. Here, the measured time ¢(U;) is defined
as the time spend at the specific retarding potential U;. Previously, the measurement time
was optimized based on the following parameters:

e amplitude parameter: The amplitude of the spectrum can be varied by the pa-
rameter C. The best handle on this parameter is achieved, when the low-energy tail
of the -spectrum is investigated over a longer measurement period.

e background rate: A total of six different retarding potentials above the endpoint
Ey of the -spectrum allows to determine the background rate and judge that it is
constant.

e neutrino mass: Since the best sensitivity on the neutrino mass is in a region of
several eV below the endpoint, in the case that a background rate of 10mcps is
assumed, the largest fraction of measurement time will be focused on this region
combined with small potential bin widths.

e correlation: In the spectrum region 14 eV below the endpoint, the correlation be-
tween the amplitude parameter and the endpoint energy can be determined most
precisely. Therefore the second largest measurement time fraction will be located
here.

A larger measurement interval slightly improves statistical uncertainties. Correspondingly,
the systematic uncertainties will increase since processes involving energy losses rise sig-
nificantly in intervals of a few tens of eV below Ey. Hence, there a trade-off between
increasing statistics and minimizing systematics. With an optimized measurement time
distribution for an expected background rate of 10mcps, the statistical uncertainty is

reduced to astat(m%e) =18 x 1073 eV? [Ang05].
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3.3. Neutrino mass sensitivity

Table 3.1: Systematic effects on the neutrino mass analysis. The table includes all
known systematic effect which are highly important for the neutrino mass analysis. As it is
shown, the largest proportion of systematics is origined by the source. The table is adoped

from [Ang05].

source projected accuracy

systematic shift
Usys(mZQ) (1073 eV?)

=
final states f<1.01 <6

T~ -ion concentration n(T7)/ n(Te) <2x 1078 <0.1
energy loss function <6
source activity AAs/As <2 x 1073 < ‘/51'75'6
source potential variations < 10 meV < 0.2
source magnetic field variation ABg/Bg <2 x 1073 <2
elastic scattering <5
background slope < 0.5 keV <1.2
variations AHV/HV < 3 x 1076 <5

3.3.2 Relevant systematic effects in the source and transport section

(STS)

A large number of systematic uncertainties which have to be considered for the neutrino
mass analysis are outlined in the design report [Ang05]. An overview of sources
of systematic uncertainties and their projected accuracy as well as corresponding sys-
tematic shifts for the v-mass are outlined in table [3.1l Taken together these systematic
uncertainties result in a total systematic uncertainty of:

Tsystot = \/ D _ 0% ~ 0.01eV?, (3.15)

Accordingly, all unaccounted-for systematic effects have to be limited to an overall uncer-

tainty budget of:
Osys,tot = 1/ Z Ugys ~ 0.017 €V2. (316)

Several parameters such as the source temperature have a direct impact on the source
activity. Since the investigation of the source tube temperature stability and homogeneity
was a major part of this thesis, the source activity and its impact are explained in the
subsequent section.

3.3.2.1 Source stability

According to the design report a single neutrino mass measurement interval has the du-
ration of one hour [Ang05]. During this time span the source activity has to be stabilized
on the 0.1 % level. Several parameters can affect the source activity:

e tritium gas purity: The tritium gas contains trace amounts of other gases, mainly
other hydrogen isotopologues. The gas composition is monitored continuously by
the system before injection into the source tube [Sch11] [Fis11}[Sch12][Sch13al

[Sch13d], [Sch13bl [Fis14] [Sch15]. To achieve the required source activity with the

defined column density of pd = 5 x 10'" molecules/cm?, a purity level of 95 % has to

be reached with relative stability of 0.1 % [Ang05]. These requirements were met by

previous R&D work simulating the [KATRIN| conditions Sch13a].

e inlet pressure: Since the column density has to be stabilized on a 0.1 %/h level, a
comparable stability level is required for the inlet pressure. Again, this benchmark
has been met in [Pril5].

43



3. Determination of the neutrino mass with KATRIN

¢ pumping performance: The pumping performance has an influence on the column
density similar to the inlet pressure. Therefore, it has to be stabilized on a 0.1 %/h
level. In the case of a constant gas load on the type in use, the MAG W280
the pumping performance is better than 0.1 %/h. Possible aging effects and resulting
influences on the performance due to contact with tritium were be observed [Pril3].

e source tube temperature: The temperature stability and the homogeneity of the
source tube influence the source activity as well, hence they also have to be stabilized
at the 0.1 %/h level. Since the temperature is responsible for several other systematic
effects, it is discussed in detail below.

3.3.2.2 Temperature stability and homogeneity of the WGTS beam tube

To met the necessary statistic budget of the experiment, the has to provide a source
activity of about 1.7 x 10'! Bq, while stabilizing the activity on the 0.1 % level. Several
parameters affecting the activity have to be stabilized on the same level as explained
previously. One of the most critical parameters therein is the temperature of the source.
A temperature of 30 K was chosen to minimize thermal Doppler-broadening due to the
molecular motion. This leads to a specified temperature stability of AT/T =1 x 1073/h
and a homogeneity level of 30mK . To achieve these specifications, the source tube is
cooled by a two phase-neon cooling system, see figure An outer helium cooling flow,
which is operating at ~ 30K, is used to cool the inner two phase-neon cooling cycle. The
helium cycle is not suitedale for direct cooling, since its temperature fluctuations (+1K)
are two orders of magnitude larger than the required temperature stability [Mar17]. The
benefits of using a thermosyphon principle for two phase neon guarantees an exceptionally
high degree of temperature stability, since an external temperature transfer shifts the
ratio between the gaseous and the liquid phase, without changing the temperature. The
commissioning of the cryostat and the first temperature stability and homogeneity
results are presented in section

3.3.2.3 Alignment of the magnetic flux tube

The knowledge about the alignment of the magnetic flux tube inside the beamline is of
major importance, since collisions and the resulting scattering processes of signal elec-
trons can resulting significant bias of the measurement result [Sim&9, [Him&9, [Sur91].
The effect of such an undetected collision was demonstrated in the eighties and night-
ies of the 20th century by two different experiments based on a solid detector and an
external source. These measured a threshold anomaly due to scatted signal electrons be-
tween source and the detector. Since the collision remained undetected, it was published
by assuming that the electron neutrino has two large mass components
[Sur91], a very light neutrino with a mass of 40eV and a heavy neutrino with a mass of
(16.9+0.4) keV. New evidence for this heavy (sterile) neutrino with mixing probability
given by sin?() = 0.0084 £ 0.0006 + 0.0005 was published 1991 [Him91]. After using a vir-
tually loss-free method for signal electron transport, the origin of the 17 keV neutrino mass
signal was determined as an artifact caused by electrons scattering in a restricted geometry
[Him93]. Conclusively, new experiments rule out a 17keV neutrino, demonstrating
that the knowledge about the magnetic flux tube alignment is of paramount importance
in view that an undiscovered collision, or even the slightest touch with the beamline, could
cause a systematic effect for the neutrino mass result. If this systematic effect is not taken
into account in the analysis chain it could lead to non-physical neutrino mass signals.

2Leybold GmbH, Bonner Strasse 498, 50968 Cologne, Germany
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3.3.2.4 Consequences for the forward beam monitor (FBM)

Two monitoring systems are used during a regular runs to determine the source
activity to monitor fluctuations of the activity on the per mille level. To this end, a beta-
induced X-ray spectrometer is located at the rear wall chamber [Roel5| Borl7].
It consist of two X-ray detectors (silicon drift detectors to monitor the X-ray radi-
ation caused by the ~ 10! B-electrons per second which implying on the rear wall. The
feasibility of reaching a 0.1 % level for monitoring under comparable conditions could suc-
cessfully be demonstrated [Bab12] [Roel5l [Borl7]. The second monitoring system is based
on a silicon radiation detector, the so-called forward beam monitor (FBM)). It is designed
to measure the source activity in the downstream direction between the and the

spectrometer. Therefore, it is located at the pump port 2 [EI17].

This two-fold method is important, since an asymmetric column density could lead to
significant differences between the source activity measurements on the upstream and
on the downstream side. Since signal electrons in downstream direction are used for the
neutrino mass analysis, the source stability in this direction is highly important. The
is used to detect P-electrons directly in the flux tube. In order to prevent a shadowing of
the 191 Tcm? magnetic flux tube, which guides B-electrons, it probes only the outermost
rim of the 210 Tem? magnetic flux tube. This part of the flux tube is not used for the
analysis, as discussed in section During a standard tritium run, the is placed
61 — 67mm away from the beam axis. Since the has a circular active area of
1.3 mm, slightest collisions between the 210 Tem? magnetic flux tube and the beamline
could cause a shadow on the [FBM. Consequently, a monitoring of the source activity in
the downstream direction towards the main spectrometer would be impossible. Collisions
between the magnetic flux tube and the beamline have to be identified and eliminated if
possible.

3.4 Objectives of this work

To reach a neutrino mass sensitivity of 200 meV, has to reach the required statis-
tics and systematic error budget. One main objective of this thesis is thus to determine the
transmission and the alignment of the 191 Tcm? magnetic flux tube, which guides signal
electrons to the This information is important to verify that signal electrons can be
guided collision-free. The information about constrictions and potential collisions between
the magnetic flux tube and the beamline surface is vital to constrain systematics which
could strongly influence the neutrino mass result, as discussed previously

To minimize source-related systematic effects, the -activity has to be stabilized on the
0.1% level. This stability is monitored by the FBM) which counts (-electrons at the out-
ermost rim of the 210 Tem? magnetic flux tube. Hence, the transmission of the 210 Tcem?
magnetic flux tube between source and the can be investigated in addition to mon-
itoring the source stability in downstream direction. Different parameters influences the
source stability. The temperature of the gaseous tritium source is one of the key param-
eters therein. Thus, a key objective of this thesis in hand is to determine if the required
temperature stability can be achieved.
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CHAPTER 4

Commissioning and characterization of
the beamline sections

A milestone in the extensive assembly work was achieved in summer 2016, when
all major components were combined to one global beamline. Before this, the
commissioning of each single component was necessary, before global beamline com-
missioning could be initiated. In this chapter the commissioning of the components,
the WGTS] [DPS] and [CPS] is discussed in detail.

The first section gives an overview the general commissioning of the cyostat.
In section the cryogenic performance of the unit is described with specific focus
on the two-phase neon cooling system of the source tube, incorporating the results on
the temperature stability and homogeneity. The acceptance tests of the superconducting
solenoid system with respect to the required magnetic fields and their stability are discussed
in section[4.1.2l The alignment between the source tube and the superconducting solenoids,
which is of importance for the flux tube positioning, was measured mechanically, which is
described in section [4.1.3

The commissioning of the here is discussed in section The focus is on the
commissioning of the superconducting solenoid system with its key feature of making use
of loss-free liquid helium storage, as presented in section|4.2.1, In addition, the acceptance
tests of the five solenoids with respect to magnetic field stability are outlined. General
mechanical alignment measurements are presented in section This is concluded by
analyzing magnetic stray fields, as presented in section completing the knowledge of
the superconducting coil alignment.

The focus in the commissioning detailed in section was on quantifying the cool-
ing performance of the cryostat, especially on the beam tube cooling of the cryogenic
trap. The superconducting solenoid commissioning with emphasis on the magnetic field
stability, is discussed in section [4.3.2] Finally, section [4.3.3| presents the alignment of the
superconducting solenoids relative to the beamline.
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cryostat housing ~300 K

outer shield LN, 77 K
LHe vessel 4.5 K

source tube ~30 K
inner shield gHe ~30 K

superconducting coil 4.5 K

Figure 4.1: Setup of the cryostat. The shown sketch is based on a technical
drawing. A special feature of this cryostat is the 30 K cold source tube, cooled by two cooling
pipes located on the outer surface of the source tube and half filled with liquid and gaseous
neon. The superconducting coil (green) is submerged in (light blue). The inner shield
(dark blue) prevents temperature exchange between the chamber and the source tube.
An outer shield (red) cooled down with LNy minimizes the heat load from the cryostat housing
on the chamber. The transparent areas between the different components represent the
insulation vacuum chamber. To minimize the heat exchange between different components via
radiation, all components are wrapped in super insulation foil.

4.1 Commissioning and performance of the WGTS cryostat

After the assembly of the cryostat by Research Instruments GmbH (RI)!| was
concluded, it was delivered to KIT in autumn 2015. The main task of the cryostat
is to provide a 30 K cold source tube to minimize the Doppler broadening of the [3-electrons
Bab12]. The major challenge therein is to stabilize it at a level of < 0.1 % [Ang05|
Bab12]. In section the underlying source tube cooling concept is presented as well as
the temperature measurement system including results of this first commissioning.

The other key task of the cryostat is to create a magnetic field to guide (3-electrons
from their point of origin to the transport section. The acceptance test of the super-
conducting solenoid system is presented in section The magnetic guiding field has
to be aligned in a collision-free manner within the beamline. The corresponding
alignment measurements between the solenoids and beamline parts is presented in section

4.1.3

4.1.1 Performance of the source tube cooling

The system with its superconducting coils and the inner shield of the cryostat
are actively cooled down with gaseous helium (see figure [4.1). The helium temperature
can be varied in order to adjust the temperature gradient and the cooling velocity. Due
to the active cooling of surrounding components, as shown in figure the source tube is
passively cooled to 40 K by thermal radiation already (see figure . The cooling process
of a cryostat is a critical operational phase since strong forces can result from the thermal
contraction. A general form is used to describe the thermal contraction:

L1 — Log3k

=(a+b-T+c-T?>+d-T?+e-T"-107°. (4.1)
Lagsk

!Friedrich-Ebert-Strasse 1, 51429 Bergisch Gladbach, Germany
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4.1. Commissioning and performance of the WGTS cryostat

The following parameters are published for stainless steal (304 SS) by the National Institute
of Standards and Technology (NIST) [Mar02]:

a = —2.9546 x 10"2,
b=—4.0518 x 1071,
c=+9.4014 x 1073,
d=—2.1098 x 1075,
e=+1.8780 x 1075. (4.2)

These parameters apply for a temperature range from 4 K to 300 K [Mar02]. The beamline
of the cryostat consist of 316LN, the bellows of 316L and the remaining cryostat
of 316 stainless steel. The thermal contraction for these steels can be described to first
order with equation given in and the parameters With respect to the 16-m long
beamline of the cryostat a maximum thermal contraction of about 50 mm has to
be taken in account. According to 4.1 the major thermal contraction takes place between
100K and 300K. Below 100K the thermal contraction and the resulting movements are
almost negligible. Hence, the most critical phase of a cool down is in the range between
300K and 100K. It is common hence to investigate the condition of the cryostat via a
leak test at 100 K (see figure . After all actively cooled components had reached their
operational temperatures, the passively cooled source tube remained at a temperature of
~ 40K. To reach the required temperature regime of about 30 K the active cooling via
two-phase neon cooling had to be turned on (see section 4.1.1.1).
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Figure 4.2: Temperature course of the source tube. The first cool-down of
the cryostat started in August 2016. Shown is the source tube temperature curve
which starts at room temperature with a linear drop of the temperature during the first 30
days. Before a temperature of 100 K was reached, sensor tests were performed, resulting in
a quick drop of the sensor signal (I). During the following two weeks, a detailed leak test of
all components was successfully performed at 100K (II). Subsequently, the source tube was
cooled further by radiation from the inner shield (see figure [4.1). The two-phase neon cooling
system was used to cool the source tube from 40 K to 30 K and to stabilize the temperature,
highlighted as a red dashed frame (III). The figure is adapted from [Mar17].
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4. Commissioning and characterization of the beamline sections

The task of providing reliable precision temperature measurements along the beamline
is realized by Pt50 temperature sensors. However, the magnetic fields during normal
operation will cause a temperature shift. Thus, a sophisticated calibration system is in-

stalled next to each Pt500 (see section [4.1.1.2) to handle this effect. The results of the
temperature measurements are presented in sections [4.1.1.3/and [4.1.1.4]

4.1.1.1 Two-phase neon cooling system

The source tube cooling by gaseous helium used in the cooling of the inner radiation
shield of the cryostat is not viable since temperature fluctuations in this cryofluid are of
the order of £1.0 K. To reach the specified temperature stability of 30 mK, a dedicated
cooling concept based on a closed two phase system was implemented, brazed to the source
tube (see figure [Gro08| [Gro09, [Grolll [Bab12| [(Grol3]. The temperature of such a
system is given by the vapor pressure of the chosen liquid. Neon was identified to be best
suited for the temperature range between 28 K and 32 K.

The two phase neon cooling cycle consists of a neon condenser which is cooled by gaseous
helium to ~ (25 £ 1) K and four electric heaters located in the two phase tubes. Due to
the heat load on the source tube, liquid neon evaporates and is returned to the condenser
(see figure . After the evaporated neon is liquefied again in the condenser, it drips
back into the cooling tubes at the source tube. A huge buffer mass of lead (3.7kg) inside
the condenser minimizes influences of the helium cooling cycle on the two phase neon
cooling system, smoothing out temperature fluctuations [Gro09]. To minimize remaining
fluctuations in the two-phase neon cooling system, a system of four electrical heaters, each
with a maximal power of 2W, is used. A decrease of temperature is compensated by
an increase of the heater power and vice versa. Thus, the heater power is linearly anti-
correlated to the source temperature with a correlation coefficient of p, = —0.66 [Marl7].
More informations about the relevant cycle are published in [Gro09}[Gro11l[Gro13}Mar17]

1

The average temperature of the system is regulated via the vapor pressure. In order to
detect local temperature fluctuations and distortions of homogeneity, a total of 24 Pt500
sensors is mounted onto the outside of the source tube (see figure . The temperature
measurement of these sensors is influenced by the magnetic field of the solenoids. There-
fore each sensor is complemented by a vapor pressure sensor which enables an in-situ
calibration. The principle is presented in the following section.

2Platinum resistors with a nominal resistance of 500 at 0°C
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4.1. Commissioning and performance of the WGTS cryostat
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helium gas

:outlet 27K Pt500 with vapor

pressure sensor

—

helium gas

inlet 25 K
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LNe source tube ~30 K two phase neon tube

Figure 4.3: The source tube cooling system of the WGTS cryostat. The figure shows
a picture of the WGTS source tube during manufacturing. A sketch of the two-phase neon
cooling system is attached to the picture. The evaporated neon of the two-phase cooling tubes
at both sides of the source tube flows to the condenser, where it is liquified. Afterwards the
liquid neon is returned to the cooling tubes. The neon cycle is closed allowing to control the
temperature via the vapor pressure. Various Pt500 sensors are mounted along the source tube
to measure the temperature stability and homogeneity. Since their measurement depends on
the magnetic field, a vapor pressure sensor is mounted next to each Pt500 for in-situ calibration

(Groll]. The figure is adapted from [Fis14].
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Figure 4.4: Positioning of the temperature sensors along the source tube. To
measure the temperature, a total of 20 Pt500 sensors are thermally connected to the top
(blue) and bottom parts (green) of the source tube. Additionally, four sensors are mounted at
the side (light red / red) of the source tube near the front and rear end. The bottom figure
shows the two-phase neon cooling pipes on both sides of the source tube in beam direction,

as well as the colored copper blocks, each including one Pt500 and one vapor pressure sensor.
The figure is adapted from [Hoel2].
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4. Commissioning and characterization of the beamline sections

4.1.1.2 Temperature measurement and calibration system

The continuous temperature measurement at the source tube is realized by an ensemble of
24 resistance sensors Pt500, shown in figure The temperature measurements of these
sensors is influenced by external magnetic fields, resulting in an offset which depends on
the strength of the magnetic field, see figure In case of a constant magnetic field, this
offset is also constant. Hence, a calibration of each Pt500 sensor in a constant magnetic
field environment is sufficient to enable absolute temperature measurements. To this end,
each temperature resistance sensor is complemented by a vapor pressure sensor. Both
sensors are thermally connected with a copper block, see figure

A vapor pressure sensor consists of a small cylinder, which can be filled with gaseous neon.
The neon infill condenses, forming a two-phase equilibrium in the cylinder. The pressure
corresponds to a specific temperature, detailed by the vapor pressure curve, which is
used as absolute temperature value for the corresponding Pt500 sensors. The pressure
readings there are independent of the magnetic field (see figure . The filling process
of the cylinder introduces small amounts of heat onto the source tube. A 30 minutes
waiting period is thus required to equilibrate temperatures before the onset of temperature
measurements with the vapor pressure sensors (see ﬁgure. After the calibration process
the neon is removed from the cylinder.

This calibration system enables an absolute temperature measurement during magnet
operation. Thus it is possible to monitor temperature stability and homogeneity dur-
ing the later neutrino mass measurements. The first results of the temperature sta-
bility and homogeneity are described in the following sections. Detailed information

about the calibration system with focus on the read-out electronics are published in
[Gro09] [Grol1l [Gro13] Mar17]
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Figure 4.5: The influence of the magnetic field on the temperature-dependent
resistance measurement. Shown is the influence of the magnetic field (black) on the
temperature-dependent resistance measurement (blue). The temperature data of a vapor
pressur sensor (red) demonstrates the magnetic field-independent temperature measurement
of the calibration method. The figure is adapted from [Marl7].
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4.1. Commissioning and performance of the WGTS cryostat
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Figure 4.6: The calibration process of a Pt500 sensor by making use of the vapor
pressure sensors. The figure shows the temperature measurement of the Pt500 (green)
and the vapor pressure sensor (blue). By filling the vapor pressure sensor (I) with neon gas
the measured Pt500 temperature (green) was nearly constant. Once the neon gas started to
condensate (1), the temperature increased locally at the position of the two sensors and their
holding structure. The thermalization is finished about 30 minutes after the end of the filling
process (III). Afterwards the calibration of the Pt500 by using the vapor pressure sensor can
be implemented, highlighted as a red dashed line. The vapor pressure sensor was emptied
afterwards (IV) introducing a sharp drop in temperature. The procedure is finished once the
thermalization is reached (V). The figure is adapted from [Mar17].

4.1.1.3 Temperature stability

One key objective of the commissioning was to quantify the temperature stability
of the 10-m long source tube. The implemented cooling system has yielded a peak-to-
peak temperature stability of (10.10 & 8.27) mK/h over a time span of 48h (see figure
. After the parameter settings of the two-phase neon cooling system were improved, an
extended measurement interval of 16 d showed a worst-case stability value of 19 mK/h with
an average temperature stability of (3.28 + 1.68) mK/h, which is one order of magnitude
better than the specified value of (30 mK/h) Mar17]. The uncertainty is given as

standard deviation over an 1h interval.

For later long-term operation it is important to verify that the two-phase neon cooling
system has a homogeneous effect on the source tube. To investigate this, two sensors
one on each end were used to identify the temperature correlation during a temperature
change. As shown in figure the correlation coefficient p. = 0.9999 demonstrates an
almost perfect linear correlation of local temperatures along the source tube [Marl7].
From this it can be concluded that the source tube reacts on temperature changes by the
two-phase neon cooling system in a homogeneous way with respect to the overall 10-m
long dimension. Additionally, there is irrefutable evidence that the copper block provides
excellent thermal coupling between the sensors and the source tube similar for all sensors

(see figure [4.4).

The above results are in perfect agreement with the KATRIN| specifications [Ang05].
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Figure 4.7: Temperature stability of the 10-m long source tube. Shown is the tem-
perature of the source tube during 48 hours. Highlighted in grey is the specified stability of
+30mK/h [Ang05]. The measured temperature is highlighted in blue. The peak-to-peak sta-
bility during the entire measurement time of 48 h between November 12 and 13, was £10.1 mK.
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Figure 4.8: Correlation of two temperature sensors. The figure demonstrates the
correlation between the temperature of the two sensors 5102 and 5123 which are located on
opposite sides of the source tube (see figure . The measurement period was between
November 24 and November 25 2016 with a total measurement time of 24h. A high rate of
data points (5760) and the high correlation of p, = 0.9999 results in a nearly perfect line. The
figure is adapted from [Marl7].



4.1. Commissioning and performance of the WGTS cryostat

4.1.1.4 Temperature homogeneity

The second key objective of the commissioning was to scrutinize the temperature
homogeneity of the 10-m long source tube. Due to the strong correlation between the
Pt500 sensors, as verified in the last section, time-dependent local fluctuations can be
excluded. Therefore, only global inhomogeneities which are constant in time, can remain
along the source tube.

The maximum deviation of the temperature in comparison to the center of the source
tube was detected on the rear side with (570.7 4+ 16.2) mK. The deviation at the front
side in comparison to the center is only (64.1 +15.9) mK, as given in figure . The
observed inhomogeneity in temperature is more than one order of magnitude higher than
specified. Despite not meeting the requirements, the resulting systematic uncertainties on
the neutrino mass measurement can be minimized by including this result into the
gas density model [Kucl6].
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Figure 4.9: Temperature homogeneity of the 10-m long source tube. Shown are the
absolute temperatures along the source tube. The average temperature was measured over
one hour on November 28 2016. The blue dots represent the sensors on top (90°) and green
dots indicate sensors on the bottom (270°) of the source tube. The four red dots show the
measurement points at the side of the source tube. The detailed sensor positions can be found

in figure
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4. Commissioning and characterization of the beamline sections

4.1.2 Acceptance test of the superconducting solenoids

The superconducting coils of the were previously tested in single and double coil
configurations at the Alternative Energies and Atomic Energy Commission (CEA) in
Sacley, France. The first test of the final solenoid configuration could only be
performed after the cryostat was fully assembled and the system was connected to the
cryogenic infrastructure. The solenoids were successfully tested up to 100 % of their nomi-
nal field (appendix , of 5.6 T at the front side, and 3.6 T at the center and the rear
side (see ﬁgure. Monitoring of the coil currents demonstrated a magnetic field stability
of £0.02 %/30d, which is in perfect agreement with the specified stability of +£0.03 %/30d
[Gil17]. During the First Light measurement campaign, which is detailed in chapter 5,
the solenoids were operated at 20 % of their nominal field. All solenoids of the WGTS| are
equipped with one dimensional hall sensors to measure the magnetic field. The magnetic
field during the First Light measurement campaign is displayed in figure demonstrat-
ing that even at reduced magnetic field the coil performance is completely comparable with
the field stability for nominal operation. Hence the reduced magnetic field has no influence
on the measurement results of First Light.
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Figure 4.10: Performance of the superconducting solenoids of the Shown
are the measured magnetic fields of the solenoids and Due to the position
of the one dimensional hall sensors, stray fields are measured, and not absolute magnetic
fields. The solenoids are operated in driven mode, which means that the coil current provided
by the supply units is permanently monitored and controlled. The blue line shows the hall
probe which is located at solenoid M6l The black line shows the hall probe which is located at
solenoid[M2| The first peak, which is highlighted with the blue dashed box shows the successful
acceptance test by reaching 100 % magnetic field. As shown, the energizing of the solenoids
was realized in three steps via a reduction of the ramping rate at higher fields to minimize the
risk of a quench. The highlighted part between the red dashed lines is the magnet operation
(20 %) during the First Light measurement campaign. There, the solenoids were ramped up
to 30 % of the nominal field for one day (I). At the end of the campaign, the solenoids and
were ramped down to 15% (II) to create a magnetic bottleneck.
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Figure 4.11: Alignment measurement of the beamline in x-direction. Shown
are the alignment results of the complete[WGTS|beamline. The red data points are in reference
to the flange for x-direction. The interruptions are caused by the pump ports. With
respect to the global coordinate system, the alignment data had to be corrected by
the cryostat alignment. The figure is adapted from [Def17].

4.1.3 Mechanical measurement of the actual dimensions

The three central superconducting solenoids of the WGTS| (M1]—[M3)) form a coil chain
covering the entire source tube, see figure A perfect coaxial alignment between the
three solenoids and the source tube is important since it prevents collisions between the flux
tube and the beamline. For this reason, a maximum misalignment of 1 mm was specified.
The design of the holding structure between the source tube and the solenoids does not
enable a misalignment of more than 1 mm. Thus, the magnets and the source tube can be
considered as one single unit. Accordingly, it suffices to merge the alignment of this unit

with respect to the global KATRIN] coordinate system.

After the cryostat assembly was finished, a laser tracker measurement of the complete
beamline was performed, see figures and [4.12] by a so-called “pig” probe.
It consist of a cylinder which contains a ball with a mirror. This probe was connected
to a string and pulled through the entire beamline by hand, resulting in variations of
speed of the movement. This effect can be seen in the measurement data as spikes. The
pumping chambers were not covered to avoid the probe dropping into the pump ports.
Consequently, no alignment data are available in the region of the pumping chambers.
The reference system of these measurements was the cryostat. To transform these
beamline alignment data into the global coordinate system, the cryostat
alignment was measured additionally with a laser tracker, using the coordinate
system as reference system. Over the entire length a maximum alignment deviation of
less than 3mm was determined, resulting in a maximum source tube deviation of about
2mm (see figure and [4.12). Since the holding structure between the beamline
and the covering superconducting solenoids allow a maximum deviation in alignment of
< 1mm, this value has to be taken as level of uncertainty for the solenoid position. All
data were taken for warm coil conditions. For a detailed modeling of the field and
the resulting flux tube alignment, the thermal contraction of the coils has to be taken into
account. By implementing the corrected alignment data into the model, more
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Figure 4.12: Alignment measurement of the beamline in y-direction. Shown
are the alignment results of the complete[WGTS|beamline. The red data points are in reference
to the flange for y-direction. The interruptions are caused by the pump ports. With
respect to the global coordinate system, the alignment data had to be corrected by
the cryostat alignment. The figure is adapted from [Defl7].

realistic magnetic flux tube alignment simulations can be performed. These simulations
are discussed in detail in chapter 6.

4.2 Commissioning of the differential pumping section (DPS)

The unit, located adjacent to the cryostat, fulfils three main tasks, by guiding
-electrons adiabatically and collision-free to the by reducing the tritium gas flow
by more than five orders of magnitude, and by reducing and blocking the tritium ions
Ang05), [Rei09, Win11] [Kos12] Luk12] [Jan15| [Hacl5]

1

The assembly of the beamline was finished in summer 2016. It consists of five single
beam tubes, which are connected via four pump ports to the omega-shaped beamline
(see figure 3.4). Each beam tube is mounted inside the warm bore of the superconducting
solenoids. Attached to the lower part of each pump port is a valve followed by a high
capacity MAG W2800, (see figure [3.4). The were operated without magnetic
fields already and have achieved a pressure less than 10~® mbar inside the beamline.

This pressure regime was perfectly suited for the First Light measurements.

The superconducting solenoid system of the was commissioned in 2015 and 2016. The
results of these commissioning measurements are presented below, both in terms of the
absolute magnetic field as well as magnetic field stability. Additionally, the coil alignment

inside each solenoid with respect to the housing was determined and discussed in section
4.2.3
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4.2. Commissioning of the differential pumping section (DPS)

4.2.1 Cryo performance and magnetic field tests of the recondensor mag-
nets

Over the entire operational time of at least five years, including service and
repairs [Ang05], a stable operation behavior of the magnets has to be guaranteed. A single
superconducting coil of the magnets in use is surrounded by of temperature of 4.15 K
at a nominal pressure of 1013.25 mbar to ensure superconductivity [Zhall]. To store the
in a loss-free manner, a so-called recondensor cryosta using a pulse tube cryocoole
Wan97] is used as optimum solution.

4.2.1.1 Design of the recondensor magnets

The cryostat consists of a 4.8 mm thick stainless steel housing, an insulation vacuum
chamber, a chamber which contains the coil, and several thermal shields (see figure
4.13)). The thermal shields and the insulation vacuum are targeted with the reduction of
the heat load onto the chamber. Furthermore, all cryogenic parts inside the insulation
vacuum chamber are covered with superinsulation foil to reduce thermal heat loads further.
Despite this a remaining heat load on the chamber, which is assumed to be 1.00 W

(appendix and [DR2)), causes evaporation of [LHel

This heat load is compensated by a cold head of corresponding a cooling power of 1.35 W
at 4.15 K (appendix and . The cold head cools a recondensor unit, which
is located on the upper side of the chamber directly above the coil (compare figure
4.13). The evaporated helium starts to condense at this unit and thus rejoins liquid in
the chamber. The recondensor unit has several blind holes on the inner side facing
the coil and is completely gold coated. The 4.2-K cold gold surface has an impact on
the helium condensation since it causes droplet condensation. Inside the blind holes, the
droplets start to grow and get pulled out by gravity. The back flow of droplets into the
chamber ensures that the volume is stored without losses.

Since the cooling capacity is larger than the remaining heat load on the chamber, a
lower pressure in comparison to the surrounding atmosphere can be generated. To prevent
penetration of atmospheric gases into the chamber, a heater is located on top of the
recondensor unit. The heater power is used to control the pressure inside the chamber,
which is continuously being monitored and controlled by a pressure sensor.

4.2.1.2 Cooling procedure

The cooling procedure protocol of the manufacturer suggests to cool the solenoid
initially with liquid nitrogen and blow it out with gaseous helium on the following
day. With this pre-cooling method more than 90 % of the thermal energy can be removed
(see figure[4.14). The cold head is started afterwards to cool the system even further. One
day later the solenoid can be filled with This process requires a LHel consumption of
about 250 4.

The cooling procedure was improved by extending the cooling phase of the cold head to
a period of four days. A reduction of more than two thirds of consumption was
achieved (see figure . The required consumption now is about 80/ only, while
the chamber has a capacity of 60¢. Hence, only 20 ¢ of are required to reach the
operational temperature of the syste

3Cryomagnetics, Inc., 1006 Alvin Weinberg Drive, Oak Ridge, Tennessee 37830, USA

4Cryomech, Inc., 113 Falso Drive, Syracuse, New York 13211, USA

5Qliver Hartwig, Cryogenic Commissioning of the DPS-Magnets and Improvement of the Helium Con-
sumption, Bachelor Thesis, Karlsruhe Institute of Technology, 2015
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Figure 4.13: Sketch of a recondensor solenoid setup. This sketch is based on a technical
drawing by CMI. A special feature of this recondensor solenoid is the huge warm bore (grey)
with a diameter of 254 mm which is required to house of the beam tube. The superconducting
coil (green) is surrounded by (light blue). A system of six (I — VI) temperature sensors
(red) is used to monitor system performance during operation. The cold head (dark blue) has
two stages, which cool the thermal radiation shields, and, more importantly, the recondensor
unit. A pressure sensor is used to monitor the pressure inside the continuously. Due
to the cooling power of the cold head and the recondensing of helium, a lower pressure than
the surrounding atmospheric pressure can be reached. To prevent penetration of atmospheric
gases due to diffusion or leakage into the chamber, a heater on top of the recondensor
unit counteracts against the cooling power, ensuring a permanent positive over-pressure in the
system.

The consumption can be reduced even further by a further extended time interval
of cold head cooling. During cooling of the chamber, it is permanently connected
to a gaseous helium supply. This guarantees a permanent over pressure in the system
during the cool-down to prevent penetration of atmospheric gases into the system. It was
observed that the recondensor unit starts condensing the gaseous helium on the sixth day
of cold head cooling. This new filling concept is currently under investigation and first
parts of the required helium gas supply have already been assembled. The most important
advantage is the capability of refilling the system during neutrino mass measurements
without interruption and time-consuming hardware modifications.
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Figure 4.14: Temperature course of the recondensor solenoids. The first phase
(I) of the cool-down is the evacuation of the insulation vacuum chamber. If a pressure
< 10~® mbar is reached, phase two (II) starts by cooling and filling the chamber with
After one day, the chamber is purged with gaseous helium. Afterwards the cold
head is started, going over to phase three (III). The instruction manual of the supplier CMI
suggests a beginning of the filling after one day, which requires a high amount of due
to the remaining thermal energy in the system. The phase three plus (III+) extends phase
three by up to four days. The cooling power of the cold heat is sufficient to nearly reach
temperatures during this time. The filling is the last phase (IV) of the cool-down before
the solenoid has reached operational readiness.

4.2.1.3 Magnetic field tests

All solenoids were tested up to 5.5T as was specified in the design as maximum reachable
magnetic field, which is 10 % above the requirements of 5.0T (see figure [4.15)).
Additionally, it could be demonstrated that all solenoids can simultaneously reach 5.5T
without quench. To verify the required stability of the magnetic field (< 0.2%/30d), the
magnetic field of the solenoids was determined with the help of a nuclear-magnetic
resonance probe over several hours, demonstrating a stability of < 0.085 %/30d,
which is one order better than required [Gil17].

4.2.2 Mechanical measurement of the actual dimensions

The setup of the consists of a support structure on which the superconducting
solenoids are placed. The beam tubes are located inside the warm bore of the solenoids
and connected to the entire beamline via pump ports (see figure [3.4). The modular
setup of the superconducting solenoids enables individual positioning of each magnet
on the support structure. The horizontal directions (x- and z-direction) are aligned with
adjusting screws (see figure , while packing plates are used to adjust the height.

Since each coil is placed inside its cryostat, it was assumed that the coil is perfectly aligned
to the warm bore. This is possible because the specifications allow a maximum deviation
between the coil axis and the axis of the warm bore of 1 mm. Hence, the warm bore was
used as reference system for the superconducting coil (see figure . The outcome is that
the cryostat position differs by less than 1 mm from the design position and hence the coil
position. In order to guarantee a collision-free guidance of the magnetic flux tube in the
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Figure 4.15: Magnetic field ramping of a solenoid. Shown are three different
ramping rates of a superconducting solenoid. The first phase (I) is based on a ramping
rate of 10.5mA /s until 50.0 A are reached, followed by the second phase (IT) with a ramping
rate of 7.0mA/s. The third phase (III) starts at 71.164 A with a rate of 3.5mA/s. Finally, the
required magnetic field is reached at the beginning of phase (IV). The shown magnetic field
was measured with a three axial hall probe.

beamline of the the beam tubes have been aligned coaxially to the warm bore with
sub-mm accuracy. The central solenoid M3 is tilted upwards by 0.4° on the downstream
side with respect to its design position (see figure . This tilt was necessary to prevent
collisions inside the[CPS|beamline due to a misalignment of the solenoids, as discussed
in detail in section |4.3.3

As a result of vibrations during the shipping and installation, and thermal contractions
in the process of reaching the cryogenic operation temperatures or magnetic forces during
magnetic field operation, a variety of factors can induce a relocation of the coil. This can
cause misalignments between the beamline and the coil position and hence misalignments
between the magnetic flux tube and the beamline. These effects were investigated by
detailed magnetic stray field measurements, providing more precise alignment data of the
coil position as outlined in the following.

4.2.3 Position measurements of the superconducting coils

Each coil position was determined during the manufacturing process by mechanical and
optical measurements of the supplier. Directly after each solenoid was manufactured, the
coil position was measured again using the magnetic field to verify that the deviation be-
tween the coil axis and the warm bore axis is less than 1 mm in radial direction. This
measurement had to be repeated after the solenoids arrived at since the shipping
could have caused a relocation of the coil inside the cryostat. For both magnetic field
measurements the same measurement setup and the same set of hall sensors as well as the
same monitoring system were used. A one dimensional hall probe was rotated around the
axis of the warm bore on both sides of the warm bore with a radial distance of 38 mm to
measure the angle-dependent magnetic stray field (see figure . In radial direction the
magnetic field was measured by rotating the hall probe step wise in 15° steps . The largest
radial displacement of coils is less than 1 mm, and no deviations between the results before
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B hall probe

o

Figure 4.16: Magnetic stray field measurement principle to determine the coil
alignment. Shown in grey on the left side is the cryostat. A hall probe is rotated on both
ends of the coil while measuring the magnetic field.

and after shipping were found. Thus, the coil position in the cryostat complies with speci-
fications. A deviation of the coil position in axial direction was determined to be > 1 mm.
This result is caused by the measurement principle, since only the magnetic field in radial
direction was determined, resulting in a large non-quantifiable uncertainty. A detailed
description of the measurement principle and the coil alignment results are presented in
[Hacl5]. Additionally, a comparison of position measurements during assembly of each
solenoid with the later position investigations based on by measuring the magnetic field
show deviations in the sub-mm range. This is clear indication that the coil position is not
influenced by its operating temperature of 4 K in comparison to the previous mechanical
measurements at

A final measurement was performed using a three axial hall probe with a modified setup
to measure the angle-dependent magnetic stray field (see figure . It could be
demonstrated that the radial shift of the superconducting coils in x-direction is < 1 mm.
However, the central solenoid M3 shows a coil shift in y-direction of about —1.4 mm [Glal5].
In contradiction to the previous results, the coil alignment in beam direction could be
determined resulting in a position accurancy < 0.5mm [Glal5]. By measuring the entire
magnetic field, the results obtained are more precise than results of previously presented
measurements. For this reason, the alignment results obtained in this final measurement
of the superconducting coils were implemented into the geometry package of Kassiopeia

Glal5| [Sacl5).

Since the superconducting solenoids of the are arranged in an omega shaped design,
the coils are exposed to considerable remaining forces during global magnetic field oper-
ation of [KATRINI (see figure [4.17). A remaining force acting upon a coil potentially can
shift its position. To determine the influence of this effect on the coil position, the strongest
magnetic forces to occur in the were investigated. In this case only two neighboring
solenoids were operated with the magnetic field of 5.5 T, resulting in a maximum force
of 33kN, and a torque of 2kNm. The maximum dislocation of the coil determined was
(0.8+0.1) mm. This is an excellent result, since the investigated forces are one order of
magnitude larger than the forces during nominal magnetic field operation for
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Figure 4.17: Magnetic forces on the coils. Shown are the forces on the coils during
stand-alone magnetic field operation mode of the During a global KATRIN|magnetic field
operation, the magnetic forces in z-direction on solenoids M1 and M5 are almost compensated

by the forces of the neighboring solenoids of the WGTS| and the M1 of the

neutrino mass runs. For more information see |[Glal5].
The alignment measurements presented in this section provide the following results:
e Coil position are not influenced by the operational temperature of 4 K.

e Vibrations or shocks during the shipping and installation have had no influence on
coil positions.

e Even the strongest magnetic forces which can occur in the only influence the
coil position on a sub-mm range. As a result, this effect can be neglected effect for
standard operation.

These alignment results provide a detailed model of the superconducting solenoids which
can be used to create a simulation model in the next step.

4.3 Commissioning and performance of the cryogenic pump-
ing section (CPS) cryostat

The main task of the final component, the cryogenic pumping section (CPS) is to
reduce the tritium gas flow between the and the pre-spectrometer by a further factor of
~ 107 while simultaneously guiding B-decay electrons to the spectrometer section [Ang05].
The required gas flow reduction factor is achieved by implementing a 3-K cold argon-frost
layer to trap the remaining tritium by cryosorption. In section results of the beam
tube cooling are presented. The acceptance tests of the superconducting solenoids follow
in section Finally, the measured coil positions and their influence on the magnetic
flux tube alignment is presented in section [4.3.3]

4.3.1 Beam tube cooling of the CPS

Argon was identified as ideal adsorbent to cover the cryo-surface of a cold beamline since
it is chemically inert and features a high binding energy of at least F = 1200 J/mole with
tritium [Sch17]. The argon frost has to be prepared at a temperature of 6 K.
At this temperature argon crystallizes in a very porous structure with porousity of 15%
[Nep05]. The density at ~ 6K is p ~ 1.77g/cm? [Dob56), [Pet66] [Kaz08| [Eic08) [Jan15].
The increased surface leads to a high amount of tritium which can be trapped. Due to the
increase of the mean sojourn time in case of a decreasing temperature, a system of beam
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tubes is operated at a temperature of 3K, with a maximum overall temperature gradient
of 0.5 K in beam direction, and of 0.2 K in radial direction (appendix C} DR3).

To prepare a pure argon frost layer, the remaining molecules such as water on the inner
beamline surface have to be removed. Therefore the beamline has to be baked out in
advance. The two beam tube sections at the front end, which include getter pumps, have
to be baked out at 620K to activate the getter material (see figure . The remaining
beam tube sections, including the pump port 1 and the cold gate valve, should be heated
up to 500 K (appendix |[C: [DR3). Since the foreseen getter pumps have now been removed
from the design, the reference is bake out the entire beamline, including pump ports and
cold gate valve at 500 K to remove remaining water on the beam tube surface.

The cooling of the system started with the bake-out at reduced baking temperature of
400 K prior to first cool down. This challenge could be achieved. The directly following
cool-down process afterwards reached operational temperatures of beam tube elements
2 — 5 after a period of 40 days (see figure [4.18). The preparation of the argon frost
layer could not performed during this commissioning, since parts of the required argon
injection system were still under construction at that time. As shown in figure the
stringent temperature specifications could only be achieved for parts of the beam tube.
However, in-depth simulations showed that the measured temperature profile allows to

reach a reduction factor of 107 [Sch17l [Fril7].
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Figure 4.18: Temperature course of the beam tubes. The cool-down of the [CPS]
cryostat started after beam tubes were baked out with temperatures of up to 400 K. It took
more than four weeks before the beam tubes reached their operational temperature. The inlet
demonstrates the first cooling of the beam tube element 3 by activating the 3 K beam tube
cooling system. The measurement was realized on June 23 2017 between 8:00 and 11:00 p.m.

The figure is adapted from [Roel7].
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Figure 4.19: Performance of the superconducting solenoids. The required cur-
rent for nominal magnetic field is highlighted as a red dashed line. The first peak shows an
initial test up to 50 % of nominal magnetic field, followed by two single tests up to 10 %. The
third peak shows a quench occuring at 194 A with its characteristic sharp right edge. To en-
sure that the coils were not damaged during the quench, they were ramped up on June 30 to
50 % of the nominal magnetic field to perform further functionality and safety tests. The final
peak shows that 90 % of the nominal magnetic field can be reached when the solenoid is
energized.

4.3.2 Acceptance test of the superconducting solenoids

The first commissioning of the superconducting magnet system of the was performed
after operational temperatures were reached and the vessel was filled with [LHel The
was tested at first as stand-alone unit. A preliminary magnetic field test up to
100 A corresponding to 50 % of the nominal magnetic field showed the expected usual
behavior (see figure[4.19). However, during ramping of the solenoids up to 200 A, a quench
occured at 194 A in solenoid M7 (appendix : . Additional tests suffered further
quenches at 166 A and 167 A. This behavior changed after the solenoid was ramped
up simultaneously so that a current of 180 A could be reached without quench. Due to the
frequency of quenches it was decided to reduce the global magnetic field to a value of 70 %
of the nominal magnetic field for the long-term neutrino mass measurements. Despite this,
a magnetic field stability of < 0.001 %/30d, which is more than one order of magnitude
better than the specified stability of +0.03 %/30d (appendix was measured by
the monitoring system of the coil currents [Gill7].

4.3.3 Mechanical measurement of the actual dimensions

The cyostat was designed and engineered by ASG Superconductors®) in Italy. The
alignment measurement between the beam tubes and the superconducting solenoids was
performed during the extended assembly period by using a laser tracker. The very care-
ful assessment of the alignment of the beam tubes with respect to the superconducting
solenoids had to be performed in view of the later magnetic flux tube alignment inside
the beamline. A maximum misalignment of 1mm was specified to ensure a collision-free

SCorso F.M Perrone, 73r, 16152, Genoa, Italy
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Figure 4.20: Measured position of the superconducting solenoids of the CPS. Shown
is the position of the interpolated coil axes of the[CPS|solenoids in the y-z-plane. The solenoids
M1 - M5 are tilted upwards in downstream direction. This results in an upwards shift of the
magnetic flux tube which cannot be compensated by the solenoids M6 and M7 alone, which
are tilted downwards in downstream direction.

magnetic flux tube guiding through the beamline (appendix [C; DR3)). Again the thermal
contraction has to be taken into account since mechanical alignment measurements can
only be performed under warm conditions. The largest deviation was determined to be
—1.1mm in y-direction for solenoid M6. The measurement uncertainty is expected to be
40.25 mm.

The measured alignment between the solenoids and the beam tubes are in good agreement
and within specifications, except the alignment of coil M6. However, all coils except M6
are tilted upwards (+y-direction) in downstream direction with respect to the beam tubes.
The magnetic flux tube is shift upwards (positive y-direction) on the downstream side of
the [CPS. The measured alignment of each solenoid (M1 — M7) with respect to their
design position is presented in figure[4.20l Since there are constrictions inside the beamline,
this shift can cause collisions of the magnetic flux tube and need special attention.

Previous investigations reported in [Sac15] [Glal5l [Roel6] showed already the existence of
non-negligible constrictions between the magnetic flux tube and the beamline due to
the tilt of the solenoids. This causes a magnetic flux tube shift at the downstream side of
the up to 2mm. In combination with the alignment, simulations indicate the
occurrence of a vertical collision between the magnetic flux tube and the beamline.
In order to prevent these collisions, the solenoid M3 was tilted downwards (—y-
direction) by 0.4° in downstream direction to reduce the upwards shift within the
[Sac15] [Glal5l [Roel6]

5 1

4.4 Summary and outlook for the beamline modeling

In this chapter the individual commissioning of the WGTS]|,[DPS| and [CPS| was presented.

Two key systematic effects are caused by the WGTS|source temperature. First, it results
in Doppler broadening of the kinetic energy of (3-electrons due to molecular motion. To
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minimize this effect the source tube temperature has to be operated at a temperature of
about 30 K. The commissioning of the two phase neon cooling system could demonstrate
that the specified temperature regime can be reached. Second, at this temperature regime,
a stabilization of the source tube temperature is paramount. The measurements revealed
a temperature stability on the 0.1% level equivalent to 30 mK/h could
be exceeded by one order of magnitude. In contrast to the outstanding result of the
temperature stability, an inhomogeneity of about 500 mK was determined on the rear
part of the source tube. Although the required temperature homogeneity was exceeded,
simulations could confirm that its influence on the neutrino mass measurement can be
neglected if the inhomogeneity accounted for the analysis of the source activity. This is
possible due to the excitingly pefect level of temperature stability [Kucl6].

The required systematics can only be achieved if the 191 Tem? flux tube guiding B-electrons
is aligned collision-free inside the beamline. To prevent collisions, a maximum deviation of
1 mm between the beam tube and the corresponding solenoid was specified in the design.
The observed alignment of the entire elements is in good agreement with specifica-
tions. However, the tilts of the coils cause a shift of the magnetic flux tube which
results in collisions. To compensate and counteract this shift, the solenoid M3 of the
was tilted in the opposite direction. The alignment obtained by this indicates a
collision-free flux tube guiding of the 191 Tecm? flux tube. To prove this, all geometry
and alignment data were implemented into the overall simulation model. The
shape and extension of the flux tube inside the beamline can then be calculated with the
custom-made software package Kassiopeia. The Kassiopeia software and corresponding
calculations of the alignment of individual components are discussed in chapter [6]
Finally, the required magnetic field stability could be demonstrated, which is important
for the magnetic flux tube alignment with respect to the extended measurement
duration of 60 days a single run.
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CHAPTER 5

First Light measurement campaign

The experiment has reached a distinct milestone on October 14, 2016, when
electrons were first successfully guided through the complete system. This event, the so-
called "First Light”, was based on low-energy electrons generated at the upstream end of
the 70-meter long beamline being detected and counted by the A comprehensive
measurement campaign followed until December 2016, involving detailed alignment mea-
surements as well as commissioning of an ensemble of beamline instrumentation units used
for ion-blocking and -removal.

This chapter gives an in-depth overview of the objectives of the First Light measurement
campaign, with a main focus set on alignment measurements and analyses, starting with
the underlying objectives of the measurements in section Since the final setup of
was not operational at this point in time, minor changes had to be implemented
to enable these measurements. In section 5.2, the experimental setup is explained in detail.
A detailed overview of the measurement principles and the methods to analyze the data
with respect to alignment measurements is outlined in section

5.1 Objectives of the First Light measurement campaign

As outlined above, after the final main components were delivered in 2015 to
[KIT] each component was integrated with sub-millimeter accuracy into the beamline. The
positions of each component and superconducting coil was measured mechanically during
the extended assembly work by the supplier to comply with the required maximal position
deviations. Chapter 4 gives a detailed overview of the on-site works to verify coil positions
with respect to the beam tube elements.

All measured coil positions and geometry data were then included into the simulation
software package Kassiopeia to perform first flux tube alignment simulations of the
IDPS|[Hac15][Glal5|[Sac15], the[CPS|[Jan15,[Roel6] and the adjacent[SDS|part of KATRIN]
[Sch14 [Har15| [Muel6| [Erh16]. These simulations already identified specific narrow spots
between the 191 Tem? flux tube and the beamline. Consequently, it is of major
importance for the neutrino mass measurement to investigate alignment and transmission
of the magnetic flux tube throughout the beamline experimentally and compare results to
the simulations. This is the key objective of the First Light measurement campaign and

the main objective of the thesis in hand.

During the First Light measurement campaign, an ion source allowed to investigate the
extensive DPS beamline instrumentation used to block and remove ions. Furthermore,
at this time the pre-spectrometer was first attached to the main spectrometer. This al-
lowed more in-depth background investigations with the nominal setup. For detailed
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information about the ion investigation see [Klel8|]. The objectives of the First Light
measurement campaign relied on the properties of the electron and ion source in use.

5.2 First Light setup

The hardware configuration of the KATRIN beamline during the First Light measurement
in the time period between October and December 2016, is special as all superconducting
solenoids were situated at their foreseen places, generating a magnetic flux tube inside
the fully constructed and evacuated beamline. To characterize alignment accuracies and
transmission properties of the flux tube, a commissioning (phase III) of the system with
non-radioactive sources was scheduled, making use artificial electron and ion sources.

However, the construction of the[DPS|beamline instrumentation was not completed during
First Light. This system consists of three dipole electrodes, located in the beam tube
elements 2 — 4, and two ring electrodes in beam tube 5 and pump port 5. Hence, the
following beamline instruments were missing: the dipole electrode in beam tube 1 and
the module in beam tube 5. A figure of the beamline instrumentation is
presented in the appendix

Of specific interest for these measurements was the rear end of the beamline, which is
formed by the chamber, including the used as a photo-electron source. For the
measurements, minor changes had to be performed as the regular [UVlirradiation system
was not available. Also, the assembly of the rear section was not completed at
that time. Therefore, another readily available electron source had to be installed. To
achieve all objectives, an ion source was needed as well, if possible with the opportunity
to generate deuterium ions, since they are closest to the later tritium operating. Since the
chamber has just one port in beam direction, for the a combined source for
generation of electrons as well as of deuterium ions had to be identified. The pre-existing
ELectron Impact IOn source To Test the DPS was found to be the optimum
solution, since it can be used as both an effective electron source as well as an ion source
[Luk11, [Winll] [Sac15]. Additionally, it offers the opportunity to generate different ion
species. It was attached to the central beamline flange of the chamber. The working
principle of both electron sources is discussed in the following.

The rear wall irradiation

As described in section 3.2.2. the task of the is to generate a wide beam of low-energy
electrons to obtain quasi-neutrality of the plasma inside the During First Light it
was used to fully illuminate the magnetic flux tube with low-energy electrons. Electrons
at the gold coated surface are created via photo-effect by irradiating the surface
with [UVilight. The following requirements had to be fulfilled by the light source:

e Suitable for use in magnetic fields of the order of 300 mT

e Absence of illumination hot spots, corresponding to a homogeneous irradiation of

the
e Deliverable rate of electrons per pixel of the of the order of 10% up to 103
electrons/s

A so-called mz’m’— system was identified as ideal easily-to-implement light source,
which fulfills the first two requirements. The maximal measured electron rate during
previous tests at the monitor spectromter was > 70 kcps) over an area of 24 mm? , which

corresponds to ~ 2-10%cps)/pixel (appendix : ) at the The dead-time free

'RBD Instruments, Inc., 2437 NE Twin Knolls Dr., Suite 2 Bend, Oregon 97701, USA
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maximum rate of operation at the[FPD| with absence of due to pile-up effects, was exceeded
[Sch14]. A light tube with two elbows was the identified to reduce the rate of an optimum
of ~ 400 — 600[cps)/ pixel (appendix |Ct at the Figure shows a sketch of the
setup, for more information see [Bab14] [Sch16, (Wecl7].

The installed sample (ID number: 3—SS—ep—6 was selected by K. schénung after
comprehensive investigations [Sch16]. The local work function fluctuations over the whole
was measured to be TrMS surface ~ 90mV, slightly above the specification demands of
ORMS,surface = 20mV. The time stability of the work function was measured to be < 19mV
over three weeks [Sch16]. Since the specifications were not met, and additional scratches on
the surface were detected, this sample will not be used for the neutrino mass measurement.
However, this sample was perfectly adequate for use as a wide electron source, as this does
not require an electron energy precision (or more specific work function homogeneity)
in the sub-eV region. Hence, it is perfectly suitable for the commissioning tests
described below.

UV light source light tube

superconducting solenoid

magnetic field B

—

ELIOTT

superconducting solenoid

rear wall chamber

Figure 5.1: Principle to generate electrons at the Rear Wall. Shown is the sketch of
the irradiation setup. light (light blue) from an emitter is guided trough an evacuated
light tube and is focused on the gold-coated A holding structure consisting partly of
insulators (brown) enables to elevate the RWL The [ELIOTT! system is connected windowless
to the chamber. Charged particles which are produced with[ELIOTT]can thus cross the central
hole in the to generate a pencil beam of electrons or ions.

2Private communication K. Schoenung
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The ELIOTT electron pencil beam

The ion source allows to produce either an ion beam or an electron beam without
time-consuming hardware modifications. It was originally designed to serve as wide beam
ion source covering the entire a magnetic flux tube with an area of 10.2cm?. The entire
setup was installed inside the warm bore of the solenoid, which generates the magnetic
guiding field downstream of the A light source (Hamamatsu L10366) is used
to irradiate a window, coated on one side with 5-nm thick backing layer of titanium,
and a 15-nm thick gold layer. As light penetrates the thin gold layer, electrons are
generated thus via the photo effect. By connecting the window to a negative potential and
the neighboring electrode to a positive potential, electrons are accelerated and follow the
magnetic field lines into a cylindrical mesh electrode. All electrodes are located inside an
enclosing vacuum chamber, which is filled with the target gas be ionized by the electrons.
An extraction electrode at negative potential retards electrons but accelerates positive
ions, resulting in a positive ion beam, as illustrated in figure The emitted rate of
ions depends on the energy of the impinging electrons, the type of target gas and the
pressure. For more informations on [ELIOTT] see [Lukl11l [Winl11l [Sac15]. To produce an
electron beam, the target gas pressure inside has to be reduced (< 1075 mbar)
to prevent ionization in the volume of the mesh electrode. The window is used as wide
electron source. It is connected to a slightly lower negative potential than the while
all other electrodes are set to zero potential. The ion or electron pencil beam is finally
released through a hole of 5-mm diameter inside the which can only be passed by
charged particles, at the center of the magnetic flux tube. In the following this electron
pencil beam is named “pencil beam”.

UV light CF flange light tube I/
source e . _i®

_ 0@

‘ > e—;|: I’e @+ |®
g |
e .®+e ®+

photoemission

accelerator
ionization
extraction

Figure 5.2: Ion production principle of the electron impact ion source
Shown on top is the CAD drawing of The UV light is guided trough an evacuated
pipe to a gold coated magnesium fluoride (MgFs) window. There electrons are produced by
the photo-effect. The following electrode is connected to a positive potential of up to +150V
and used as an accelerator [Luk12]. The target molecules (p > 1073 mbar) are ionized inside
the cylindrical electrode. Accelerated by the extractor electrode, the ions can finally leave the
ion source. Conversely, electrons are retarded and contained by the negative potential of the
extractor electrode.
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Figure 5.3: The vacuum performance in the main spectrometer. During the First
Light measurement campaign lasting from November ten and December five, highlighted as the
First Light time period. The pressure gauge (KATRIN number: 432-RPI-3-3110) is located at
pump port three. In the unbaked spectrometer water is the dominant molecule. To receive the
real pressure value, the gas correction factor for water (leybold extractor gauge manufacturer
handbook ~ 1.0), the magnetic stray field (~ 1.05)! and the Ny calibration factor (~ 1.16)*
have to be considered. As a result, the measured pressure has to be multiplied by an overall
correction factor of 1.218. The brief and abrupt pressure increases are caused by sensor failures.

Vacuum and magnetic field performance

During measurements, the beamline was evacuated by two turbo molecular pumps at-
tached to theWGTS|and the respectively, creating a pressure regime of < 1078 mbar.
In addition, the 3 to 5-K-cold CPS beamline was acting as cold trap, reducing the gas flow
into the part of by more than one order of magnitude. Since no gas was
injected into the WGTS| the required reduction factor of the [CPS| as outlined in section
had not relevance. Therefore, the operational temperature of the beam tubes had
not be attained and no argon frost layer was prepared. The pressure in the main spectrom-
eter pump port 3 was measured to be < 10”8 mbar. In figure the vacuum performance
over the course of the First Light measurement campaign is shown.

A detailed investigation of the flux tube alignment can only succeed if the specified mag-
netic field stability can be maintained. Previous tests during the commissioning of all
superconducting solenoids verified the specifications (chapter 4). Shortly before the start
of the First Light measurement campaign, issues in the ramp-up of DPS solenoid M1 were
observed (appendix . It results from an abnormal fast increase of the pressure
inside the chamber during the ramp-up. To minimize the risk of a quench, the maxi-
mum allowed magnetic field was reduced to 30 % of the nominal value for this measurement
campaign. Dedicated simulations which are outlined in section were carried out to
study the influence of a reduced magnetic field on the alignment measurements. After
the start of the measurements, a drift of the magnetic field of the rear section magnet
was detected. Corresponding magnetic field stability measurements with an probe
showed a significant decrease of the magnetic flux density. Within four days, the magnetic
flux density continuously decreased from 0.799 T down to 0.780 T, resulting in a decline of

Private communication J. Wolf
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about dB/dt = 5.0373T/d. The loss of magnetic flux density was equivalent to ~ 0.5 %
in one day (appendix [Ct [FL6). However, the magnetic field decay has no impact on the
alignment measurements since the decay rate is two low for a short measurement period
of 14 days. Since the electron pencil beam was used for the alignment measurements in
the [STS| the effect of the decreasing field of the solenoid results in a more focused
electron beam, which has no impact on the alignment results, or on the alignment
measurements.

5.3 The alignment measurement

The main objective of the alignment measurements was to verify that the 191 Tcm? mag-
netic flux tube can indeed be guided collision-free through the entire beamline.
The second objective was to determine if also the larger 210 Tem? magnetic flux can be
guided collision-free between source and the [FBM] since the monitors the source
activity in this outer region of the flux tube. The third objective was to determine the
alignment of individual beamline components with respect to the

Previous measurements during[SDS-IT|revealed that a 210 Tcm? magnetic flux tube can be
guided collision-free through the half of KATRIN| [Har15]. Hence, only the alignment
of the pre- and the main spectrometer with respect to the detector has to be investigated.
Previous investigations found an asymmetric magnetic field configuration to be the ideal
configuration to study the alignment of the spectrometers with respect to the
Harl15]. For this type of measurement, the magnet on the upstream side of the spectrometer
needs to be deenergized and the air coil system needs to be adjusted. An asymmetric
magnetic field configuration in the spectrometer guides low-energy electrons produced by
electron field emission from the wire combs of the spectrometer inner electrode
system to the detector. In this way, the ring-shaped comb structure is projected on to the
detector [Sch14]. Comparing the center of the mapped rings with the wafer center provides
the alignment between the spectrometer electrodes and flux tube and the[FPDL To identify
the best suitable magnetic field setting for the alignment measurement of pre- and main
spectrometer, extensive tracking simulations have to be carried out. The simulations and
their results are then presented in section The First Light alignment measurements
of and their results are presented in section and compared to the simulation
results.

For the alignment measurement, the magnetic bottleneck method is used since it
provides the information about the largest collision-free magnetic flux tube as well as

Table 5.1: Expected radii of the image of the bottlenecks on the for different
magnetic flux tubes. The table shows the radii of two different magnetic flux tubes at
different locations along the beamline. The size of the mapped bottleneck image at the
provides the information about the collision-free flux tube size. Highly important is the fact
that the magnetic flux tube at the bottleneck part (15 %) defines the two flux tube volumes of
interest. Due to the higher magnetic field ratio of the [FPDlsolenoids (20 %), the magnetic flux
tube is compressed according to equation The magnetic field at the center of the
was calculated with Kassiopeia to be 0.665T at 20 % of the nominal field.

section magnetic flux tube radius in mm
210 Tem? equivalent 191 Tem? equivalent
38.8 37.0
43.1 41.1
36.6 34.9
CPS 34.6 33.0
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Figure 5.4: Principle of the magnetic bottleneck. All solenoids are operated at 20 % of
the nominal field, except the two solenoids and which are operated at 15 %
(0.54T) of nominal value. The width of the flux tube at this position is extended to creates
a magnetic bottleneck. The left end of the bottleneck is less pronounced than the right end,
since the 20 % field of the and is 0.72 T and the field is at 1.12T. The

inner surface of the beamline is highlighted as a black line.

the alignment between the investigated section and the The magnetic bottleneck
method is based on the magnetic flux tube conservation according to equation To
this end, the magnetic field of the solenoids in the section to be investigated is slightly
decreased, as demonstrated for the solenoids and in figure As a result,
the magnetic flux tube in this section expands and its outer parts will eventually collide
with the beam tube, defining the shape of the bottleneck. If the shape of the bottleneck
is investigated by making use of the wide beam source or the pencil beam, an image is
mapped onto the The image size mapped in combination with the magnetic field at
the then provides the maximum size of the flux tube which can be guided through
the section investigated (see table . The center of the mapped image can be comprised
to the center of the wafer provide alignment information.

Since the global magnetic field had to be reduced to 20 % of the nominal value due to the
issues with the first solenoid M1, the value magnetic flux reduces by the same factor.
With the outlined bottleneck method the flux tube volume is investigated, however, which
is independent of the global magnetic field settings. Hence the reduced magnetic flux value
is of no concern, and the original magnetic flux values of 191 Tecm? and 210 Tem? will be
used in the following but with the extra title “equivalent”.

Due to the reduced global magnetic field during First Light, simulations have to be used
to investigate whether the alignment data at reduced field is comparable to alignment
data at nominal field. The simulations also provide position information for collisions and
constrictions of the magnetic flux tube. These then are used to analyze the measurement
data. Finally, the simulations are used to find out which electron source is best suited to
map a bottleneck image onto the wafer.
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CHAPTER 6

Modeling of the KATRIN beam line

The focus of this chapter is to determine the magnetic flux tube alignment of the
Kassiopeia model, including its detailed transmission characteristics. The data obtained
via simulations is used to interpret the corresponding results of the alignment measure-
ments. Therefore it is necessary to investigate and precisely localize the points or area of
collision or of close encounters between the magnetic flux tube and the beamline. This
information is of vital importance for subsequent measurements at nominal magnetic field
settings will provide only integrated transmission probabilities over the global beamline
as mapped image on the The collision location along the z-axis of the beamline
cannot be inferred from these data. Simulated collision points and their positions have
to be verified by measurements, but at nominal magnetic field setting this is difficult. To
localize the collision points along the beamline, a different magnetic field setting is used
to investigate the beamline section-wise.

The magnetic bottleneck is based on an expansion of the magnetic flux tube in the section
to be investigated by reducing the magnetic field in this section, while leaving all other
magnets on their initial field. The creation of such a magnetic bottleneck has to be
verified by the simulations. The detector wafer delivers data of a measurement only as
mapped image. A major aspect of this work is to identify the best electron source to map
these bottlenecks along the z-axis as well as in azimuth. Therefore, first a wide beam
to fully illuminate the magnetic flux tube with electrons and identify a bottleneck was
simulated, and later a pencil beam, which was used to scan the magnetic flux tube. Since
the resolution of the mapped image on the detector wafer is limited by the pixel size, a
comparison between both sources has to be implemented to identify the best measurement
technique. The two measurement techniques for the bottleneck method in the part,
and the asymmetric magnetic field setting for the were simulated and evaluated in
this thesis for the subsequent First Light alignment measurements.

This chapter will initially outline the framework of Kassiopeia in section 6.1}, and introduce
its implementation for the geometry as well as the global magnet configuration.
In addition, first investigations for different magnetic field settings and their influence
on the flux tube alignment as well as collision points are outlined there. Afterwards,
simulation results presented which describe the influence of magnetic dipole fields at the
on shifts of the pencil beam in section The scanning both electron beams is
then used in section [6.3/to map magnetic bottlenecks in the part. This then gives key
insights to alignment and transmission of the beamline. Additionally, the alignment
of the part is simulated and outlined in section [6.3.2]
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6. Modeling of the KATRIN beam line

6.1 Kassiopeia — A versatile particle tracking simulation tool

The Kassiopeia particle tracking framework was developed by the collaboration
with the key objective to provide a tool to propagate electrons or ions through the complex
fields and geometries of setups such as [KATRIN] [Furl?]. In this regard, not only particle
trajectories have to be calculated, but also electromagnetic fields via KEMfield which
influence the particle tracks. Each of these tasks could, in principle be performed separately
by existing tools, such as GEANT4 for particle tracking, and COMSO for
electromagnetic field calculations. The simulation toolkit Kassiopeia outperforms a fusion
of both codes. It is based on C++ object-orientated code and to define geometries
and field configurations. Based on the fast and accurate computation of three-dimensional
and axially symmetric static electromagnetic fields, it is possible to evaluate the sensitivity
of the entire experiment via the simulation of interactions between tracked particles and
the residual gas molecules as well. This even includes interactions with stainless steel
surfaces for an detailed investigations of background processes.

For axisymmetric coils, the zonal harmonic expansion method is used to calculate mag-
netic fields \GIull]. This method is up to a factor 10% faster than the elliptic
integral method, and is especially appropriate for trajectory calculations of charged par-
ticles with high accuracy [Glull]. In case of non-axisymmetric coils, such as the
dipole magnets with their transverse dipole fields, a directly integrating Biot-Savart for-
mula is computed [Glull]. Hence, Kassiopeia is a powerful and fast simulation tool kit
to study the motion of charged particles trough the entire beamline. These ad-
vantages, make it perfectly suited to investigate the magnetic flux tube alignment of the
system. To do so, the complex geometries of the superconducting (s.c.) solenoids or the
dipole magnets have to be implemented first, which is detailed in the following.

Figure 6.1: Kassiopeia model of the superconducting magnet The
superconducting main coil is surrounded on both ends by two superconducting correction
coils. Located around this coil system are two superconducting dipole systems. The figure
visualizes the discretized geometry mesh used in Kassiopei. The figure is adopted from .

!Comsol Multiphysics GmbH, Robert-Gernhardt-Platz 1, 37073 Géttingen,  Germany
(https://www.comsol.de/)
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Figure 6.2: The First Light KATRIN Kassiopeia model. Black lines shows the im-
plemented beamline components in the x-z-plane during First Light. The WGTS and CPS
cryostats are highlighted with dashed lines. Individual superconducting solenoids are drawn
in green. On the downstream side, the beamline ends with the detector wafer (FPD)), and at
the opposite side patricide trajectories start with the drawn in light blue.

6.1.1 Implementation of the global KATRIN beamline

The Kassiopeia model make use of a global coordinate system where individual compo-
nents such as the or the main spectrometer are placed. The geometries of each
components are defined in a local coordinate system. Each component is composed of
basic and complex shapes. The whole setup can be put together by placing components
in the global coordinate system.

To define geometries in Kassiopeia, all required information is implemented in [XMLHiles.
To build the entire beamline, templates for basic and complex shapes are provided. For
instance, a tube with defined radius and length can be created from a basis shape template
for a rotated polyline surface. To create a tube, the information about its radius and initial
and final z-positions are required. Connecting these two points to a line and rotating it
around the z-axis creates a cylinder geometry. To create more complex shapes, such as
pump ports, multiple surfaces are put into one space and aligned via separate translation
and rotation.

Figure[6.1] exemplifies the Kassiopeia model of the WGTS] coil M5, which consists of three
cylinders. The largest cylinder is the main coil. Two small cylinders, the correction
coils surrounding both ends of the main coil, plus a vertical and a horizontal pair of
superconducting dipole magnets are also implemented. The dipole magnets most vividly
illustrate the convenient creation of a complex geometry in Kassiopeia.

The actual position of the individual sections with respect to each other was obtained by
using advanced measuring equipment such as Laser Tracke and FaroAr A realistic
geometry of each section is based on the “as-built” computer aided design drawings.
The position of critical parts of the geometry such as the beamline or the coil position

% Accuracy up to 0.015mm (http://www.faro.com)
3Single point repeatability from 0.024 mm to 0.064 mm (http://www.faro.com)
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6. Modeling of the KATRIN beam line
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Figure 6.3: Simulation of the global magnetic flux tube. All magnets are operated
at 20% of the nominal field. The simulated magnetic flux tube corresponds to the 191 Tcm?
equivalent. Hence the flux tube volume is the identical.

were investigated in more detail (see chapter [4)). Different effects can influence the coil
position. To achieve a realistic model of the global magnet configuration, these effects and
their implementation are outlined in the following.

6.1.2 Global magnet configuration

A large set of position measurements was obtained during assembly of the cryostats to ob-
tain position and orientation of single coil to verify the stringent specifications, as detailed
in chapter 4. To improve the magnet model even further, more precise position data of
single coils inside the cryostats is required. In addition, the following effects have to be
taken into account to obtain coil positions during magnetic field operation:

e The low temperatures (4 K) to ensure the superconductivity of the coil causes sig-
nificant thermal contraction, which can lead to a relocation of the coil as well.

e The rather strong magnetic forces can also cause a displacement of a coil, in particular
as some magnets in the or cryostats are arranged in an Q-shaped geometry,
whereby the coil experiences a torque (see figure |4.17).

e During shipping magnets can be exposed to vibrations which also could lead to a
relocation.

Each coil in the Kassiopeia model is implemented via the number of windings from the
as-built drawings. The required coil current to reach design values was determined in
pre-acceptance by the manufacturer. Since currents can easily be adjusted and fine-tuned
in Kassiopeia, it is possible to simulate different sizes of the magnetic flux tube along
the beamline. For all charged particles being tracked along through the beamline, the
corresponding field line can be visualized (see figure .

This model provides a realistic magnetic flux tube model. One benefit is that narrow gaps
between the beamline and the magnetic flux tube can easily be identified. Another benefit
is that a large number of different magnetic field settings can be investigated to obtain the
best suited lay-out. In the case of First Light the main objective was to check whether
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Figure 6.4: Simulation of a mapped image of a fully illuminated magnetic flux tube
of the rear wall. The left figure shows the count rate of the mapped [RWlimage along the
x- and the y- directions on the detector. On the right side the event pattern on the detector
wafer shows the simulated count rate of each pixel, illustrating the mapped image. The
simulation is created for a global magnetic field of 20 %, with the rear section solenoid operated
at 15% to map the complete image complete with the Using a magnetic field of
100 % and a rear section solenoid at 75 %, identical simulation results are achieved.

the alignment results obtained at a reduced magnetic field are comparable to alignments
at nominal field, as presented in the following section.

6.1.3 Different magnetic field settings

The alignment simulations described here are used for later comparison with alignment
measurement data obtained during the First Light campaign, presented in chapter 5. The
following simulations were carried out to ensure comparability of the alignment measure-
ment data for different magnetic field settings, resulting in two major objectives.

The first objective was to investigate the distance between the magnetic flux tube and
the inner surface of the beamline. Since the flux tube alignment does not depend on the
overall magnetic field and the alignment simulations of section apply for all global
magnetic field settings. This is proven by distance simulations at 20 % and 100 % of the
nominal magnetic field. In comparison to the simulation, the reduced magnetic field has
a noticeable influence on the flux tube alignment in reality, due to the decrease of the
force between the coils which decreases quadratically with the magnetic field, resulting in
possible coil movements due to the different magnetic forces. The resulting coil movement
at maximum magnetic field was determined to lie in the sub-mm region only, as shown in
section[4.2.3] This effect on the alignment measurement hence is negligible as the detection
of sub-mm changes is not possible due to the resolution. In addition, one has to take
into account that magnetic materials, such as weldings at the beamline components, could
produce a non-negligible effect at reduced magnetic field settings < 10 %, due to stray
field. However, it could be verified that this effect is negligible at values of 20 % nominal.

The second objective was to prove the size of the image on the detector, which should be
constant due to the conservation of the magnetic flux, according to equation This
could also be confirmed, as no variation of the image was observed (see figure [6.4). These
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6. Modeling of the KATRIN beam line

initial results already confirm that the global alignment measurement is independent of the
magnetic field, as long as the global magnetic field is reduced by the same ratio, including
the air coil system.

6.1.4 Identified constrictions

As shown above, the alignment of the magnetic flux tube remains constant for different
magnetic field settings, if the global field is reduced by the same ratio. Thus, alignment
results presented in this section are simulated at nominal settings.

An in-depth understanding of constrictions in each section can be obtained by calculating
the distance between the 191 Tem? magnetic flux tube and beamline components. The
focus here is critical areas in [STS| as corresponding areas into part were already
determined in previous investigations during the [SDS-T/ and [SDS-II campaigne mitigated
by hardware updates, resulting in full transmission of the 210 Tem? magnetic flux tube
there [Sch14] Har15| [Erh16]

3 1

In the components, the Q-shaped beamline parts of unit obviously and the
are of special interest. As shown in figures and the distance between the
191 Tem? magnetic flux tube and the inner surface of the beamline can shrink to < 3 mm at
distinct sections of the beamline, especially in the region of the beamline instrumentation
at the and beam tubes 5 and 7 of the [CPSl The simulated magnetic field lines in
these plots correspond to the outer field lines of the 191 Tem? magnetic flux tube, but
apply for each 191 Tem? flux tube equivalent as well.

To measure the 191 Tem? flux tube, wide beam electrons can be used to detect rough
collisions, since the [UVisource illuminates a larger flux tube area of 195 Tcm?. Hence,
collisions manifest as reduced count rate or even as complete shadow at some pixels of the
However, this projection includes no information about the z-position of collision
points along the beam axis. A section-wise investigation of collision points thus is necessary
with the magnetic field being lowered in one section to create a magnetic bottleneck as
described in section However, a fully illuminated flux tube is a first rough check to
locate collision points in azimuth and radius and to determine the largest collision-free
magnetic flux tube. Evidently, the pixel size limits the resolution of the

An electron pencil beam which can be created by the provides more precise
information when scanned across the magnetic flux tube (see section . Since the pencil
beam has a fixed position at its point of origin at the (see figure , it has to be
steered across the magnetic flux tube by using the s.c. dipole magnets of[ WGTS. Based on
the very good correlation between dipole currents and the pencil beam shift, the location of
the magnetic bottleneck in azimuth can be measured more precisely. This provides a more
accurate estimate of the size collision-free magnetic flux tube. To this end, simulations
were carried out to investigate the pencil beam behavior under influence of the dipole
magnets.
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Figure 6.5: Distance between the magnetic flux tube and the beamline. In
the upper part of the figure the beamline setup during First Light is shown, including
the dipole electrodes highlighted in red and the 191 Tem? flux tube equivalent in blue. The
vertical scale is magnified to improve visibility of the beamline and its instrumentation. The
single beam tube elements, highlighted in grey, are surrounded by the s.c. coils marked in
green. The pump ports connecting the beam tube to the beamline are not displayed here (see
figure . The lower part of the figure shows the distance between the nominal magnetic flux
tube (191 Tem?) and beamline elements as function of the z-direction. The smallest distance
occurs at the position of the three dipole electrodes, and in particular in azimuth at their
lobules. No deviation of the distance for 20 % and 100 % of nominal field setting occurs.
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Figure 6.6: Distance between the magnetic flux tube and beam tube 5 of the
Shown is the constriction between the 191 Tecm? flux tube equivalent in red and beam tube

element 5 of the (see figure . The figure is adapted from [Roel6)].
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Figure 6.7: Distance between the magnetic lux tube and beam tube 7 of the
Shown is the constriction between the 191 Tecm? flux tube equivalent in red and beam tube
element 7 of the highlighted in orange (see ﬁgure. The figure is adapted from .
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6.2. Simulation of the electron pencil beam

6.2 Simulation of the electron pencil beam

In the following the behavior of the pencil beam under the influence of the s.c.
dipole magnets is investigated to quantify the correlation between shifts of the pencil beam
and dipole currents. This corresponding simulation is performed at a global magnetic field
setting of 20 %.

In a first step (see section the pencil beam shift for horizontal and vertical directions
is simulated in integer steps of the dipole current until collisions of the pencil beam with
the beamline occurs. This provides the correlation values. In the second step the influence
of the s.c. dipole stray field on the magnetic bottleneck is investigated (see section .
This is motivated by the fact that a significant change of the magnetic field of the bottleneck
would affect the alignment results obtained by the pencil beam scan. The third step is to
investigate the transmission of the global flux tube in section

In contrast to the real test-setup, simulated electrons of the pencil beam are not generated
behind the since the [ELIOTT| module was not integrated into the Kassiopeia model.
Therefore, the hole inside the disc was used as point of origin (see figure [5.1)).

6.2.1 Deflection of the electron pencil beam by using magnetic dipoles

To investigate a bottleneck in the WGTS| created by the solenoids and (see figure
5.4), the dipole magnets on the rear side of the have to be used (see figure [3.3)).
As the setup of the dipole magnets on the rear side and on the front side are identical, the
following results apply to both.

To obtain correlation values, the current is varied in 2 A current steps in x- and y-direction.
The behavior of the pencil beam under influence of the horizontal dipole magnets is il-
lustrated in figure The simulation evidently provides the exact location of the pencil
beam on the detector wafer. Hence, the distance to the wafer center is known accurately.
The results for horizontal and vertical pencil beam shifts is combined in figure 6.9

The observed shifts of pencil beam is influenced by systematic effects (see section ,
which depends on the shift direction and on the positive or negative orientation of x- and
y-direction. To obtain simulation results, which are comparable with the experimental
results, the shift of the pencil beam was investigated separately for all four orientations.
Thus, four different linear correlations between dipole current (I) and shift (S), with
respect to the wafer center are required:

S(Iy) = (+2.06 £ 0.02) = — 1 + (016 £ 0.26) mm, (6.1)
S(I_y) = (—2.04 £ 0.02) % I+ (0.54 £ 0.21) mm, (6.2)
S(Iyy) = (+2.10 £ 0.02) % — (3.33 £ 0.25) mm, (6.3)
S(I_y) = (—2.12 % 0.03) % +(3.51 = 0.32) mm. (6.4)

These linear equations include all necessary alignment information between and the
The average of the x-axis interceptions of equation and

= (—0.15+ 0.24) mm, caused by the horizontal misalignment between the and the
The vertical misalignment between the RW]and the corresponds to the average
of the y-axis interception of equation and (6.3}, it is y = (+3.42 & 0.29) mm. Equivalent
to three x- and y-axis interceptions, a current of Iy = +0.07A and of Iy = +1.63A is
required to center the electron pencil beam onto the wafer.

The pencil beam can then be centered by adjustius dipole currents so that all four “bulls
eye” pixels of the center yield nearly the same count rate. The tolerable deviation of
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Figure 6.8: Simulated shift of the electron pencil beam. Shown is the rear part of
the with its magnetic coils and displayed in green, as well as the solenoid of
the rear section in the x-z-plane. The dipole magnets on this side are located around the
solenoid [M5] (see figure[6.1). A 2.5-mm radius hole in the center of the [RW!disc, highlighted in
light blue, is the point of origin of the electron pencil beam. The simulation was performed at
global magnetic fields of 20 %. To visualize the shift due to the dipole magnets, the non-shifted
beam in red and the horizontally shifted beam with a dipole current of I, = 15 A in blue are
compared. Figure is adapted from [Def17].

the observed count rate on these 4 detector pixels is about 10 %. Since the radius of the
electron pencil beam is 7p, = 1.8 mm, a correction in horizontal direction is not necessary.
The vertical correction current was found to be Ay = 1.6 A. Both results are in excellent
agreement with the axis interception results from the linear equations, since the deviation
of the results is < 0.1 mm. Hence, both techniques can be used to determine the alignment
between the the an the with high precision.

The pencil beam shift investigations are for a magnetic field of 20 % nominal. If the global
field is increased to reach nominal values, the field of the dipoles has to be increased as well
to maintain a constant pencil beam shift. Hence, correlation values between the global
magnetic field and the required dipole current for constant pencil beam shift needs to be
investigated as well. The required current for a constant pencil beam shift of 2mm and
4 mm was quantified for several global field settings, as demonstrated in figure The
figure underlines the linear dependency between the slope of the functions (S(I4«), S(I1x)
and S(I4y), S(I4+y)) and the global magnetic field. Consequently, the required current to
maintain a constant shift does scale with the global magnetic field setting (see figure .
To align the electron pencil beam on the “bulls eye” of the wafer, a current of 1.6 A has to
be used at magnetic field setting of 20 %, while at full field (100 %) a stronger current of
8.0 A is required, demonstrating the linear correlation as shown in figure

The key result here is that the position of the pencil beam on the wafer can be determined
with more precision from a measurement based on using dipole currents in combination
with the set of linear equations: — making alignment essentially independent of
the wafer resolution. This method to determine the hit position of the pencil beam on
the wafer is named “Collision point identification” (CPI). This method will be used in
the following to determine the collision points between the magnetic flux tube and the
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beamline to obtain a cencise flux tube alignment.
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Figure 6.9: Simulation of the magnetic flux tube scan with the electron pencil
beam in horizontal and vertical directions. Shown are the linear correlations between
the currents (I) of the s.c. dipole magnets on the upstream side of the and the
corresponding shift of the electron pencil beam on the detector wafer. In the upper figure, the
shift caused by the horizontal dipole coils is visualized, and in the lower figure the shift caused
by the vertical dipole coils is displayed. The outermost measurement point of each direction
shows a distinct decrease of counts which indicates collision with the beamline.
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Figure 6.10: Required dipole currents for identical electron beam shifts at the
for different magnetic fields. Here the required dipole current to shift the electron
pencil beam by a constant distance (2 mm and 4 mm) is displayed for different global magnetic
fields. There is a very good linear correlation between dipole current and magnetic field.

6.2.2 Influence of the magnetic dipole stray field on the magnetic flux
tube

As mentioned above, the required dipole currents scale linearly with the global magnetic
field. To investigate the alignment section-wise in [STS| a variety of magnetic bottlenecks
is created by reducing the magnetic field inside the section to be examined, as presented in
section Since a bottleneck would be located next to the magnetic dipoles (see
figure , the influence of the dipole stray field needs to be investigated. The reduced
magnetic field in the region of the bottleneck could also be influenced by the stray field of
the dipoles, causing further unknown uncertainties to the alignment results. Simulations
for a maximum dipole currents of 20 A (15 % nominal field) have shown, however, that the
influence of the dipole stray field on the bottleneck at and is negligible, changing
the total magnetic field by < 0.01 %. The same change of the field was determined for the
nominal magnetic field. Additionally, the collision-free size of the flux tube of the
beamline, which was determined from the collision currents in combination with the linear
equations 7, was in good agreement with the fully illuminated magnetic flux tube.
This demonstrates the negligible influence of the dipole stray fields. Also, a comparison
between the parameters of the linear equations for a global magnetic field setting of 20 %,
with a configuration of a bottleneck of 15% at the showed no variation of the
linear equation parameters. Hence, the influence of the magnetic dipole stray fields on
bottlenecks and vice versa plays no role in alignment measurements. Therefore, the
method can be used to examine the size and shape of the magnetic bottleneck by scanning
for collision points between the magnetic flux tube and the beamline.
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Figure 6.11: Shift the pencil beam upwards until it collides with a beam tube. The
sketch shows the vertical shift of the pencil beam in +y-direction. It demonstrates that some
electrons of the pencil beam collide with the surface of a beam tube. This causes a decrease
of the electrons counted at the detector. The detector wafer on the right side displays the
final illuminated pixel, any further shift would block electrons there. Hence the collision point
between the magnetic flux tube and the beamline is determined. Its value can be linked to
the adjusted dipole currents for the required corresponding pencil beam shift.

6.2.3 Collision points between the magnetic flux tube and the beam line

A step-wise pencil beam scan across the x-y-plane allows to identify four collision points
(see figure . These correspond to the outermost measurement points in each direction
where the count rate just starts to drop (see figure . A collision point projects the
shape of the largest collision-free magnetic flux tube on the wafer. Since these points show
a count decrease between 10 — 75 %, they can easily be used for a first order analysis of
the size of the collision-free flux tube. By using the method in combination with
the collision currents of these four points, the four corresponding image points on the
wafer can be calculated, representing the shape of the largest collision-free flux tube. This
comparison results in a maximum collision-free flux tube with a radius of ~ 42 mm at the
surface of the detector. As all solenoids are operated at 20 % of nominal field, this diameter
corresponds to a 183 Tem? magnetic flux tube equivalent according to equation

Since the count rate decrease occur over a broad range (10— 75 %), the results obtained for
the collision-free size of the flux tube has to be verified. Therefore, the wide beam source
(see section is used to corroborate the above result. The wide beam projects a mapped
image with sharp edge in the simulation, which provides the exact point of impact of
electrons onto the FPDL An image radius of ~ 43.5 mm on the wafer was determined in this
ansatz, which corresponds to a ~ 195 Tem? magnetic flux tube equivalent. Consequently,
the broad range of count rate decrease (10 — 75 %) strongly influences the determined
collision-free flux tube size using the method. To achieve a more accurate result, a
count rate decrease down to values of 10 — 20 % is aimed for in the following investigations
to localize bottlenecks with the pencil beam. This count rate decrease was simultaneously
used for the pencil beam measurement during First Light.
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6. Modeling of the KATRIN beam line

The results for simulated images on the point to a reduced size of the transported
magnetic flux tube, less than the benchmark of 210 Tem? magnetic flux tube which should
reach the undisturbed, as described in section [3.2.7. Additional simulations revealed
the section to be the origin of the reduced flux tube size, giving a collision-free
flux tube of 195 Tcm? for the entire beamline between the and the [FPD| which is
slightly larger than the 191 Tem? nominal value, which is the most relevant setting for the
neutrino mass analysis (see section 3.2.7).

The collisions occuring the 210 Tem? magnetic flux tube cannot be investigated with nom-
inal field settings. In the following, the magnetic bottleneck method is used to investigate
the alignment section-wise.

6.3 Simulation of the magnetic flux tube alignment

In this chapter two different magnetic field settings are used to simulate the alignment
of individual components, the magnetic bottleneck and the asymmetric field
setting, to determine the largest collision-free magnetic flux tube of each section. As
previous measurements showed that the part transmits a 210 Tcm? magnetic flux
tube in a collision-free way, asymmetric field settings are only used to investigate the
alignment of the pre- and the main spectrometer to the

6.3.1 Investigations with the magnetic bottleneck method

Based on the following reasons, a magnetic bottleneck reduction factor of one quarter was
identified as the optimum for the investigations:

e The full flux tube of the (230 Tem?) is defined diameter of 90 mm of the
source tube at nominal field of 3.6 T. During normal field settings the cannot
map this entire flux tube, since it has a diameter of about 47 mm, while only the
sensitive area of the wafer has a diameter of 45mm. A bottleneck in the
would thus lead to a reduction of the image size to a value of 40.6 mm. Hence, the
bottleneck image can be mapped completely.

e The remaining distance between the 230 Tcm? flux tube image and the edge of the
detector wafer is about 4 mm. This distance is large enough to compensate a possible
misalignment between the mapped image and the wafer.

e On condition that the 230 Tcm? flux tube of the WGTS|is mapped onto the
this gives a clear evidence that the collision happens in the source tube.

e Additionally, the magnetic flux tube of 210 (191) Tem? yields an image diameter at
the image of 39.0 (37.2) mm which allows the image to be distinguished despite
the finite pixel size.

e Another important aspect is that the magnetic flux tube is compressed after the
bottleneck due to the higher fields of the remaining solenoids. Further collisions
making the images useless for an alignment analysis are thus prevented.

The image size of a magnetic bottleneck on the detector for different flux tube sizes is
outlined in table
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6.3. Simulation of the magnetic flux tube alignment

Table 6.1: Radius of different magnetic flux tubes at the detector. With a magnetic
field of 20% at the detector and 15% in the bottleneck section, different transported flux
tube sizes can be detected. As the field is reduced, the magnetic flux tube value is reduced,
accordingly, but the investigated volume remains constant, so that the detectable radius at
the can be associated to a magnetic flux tube at nominal field settings. The required
magnetic fields in each section correspond to design values, the computed values are provided
by Kassiopeia.

flux tube  image radius in mm
in Tem? Kassiopeia design

230 40.6 40.7
210 39.0 38.8
195 374 37.2
191 37.2 37.0

6.3.1.1 Implementation of the magnetic bottleneck method

Since (3-electrons are guided from the source to the detector it is useful to start bottleneck
searches at the rear end of the beamline.

To this end the first part to be investigated is the which is located between
the rear section and the rear end of the 10-m long source tube (see figure [3.3)).
Corresponding simulations of a scan of the magnetic flux tube with the pencil beam already
revealed that this part limits the usable flux tube size, resulting in transmission of a smaller
195 Tem? flux tube (see section . This value of major importance as it defines the
area, when electron are guided to the source to control the source plasma during
the neutrino mass measurements (see section [3.2.3). Due to this fact, a more detailed
investigation via the magnetic bottleneck has not been implemented.

The next part of part is the 10-m long source tube, which is surrounded by the
solenoids and [M3] as shown in figure The circuit of the two solenoids [M2]and
is connected as a group, as well as the triplet and Solenoids and
are surrounding the (see figure giving the above quoted 195 Tem? flux
tube equivalent. Creating a magnetic bottleneck with these two groups is useless, since
the magnetic flux tube would be reduced at the beginning. Hence the bottleneck in the

source part can only created via[WGTS| solenoids and

The final part of the cryostat in downstream direction is the section
which is surrounded by solenoids and (see figure . These coils are designed
to operate at a higher nominal magnetic field of 5.6 T, which compresses the magnetic
flux tube from the source part (3.6 T). The mechanical beam tube diameter is
identical to the source tube (90 mm). This is the reason that no collisions or small distance
areas occur between magnetic flux tube and beamline in corresponding simulations.

In the and to be investigated below, close encounters of the 191 Tcm? flux tube

and the inner surface of the beamline or beamline instrumentation were observed (see

section [6.1.4).

6.3.1.2 Alignment results of the simulated magnetic bottlenecks in STS

In the following the alignment results based on the bottleneck method via shifting of a
pencil beam by dipole magnets are presented (see section . These simulations closely
follow the experimental approach reported above. Finally, the wide beam experimental
results are simulated providing a full mapped image at the which is used to verify the
results. In doing so, electrons are tracked in Kassiopeia, through the entire beamline
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6. Modeling of the KATRIN beam line

providing additional the information about the alignment between each investigated section

and the

At first simulation targeted at investigating the largest collision-free flux tube are pre-
sented, and later the results with respect to the alignment of each section relative to the

FPD!

Determination of the collision-free flux tube in STS

The four image points discussed in section are used to obtain the largest collision-free
flux tube via calculating the mean for each direction:

[SU)| + 1SU—)]

o ! ’ (6.5)
= 18U iU (6.6)

The smallest mean value defines the radius of the mapped image of the collision-free flux

tube (see table [6.1)).

WGTS and DPS1-F

The simulation results for the pencil beam scan of the bottleneck is outlined in
table The minimal radius is ~ 41 mm (see table , which corresponds to a 230 Tcm?
collision-free flux tube (see table[6.1). To demonstrate the onset of bottleneck formation,
a flux tube equivalent > 230 Tcm? is illuminated with electrons, starting at the The
result of this extended wide beam is displayed in figure[6.12l At the beginning of bottleneck
impact, electrons located in the flux tube part > 230 Tcm? collide with the beamline.
Figure shows the mapped image, the size of which corresponds to the remaining
230 Tcm? flux tube defined by the source tube, as explained in section Here, the
bottleneck was extended by solenoids and (see figure [3.3). The flux tube results
are still identical, as expected due to the stronger field of this section.

A collision-free 230 Tcm? flux tube transmission inside the source tube and the WGTS-F
is an important result as it is larger by a safe margin then the two reference magnetic flux
tube sizes (191 Tem? and 210 Tem?) of KATRIN

Table 6.2: Simulated collision currents for the WGTS. The current of the collision
point of each direction for the WGTS|bottleneck and generated by 15 % of the nominal
magnetic field . By extending the bottleneck at magnet and no change could
be determined. The displacement is related to the wafer center. The mean radius per axis is

given by X and ¥ (egs. and .

direction dipole current (/) in A displacement (S(I)) in mm

+x +19.6 +40.54 £0.11
—X —204 —42.16 £ 0.55
X 20.0 41.35£0.33
+y —-20.0 +45.33 £0.76
-y +20.0 —38.89 £ 0.89
y 20.0 42.11 £ 0.83
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Figure 6.12: Collision counts at the bottleneck in the WGTS. While the global mag-
netic field was reduced to 20 %, solenoids and were set to 15 % to create a bottleneck
in the An extended wide beam source at the is simulated, which fills a magnetic
flux tube of > 230 Tem?. The maximum magnetic flux tube which fits into the source tube,
due to the design geometry is 230 Tem?. The mapped circular image (black circle filled with
blue dots) at the has a radius of ~ 41 mm, corresponding to this 230 Tecm? flux tube.
Hence electrons of the extended wide beam which located in the area > 230 Tcm? collide with
beamline elements at the beginning of the induced WGTS|bottleneck at z-position —34 m. The
detected counts are highlighted in blue at z-position 13.7m. When expanding the bottleneck
along the z-axis by and no further collisions occur.

DPS

Now the bottleneck is moved to the solenoids of and investigated via scanning of the
pencil beam. The results are outlined in table The minimal image radius is ~ 38.3 mm
(see table . Hence the 191 Tem? magnetic flux tube is guided collision-free, but not
the 210 Tem? flux tube (see table 6.1)).

The reduction of the flux tube radius is caused by collisions in horizontal and vertical
direction. However, it is important to guide the 210 Tem? flux tube in a collision-free
manner trough the beamline, as the located at pump port 2 of the has
to monitor the source activity in the outermost horizontal part of 210 Tem? flux tube (see
section . While the nominal magnetic field for the is 5T the successful test of
the solenoids up to 5.5T, allows to operate these magnets at slightly higher magnetic
fields to compress the magnetic flux tube and mitigate horizontal collisions.

A corresponding simulation with a magnetic bottleneck with 17.5% of the nominal field
was performed in addition. In the case, collisions in completely vanquish, resulting
in a collision-free guiding of a 230 Tcm? flux tube (see table . This allows to conclude
that collisions in the disappear when its magnetic field is increased by ~ 16 % relative
to the global field settings.

The results of the method for the two bottlenecks (15 % and 17.5 %) was verified by
making use of the extensive wide beam, as shown in figure The extended wide beam
simulation show in addition that a small fraction of electrons still collide inside the
beamline, however (see figure [6.13).
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6. Modeling of the KATRIN beam line

Table 6.3: Simulated collision currents for the DPS. The dipole currents for the onset
of collisions for two settings (15.0 %, 17.5%). Displacement value in the last two columns
relate to the wafer center. The mean radius per axis is given by X and ¥ (egs. and .

dipole current () in A displacement (S(/)) in mm

direction 15.0% 17.5% 15.0% 17.5%
+x +18.4 +20.4 +38.06 £0.58 +42.18 +0.81
—X —18.6 —19.6 —38.48+0.05 —40.52+0.54
X 18.5 20.0 38.27+£0.32 41.35 £ 0.68
+y —19.0 —20.0 +43.234+0.29 +45.33 £0.05
-y +19.0 +20.0 —-36.77+1.18 —38.89+0.73
y 19.0 20.0 40.00 = 0.74 42.11 +0.39
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Figure 6.13: Collision counts along the STS beamline by applying a bottleneck in
the WGTS and the DPS. The figure shows the collision in x-y-axis (inlet) and along the
z-axis for the extended wide beam along the beamline. A magnetic bottleneck with a
field of 15% was implemented inside WGTS] and [DPS| labeled with 1. Afterwards the DPS
bottleneck was set to 17.5% of the nominal field , labeled with II. Main collisions occur in
both settings at the beginning of the bottleneck, near the upstream end of solenoid
(see figure[6.12). The 230 Tem? flux tube is reduced in the bottleneck of the for setting I.
The collision rate along the beamline (z-position: —30m — —24m) is highlighted in red
for setting I. The mapped circular image at the for setting I is highlighted in blue. The
detected counts at the are shown in blue at z-position 13.7m. When using the magnetic
field setting II, the collisions at the almost disappeared, and the red collision counts
disappear. Only a small collision rate is left, highlighted in black at z-position —24 m. Due to
the reduced collisions, the mapped image at the has obtained the red ring-shaped area,
and the counts at the detector increase due the red highlighted fraction (z-position 13.7m).
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6.3. Simulation of the magnetic flux tube alignment

Table 6.4: Simulated collision currents for the CPS. Since the DPS limits the flux tube
radius, the maximum flux tube diameter of the CPS was simulated at first by keeping the
on 20.0% of the nominal field. Afterwards the was set to 17.5% to detect significant
changes of the flux tube radius. The mean radius per axis is given by X and 7 (egs. and

direction dipole current (I) in A  displacement (S(/)) in mm

+x +19.4 1+40.12 £ 0.16
—x ~19.6 —40.52 £ 0.51
% 19.5 40.32 4+ 0.33
+y ~18.0 +41.13 £ 0.41
—y +20.0 —38.89 4 0.10
v 19.0 40.01 £ 0.25

CPS

Simulations of the bottleneck showed a reduced size of magnetic flux tube for nominal
magnetic field settings. This can be avoided by setting all coils to a value of 17.5 %.
This allows to investigate the elements with no influence from the collisions.

The results of the pencil beam scan of the bottleneck is outlined in table A
minimal radius of ~ 40mm (see table ) is determined. Hence, the 210 Tem? flux tube
can be guided collision-free through the beamline (see table [6.1). Since the pencil
beam results of the bottleneck (see table are nearly identical in comparison to
the previous results of the bottleneck at 17.5 % (see table [6.3), this fact shows that
the combination of and limits the collision-free flux tube size. This is verified
by corresponding wide beam investigations, as shown in figure A small number of
additional collisions in the occurs, due its small number, they are not visible in the
image.

The final result is that the 210 Tecm? flux tube can be guided collision-free through the
beamline, in condition that the solenoids are operated at a slightly higher field
as designed. Since the 210 Tem? flux tube can be guided collision-free through the [STS
the required full transmission can be realized.

Alignment between the STS components and the FPD

The alignment between an investigated beamline section and the is given by the
offset between the image center in comparison to the wafer center. The four image points
are used to calculate the image center. The offset is then given by half the difference:

() + S(1-)

X = ) , (6.7)
NEEMES 1] o

The results for different magnetic bottlenecks are summarized in table The misalign-
ment in x-direction between individual components and the is not significant
since the offset is typically < 1mm. The misalignment in y-direction between individ-
ual components and the is significant, however, with offsets typically > 1 mm.
Especially the and the components show an offset of > 3 mm.

With respect to achieved full transmission of the 210 Tcm? flux tube in the beam line,
the is the final component to influence the mapped source image due to collisions.
Hence the mapped image of the provides the alignment between the source image
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6. Modeling of the KATRIN beam line

Table 6.5: Simulated alignment of the individual STS components to the FPD.
The presented alignment results of individual components are with respect to the wafer
center. Since collisions of the 210 Tem? magnetic flux tube have been determined in
the bottleneck simulation of was repeated with 17.5% of the nominal field. Alignment
results of this setting are presented as well.

section bottleneck axis displacement in mm

WGTS 150%  x —0.81 £ 0.44
WGTS 150% y +3.22 +0.86
DPS 150%  x —0.21 +0.19
DPS 150% y +3.23 £0.96
DPS 175%  x +0.83 4 0.61
DPS 175% y +3.22 +0.56
CPS 150%  x —0.20 £+ 0.42
CPS 15.0% y +1.12 4+ 0.18

and the The determined alignment parameters of the can then be corrected
by adjusting the s.c. dipole magnets currents resulting in a source image perfectly
aligned to the This final adjustment will be performed along the methods presented
here in the first quarter of 2018.

6.3.2 Investigation with asymmetric magnetic field in SDS

A well-established method to investigate the alignment of the spectrometer relative to the
detector is to map the inner electrode wire combs on the detector wafer (see section [5.3)).
Since the solenoids of the part are not required for the asymmetric field method in
the issues related to the solenoid do not influence the absolute magnetic field
during the First Light measurements. Hence, asymmetric field simulations were prepared
for all magnetic field settings. In this section the magnetic field settings are presented first.
Thus, the results of alignment simulations between the pre- and the main spectrometer
the are discussed in detail.

6.3.2.1 Description of the asymmetric magnetic field method

When simulating electron field emission in Kassiopeia, the point of origin of electrons is
defined as the position of the wire comb holding structures. These are located rotationally
symmetric around z-positions zg = 2685 mm and z3 = 4472 mm with respect to the
center. Thus, two ring shaped electron sources are created in the main spectrometer.

To create an asymmetric field, the detector and pinch solenoids are set to 72 % of their nom-
inal magnetic field values (Bpinch = 4.32 T and Bgetector = 2.59 T'), while both the and
[PS2]solenoids are switched off (see ﬁgure. Also, all but three air coils are switched off,
these are operated with inverted polarity = —50A, = —40A, = —30A).
Additionally, the is set to 9.0 A in x-direction and 50.0 A in y-direction. All inner
electrodes are set to zero potential for the simulation.
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Figure 6.14: Asymmetric magnetic field method used for alignment measurements
between and Shown is the main spectrometer vacuum chamber, filled with
colored magnetic flux tubes originates from the detector rings. The red dashed circles indicate
the holding structures of the inner electrode wire comb to be mapped. The structures z2 and
z3 have been used for the alignment analysis, where simulated electrons are started at their
point of origin. The structure z1 is not used for the simulation or the alignment measurement,
since it fully illuminates the “bulls eye” of the wafer, making it useless for alignment analyses.

wire electrode
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Figure 6.15: Asymmetric magnetic field method used for alignment measurements
between and The inner electrode consists of three parts, a central wire electrode
separated into two single half shells, and two solid cone electrodes. The kinks (k; and ki) of
the electrode system can be mapped onto the by using the asymmetric magnetic field
configuration, displayed here, where the solenoid is deenergized.
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6. Modeling of the KATRIN beam line

In the next step, the alignment between the and the is investigated, making use
of the inner wire electrode system of the pre-spectrometer. Its electrode system consists
of three sets of electrodes. A quasi massless wire electrode forms the central element of
the setup, and two cone electrodes, one on each side of the spectrometer (see figure .
The wire electrode features two kinks, which generate the rings to be mapped onto the
detector wafer. Hence, these kinks are used as point-of-origin in the simulation. The
superconducting solenoid between the and is set to 3.24 T, corresponding to
72 % of the nominal field. To generate the asymmetric field inside the [PS| the solenoid
is kept off (see figure[6.15). The is kept on the its nominal value.

In both cases the magnetic flux tube widens up, and surface electrons are guided by the
magnetic field lines onto the detector wafer. Since both spectrometers and their electrode
systems have cylinder symmetry electrons produce a ring on the wafer. The results of
simulations of these investigations are presented in the following.

6.3.2.2 Alignment results of the simulated asymmetric magnetic field in SDS

The investigation of the alignment of [PS| and with respect to the is based on a
circle fit to data and the computation of the ring center. The misalignment between the
center of the main spectrometer and the detector wafer is found to be x = —0.99 mm and
y = —2.50 mm. For the pre-spectrometer, a corresponding misalignment of x = —1.44mm
and y = —2.89 mm is determined. In view of the diameter of the components and in view of
the mechanical misalignment of the construction, both simulations provide reasonable
alignment results.

main spectrometer mapped wire pre-spectrometer mapped wire
electrode electrode

Figure 6.16: Simulation results of the asymmetric magnetic field at the and
the The determined circles and their center (dot) for each simulation are superimposed
on the mapped image on the wafer. The asymmetric magnetic field simulation of the was
performed with a larger number of electrons compared to the
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6.4 Conclusion

This chapter has given an in-depth overview of principles and results in the extended align-
ment investigation for the and parts of the experiment. Experimental
data were verified by using the simulation software package Kassiopeia. Previous alignment
measurements with the part using the asymmetric magnetic field setting, showed al-
ready very good agreement between simulations and measurements [Sch14] [Har15] Erh16].
The new simulations of this thesis indicate a complete transmission of the magnetic flux
tube. It should be noted in this context that the pre-spectrometer was implemented for
the first time into the simulation software, completing the beamline geometry.
As the electron field emission as well as secondary electron emission produce electrons at
the electrode wire comb, this background source can be used to good effect as an elec-
tron source to map the structures on the detector with an asymmetric field. Since this
emission is not implemented into the software package, a ring shaped electron source was
implemented into Kassiopeia at this position. The maximum misalignment between the
spectrometer and the detector was determined to ~ 2.9mm. Due to uncertainties rel-
ative to the mechanical structures, the measurement uncertainties of the alignment are
estimated to be in the order of ~ 1.0 mm [Sch14].

Since the solenoid M1 did not reach the required field, simulations for the first
alignment measurement had to be implemented, which showed that the alignment and
transmission results of are independent of the absolute magnetic field, as long as all
solenoid currents are reduced by the same factor. The mapped image on the detector pro-
vides only an overall transmission information of the entire beamline, but not information
about the location of the collisions along the beam axis. It could be demonstrated first
that a magnetic flux tube of 195 Tcm? can be guided without collision through
This includes two important results: first the electrons which are required to control
the plasma potential are guided collision-free by the foreseen 195 Tem? flux tube. Second,
signal electrons can be guided collision-free from source to detector over an 195 Tem? flux
tube which is larger than the required 191 Tem? flux tube. To investigate the flux tube
alignment and transmission section-wise, a new method had to be implemented. By delib-
erate creation of a magnetic bottleneck, a reduction of the magnetic field by one quarter
was found to be the best solution for a section-wise investigation. The investigation of
these bottlenecks can be implemented making use of a pencil beam to scan for collision
points between the magnetic flux tube and the beamline in four directions, or by full illu-
mination of the magnetic flux tube with a wide beam. The resolution of the transmission
and alignment information of a bottleneck image is limited by the pixel size of the detector
wafer. More precise results can thus be achieved by scanning the shape of the bottleneck
with a pencil beam, as condition that a linear correlation between the shifting dipole cur-
rent and the displacement of electrons is determined previously. Therefore, count rate
monitoring at the detector is key to observe measured during the movement of the pencil
beam. The onset of collision is defined if the rate drops below 10 — 20 %. The image of
collision onset at the detector can be calculated afterwards by making use of the linear
dependency in combination with the corresponding currents of the dipole magnets,
the basis of the so-called method.

By using the bottleneck for individual sections, the extensive simulations performed
here have demonstrated that the linear correlation method is in good agreement with sim-
ulated collision points of a fully mapped bottleneck image on the wafer. The investigation
of bottlenecks with both electron sources has revealed that it is possible to determine the
maximum collision-free flux tube with an uncertainty of ~ 1.0mm. The main result of
the bottleneck simulation demonstrates that it is possible to guide the 191 Tcm? flux tube
through the entire beamline without collisions for the nominal magnetic field. A larger
magnetic flux tube is limited by the beamline. Finally, and most importantly, it
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6. Modeling of the KATRIN beam line

could be demonstrated that a slightly higher magnetic field of the DPS solenoids, relative
to all other solenoids, eliminates these collisions, resulting in an collision-free guiding of
the 210 Tem? flux tube through the entire KATRIN] beamline.
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CHAPTER 7

First Light and the global magnetic flux
tube alignment measurements

The key objective of the First Light measurement campaign is to characterize the global
magnetic flux tube transmission and alignment of the global beamline. By uti-
lizing different magnetic field settings, a large ensemble of alignment investigations could
be performed section-wise. Thereby, specific information on the largest possible flux tube
without transmission losses can be obtained. Due to the importance of this key task,
the results of this extensive analysis have been verified via a detailed Kassiopeia simu-
lations. This model includes the design geometries of all beamline elements as well as
as-built geometries of the superconducting solenoids taken from the technical drawings
of the manufacturer, complemented by accurately ascertained solenoid positions. All me-
chanical alignment data has been implemented into Kassiopeia and verified by section-wise
transmission simulations of the already commissioned individual beamline sys-
tems. In preparation of the First Light measurements, global alignment simulations were
performed which have been presented in the previous chapter |6l The model allows to test
and compare different alignment measurement principles, and to identify the ones best
suited for the and beamline parts and verify them with the First Light data.

In the following section |7.1] a method to map collisions of the flux tube with the beamline
to first order by using the as a wide beam electron source will be presented. Different
techniques are detailed which allow to analyze characteristics of the resulting detector
patterns and to extract information about specific collision points from the data. A more
precise measurement technique is based on using an pencil beam to perform a scan of the
flux tube, this is presented in section The scan of the magnetic flux tube is carried
out by shifting this pencil beam with the superconducting dipoles of First, the
correlation between the shift of the beam spot and the currents of the superconducting
dipole is measured. This information is used afterwards to identify magnetic bottlenecks
in the part of the beamline. Two independent results can be extracted from this data.
This complises both the alignment between the and single components, as well as
the alignment between these components and the detector. At the end of section [7.2] the
alignment between the and the detector is analyzed and used to cross check previous
results. In section a set, of alignment measurements with asymmetric magnetic fields in
the is presented. Here, the alignment of pre- and main spectrometer with respect to
the detector is investigated. Building on these results, the and alignment data
are combined into a global magnetic flux tube alignment model in section Section
they focuses on potential improvements of the flux tube guidance, followed by a discussion
about the corresponding implications on the neutrino mass measurements in section
The chapter closes with recommendations for future alignment measurements in section
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7.1 Full illumination of the magnetic flux tube at nominal
magnetic fields

The key objective of the First Light measurements is to obtain a quantitative result for
a fundamental observable, the detected electron rate at the detector. A first impression
about the general characteristics of the beamline transmission can be achieved by using
the to fully illuminate the magnetic flux tube with electrons. Thus, an image of the
is projected onto the As shown in section this measurement was simulated
with Kassiopeia to investigate the flux tube mapping of the onto the The
simulation shows that the ideal rate and distribution of the mapped image is reached only
if all superconducting solenoids are operated at nominal field, or if they are reduced by
the same ratio. Due to the hardware related issues with the solenoid M1, which are
discussed in section the global magnetic field during First Light had to be reduced
to 20 % of its nominal value. To accelerate the electrons, the voltage is elevated to
Urw = —50V (appendix . The simulations indicate a loss-free guiding of the
electrons for this specific magnetic field setting. Furthermore, previous measurements
with the setup can be used to obtain information about the expected electron rate at
the (see section [5.2). These preliminary works gives a rough idea of the size of the
mapped image, as well as on the expected electron rates.

7.1.1 Measured shadow on the detector wafer

During the first measurement campaign with all magnetic fields set to 20 % of their nominal
values, about three quarter of the detector wafer was illuminated by electrons from the
(see figure . From simulations it was expected that not all pixels are illuminated,
since the size of the transmitted flux tube has a value of 195 Tem?. Hence, it is expected
to generate a circular image at the which covers an area with a radius of 43.3 mm.
In contrast to simulation results shown in figure the measured image of the flux tube
(see figure is shifted upwards in positive y-direction, as is evident from the fact that
the outer rings in the upper part of the detector are illuminated. Furthermore, it seems
that the image is shifted by a small offset to the left side, in negative x-direction. The
image is thus not aligned to the center of the wafer, which has to be investigated in
the context of the superconducting dipole magnets of This shift is investigated
in greater detail with a different measurement technique at a later point to be discussed
in section The key result of this first measurement is the observation of a shadow
visible on the bottom part of the wafer, covering approximately one quarter of the image.
In the following, the origin of this shadow is investigated and discussed.

7.1.2 Investigation the origin of the shadow

A shadow on the detector wafer can have several reasons. The first conjecture is that no
electrons are produced in the area of the shadow resulting from a partial illumination
of the In addition, the non functionality of several neighboring detector pixels or their
read-out electronics could produce such a shadow-like effect. Finally, this can be attributed
to the fact that parts of the flux tube collide with beamline elements, generating a shadow
similar to the observed one. Apart from a mechanical collision blocking the electron flux,
an electrostatic barrier in the range of several tens of V would have a similar effect on low
energetic electrons. In the following this shadow producing effect is investigated in
detail.
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Figure 7.1: Full illumination of the magnetic flux tube. To fully illuminate the flux
tube with electrons, the irradiation of the was switched on. The was elevated
onto Urw = —50V to accelerate the electrons. To achieve a full transmission of the electron
flux, the spectrometers are grounded, so that a rate of ~ 5.5 x 10*[cps]is detected (left figure).
The background events have a rate < 1[cps| and are not shown. The left figure shows the
detector image with all superconducting solenoids operating at 20 % of their nominal field.
Consequently, the image gets compressed if the detector solenoid is ramped up to 26 % of its
nominal field, shown in the right figure. Here, the shadow-affected part is highlighted in blue.
The decrease of the shadow-affected area is attributed to the resolution of the detector. The
black dashed circle with a radius of ~ 38 mm indicates the image size which is expected from
simulations.

Rear wall not fully irradiated

In case of a not fully irradiated the resulting image could be a non-circular pixel
distribution on the detector wafer. If this is assumed to be the reason for the observed
shadowing, it should be possible to move the mapped image of the on the detector
by using the dipole magnets of the In doing so one does not expect to observe
a change of the counted electron rate or any major changes of the image shape. To test
this the vertical dipole magnet at the upstream end of the was ramped to 11 A
to move the illuminated hotspot on the detector in the upward direction. The position
of the shadow, however, shows no change. This proves that the shadow is not due to an
improper irradiation.

Detector wafer not fully illuminated

By fully deenergizing the superconducting solenoid of the rear section, with all other
magnets operating at 20 % (detector solenoid at 26 %) of their nominal field, the diameter
of the electron beam from the RW/can be decreased to a diameter < 20 mm on the detector
(appendix , according to equation A significant increase of the rate of ~ 30 %
during the ramp down of the solenoid has been detected. Previously, it was mentioned
that the shadowed area results in a decrease of the overall rate by about one third. This
is the first indication that the wafer is indeed detecting the complete image when the
solenoid is fully deenergized. The fact that the hotspot is not moved to the upper part
of the wafer demonstrates that there is no major and relevant misalignment between the
and the which would otherwise have explained the shadow.
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The measurement configuration with the solenoid at zero field has resulted in a rather
narrow electron beam. This small area beam is ideally suited to scan the flux tube in x- and
y-direction by shifting the spot with the magnetic dipole coils on the rear side of
An important strategy there is to shift the beam until it collides with the beamline, which
is detected as a decrease of the measured electron rate. The absolute value of the horizontal
current of the dipole coils of +27.2 A for collision to occur is constant for left and right
direction. It is comparable with the current of —27.2 A in upward direction. However, the
current of +10.0 A in downward direction diverges significantly (appendix |Ct[FL3). Since
all dipole coils are build identically, and the beamline is expected to be radially symmetric,
the collision current should be the same for each direction. By combining this observation
with the rate increase during the ramp down of the solenoid, it can be concluded that
a potential misalignment between the and the can be excluded as underlying
reason for the shadow observed in figure

Defective detector pixels

A quick functionality check of all pixels can be performed by analyzing detector-related
background data. The data shows that each pixel counts an almost identical rate of
background electrons. A failure of the pixels or the read-out electronic therefore can be
excluded.

Collision of the flux tube along the [STS| or the beamline

As all superconducting coils along the beamline can be adjusted and controlled
individually or groupwise, a collision point between the magnetic flux tube and the beam-
line can easily be localized by separately ramping up specific coils. Here, the magneto-
optical characteristics, displayed in equation are used to compress the magnetic flux
tube and hence the guided electron beam in the section investigated. Consequently, in
the case that the collision is located in the area of the magnetic field being ramped, the
collision in the outer part of the flux tube is expected to decrease. Accordingly, the to-
tal electron rate at the detector is expected to increase. In the case of multiple collision
points, the solenoids have to be ramped up sequentially. Once a solenoid is ramped up, it
remains at the defined field, and the neighboring solenoid, or group of solenoids, is ramped
up. As the total collision area is a sum of all single areas, the total electron rate equals
the sum of the initial rate plus each single change of rate. Furthermore, it is possible to
estimate the collision area in each ramped section. The different magnetic field settings
during the search for collision points can be found in table including the change of the
detected event rate on the detector. A more detailed visualization of this rate change is
shown in figure [7.2] To obtain an impression of the mapped image, the images are
attached to the rate trend histogram. An unambiguous localization of the cause for the
shadow could not be performed, as all sections contain certain collision points. However,
the most significant change of rate was found during ramp up of the solenoid located
between pre- and main spectrometer (see table|7.1)). This lends credence to the hypothesis
that the shadow is generated inside the flapper valve, located in the warm bore of this
solenoid. Here, a rather simple explanation for the shadow would be to correlate it to a not
fully opened flapper valve. From the orientation and shape of this specific beam element
(see figure , the observed shape of the shadow would be explainable. However, this
presumption can be excluded since the opening mechanism of the valve guarantees it to
be fully opened.
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7.1. Full illumination of the magnetic flux tube at nominal magnetic fields

Table 7.1: Parameter settings during the strategic search for the blockade in the
beamline. At the beginning all superconducting solenoids are operated at 20 % of the nominal
value, except the detector solenoid with a value of 26 %. The light irradiation of the
is in operation, and the is elevated to a value of Ugw = —50V. In the first row the
operation mode noted in bold, indicates the section under investigation. In the columns below
the magnetic field settings are presented as well as the measured electron rate at the detector,
together with the internal run number and the corresponding internal loghbook entry.

mode of magnetic field settings

start PS2 CPS DPS WGTS
in % 20.0 20.0 100.0 100.0 100.0
in % 20.0 40.0 40.0 40.0 40.0
in % 20.0 20.0 60.0 60.0 60.0
in % 20.0 20.0 20.0 30.0 30.0
WGTS|in % 20.0 20.0 20.0 20.0 30.0
rate in 56.1 620 659  69.7 71.6
run number 30250 30265 30590 30685 30696
ELOG, First Light, Message ID: 8 8 9 11 12
x10*
& nominal PS2 [CPS DPS WGTS 10° &
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Figure 7.2: The observed electron rate during successive ramping of several su-
perconducting solenoid systems. The time range is segmented in five parts, starting with
run #30250 where all magnets are at 20 % of their nominal magnetic field. The second run
#30265 shows an increase of ~ 6kcps| in electron rate, as the solenoid is ramped up,
resulting from pixels next to the shadowed area. By ramping up and (run #30590
and #30685) the rate change is about ~ 4kcps} Some new pixels are hit by electrons, however
only on the upper and right part of the image. Ramping up the WGTS in run #30696 is
changing the electron rate only insignificantly.
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Figure 7.3: Flapper valve between and and the shadowed rear wall image
on the detector wafer in downstream direction. The flapper valve is slightly tilted
inside the beamline part between pre- and main spectrometer. The left picture shows the
flapper valve during installation works prior to First Light measurement campaign, looking in
downstream direction. The valve disc is completely open, as assumed during measurements.
On the right side the event pattern on the detector wafer is mirrored to obtain an equivalent
pixel view in downstream direction. A visual comparison between both figures indicates that
the shadow and the flapper valve indeed feature approximately the same tilt, as the highlighted
area is tilted by 7.5°, and the flapper valve is tilted by ~ 10°.

7.1.3 Characteristics of the identified blockade

The successive ramp up of the solenoids along the beamline described previously did not
allow to definitively identify a collision point of the flux tube that could explain the ob-
served shadow. However, there is a clear evidence for the fact, that low-energy electrons
are blocked in the area of the solenoid. This blocking effect could be traced back to
an electrostatic potential, which reflects low-energy electrons from the To test this
hypothesis, the starting energy of electrons was increased step-wise by setting the
to a more negative potential, typically in steps of —10V every 20 seconds (appendix
FL4). To obtain comparable results, all solenoids are operated at 20 % of their nominal
field (except detector solenoid at 26 %). The corresponding change of the count rate on
the is shown in figure Indeed, as expected in this scenario, the ramp up of
the potential is causing an increase of the observed electron rate and the shadowed
area decreases. Finally, at large potential offsets, the image is completely projected
onto the resulting in a 22.8 % higher count rate, which is in good agreement with
the previously estimated effect of the shadowed area. Thus, it can be concluded that the
observed shadow is due to an electrostatic blockade in the region of the magnet.
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Figure 7.4: Correlation between the count rate and the rear wall potential.
To verify the hypothesis of an electrostatic blocking potential, the potential is increased
in —10V steps every 20 seconds, starting with —20V. A higher voltage than —110V can not
be reached with the power supply in use during the measurement. The change in rate between
the standard elevation potential of =50V (59433.4 and the maximum —110V (77016.3

is 22.8% (appendix|C} [FL4).

7.1.4 Localization of the electrostatic blockade

To investigate whether the flapper valve inside of the magnet is indeed correlated
with the origin of the shadow, the entire valve is elevated to positive potential. This is
possible as the valve is electrically separated by insulators on both ends against the two
spectrometers. For this investigation the voltage was set to —20V. The flapper valve
beamline part was connected to positive potential, starting at 0 V, and increasing every 20
seconds by a value of +10V (appendix . Figure shows the change of the rate
during this measurement, which resulted in a fully projected image onto the at
a potential offset of +90V at the flapper valve. As figure and demonstrate, the
count rate on the is directly correlated with the potential between the and the
shadow generating beamline part inside the warm bore of the magnet. It provides
unambiguous evidence for an electrostatic blocking potential produced by the flapper valve
components.

7.1.5 Conclusion

During the First Light measurements the was mapped onto the wafer as a wide
beam electron source. The shadow observed in the event pattern of the could be
traced back to a negative electrostatic potential in the regime of the magnet. More
specifically, the flapper valve causes a reflection of the low-energy electrons from
the[RW! This blockade can be overcome by increasing the potential of electrons at the RW!
In view of the limited amount of measurement time, it could not be conclusively clarified
which part of the flapper valve generates the electrostatic potential. Further investigations
are required to determine the formation of the electrostatic potential.
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Figure 7.5: Correlation between the count rate and the potential of the
flapper valve beside the warm bore. The electrons start with a constant energy
of —20eV at the reaching the electrostatic blocking in the regime of the flapper valve
between the pre- and main spectrometer, which is connected to positive potential that is
step-wise increased every 20 seconds by +10V (appendix .

7.2 Alignment measurements in STS

The main goal of the analyses presented below is to identify the largest collision-free size
of the magnetic flux tube by characterizing the transmission of each beamline section.
To measure the alignment and the transmission characteristics of the magnetic flux tube
in each section, the bottleneck method is used, which was explained in the previous
section It relies on an pencil beam to scan each magnetic bottleneck by projecting
it onto the wafer as a specific shape. The shape of the bottleneck image results from the
collision between the magnetic flux tube and the beamline surface includes information
about the alignment and transmission characteristics of the magnetic flux tube in the
bottleneck section investigated.

Although the global superconducting solenoid system of the beamline was operated at
a value of 20 % of their nominal magnetic field, the alignment and transmission results
can be transferred 1:1 to a field layout with up to 100% of the nominal field. This
was demonstrated by simulations discussed in section [6.1.3l In all field layouts, there
are two important magnetic flux tube sizes: 191 Tem? and 210 Tem?, occupying a well-
defined volume inside the global beamline, as described in section This volume is
independent of the overall magnetic field. Since only this volume is of interest and not
the magnetic flux value, the results are described by the “magnetic flux equivalent” at the
nominal magnetic field (see section [5.3).

7.2.1 Overview

Below measurements with the pencil beam are detailed. At first the scanning principle
by shifting the pencil beam using the superconducting dipole magnets of the is
verified. This is of major importance since it is used later on for analysis of the measured
magnetic bottlenecks. The method used to calculate the pencil beam center is prone to
be influenced by some effects, which also will be discussed in this section.
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Then the investigation of magnetic bottlenecks is presented in section A full area
pencil beam to scan circular shaped bottlenecks had to postponed, due to limited mea-
surement time. Consequently, only the pencil beam is used to scan magnetic bottlenecks
in horizontal and vertical direction, resulting in four image shape points. The bottleneck
is identified once the measured electron rate at the detector drops significantly (see section
6.2.3). The four measured points thus correspond to the collision points of the magnetic
flux tube with the surface of the beamline and can be used to calculate the mapped
bottleneck image, thereby providing information about transmission characteristics and
alignment systematics between the bottleneck section examined and the detector.

As outlined preciously, a precise position of the pencil beam on the detector wafer can not
be determined. Each measured collision point is related to a dipole current, the so-called
collision current, which in combination with the linear correlation between dipole current
the pencil beam shift, results in a much more precise determination of the pencil beam on
the detector wafer. Accordingly, the shape of the bottleneck image can be calculated more
precisely, in addition, dipole currents include information about the alignment between
the bottleneck being probed section and the The latter is cross referenced to the
in section [7.2.4

Consequently, the alignment for each[STS|component is determined relative to the detector
wafer. This allows to implement a cross check of the alignment of the components to
each other, so that the measurement and analysis techniques can be verified, as presented
in section [7.2.5

7.2.2 Shifting the electron pencil beam with the dipole magnets

For measurements with the pencil beam all beamline magnets were operated at 20 %
of their nominal magnetic field. At the beginning of the measurement campaign, the
superconducting dipole magnets were deenergized so that the pencil beam hit the
at central pixel 1. The result points to a misalignment with a slight shift in the left and
upward direction. For the beam shift measurements, the pencil image needs thus to be
centered on the detector wafer by a dipole current of +0.6 A in horizontal (x) and +2.0 A
in vertical (y) direction. Then the pencil beam is moved horizontally in x-direction, and
vertically in y-direction. The correlation between pencil beam shifts and dipole currents
are given in figure The step size of 2.0 A for the displacement currents yields delivers
a good efficiency with respect to the limited available measurement time and the required
precision.

To calculate the exact position of the pencil beam on the segmented pixel wafer, the center-
of-mass of events on the detector is calculated using Monte Carlo methods to take
in account details of the wafer geometry. A series of x- and y-scans is carried out until
the pencil beam collides with the beamline. During data-taking, a collision is defined
as rate drop to 10 — 20 % of the original rate (see section[6.2.3). In this context it has to
be noted that a halo of electrons surrounds the pencil beam, being created by scattering
processes and by background processes from the components. Unfortunately,
this halo makes up more than 10 % of the total electron rate on the detector, implying
that the last data points of each scan are already affected by a collision. These data points
are thus not used for the linear fit analysis shown in figure

109



7. First Light and the global magnetic flux tube alignment measurements

E - —+— collision affected data points
c 90 —+— datapoints used for fit
~ n . —+— simulation data points
= 40— fit leftwards direction e
e A N fit rightwards direction A
8 F LN L fit smulation p +
5 o 7
S - .
T F ﬁ’ i
c 20— ok 2
g2 b A

C T

L b

O _I 1 1 X . 1 1 1 1 I 1 1 1 1 I 1
=20 -10 0 10 20
horizontal dipole current (I,) in A
E B —+— collision affected data points
c o0 — 4+ datapoints used for fit
~ - . —— simulation data points
= a0 fit upwards direction
9} S N fit downwards direction
3 I N [ — fit simulation #
é 30 __ ,""
i} C /"
S wf A
g N 1 ’ |y
10— 1
- Pl
: 4
0 _I 11 I | I I - I | I I - I | I I - I | I I - I "I 1 I 11 1 I 11 1 I | N | I 1
-20 -15 -10 -5 0 5 10 15 20

vertical dipole current (1) in A

Figure 7.6: Magnetic flux tube scan with the pencil beam in horizontal and vertical
direction. Displayed is the linear correlation between the current (I) of the s.c. dipole
magnets at the upstream side of the and the resulting shift of the of the pencil
beam as observed by the detector. In the upper figure the shift caused by the horizontal
dipole coils is shown, the lower figure displays the shift caused by the vertical dipole coils. The
final two measurement points on each side are removed from the analysis, as collisions with
the beamline in combination with the surrounding beam halo yields inconclusive results. In
the lower figure the effect of the electrostatic potential at the position of the flapper valve is
visible which shields electrons of the pencil beam. Hence, no data above I, = +14 A are used,
these are strongly affected by the electrostatic blockade. Even at lower currents a systematic
non-linearity of the correlation is found which is attributed to the shadow as well. To compare
the corresponding shift to Kassiopeia simulations, the figures include simulated dipole shifts.
In the upper figure the simulation and the measurement data for the horizontal direction show
a distinct deviation. The same deviation is observed for the vertical direction. Measurement
and simulation in the upward vertical direction are in perfect agreement.
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At the time of these first measurements the shadow in the lower part of the detector had
not yet been identified as being due to an electrostatic blockade, as explained in section|7.1]
Consequently, the electron acceleration potential at the was fixed to Ugwy = —50V.
The ensuing electrostatic blockade could not be passed by electrons, as shown in figure
The mapped pencil beam image for each measurement point of the dipole current is
presented in figure|B.2/and [B.3|in the appendix. Following linear correlations are identified
for the four scans with the dipole coils:

mim

S(Lix) = (+1.91£0.01) T2 Iy — (0.52 £ 0.03) mm, (7.1)
S(I_x) = (—1.85 + 0.01) % — (0.16 £ 0.05) mm, (7.2)
S(I_y) = (+1.87 % 0.05) % Iy — (3.40 £ 0.39) mm, (7.3)
S(I4y) = (—2.07 + 0.03) % _ +(3.34+0.27) mm. (7.4)

The misalignment between the center of the pencil beam and the wafer center in case
of deenergized dipole coils results in an offset for each direction. The value is provided
by linear equations. A misalignment of x = —0.34mm was determined for the horizontal
direction making use of equations and For the vertical direction, an offset of
y = +3.37mm was determined using equations and The misalignment results
between the center of the pencil beam and the wafer center are in good agreement with
simulated results, as presented in section The maximum deviation between the
simulation and the measurement offset results is < 0.15 mm.

The simulations in section were performed for a reduced global magnetic field of 20 %
to allow direct comparison between measured and simulated data. The measured (egs.
- and simulated (egs. - linear behavior between the dipole current and
the pencil beam shift show significant deviations as visible in figure This deviation
is caused by the method used, in combination with the existing beam halo, which
surrounds the pencil beam. Consequently, the halo generates a systematic uncertainty,
which is highlighted in figure The impact of the halo on the result is outlined in
the following.

Systematic uncertainties due to the halo of the electron pencil beam

For a perfect pencil beam with sharp edge, its position on the segmented wafer can be
calculated very precisely by using the method. This was verified by simulations with
Kassiopeia. However, in the case of a realistic pencil beam impinging onto the its
surrounding halo has an impact on the calculated results. A first simplified analysis
is used to compare measured and simulated values of the pencil beam: here, only the
two pixels with the highest count rate during measurements are used. Hence, the halo can
be neglected. Afterwards, these results are compared with the results of the previous
method to scrutinize impact of the halo.

Kassiopeia simulation reveal that a pencil beam generates a hotspot at the detector with
diameter of 3.6 mm. The radial width of the inner four pixel rings is big enough so that
the pencil beam impinges onto one pixel only. In the case of 1-pixel illumination of the
pencil beam is centered to the middle of the pixel. This first approximation is verified
by simulations. On the other hand, when the pencil beam is located on two pixels, the
geometry of the outer ring elements of ~ 2mm or less, the pencil beam center can be
calculated on the basis of circular segments intersecting a circular shaped pencil beam.
Hence, the fraction covered by the circular segment is directly correlated with its expected
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count electron rate. An pencil beam without halo should have a count rate which is the
sum the two count rates of the two adjacent illuminated pixels (7 = x +w). The distance
d between the pencil beam center and the joint pixel boundary can then be calculated by
using the formula for circular segments:

X/ = %, (7.5)
d=r-cos(6/2). (7.6)

A visualization of the segmentation of a circular pencil beam is presented in figure
Although the boundary between the pixel rings is circular shaped, it was assumed for the
circular segment calculation to be straight. This is applicable as its effect on the calculated
distance is negligible to first order.

To investigate the difference between simulated and measured pencil beam events, the
appropriate run number 31392 was used. During this measurement the pencil beam was
shifted by a dipole current of +16.6 A in horizontal direction. Assuming that the real pencil
beam has the same diameter as the simulated one (3.6 mm), the pencil beam center should
be located on pixel 99, as displayed by far the highest counted rate (w = 20485.8[cps).
Due to the extended diameter of the pencil beam (3.6 mm) in comparison to the radial
width of pixel 99 (rpw = 2.29mm), the pencil beam does not fit completely into this pixel.
Hence, a part of the pencil beam area is located at the neighboring pixel, showing the
second highest count rate. Here, pixel 76 is identified with the second highest count rate
(x = 8539.0[cps)). By analyzing only these two pixels and neglecting pixels affected by the
beam halo, a rate ratio of 0.29 was determined resulting in a distance of 0.6 mm between
the pencil beam center and the joint boundary. Since the joint boundary has a radial
distance to the wafer center of +34.7mm, the total shift of the pencil beam center is
x = +35.3mm. Corresponding simulations provide a pencil beam position at 16.6 A of
x = +34.9 mm, resulting in a distance of 0.2 mm between the pencil beam center and the
joint boundary. The difference between simulated and calculated pencil beam positions is
0.4mm. Hence, the simulation results are in good agreement with measurement results to
first order.

Using the method to analyze the pencil beam center for run number 31392, a shift
of x = +4+32.5mm was calculated. Comparing this result with the circular segment
result, a significant deviation of about 2.80 mm is determined in horizontal direction. A
visualization of the horizontal pencil beam scan and the resulting deviation between
and measured pencil beam result is shown in figure A linear dependence between the
size of the deviation and the shift distance of the pencil beam to the wafer center can be
obtained by analyzing all data. This gap, which is generated by the halo in combination
with the method, corresponds to the systematic uncertainty of the pencil beam center
in radial direction. Hence, the systematic uncertainty in radial direction is given by the
linear correlation coefficients of ~ 0.1 (~ 10 %).

To calculate the uncertainty for the tangential direction, the pixel geometry and the specific
arrangement of the pixels have to be taken in account. The pixel rings are rotated by 15°
against each other. Hence, once an pencil beam is located on two pixels on neighboring
rings, such as in the previous example shown in figure[7.8] systematic uncertainties for the
tangential direction are limited by radial boundaries. Since these have a displacement of
15° for two neighboring pixel rings, the maximum systematic uncertainty for the tangential
direction is 7.5°.

The deviation between the results and simulation results of the pencil beam scan can
thus be resolved by taking into account the outlined uncertainties.
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pixel 99

Figure 7.7: Visualization of the circular segment calculation. The figure shows the
pencil beam distribution on two pixels. The total area of the pencil beam A corresponds to
the total counts of electrons . A fraction of these counts y is located on a neighboring pixel
(pixel 76), demonstrated as the small circular segment A,. The distance d between the beam
center and the pixel boundary can be calculated according to equation
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Figure 7.8: The calculated pencil beam centers during a horizontal scan over the
wafer. Shown are the calculated pencil beam centers using the method for the horizontal
scan across the wafer using the dipole coils on the rear part of the (blue points). The
highlighted pixel area shows the halo that surrounds the pencil beam hotspot at an outer
radius on the wafer. The significant influence of this halo on the results of the method
is emphasized by the two dashed lines. The blue line shows the calculated shift in horizontal
direction using the method. The red line shows the measured pencil beam center, which
is comparable with the pencil beam center of the simulation for a dipole current of 16.6 A. It
demonstrates that the method is noticeably influenced by the halo, since the simulated
hit point fits perfectly with the two pixels 76 and 99, which have the largest measured count
rate.
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7.2.3 Investigation of the magnetic bottlenecks in STS

In this section the alignment of single components relative to the detector wafer as
well as the global transmission characteristics are discussed. First the transmission char-
acteristics are determined with the pencil beam by scanning the magnetic bottleneck until
beam collision with an inner beamline surface is achieved. Since the segmented detector
wafer has limited spatial resolution, the measurement data does not include information
on the exact point of impingement of the pencil beam onto the wafer. To reach a sub-pixel
precision, the linear correlation between dipole current and beam shift has to be used (see
section . With calibrated collision currents, an exact position on the detector wafer
can be calculated.

The largest collision-free flux tube is projected onto the detector wafer as a “negative
image” of the collision points. Its radius can be calculated by analyzing the distance
between single collision points and by comparing the image radius with the radii in table
The center of the “negative image” in comparison to the center of the wafer yields the
alignment information between the investigated bottleneck section and the detector wafer.
In the case of perfect alignment to the investigated bottleneck section, the collision
currents would be identical the same for each direction. If not, this is an indication for
a relative misalignment between these components. The alignment between the and
the investigated bottleneck section can then be calculated using the average of collision
currents for each direction.

Following the discussions in the section on simulation results, the order of the experimental
investigations is identical: first, the bottleneck is created with the solenoids
and then with the solenoids, and finally with the solenoids. To recap briefly:
simulations of the bottleneck at the part of and showed no collisions or
constrictions, therefore, due to the limited measurement time an investigation of this part
was omitted.

7.2.3.1 Section-wise investigation of the flux tube image

In the following the flux tube transmission characteristics are determined for each single
section via the previously introduced collision point identification (CPI) method. At first
the measurement results of the measured method are presented, using the measured
collision currents and the linear equations - for the measured linear dependency.
These results are compared with the simulated results for the method using simulated
collision currents and linear equations - for the simulated linear behavior. As
deviations of the linear fits (see figure for measured and simulated pencil beam shift
occur, as a result of are due to the systematic uncertainties of the method (see section
, a combined analysis is performed. Here, the linear equations of the simulations
(equation: f are used together with measured collision currents, hereinafter named
“combined method”.

To verify the results of the linear fit analysis, another approach is used, the so-called “4
last illuminated pixels” method is used in addition. This method is based on Monte
Carlo simulations: first of all, three (out of four) collision pixels with the largest distance
to the wafer center are selected and a hit point within each pixel geometry is randomly
diced by Monte Carlo. A circle is then calculated to connect all three Monte Carlo hit
points. Afterwards, it is calculated whether the fourth collision pixel lies on the calculated
circle. The benefit of this analysis approach is that it directly uses the information given
by the detector. Due to the pixel size, the result of this method is a distribution of
the circle radii as well as a distribution of the circle center. These results can be compared
with the results of the method.
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WGTS

During measurements, the rear section solenoid, as well as magnets and of the
were ramped down to 15% of their nominal field, while all other magnets were
operated at 20% (see figure . The pencil beam was then shifted by increasing the
dipole currents in 2.0 A steps, starting at 0.0 A, until the beam collided with the
source tube and a rate change is detected. The four collision currents are given in table
and are compared to corresponding shifts of the pencil beam resulting from the
method, as well as simulation results for of the method. Significant deviations between
the simulation and measurement results can be traced back to the halo, which causes
systematic shifts at the outer detector radii. Using the combined method, the radius
of the collision-free magnetic flux tube is 38.7mm. To verify this result, the previously
described method is used to calculate the largest collision-free magnetic flux tube.

The results of the method are presented in figure The radii distribution indicates
a bottleneck image on the detector with radii between 38.0 mm and 39.2 mm. This
result is in excellent agreement with the result of the combined [CPIlmethod. Both analysis
methods indicate that the 210 Tem? flux tube can be guided collision-free through the
WGTS (see table [7.2)).

Since the four collision points do not include information about collisions in other areas of
the circle-shaped flux tube, a fully illuminated electron flux tube was used to investigate
these outer areas. In section|7.1 these measurements with the serving as a wide beam
electron source were discussed. As outlined, they covered an area of the 195 Tcm? magnetic
flux tube equivalent.

Table 7.2: Collision currents and corresponding collision points for the
bottleneck. The calculated collision points for the measurement data, simulated data and a
combined analysis are presented below. The analyzing strategies of the used method were
discussed in section During this measurement, the solenoids and were

operated at 15 % of nominal field, creating the magnetic bottleneck, demonstrated in figure

The mean radius per axis is given by X and 7 (egs. and .

displacement (S(7)) in mm

dipole current (I) in A

direction measurement simulation measurement simulation combined
+x +19.40 4+19.6 +36.53 £4.77 +40.544+0.11 +440.12 4+ 0.68
—X —18.00 —20.4 —-33.14+4.33 —42.16+0.55 —37.26+0.59
X 18.70 20.0 34.84 + 4.55 41.35 +0.33 38.69 £ 0.64
+y —16.60 —20.0 +37.70+4.93 +45.33+0.76 +438.19+0.64
-y +21.15 +20.0 —36.15+4.72 —-38.89+0.89 —41.33+0.97
vy 18.88 20.0 36.93 + 4.82 42.11 +£0.83 39.76 £ 0.81
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Figure 7.9: Distribution of possible radii of the flux tube image on the
detector wafer. The radii distribution in blue shows the result using the three pixels which
have the largest distance to the wafer center. The fourth pixel reduce the radii distribution
as shown in black method). The expected image radius of the 210 Tem? magnetic flux
tube is about 38.8 mm (see table and is drawn as a red dashed line. The four pixel radii
distribution includes the radius of the 210 Tem? magnetic flux tube.
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Figure 7.10: Projection of the bottleneck in the onto the detector wafer.
By using the four last illuminated pixels, a Monte Carlo simulation was used to fill the pixel
area uniformly with events. The vertical pixels and the pixel on the left side of the figure
are used to calculate the radii distribution for three pixels (see figure . Afterwards the
calculated radii distribution was modified by adding the fourth pixel, which is located on the
right side of the figure method). The mean radius of the four pixel radii distribution
was added to the figure, visualizing the projected bottleneck image of the onto the

walfer.
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Figure 7.11: Simulation and measurement results of the rear wall image by ap-
plying a bottleneck in the The left figure shows the wide beam image of the
Kassiopeia simulation. Since there is a misalignment in the simulation model of ~ 3.0 mm
in positive y-direction, but a negligible < 0.2mm in positive x-direction, a current of +1.6 A
was used for the simulation to center the image on the wafer in vertical direction. A radius
of 37.4mm could be determined and is highlighted as a dashed white circle (see figure .
For the measurement on the right side of the figure, the image was also centered on the
wafer using the dipole coils. The resulting image shows some pixels illuminated in the
upper part of the wafer, which emphasizes that a part of the UV light had released electrons
outside of the active region of the The majority of the count rate, however, can be found
in the same area as in the simulations. A radius of ~ 37.0mm was thus determined for the
measured circular-shaped image, which is highlighted as black dashed circle. The circle radius
is determined by assuming the circle center to correspond to the wafer center. If the circle
center is assumed as being independent of the wafer center, as in the case of a not perfectly
aligned wide beam image onto the an image radius of > 37.0 mm is possible.

In a first step, the pencil beam and hence the image was adjusted to the center of
the detector wafer with a dipole current of +0.7 A in horizontal and +2.27 A in vertical
direction (appendix . Afterwards, the pencil beam was switched off and the wide
beam source was turned on. The detected image on the detector wafer shows no collision
points between the beamline and the 195 Tcm? magnetic flux tube equivalent, which is
illuminated by the wide beam (see figure . The corresponding simulations show that
a collision-free guiding of the electrons leads to an image with radius of 37.4mm
on the wafer (see table [6.1). The method shows that this radius can be mapped
collision-free onto the Figure shows the simulated and measured image
including the images, radius of 37.4mm. The shape of the measured wide beam image
is not as perfect as the shape of the simulated wide beam image. It is possible that the
light irradiation at the generates additional electrons above the disc at the
stainless steel chamber. As shown in table the 191 Tem? flux tube equivalent
gives a radius at the detector of ~ 37.0 mm. Accordingly, the outcome of all measurement
and analysis techniques provides unambiguous evidence that the 191 Tem? flux tube can
be guided collision-free through the entire source section.
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DPS

After the bottleneck measurements, the solenoids were ramped down to 15 %
of their nominal values to create a magnetic bottleneck there. The solenoids
and were still operated at 15% of their nominal field. First, the collision points
were scanned by shifting the pencil beam with the dipole coils of the WGTS| as explained
earlier. The results are shown in table From the measurement data method), the
largest collision-free magnetic flux is found with radius of (34.02 4 4.44) mm. A comparison
between simulated and measured mean currents yields a near perfect match (see table
. If the combined method is used for analysis of the measured collision currents,
a maximum magnetic flux tube with radius of > 37.8 mm is found.

The[4LIP]method is used again to cross check these flux-tube radius results. The identified
range of possible radii varies between 37.9 mm and 38.2 mm, as shown in figure The
four illuminated pixels used for the method together with the calculated mean radius
is given in figure The radii distribution confirms the results of the combined
analysis of a collision-free 191 Tecm? magnetic flux tube guiding. For a detailed investi-
gation of the flux tube shape, the wide beam source was used. To center the wide beam
image on the detector, the same correction currents were used as in the bottleneck
case. The mapped image is displayed in figure image on the detector wafer
is not completely centered, as pixels on the left side on the last illuminated ring (pixel 105 -
107) show a higher counting rate as pixels on the right side (pixel 99 and 88). A validation
for a reduction of the 195 Tem? magnetic flux tube equivalent in horizontal direction has
thus not been achieved.

The results of the collision currents and the method show that the 210 Tcm? mag-
netic flux tube equivalent cannot be guided collision-free through this beam element. The
omega-shaped geometry of the beamline together with the extensive beamline instru-
mentation, as detailed in section is the likely source of the reduced magnetic flux
tube size, which is most pronounced in horizontal direction. Since the is located in
the horizontal part of the 210 Tcm? magnetic flux tube of the [CPS| a collision in the
beamline parts would directly affect the measurement of the source activity (see section
3.3.2.4). Hence, a collision has to be prevented. Therefore, the measurement was repeated
with a reduced magnetic bottleneck of 17.5 % of the nominal magnetic field.

Table 7.3: Collision currents and corresponding collision points for the bot-
tleneck. The calculated collision points for the measurement data, simulated data and a
combined analysis are presented below. The analyzing strategies of the [CPIlmethod were dis-
cussed in section During this measurement, the solenoids were operated at 15 %
of their nominal field, creating a magnetic bottleneck. The mean radius per axis is given by X

and ¥ (eqgs. and .

dipole current (I) in A

displacement (S(7)) in mm

direction measurement simulation measurement simulation combined
+x +18.35 +18.4 +34.53 £4.51 +38.06 +0.58 +437.96 &+ 0.66
—X —18.20 —18.6 —33.514+4.38 —38.48+0.056 —37.67+0.60
X 18.28 18.5 34.02 = 4.44 38.27 £0.32 37.81 £0.63
+y —15.80 —19.0 +36.05+4.71 +43.23+0.29 +436.51 +0.63
-y +21.10 +19.0 —-36.06+4.71 —-36.77+1.18 —41.22+0.97
v 18.95 19.0 36.06 +4.71 40.00 £ 0.74 38.87 +£0.80
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Figure 7.12: Distribution of possible radii of the flux tube image on the
detector wafer. The radii distribution in blue shows the result for the three pixels which
have the largest distance to the wafer center. The inlet shows the radii distribution for the
method in black. The radii distribution of the method is limited due to the arrangement
of the four pixels and especially pixel 88 which has the shortest distance to the wafer center
(see figure . The expected image radius of the 210 Tem? magnetic flux tube equivalent
is about 38.8 mm and is drawn as a red dashed line. The four pixel radii distribution includes
the radius of the 191 Tcm? but not the radius of the 210 Tem? flux tube equivalent.
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Figure 7.13: Projection of the bottleneck in the onto the detector wafer. By
using the four last illuminated pixels, a Monte Carlo simulation is used to fill the pixel area
uniformly with events. The vertical pixels and the pixel on the left side of the figure are used
to calculate the radii distribution for three pixels (see figure [7.12). Afterwards the calculated
radii distribution is narrowed down by adding the fourth pixel (pixel 88), here located on the
right side of the figure. The mean radius of the four pixel radii distribution is highlighted as
a black circle, visualizing the projected bottleneck image of the onto the detector wafer.
The highlighted circle demonstrates the narrowed-down four pixel radii distribution since the
circle is located on the outer boundary of the horizontal pixels, which defines the largest radius,
and on the inner boundary of the vertical pixels, which defines the smallest radius.
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Figure 7.14: Measurement results of the rear wall image when applying two bot-
tlenecks with different magnetic field in the The left figure shows the wide beam
image in combination with a magnetic bottleneck of 15% nominal field. The radius of
the 191 Tem? magnetic flux tube was determined by simulations as well as by calculations
(~37.0mm) and is highlighted a dashed black circle in both pixel patterns of the see
table It demonstrates that pixels 88 and 99 detect a lower counting rate in comparison
to other illuminated pixels inside the circle. The loss of rate can be caused by a collision.
However, the last illuminated pixels on the left side of the wide beam image (pixels 105 -
107) display a higher count rate than expected. A possible explanation is that the image is
shifted slightly to the left side without being influenced by collisions. The right figure shows
the wide beam image in combination with aDPS|magnetic bottleneck of 17.5 % nominal field
together with the expected image radius, highlighted as black dashed line. In comparison to
the left image, the image is better centered on the wafer, as the right side pixels obtain a larger
counting rate while the left side pixels lose counts.

In this case only the collision current of +19.2 A in positive x-direction shows a significant
change. Using the combined method, a collision-free magnetic flux tube radius of
> 38.6 mm is found. However, the method delivers identical results for magnetic
bottlenecks of 15% and 17.5%, as the four last illuminated pixels remain unchanged.
Therefore, the 195 Tcm? magnetic flux tube equivalent was illuminated again with
electrons. As shown in figure the two pixels 99 and 88 nearly reaches their nominal
counting rate equivalent to the other pixels. Two different explanations are possible, the
first one being that the lower magnetic field shifts the image slightly to the left side,
as explained before. The second is that collisions are eliminated, as the magnetic flux tube
is compressed by the higher magnetic field, according to equation

The corresponding simulations exhibit nearly the same behavior of a reduction of the
magnetic flux tube size in horizontal direction at 15 % of nominal magnetic field, in com-
parison to the measurement results. The results for all analyzing techniques indicate a
collision-free 191 Tcm? magnetic flux tube guiding through the beamline part at 15 %
of the nominal value. However, the 210 Tcm? magnetic flux tube is strongly influenced
by collision. Using a slightly higher magnetic field, as is implemented with the magnetic
bottleneck of 17.5% of the nominal value, the measurements still show collisions of the
210 Tem? magnetic flux tube. An unambiguous collision-free magnetic flux tube size could
not be provided, since the different measurement and analysis techniques show discrepan-
cies in the results. For future measurements, an even stronger increase in the solenoid
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currents should thus be envisaged.

CPS

As shown in the previous section, magnetic bottlenecks in the elements at 15 % and
17.5 % nominal value decrease the radius of the collision-free magnetic flux tube such that
it dominates the size of the usable magnetic flux tube in the part of KATRINL To
compare the results of the bottleneck measurements of [CPS| and [DPS| the [DPS| was kept
at the last setting of 17.5 %. Then the flux tube scans give mean currents almost identical
to the simulated collision currents (see table [7.4). These measured currents show similar
results as for the bottleneck and for the bottleneck at 17.5 % nominal value.
By analyzing the collision currents with the method, the maximum collision-free mag-
netic flux tube is (35.2 £ 4.6) mm. However, for the combined method the maximum
collision-free magnetic flux tube is > 38.8 mm. The method yields a possible radius
range between 38.0 mm and 38.7mm, as shown in figure A mean radius of 37.1 mm
is determined and highlighted in figure

For a more detailed investigation of the flux tube shape, the wide beam source is used.
To center the wide beam image on the detector, the same correction currents are used as
in the bottleneck case. The mapped wide beam image is displayed in figure
which is complemented by the wide beam image in combination with the magnetic
bottleneck at 17.5 % of the nominal value. Almost no difference of the bottleneck on
the mapped image in comparison to the bottleneck can be seen. Consequently, it is
highly plausible that the 195 Tcm? magnetic flux tube equivalent can be guided collision-
free through the beamline part.

The combination of the operated at 15 %, at 17.5 % and at 15 % nominal
magnetic field shows that the transmission of the magnetic flux tube for nominal magnetic
field setting is affected by the only. All analyzing techniques find that the 191 Tcm?
magnetic flux tube can be guided collision-free through the beamline part. There is
also a high likelihood to guide the 210 Tem? magnetic flux tube collision-free through the
beamline part.

Table 7.4: Collision currents and corresponding collision points for the bot-
tleneck. The calculated collision points for the measurement data, simulated data and a
combined analysis are presented below. The analyzing strategies of the used method have
been discussed in section During these measurement the solenoids were operated
at 15 % nominal field, creating the magnetic bottleneck. The WGTS| bottleneck (solenoids
and was kept at 15 %, and the solenoids were operated at 17.5% of nominal field.

The mean radius per axis is given by X and ¥ (egs. and [6.6).
dipole current (I) in A

displacement (S(I)) in mm

direction measurement simulation measurement simulation combined
+x +19.40 +19.4 +36.53 £4.77 +40.124+0.16 +40.12 4+ 0.68
—X —18.40 —19.6 —33.884+4.43 —40.52+0.51 —38.08 & 0.60
X 18.90 +19.5 35.21 £+ 4.60 40.32 +£0.33 39.10 £ 0.64
+y —15.50 —18.0 +35.43+4.63 +41.13+0.41 +35.884+0.62
-y +21.40 4+20.0 —36.62+4.78 —38.894+0.10 —41.86=+0.98
v 18.85 19.0 36.03 +4.71 40.01 £ 0.25 38.87 +£0.80
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Figure 7.15: Distribution of possible radii of the flux tube image on the
detector wafer. The radii distribution in blue shows the result for the three pixels which
have the largest distance to the wafer center. The inlet shows again the radii distribution for
the method in black. The radii distribution of the method is more narrow due to
the arrangement of the four pixels and especially pixel 99, which is closest to the wafer center
(see figure . The expected image radius of the 210 Tem? magnetic flux tube equivalent
is about 38.8 mm and drawn as a red dashed line. The four pixel radii distribution includes
the radius of the 191 Tem?, but the radius of the 210 Tem? magnetic flux tube equivalent is
located virtually at the right tail of the four pixel radii distribution.
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Figure 7.16: Projection of the bottleneck in the onto the detector wafer. By
using the four last illuminated pixels, a Monte Carlo simulation was used to fill the pixel area
uniformly with events. The vertical pixels and the pixel on the left side of the figure are used
to calculate the radii distribution for three pixels (see figure . Afterwards the calculated
radii distribution is narrowed down by adding the fourth pixel (pixel 99), which is located on
the right side of the figure method). The mean radius of the four pixel radii distribution
is highlighted as black circle, visualizing the projected bottleneck image of the onto the
detector wafer. The highlighted circle demonstrates the narrow four pixel radii distribution
since the circle is located on the outer boundary of the horizontal pixels, which defines the
largest radius, and on the inner boundary of the vertical pixels, which defines the smallest
radius.
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Figure 7.17: Results of measurement of rear wall images by applying a bottleneck
in the and in combination with a bottleneck in the The left figure shows
the image of the bottleneck at 17.5 % nominal field, the right picture shows the
combination of the bottleneck at 17.5% and the bottleneck at 15% nominal field. In
both figures the radius (~ 37.0mm) of the 191 Tcm? magnetic flux tube is highlighted as a
dashed black circle, see table Comparing the illuminated pixel within the highlighted
circle, no significant change of rate can be detected. The upper part of the figures visualizes
that the[CPS|bottleneck reduces the magnetic flux tube size, as illuminated pixels on the upper
part of the right pixels get disappeared due to the bottleneck. Hence, the bottleneck in
the has an impact on the magnetic flux tube, but not on the inner 191 Tem? magnetic
flux tube.

7.2.3.2 Alignment of the single STS components to the detector

In table the alignment of the single sections with respect to the detector wafer
is summarized, where the wafer is used as origin of the coordinate system. Two positions
on the wafer are calculated for each direction separately. Since four collision points are to
be provide, two collision points are at hand for each axis. Taking the two collision point
(S(I4x) & S(Ix) or S(I4y) & S(Ly)) of one axis, the image center (x or y) on this axis is
half of the difference:

S(Iix) + S(Ix)

X = 5 , (7.7)
(- Sz +S(L) .

The position of the image center on the wafer center for a) the measurement, b) the
simulation and c) the combined method is calculated using calculated collision points
from tables (7.2 and The systematic uncertainty caused by the beam halo (see
section is taken from the measurement positions as well (see table[7.5). There, the
combined analysis is displayed. The alignment results of the method are shown
in figures 7.18] [7.19/and [7.20l They illustrate the distribution of the circle centers for all
determined circle radii.
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Table 7.5: Results for the alignment between the components and the detec-
tor wafer. The alignment results summarized below are obtained by analyzing the magnetic
bottleneck results from the last section. Here, the analyzed collision points of the measured
and simulated bottlenecks at 15 % nominal field of each section are used. Systematic uncer-
tainties of the experimental alignment results are caused by the halo, since these are linked
to uncertainties of the determined collision points. In addition, the combined method to
calculate the alignment is displayed. The center of the wafer is used as origin of the coordinate

system.

displacement in mm

section axis measurement simulation combined
WGTS x +1.704+£455 —-0.81+0.44 +1.434+0.64
WGTS y  +0.78£4.82 +3.224+0.86 —1.57+0.81
DPS x +0514+444 —-0.21+0.19 +0.154+0.63
DPS y —0.01+4.71 +3234+0.96 —2.36=+0.80
CPS x +1.33+4.60 -0.20+0.42 +1.02+0.64
CPS y +0.60+4.71 +1.12+£0.18 —2.99+0.80
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Figure 7.18: Calculated alignment distribution of the four pixel radii distribution
of the bottleneck projection onto the detector wafer. By using the
method the center of the calculated circle is independent of the wafer center. The figure shows
the distribution of the calculated circle centers in relation to the center of the detector wafer.
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Figure 7.19: Calculated alignment distribution of the four pixel radii distribution
of the bottleneck projection onto the detector wafer. By using the 4LIP| method
the center of the calculated circle is independent of the wafer center. The figure shows the
distribution of the calculated circle centers in relation to the center of the detector wafer.
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Figure 7.20: Calculated alignment distribution of the four pixel radii distribution
of the bottleneck projection onto the detector wafer. By using the 4LIP| method
the center of the calculated circle is independent of the wafer center. The figure shows the
distribution of the calculated circle centers in relation to the center of the detector wafer.
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Table 7.6: Alignment of the single sections to the rear wall. To obtain comparable
alignment results, here the center is used as coordinate origin. The second and the third
columns present those dipole currents which correspond to collision currents for each direction.
In the last three columns the different alignment results are presented, starting with the
measured results, followed by simulated results, and finally the combined-analysis results via

the method.
dipole current in A displacement in mm
section axis measurement simulation measurement simulation combined
WGTS X +0.70 —-0.4 +0.724+0.21 -0.464+0.10 +0.80=+0.04
WGTS y +2.28 +0.0 —-246=+0.72 =+£0.00£0.01 -2.65+0.14
DPS X +0.08 —0.1  +0.084+0.02 -0.114+0.02 +0.09 %+ 0.00
DPS y +2.65 +0.0 —-2.86+0.83 +0.00+0.01 —-3.09+£0.17
CPS X +0.50 —-0.1  +0.514+0.15 —-0.114+0.02 +40.56 4+ 0.02
CPS y +2.95 +1.0 -3.18+0.93 —-1.16+0.25 —-3.44+0.19

7.2.3.3 Alignment of the single STS components to the rear wall

The alignment between single sections to the center can be calculated using the
method, but instead of using the collision currents, the deviation of the current for the
two collision currents in each direction of a scan is used. In general, the bottleneck section
investigated and the are not operated with identical magnetic fields. Therefore,
the shift distance of the pencil beam inside the section does not correspond to the shift
distance on the detector wafer. However, due to the conservation of the magnetic flux, the
calculated shift on the detector wafer can be translated based into the shift distance inside
the bottleneck by using equation The calculated shift distance inside the bottleneck
then is the relative alignment between the and the bottleneck section, and vice versa.
These alignment results are outlined in table The measured and combined results
of the method are in good agreement, apart from the previously mentioned

alignment in y-direction.

7.2.4 Rear wall to detector alignment

The overall alignment between the and the can be determined by using the
workhorse of this thesis, the pencil beam. In doing so, the pencil beam is guided by a
global magnetic field setting at 20 % of the nominal value. At first the hit point on the
is measured, as presented in figure The position of the pencil beam on the
detector wafer is calculated with the method. The accuracy of this method is limited
due to mentioned spatial resolution of the the extended dimensions of the pencil
beam (diameter of about 3.6 mm), and finally by the surrounding halo. To obtain more
precise alignment data and to verify the method, the s.c. dipoles of the WGTS] are
used to focus the pencil beam on the “bulls eye” of the wafer, as is visible in figure
In this case the position on the wafer is known as all “bulls eye” pixels should have an
identical count rate. By using the linear equations from section the dipole currents
required to center the pencil beam on the “bulls eye” are used to calculate the position
of origin. All measurement results are presented in table and are complemented by
simulation data. The alignment results achieved are in good agreement.
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Figure 7.21: Hit point of the electron pencil beam on the and centered
electron pencil beam on the by using the s.c. dipole coils of the
The upper figure displays the case where the global s.c. solenoid system operates at 20 % of
nominal field. The electron beam is guided without interference by dipole magnets through
the beamline. The center of the impact point, highlighted as black dot, is calculated with the
method. In the lower figure the global magnetic field is the same as above, but the s.c.
dipole coils on the rear part of the were energized to center the point of impact of the
pencil beam on the “bulls eye”. Ideally, all four “bulls eye” pixels display the same count rate.
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7. First Light and the global magnetic flux tube alignment measurements

Table 7.7: Measured and simulated alignment between the rear wall and the
The results presented here are generated for a global magnetic field of 20 % of nominal values.
The center of the detector wafer is used as origin of the coordinate system. The systematic
uncertainties of the measurements are given by their value.

displacement in mm displacement in mm (linear equation)
axis measurement simulation measurement simulation  combination
X —1.80 +0.40 +0.03 —0.34+0.05 —-0.15+0.24 —-0.89+0.25
y +3.30 £ 0.39 +3.38 +3.37+0.33 +3.42+£0.29 +3.69+0.41

7.2.5 Cross check of the alignment results

In the previous section the alignment results in y-direction between the and the
were shown to be in good agreement for all methods. In case of alignment results for x-
direction and measurement results are neglected, a deviation < 1 mm is determined.
Hence, the data set represents the best alignment values to be achieved. Since the align-
ment values of each section are determined relative to the and to the RW], the
two alignment results can be used to calculate the alignment between the and the
The basis of this calculation is given by the method, making use of the collision
points. Consequently, the calculated alignment between the and the is used to
verify the overall method. This is possible since the alignment values determined in
the previous section is based on using different techniques. The results are presented in
table and can be compared with the results in table This demonstrates that the
measured results are in good agreement in view of the rather large systematic uncertain-
ties. However, the simulated results are in very good agreement. The combined method,
however, shows a significant deviation.

This demonstrates that the results of the measurements are strongly influenced by system-
atic effects caused by the beam halo. The combined method include an unaccounted
uncertainty. Nevertheless, the cross check method can be used to verify the method
since the achieved simulation results for all techniques are perfectly comparable.

7.2.6 Discussion of the results

Two key objectives of this thesis have been discussed in this section: to obtain transmis-
sion characteristics for each single unit and to quantify its alignment with respect
to the detector. For both analyses the linear dependence between the dipole current and
the shift of the pencil beam was of paramount importance. The achieved results for the
linear dependence in case of experimental data show noticeable deviations in comparison
to simulated data. As was mentioned earlier in section this deviation likely orig-
inates from an extended beam halo that surrounds the pencil beam. In particular, it
significantly influences the calculated positions of the pencil beam on the detector wafer,
causing systematic uncertainties when using the method. However, when taking into
account this systematic uncertainty, measured and the simulated linear parameter values
are comparable.

An in-depth investigation of each singleSTS|section was performed by deliberately creating
magnetic bottlenecks in the corresponding sections (see section . In this process,
the electron beam was shifted across the flux tube to find four collision points for each
bottleneck to determine the largest collision-free magnetic flux tube. The bottleneck results
of the source section have nicely confirmed the corresponding simulation results indicating
that the 210 Tem? magnetic flux tube can be guided collision-free through the WGTS| with
high probability.
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Table 7.8: The results of the alignment between the rear wall and the based
on the alignment results of single components. The single alignment results
given in table 7.5 and table[7.6|from the linear equation are used to calculate the RWHo{FPD]
alignment. The center of the detector wafer is used as origin of the coordinate system.

displacement in mm

section axis measurement simulation combination
WGTS x 4+0.98 +24.76 —0.354+0.43 +40.63 +0.67
WGTS vy +3.24 £5.54 +3.22+0.06 +1.0840.95
DPS X +0.43 £4.47 —-0.10+0.29 +1.144+0.63
DPS y +2.86 £5.54 +3.23+0.44 +0.73+0.96
CPS X +0.81 £4.75 —0.094+0.36 —0.61 4+0.67
CPS y +2.59+£5.63 +2.284+0.50 +0.45+0.98

The simulation results already indicate specific potential constrictions in the beamline part
of the and [CPS| Indeed it could be shown that the instrumentation reduces
the transmission of the flux tube in the beamline significantly. With respect to the
collision points which are obtained by the method, in combination with the measured
collision currents, there is a non-zero possibility that the 191 Tem? magnetic flux tube will
collide with the beamline. However, it could be shown that the method is perturbed
by the beam halo, resulting in non-negligible uncertainties. However, all other analyzing
methods point to the fact that collisions will occur only in 210 Tem? magnetic flux tube.

Therefore, the magnetic field in the was increased to 17.5% of its nominal value to
repeat the investigation with a less pronounced bottleneck. The analysis showed that most
collisions vanished, but the full design transmission of 210 Tcm? could not be achieved.
Hence, the bottleneck had to be investigated with the still at 17.5% of its
nominal field, resulting in negligible changes in transmission characteristics. From this
it can be concluded that the alone is limiting the transmission properties of the
magnetic flux tube in the part of the beamline. By operating the on a
sufficient high magnetic field the 210 Tcm? magnetic flux tube will be guided collision-free
as well.

The alignment results of the components to the detector wafer are in good agreement
based on data from measurement, simulation, and a combined analysis. The same applies
for the alignment results of the components relative to the at the opposite end.
The method was used to calculate the alignment between the components and
the as well as the alignment between the and the components. Hence
it is possible to calculate the to alignment based on experimental results. A
direct investigation of this alignment shows a near-perfect agreement for the diverse set of
measurement and analysis techniques. This outcome can be treated as good verification
of the method in combination with collision currents.

7.3 Alignment measurements in SDS

The first alignment measurements between the main spectrometer and the detector wafer
by making use of an asymmetric magnetic field configuration were pionered by J.
Schwarz during the campaign [Sch14]. Due to a then misalignment along the
beam tube between and the the magnetic flux tube collided with parts of the
beamline, producing a shadow at the Due to the shadow, a total of 22 detec-
tor channels could not be used for the initial analysis in During the subsequent
measurement campaign the alignment measurements were refined by F. Harms
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7. First Light and the global magnetic flux tube alignment measurements

[Har15]. Mechanical position measurements at the carried out in advance enabled a
precise alignment of the system, guaranteeing the usability of all wafer pixels. However,
even the very careful positioning and alignment measurements carried out during
showed a non-negligible deviation in comparison to simulated results from Kassiopeia.

Since then the detector system was disassembled and reconstructed and the extensive and
time-consuming mechanical alignment procedures had to be repeated. In addition, the
pre-spectrometer alignment was studied for the first time. All mechanical alignment data
have now been implemented into Kassiopeia and first global alignment simulations were
carried out in this thesis (see section [6.3.2).

The following section gives an overview of the alignment measurement principles in
in section In section the asymmetric magnetic field settings are explained in
detail, followed by a summary of the alignment results in section Finally, the global
results are discussed in section

7.3.1 Overview

As mentioned in section in the campaign alignment measurements were based
on the inner wire electrode system of the spectrometers which served as electron source
via electron field emission and by secondary electron emission. Accordingly, the structure
of the electrode system can be mapped onto the detector resulting in two ring structures.
The alignment between the electrode system and the detector can then be determined by
fitting the ring structures and determine the shift between the ring centers and the detector
wafer center. A rather precise analysis is possible, since the position of the individual wire
modules was determined by laser tracker and is known to an accuracy much more better

than < 1mm [Hill1l Prall].

7.3.2 Asymmetric magnetic field measurements

To measure the alignment between the main spectrometer and the a magnetic field
configuration identical to the Kassiopeia simulations in section is used. The inner
wire electrode system is set to —120V with all other electrodes, including the main
spectrometer vessel being grounded, to generate the required conditions to ignite electron

field emission (appendix .

The alignment between the and the detector is measured with a magnetic field config-
uration equal to the simulations of section Here, the wire electrodes in the [PS|are
elevated to —100V, and its upstream electrode to an even larger potential —120V. All
other electrodes including the spectrometer vessels are grounded. The is kept at
identical parameters as during the alignment measurement.

7.3.3 Spectrometer to detector alignment

To analyze an electron field emission based ring structure, a Monte-Carlo simulation is
implemented first which to randomly distributes an overall the measured count rate over
a ring to each pixel across its geometry. The resulting uncertainty of the ring-fits is of the
order of ~ 1 mm. The determined alignment results are stated relative to the center of the
detector wafer, which also serves as origin of the coordinate system. The mean value of
the computed ring centers which indicates the alignment between the and the is
at (x) = —0.80mm and (y) = —1.75mm. For the [PS| to alignment a corresponding
displacement of (x) = —1.25mm and (y) = —2.50 mm is found.
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Figure 7.22: Measured and simulated detector view of the main spectrometer
electrode system mapped on the pixels via an asymmetric magnetic field
setting. The left figure shows the inner wire comb structure of the main spectrometer mapped
onto the The inner ring corresponds to the structural points z2, while the outer rings
corresponds to the structural points z3 in figure The structural point z1 produces the
fully illuminated circle at the “bulls eye” and the following pixel ring. Due to its broad structure
it is not used for the alignment analysis. On the right side the corresponding simulation results
are contrasted including the two rings and the mean circle center.
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Figure 7.23: Measured and simulated detector view of the pre-spectrometer elec-
trode system mapped on the via an asymmetric magnetic field setting. The
left figure shows the inner wire comb structure of the pre-spectrometer mapped onto the
Here, it is assumed that the lower part of the mapped image is influenced by an electrostatic
potential (see section as the structure is not completely mapped onto the pixels at the
lower bottom left side. The location of the electron field emission is given in figure
The inner ring corresponds to the structural points k1, while the outer ring corresponds to
the structural points k2 (see figure . The mean circle center is highlighted as white dot
located next to the center of the wafer. It is presumed that the fully illuminated circle at
the “bulls eye” and the following pixel ring are generated by the upstream part of the wire
electrode. Due to its size it is not used for the alignment analysis. On the right side the
corresponding simulation results are presented.

131



7. First Light and the global magnetic flux tube alignment measurements

Table 7.9: Results of the alignment of the and relative to the The
alignment results below were obtained with an asymmetric magnetic field configuration.
An uncertainty of about 1 mm for the measured alignment has to be taken in account due to
the ring-fit algorithm employed. Since two ring structures are fitted for each spectrometer,
the average of both results is given.

displacement in mm

section axis measurement simulation
main spectrometer  x —0.80 —0.99
main spectrometer y —1.75 —2.50
pre-spectrometer X —1.25 —1.44
pre-spectrometer y —2.50 —2.89

7.3.4 Discussion of the results

The simulation and the measurement results of the part of are summarized
in table The maximum observed deviation of 0.75 mm between simulation and mea-
surement between and the demonstrates excellent agreement when taking into
account systematic uncertainties of the applied ring fits of ~ 1mm. During the
campaign, the alignment between the and was determined to be x = +1.75 mm
and y = —2.13mm. Comparing these results to the above quoted First Light
alignment results of the a significant deviation appears in x-direction, which cannot
be explained by uncertainties. This deviation is caused by the readjustment of the
during installation work at the system in between the and First Light measurement
campaigns. Therefore, a careful asymmetric magnetic field measurement to determine the
actual alignment of both components is required after each reinstallation at the beamline.

7.4 Discussion of the global magnetic flux tube alignment

The final measurement campaign could clearly demonstrate that the modifications
that were carried out to improve mechanical alignment of the indeed did remove
several collisions of the flux tube between the and the that were observed pre-
viousely during [SDS-1| [Sch14] [Harl5| [Erh16, [Muel6]. By analyzing the mapped wire
electrode structure image, the alignment between the two components was determined.
Furthermore, these results were verified by detailed simulations with the Kassiopeia sim-
ulation tool. Numerous alignment measurements have been performed during the com-
missioning including several hardware improvements and further refinements of the
system. There is a clear evidence that each service phase of the significantly altered
the actual alignment [Sch14] [Har15| [Erh16l Muel6]. Accordingly, each hardware change at
the system requires a new alignment measurement before a subsequent measurement cam-
paign. The mechanical alignment measurements were continuously developed further and
improved, resulting in a detailed geometry data base which was implemented to optimize
the Kassiopeia code [Defl7]. Latest alignment results of the main spectrometer together
with the impact of external magnetic fields from magnetization of the reinforced concrete

of the spectrometer hall can be found in [Erh16].

For the First Light measurement campaign, the alignment measurements in the part
of were repeated in the framework of this thesis, including the first ever pre-
spectrometer alignment. For both spectrometers, asymmetric magnetic field configurations
were used, and measured and simulated results are in good agreement. The transmission
characteristics of the (and[STS| parts as well as globally) were investigated with a fully
illuminated magnetic flux tube. The detected flux tube collisions between the and
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were identified as being due to electrostatic blocking from a negatively charged component
at the flapper valve. Since only electrons with energies below 110eV are blocked, the high-
energy [3-decay electrons are not influenced. However, this electrostatic potential blocks
low-energy electrons used for alignment measurements in the lower part of the magnetic
flux tube. This result in a reduced observability of the spatial distribution of low-energy
background in the part.

To determine the alignment and transmission in the part of a various
magnetic bottleneck configurations were used. Previously implemented simulations of the
distance between the magnetic flux tube and the beamline pointed to the existence of
significant constrictions for the and beam tubes (see section [6.1.4). The
instrumentation and tube geometry was identified as critical element to reduce the mag-
netic flux tube size and to constrain collision-free transmission. The measurements were
confirmed by simulation results in the beamline. A major result is that the 210 Tcem?
flux tube is guided collision-free through the WGTS| and [CPS| beamlines. Moreover, the
measured alignment of the WGTS|and [CPS] to the detector wafer are in good agreement.
For the transmission indications for a collision of the 191 Tcm? magnetic flux tube
with the beamline were found. The simulations and the measurements could demonstrate
that a moderate increase of the magnetic field in the elements compared to the fixed
layout of the other beamline solenoids eliminate collisions in the relevant flux tube parts
up to 210 Tem?.

7.5 Ways to improve the magnetic flux tube alignment

As discussed above the beam tube elements are the most critical sections of the
beamline in terms of alignment as they limit the transmission properties during
standard operation mode. A major outcome of this thesis is the clear and strong recom-
mendation to improved the transmission by higher magnetic field in the compared
to the global magnetic field setting. Under nominal magnetic field conditions, an increase
by 17 —20% would imply that the solenoids have to operated at a field of 5.8 T,
instead of 5.0T. In view to the specified design limit of 5.5T this is not feasible. Due
to limitations of the allowed current setting of the the global magnetic field setting,
however, is reduced to 70.0% (see section [4.3.2). Accordingly, the can be operated
at higher fields of beyond 20 %. At 18.6 % higher magnetic field in a setting with reduced
global magnetic field ratio of 70.0 %, this would result in a 4.15T magnetic field of the
solenoids. The pinch solenoid is foreseen to provide the strongest magnetic field along
the beamline as it reduces the background rate on the (see section [3.1.2)).
However, its magnetic field of now 4.2 T is still higher than the increased field, thus
the field of the pinch magnet can stay at this value. Nevertheless an in-depth detailed in-
vestigation of the transmission of the elements has to be performed via the magnetic
bottleneck method for each s.c. solenoid, to provide information about potential
collision points along each beam tube. If corresponding beamline parts would be
identified, a mechanical alignment modification could be initiated in view of the modular
setup of the element. However, this mechanical alignment is rather time-consuming
and its outcome is to be verified due to the complex geometry of the beamline and
its instrumentation. Thus, at this point it is recommended to repeat the above discussed
alignment measurements with a more precise in combination with an increased
magnetic field of the solenoids.

7.6 Implication for the neutrino mass measurements

A key objective of this thesis was to determine if the 191 Tem? flux tube can be transported
undisturbed through the entire experiment. This is of major importance since it determines
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that (-electrons propagate undisturbed and without energy losses. These have to be
avoided at all costs in view of their danger to spoil the neutrino mass analysis. The
present setup has to be improved in view of the possibility that the 191 Tem? flux tube
collides with the beamline elements. The alignment results achieved here have to
be verified by future measurements, which offer the possibility to use a high-precision
at the to generate an electron beam with a radius < 0.1 mm. If the determined
reduction of the transmission properties is confirmed, it is strongly recommended
to increase the magnetic field at the for the neutrino mass measurement so that no
collisions of the 210 Tem? flux tube and the beamline occur at This extended flux
tube is essential for the online monitoring of the source activity with the located at
pump port 2 of the [CPSl The rear part of the beamline surrounded by the s.c.
solenoids and could not be investigated by the bottleneck method yet. Since this
part is of great importance to control and stabilize the source plasma via electrons, it
is recommended to investigate this part during the next alignment measurement campaign
as well.

7.7 Suggestions for future alignment measurements

The alignment and transmission measurement techniques developed in the framework of
this thesis are based on using an electron beam to scan artificial and pre-existing bottle-
necks inside the part of KATRINL They serve as ideal template for future measure-
ment campaigns. The same token applies to the asymmetric magnetic field measurements
in the part. A major improvement for the measurements will be achieved once
the of the rear section is available for the final alignment investigations. Currently,
these are scheduled for the first half of 2018. With an electron beam diameter of 177 um
inside the WGTS, the corresponding diameter at the will be about 185 um [Bab14].
The overall rate to be delivered will depend on the precision mode of the Typically
it is specified with 105 — 10° electrons per second [Bab14]. In addition, a variety of tasks of
the rear section require a halo-free operation. Also, the vacuum performance of the
global beamline will significantly surpass the First Light vacuum performance,
since all will be operational then. Accordingly, the collision probability of electrons
with the residual gas molecules will be reduced by a huge factor so that an expansion of
the electron beam size and the formation of a halo will be suppressed. This high-precision
electron beam will allow to focus on single pixel boundaries to improve on the position
resolution by a huge amount. During the measurements of the linear dependence between
the currents of the dipole coils and the resulting electron beam shift, these bound-
aries can be used as the ultimate means to localize the beam spot on the detector wafer.
Moreover, the electron rate can be used as powerful position indicator, since a perfect hit of
a pixel boundary is detected as two-pixel event with equal count rate. The radial distance
to the center is given by the ring-shaped pixel boundaries and the dipole current
in use. To minimize tangential offset, the pixel boundaries in radial direction should be
targeted in the beginning. Hence, the uncertainty of the electron beam position on the
will be greatly improved. If both magnetic dipoles are used to obtain a simultaneous
shift of the electron beam on the detector wafer in both x- or y-direction, a potential tilt
between the detector wafer and the dipole magnets can be determined as well.

A precision electron beam will allow to determine the collision points in a very precise way,
since a collision would cause an abrupt decrease of the electron count rate. Alternatively,
it may be feasible to measure the alignment of single components of the beamline instru-
mentation of the Furthermore, the tilt around the beam axis of the electric dipole
electrodes of the relative to each other could be determined, since small lobules are
welded to the inner side of the dipole electrodes. The knowledge of this tilt is important
as it strongly influences the ion removal efficiency. These measurements can be performed
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due to the fact that each single solenoid current can be controlled separately, allowing
to apply the bottleneck method for each beam tube element of In this way it will
be possible to determine the alignment of the unit in beam tube five, which is of
key importance to assess the sensitivity of this device. Finally, the position of the
can be determined for different monitoring positions, including illumination tests of the
sensitive part of the detector array.
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CHAPTER 8

Summary and outlook

The thesis at hand describes works performed during the First Light measurement cam-
paign, which were targeted to examine the magnetic flux tube alignment inside the 70-m
long beamline. A second major objective of this thesis was to investigate the
temperature stability and homogeneity of the source tube during the commissioning of the
cryostat. The results obtained are essential prerequisites so that the experiment
can reach an absolute neutrino mass scale with a sensitivity of 200meV (90 % C.L.) and
a bo discovery potential of 350 meV.

The Standard Model of particle physics describes the neutrinos as massless, neutral and
weakly interacting particles. However, the discovery of neutrino oscillations has provided
irrefutable evidence that neutrinos possess a non-vanishing mass. Relic neutrinos from the
Big Bang are the most abundant massive particles in the universe, with each cm® containing
339 of these enigmatic particles. Due to their non-vanishing mass and their free-streaming
property, they have influenced the formation and evolution of large-scale structures in the
early universe. A direct and model-independent determination of the absolute neutrino
mass scale would allow to pin down one of the key input parameters of cosmological
models. Additionally, the observation of the absolute neutrino mass scale could provide
a first hint at how masses are generated beyond the Higgs mechanism. Therefore it is
of key importance for cosmology and particle physics to determine the absolute scale of
neutrino masses. The high-precision spectroscopy of tritium [3-decay close to its 18.6 keV
endpoint is well-suited to determine the fundamental neutrino mass scale, since even sub-
eV neutrino masses cause a distinct distortion of the spectral shape a few eV below the
endpoint. The experiment is the leading next-generation tritium neutrino mass
experiment, which will surpass the previous experiments at Mainz and Troitsk by one
order of magnitude in sensitivity. This ambitious objective requires to increase statistics
by a factor 100, while at the same time reducing systematic uncertainties by two orders
of magnitude. This will be achieved by combining the well-established technique of a
windowless gaseous tritium source and a retarding spectrometer based on the
filter technique.

The source is designed to provide an activity of 10" B-electrons per second.
Since only a tiny fraction of 2 x 107! of all B-decays occur in the last 1 eV interval below
the endpoint, a signal count rate of a few is expected in a region of a few eV below FEjy.
Hence, three net years of data taking, corresponding to five calender years of experimen-
tal run time, are necessary to reach the required statistics for the aspired neutrino mass
sensitivity. As fluctuations of the activity in the windowless gaseous tritium source lead to
systematic uncertainties, it has to be stabilized on the 0.1 % level. This requirement neces-
sitates similar stability levels for several parameters: the injection pressure of the tritium
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gas into the source tube, the pumping efficiency of the [TMP5, and most challengingly,
the temperature of the source tube. To minimize the tritium throughput and mitigate
the effect of thermal Doppler broadening of (3-electron energies, the source gas and the
surrounding beam tube have to be cooled to 30 K. One key objective of this thesis was
to determine if this specific temperature regime can be reached, and, more importantly,
whether an 0.1 % level of stability can be achieved.

In autumn 2015 the assembly of the cryostat was completed and the large unit was
delivered to to complete the beamline of source-related components. The commis-
sioning of the included to operate the source tube cooling system and to calibrate
the temperature sensors. The long-term temperature measurements of the source tube
could demonstrate that the design operating temperature of 30 K can be achieved. The
average value of the temperature stability of (3.28 £ 1.68) mK/h recorded over a time pe-
riod of 16 days is one order of magnitude better than the specified temperature stability
of 30mK/h. This allows to operate the well within its uncertainty budget. The
required temperature homogeneity along the 10-m long source tube exceed specification
tough, as the temperature on the rear end is about 500 mK higher in comparison to the
center and the front end of the source tube. However, based on the excellent results for
the temperature stability, this inhomogeneity can be implemented into the source model,
avoiding systematic effects in the neutrino mass analysis.

To exclude systematic from energy losses of signal electrons due to the wall interactions, the
magnetic flux tube within the beamline has to guide (3-electrons adiabatic and collision-free
from their point of origin through the 70-m long setup to be counted at the detector. In this
context two magnetic flux tube sizes have to be distinguished. First, the flux tube value
of 191 Tem?, guides all signal B-electrons to be used in the analysis. Second, the larger
flux value of 210 Tcm? serves as buffer area, “shielding” the 191 Tcm? magnetic flux from
collisions due to misalignment. In addition, it is of key importance to monitor the source
activity via the unit located at the outermost rim tube in downstream direction at
the The main objective of this thesis was to investigate the adequate alignment
of the magnetic flux tubes within the beamline. In particular it should be determined if
[-electrons can be guided without collision or interception in both flux tubes to minimize
systematics.

The integration of the components to a 70-m long beamline was finished in early 2016,
in parallel to the commissioning of each component. In this context, the main spectrometer
and detector system, forming a major part of [SDS| were already commissioned during two
previous measurement campaigns, [SDS-I| and [SDS-II, between 2012 and 2016. The last
missing component to complete and hence the global KATRIN|beamline was integrate
the pre-spectrometer in summer 2016. Due to the parallel commissioning of the individual
sections, the s.c. solenoids could be operated together for the first time to form a global
magnetic flux tube over 70 m. In fall 2016 two artificial electron sources, providing a pencil
beam and a wide beam, were installed at the rear part of the beamline, to enable a first
detailed alignment measurement campaign of the magnetic flux tube.

Due to the very detailed mechanical alignment of individual components during
construction and commissioning it was possible to create a realistic data set and model
of the entire beamline as input for the Kassiopeia software package. Based on actual “as-
built” geometries of the solenoids, it allows to perform precise tracking of electrons along
magnetic field lines. In combination with the implemented electron pencil beam, these
tracking simulations allow to verify and assess experimental findings. A novel technique
introduced and pioneered by this thesis is the pencil beam scanning of the magnetic flux
tube. To this end, the s.c. dipole magnets in the rear part of the WGTS| were operated for
the first time. The linear dependence between the lateral shift of the pencil beam at the
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surface of the detector wafer and the dipole current was used for a variety of alignment
investigations. At first the pencil beam was centered to the center of the wafer. This is an
essential prerequisite for the so-called magnetic bottleneck method, where the magnetic
field in the section investigated is reduced. This allows to search for collision points. To do
s0, the specific bottleneck between the magnetic flux tube and the inner beamline surface
is scanned via the pencil beam. Mapping of the pencil beam shift until disappearance
on the detector wafer allows to test the alignment of the investigated section relative to
the Most importantly the collision-free guiding of the magnetic flux tube can be
verified after the shift displacement is calibrated. The corresponding simulations verify
that the 191 Tem? magnetic flux tube can indeed be guided collision-free through the
entire beamline. However, the 210 Tcm? magnetic flux tube is intercepted horizontally
within the beamline. By operating the solenoids of the at a slightly higher
magnetic field as designed, collision of the 210 Tcm? magnetic flux tube can be avoided,
resulting in a collision-free guiding through the entire setup and enabling monitoring by

the

The alignment between the spectrometers and the detector was investigated by using the
“asymmetric magnetic field method”. It is based in deenergizing the upstream solenoid of
the investigated spectrometer, resulting in a widening of the magnetic flux. This allows to
detect field-emission electrons from the inner electrodes of the spectrometer. The resulting
ring-shaped image on the detector wafer allows to obtain precision information of the
alignment between the investigated spectrometer and the A key constrain for the
investigations of this thesis was the fact the magnetic field had to be reduced for the “First
Light” measurements. Simulations performed at different field settings have verified that
the alignment measurements are independent of the absolute global magnetic field, as long
as all coils are reduced by the same factor. A variety of complex measurement strategies
was successfully used to determine the alignment of the magnetic flux tube during First
Light.

A key result was the verification of the excellent linear dependence between the pencil
beam shift on the wafer and the dipole current. Due to the non-optimum vacuum
conditions then, the measurement was influenced by a halo surrounding the pencil beam.
This has induced systematic effects and introduced significant uncertainties in several
alignment results. Despite this, the experimental alignment results obtained are similar
to the simulation results. The key message of both experiment and simulation is that
only the reduces the magnetic flux tube size horizontally. This limits transmission to
the inner 191 Tem? magnetic flux tube, which is guided collision-free through the entire
beamline at nominal magnetic field settings. By operating the at a slightly higher
magnetic field, the collisions of the larger 210 Tcm? magnetic flux tube can be avoided
completely. Hence it should be possible to monitor the source activity in the outer rim
of the 210 Tem? magnetic flux tube by the [FBM. Individual sections of both and
[SDS| showed no significant misalignment with respect to the Hence, a mechanical
realignment of individual sections or a magnetic flux tube alignment by using the s.c.
dipole magnets of the is not required. This alignment result, in combination with
the verified integrity of the 210 Tcm? buffer area, “shields” the signal electrons in the entire
beamline and mitigates dangerous energy losses from small angle scattering at the inner
beam tube surface.

By using a wide beam of low-energy photoelectrons, the transport characteristics of the
magnetic flux tube over its entire length of 70 m could be measured for the first time. The
initial result was the surprising observation of a shadow visible on the bottom part of the
detector wafer. Further investigations revealed the shadow to be caused by an electrostatic
potential located at the flapper valve between the pre- and the main spectrometer. It
reflects low-energy electrons with energies below 100eV. Since electrons from tritium f3-
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decay feature energies in the keV regime, they will not be influenced by this electrostatic
potential. However, the electrostatic potential influences and limits the investigation of
background electrons generated along the beamline as well as in the pre-spectrometer.
Further investigations are necessary to identify the exact cause of the potential so that the
component can be modified to remove the electrostatic potential.

The upcoming commissioning phase III of in the first half of 2018 will allow
to investigate the alignment of the magnetic flux tube in even more detailed. This will
be possible after the of the rear section becomes available and conditions in
the beamline prevail, which provide a halo-free electron beam with sharp geometric edge
and a lateral beam size in the sub-mm range. It will yield a more detailed picture of
the magnetic flux tube alignment inside the beamline by using the established magnetic
bottleneck method.

Finally, during the writing of this thesis the assembly and installation of the extended
beamline instrumentation was completed. Based on the results of this thesis, the magnetic
flux tube can be expected to fulfill all requirements to measure the effective neutrino mass
with a sensitivity of 200meV at 90 % C.L. over five calendar years.
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Appendix

A Setup of the beamline during First Light
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Figure A.1: Construction progress of the beamline instrumentation during
First Light. The beamline was evacuated during First Light with one [TMP| which is
highlighted in red. A system consisting of three dipole electrodes located in beam tubes 2 — 4
(BT II-1IV) and one ring electrode (I) located in beam tube 5 (BT V) were already installed.
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Appendix

B Single runs of the pencil beam scan
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B. Single runs of the pencil beam scan
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Appendix

C Internal bibliography

The sources listed below are only available for the KATRIN collaboration. These are the
electronic logbook and the Basic Support of Cooperative Work server
of the state education server. If you have any questions about the sources below, please
contact the author of this work: Moritz Hackenjos, moritz.hackenjos@kit.edu.

C.1 ELOG - First Light

FL1 FirstLightPlus, Message ID: 5

FL2 FirstLightPlus, Message ID: 8

FL3 FirstLightPlus, Message ID: 14

FL4 FirstLightPlus, Message ID: 19

FL5 FirstLightPlus, Message ID: 31

FL6 FirstLightPlus, Message ID: 32

FL7 FirstLightPlus, Message ID: 34

FL8 [SDSIMeasurements Phase 3, Message ID: 1

C.2 ELOG - Main Detector

MD1 [ELOG] Main Detector, Message ID: 47
MD2 ELOG] Main Detector, Message ID: 51

C.3 ELOG - DPS
DP1 Message ID: 179

C.4 BSCW

BW1 95 General Meetings and Review Panels, Collaboration Meetings, 31. Collaboration
Meeting, Parallel A2, 95-TRP-6111-A2-KSchoenung.pptx

BW2 95 General Meetings and Review Panels, Collaboration Meetings, 32. Collaboration
Meeting, Plenary 5, 95-TRP-6221-P5-MKlein.pptx

BW3 95 General Meetings and Review Panels, Collaboration Meetings, 32. Collaboration
Meeting, Plenary 2, 95-TRP-6206-P2-MSteidl.pptx

BW4 95 General Meetings and Review Panels, Collaboration Meetings, 32. Collaboration
Meeting, Plenary 3, 95-TRP-6210-P3-WGil.pptx
C.5 Design Reports

DR1 KATRIN Cryostat Design, CMI, Confidential Report

DR2 Superconducting Magnet Systems for the Differential Pumping Section , Cryo-
stat Heat Load Calculations, CMI, Confidential Report

DR3 Design Report
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List of acronyms

AC
AGS
ALEPH
ATLAS
BIXS
BSCW
CAD
CERN
(0]

CPS

cps

CM
CMI
CMS
CPI
DONUT
DPS

EC
ECHo
EGUN
ELIOTT
ELOG
EMCS
FBM
FPD
FT-ICR
HV

IE

Air Coil

Alternating Gradient Synchrotron
Apparatus for LEP physics

A Toroidal LHC Apparatus

Beta-Induced X-ray Spectrometry

Basic Support of Cooperative Work
Computer-aided design

Conseil Européen pour la Recherche Nucléaire
Charge and Parity

Cryogenic Pumping Section

counts per second

Center-of-mass

Cryomagnetics, Inc.

Compact Muon Solenoid

Collision point identification

Direct observation of the nu tau

Differential Pumping Section

Electron Capture

Electron Capture '%*Ho

Electron gun

Electron Impact IOn Source To Test the DPS
Electronic Loghook

Earth Magnetic field Compensation System
Forward Beam Monitor

Focal-Plane Detector

Fourier Transform-Ion Cyclotron Resonance
High voltage

Inner electrode
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List of acronyms

KATRIN Karlsruhe Tritium Neutrino

KIT Karlsruhe Institute of Technology
LARA Laser Raman

LEP Large Electron-Positron Collider
LFCS Low-Field Correction System

LHe Liquid helium

LN, Liquid nitrogen

MAC-E Magnetic-adiabatic collimation combined with an electrostatic
MS Main Spectrometer

MSW Mikheyev-Smirnov- Wolfenstein
M1 Magnet number 1 of the WGTS
M2 Magnet number 2 of the WGTS
M3 Magnet number 3 of the WGTS
M4 Magnet number 4 of the WGTS
M5 Magnet number 5 of the WGTS
M6 Magnet number 6 of the WGTS
M7 Magnet number 7 of the WGTS
NMR Nuclear-magnetic resonance
PMNS Pontecorvo-Maki-NNakagawa-Sakata
PMT Photo-multiplier tube

PS Pre-Spectrometer

PS1 Pre-Spectrometer magnet 1

PS2 Pre-Spectrometer magnet 2

QED Quantum Electrodynamics

RMS Root-Mean-Square

RS Rear Section

SDD Silicon drift detector

SDS Spectrometer and Detector Section
SDS-I 15* commissioning phase of the Spectrometer and Detector Section
SDS-II 2" commissioning phase of the Spectrometer and Detector Section
SDS-ITA SDS-II - part A

SDS-IIB SDS-II - part B

SDSS Sloan Digital Sky Survey

SLC Stanford-Linear Collider

SM Standard Model
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List of acronyms

SNLS
SSM

STS

RW

T2K
TLK
TMP
UHV

uv
WGTS
WGTS-R
WGTS-F
XML
4LIP

Supernovae Legacy Survey

Standard solar model

Surce and Transport Section

Rear Wall

Tokai to Kamioka

Tritium Laboratory Karlsruhe
Turbomolecular pump

Ultra-high vacuum

Ultra violet

Windowless Gaseous Tritium Source
Windowless Gaseous Tritium Source-Rear
Windowless Gaseous Tritium Source-Front
Extensible Markup Language

4 last illuminated pixels
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