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Abstract

One of the open questions in particle physics
is the mass of neutrinos. It is multiple orders
of magnitude smaller than the mass of any
other known particle and the mechanism be-
hind it has not been established yet. And
even though the mass differences between
the mass eigenstates are known, the abso-
lute mass scale is not.

To determine the absolute mass scale, the
Karlsruhe Tritium Neutrino (KATRIN) ex-
periment measures the tritium beta-decay
spectrum around its endpoint at 18.6 keV.
The KATRIN experiment has set the current
best limit of 0.8 eV/c? (90 % confidence level,
C.L.) and is currently accumulating more
statistics while also attempting to reduce sys-
tematics in order to reach a sensitivity of
0.2eV/c? (90% C.L.).

Fundamentally, KATRIN operates by
performing high-precision electron spec-
troscopy. It uses a high-luminosity gaseous
tritium source and an integrating spectrome-
ter that combines magnetic collimation with
an electrostatic filter.

Any imprecision in measuring an elec-
tron’s energy distorts the beta-decay spec-
trum, which leads to a bias in the measured
neutrino mass. In this thesis, characteristics
that can result in such distortions, namely
the energy loss inside the source, the spec-
trometer’s retarding potential, and the over-
all energy scale, are investigated and their
effects are reduced successfully.

Within the source, beta-decay electrons
can scatter inelastically on tritium. The scat-
tering processes include electronic excita-
tions and ionization of tritium molecules.
The energy loss that results from this scatter-
ing needs to be determined precisely so that
it can be accounted for in the spectrum anal-
ysis. Measurements using a time-of-flight
method to measure the energy loss in a dif-
ferential way are presented in this thesis. Us-
ing these measurements, a semi-empirical
description of the energy-loss function is de-
termined which is used as input for the neu-
trino mass analysis.

At the spectrometer, instabilities of the re-

tarding potential affect the transmission con-
ditions and alter the measured spectrum. For
example, a Gaussian broadening of the re-
tarding potential of 60 mV (3x10™® = 3 ppm
at 18.6 kV) would distort the spectrum in a
way that results in a 7 x 107> eV?/c* shift of
the measured squared neutrino mass value.
To reduce this, a precision stabilization for
the retarding potential is in place which
is combined with calibration procedures to
trace the measured retarding potential value
to a metrological standard. Its implementa-
tion for routine use at KATRIN’s spectrome-
ter and further improvements are presented
within this thesis. Overall, the retarding po-
tential is shown to have sub-ppm precision
and ppm trueness on time scales from mi-
croseconds up to years.

The energy scale of KATRIN also includes
other components besides the retarding po-
tential, such as work functions of various
surfaces or the plasma potential inside the
source. To calibrate the full energy scale,
conversion electrons from the 32.2-keV tran-
sition of the nuclear isomer #3™Kr are used.
Comparing the measured energies to the ap-
propriate literature values allows for an inde-
pendent evaluation of the energy scale, but
the uncertainties in some of the literature
values obtained by gamma spectroscopy are
a limiting factor. Building upon the already
excellent linearity of KATRIN’s energy scale,
a novel method for determining the #™Kr
transition energies via high-precision elec-
tron spectroscopy is proposed. Notably, the
method makes use of conversion electrons
from the 41.6-keV direct transition of 83™Kr
to its ground state in addition to conversion
electrons from the much more frequent cas-
cade of a 32.2-keV and a 9.4-keV transition.
By implementing this method, KATRIN may
be able to deliver order-of-magnitude im-
provements in precision over current #™Kr
transition energy literature values.






Zusammenfassung

Eine der offenen Fragen in der Teilchen-
physik ist die Neutrinomasse. Sie ist meh-
rere Groflenordnungen kleiner als die Mas-
se jedes anderen bekannten Teilchens und
der genaue Mechanismus, wie das Neutri-
no seine Masse erhilt, ist bisher noch un-
geklart. Obwohl die Massendifferenzen zwi-
schen den Masseneigenzustanden bekannt
sind, ist die absolute Massenskala bisher
noch unbekannt.

Zur Bestimmung der absoluten Massen-
skala misst das Karlsruhe Tritium Neutrino
(KATRIN) Experiment das Tritiumspektrum
an seinem Endpunkt (bei 18,6 keV). Das KAT-
RIN-Experiment hat das bisher beste Limit
von 0,8 eV/c? (90% Konfidenzniveau, C.L.)
gesetzt und aktuell wird mehr Statistik ge-
sammelt und gleichzeitig versucht, die Syste-
matiken zu verringern, um eine Sensitivitat
von 0,2 eV/c* (90% C.L.) erreichen zu kon-
nen.

KATRINs grundlegendes Funktionsprin-
zip ist hochprazise Elektronenspektroskopie.
Verwendet wird dabei eine gasférmige Triti-
umgquelle mit hoher Luminositét und ein in-
tegrierendes Spektrometer, welches magneti-
sche Kollimation und einen elektrostatischen
Filter vereint.

Jegliche Ungenauigkeit bei der Messung
der Elektronenenergien verzerrt das aufge-
nommene Betazerfallsspektrum und fithrt
somit zu einem systematischen Fehler in der
gemessenen Neutrinomasse. Innerhalb die-
ser Doktorarbeit werden Eigenschaften des
KATRIN-Aufbaus, welche genau solche Ver-
zerrungen verusachen, untersucht und ihre
Auswirkungen reduziert. Hierzu zéhlen En-
ergieverluste innerhalb der Quelle, das Re-
tardierungspotential des Spektrometers und
die gesamte Energieskala des Experiments.

Innerhalb der Quelle konnen Betazerfalls-
elektronen inelastisch an Tritium streuen.
Zu den Streuprozessen gehoren elektroni-
sche Anregungen und Ionisation der Triti-
ummolekiile. Energieverluste, die von Streu-
ungen verursacht werden, miissen sehr ge-
nau bestimmt und dann in der Spektrums-
analyse beriicksichtigt werden. Messungen,

die eine Flugzeitmethode anwenden, mit der
die Energieverluste auf differentielle Wei-
se bestimmt werden konnen, werden in der
vorliegenden Arbeit vorgestellt. Unter Ver-
wendung dieser Messungen wird eine se-
mi-empirische Beschreibung der Energiever-
lustfunktion bestimmt, welche dann einen
grundlegenden Baustein in der Neutrino-
massenanalyse bildet.

Am Spektrometer beeinflussen Instabili-
tiaten des Retardierungspotentials die Trans-
missionsbedingungen und verfalschen das
gemessene Spektrum. Zum Beispiel kann
eine Gaufische Verbreiterung des Retardie-
rungspotentials von 60 mV (3-107° = 3 ppm
bei 18,6 kV) das Spektrum so verfalschen,
dass die gemessene quadrierte Neutrinomas-
se um 7-107%eV?/c* verschoben wird. Um
diesen Effekt zu verringern, existiert eine
Prézisionsstabilisierung des Retardierungs-
potentials, welche erginzt ist mit Kalibrie-
rungsprozeduren, die das gemessene Re-
tardierungspotential auf einen messtechni-
schen Standard zurtickfithren. Ihre Imple-
mentierung fiir den reguliren Messbetrieb
an KATRINs Spektrometer und weitere Ver-
besserungen werden in der vorliegenden Ar-
beit vorgestellt. Insgesamt konnte gezeigt
werden, dass das Retardierungspotential auf
Zeitskalen von Mikrosekunden bis zu Jahren
eine Prizision besser als 1 ppm und eine Ge-
nauigkeit im einstelligen ppm-Bereich auf-
weist.

Neben dem Retardierungspotential be-
inhaltet die Energieskala von KATRIN noch
weitere Komponenten. Dazu zdhlen Aus-
trittsarbeiten von verschiedenen Oberfla-
chen und das Plasmapotential innerhalb
der Quelle. Um die gesamte Energieskala
zu kalibrieren, werden Konversionselektro-
nen von dem 32,2-keV-Ubergang des Iso-
mers 33™Kr verwendet. Der Vergleich der
gemessenen Energien mit zugehorigen Li-
teraturwerten ermdglicht eine unabhéngi-
ge Bestimmung der Energieskala, die je-
doch durch die Unsicherheiten in den aus
Gammaspektroskopie bestimmten Literatur-
werten limitiert ist. Ausgehend von der be-
reits exzellenten Linearitdt von KATRINs En-
ergieskala wurde eine neue Methode ent-
wickelt, um die 33™Kr-Ubergangsenergien
mithilfe von Hochpréazisionselektronenspek-



troskopie zu bestimmen. Die Methode ver-
wendet sowohl Konversionselektronen des
direkten 41,6-keV-Ubergangs von #3™Kr zu
seinem Grundzustand als auch Konver-
sionselektronen der sehr viel hiufigeren
32,2-keV-9,4-keV-Ubergangskaskade. Falls

diese Methode bei KATRIN implementiert
wird, sind Prazisionsverbesserungen um ei-
ne Groflenordnung gegeniiber den aktuellen
83mKr-Ubergangsenergieliteraturwerten er-
reichbar.
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Introduction

Almost seventy years after their detection and over ninety years af-
ter their postulation, the mass of the neutrinos remains an unsolved
puzzle in particle physics. Neutrinos are electrically neutral particles
and come in three known flavors, more precisely three weak interac-
tion states, called electron, muon, and tauon neutrinos. Each weak
interaction state is a linear superposition of mass eigenstates, and as
the neutrinos propagate through space they can oscillate from one
flavor into another. The oscillation parameters such as the differences
between the mass eigenstates are known nowadays to a precision of
a few percent but the absolute mass of the neutrino mass eigenstates
is not known yet.

Already before their first direct observation [Cow+56], measure-
ments of the tritium beta-decay spectrum limited the neutrino mass to
values below 1000 eV/c? [HP49; CAC49]. Today, many years and many
different experimental setups later, the neutrino mass value is known
to be smaller than 0.8 eV/c? [Kat22]. Neutrinos are the lightest known
particles and their mass is at least 6 x 10° times smaller than the mass
of the second lightest particle (the electron), raising questions about
the mechanism behind their small mass.

On the experimental side, efforts are ongoing to further improve
the upper limit on the absolute mass value. The best limit to date
(0.8 eV/c?) has been set by the Karlsruhe tritium neutrino (KATRIN)
experiment, but KATRIN aims to achieve an even higher sensitivity of
0.2 eV/c? (at 90 % confidence level) [Kat05].

The KATRIN setup consists of a high-luminosity gaseous tritium
source from which beta-decay electrons are magnetically guided into a
high-precision spectrometer that combines magnetic collimation and
an electrostatic filter. The electrostatic filter transmits only electrons
with energies above a certain threshold, controlled by the retarding
potential. After transmission, the remaining electrons are guided to
the detector where they are counted. In order to accumulate an inte-
gral electron spectrum, the retarding potential is adjusted repeatedly
in a step-wise manner. For the neutrino mass analysis, the beta-decay
spectrum is measured close to the endpoint at 18.6 keV where the effect
of the neutrino mass is most pronounced.
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Inside KATRIN’s gaseous tritium source, beta-decay electrons can
inelastically scatter on tritium gas. Neglecting the energy loss caused
by scattering distorts the measured beta-decay spectrum, and thus
distorts the extracted neutrino mass value. To reduce this systematic
effect, in-situ energy-loss measurements are performed. Monoener-
getic electrons from an electron gun are shot into the tritium source
from the end opposite of the detector, and from there they travel the
same way to the spectrometer as the beta-decay electrons. At the spec-
trometer, the electrons’ energy relative to their energy before entering
the source is precisely measured and thus the energy loss inside the
source is evaluated. The resulting energy-loss function is used as an
input for the neutrino mass analysis.

Another important parameter for the neutrino mass analysis is KA-
TRIN’s energy scale. It needs to be linear and stable during the mea-
surements. For example, a Gaussian broadening of 60 meV shifts the
measured squared neutrino mass value by 7 x 107 eV?/c* [Kat05].

A key component of the energy scale is the retarding potential.
Any instability it exhibits incurs a broadening of the energy scale.
To achieve KATRIN’s sensitivity goal, the standard deviation of the
retarding potential should be below 60 mV which translates to a sta-
bility requirement of 3 ppm (3 x 107°) on a wide range of time scales
(from microseconds up to months). A measurement chain with two
precision high-voltage dividers [TMW09; Bau+13] is in place and it
is combined with a custom-made MHz-bandwidth regulation loop,
called “post-regulation” [Rod+22]. The high-voltage setup stabilizes,
sets, and measures the retarding potential with the required precision.

Other components influencing KATRIN’s energy scale are work
functions of spectrometer and source surfaces, and the plasma poten-
tial inside the tritium source. All individual components combined
lead to a systematic shift of the fitted effective tritium endpoint. As
long as the shift is stable over time or its drift is known from external
measurements, the neutrino mass analysis is not affected.

In the neutrino mass fit, the effective endpoint and the squared neu-
trino mass value are strongly correlated parameters with a correlation
coeflicient of 0.97 [Kat19]. Therefore, any systematic that leads to a
shift in the fitted effective endpoint also biases the measured neutrino
mass. In turn, this effect can be used to check for hidden system-
atics in the neutrino mass by translating the effective endpoint into
the Q-value [OW08] and comparing it with the Q-value obtained by
independent measurements of the tritium-helium-3 mass difference
[Str+14; Mye+15]. For such a cross-check the absolute energy scale
needs to be determined. Measuring the energies of #™Kr conversion
electrons and comparing them to appropriate literature values allows
for an independent evaluation of the energy scale, limited by the un-
certainties of the #™Kr transition energies.

This thesis is outlined as follows:

Chapter 1 gives a general introduction to neutrino physics.
Chapter 2 introduces the KATRIN experiment.

Chapter 3 explains how the energy-loss function for electron scatter-
ing on tritium is determined using a time-of-flight measurement
technique.

12



Chapter 4 details the stabilization and calibration of the retarding po-
tential.

Chapter 5 describes a novel method for determining the #3™Kr transi-
tion energies with KATRIN’s high-precision electron spectroscopy.

13






Throughout this work, a
citation after a full stop
always concerns the
entirety of the paragraph
preceding it.

Retrospectively, the
continuous nature of the
beta-rays was already
visible in the absorption
measurements by Wilson
[Wil09]. Instead of varying
exponentially with the
thickness of the material,
the ionization varied
linearly, with the exception
of “a small portion at the
end of the curve” [Wil09].

1 Neutrino physics

In the early 20th century, the discovery of radioactivity by Becquerel
[Bec96] inspired many investigations on this new phenomenon. Soon,
the discovered radiation was classified into three types: alpha, beta
and gamma radiation. Their naming reflects the thickness of shielding
needed (alpha rays need the least amount of shielding). Due to their
interaction with magnetic fields, alpha rays were identified as posi-
tively charged “particles”, the beta rays as negatively charged, and the
gamma rays as neutral particles. [Rut99; Rut03]

Contrary to the expectations from experience with mono-energetic
alpha and gamma radiation, Chadwick [Chal4] measured a continuous
beta-ray spectrum. Additional measurements by Ellis et al. [EWR27]
and Meitner et al. [MO30] have since confirmed the — at that time -
unexpected and puzzling result. Furthermore, these measurements
proved that the beta decay is not characterized by a definite beta-
ray energy, unlike alpha and gamma decay. And they excluded the
possibility of a continuous gamma-ray emission to compensate the
missing energy of the beta rays. [MO30]

In a “desperate attempt” to explain the observations, Pauli [Pau30]
proposed to introduce an additional particle. The particle should be
electrically neutral, with a spin of 1/2, not traveling with the speed
of light, and “in any event not larger than 0.01 proton mass”. [Pau30]
With this particle, the beta decay becomes a three-body process allow-
ing for the beta rays to vary in energy. Building on the experimental
results, including the discovery of the neutron [Cha32] and Pauli’s sug-
gestion, Fermi [Fer34] developed a theory to explain the beta decay
and named the new particle “neutrino”.

Continuing on the historical path, the next section gives a brief
overview on observations on weak interactions and neutrinos, lead-
ing to the description of the neutrino in the Standard Model. With the
discovery of the neutrino oscillations, described in section 1.2, an ex-
tension of the Standard Model which covers the generation of neutrino
masses is inevitable and two of such possible extensions are presented
in section 1.3. In section 1.4, methods to determine the neutrino mass
are presented.

15



1.1 Neutrino observations and their integration
into the Standard Model

Twenty years after the neutrino hypothesis, Reines et al. [RC53a] set
out for a definite proof. Even though the neutrino is the ideal explana-
tion for the observed beta-decay spectra, observing a neutrino’s effect
remote from its origin point would resolve any doubts for its existence
and might uncover more of its properties [RC53a].

Antineutrinos emitted in the beta decay of nuclear fission progenies
in a reactor were chosen as source. For their detection, the antineu-
trino capture reaction (inverse beta-decay)

Vet+tp ——e€" +n. (11)

was employed with a water solution of cadmium chloride as target.
Both reaction products, the positron and neutron can be revealed via
detection of photons. For this, the target is surrounded by scintillation
detector. The positron annihilation produces a prompt photon signal,
which is followed by the delayed photon signal created by the capture
of the neutron by the cadmium. An antineutrino signal was then
identified by the time-coincidence of both signals and their energies.
[Cow+56]

After the first hints for a detection [RC53b], the setup was im-
proved, including among other things an increased target volume
and improved background shielding. At the new setup, the first dis-
tinct neutrino signature, from an electron antineutrino, was observed
[Cow+56].

Later, two other neutrino flavors were observed. First the muon
neutrino [Dan+62] and then almost forty years later the tauon neu-
trino [Kod+01]. The direct neutrino detection validated Fermi’s theory
for the beta decay, but it was missing one important characteristic of
weak interactions: parity violation. At present, parity violation is in-
cluded in Fermi’s theory and in this form still valid to describe most
of the low-energy weak interactions [Zub20].

If parity is conserved in a process, its mirrored process has the same
probability as the original. Wu et al. [Wu+57] investigated parity by
measuring beta decay in nuclear spin polarized cobalt-60. The decay
is given by

80Co — ONi* + e + V,. (1.2)

The mirrored configuration was achieved by reversing the magnetic
field and with it switching the polarization of cobalt-60. The emitted
electrons showed a clear preferred spin direction opposite to the spin
of the cobalt-60 nucleus and therefore violating parity. [Wu+57] In all
other known fundamental forces: the strong force, electromagnetic
force and gravity, parity is conserved.

One year later, Goldhaber et al. [GGS58] published results of an
experiment measuring the helicity of the neutrinos. A particle has
positive helicity if the directions of spin and momentum align and
negative helicity if they are opposite. The experiment used the elec-
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tron capture of europium-152

e+ P2Eu — v, + P2Sm* —— y + %Sm.

J=0 J=1 J=0

(13)

Due to the nuclear spin J = 0 of !2Eu, the spin of the initial state
is characterized by the spin of the electron J, = +1/2. The spin of
the initial state together with the premise that J = 1 for 32Sm* and
J = 0 for *2Sm implies that the spins of photon and neutrino can only
be opposite. Their helicity matches if they are emitted in opposite
directions (opposite momenta). Using resonant absorption on samar-
ium-152 for the photon detection restricts the detected photons to only
those emitted in opposite direction to the neutrinos. [GGS58]

For photons, the helicity is equivalent to its circular polarization,
which was measured via Compton scattering inside a magnetized
iron block [Zub20]. From the photon measurement, Goldhaber et al.
[GGS58] showed that only electron neutrinos with negative helicity
take part in the weak interaction reaction (1.3).

Negative helicity is often linked to “left-handed” and positive helic-
ity to “right-handed”. Helicity is not Lorentz invariant, which implies
that a transformation into a frame where a particle with mass has
a reversed direction is always possible. Chirality, a related Lorentz-
invariant concept, is introduced via the y5 matrix. The two eigenstates
of ys are defined as left- and right-handed chiral states. Only for the
case of massless particles, chirality and helicity coincide and the eigen-
states of helicity are identical to eigenstates of the y; matrix. [Tho13]

The observations of parity violation and the three neutrino fla-
vors are incorporated in the Glashow-Weinberg-Salam model [Gla61;
Wei67; Sal68] (GSW), describing the electroweak section within the
Standard Model. The Standard Model group is a direct product of the
three symmetry groups SU(3)®SU(2)®SU(1). SU(3) is the color group
of quantum chromodynamics, SU(2) the weak isospin and U(1) the hy-
percharge. The elementary fermions within the Standard Model can
be grouped into doublets for the left-handed fields and singlets for
right-handed fields. [Zub20]

Omitting the quarks, the left-handed fields of the remaining elemen-
tary fermions (leptons) are

(0, &), C), o

and the singlets

@r, (g, (DR (1.5)

Matching the experimental observations (for example the experiment
by Goldhaber et al. [GGS58]), no right-handed neutrinos are included.

Within the Standard Model, all particles are considered massless
to guarantee gauge invariance. By spontaneous symmetry breaking,
fermions obtain their mass via the Higgs mechanism [Hig64; EB64;
Kib67]. The left- and right-handed fields couple via a Yukawa coupling
to the Higgs field. After symmetry breaking, the Higgs field develops
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its vacuum expectation value and forms a mass term together with the
Yukawa coupling. [Zub20]

Since the Yukawa coupling is not possible without the right-handed
component, the neutrinos are massless within this description. With-
out experimental evidence for non-vanishing neutrino masses, a well
justified description at that time.

1.2 Discovery of neutrino flavor oscillations

Early on, neutrinos were discovered as ideal messenger particles. Since
they are neutral particles, similar to photons, they travel in a direct
path from their origin point to the detector, without deflection by elec-
tromagnetic fields. Unlike photons, their interaction is limited to the
weak interaction, a double-edged property. They can travel over long
distances undisturbed, but large volumes are needed for detection.

One application for neutrinos as messenger particles is the investiga-
tion of fusion reactions inside the Sun. As stated by Bahcall [Bah64b],
“only neutrinos, with their extremely small interaction cross sections,
can enable us to see into the interior of a star”.

1.2.1 Solar neutrinos

Inside the Sun, helium is produced by fusion of hydrogen via
4p — *He +2e™ + 2 v, + 26.2 MeV. (1.6)

Behind this net reaction are two fundamental fusion cycles; the pp-
cycle and the CNO-cycle. [Zub20]

Bahcall [Bah64a] compiled the expected energy spectrum for neu-
trinos to be tested with a neutrino detection experiment. The expected
spectrum consists of multiple continuous and mono-energetic spec-
tra with endpoint and line energies ranging from about 0.4 MeV up
to about 17 MeV [Bah64a]. Over time, the predictions for the fusion
process inside the Sun were further refined and summarized in the
standard solar model.

Solar neutrinos can be captured by the endothermic inverse beta-
decay reaction

Cl 4+ v —— YAr+ e~ (1.7)

with an energy threshold of 0.81 MeV [Bah64b]. The produced 37Ar
has a half-life of 35 days. Extracting it and observing its electron cap-
ture decay via x-rays and 2.8-keV Auger electrons gives a measure of
the neutrino flux. In the experiment conducted by Davis [Dav64], Per-
chloroethylene C,Cly, also known as “dry-cleaning fluid”, was filled
into large tanks as a chlorine-37 source. To minimize the production of
argon-37 by background processes, the experiment was located deep
underground (4000 meters of water-equivalent shielding, m.w.e.).

After increasing the detector volume from about 3.8 m® to about
1500 m® and moving even deeper underground (4400 m.w.e.), a signif-
icant amount of argon-37 above the expected background was mea-
sured. However, the measured rate did not match the expectation by
the standard solar model but was significantly lower. [DHH68]
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The experiments have
different energy thresholds
and are therefore sensitive
to different parts of the
solar neutrino spectrum.
As introduced later in
section 1.2.3, the neutrino
oscillation probability is
energy dependent,
explaining the different
reduction factors.

The experiment, also referred to as the Homestake experiment, was
further improved and repeatedly conducted over twenty years. Still,
the observed rate was reproducibly only about a third of the prediction
by the standard solar model. [Cle+98] The discrepancy was dubbed
the solar neutrino problem.

Other experiments have confirmed the existence of a solar neu-
trino shortage, although they have observed different reduction fac-
tors. For example, Super-Kamiokande and also its predecessor exper-
iment Kamiokande. In contrast to the Homestake experiment, it is a
real-time measurement, including directional information of the neu-
trinos via an imaging water Cherenkov detector. [SK98b]

The later built Sudbury Neutrino Observatory (SNO) experiment,
solved the solar neutrino problem. Analogous to Kamiokande and
Super Kamiokande, SNO is a real-time Cherenkov detector. Neutrinos
are detected via elastic scattering (ES) on electrons

Vyte ——vete .

(1.8)

Here, vy represents all three flavors. For v, and v, ES only works
via neutral currents, resulting in a reduced detection sensitivity. SNO
used heavy water (D,0) instead of water. The deuterium allows for
a neutrino flavor independent detection via the neutral current (NC)
reaction

vy +d —p+n+vy. (1.9)
Combined with the charged current (CC) reaction
Ve+d — p+p+e (1.10)

which is exclusive for the electron neutrino, the electron and non-
electron solar neutrino flux can be measured. The total flux measured
via NC is in agreement with the prediction of the solar model. The flux
measured via CC and ES is again lower than the prediction, compatible
to the other experiments only sensitive to electron neutrinos. The SNO
measurement proved that the overall solar neutrino flux predicted by
the solar model was correct, but the neutrinos changed their flavor on
their way to Earth. [Sno02]

1.2.2 Atmospheric neutrinos

Cosmic rays hitting nuclei in the Earth’s atmosphere create pions
which in turn decay mainly into muons and muon neutrinos. On their
way to Earth, the muons decay into electrons, electron neutrinos, and
muon neutrinos. Therefore, the number of muon neutrinos arriving
on Earth is about double the number of electron neutrinos. [Hir+88]

Water Cherenkov detectors measure not only solar neutrinos but
also atmospheric neutrinos which normally have higher energies than
the solar neutrinos. Atmospheric muon neutrinos produce muons
via CC reactions inside the water and the electron neutrinos produce
electromagnetic showers. The showers result in a broader Cherenkov
light pattern compared to the sharper light pattern of the muon. Using
the light pattern, the events are classified into muon-neutrino-like
events and electron-neutrino-like events. [Zub20]
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The atmospheric neutrino flux was measured at Kamiokande. In-
stead of a muon neutrino flux double the electron neutrino flux, a
significantly lower muon neutrino flux was measured [Hir+88]. The
successor experiment Super-Kamiokande, with higher statistics and
improved resolution, reproduced the lower flux and found a spatial
asymmetry [SK98a].

Atmospheric neutrinos entering the Super-Kamiokande detector at
the top (downward-going) have a much shorter travel length (about
15km) than the ones entering at the bottom (upward-going) which
first need to pass through the Earth (about 13 000 km). The muon neu-
trino flux deviance showed a dependence on the neutrinos flight path;
the longer the flight path, the higher the deviation. Additionally, an
energy dependency was measured. The observations can be explained
by a two-neutrino flavor oscillation from muon neutrinos into tauon
neutrinos. [SK98a]

The discovery of flavor change for atmospheric neutrinos at Super-
Kamiokande, and the discovery at SNO that solar neutrinos do not
disappear but also change their flavor on their way to earth was re-
warded with the Nobel Prize in physics: “for the discovery of neutrino
oscillations, which shows that neutrinos have mass”. [Nob15]

1.2.3 Framework for neutrino oscillations

Flavor change is well-known from the quark sector. Here, the weak
and mass eigenstates are not identical but connected via the CKM
matrix. Since quarks interact dominantly via the strong interaction,
the mass eigenstates are more familiar than the weak eigenstates and
therefore they define the flavor of the particles. For neutrinos it is the
other way around. Their weak eigenstates are the ones observed in
the measurement and therefore it is natural to connect their different
flavors to the weak eigenstates. [Gri08]

For neutrinos, three flavor eigenstates |v,) are known with a =
e, T, t. With the Pontecorvo Maki Nakagawa Sakata (PMNS) mixing
matrix U, the flavor eigenstates can be expressed in terms of the three
mass eigenstates |y;) withi = 1,2,3:

Ve = Z:lbﬂw>- (1.11)

Or the other way around,

iy = Usilva (112)

using that U is unitary and (U™!),, = (UT)kl = ((U*)I)kl = Ui
with UT the complex conjugate transpose of U and U™ the complex
conjugate of U. The complex conjugate of (1.11) and (1.12), gives the
relation between the eigenstates for antineutrinos. [Zub20; Tho13]

The unitary condition UUT =1, with 1 the identity matrix, in Kro-
necker delta notation: (I);; = J;; also implies that

Z%%Zw- (1.13)

20

The naming reflects the
important contributors

Pontecorvo [Pon58] and
Maki et al. [MNS62].



In other words, the eighteen independent parameters (nine complex
numbers) are constrained by nine fixed relations. A basic, real, 3x3 or-
thogonal rotation matrix is described by three rotation angles 6,5, 053,
and ;3. Since the PMNS matrix is complex, six complex phases are
additional degrees of freedom. However, five of them can be absorbed
into the definitions of the particles without physical consequences.
Leaving the three mixing angles and a single complex phase 6. [Tho13]
The full PMNS matrix can be written as [Tho13]

1 0 0 cos b3 0 sin 613€_i5
U=10 cosbth; sinbhs |x 0 1 0
0 —sinfy; cosbhs —sin 9136_"‘S 0 cosb;

(1.14)
cosbs sinf;; 0

X —Sin912 COSQlZ 0
0 1

The wave function of a neutrino with flavor a produced at¢t = 0 is a
coherent linear superposition of mass eigenstates (1.11)

¥(0)) = Ive) = ), Unilvi)- (1.15)
i
The time dependency of the mass eigenstates, examined at a fixed
point X, is

WD) = ), Uye Py = > UaiUEie_i¢f|V/3>- (116)
i i.p

Here, ¢; is the phase of the plane wave for each mass eigenstate

¢ =pi-x=(Et—p-x) (1.17)

and |¥(x,t)) is expressed in terms of the flavor states using (1.12). The
probability of oscillation from a flavor « into ff can be calculated from

2

* oI
i

(1.18)

ai

Pl = vp) = [l )] =

The explicit form of the oscillation probability is now written for the
case of two-flavor oscillation. Even though it is a simplification, the
main properties can be illustrated with it. In the case of two-flavor
oscillations, the PMNS matrix (1.14) is reduced to

U - cosf sinf (119)
~ \-sinf cosf/’ '

Analogous to the three-flavor case, it is a unitary matrix with four
parameters. One rotation angle 0 and three complex phases. The
phases are again absorbed in the definitions of the particles and only
0 remains. In particular, without a complex phase, charge-parity (CP)
violation is not possible. It occurs only for three or more eigenstates.
[Tho13]

With the two-flavor mixing matrix (1.19), the oscillation probability
(1.18) for the two flavor case is

P(vy —vp) = sin?(26) sin ( ¢12) (1.20)
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Table 1.1

Neutrino mixing parameters. The values are taken from the
Particle Data Group [PDG22]. Am?. is defined as m? — m}. The
PMNS matrix (1.14) can be obtained with the values for the
mixing angles listed in the table together with the CP-violating
phase § = 1.36702% 7rad [PDG22]. Currently, normal ordering
(marked with (n) in the table) is favored over inverted ordering (i)
by a Ay? within 2 o to 3 0, depending on the selected data
[PDG22].

ij sinZ(Hij) Amizj in eV?/c*

12 0.307(13)  -7.53(18) x 107
23 (n)  0.546(21) -2.453(33) x 1073
23 (i)  0.539(22)  2.536(34) x 1073
13 0.0220(7)

where A¢i5 = ¢; — ¢, is the phase difference. The oscillation proba-
bility is zero for the case A¢, = 0. With the definition of the plane
wave’s phase (1.17), A@;5 can be linked to the masses of v; and v, by
assuming p; = p, = p and using m < E:

m% —my
ADy = Z—L. (1.21)
p

Additionally it was assumed that the neutrino velocity is v/c = 1
and with it L = T (natural units), neglecting that the different mass
eigenstates will propagate with different velocities. Justification of this
simplified approach to avoid a full wave-packet treatment can be done
by checking that the same result is obtained by assuming E; = E, or
the same velocities v; = . (1.21) show that oscillation is only possible
if the mass eigenstates are different which in turn demands for at least
one mass state to be non-zero. [Tho13]

The full two-flavor neutrino oscillation probability in terms of travel
distance, mass difference and energy of the neutrino (p = E,) follows
from (1.20) and (1.21) [Tho13]:

2

2_
P(vy — vp) = sin?(20) sin? (%L) . (1.22)
v

The mixing angle 6 and the mass difference Am?, = m? —m3 are probed
via neutrino sources of different energies and at different distances.
From the oscillation probability follows that an experiment is the most
sensitive at Am?, =~ E/L. Depending on the detector, or the source, E
and L are not always very well defined. [Zub20]

A variety of experiments, using solar, atmospheric, accelerator and
reactor neutrinos, allows to determine the parameters of the three-
neutrino mixing. A list of the most recent results is given in table 1.1.

Flavor oscillation experiments provide access to the mass differ-
ences Amizj and the elements of the PMNS matrix. Using the mass
differences, possible values for the mass eigenstates can be predicted.
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Figure 1.2 Best-fit values for neutrino masses. Using the mass
differences listed in table 1.1, the values for the mass eigenstates
my, m,, my can be calculated in dependence of the lightest one. In
normal ordering, the lightest mass state is m,, and in inverted
ordering, it is ms;. The dotted line represents m(v,.) which is an
average of the mass eigenstates for the electron neutrino,
weighted by the PMNS matrix (1.11). The vertical lines show the
current limit (solid) and future sensitivity (dashed) on m(v,) from
KATRIN (cf. chapter 2).

The figure is based on [OW08].

Two questions are still open; one is the ordering of the mass states. m;
could be the lightest mass state, this case is commonly known as nor-
mal ordering, or ms could be lightest, known as inverted ordering. The
ordering of the two closest mass states is known from the Mikheyev-
Smirnov-Wolfenstein (MSW) effect [Wol78; MS86].

The second open question is the absolute mass scale for neutrinos.
Without a value for the absolute mass scale, the mass of the lightest
neutrino mass state is unknown. In fig. 1.2, the possible masses of the
mass eigenstates m; are plotted against the lightest mass eigenstate for
normal ordering as well as inverted. If the mass of the lightest mass
eigenstate is larger than 0.1eV/c? all three m; have a similar value.
This case is often referred to as degenerate limit.

Additionally, the weighted average of mass eigenstates for the elec-
tron neutrino m(v,) is plotted in fig. 1.2. For the degenerate limit, m(v,)
coincides with m;, including the lightest mass eigenstate. The value of
m(v,) is limited by measurements of the KATRIN experiment which
will be presented in chapter 2.

1.3 Neutrino mass generation

As discussed above, neutrino oscillations are only possible if the mass
eigenstates are different, requiring at least two out of the three mass
eigenstates to be non-zero. Therefore, the Standard Model as intro-
duced in section 1.1 needs to be extended to incorporate non-zero neu-
trino masses.
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Following a short introduction into Dirac and Majorana mass terms,
the seesaw mechanism, a common textbook approach to explain the
experimentally observed small neutrino masses, is presented. After-
wards, the scotogenic model is introduced in which the neutrinos ac-
quire their mass at a one-loop level, instead of at tree-level, as in the
common seesaw mechanism.

1.3.1 Dirac and Majorana mass terms

This section follows the more detailed introduction given in the book
[Zub20].
A general Dirac mass term is defined as

Z = —mpyy, (1.23)

where i are four-component Dirac spinors.

The chirality for {/is defined via the y5 operator. Its two eigenvalues
+1 reflect the chirality of the particle (+1 right-handed and -1 left-
handed). The right- and left-handed components can be defined with
two projection operators and the y5; matrix in the Dirac basis

1 1 0 1
Ph=—=(1-— ., Pp==(1+ S = . 1.24
R 2( ¥s), P 2( ¥s) Vs (]l 0) (1.24)

Using Pr and P, any spinor can be written in its chiral components
as

y=@Fr+PY =Ry + Py =yr+yr. (1.25)
The Dirac mass term (1.23) expressed in chiral components is
& = —mp (YLyr + YRYL) - (1.26)

Adding the charge conjugate of ¢ (¥°), two additional mass terms,
namely the Majorana mass terms

St = = (my° + i) =~y + e (127)

are possible (the factor 1/2 keeps normalization). “h.c.” is used as
shorthand for hermitian conjugate. Using the notation (analogously

for )
¥g = W% = (L, (1.28)

the Majorana mass term is written in chiral components as

L _
P = = (mujuyi + he + mpdfyp +he) (1.29)

It is important to note that the Majorana mass terms are only allowed
for the neutrino. For the other fundamental fermions, only Dirac mass
terms are allowed due to their electric charge.

To distinguish between fields for neutrinos participating in the weak
interaction, called active neutrinos, and the ones not participating,
called sterile neutrinos, the following notation is chosen

Yr=vi, Yr=VR. Yr=Nr, Y{f=Nf. (1.30)

The active neutrinos are marked with v and the sterile ones with N.
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Figure 1.3

(a) Dirac (b) Type I seesaw (c) Type II seesaw
¢’ ¢’ ¢’ ¢ ¢

VL//\\]VR VL NR VL VL/'/\\VL

Neutrino mass generation. The schematic visualizes different
possible neutrino mass generations at tree level. The dashed line
denotes the neutral Higgs field ¢°. The solid black lines depict
neutrino fields as defined in (1.30). The arrows of charge-conjugated
fields point backward in time (from right to left). A is a Higgs triplet.

The schematic is adapted from [OW08].

1.3.2 Seesaw mechanism

The most naive approach is to assume that neutrinos acquire their
masses analogously to other fermions via a pure Dirac mass term (1.26).
For this to work for neutrinos, a right-handed neutrino field Ng and a
Yukawa coupling [Kay03]

—£,¢° 9, Ng + hec. (1.31)

is introduced in addition to the already existing left-handed neutrino
field v f,is a coupling constant, ¢° the neutral Higgs field, Ny a right-
handed neutrino field. The mechanism is shown in fig. 1.3a. When
the Higgs field develops a vacuum expectation value (¢°), the Yukawa
coupling yields a Dirac mass term for the neutrino [Kay03]

o =—f, <¢0> VL NR + h.c. = —mp 7, Ng + h.c.. (1.32)

For small neutrino masses, for example mp < 0.8eV/c? and with
(%) = 246 GeV /2 [PDG22], the coupling f, is smaller than 5 x 1072,
Therefore, at least six orders of magnitude smaller than for the elec-
tron (= 3 x 107°). Such differences in the Yukawa couplings are not
excluded but are considered to be rather unnatural [OWO08].

Another approach, allowing for more flexibility, is to assume that
neutrinos are Majorana particles, implying they are their own antipar-
ticles. Though, if neutrinos were Majorana particles, the lepton num-
ber would be violated. [OW08]

Allowing Majorana fields and combining the Dirac (1.26) and Ma-
jorana mass terms (1.29) in the notation defined in (1.30), results in a
universal Dirac-Majorana mass term [Zub20]:

%= =2 (mp (7 Ny + NEN§) + musy N§ + maNE Ny) +he

—-26u 8 (™ ™) (v M)+ he

(1.33)

The matrix introduced in the last step is called mass matrix M. Calcu-
lating the eigenvalues of M and using their absolute values gives two
possible neutrino masses.
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For the case of m;, = 0 and mpy « mg, the two mass values are
[Zub20]

R mb)
ml—m\,—m—R, my=my=mgp(l+—|=mg. (1.34)
m
R

Assuming a sterile neutrino with a mass (my) in the order of the grand
unification energy (GUT scale), the Dirac mass can be on the same
order as for other leptons while still allowing for a sub-eV scale active
neutrino. This scenario is referred to as type I seesaw and is illustrated
in fig. 1.3b. [OW08]

Another possibility is the type II seesaw, depicted in fig. 1.3¢c. Here,
small neutrino masses are realized with a Higgs triplet A. In this case,
my, # 0 and the left-handed neutrino and its charge conjugate couple
to A.

In a generalized approach, the type I and II seesaw are described by
an effective dimension-five operator [Wei79]. It contains two Higgs
fields, two left-handed fermion doublets and is scaled by a large ef-
fective mass in the denominator which generates the small neutrino
masses [OW08]. In total, there are only three tree-level realizations of
this operator [Ma98] (two of them were discussed here) and all three of
them lead to new particles with masses too heavy to be easily observed
in the near future [Ma06].

1.3.3 Scotogenic model

As a member of the DFG-financed Research Training Group “Strong and
weak interactions from hadrons to dark matter” (GRK2149), I had the op-
portunity to complete a two-month collaborative theory project. Within
this project, I participated in investigating the scotogenic model with re-
gard to the neutrino mass and the capabilities of KATRIN, which led to
the publication [Boe+20]. My contributions were the inital setup and
the validation calculations (benchmarks with comparisons to previous
publications). In the rest of this section, I briefly report on the results
presented in [Boe+20].

As an alternative to the seesaw mechanism, a radiative seesaw mech-
anism, later named the scotogenic model, was proposed by Ma [Ma06].
The new particles introduced in this model can be light enough to be
detected at current experiments [Ma06].

The scotogenic model is only a small extension to the Standard
Model (SM). In addition to the three sterile neutrinos N; already needed
for the type I seesaw, one Higgs doublet 7 is added. N; and 5 are
odd, whereas the SM neutrinos and Higgs are even under discrete
Z, symmetry. Analogous to R-parity in the supersymmetric standard
model, Z, is an exact symmetry. With exact Z, symmetry, the vacuum
expectation value of ¥ is zero, a lightest stable particle (LSP) exists and
no Dirac mass links the SM neutrinos to the sterile neutrinos. [Ma06]

Without Dirac masses linking the neutrinos to the sterile neutrinos,
the seesaw mechanism is not operable. The masses of neutrinos are
only generated by coupling to the SM Higgs over one loop via 7, as
depicted in fig. 1.4. The LSP, the lightest among the new particles, is
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Figure 1.4 Neutrino mass generation in the scotogenic model. The
neutral component 7° of the complex Higgs doublet 5 couples to
the Standard Model (SM) neutral Higgs field ¢°. Fermion singlets
Np couple to 1 and SM neutrinos v, thereby generating neutrino
masses within one loop.

The schematic is adapted from [Boe+20], licensed under CC BY 4.0.
For license terms, see https://creativecommons.org/licenses/by/4.0/.

an ideal dark matter candidate. Hence, within the scotogenic model,
neutrinos acquire their masses only due to their interactions with dark
matter. [Ma06]

1.3.3.1 Model definition

Representing the fermions with Weyl spinors, the Lagrangian of the
scotogenic model is

Py = —%mNi NiN; + 311 TL)N; + he =V, (1.35)

where

N; are three fermion singlets (sterile neutrinos) and
my; are their masses, and the lightest is a LSP (dark matter candidate),
Yie are 3 x 3 matrices of Yukawa couplings,

n is a complex Higgs doublet, with a charged scalar component "
and a neutral component with real and imaginary parts n° = (g +

inp,

L, with @ = 1, 2,3 are left-handed doublets (three generations of SM
leptons), and

V  ascalar potential (Higgs potential).

The Higgs potential is defined as
\%4 zmgqﬁq’) + m,%rfrn
A A
+5 6%+ (0t
+ 45 (¢79) (n™n) + 24 (#7n) (n'9)
A
+= ((Wn)z + (77745)2) ,

where ¢ is the SM Higgs doublet. The mass my is determined by the

(1.36)

Higgs boson mass my, as mé = m}zl/Z. The parameter A; is fixed by
the Higgs vacuum expectation value {(¢°) and my, to A; = m,zl /(2(¢°)?).
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Setting A, = 0.2 without loss of generality, the masses of n* and the
real and imaginary parts of 7° are:

m. = ml? + A3<¢0>2 5

my = mj + (A3 + Ay + 15)(¢%)% (1.37)
mi =mj + (A3 + A — A5)(¢°)% .

Important to note, if A5 = 0 lepton number would be conserved and
neutrinos would be massless.

The SM neutrino mass matrix is constructed with the diagonal mass
matrix A containing the dark sector masses and a Yukawa matrix y
describing the coupling

(mv)aﬂ = (yTAy)aﬁ- (1-38)

To incorporate flavor oscillations, the PMNS matrix U is used to diag-
onalize the mass matrix:

UTmU = i, = diag(my, my, ms) . (1.39)

The masses, and with it the Yukawa couplings, can be constrained
by experimental inputs, such as neutrino oscillation results or inves-
tigations of lepton flavor violation (LFV) bounds. For this, the Casas-
Ibarra parametrization, named after its inventors [CI01] is used. It is a
bottom-up approach which starts with existing experimental informa-
tion and finds compatible Yukawa couplings [CI01]. More precisely,
the Yukawa couplings can be expressed in terms of a set of given
masses A; and the mixing parameters contained in U as

y =NATIRJmUT, (1.40)

where R is an orthogonal matrix which depends on arbitrary rotation
angles 6; € [0; 27].

For the case of 15 < 1, mlzz = m%, the neutrino mass matrix (1.38) is
approximately

3

YiaVipmn,
m)up = 2A5(¢°)? :
( v)aﬂ 5<¢ > l:ZI 32]_[2(”112{1 _ mlz\]l)

2 2

"N, "N,
ol R — ]
Mg~ Mn, M1

(1.41)

and linear in As.
1.3.3.2 Numerical inputs

The masses of the dark sector (m,, my;) are varied within 0.1 - 10 TeV/ c?
For the neutrino mass matrix, the neutrino mixing parameters summa-
rized in [Est+20] are used. They are allowed to vary within their 3 o
uncertainties. To fulfill the perturbativity bound, |1y, A3, A4, A5| < 47
and |y;,|? < 47is used.

The results are restricted to satisfy current and future LFV bounds,
as well as dark matter (DM) relic density. For LFV bounds, the branch-
ing ratios (BR) and conversion rates (CR) of the following three pro-
cesses are considered:
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BR(p — ey) <4.2x10713 [Megl6] (2x1071 [Reni8]),
BR(p — 3e) < 1x 1072 [Sin88] (10716 [Blo+13]),
CR(p —e) <43x107'2[Sin93] (1078 [Pri06]).

For the computation of BR and CR from the masses of the charged
scalar and sterile neutrinos and their Yukawa couplings, the software
SPheno v4.0.3 [PS12] was used.

The Planck measurement of Qh? = 0.12 is used as input for the
central value of the DM relic density. Using the software micrOMEGAs
v5.0.8 [Bél+18], the results are restricted to the central value, within
an uncertainty of 0.02.

1.3.3.3 Numerical results

With the above defined input parameters and constraints, the param-
eter space for the scotogenic model is scanned. Possible points, sat-
isfying either the LFV or dark matter constraints, or both, are inves-
tigated further. The linear dependency of the SM neutrino masses
on the dark sector Higgs boson coupling A5 (1.41) is investigated by
plotting A5 against the lightest neutrino mass mygpes; in fig. 1.5. After
applying LFV and DM relic density constraints, a linear fit of A5 on
Mijghtest = 0.052 €V/ ¢? results in a slope of

_13.08(5) x 10 mygpiese/(eV/c?)  (NO),
51— —
3.11(6) X 10~ myjgpiest/(€V/c?)  (10).
In both cases, normal ordering (NO) and inverted ordering (10), mjjgpyest

is defined to be the lightest mass eigenstate. For mjjgpeqr < 0.052 ev/c?,
As is independent of my;gpesr and

(1.42)

% —-10
el = {1.6(7) 10 (NO), "

1.7(15) x 10710 (10).

Therefore, as soon as the absolute neutrino mass scale is known, also
As is fixed.

Already new experimental constraints on the absolute mass scale
and LFV, as displayed in fig. 1.6 can further limit the whole available
parameter space of the scotogenic model. Important to note, LFV and
the mass scale constrain the parameter space in an orthogonal way.

1.4 Neutrino mass measurement

The implications of the absolute mass scale for the scotogenic model is
only one example out of many of the importance of its determination.
Another example is the significance of the neutrino mass scale for
cosmology. The obvious way forward to understand the origin of
neutrino masses and to complete the understanding within neutrino
physics is the experimental determination of the absolute neutrino
mass scale.

The ongoing pursuit on the mass scale can be categorized in three
general paths. The first uses cosmological observations to determine
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Figure 1.5

Figure 1.6
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Mass of lightest mass eigenstate in eV/c?

Influence of the lightest neutrino mass on Yukawa
couplings within the scotogenic model. The absolute values
of the dark sector Higgs boson coupling A5 are shown as a
function of the lightest neutrino mass mj;geq- The lepton flavor
violation (LVF) and dark matter relic density constraints are
applied individually as well as together. The vertical lines
indicate current (solid) and future (dashed) constraints by the
KATRIN experiment (cf. chapter 2).
The plot is adapted from [Boe+20], used under CC BY 4.0.
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Orthogonal constraints on the scotogenic model. The
lepton flavor violation branching ratios and the lightest neutrino
mass of viable scotogenic models are plotted. The parameter
space of the model is constrained in an orthogonal way by
experimental results, shrinking as new results are obtained.

The plot is adapted from [Boe+20], used under CC BY 4.0.
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the neutrino mass. The second is the search for the neutrinoless double
beta decay. The third path combines kinematic approaches, including
the measurement of electrons from beta decay. All three are intro-
duced in the following section.

1.4.1 Cosmological observations

Cosmology is sensitive to the neutrino density, the number of neu-
trino species and their absolute masses. Within the standard hot Big
Bang model, a relic neutrino background (CvB), similar to the cosmic
microwave background (CMB) is predicted. After the Big Bang, the
neutrinos decoupled from the thermal plasma at temperatures of about
2MeV, and since cooled down to temperatures of about 1.7 x 10™*eV
corresponding to about 1.9 K. Since the temperature is smaller than
JIam%,| lam3;], at least two neutrino masses are non-relativistic today
(their mass equals their average momentum). [PDG22]

The neutrino energy density for the non-relativistic neutrinos is
given by

py= Y mn;, (1.44)
i

with the number density ;. If the lightest neutrino mass state would
be still relativistic today, the expression is slightly incorrect. From
neutrino decoupling studies n;/n, is known, and n, is predicted from
the CMB temperature. Therefore, the total neutrino density can be
calculated in terms of the critical density p,:

0 _Pv_ Xim

~ , 1.45
" pe 93eVA2 (145)

with the Hubble constant A in units of 100 km/(s Mpc). [PDG22]

One example of an imprint of neutrinos on the CMB is the observed
non-statistical fluctuations of the CMB. Since the relic neutrinos are
not bound to local gravitational fields during structure formation, they
can relax the local fluctuations of the mass and energy distribution in
a diffusion-like transport in between. Similar to a diffusion process,
the relaxation depends on the overall density. [OW08]

By combining multiple cosmological observations, the sum of neu-
trino masses can be limited. The most robust constraint comes from
Planck data with [PDG22; Pla20]

Z m; < 0.26eV/c?  at 95% confidence level (C.L.). (1.46)
i

The mass limit depends strongly on the selected datasets and ranges
from very tight bounds of };m; < 0.1eV/c? already excluding the
inverted ordering, up to more relaxed bounds of Y, m; < 0.5€V/c?.
[PDG22]

Although the limits set by cosmology are very stringent on the al-
lowed mass range, they are not a direct measurement of the neutrino
mass but a result of fitting a model with many parameters. For one
of those parameters, the Hubble constant, currently a tension exists
between early- and late-universe estimations [Pla20; Rie+19]. A di-
rect measurement of the neutrino mass would allow to remove one
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Figure 1.7 Beta-decay schematic. Figure (a) shows the schematic for

single beta decay, more precisely the B~ decay (1.47), where a
neutron is converted into a proton via W™ -boson exchange.
Figure (b) shows the normal double beta decay and (c) the
neutrinoless double beta decay.

degree of freedom in cosmological models and therefore allow a better
determination of parameters only accessible via cosmology. [FGR21]

1.4.2 Search for neutrinoless double beta decay

If neutrinos are Majorana neutrinos, lepton number would be violated
and rare processes such as neutrinoless double beta decay (0vB[) are
allowed and 0vfBf can be used to extract information about the neu-
trino mass.

The single beta decay (see also fig. 1.7) has three possible decay
modes: [Zub20]

‘%X — éﬂx +e” +9V. (P decay),
AX —— 8 X+et+v. (BF decay), (1.47)
e + %X — ‘2‘_1X + Ve (electron capture).

Double beta decay is possible for even-even nuclei X (even number of
protons and neutrons) and if the single beta decay is not allowed. As
illustrated in fig. 1.8, for even-even nuclei the single beta decay would
lead to an energetically less favorable state but not two simultaneous
decays, the double beta decay (cf. fig. 1.7):

OX —— b X +ef +e; +Veq+ Ve (1.48)

The first theoretical calculations of the double beta decay by Goeppert-
Mayer [Goe35] predicted a half-life of over 1 x 10'” years. Over fifty
years later, the first experimental detection succeeded, measuring dou-
ble beta decay in selenium-82, with a half-life of 1 x 10%°70% years
[EHMS7].

The neutrinoless double beta decay can be seen as two subsequent
steps, happening in the same nucleus simultaneous

OX — s OX + Ve + e~

(1.49)
A A —
7+1X + Ve — ziX te .
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Figure 1.8 Mass parabola for isobars. Nuclei with the same number of
nucleons, called isobars, can be split into two groups: even or
odd number of nucleons A. Their masses m can be described
with the Weizsicker mass formula [Wei35]. For odd A, m(A, Z) is
a parabola, with its minimum at the stable isobar with Z = Z,
(left panel). For even A, two parabolas exist (right panel). One for
nuclei with an even number of protons and neutrons (even-even),
and one for odd-odd nuclei. The arrows mark the possible single
beta decays.

The schematic is loosely based on [Zub20].

The emitted right-handed antineutrino v, is absorbed again at the
same nucleus but as a left-handed neutrino v, (see also fig. 1.7). The
reaction is possible if the neutrino is its own antiparticle, hence a
Majorana particle and total lepton number is violated by two units.
[Zub20]

The currently most sensitive experiments in the search for Ovpf use
xenon-136 and germanium-76, two out of 35 candidates for 2vp, and
therefore also candidates for Ovpp [PDG22]. The GERDA experiment
uses germanium diodes, enriched with 7°Ge. The diodes are shielded
with liquid argon. GERDA sets a limit on the half-life of Ovpf of

1% > 18x10%yr at90%CL., (1.50)

coinciding with the sensitivity assuming no signal [Ger20]. The
KamLAND-Zen experiment uses a xenon-loaded liquid scintillator and
obtains a lower limit of [KLZ16]

Tf/vfﬁ >1.07x10%yr at90%C.L.. (151)

In general, OvBB can also be dominantly induced by other new
physic effects violating lepton flavor beyond massive Majorana neu-
trinos. However, under the assumption that the Majorana neutrino
mass is the only source of lepton flavor violation, the decay half-life
can be connected to the mass via [PDG22]

meg 2
1 :G0v|M0v|2 BB ] (1.52)
(1Y m
T1/2 (S
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Here, G* is the phase space integral, MY the nuclear matrix element
of the transition, mgg the effective Majorana mass of v, and m, the
mass of the electron. The effective Majorana mass is a linear combi-
nation of the neutrino mass eigenstates m;:

2
i

using the PMNS matrix U (1.14). [PDG22]

The largest uncertainty contributors in the determination of the
Majorana mass from the observed half-life (1.52), are the nuclear ma-
trix elements. Using a variety of different calculations as input, the
upper bounds from the decay rates translate into upper bounds for the
effective Majorana masses of [Ger20; KLZ16]

mgg = (1.53)

mpg < 79 to 180 meV/ c? (GERDA), (1.54)
mgp < 61 to 165 meV/c? (KamLAND-Zen). (1.55)

The observation of 0vBp would not only prove the existence of lepton
flavor violations, but also deliver information on massive Majorana
neutrinos.

1.4.3 Direct kinematic approaches

The two methods presented previously are model dependent. The first
depends on the specific cosmological model, the other on nuclear mass
matrix elements and the existence of Majorana neutrinos. Now two
approaches, purely relying on kinematics, are presented.

1.4.3.1 Neutrinos from supernovae

A straight forward kinematic approach to determine the neutrino mass
is measuring the neutrino’s energy and its flight time between source
and detector. Such a measurement is actually possible with supernovae
in our, or a neighboring, galaxy and a neutrino detector on Earth.

In 1987, from about 1 x 10?® neutrinos from the supernova SN 1987A
about two dozen neutrinos where detected with four different detec-
tors on Earth [LL02]. All observed neutrinos were v, with the excep-
tion of one event measured at Kamiokandell, which could have been
from a v, [Zub20]. The spread of arrival times of two neutrinos can
be described as [Zub20]:

2
At=ty—t, = Aty + 2T <;> . (1.56)
2c \E2 - E?

The difference of arrival times At and their energies E;, E, are mea-
sured with the neutrino detector, and L is the distance to source (about
50 kpc for the SN 1987A [Pan+91]). The difference of emission time
between the neutrinos Aty and the mass of the neutrino m, are not
known. Using supernova models to predict At, sets an upper limit on
the neutrino masses of my_ < 5.7 eV/c? [LL02].

Nowadays, with further improved neutrino detectors and especially
in combination with the detection of gravitational waves, a mass sensi-
tivity of about 1eV/c? can be reached in the event of another supernova
[HLS20].
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The inelastic cross section
(cf. section 3.3.1.1), scales
with the total dipole
matrix element squared
M3, which in turn is
dominated by the atomic
radius [Ino+81].

1.4.3.2 Electrons from beta decay

Throughout the whole chapter, beta decay was already mentioned a
few times, first in connection with the postulation of the neutrino,
afterwards in connection with its first direct measurement (inverse
beta decay) and then in the search for neutrinoless double beta decay.
It also plays a central role in the determination of the absolute mass
scale of neutrinos.

Instead of a direct measurement of the neutrino, always connected
to large detectors to catch the weakly interacting particle, a measure-
ment of beta-decay electrons to deduce the neutrino mass is possible.
In general, many beta emitter exist that are potential candidates to
be used for neutrino mass measurements. However, one candidate,
namely tritium, is especially suited. Its beta decay scheme is

T——3He+e +7,. (1.57)

Tritium decays into its mirror nucleus helium-3. In mirror nuclei the
number of protons in one of the nucleus equals the number of neu-
trons and vice versa, and they have matching spin and parity (1/2+
for T, 3He). Therefore, the transition is super-allowed with a rather
short half-life of 12.3 yr, resulting in a high specific activity. Due to
its simple structure, precise calculations such as the electronic final
states are available for the tritium atom and the molecule T,. [OW08]
Additionally, scattering of beta-decay electrons on tritium has a small
cross section.

The decay energy Q (about 18.6 keV) is shared between the decay
products, resulting in their kinetic energy and rest mass. The resulting
spectrum for the kinetic energy of the electron E is given by [OW08]

dlr
Ry(E) =3 =
GI% cos? 6,

273
x (E+ mec2) . \/(E + mec?)? — méct

x Y (Ul - P, (Bo — E—V)) - \(By — E— V))? — mict
Lj

|]\/Inuc|2 : F(E: Z)

x 0(Ey — E — V; —myc?)
(1.58)

where

r is the decay probability, and E the energy of the electron,

Gr is the Fermi coupling constant with Gp = 1.166 378 8(6) x
107°/GeV3(he)’ [PDG22],

0. is the Cabbibo angle with cos 6, = 0.973 73(31) [PDG22],
Me is the mass of the electron with m, =~ 0.511 MeV/c? [PDG22],

|Mpuel  1s the nuclear part of the transition matrix. For the super-
allowed tritium beta decay it is independent of the electron
energy and |Mp,.|* = 5.55 [RK88].
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F(E,Z) isthe Fermi function, in the non-relativistic approach approx-
imated as

F(E.Z) = — 2 with z = 2Z%Z
1—expz B

It describes the electromagnetic interaction of the electron
with the daughter nucleus (Z = 2, « fine structure constant

(1.59)

and f =v/c).
U, is the electron neutrino part of the PMNS matrix (1.14) and
m; are the mass eigenstates,

Vi, P;  are the excitation energies V; and their corresponding proba-
bilities P; of the daughter nucleus (final states),

Eq = Q — E,¢ isthe endpoint, with E,.. the recoil of the daughter, and

0(Ey—E— V- m;c?) is a Heaviside step function, confining the spec-
tral components to the physical sector. [OW08]

As long as the experimental resolution is significantly broader than
the differences between the mass eigenstates (see also fig. 1.2), they
can be replaced by a single observable [Zub20]

m*(ve) = Y, m|Ual* . (1.60)
i

Assuming charge, parity, and time reversal (CPT) symmetry, the mass-
es of neutrino and antineutrino are treated equivalently. Throughout
this work, m(v,) is also referred to as effective electron neutrino mass
and the observable in beta decay experiments is m?(v,).

The observable m?(v,) has the largest effect in the endpoint region
of the beta-decay spectrum, as visible in (1.58) and illustrated in fig. 1.9.
In the endpoint region where the kinetic energy of the beta-decay elec-
trons is the largest and close to E, the decay probability is the smallest.
Therefore, any measurement of the neutrino mass requires a high ac-
tivity source combined with a high energy resolution around E.

In the last century, many experiments using tritium to determine the
neutrino mass were executed. A selection of them is shown in fig. 1.10.
From the first upper limit on m(v,) of < 1.7 keV/c? the possible mass
range is now, over seventy years later, restricted to 0.8 €V/c? by the
latest KATRIN result [Kat22].

Compared to the two predecessor experiments Mainz [Kra+05] and
Troitsk [Tro11], KATRIN improved the limit already by a factor of two.
KATRIN aims to limit the neutrino mass to 0.2 eV/c? (90% C.L), or to
measure it with 5 o significance if it is above 0.35 eV/c? [Kat05].

All three experiments use the same type of spectrometer, a MAC-E
filter spectrometer which acts as a high-pass filter on the beta-decay
electrons, filtering the large amount of low-energy beta-decay elec-
trons and at the same time allowing for high-resolution energy spec-
troscopy around the endpoint. A more detailed introduction to the
measurement principle follows in chapter 2.

One example for a future neutrino mass experiment with tritium
is the Project 8 experiment, which aims to reach sensitivities down
to 0.04 eV/c® by employing cyclotron radiation emission spectroscopy.
[Pro17]
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Figure 1.9 Tritium beta-decay electron spectrum. The left panel shows
the full beta-decay spectrum. The right panel is a magnified view
of the endpoint region where the influence of the neutrino mass
is largest. The endpoint is fixed arbitrarily to 18 575 €V and the
final states are neglected (V; = 0).
The figure is based on [Kat05].
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Figure 1.10 Upper limits on the neutrino mass from tritium beta decay
experiments. This historical timeline spans a period of 72 years.
The dashed horizontal line marks KATRIN’s sensitivity goal. The
selection of experiments is based on [FGR21; PDG20].

The figure is adapted from [Lok+22b], used under CC BY 4.0.
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A complementary approach to the neutrino mass measurement with
tritium is the employment of holmium-163. It decays via electron
capture to dysprosium-163 [Zub20]:

163Ho + e~ —— v + 193Dy* (1.61)

and emits an electron neutrino in the process. Therefore, in combina-
tion with a measurement via B~ decay, invariance of CPT symmetry
which ensures m(v,) = m(v,) can be checked.

Except for a tiny fraction of energy (< 1 meV) taken as recoil energy
by the daughter nucleus emitting the neutrino, the energy released
during the decay (Q = 2.8eV) is shared between the neutrino and
the atomic excitations [Gas+17]. By performing a calorimetric mea-
surement of the de-excitation of ***Dy* the endpoint region of the
spectrum can be used to determine the neutrino mass, similar to the
tritium beta-decay electron spectrum.

One experiment following this path is the ECHo experiment where
metallic magnetic calorimeters are employed [Gas+17]. Their most re-
cent publication reports an upper limit of m(v,) < 150 eV/c? [Vel+19].
Another experiment is the HOLMES experiment which uses transition-
edge sensors as calorimetric measurement [Alp+15].

Overall, the ongoing efforts with holmium-163 together with the
intense research and development for future tritium experiments are
nicely complemented with the currently running KATRIN measure-
ment, gathering more statistics and reducing systematics to reach its
final sensitivity goal.
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2 KATRIN

The Karlsruhe Tritium Neutrino (KATRIN) experiment measures the
effective mass of the electron antineutrino (1.60). A sensitivity of
0.2 eV/c? (at 90 % confidence level) is targeted after collecting three
live years of data. [Kat05]

The KATRIN setup (cf. fig. 2.1) consists of a high-luminosity tri-
tium source and a high-precision integrating spectrometer that com-
bines magnetic collimation and an electrostatic filter [BPT80; LS85;
Pic+92a]. Beta-decay electrons from the windowless gaseous tritium
source (WGTS) are guided through the transport and pumping sec-
tion [Mar+21] to the spectrometer and detector section [Ams+15]. The
detector is reached only by those electrons whose kinetic energies are
large enough to overcome the retarding potential inside the main spec-
trometer. An integral electron spectrum is accumulated via step-wise
adjustments of the retarding potential.

For the neutrino mass determination, the tritium spectrum is mea-
sured around its endpoint at 18.6 keV, where the imprint of the neu-
trino mass is largest.

This chapter begins with an introduction of the KATRIN setup, fol-
lowed by an introduction to the available tools for energy scale cali-
brations and concludes with an overview on recent KATRIN results.

2.1 Experimental setup

The setup is explained along the beta-decay electrons’ path through
the beamline up to the detector (from left to right in fig. 2.1).

2.1.1 Windowless gaseous tritium source

The source for the beta-decay electrons is a windowless gaseous tri-
tium source (WGTS). The WGTS is a 10-m long cylindrical tube with
a diameter of 90 mm [Kat05]. Gaseous tritium is injected in the center
of the WGTS and pumped out at both ends (cf. fig. 2.2), ensuring a
constant flow of tritium through the source. Beta-decay electrons are
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Figure 2.1 Schematic drawing of the KATRIN beamline. The main
components of the experiment are labeled here and will be
explained in section 2.1. The two yellow circles highlight the
positions of two specific hardware components: the electron gun
(1) and the high-voltage system (2). The green diamonds mark
the positions where 83™Kr sources are available for calibration (cf.
section 2.2.3).

The schematic is adapted from [Kat18b], licensed under CC BY 3.0.
For license terms, see https://creativecommons.org/licenses/by/3.0/.

guided by a homogeneous magnetic field to both ends of the source.
Originally, the field strength was chosen as 3.6 T [Kat05], now during
standard operation it is fixed to 2.5 T [Kat21c].

The WGTS is operated at low temperatures to reduce the conduc-
tance of the tube and with it reduce the necessary tritium throughput.
The design temperature for tritium circulation is 30 K [Kat21c] and
currently it is operated at 80 K [Mar+22]. A throughput of 40 g tri-
tium per day, equivalent to an activity of 1.5 x 10'° Bq, is needed to
obtain the reference column density of 5 x 10*”/cm? [Kat05].

The continuous supply of tritium is provided by the inner loop sys-
tem [PSB15]. There, the gas pumped from the WGTS is purified by
a palladium membrane filter (permeator). The permeator filters non-
hydrogen isotopologs and the overall gas amount is balanced by pure
(95 %) tritium from storage [PSB15]. The tritium is provided in a batch-
wise mode by the outer loop system [Wel+17]. Before the gas is injected
back into the WGTS, the gas composition is analyzed with laser Raman
spectroscopy (LARA) [Stu+10; Kat20c].

In addition to T,, the gas composition contains other hydrogen iso-
topologs such as DT, D,, HT, HD and H,. The relative concentration
of the individual hydrogen isotopologs is measured with a precision on
the order of 107 [Kat20c]. Each of the tritiated hydrogen isotopologs
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Figure 2.2 Windowless gaseous tritium source (WGTS). The upper part
illustrates the density profile inside the WGTS. The column
density (green curve) is the gas density (blue curve) integrated
over the length of the source. In the lower part, the pumping and
injection mechanism from which this density profile results is
shown. The red rectangles depict superconducting magnets
surrounding the beam tube.

The figure was created by A. Marsteller and
is adapted from [Mar20], licensed under CC BY 4.0.

contributes beta-decay electrons via

T, — 3HeT' +e™ +V,,
DT — %HeD" + e + 7, (2.1)
HT —— 3HeH" + €™ + V.

The three possible daughter molecules posses a different final state
distribution which in turn produces a different beta-decay spectrum.
Therefore, the HT/DT ratio and the tritium purity needs to be known
for the neutrino mass analysis. Using LARA, the tritium purity is
measured with a precision of < 107> and a trueness of < 3 x 107>. For
neutrino mass measurements the tritium purity is > 95%. [Kat20c]

Not only the gas composition but the overall activity inside the
WGTS needs to be monitored. One available method is beta-induced
X-ray spectroscopy (BIXS) [R61+13; Bab+12]. The WGTS is terminated
at one side with a gold-coated stainless steel disc, called rear wall (cf.
fig. 2.1). Beta-decay electrons are guided magnetically to the rear wall
and are absorbed. The absorption process generates X-ray radiation
that is measured by two silicon drift detectors; the BIXS system.

Another method to monitor the activity is the Forward Beam Monitor
(FBM) [Beg+22]. The FBM is located in the transport section, roughly
at the position of the middle green diamond in fig. 2.1. It consists of
two silicon p-i-n diodes that can be inserted into the flux tube to mea-
sure beta-decay electrons. During neutrino mass measurements, it is
located at the outer rim of the flux tube but it can also be moved across
the full flux tube for systematic investigations. The FBM measures the
rate of beta-decay electrons with a precision of 0.1% within 60 s and
an energy resolution of FWHM = 2keV [Beg+22].
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By measuring the gas composition with LARA and the activity with
BIXS and the FBM, the overall column density inside the WGTS can be
estimated. The column density is an important parameter, since it not
only determines the amount of signal electrons, but it also influences
their kinetic energy. The beta-decay electrons can lose energy due
to scattering on source gas molecules. The scattering probability is
directly linked to the column density; with increasing density also the
scattering probability increases. The probability distribution for elec-
trons to lose a certain amount of energy is called energy-loss function.
Its precision determination using an electron gun (cf. section 2.2.1) is
presented in chapter 3. In turn, with the knowledge of the energy-
loss function, the column density can be determined. Electrons with
well defined energies and angles are shot through the source and after
traversing the source, the ratio of unscattered and scattered electrons
is measured (more details can be found in [Mar20; Blo22]).

Thermalized electrons and ions from beta decay and subsequent
ionization processes form a quasi-neutral plasma inside the source.
The plasma is magnetized by the 2.5 T magnetic field [Kuc16]. The
plasma potential defines the starting potential of the beta-decay elec-
trons. To reduce systematic effects, the starting potential needs to be
as constant as possible over time and space.

2.1.2 Rear wall

The rear wall was already introduced as gold-coated disk that termi-
nates the WGTS. The rear wall is a conducting plate perpendicular to
the magnetic flux tube and it influences the electric potential within
the WGTS. Simulations by Kuckert [Kuc16] show that the potential
difference between rear wall and WGTS beam tube determines the ho-
mogeneity of the potential distribution. Measurements using tritium
and #3™Kr conversion electrons inside the WGTS confirm the influence
of the rear wall potential on the plasma potential [Fri20; Mac21].

Since both the rear wall work function and the WGTS beam tube
work function can change over time, also the plasma potential can
change and needs to be monitored. One ideal tool for investigating
the source potential are conversion electrons from #™Kr (cf. sec-
tion 2.2.3).

2.1.3 Transport and pumping section

The WGTS is open towards the spectrometer section, allowing an un-
hindered flow of tritium gas and beta-decay electrons towards the
spectrometers. The tritium gas needs to be retained, to avoid contam-
ination and unnecessary background sources. A dedicated transport
and pumping section has been developed that magnetically guides the
electrons and reduces the tritium flow rate.

A two-staged approach reduces the tritium flow rate by more than
14 orders of magnitude [Fri+19]. The first stage is the differential
pumping system (DPS). The differential pumping sections at both
ends of the WGTS (also called DPS1), together with the DPS (also
called DPS2), reduce the gas flow by more than 7 orders of magnitude
[Mar+21].
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The DPS consists of five beamtube segments. The segments are con-
nected over four pump ports, equipped with turbo-molecular pumps
(TMP). Each segment is tilted by 20° relative to the next with iterating
tilt direction. Magnets around the segments produce a guiding field
for the electrons, whereas uncharged particles collide with the beam
tubes and are pumped out by the TMPs. [Kat21c]

Inside the DPS, four dipole electrodes are installed to force ions via
E x B drift to the metallic surface of the electrodes. Here, they are
neutralized and pumped out by the TMPs. Additionally, five ring elec-
trodes are installed along the KATRIN beamline for removing positive
ions. [Kat21c]

The second stage for tritium flow rate reduction is the cryogenic
pumping system (CPS). Instead of removing gas by introducing a
molecular flow - the way it is done in the DPS - the gas is removed
by a cryo-sorption pump. In a cryogenic pump, the gas is condensed
on a cold surface. In order to keep the condensed tritium gas within
the CPS, the cryogenic pump is combined with a sorption pump and
an argon frost layer is chosen as adsorbent [Kaz+08].

The CPS beam tube is optimized to give as much surface for adsorp-
tion as possible. For this purpose, the inner surface is equipped with
ninety 2-mm-long fins. Similar to the DPS, the beam tube consists of
multiple segments. The inner three segments are tilted relative to each
other by 15°. Their formation is similar to a well; the segment in the
middle forms the bottom and the two others the walls. This geome-
try purposely increases the probability of gas hitting the walls. Seven
super-conducting solenoids, each one surrounding one of the beam
tube segments, produce the guiding field for the beta-decay electrons.
[Kat21c]

For radiation safety, the argon frost layer is removed before an ac-
tivity of 3.7 x 10'°Bq (1 Curie) is accumulated [Fri+19]. The maximum
possible operation time before regeneration was estimated from mea-
surements of the DPS flow reduction to be 445(46) days of nominal
tritium operation. This is seven times as long as the design goal of a
CPS regeneration every 60 days. [Mar+21]

In summary, the transport and pumping section throttles the tritium
flow rate to less then 1 x 107** mbar L/s while at the same time up to
1 x 10*! tritium beta-decay electrons per second are guided within the
magnetic flux to the spectrometer section. The magnetic flux, the
magnetic field B integrated over the surface element A,

@:JE-dZ{ (2.2)

has a design value of 191 T cm? and is set to 134 T cm? during standard
operation. [Kat21c]

2.1.4 Spectrometer principle

Electrons guided into the spectrometer section are filtered by two
spectrometers acting as high-pass filters, only transmitting electrons
above a certain energy threshold. The first spectrometer, the pre-
spectrometer, is of lesser importance and can be used as a pre-filter to
reduce the flux of the electrons into the second spectrometer, the main
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spectrometer. Both spectrometers are based on the same technique,
using magnetic adiabatic collimation combined with an electrostatic
filter. They are called MAC-E filter type spectrometers. [Kat05]

The principle of a MAC-E filter type spectrometer was introduced in
[BPT80], later successfully applied by two neutrino mass experiments
[LS85; Pic+92a] and now it is employed at KATRIN [Kat05; Kat21c].
A MAC-E filter spectrometer features the unique combination of high
resolution and a wide solid-angle acceptance.

The kinetic energy of electrons entering the spectrometer can be
divided into two components, one parallel Ej and the other perpendic-
ular E; to the field lines

pi+pt

Buan =B+ BL =0y
(&

(2.3)

with m, the electron mass, p the momentum parallel to the field lines
and p, perpendicular. The Lorentz factor y for beta-decay electrons
with a maximal kinetic energy Ey;, of 18.6 keV is

Exin

e

Since y is quite close to 1, the non-relativistic approximation suffices
for illustration purposes and is therefore used here.

A retarding potential U acts as high-pass filter on electrons. Elec-
trons traversing the spectrometer are decelerated by qU,.; which trans-
forms E into potential energy. Only electrons with enough kinetic
energy, more precisely

E| 2 qUret » (2.5)

are transmitted. To achieve a sufficient energy resolution, E, needs to
be small, corresponding to a narrow solid-angle acceptance.

For a wider acceptance, the retarding potential is combined with
a collimating magnetic field. Two superconducting solenoids at both
ends of the spectrometer create the magnetic field, as illustrated in
fig. 2.3. The magnetic field is axially symmetric but highly inhomoge-
neous along the symmetry axis z. In the center of the spectrometer,
farthest away from the solenoids, the magnetic field is the lowest and
in between is a magnetic field gradient along z. Such a configuration
is also called magnetic bottle.

If an electron moves perpendicular to a magnetic field, it performs a
circular motion around the magnetic field lines, induced by the Lorentz
force. In a constant magnetic field B = |§|, the electron moves with
a unique cyclotron frequency w given by the equality of centripetal
force mev? /r and Lorentz force gBv,

v é

w=—=
r me

(2.6)

However, the magnetic field is not constant but changing along z (cf.
fig. 2.3). With decreasing magnetic field, also the cyclotron frequency
decreases.
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Figure 2.3 MAC-E filter principle. The green lines are the magnetic field
lines, produced by the two magnets at both ends of the
spectrometer. An air coil system, built around the spectrometer,
precisely shapes the magnetic field. The retarding potential qU,.,
(blue arrows) is created by a negative high voltage that is applied
directly to the vessel (not shown in the schematic). A wire
electrode system, mounted inside the vessel, fine-tunes the
electric field.

The schematic is adapted from a figure
created by L. Schimpf which is based on [Kat05].

In a magnetic field, the electron exhibits a magnetic moment

> €

p =l L. (2.7)

B 2me

Here, |L| = p, ris the angular momentum of the electron. Solving (2.6)
for r and inserting it into (2.7), it follows

e p_E
= =—=. 2.8
2mepl eB B @8)

e
= — r =
H ome Py

With an axially symmetric field and smoothly diverging or converging
flux lines, it can be shown that the magnetic moment is invariant
(du/dt = 0). [BPT80]

As a consequence of the invariance of g, it follows that p? ~ B.
Therefore, for any two planes traverse to z and within the magnetic
bottle, the following equation holds:

2 2
Py Pip

— === 2.9
5, - B (2.9)

The indices 1,2 denote the two planes. By introducing an angle 6
between the electron momentum and z, p, can be expressed in terms

of Bl

p. =|p|-sinb. (2.10)
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Using momentum conservation gives sinf ~ p, and inserting it into

(2.9) yields

Sil’l2 92 B2

sin?0, Bi

(2.11)

In other words, the magnetic field the ratio between the two planes de-
fines the change of 8. Hence, the magnetic bottle inside the spectrom-
eter induces a change of 6 (and associated p, ) for electrons entering
the spectrometer with arbitrary p. [BPT80]

As highlighted in fig. 2.3, z = st is defined as the position of
the spectrometer entrance and z = s,,, is the spectrometer center
also referred to as analyzing plane. The magnetic field B(z = sp) is
shortened as By, and B(z = Sgart) = Bmax- Using the change of p,
due to the magnetic field ratio between two different planes (2.9) for
an electron with E,| (z = sg,1), the remaining E| at the spectrometer
center is given by

B .
EJ_(Z = Sana) = EJ_(Z = Sstart) L (2-12)

Bmax
As described above, E| is not affected by the retarding potential. Using

the angle 6 (2.10) and the full kinetic energy Ey;, of the electron, (2.12)
becomes

B .
EJ_(Z = Sana) = Eyin - Sinz(e) L= > (2-13)

max

E|(z = suna) depends on the ratio of magnetic fields and the total
energy of the electron. With the kinetic energy of the electrons at
the spectrometer entrance (2.3) and (2.13), E at position s,,, can be
expressed in terms of Ey;, and 6

EH(Z = Sana) = Exin — EL

B..
= Exin (1 — sin(p) - 22

max

) | (2.14)

Analogous to (2.5), the transmission condition for the electrons is

1, EH(Z = Sana) > qUret »

(2.15)
0, EH(Z = Sana) < qUret -

9(Ekin’ 0, Uret) = i

The transmission function for an electron source with an angular dis-
tribution a(0) is defined as

6

T(Ekin’ Uret) = J g(Ekin, 0, Uret) : a(@) do. (2‘16)

gmin

For a fixed angle (a(f) = const), the transmission condition produces
a step-shaped transmission function with infinitesimal small width
(Heaviside step function). For an isotropic source with angular distri-
bution a(f) = sin(0), the integration over 6 up to a certain angle 6’
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Using the relation

cos(arcsin(y/x)) = V1 —x

yields

9/
J sinfdf=1— cos @’
0

_ . ( quet> Bmax
=1 — cos| arcsin 1—-——) — .
Ekin Bmin

In the last step (2.14) was used. After simplifying the expression, in-
troducing the surplus energy E; = Eijn — qUiet and the filter width

AE = Ekin :

(2.17)

Bmi“, the transmission function can be written as [Kle+19]

Bm
0, E; <O,
T(Eiins Uret) = 41— 1 - % : % 0 < E < AE, (2.18)
1, E, > AE.

2.1.4.1 Transmission function of the main spectrometer

Following the introduction of the transmission function for a generic
MAC-E filter, it is now introduced for KATRIN’s main spectrometer.
For the main spectrometer transmission function the “standard set-
ting” values are used instead of the design values [cf. tbl. 1 Kat21c].
These standard setting values are further referred to as nominal val-
ues.

At KATRIN, the electron source (WGTS) is inside a magnetic field of
Bgource = 2.52 T which is significantly weaker than B, = 4.2T. As
visible in (2.11), f increases if the electrons travels from a weaker field
to a stronger field. If 6 increases above 90°, the electron is reflected by
the magnetic field. Using (2.11), the maximal acceptance angle 8,
inside the source is given by

B
Omax < arcsin( M) . (2.19)

max

For the nominal field setting, the maximal acceptance angle is 0,5 =
50.8°. Electrons with high 0 travel a longer path through the source
and therefore have a higher scattering probability. Those electrons are
suppressed with the reduced acceptance angle; decreasing statistics,
but also decreasing systematics [Kat05].

Calculating the remaining E, at the spectrometer center (2.13) for
0 = Opax gives a filter width of

AE = By sin? () - =20 = By - S0 (2:20)
source max
In the nominal field setting, also called 6 G setting (B, = 0.63 mT),
the filter width for an electron with Ey;, = 18.6keV is AE = 2.79 V.
Other magnetic field settings with lower or higher magnetic fields
at the analyzing plane are possible. One example is the 1 G setting.
Due to its excellent energy resolution it is often used for electron gun
measurements (cf. section 2.2.1). For standard measurements it is less
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Figure 2.4 Transmission function for a monoenergetic isotropic
source. The main spectrometer transmission function is shown
for the nominal 6 G setting with B;, = 0.63mT. Ey;, is fixed, but
0 follows an isotropic distribution for angles up to 6,,,, = 50.8°.
The x-axis shows the surplus energy of the electrons
E, = Eyin — qQU,er- To illustrate the energy dependency of the filter
width, the transmission function for two different retarding
potentials and corresponding electron energies is shown. For
neutrino mass measurements, only the transmission function for
energies around 18.6 keV is relevant.

useful, since the weak magnetic field results in only a fraction of the
flux from the WGTS getting mapped to the detector.

The full transmission function of the main spectrometer for an
isotropic source is given by (2.18), but adjusted for the changed ac-
cepted angles and normalized [Kle+19]:

0, E <o,
1— l_EE_lezou.rce
T(Exin, Uret) = | ——————, 0<E <AE, (2.21)
1— |1— Zsource
1, E, > AE.

The transmission function is shown for the 6 G setting in fig. 2.4.

Other field configurations where the analyzing plane is not located
at the spectrometer center are possible. One configuration, referred to
as shifted analyzing plane (SAP), was developed to reduce background
effects in the main spectrometer [Lok+22a] and is currently used for
neutrino mass measurements.

2.1.5 Spectrometer hardware

A dedicated design, including an ultra-high vacuum, a precision mag-
net system, and a high-voltage system, is needed to achieve a spec-
trometer with the transmission properties as described above.

The main spectrometer is 23.23 m long with an inner diameter of
9.8 m. Its size is primarily determined by the design values for the flux
tube of the source (191 T cm?), the magnetic field ratio (1:20 000) and
the required homogeneity of the fields. [Kat21c]

Max. anglein °
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The design values are

B

'min

=3x103T and

The ultra-high vacuum (pressures in the 1 x 107** mbar regime) is Bmax = 6T [Kat05].
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The bake-out process
during which the
spectrometer is heated up
to 350 °C is essential to
achieve the vacuum
conditions inside the main
spectrometer [Kat21c].

For orientation: Electrons
from the WGTS enter the
spectrometer in the south
and leave it in the north,
where the detector is
located.

needed for the beta-decay electrons to pass the spectrometers undis-
turbed and to reduce background sources. The vacuum vessel has a
stainless steel surface area of 1222 m?, comprised of 690 m? inner sur-
face area and the surface of the wire electrode system [Kat16]. The out-
gassing rate from this large surface area needs to be pumped by the
vacuum system which consists of a combination of cascaded turbo
molecular pumps and non-evaporable getter (NEG) pumps. Since
radon-219 emanates from the NEG pumps and produces background
in the spectrometer, LN2-cooled copper baffles are installed in be-
tween the inner spectrometer volume and the NEG pumps. [Fra+11;
Kat21c]

As already introduced above, the magnetic field inside the main
spectrometer is created by two super-conducting magnets at both
ends of the spectrometer. To compensate for stray fields (e.g. the
earth magnetic fields) and to fine-tune the shape and strength of the
magnetic field, the vacuum vessel is surrounded by a large air coil
system [Erh+18]. Additionally, the air coil system is equipped to re-
move stored electrons by deformation of the magnetic flux tube in-
side the spectrometer. A short (down to 1s pulse length) inversion of
the current through the individual air coils achieves the deformation.
[Kat18c]

A precision high-voltage system creates the retarding potential in-
side the main spectrometer. It comprises a complex two-layer wire-
electrode system, together with two full-metal anti-penning electrodes
at the spectrometer entrance and exit [Prall]. In addition to a flexible
fine-tuning of the electric field, the wire electrode system provides
an electrostatic shielding for secondary electrons produced inside the
vessel hull by muon interactions or radioactive decays. [Val10]

For each of the layers and rings of the wire electrode, individual
potentials were planned in the initial design. However, after several
bake-out processes of the main spectrometer, parts of the wire elec-
trodes short-circuited [Dyb19]. The inner electrode system offers a
dipole mode, where the east and west half of the wire electrodes can
be set on different potentials. During nominal settings for neutrino
mass measurements, the wire electrodes are operated in single layer
mode and without dipole [Kat21c].

The main spectrometer high-voltage system, designed to supply
the inner electrodes with up to 44 different potentials, is further de-
scribed in [Res19]. Important for subsequent sections (sections 2.2.1,
3.2 and 4.2), is the modular structure of the retarding potential. The
inner electrode has a common potential, referred to as IE common
which is the common potential for all inner electrode rings. The IE
common potential is the sum of the negative vessel potential Up,; and
an additional negative offset potential Uj..

The individual rings can be set on individual positive potentials
Ustiset relative to IE common. The retarding potential Uy = Uy +
Uie +Usftset 18 defined by the electrode with the most negative potential.
Usually, Uy gt of the electrode defining the retarding potential is short-
circuited to Uj. and consequential, the retarding potential is given by
Uret = Ums + Ule-

During normal operation, U, is fixed at —200 V and U, is between
-34 to -7kV. The wide range of retarding potentials is needed for
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83MKr measurements (cf. section 2.2.3). For tritium measurements,
the retarding potential is usually set to values around -18.6 kV. The
rather complex layout is needed to achieve a very high flexibility in the
fine-tuning of the electrical field (important for investigations of sys-
tematics) and at the same time to fulfill the stabilization requirements
during neutrino mass measurements.

The pre-spectrometer setup is much simpler compared to the main
spectrometer setup. Magnets at both sides create the magnetic field
and the magnet at the pre-spectrometer exit is shared with the main
spectrometer [Kat18d]. The inner electrode system consists of two full
metal cones at the entrance, with a wire electrode in between. The
wire electrode is split into two parts, east and west. Each electrode
can be set on an individual potential. [Kat21c]

2.1.6 Detector system

Electrons transmitted by the spectrometer section are accelerated by a
post acceleration electrode (PAE) and guided using a magnetic field of
2.5 T to the focal plane detector (FPD) where they are counted [Kat21c].
To shift the beta-decay electrons into a region of minimal detector
background, the PAE is operated at 10 kV [Ams+15].

The FPD consists of a single silicon wafer with a monolithic 148-
pixel p-i-n diode array on top. The pixels are arranged in a pattern
similar to a dartboard. Four pixels in the center are surrounded by
twelve rings and each of the rings contain twelve pixels. All pixels
have the same size of 44 mm®. Such a pixel pattern is optimized for
ring-wise consideration of radial inhomogeneities within the flux tube,
given that the center of the flux tube hits the center of the detector.
[Ams+15]

The FPD’s energy resolution is of secondary importance, since the
detector’s main task is counting the electrons that are transmitted
through the spectrometer and the energy scale of the measured elec-
tron spectrum is defined by the MAC-E filter. Still, the FPD system
has an average energy resolution of < 2keV [Kat21c].

To cover the wide range of possible rates, from very low rates
around the endpoint, up to higher rates for systematic investigations
the detector is equipped to measure total rates up to 5 Mcps [Kat21c].

2.2 Tools for monitoring and calibrating the
energy scale

After the overview of the full KATRIN beamline, now three selected
parts are presented further. All three of them are connected to the
energy scale of KATRIN and were already briefly mentioned in the
previous section.

The electron gun which is used for measuring the energy loss func-
tion (see chapter 3) is introduced first. Next, the high-voltage dividers
which are an integral part of the precision stabilization of the retard-
ing potential (chapter 4) are described. The third tool presented in
this section is 3™Kr, offering an energy calibration against a nuclear
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The new e-gun will be
described in the PhD thesis
of S. Schneidewind
(University of Miinster).

The LDLS is from the
manufacturer Energetiq
and of type EQ-99XFC
LDLS

The laser is from the
manufacturer InnoLas and
of type Mosquitoo. Its laser
medium is Nd:YVO, with a
frequency-quadrupled
wavelength of 1064 nm.

standard (chapter 5).
2.2.1 Electron gun

One tool to investigate transmission conditions of electrons through
the KATRIN beamline is the electron gun (e-gun) which offers well-
defined energies up to 20 keV and angular selectivity. During commis-
sioning measurements of the KATRIN main spectrometer, such an e-
gun was mounted at the spectrometer entrance [Beh+17; Zac15; Beh16].
Before implementing the e-gun at the main spectrometer, its design
was developed over several years [Val+09; Hugl0; Val+11; Zac15]. For
investigating the transmission of electrons through the whole KATRIN
beamline, an e-gun located inside the rear section (cf. fig. 2.1) was de-
veloped by Babutzka [Bab14]. The final setup and the commissioning
results are further described in [Sac20; Sch21]. Currently, a new e-gun
is commissioned which is designed to deliver higher energies up to
32keV.

The e-gun emits electrons via the photoelectric effect. llumination
of the photocathode with photon energies above the photo-cathode’s
work function frees electrons from the surface. In the case of the
rear section e-gun, the photocathode is layered with a thin gold film.
The energies of the emitted electrons E, are spread from energies just
above zero, up to a maximum of A f — ¢, namely

0eV<E, <hf—-¢. (2.22)

Here, hf = hc/A (Planck relation) is the photon energy and ¢ the work
function of the photocathode material. Optimizing the photon energy
to hf = ¢, yields a narrow energy distribution but limits the rate of
produced electrons. [Beh+17]

Two light sources are available at the rear section e-gun. One is the
laser driven light source (LDLS), emitting a continuous spectrum in
the range of 190 to 2100 nm. Employing a monochromator, a narrow
width (e.g. 10 nm) of wavelengths is selected. [Sch21]

The other light source is a pulsed UV laser with a wavelength of
266 nm and a pulse length of less than 18 ns (FWHM). The pulsed laser
is used for time-of-flight measurements with the e-gun (cf. section 3.2).
Independent of the light source, the light path is split to allow moni-
toring with a photodiode (cf. fig. 2.5).

To reach electron energies similar to the energy of beta-decay elec-
trons measured during neutrino mass measurements, for example
E. = 18.6 keV, the photocathode is put on a negative potential Uy, =
—18.6 kV. The frontplate, the plate in front of the photocathode, is usu-
ally on voltages of about Uy, + 4kV and acts as first acceleration step
for the electrons emitted at the photocathode. Further acceleration is
done via three single acceleration electrodes. The first one is on the
potential of the frontplate, the second on two third, and the last on
one third of the full potential (cf. fig. 2.5).

A long cable from the rear section to the main spectrometer con-
nects the main spectrometer vessel potential Uy with Upp, and en-
ables a mV-precise adjustment of Uy, relative to the retarding poten-
tial Upet = Upg + Use (cf. section 2.1.5). The full electric setup at the
e-gun is explained in more detail in the work [Sch21].
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Figure 2.5 Schematic of the electron gun. The schematic illustrates the

main optical and electrical components as used for the energy
loss measurements (cf. chapter 3).

The figure was created by L. Schimpf and
is copied from [Kat21b], licensed under CC BY 4.0.

The photocathode and frontplate are electrically isolated but me-
chanically connected and can be rotated. The rotation (around « in
fig. 2.5) changes the angle of the emitted electrons relative to the mag-
netic field inside the rear section. Hence, rotating the plates produces
electrons with different pitch angles 8 (cf. section 2.1.4), making it an
angular selective photo-electron source.

2.2.2 Precision high-voltage dividers

As introduced in section 2.1.4, the retarding potential defines the en-
ergy scale of the main spectrometer. Consequently, precision electron
spectroscopy is only possible with a precision measurement of the
retarding potential.

At the main spectrometer, the retarding potential is measured by
two custom-built precision high-voltage dividers K35 [TMWO09] and
K65 [Bau+13] and 8.5-digit precision digital voltmeters. During stan-
dard operation, the high-voltage dividers are connected to the elec-
trode on the lowest high voltage (highest retarding energy qU,.t). The
high voltage is usually around -18.6 kV. Both dividers provide a scal-
ing of the high voltage by a factor 2000, leading to a reading in the
10-V range. The resistor chain of the K35 is shown in fig. 2.6. The
setup of the K65 is similar to the K35, but larger and with more resis-
tors.

The dividers’ output voltages of around 10 V at —18.6 kV are chosen
deliberately; for this voltage range, high-precision reference multi-
meters, such as the Fluke 8508A, are available. Using 10-V reference
standards, the reference multimeter can be calibrated. During mea-
surement campaigns, the calibration is performed two times per week.
A subset of the reference standards is calibrated annually against a
Josephson standard [P6p92].
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Figure 2.6 Circuit diagram of the high-voltage divider K35. The divider
consists of a long helix with 100 resistors R;. The five thick black
lines in the schematic are copper electrodes that divide the helix

into four compartments and optimize the electrostatic field inside
the divider. The copper electrodes are connected with resistors

(R,) and smoothing capacitors (Cy).
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The diagram was created by T. Thiimmler

and is used here with his permission.

For the calibration of the high-voltage dividers, several independent

methods exist. One method involves spectroscopic measurements of
mono-energetic conversion electrons from 8*™Kr electron capture de-
cays [Katl8a], another is the absolute calibration method [Res+19].
The most recent results for the K35 are presented in section 4.5 and
include an overview of the calibration history.

It is important to note that since the calibrations are traced back to
the Josephson standard, or in case of the #™Kr measurements traced
back to a nuclear standard, not only the precision of the dividers is
proven, but also their trueness. By employing regular calibrations, the
retarding potential at -18.6 kV can be monitored with an accuracy of
1ppm (1 x 107°).

2.2.3 Conversion electrons from 835Ky

Conversion electrons from #™Kr were already mentioned as a calibra-
tion source for the high-voltage dividers and for the measurement of
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Figure 2.7

\(@
1/2- %’Lﬁ\b 41.5575keV
- ’ — 1.83h
"Kr
0‘3”\\@
72 A 9.4057 keV
155ns
.
12 0 stable
83Kr

Isomeric transitions of 83Kr. The values were taken from
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The figure is adapted from [Rod22], licensed under CC BY 4.0.

the source potential. Similar to the e-gun, 8™Kr is an electron source
with well-defined energies and it is also used to investigate the trans-
mission conditions of the KATRIN beamline. But instead of the e-gun’s
pencil beam which is fixed at the end of the beamline, conversion elec-
trons from 83™Kr are available in different spatial distributions and at
different positions. Overall, three different source types are employed:
the solid (SKrS), the condensed (CKrS) and the gaseous (GKrS) krypton
source.

The isotope rubidium-83 decays to krypton-83 via electron capture

g%Rb46 +e —— ggKI}U + Ve, (223)

with a half-life of 86.2(1) d [Mcul5]. In 74(5)% ([Mcul5]) of all cases,
the metastable (1.83(2) h) daughter nuclide #™Kr is created. 83™Kr
cascades via a 32.2-keV transition followed by a 9.4-keV transition to
its ground state (cf. fig. 2.7). The transition is possible via gamma ray
emission, or conversion electron emission.

Already KATRIN’s predecessor experiments used conversion elec-
trons from 8¥™Kr as calibration source to characterize their spectrom-
eter [Rob+91; Pic+92b; Bel+08]. The K-shell conversion electrons of
the 32.2-keV transition, short K-32 line, are especially suited due to
their energies of 17.8 keV, slightly below the tritium endpoint.

Aside from offering an energy scale calibration close to the endpoint,
the K-32 lines have a broader line width compared to other conversion
electron lines and in combination with tritium they are overlayed by
tritium beta-decay electrons. Therefore, other lines more commonly
used at KATRIN are the L3-32 line at 30.5 keV which is the strongest
of the 32-keV transitions and the Nj 3-32 line doublet at 32.1keV. The
N, 3-32 doublet is of lower intensity but special due to its vanishing
natural line width. A full overview of the different conversion electron
lines is given in [Vén+18].

In the case of the solid krypton source, also referred to as implanted
source, 23Rb ions are implanted on different substrates. Initially, gold
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and platinum foils were used as substrate [Zbo+13], later also highly-
oriented pyrolytic graphite (HOPG) [Sle15]. Since the #3Rb generator
is located in the source itself, the SKrS is very compact with conve-
nient handling. One drawback is the change of binding energies of
83mKy over time due to solid state effects [Zbo+13]. Methods exist to
characterize the drift and if it is fully characterized, the source can be
used for relative investigations of the energy scale [Sle15].

The SKrS is used at the monitor spectrometer which is the refur-
bished spectrometer of the former Mainz neutrino mass experiment
[Pic+92a]. It is reassembled next to the KATRIN main spectrome-
ter and is designed to calibrate and monitor the retarding potential.
[Erh+14] During the first two neutrino mass measurement campaigns,
the monitor spectrometer was used in parallel to the main spectrome-
ter. The parallel operation was discontinued for now, since the long-
term stability of the high-voltage dividers was proven with other more
sensitive methods (cf. section 4.5), making the rather complex running
of the monitor spectrometer with its own systematic effects less bene-
ficial.

Whereas the implanted source is at an external setup, allowing for
parallel measurements, the condensed krypton source is located at
the KATRIN beamline between CPS and pre-spectrometer (cf. fig. 2.1).
The location makes the CKrS a unique tool to investigate the trans-
mission conditions for electrons of various energies inside the main
spectrometer.

At the CKrS, gaseous 83Kr from #3Rb is frozen as a sub-monolayer
film on a substrate. During the earlier versions, a copper substrate was
used [Pic+92b], later the substrate was switched to HOPG. To allow for
the 33™Kr to freeze on the surface, the substrate is cooled below 30 K
with a cryo-cooler system [Dyb19]. Similar to the SKrS, the absolute
line positions of the conversion electron lines are shifted due to solid
state effects [Ost09]. The setup and first commissioning results of the
CKrS at KATRIN are described in [Dyb19] and further measurement
results can be found in [Fed19; Ful20].

The third source is the gaseous krypton source. Similar to the CKrS,
gaseous 3¥Kr is emanated from a ¥™Kr generator, but instead of
freezing it on a surface, the gas is circulated in the WGTS. The 8°Rb
for the #3™Kr generator is stored in small zeolite beads with about
2-mm diameter. [Sen+18]

Different circulation modes are possible. For example, only 3*™Kr
can be injected, or it is injected together with tritium. The very first
KATRIN measurements with electrons from a gaseous source were
performed with only #3™Kr inside the WGTS [Kat18b]. To avoid freez-
ing of 83™Kr inside the WGTS, those measurements where performed
at a WGTS temperature of 100 K [Kat18b].

As a compromise between the ideal temperature to avoid tritium
condensation (30 K) and a temperature high enough to avoid freezing
of 83™Kr, the new standard WGTS operation temperature was defined
to be 80 K. Within 30 minutes, the circulation can be switched from
co-circulation of 83™Kr and tritium to only tritium. [Mar+22]

As outlined by Machatschek [Mac21], temporal or spatial variations
of the potential can lead to distortions of the beta spectrum caused by
averaging over multiple beta spectra accumulated at different starting
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potentials. A gaseous 33™Kr source with its mono-energetic conver-
sion electrons and which can be co-circulated in gaseous form with
tritium is ideal for an in-situ energy calibration of the temporal as well
as spatial potential variations. With the simple switching between
both modes, the energy calibration achieved during the co-circulation
is transferable to the mode with only tritium as it is used for neutrino
mass measurements.

Going a step further, the absolute energy scale is accessible by com-
paring the line positions of the #*™Kr conversion electrons to literature.
Currently, this comparison is limited by the uncertainty on #™Kr tran-
sition energies. In chapter 5, a method for determining the transition
energies at KATRIN is presented.

2.3 Neutrino mass results

In 2018, the KATRIN beamline was operated for the first time with
tritium. As a first commissioning run, the WGTS was run with deu-
terium mixed with traces of tritium (1% DT) at nominal column density,
leading to 0.5% of nominal activity [Kat20a]. Afterwards, during the
first neutrino mass measurement campaign (KNM1), high-purity tri-
tium (95% T,) was used at roughly one fifth of the nominal column
density [Kat19]. The most recently published result is from the second
campaign (KNM2), where the WGTS was run with almost nominal
column density (84% of the nominal value) and high-purity tritium
[Kat22].

In all campaigns, a stable source and stable potentials are needed
for successful neutrino mass measurements. The source is kept at con-
stant conditions and the retarding potential at the main spectrometer
is changed in steps and measured with the precision measurement
chain (cf. section 2.2.2). The time spent at each retarding potential is
defined by the measurement time distribution (MTD).

As described in section 2.1.4, the rate measured at the detector is
an integral spectrum; all electrons with energies above the retarding
threshold are counted. The expected rate measured at the detector for
a given retarding energy qU,e; is

Ey

R(quet) = AsNr J' RB(E>f(E’ quet)dE + Rbg(quet) : (2.24)
quet

The quantities A, Nrare normalization factors, Rg(E) is the beta-decay
spectrum (1.58) and f(E, qUy) is the experimental response function.
[Kat22] The response function is given by the transmission function
of the main spectrometer (2.21) and the energy loss inside the source
(cf. chapter 3).

The quantity Rp(qUret) is the rate of background events. The back-
ground is characterized during measurements without tritium and is
dominated by background proccesses induced due to polonium-210
a decay [Fra+22]. To monitor the background during neutrino mass
measurements, additional points above the tritium endpoint E; are
added to the MTD (cf. fig. 2.8).
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normalized residuals are plotted in (b). The statistical and
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the accumulated measurement time at each retarding energy is
displayed, illustrating the measurement time distribution.
The figure is adapted from [Kat22] under license CC BY 4.0;
the second and third panels of the original were removed.

The measured integral spectrum, including a fit using the expected
spectrum (2.24), is presented for the measurement phases KNM1 and
KNM2 in fig. 2.8. Comparing the two phases, one can see the increase
in statistics, caused by a higher source activity combined with a back-
ground decrease of about 25%. Prior to KNM2, the spectrometer was
heated up to 200 °C for about two weeks, causing the decrease of the
background. [Kat22]

2.3.1 Systematic effects

For efficient data taking, systematic and statistic uncertainties should
match. Therefore, the overall systematic budget for all possible sys-
tematics has been defined as 0.017 eV?/c*, roughly matching the aimed
total statistical uncertainty of 0.018 eV?/c* on m? [Kat05]. In KATRIN’s
design report [Kat05], multiple possible systematic effects were inves-
tigated and five major effects were identified out of those. There-
fore, the overall budget was split in five and it was required that no
systematic effect should introduce a neutrino mass shift larger than
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7.5 x 107% eV?/c*. High-voltage fluctuations of the retarding potential
(cf. chapter 4) and the determination the energy-loss function (cf.
chapter 3) are two of these five major effects.

During KNM2, the dominant systematic effect is the background,
followed by uncertainties on the WGTS potential [Kat22]. In con-
trast, the uncertainties due to the energy-loss function and due to
retarding potential fluctuations are negligible in comparison. The re-
tarding potential was already a negligible uncertainty during KNM1
(Am? = 3 x 1073 eV?/c%). After KNMI, it was improved with a new
stabilization loop (cf. section 4.2), leading to a further uncertainty
reduction of about a factor ten.

For the campaigns following KNM2, improvements were imple-
mented to reduce the effects of the new major systematics. For exam-
ple, the WGTS is operated at 80 K, improving the WGTS potential in-
vestigations with #3™Kr (cf. section 2.2.3). The background is reduced
by a factor of two, with a new magnetic and electric field configuration
that shifts the analyzing plane closer to the detector [Lok+22a].
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3 Inelastic scattering of electrons
inside the tritium source

The main results presented in this chapter are published in the paper
[Kat21b] by the KATRIN collaboration. My contributions include: the
first demonstration of the use of a time-of-flight method to measure the
energy-loss function on deuterium as well as on tritium in a differential
mode; establishing an analysis routine for the differential measurements,
developing methods to reduce the effect of background in the differential
measurements, and enhancing the final fit of the energy-loss parame-
trization.

To date, two other PhD theses exist which study the results that went
into [Kat21b]. The first by Sack [Sac20] discusses the initial parame-
trization of the energy loss function for deuterium and the second by
Schimpf [Sch21] discusses the analysis routine for the integral dataset, a
combined fit of the integral and differential datasets both with deuterium
and tritium as well as a detailed characterization of systematic effects.

Whereas the work [Kat21b] contains a comprehensive overview of the
main results, this chapter explores in more detail a number of topics
which were selected based on the areas of my contributions. Results men-
tioned in this chapter and also published in [Kat21b] or [Sac20; Sch21]

are referenced appropriately.

Beta decay electrons inside KATRIN’s windowless gaseous tritium
source (WGTS) can lose energy due to scattering on gas molecules.
The overall scattering probability is related to the source density. The
probability to lose a certain amount of energy due to the scattering
is called the energy-loss function. The measured beta-decay spectrum
at KATRIN is distorted by the energy loss inside the source. Only if
the energy-loss function is well-known, the spectrum can be fitted to
determine the neutrino mass.

This chapter starts with a general overview on external measure-
ments of electron scattering on hydrogen isotopologs. Afterwards, the
analysis of differential energy-loss data is presented. The energy-loss
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model, obtained by a combined fit to the differential data, is presented
and compared to a combined fit of differential and integral data.

3.1 Electron scattering on hydrogen isotopologs
outside of KATRIN

The scattering of electrons on hydrogen molecules has been studied
both experimentally and theoretically. Due to its simplicity, the H,
molecule is an ideal candidate for the comparison between theoreti-
cal models and experiment. In the standard energy-loss measurement
setup an electron source with well defined electron energies is used.
The electrons are guided through the individual test chamber where
the scattering is to be investigated. Afterwards the energy of the elec-
trons is measured and the amount of energy loss determined. In all
setups one always needs to account for angular change, and some of
the setups are sensitive to the angular change and also for the proba-
bility of multiple scatterings, depending on the source density.

One example are the measurements from Geiger [Gei64] where the
scattering of 25keV electrons on H, is investigated and compared to
theoretical predictions. The results are displayed in fig. 3.1. The scat-
tering can be of elastic or inelastic nature. For elastic scattering the
main distribution of angular change is within 2°. For inelastic scatter-
ing the angular change is significantly lower; The overall scattering
cross section is the largest for small angles (= 0.006°) and decreases
with higher angular changes (= 0.6°) by about three orders of magni-
tude. For small angular changes, the inelastic scattering is the domi-
nant process and roughly three orders of magnitude larger. Beginning
with angular changes of about 0.6°, the elastic scattering is the domi-
nant process.

Geiger [Gei64] shows that not only the overall scattering probabil-
ity depends on the scattering angle but also the probability of a certain
energy loss. For very small angular changes (< 0.014°) the energy loss
is dominated by a peak around 12.6 eV. The loss of about 12.6 eV is
due to electronic excitations of the Hy molecule, mainly excitations of
the B(2po'%)) and the C(2pr'Il,,) state. With larger angular changes
(e.g. 1°) the energy loss due to electronic excitations persists, but the
contribution of energy losses due to ionization is increased. (For en-
ergy exchanges above = 15.4 eV the H, molecule can be ionized.) By
focusing on only very small angular changes (< 0.017° = 3x 10~ rad),
the energy resolution of the measurement method applied by Geiger
[Gei64] was improved further from 1€V to about 40 meV. With this
high resolution the scattering-induced electronic transitions to the dif-
ferent vibrational or rotational states (in short: rovibrational states)
can be resolved.

Later the setup was improved to a resolution of about 10 meV and
precision energy-loss spectra with 34 keV primary electrons were ac-
quired for Hy, D, and HD [GS69]. These measurements can be used
to compare the band intensities for the different isotopes. Again, for
these measurements only scattering with angular changes up to 0.017°
is taken into account.
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Figure 3.1
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Angular distribution of electrons scattered elastically and
inelastically on hydrogen. The differential cross section do per
molecule, divided by the solid-angle element dQ and the Bohr
radius a, squared, is plotted against the scattering angle ¢ (in
radian). (1a), (2) and (3) show the elastic scattering and (4) is the
sum of the differential cross sections for the excitation of the B
and C state. Measurement results are plotted as dots, circles, and
crosses and theoretical predictions are plotted as a line.
The figure is copied from [Gei64]. Reproduced
with permission from Springer Nature.

For neutrino mass measurements with a tritium source, not only
the small scattering angles are of importance although they are the
dominant part of the inelastic scattering, but the overall energy and
angular change due to the scattering. For setups with the MAC-E fil-
ter principle, any angular change directly corresponds to an effective
energy change. At KATRIN with the nominal 6.3 G setting (cf. sec-
tion 2.1), a 2° angular change corresponds approximately to a 6 meV
change which is negligibly small. However, as shown in the work by
Geiger [Gei64], the individual intensity of the rovibrational states and
especially the amplitude of the ionization depends on the scattering
angle. Therefore it is important to characterize the energy-loss func-
tion for the individual setup to account for the unique geometry and
gas composition.

For the Troitsk and Mainz neutrino mass experiments the energy-
loss function in gaseous tritium and quench condensed deuterium
films was determined [Ase+00]. The K-32 conversion electron line
from 8*"Kr was used as 17.8 keV electron source to determine the
energy-loss function in the deuterium films. For the Troitsk setup,
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Figure 3.2 Energy-loss functions for the scattering of electrons on
hydrogen isotopologs. 18-keV electrons are used for the
energy-loss function on gaseous T, [Ase+00]. For the
energy-loss measurements on D, and H,, different electron
energies (14 keV, 17 keV, 19 keV, and 25 keV) were chosen. The
results for different energies were compatible within the
measurement uncertainty and one combined result is given
[Abd+17]. The shaded areas behind the functions are 1-o
uncertainty bands for the function. (In the T, case, the error is
too small to be seen.)

an electron gun at 18 keV was used. Later, using a new spectrometer
at Troitsk with about two times improved energy resolution, the mea-
surements were repeated for the isotopes deuterium and hydrogen
[Abd+17].

As a parametrization for the measured energy-loss function, the
electronic excitations around 12.6 eV are described by a Gaussian and
the continuum is described by a Lorentzian. The resulting parame-
trization is step-wise defined as

—E\2
FAR) = A; - exp (—22 (AETE) ), AE < E., 51

wy
R — >E,.
4 Wet+4(AE—E,)° AE 2 E

For the analysis of the T,
measurements, E;, was

fixed in the fit to 12.6 eV
The free fit parameters of the parametrization, E;, E, are the posi- [Ase+00], whereas it is a

tions, wy, w, the widths and A;, A, the amplitudes of the Gaussian free parameter in the
and Lorentzian, respectively. The junction point of the Gaussian and analysis of the D, and H,
Lorentzian E, is an additional fit parameter. The position E, is deter- ™measurements [Abd+17].
mined by the fit in a way that the Gaussian and Lorentzian have a
smooth connection at E.. [Ase+00]

The resulting energy-loss functions are shown in fig. 3.2. The pre-
viously obtained energy-loss functions were used for KATRIN studies
(e.g. [Kle+19]), but to reach KATRIN’s sensitivity goal, in-situ energy-
loss measurements at the KATRIN setup are indispensable.
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The angular change due to
scattering is small (cf-
section 3.1) and hence does
not change the probability
of subsequent scattering
events significantly.

3.2 Time-of-flight measurement principle

For the in-situ energy-loss measurements at KATRIN, the angular-
selective rear-section electron gun (e-gun) is used (cf. section 2.2.1).
It can produce mono-energetic electrons with well-defined energies
Esource- For the energy-loss measurements the electron’s pitch angle
between the magnetic field lines and the electron’s momentum vector
is fixed to approximately 6 = 0°.

The electrons from the e-gun are guided from the rear-section into
the WGTS and from there through the full KATRIN beamline to the
spectrometer and detector. Their way from the WGTS to the spec-
trometer is the same as for any beta-decay electron, including the
probability to lose energy on their way. With well-known Eg ¢, the
electron’s energy loss AE on the way to the detector can be evaluated
by measuring the electron’s energy with the spectrometer.

As described in section 2.1.4.1, KATRIN’s uses a MAC-E filter type
spectrometer that measures an integral spectrum. Only electrons with
a surplus energy Eg > 0 above the spectrometer’s retarding threshold
are transmitted and counted at the detector. The value of E is not
measured. By changing E, an integral spectrum R(E) is recorded.
The measured spectrum consists of the transmission function T(E) for
the e-gun electrons inside the main spectrometer combined with the
overall scattering probability F(AE, u) for electrons inside the gaseous
source.

The scattering probability is the energy-loss spectrum, weighted by
the probability P,(u) for n-fold scattering. The mean scattering rate
u(0) of an electron after traversing the full WGTS is constant and only
depends on the source density (assuming a stable source density over
time) and the electron’s angle 6:

pdoiot

0) = )
HO) cos @

(3.2)

The source density is given by the column density pd inside the WGTS.
The nominal column density is defined as pyd = 5x10%! molecules/m?
[Kat05]. The total inelastic cross section is oj; = 3.64 x 10722 m?
[Kat21a]. The scattering events itself are independent of each other;
each scattering does not change the probability for another scattering
event. Therefore, P,(i) can be described by a Poisson distribution
[Han+17]:

)

() = ol

exp (—u(0)), withn=0, 1, 2, .... (3.3)

Together with the energy-loss function f(AE) it follows
F(AE, p) =Py(p) - S(AE)
+ Py (p) - f(AE) (3.4)
+ Py(p) - f(AE) * f(AE) +, ....

For the unscattered electrons the energy stays unchanged, correspond-
ing to a Dirac delta function §(AE). For n-fold scattering, P,(y) is
multiplied with the n-fold convoluted energy-loss function with itself.
[Kle+19]
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T(E;) is determined in-situ during the energy-loss measurements.
As known from the Geiger [Gei64] and Aseev et al. [Ase+00] mea-
surements, the energy loss starts around AE,;, = 10eV. The mea-
surement of unscattered electrons, R(E;) measured at the detector for
E; < AEpn, corresponds directly to T(E,). In that way, the e-gun
characteristics such as angular and energy distribution are directly
considered together with the transmission function of the main spec-
trometer. The complete spectrum measured at the detector is

R(E,) = F(AE, p) * T(E,). (3.5)

To access f(AE) from such a measurement, the multiple scattering and
the transmission function needs to be deconvolved [Han+17]. This
shows a clear limitation of a MAC-E filter type spectrometer. As long
as a functional description exists for the observed electron distribu-
tion and for the spectrometer response, as it is the case for the beta
decay spectrum, or conversion electrons from 8¥™Kr, the observed in-
tegral spectrum can be analyzed by integrating the expected electron
distribution and fitting it together with the spectrometer response. If
no functional description exists deconvolution is necessary. For the
energy-loss measurements by Aseev et al. [Ase+00] this was solved
by introducing a simplified parametrization for f(AE) (3.1) and fitting
it to the measurement data.

As written above, only electrons with E; > 0 arrive at the detector.
The detector has no information about the value of E;. However, the
MAC-E filter filters by decelerating the electrons inside the spectrome-
ter and their flight time after deceleration depends on their energy Eg;
Electrons with larger E traverse the filter faster than electrons with
smaller Eg. If the electron’s flight time is known, the information can
be used in the analysis to determine a differential spectrum from the
integral one.

To determine the flight time of an electron, the time it enters and
exits the filter needs to be measured. The exit time can be connected
to the time it is detected at the detector. The timing resolution of the
detector depends on the shaping time. For a shaping time of about
1.6 ps, as during the energy-loss measurements [Kat21b], the timing
resolution is @(100ns) [Ams+15]. The time the electron enters the
spectrometer is more difficult to measure.

At the Mainz neutrino mass measurement setup, the 8™Kr source
could be pulsed by applying a high voltage to reduce the starting po-
tential of the conversion electrons so that they are blocked by the
retarding potential [Bon+99]. The electrons were blocked for a time
period of 2.5 ps, followed by a 2.5 us open period. Electrons arriving
during the “blocked period” after a certain waiting time (1.1 ps) at the
detector have “long” flight times. The length of the blocked period and
the waiting period are uniquely chosen for the Mainz setup. By select-
ing only electrons with long flight times (corresponding to lower E;) a
low-pass filter is added to the high-pass (MAC-E) filter, resulting in a
band-pass filter. With the band-pass filter a differential spectrum is ob-
tained. Its energy resolution is defined by the width of the band-pass
filter.

After these first successful measurements at the Mainz experiment,
the idea to combine the MAC-E filter technique with a time-of-flight
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The full measurement
proposal by C. Weinheimer
(Aug. 2018) is available
here. (Note: purple links
are not publicly accessible.)

For more details see my
talk at the KATRIN
collaboration meeting
(Nov. 2018).

The KATRIN beamline is
70 m long and the e-gun is
on the opposite side from
the detector (cf. fig. 2.1).

The estimation based on
the measurements was
done by J. Behrens and
details can be found here.

(ToF) method was pursued further. For example, its feasability for im-
proving the neutrino mass sensitivity was investigated by Steinbrink
et al. [Ste+13] and Fulst et al. [Ful+20]. At the Mainz setup, a pulsed
e-gun was developed and time-of-flight test measurements were per-
formed [Val+09]. Later, a test at KATRIN with a further devoleped
e-gun [Beh+17] was performed [Stel7]. Additionally, the e-gun ToF
measurements were used to validate the three-dimensional electro-
static field calculation for the main spectrometer [Bar16]. Building on
that, C. Weinheimer proposed to use the rear section e-gun in a pulsed
mode and apply the ToF method to measure the energy-loss function
in a differential mode.

In such a differential energy-loss measurement, R(E;) directly corre-
sponds to F(AE, p). It is only broadened by the finite resolution of the
band-pass filter. By choosing a very small column density, F(AE, p) is
dominated by the unscattered and one-fold scattered electrons. There-
fore, f(AE) is directly visible in R(Eg) and no deconvolution is needed
to access f(AE).

The first proof of concept differential energy-loss measurement was
a 12 h long measurement with about 5% deuterium inside the WGTS.
On this dataset the analysis routine for the ToF method was estab-
lished. This first dataset had already sufficiently small statistic un-
certainty to develop a new semi-empirical parametrization for f(AE)
[Sac20]. In parallel, the deconvolution method was applied to energy-
loss measurements in the standard integral mode. The analysis of
the integral data and deconvolution result is described by Schimpf
[Sch21].

It was found that the most precise description for the energy loss on
deuterium is achieved by a combined fit of the integral and differential
measurements using the new semi-empirical parametrization [Sac20;
Sch21]. After this success with the deuterium data, more data was ac-
quired with tritium instead of deuterium and with both the differential
and integral measurement mode. A further developed fit is described
by Schimpf [Sch21] and also published in Aker et al. [Kat21b].

In the following section, the measurement results and the analysis
details for the differential energy-loss measurements are presented.

3.2.1 Measurements

For the measurements, the e-gun is used with a 266 nm pulsed UV
laser (cf. section 2.2.1). The laser pulse is controlled via a Q-switch
that can be externally triggered. During the differential measurements
the laser is triggered with 20 kHz. The trigger pulse is scaled down by
1024 and fed via an optical cable into the data acquisition unit of the
detector (cf. fig. 2.5). With this, a time relative to each laser pulse 7
can be determined for each event recorded at the detector.

The timing signal reaches the detector with a delay consisting of
two main components. The first is the approximately 100 m length of
the optical cable. Assuming a typical delay for optical cables of 5 ns/m
gives a total delay of 0.5ps. The second is the delay between pulse
generator and the pre-scaler which is measured to be about 0.43 ps.

During the measurements, the energy of the electrons emitted by
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the e-gun is defined by

Esource = quh +hf—- (Deg .

The photon energy, given by the Planck relation, is hf = 4.66 eV. The
work function of the gold photocathode @, was determined to be
4.43 eV [Sac20]. Upy, is the potential applied to the photocathode and
q the charge of the electron. Upy, is the sum of the main spectrometer
vessel potential Uy, (a long cable along the KATRIN beamline to the
e-gun) and an offset voltage U on top of Up,s. The retarding potential
Uset is the sum of Uy,s and the inner electrode common potential U, (cf.
section 2.1.5). The actual potential seen by the electrons is Uy reduced
by the work function of the main spectrometer ®);g and the potential
depression Ugep. Ugep depends on the electromagnetic field setting
in the main spectrometer and can be determined from simulations.
Combining all this with (3.6), the surplus energy of the electrons is
defined as

Es = Egource = (@ (Uret = Ugep) — @)
= ¢ (Uph = Uret + Udep) + hf — g + Ps
= ¢ ((Us + Uns) = W + Uie) + Ugep) + hf — Deg + Py
= (Uy = Uie + Ugep) + hf — Deg + Dpis -

(3.6)

(3.7)

The surplus energy is varied by changing Uy; all other parameters
stay unchanged. U; is continuously ramped in a triangle wave pattern
with a period of 1 hour and a peak-to-peak voltage of 65V (cf. top
panels in fig. 3.3). By changing U, Esource i also changed. During the
tritium measurements, the minimum Eg, .. is about 18 568 eV and the
maximum at about 18 633 eV.

During each half period of the triangle wave of Uy, one single mea-
surement at the detector is acquired. Throughout the rest of this chap-
ter, such a measurement is referred to as one run and a sequence of
multiple runs is called one measurement. The measured events at the
detector during one 30 minute run are shown in fig. 3.4 as an example.
To minimize any angular-dependent broadening, a minimal magnetic
field setting with about 1 x 107* T at the analyzing plane is chosen and
kept the same for all measurements (cf. section 2.1.4.1). A summary of
all differential measurements is given in table 3.5.

3.2.2 Time-of-flight selection

As explained above, the flight time of the electron from the e-gun to
the detector can be estimated with the time-difference 7 between the
time of the event at the detector and the trigger pulse of the laser. In
fig. 3.4, 7 is plotted for each event against the time of the event.

In fig. 3.6a, the expected flight times for electrons flying through
the main spectrometer is plotted. Only flight times up to 50 us can
be distinguished. Electrons with longer flight times coincide with
the subsequent laser pulse. (The laser is pulsed with 20 kHz result-
ing in a laser pulse every 50 us.) By selecting electrons with flight
times between 35 ps and 50 ps, electrons with Eg € [0.03 €V, 0.16 eV]
are selected (cf. fig. 3.6b), resulting in a resolution of 0.13 eV for the
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During the deuterium
measurement, the
peak-to-peak voltage was
only 60V, which
corresponds to a ramping
speed of 33mV/s. The
ramping speed during the
tritium measurements was
slightly faster at about

36 mV/s.

During the deuterium
measurements, the earth
magnetic field
compensation coils were
changed compared to the
tritium measurements. The
change only had a
negligible effect on the
magnetic field at the
analyzing plane but it
slightly modified the path
of the e-gun electrons
through the main
spectrometer which is
visible in a different
position of the electron
beam at the detector.
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Figure 3.3 Voltages during an energy-loss measurement. The top row
shows the voltage Uy at the e-gun’s photocathode which is
ramped continuously in a triangle wave during the measurement.
The lower row shows the inner electrode common voltage Ui.
Any change in the difference between U,, and U, causes a change
in the surplus energy E; (3.7) of the e-gun electrons. The left
column shows the voltages during runs with decreasing E; (down
runs) and the right column during runs with increasing E; (up
runs). The voltages shown here for illustration are the voltages
observed during the energy-loss measurement on tritium with
22% p,d. The other measurements show a similar pattern.
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Figure 3.4 An energy-loss measurement on deuterium. The top panel
shows for one 30-minute run the electron flight times 7. Each bin
has a height of 0.1us (bin size for ) and a width of 2 s. The color
indicates the number of events per bin, and bins with 0 events
are not drawn. The bottom panel shows for each x-axis bin the
number of events with 7 > 35 ps.
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Table 3.5 Overview of differential energy-loss measurements. The
table shows selected properties of differential energy-loss
measurements with deuterium or tritium in the source. The rate
is the peak rate measured at the detector for the highest surplus
energy. It can be used to approximate the laser intensity during
the measurements. The range for E is obtained from the
minimum and maximum energy of the spectra after the energy
scale calibration has been applied (cf. section 3.2.3). The column
density values are given in percent of nominal column density
pod = 5 x 10* molecules/m? [Kat05]. They are estimated from
the mean scattering probability p (3.2), which is a free parameter
in the energy-loss fit (see section 3.3), and under the assumption
that 6 = 0°.

Source CD  Rate E range Ugslope No.runs Run identifiers

% pod  keps Y mV/s
D, 5 14 [-3.2,55.6] 33.168(2) 24 44109-44132
T, 15 6  [-4.8,58.9] 36.936(2) 33 49410-49442
T, 39 6 [—4.3,58.8] 35.955(2) 23 50119-50141
T, 5 6.5 [—5.2,59.4] 35.936(2) 7 50892-50898
T, 5 6.5 [—5.3,89.5] 35.961(6) 16 50924-50939
T, 22 7 [-5.0,59.0] 35.952(2) 23 52084-52107
T, 84 6 [-5.0,58.9] 35.952(2) 28 52160-52187

band-pass filter. Choosing a wider selection interval by decreasing the
minimal flight time increases the statistic but widens the energy reso-
lution. The selection interval was chosen as the best trade-off between
energy resolution and reasonable statistics.

The simulations only describe the flight time through the spectrom-
eter. The flight time from the e-gun electrons to the spectrometer is
simplified as the time t, an electron with Egy,ce = 18573 €V travels
over a distance s:

Erel , 2
te = % ~s,with p = m’ Erel = Esource + meC2 . (3.8)

With the mass of the electron m, =~ 511keV/c?, and the distance be-
tween the e-gun and the main spectrometer entrance s = 50 m, follows
t. = 0.64 ps. The simulation result is shifted by ¢, and plotted in fig. 3.7
together with the measurement results.

The results from simulation and measurement agree very well in
their shape. The absolute flight time of the electrons 7, is not known
and can only be approximated. One source for a shift of the measured
ris already approximated by the shift of the start signal of the laser
trigger, causing overall longer flight times. Other additional unknown
offsets from the measurement chain or the simulation are possible, but
are not investigated here in detail.

In the bottom panel of fig. 3.4, a ToF selection is applied to the data;
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Figure 3.6 Flight time of an electron through the main spectrometer.
The simulated flight time for electrons with = 0 and with
energies ranging from E ... = 18 573 eV to 18 633 eV is plotted
against E;. The main spectrometer retarding potential was fixed
to U,y = —18 573 V. The simulation used to obtain these results is
introduced in section 4.1. In plot (b) a subset of plot (a) is shown
and the standard ToF selection region from 35 ps to 50 ps is
marked in gray. The orange lines indicate the range in E
obtained with the ToF selection.
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Figure 3.7 Comparison of simulated and measured flight times. The
solid white curve is the sum of the simulation result plotted in
fig. 3.6 and the approximated flight time of the electron from the
e-gun to the spectrometer (3.8). Two lines shifted relative to the
white curve are added for illustration purposes. The dashed line
is shifted by 0.2 us and the dotted line by —0.4 ps. The colored
heatmap which the lines are overlayed upon shows the
single-run ToF data also displayed in fig. 3.4. The measurement is
not corrected for any delays (e.g. the delay of the start signal).
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All events with 7 € [35 s, 50 ps] are summed up and plotted against
their event time. Since Egyyce 1S continuously changing within 60 eV,
the band-pass filter is applied to different Eg . resulting in a contin-
uous differential energy loss spectrum for energy losses up to about
60 eV. Due to the limited knowledge of 7, the exact surplus energies
that are filtered by the band-pass filter are not known. Therefore, at
this point the energy scale of the resulting differential spectrum is
not yet defined. In the following section, a method is presented how
the energy scale can still be extracted from the measurements despite
these limitations.

3.2.3 Energy scale

The exact value for the energy of the e-gun electrons (3.6) depends on
three parameters: the work function of the e-gun, the wavelength of
the laser and the potential at the e-gun backplate. All three parame-
ters can be determined with external measurements. For example, the
potential Uy, which is of ©(—18.6 kV) is in part measured by the preci-
sion measurement chain of the main spectrometer high-voltage setup
(cf. section 2.2.2). The other part, the offset voltage Uy, is monitored
with a 6.5-digit voltmeter. Overall, U, is measured with a precision of
about 1 ppm. The work function ®., can be determined via the Fowler
method with an uncertainty of approximately 30 meV [Sac20].

Not only the absolute energy of the electrons needs to be known
but also their surplus energy (3.7). For this, two more parameters
need to be determined: the potential depression Ugep, and the main
spectrometer work function. The main spectrometer work function is
the dominant uncertainty and can be determined with e-gun measure-
ments with an uncertainty of about 100 meV [Sac20].

Instead of determining and using all these input parameters, the
energy scale for the energy-loss measurements is determined in-situ.
Each energy-loss measurement includes a measurement of the unscat-
tered electrons. As described above, for E; < 10 €V the rate measured
at the detector R(E,) consists of the unscattered electrons with

R(E, < 10€V) = T(E,). (3.9)

T(E;) directly corresponds to the angular and energy distribution of
the electrons and the transmission shape of the spectrometer. In case
of the integral measurements, T(Es) can be described by an error func-
tion (more details on this can be found in [Sch21; Beh16]) and for
the differential measurements it resembles a normal distribution. The
mean of the normal distribution corresponds to Eg = 0 eV. The mean,
and thus also, E; = 0 eV corresponds to a distinct time within a run (cf.
fig. 3.4). Since the Uy is continuously ramped and the ramping speed
is known from measurement (cf. fig. 3.3) while everything else is kept
constant, each time within a run can be transformed into E.

Detailed investigations of U; show that the ramping speed is not
perfectly constant over time but varies slightly within about 10 uV/s.
The distribution of slopes for one measurement is shown in fig. A.12
in the appendix as an example. For each measurement the average
slope value and the standard deviation (©(2 pV/s)) from all slopes is
listed in table 3.5.
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Figure 3.8 Cross-correlation results. The cross-correlation result (3.11) to
determine the shift in time from one run to the next is shown for
the up runs of two selected energy-loss measurements. The
vertical lines mark the shift of each run relative to the first run.

Since the start of each run and the start of the triangle wave can not
be perfectly matched, each run will have a slightly different timing.
In addition, as shown in fig. 3.3, the inner electrode common voltage
is changing slightly over time which influences E; and therefore pro-
duces a shift of the rates in time. To minimize these effects and to still
combine all runs, their cross correlation is calculated to determine the
time shift from one run to the next.

For two similar functions fand g

()0 = [ f0)- g+ A (310)

can be determined. The maximum of (f * g)(At) corresponds to the
relative displacement of fand g. Here it is applied to discrete mea-
surement data and calculated as

(FrolM =Y flil- gli+Ad. (3.11)

=tstart

The times tyort, tend correspond to the start/end of each run. (f*g)[At]
is determined individually for up and down runs. The result is plotted
in fig. 3.8 with up runs of two measurements picked as example. Each
run is then shifted in time by the determined shift and afterwards all
runs are stacked.

With this method, only shifts of the energy scale that occur during
one run (30 minutes) are neglected in the analysis. All other param-
eters influencing the energy scale, such as work functions, potential
depression, or the energy shift due to the ToF selection, do not need
to be determined but are accounted for.

3.2.4 Energy-loss spectra
By combining all runs and determining the energy scale as described

above, the differential energy-loss spectra are obtained. In addition
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Figure 3.9 Differential energy-loss measurement at 86 % of nominal
column density. The top panel shows for all detector events the
electron flight time versus the surplus energy. Each bin has a
width in energy of about 0.13 eV and a height in 7 of 0.25 ps. The
bottom panel shows the differential data, gained by the ToF
selection with 7 € [35 ps, 50 ps]. The arrows indicate the n-fold
scattering.
The figure is adapted from [Kat21b], licensed under CC BY 4.0.

to the steps described above, the detector data is corrected for pile-

up with a pile-up reconstruction scheme that was optimized for the

pulsed electron beam of the e-gun [Sch21]. More information about the
The result for the differential measurement at 86 % nominal column ~ Pile-up reconstruction can

density pyd is shown in fig. 3.9. The prominent hyperbolic structures ¢ found in %’S .
.. . . . presentation by S. Enomoto
visible in the top panel correspond to the flight time of the unscattered, during a KATRIN

one-fold and two-fold scattered electrons. Already in the spectrumof _, »~ .~ ting in
a single run (fig. 3.4), the hyperbolic structure of the unscattered and py,, 2015
one-fold scattered electrons is visible but less pronounced. The single
run contains about 1/28th of the statistics compared to the combined
runs shown in fig. 3.9. Not only the difference in statistics is easily
visible, but also the difference in column density. The measurement
shown in fig. 3.9 is at a high column density of 86 % p,d, the single
run shown in fig. 3.4 is at a very low column density of about 5% p,d.
Therefore, no two-fold scattering is visible in the single run.
The bottom panel in fig. 3.9 is the differential energy-loss spectrum
derived with the ToF selection. The one- and two-fold scattering peaks
are clearly resolved and also a small amount of three-fold scattering
is visible.
In fig. 3.10, all differential energy-loss spectra are shown in one plot.
Supplemental information to each measurement is given in table 3.5.
At 5% pod an additional measurement was performed with increased
energy range (covering 95 eV instead of the usual 65 eV). At this low
column density, the probability for more than one-fold scattering is
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Figure 3.10 Overview of energy-loss measurement at different column

densities. All energy-loss spectra obtained in the differential
mode with tritium or deuterium inside the source are displayed.
Panel (a) shows the full energy range with a focus on the lower
range of rates. Panel (b) shows the energy range of the
unscattered electrons and panel (c) shows the energy range of the
one-fold scattering. In panel (c), the first dashed line at 12.6 eV
corresponds to the position of the Gaussian that describes the
electronic excitations in the Aseev et al. [Ase+00] model and the
second dashed line at 12.8 eV corresponds to the position
determined by Abdurashitov et al. [Abd+17]. The third dashed
line marks the ionization threshold at 15.4 eV.

very low. Therefore, the spectrum above 15.4 €V is dominated by the
energy loss due to ionization.

In order to reduce systematic effects due to pile-up, the laser inten-
sity was reduced for the tritium measurements. The higher intensity
during the deuterium measurements is visible in fig. 3.10b.

As a crude estimation of the scattering probability, the integrated
counts of unscattered electrons (integral of fig. 3.10b) can be compared
to the integrated counts of one-fold scattered electrons (integral of
fig. 3.10c). Thisleads to a scattering probability of 6 % for the deuterium
and tritium measurements at 5% pyd. For the tritium measurement
at 84% pod, the scattering probability for one-fold scattering can be

73

Column density
in % pod

+ 5(D)
+ 5(M Q@
+ 5(M)©2)
+ 15(T2)
+ 22(T2)
39 (T)
84 (T)



0.6+

Ratein cps

0.0

Figure 3.11

0.2+

?
|
04 ——— l *
$ ¢ ! }
i 4 !
) 2 1 'y
¢ ¢ t
¢
* * ®
5 7 9

Surplus energy in eV

Background rates in energy-loss measurements. The plot
shows the rates after the ToF selection in the energy region
between unscattered and scattered electrons. The colors indicate
the column density (CD) during each measurement. The average
rate for each dataset is plotted as a line with the corresponding
1-0 uncertainty band.

estimated with this simplification as 52 %, and for two-fold scattering
as 25%.

In order to make a very first comparison to previous energy-loss
measurements [Ase+00; Abd+17], the position of the Gaussian describ-
ing the electronic excitation is marked. One can see that the position
of the main peak agrees with the peak position as measured by Ab-
durashitov et al. [Abd+17]. However, in addition to the single Gaus-
sian (cf. section 3.1), another Gaussian structure is visible at 15 eV be-
fore the ionization continuum starts. It is important to note that this
comparison is possible since the differential spectrum gives almost
direct access to the energy-loss spectrum. As described above, the
measured rate at the detector (3.5) is the multi-fold scattering F(AE, p)
(3.4) folded with T(E;), which corresponds in the differential case ef-
fectively to a broadened F(AE, p).

3.2.5 Background

For surplus energies below the threshold for electronic excitations (at
about 11 eV), only unscattered electrons are expected in the differential
spectrum. As visible in fig. 3.10, the main peak of the unscattered
electrons expands to about E; = 0.3eV. In between the region of
unscattered and scattered electrons, a non-zero rate is visible in the
differential spectrum. This unexpected rate is now called background.

In fig. 3.11 the rates for Eg € (3€V, 11€V) are plotted. Overall, the
rate is constant over the energy region. With deuterium in the source,
the rate in this region is very small (0.055(7) cps). With tritium in the
source, the rate depends on the source density: higher source density
corresponds to an increased rate.

For a more detailed investigation, the average rates are plotted
against the source density and colored by the time of the measurement
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During the first
measurement at about
22% p,d, the e-gun beam
was not perfectly steered
through the rear section.
Therefore, for higher
surplus energies a decrease
in rate was observed,
making the measurements
unusable for the final
energy-loss analysis. For
the background
investigations the rate
decrease is not relevant
since it does not start for
E, < 11eV. To avoid
confusion, this
measurement is omitted
from table 3.5.
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Figure 3.12 Average background rates in energy-loss measurements.
The average rates (also shown in fig. 3.11) are plotted against the
column density (CD). The black point in the lower left is from the
deuterium measurement; all other measurements are with
tritium.

in fig. 3.12. Not only a dependency on the source density is visible but
also on the time of measurement. The later measurements at 5% p,d
have an overall higher average rate than the measurements at 15% p,d.
Also the two successive measurements at 5% pypd show an increase
of the background within two days. The later two measurements at
22 % pod show the same: the earlier measurement has a smaller rate
than the later one.

To further investigate the origin of the observed background, mea-
surements were performed with the e-gun on high voltage, but without
the laser. During these tests, the events measured by the detector are
correlated to Eg and display something similar to a standard transmis-
sion function shape. Without the laser, no electrons should be created
via the photo effect. For the initial tests the column density was at
about 22 % pyd, and an overall background rate of O(1 cps) was visible.
The result is displayed in fig. A.13 in the appendix.

Almost half a year later, more background measurements with longer
measurement times (thirty half-hour runs instead of only six as before)
were performed. At that time the background rate was increased to
0(10 cps) at about 22% py. The measurement result is displayed in
fig. 3.13. Not only a transmission function shape from the unscattered
background electrons is visible but also a second small step corre-
sponding to one-time scattered background electrons.

For the analysis of the background measurement, the energy scale is
reconstructed differently as for the general energy-loss measurements
(cf. section 3.2.3). The determination of the E; = 0 position is more dif-
ficult, due to the wider distribution and the lower statistics compared
to an energy-loss scan. To understand the background process it is of
interest to determine the energies of the background electrons. Their
surplus energy E; is defined the same as the surplus energy (3.7) for
the electrons created by the photo-effect but without the term for the
photon energy:

Eé =q- (Us - Uie + Udep) - (Deg + q)MS . (3.12)
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E§ is used as energy scale in figs. 3.13 and A.13. ®pg = 4.31 €V is used
for the main spectrometer work function [table 5.2 Sac20]. The value
was estimated from an energy-loss measurement three days before
the background measurement. As value for the e-gun work function
Dy = 4.47 €V [Sac20] is used.

Some words of caution to the determination of E;. Both work func-
tions are determined with e-gun measurements and the work function
of the main spectrometer is extracted from energy-loss measurements.
In addition, but with lesser overall impact, for the later dataset no
voltmeter measurement during the measurements is available for Uy.
The value for U, is estimated from a voltmeter measurement close to
the measurement itself. Since a better power supply was used with
smaller variations over time during the later dataset, the voltmeter
measurement during the measurement itself is less important. The
new supply variates within 1mV over one hour, which is about a fac-
tor ten better than the stability of the old power supply during normal
energy-loss measurements (cf. fig. 3.3). Therefore, absolute energies
of the background electrons can have a systematic shift of unknown
size, possibly within about +£0.2 eV.

With the energy scale defined in this way, the first part of the trans-
mission function (the part of the unscattered electrons) can be de-
scribed by an error function with amplitude A and shifted by a con-
stant b:

F(ED = % - (1 + erf<E§ - ”)) +b,

o
x (3.13)
erf(x) = % J e dr.

2no
0

Fitting f(E;) to the data leads to a width ¢ = 1.1(1) eV and position
u = —2.08(9) eV. The result is plotted in fig. 3.13. Judging from the
reduced y? value of 2.9(2), the fit is not a perfect description of the
data. Still, if the fit is used as an approximation of the background
electron distribution, the electrons created at the e-gun photocathode
have a starting energy of about 2 eV. For the earlier dataset with re-
duced statistics and overall lower background rate, the starting energy
is compatible but the width is only half as large (cf. fig. A.13 in the
appendix). Part of the transmission function width can be explained
by the angular distribution of the electrons at the e-gun. The mea-
surements were performed in a 1.0 G setting. The measurement of
an electron source with isotropic angles in this setting would have a
transmission width due to the angles of 0.45 eV peak-to-peak. There-
fore, a part of the width can be explained by an angular distribution
and the remaining part is caused by the energy distribution of the
electrons.

In conclusion, during measurements with the e-gun on high voltage
but without light source, background electrons are produced. Their
dependency on U and the transmission function shape that is mea-
sured at the detector indicate that their energies are about 2.08(9) eV
higher than the energies of the electrons produced via the photo-effect.
Their energy and angular distribution produces a transmission func-
tion that is an order of magnitude larger in width than the photo-effect
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A more elaborate fit was
performed by Schimpf
[Sch21], where not only the
unscattered electrons are
fitted but the whole dataset
with the full energy-loss
parametrization (cf.
section 3.3).
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Figure 3.13 Measurement of the e-gun background. The accumulated
event counts of 30 runs during e-gun background measurements.
The setup was similar to the standard energy-loss measurements
but with the laser turned off. During the measurements, the
source was filled with tritium at about 22 % p,d. The surplus
energy E; (3.12) is determined with a procedure different from
normal energy-loss measurements. Due to imperfect
synchronization, not all runs contain the same surplus energies,
therefore events with surplus energies below -5.2 eV and above
60 eV have been removed. The orange line is an error function fit
(3.13) with its residuals shown in the bottom panel. The fit is only
for E < 8 €V so that only unscattered electrons are considered.

electrons (about 0.1eV). To explain these background electrons, a sec-
ondary process needs to exist that creates low-energy electrons at the
photocathode. The dependency of the background rate on the column
density, the accumulation over time and the very low background rates
during the deuterium measurement give a strong indication that this
secondary process is caused by tritium. More precisely, electrons from
the tritium beta decay that impinge on the photocathode and produce
secondary electrons.

For the integral measurements, this background is not as important
as for the differential measurements. The rate of background electrons
O(1 cps) is small compared to the signal electrons O(6 keps) [Sch21] in
the integral mode. The additional electrons only produce a smearing
of the transmission function due to their different angular and energy
distribution.

For the differential measurements the background is more critical.
Any electron not produced in synchronization with the laser pulse has
no defined flight time 7 (cf. section 3.2.2). Without the knowledge of
the flight time, the ToF selection just arbitrarily picks electrons with
different surplus energies, and the differential spectrum is lost. As vis-
ible in fig. 3.9 (top panel), the events are homogeneously distributed in
Tbetween the hyperbolic structure of the unscattered and the one-fold
scattered electrons. With the ToF selection, only 30% of the back-
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Figure 3.14 Event multiplicity during energy-loss measurements. The
left column shows one run from the deuterium measurements.
The right column shows one run from the tritium measurements.
In the first row, the event multiplicity for all events is plotted
against the surplus energy. In the second row, only events
remaining after the ToF selection (r € [35 ps, 50 ps]) are shown.

ground is selected and the result is visible in fig. 3.11. The very low
background rate visible in fig. 3.11 for the deuterium measurements is
also reflected in the top panel of fig. 3.4, where almost no events are
visible in the region between the unscattered and one-fold scattered
electrons.

The background spectrum is an integral spectrum on top of the
differential spectrum. For regions with high rates (e.g. unscattered
electron peak) it is less critical. But for regions with low rates, such
as the tail of the energy-loss spectrum (above the ionization thresh-
old) it becomes critical and needs to be considered in the energy-loss
analysis.

3.2.6 Event multiplicity

The multiplicity of each event registered at the detector can be esti-
mated from the event pile-up reconstruction in the detector analysis.
The event multiplicity corresponds to the number of electrons that are
registered as one single event at the detector.

For two single runs, one from the deuterium measurements and
one from the tritium measurements, the multiplicity is plotted against
the surplus energy in fig. 3.14. During the deuterium measurement, a
higher laser intensity was used (cf. table 3.5), leading to higher multi-
plicities compared to the tritium measurements (first row in fig. 3.14).
After the ToF selection (second row in fig. 3.14), mostly events with
single multiplicity remain.

Electrons created by one laser pulse at the photocathode have the
same starting time but not necessarily the same energy. The energies
of electrons from one pulse are distributed along the energy distribu-
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The minimum time
interval during which the
detector can distinguish
between two events is only
in a simplified model
determined by the shaping
length, in reality it is more
complex. However, here it
is enough to know that it is
O(2 us). More details can
be found in this
presentation by S. Enomoto
at a KATRIN analysis
workshop (Mar. 2021).

A detailed background
simulation can be found in
the work by Schimpf
[Sch21] and the master’s
thesis of C. Schwachtgen
(Dec. 2020), and a shorter
overview of the results in
the work [Kat21b].

tion from the e-gun of about 0.1eV width. When the electrons arrive
at the spectrometer, their energies can have changed even more due to
different energy loss inside the source. Due to their different energies
and angles, and therefore also different surplus energies, the electrons
need different times to traverse the spectrometer. The ToF selection
only selects electrons with small surplus energies. For small surplus
energies, the electrons’ flight times through the spectrometer diverge
(cf. fig. 3.6). Pile-up is caused by electrons arriving in a time inter-
val shorter than the detector’s shaping length (1.6 ps). Therefore, it is
very unlikely for electrons within the ToF selection to be connected
to pile-up events at the detector.

As visible in fig. 3.14, the multiplicity in the deuterium data set after
the ToF selection consists mainly of a multiplicity of 1. Except for the
region of the unscattered electrons, where some events with higher
multiplicities are visible. Due to the low column density in the deu-
terium measurements and the high laser intensity, many unscattered
electrons arrive at the detector. For the tritium measurements, higher
multiplicity events remain after the ToF selection not only at the posi-
tion of unscattered electrons but also for higher surplus energies. This
seemingly homogeneous distribution of events with multiplicity > 1
is also visible in the other tritium energy loss measurements but not
in the deuterium measurement.

Background events are uncorrelated to the laser pulse and produce
an integral spectrum above the differential one (cf. section 3.2.5). Since
the background rate during the tritium measurements is almost about
a factor eight higher than during the deuterium measurements (cf.
fig. 3.12), the obvious explanation for the high multiplicity events per-
sistent after the ToF selection is the background. The multiplicity of
events during a pure background measurement is plotted in fig. A.14
in the appendix. In addition to events with one-fold multiplicity, also
events with higher multiplicities are visible.

To reduce the background rate as far as possible in the differential
energy-loss analysis, a multiplicity cut is introduced. After the ToF
selection is applied to the data, only events with one-fold multiplicity
are selected. In this way, the background is reduced but not fully
eliminated. The remaining background is not a pure integral spectrum
on top of the differential one anymore but slightly distorted.

3.3 Scattering of electrons on tritium

The energy-loss function for the scattering of electrons on tritium
can be extracted from the measurements that were introduced in the
previous section. By comparing the differential spectrum obtained
from the measurements at the KATRIN beamline (cf. bottom panel
of fig. 3.9) with the measurements obtained at the Troitsk and Mainz
setup (fig. 3.2), it is obvious that the previous parametrization (3.1) is
not sufficient anymore. For example, due to the higher energy resolu-
tion with the KATRIN setup the electronic excitations (around 12.8 €V)
are not only visible as one peak but as two separate peaks.

As presented in section 3.1, the individual molecular states can be
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resolved with the very-high resolution (40 meV and later 10 meV) mea-
surements of Geiger [Gei64]. The observed excitations can be divided
into three groups, the vibrational excitations of the B(2pa'>), the
C(2pr'11,), and the D(3pr'Il,) state. Based on this, the new parame-
trization includes three Gaussians to describe the electronic excitations
as measured at KATRIN. To describe the ionization continuum, the rel-
ativistic binary encounter dipole (BED) model by Kim et al. [KSP00]
is used and denoted as fggp here. The full parametrization to describe
the energy-loss function is [Kat21b]

Y. a; exp (—(AL;—;"‘)), AE < Ejopy
f(AE) = =1 ’

Eion
fB]]cZ]()(Eio)n) - foen(AE),

The ionization threshold E;,, is fixed to E;y,(Ty) = 15.486 €V [KR94;
WIJH99]. a;,m; and o; with i € [1, 2, 3] are the amplitude, position and
width of the three Gaussians, respectively. The amplitude of fggp is
fixed to f(Ej,,) to ensure a smooth connection of both parts of the step-
wise defined function. As described in section 3.2, the n-fold scattering
(3.4) and the response of the system (3.5) needs to be considered.

In the following section, the results for f(AE) from a fit to the differ-
ential measurements are presented. Afterwards, the results are com-
pared to the result from a combined fit on both the integral and differ-
ential measurements, as published in the work [Kat21b].

(3.14)
AE > E, .

3.3.1 Fit to the differential data

The data from differential measurements are prepared along the an-
alyzing procedure described in section 3.2 with slight adjustments.
Instead of the cross-correlation method, the peak of the unscattered
electrons is fitted with a Gaussian and its position is used to define
the E; = 0 eV position for each run. Additionally, the rate measured at
the detector is corrected by the light intensity of the laser as measured
by a photo-diode [Sch21]. The measurement data is binned in 50 meV
bins.

3.3.1.1 Inelastic scattering cross section

During the measurements, the kinetic energy of the electrons Egqyrce
is changed (cf. section 3.2.1). Since the inelastic scattering cross sec-
tion has an energy dependency, a change in energy also changes the
scattering probability for the electron. A description for the electron’s
inelastic total cross section in the Born approximation was derived by
F. Gliick and is based on the works [Liu73; Liu87; Ino71]. It is described
as

2
O'inel(E) = Mﬂ [Mtzt ‘In <4Ct0t ' I) + 5E] (3~15)
T/RL ™ R
with the non-relativistic kinetic energy T
7= 1 B? 1 (1 —m§ ) (3.16)
2 ¢ 2 ¢ (me + Egource)?

8o

Different models were
tested and the model by
Kim et al. [KR94] was
identified to describe the
deuterium data the best
[Sac20]. For the final
tritium fit the further
developed relativistic model
by Kim et al. [KSP00] was
used.

The full analysis chain for
the differential data is

available on the
KATRIN-internal git
repository.

Presented by F. Gliick
during a KATRIN analysis
call in July 2019 available
here.


https://nuserv.uni-muenster.de:8443/katrin-git/KATRIN-eloss/-/tree/master/code/tof-event_based_analysis
https://iap-katrin-wiki.iap.kit.edu/katrin/images/3/36/SigmainelTheorH2D2T2.pdf

{ is a free parameter in the
energy-loss fit function
(3.17). Therefore, the value
of i is scaled instead of
dircetly using oy, (Esource)-

Further information about
the background model is
also presented in the
master’s thesis of

C. Schwachtgen (Dec.
2020).

The sum of dipole transition probabilities from the initial ground state
to all excited and ionized states is determined as M2,(T;) = 1.5356.
R = 13.606 €V is the Rydberg energy and a, the Bohr radius with
a(z) = 28.003 x 10718 cm?. O is a relativistic correction term, and for
tritium and electrons with energies around the endpoint 6 = —0.01.

For small changes in T, the total cross section changes linearly. The
scattering probability increases with decreasing T. o;,01(E) changes by
about 0.3% over the full energy range (Egyurce € [18 568 €V, 18 633 eV])
of the energy-loss measurements.

To account for the changing scattering probability due to the chang-
ing Egource in the measurements, the mean scattering rate p (3.2) is
scaled by a correction factor gie(Esource)/Oinel(Eix)- Efix is defined
as the energy of the electrons at E; = 0 eV during the measurement
and is fixed for the fits to 18 572.68 eV.

If the electron loses energy due to scattering in the source, the scat-
tering probability for the second scattering is slightly increased. For
example, an energy loss of about 12.8 eV corresponds to a change of
Oinel(E) by about 0.06 %. This violates the assumption that the scatter-
ing can be described by a Poisson distribution (3.3). Since it is only
a small effect, especially for the dominant one-fold scattering, it is
neglected in the analysis. If such an effect is to be considered in the
future, first oj,](E) should be verified experimentally at KATRIN. By
performing energy-loss measurements at different e-gun electron en-
ergies Eg, but stable column density, the change in p can be compared
to the expectation from oy,e. Or, even simpler, it can be verified by per-
forming column density measurements [see Blo22] at different e-gun
electron energies.

3.3.1.2 Transmission function

During each energy-loss measurement, the transmission function T(E;)
is determined in-situ with the measurement of the unscattered elec-
trons (cf. section 3.2.3). The part of the measured energy-loss spectrum
with Eg € [-1eV,1eV] (cf. fig. 3.10) is convolved with F(AE, i) and
gives the model R(E;, p1) for the rate measured at the detector (3.5).

3.3.1.3 Background

As introduced in section 3.2.5, for the differential measurements the
background electrons need to be considered in the analysis. Initially,
an integral spectrum was added to the differential one with a free
amplitude in the fit. The integral spectrum was the integrated version
of the differential measurement result. Since the background electrons
have a different energy distribution compared to the electrons created
by the photo-effect, this method was a small improvement but not a
solution.

To reduce the background as far as possible, a multiplicity selection
is applied on the data (cf. section 3.2.6). In addition, a dedicated back-
ground model of the remaining background electrons after the multi-
plicity cut was developed [Sch21]. The background shape B(Ej, p) is
added to the fit with its amplitude as a free fit parameter.
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3.3.1.4 Least squares minimization

The measured rate R is described with a fit model consisting of the
nine parameters of the energy-loss function (3.14). Additionally, the
following nuisance parameters are added to the model: background
amplitudes b;, normalization factors ¢; and the mean scattering proba-
bilities y; for each dataseti =1, 2, ..., N.

A least squares minimization was performed with the following y?
function to fit the model to the data.

P = i Z (CiRi(Es’ ) + b; - B{(Eg, p1) — J/i,j)2
i

a(yi)
Emax 2
[ f(AE)AE -1 (3.17)
0

+

)

Pis the vector of free fit parameters. The measured rates are y;;
and their uncertainties o(y; j), with j denoting the data points of each
dataset [Kat21b]. The second summand is a penalty term that forces
the integral of f(AE) from E; = 0€V to

_ (Eﬁx - Eion)

Emax -

~ 9.28keV (3.18)
to one.

The fit is performed on four of the tritium datasets (cf. table 3.5):
at 15%, 22%, 39 %, and 84 % pyd. The two datasets at 5% pyd are omit-
ted from the fit. The dataset with the normal scan range has lower
statistics compared to the other data sets (of about a fourth of the mea-
surement time) in addition to the lower scattering probability due to
the small column density. Also combined with the dataset with the
extended scan range, the statistics for scattered electrons are only one
third of the statistics available from the 15% pyd dataset. With lower
statistics, also the signal to noise ratio is decreased and no dedicated
background measurement exists at 5% pyd.

3.3.1.5 Result

The result of the least squares minimization in shown in fig. 3.15. The
reduced y? value for the fit is 1.08(2). It is not compatible 1 within the
uncertainties, but very close. At first glance, the residuals over the full
fit range show no significant structures, except for small sinusoidal
structures around E; = 14 €V (fig. 3.15a). A linear fit to the residuals
for E; > 17 eV showed no significant drift for any of the datasets.

In the residuals plotted in fig. 3.15b, two periods of a sinusoidal
beginning around 13 eV and ending around 15 eV with an amplitude
of roughly 2.5 can be identified. Since the residuals are normalized by
the uncertainties, the amplitude corresponds to a 2.5 o deviation. Less
pronounced is a small dent in the residuals at 11.3 eV (within 2.5 0),
followed by an even smaller increase. These structures occur in all
datasets.
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During the measurement
planning an increased
measurement time was
allocated to account for the
lower scattering probability,
but due to hardware
problems parts of the
measurement time were not
usable.

The minimization is
conducted via iminuit in
Python and the full fit
routine is available on the
KATRIN-internal git
repository.
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Combined fit result for the differential data. For all four
datasets that are used in the combined fit, the measurement
points and the resulting fit model (colored lines) are shown. The
measured counts are normalized by the area below all counts
within —1€V to 56 €V. The residuals are normalized by the
uncertainties of the observation. Plot (a) shows the full fit range
and plot (b) is a magnified view of the region of the one-fold
scattering. The best-fit parameters are listed in table A.15.
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It is important to note that the parametrization is a semi-empirical
parametrization of the energy-loss function. The three Gaussians of
the fit describe a whole set of discrete excitation states which are
smeared to Gaussian-like structures due to the limited energy reso-
lution in the measurement. The small structures within 2.50 show the
limitation of the approximation with a Gaussian.

In the top panel of fig. A.16 in the appendix, the correlation matrix
of the fit result is displayed. The absolute correlation values of the nine
energy-loss parameters to the nuisance parameters for the datasets are
small and < 0.3. Within the nuisance parameters, one can see a corre-
lation between the background amplitudes, the normalization factors
and the mean scattering probabilities within each dataset. All three
effect the scaling of the energy-loss function and are therefore natu-
rally correlated. The highest correlation values are for the parameters
of the three overlapping Gaussians m, a, 0. Here nothing unexpected
is visible. For example, the width of the second Gaussian has a large
correlation to all other parameters which is directly connected to the
second Gaussian being positioned in between the other two.

The resulting f(AE) from the fit is displayed in fig. 3.16. It can be
used to calculate the mean energy loss AE(T;). The mean energy loss
for losses up to E, = 9.28 keV is

AE(T,) = 30.70(2) eV . (3.19)

The result is compatible with the the result reported in the work
[Ase+00]:

AE(T,) = 29.9(10) eV . (3.20)
3.3.2 Combined fit of integral and differential data

Instead of using only the differential datasets, now also the integral
datasets are included. Three integral datasets at about 14 %, 41%, and
86 % pod are added to the four differential datasets. The integral datasets
are described in [Sch21]. The fit presented in this section is published
in [Kat21b]. For better readability the following shorthands are de-
fined. The fit on only the differential datasets is called tof-only fit, the
one on both the integral and differential datasets is called combined
fit.

The least squares minimization is the same as described above, only
with an additional summand for the integral dataset. With the integral
dataset, the y? function (3.17) is changed to

2
Nis (Ctof,iRtof,i(Es> .U) + btof,i : BtOf,i(ES’ [1) - ytof,i,j)

XA(P)=>>
r g

o (ytof,i, j)
. 2
" sz Z (Cint,iRint,i(Es’ ,u) + bint,i ' Bint,i(Es’ .u) - Yint,i,j)
I o (Vint,i)
2

Emax
( | f(AE)dAE—l)
0
52

+

(3.21)
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To distinguish between the differential and integral datasets, the in-
dices are expanded by “tof” to mark the differential datasets and “int”
for the integral datasets. The integral datasets are fitted between -3 eV
up to 56 eV, and the differential datasets between 10 eV up to 56 eV.

The fit result is shown in fig. A.17 in the appendix. The reduced y?
value is 1.13(2) and slightly increased (about 0.05) compared to the y?
value of the tof-only fit.

The residuals for the differential datasets are very similar to the
tof-only fit which is discussed in detail in section 3.3.1.5. No obvious
structures are visible in the residuals of the integral datasets. The slight
oscillations visible in the residuals of the differential data do not appear
in the integral data. Instead, a small dent is visible around 20 eV for all
three datasets. Also a small overall increase of the residuals towards
higher surplus energies is visible. Here it is important to note that
for higher surplus energies also the overall count rate at the detector
increases which makes the pile-up correction more important.

The correlations between the fit parameters are shown in fig. A.16
(bottom panel) in the appendix. The absolute correlation values be-
tween the nuisance parameters and the nine energy-loss function pa-
rameters are < 0.2 and overall about 0.1 smaller than in the tof-only fit.
In the tof-only fit, the absolute correlation values for the background
amplitudes byof; and the normalization factors cyof; to the energy-loss
function parameters are similar but have opposite signs. The integral
background amplitudes have no correlation to the energy-loss param-
eters.

It is interesting that the correlation between the mean scattering
probabilities y, the background amplitudes b and the normalization
factors c is different for the integral datasets compared to the differ-
ential datasets. bj,;; and pin; have correlation values around zero
whereas by,¢; and piof; have a correlation of ~0.6. This difference can
be caused by two effects, the background and different fit ranges.

For the integral data the signal to noise ratio is much higher and
almost constant for surplus energies above 10eV. For the differen-
tial data the signal to noise ratio is much smaller and it changes with
the surplus energy (cf. section 3.2.5). Since the fit range for the dif-
ferential data starts at E; > 10 eV, the mean scattering probability is
only estimated by the ratio of the one-fold and two-fold scattering.
Both regions are differently affected by the background causing the
correlation between pi,¢; and byf;.

In an ideal fit result, the nuisance parameters of one dataset should
not be correlated to another dataset. However, this is the case for ¢
and y in the integral dataset and especially for the datasets two and
three.

For a more direct comparison, the resulting f(AE) from both fits
is plotted in fig. 3.16. Not discussed before, but added to the plot is
an additional fit that is performed on the integral datasets only, called
integral-only fit. The integral-only fit has the largest uncertainty in the
region of the electronic excitations. The uncertainties of the tof-only
fit and the combined fit are very similar. They are slightly increased
for the tof-only fit which can be caused by less nuisance parameters
compared to the combined fit.

Comparing the relative difference between f(AE) from the tof-only
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Figure 3.16 Energy-loss function fit results. The figure shows three

different energy-loss functions. The orange and red functions
result from a fit on only the differential and only the integral
dataset, respectively. The purple function results from a fit on the
combined datasets. The 1-o uncertainty band is very small and
therefore additionally shown in the second row and multiplied by
1 x 10>, To further highlight the differences between the
integral-only and the combined fit as well as between the
tof-only and the combined fit, their relative differences are
shown in the third row.

fit and the combined fit, differences within 1.5% are visible. The ion-
ization tail is shifted to 0.5% lower values in the tof-only fit. In the
region of electronic excitations the differences oscillate within 1%.
These differences reflect the slightly different Gaussians in both fit
results.

It is possible to evaluate the individual importance of the differen-
tial and the integral datasets on the combined fit by comparing the
relative differences between the tof-only or integral-only fit to the
combined fit (third row in fig. 3.16). The ionization tail is mainly deter-
mined by the integral datasets (the difference to the combined dataset
is almost zero in this region). In the tail region the integral data has
high count rates and low uncertainties whereas the differential data
has lower count rates and higher uncertainties. In contrast, the dif-
ferential dataset is dominating the combined fit in the region of the
electronic excitations.

The resulting f(AE) from the combined fit can be used for the de-
termination of the mean energy loss for losses up to E;,x = 9.28 keV:

AE(T,) = 30.79(1) €V . (3.22)
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Table 3.17

In the fit routine, as used
for the KNM2 T2 model,
the wrong kinetic energy
was implemented in the
BED model. Instead of the
non-relativistic energy
(3.16), as needed for the
BED model by Kim et al.
[KR94], the relativistic
energy was used.

A full documentation of all
changes is given in an
internal report.

Mean energy loss for different fit results. The mean energy
loss is calculated for a comparison of the fit result based on
different data sets. The mean energy loss of the region below and
the region above the position of the ionization energy is shown in
the first and second row, respectively. The full mean energy loss
AE(T,) for losses up to E,, = 9.28keV is shown in the last row.

Mean energy loss ~ combined tof-only integral-only
Eion

| f(AE)-AEdAAE 6.412(5) 6.446(9) 6.394(7)

0

Emax

[ f(AE)-AEAAE  24.38(2) 24.25(3) 24.44(3)

Eion

[ f(AE)-AEAAE  30.79(1) 30.70(2) 30.83(2)

0

The result is not compatible within the uncertainties to the mean en-
ergy loss determined with the the tof-only fit result (3.19). In both
cases, the uncertainties are determined from the fit uncertainties. For
the integral-only fit, the value is higher and AE(T;) = 30.84(2) eV.

Comparing the results of the mean energy loss for energies within
[0, Ejon] and [E;jop, Emax] (cf. table 3.17), the dominance of the integral
dataset in the ionization tail region is again visible. Since the largest
part of the mean energy loss (24 eV of the full 30 eV) is located in the
tail region, it is reasonable that the mean energy loss of the integral-
only fit result is closer to the combined-fit result than the tof-only
fit.

3.3.3 Impact on the neutrino mass

Instead of comparing the shape and parameters of the different energy-
loss fit results, the different results can also be used as input for neu-
trino mass fits. For this, measurement data is generated with Monte
Carlo (MC) simulations embedded in the KaFit framework [Kle14].

The dataset is based on the second KATRIN neutrino mass campaign
(KNM2) with the neutrino mass fixed to zero. The energy-loss model
that was used for the KNM2 analysis is used to generate MC data.
Internally this model is called KNM2 T2 model. It was the first fit
result of the combined integral and differential dataset and was used
for the neutrino mass results presented in [Kat22]. The combined
fit result that was presented in the previous section and published in
[Kat21b] is internally called KNM3 T2 model.

Between the KNM2 and the KNM3 model, the following changes
were implemented: The BED tail implementation was corrected, the
fit accounts for the changing kinetic energy, the background model
was improved and some minor adjustments were implemented. Since
the KNM2 model was used for the published KNM2 neutrino mass
analysis it is used in the following comparison as a reference.
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Table 3.18 Influence of different energy-loss models on the neutrino
mass. Neutrino mass shifts observed in fits on Monte Carlo data

using different f(AE).
Model Am? in 1073 eV?/c*
KNM2 T2 -0.52 + 63.00
combined -12.7 £65.0
integral-only -23.2 £66.0
tof-only 11.85 + 64.00

The MC data was fitted using different f(AE) in the model. The
parameter errors of the f(AE) fit results are considered with penalty
terms in the neutrino mass fit model. To estimate the robustness of
the method, the same f(AE) was used in the model as was used to
generate the MC data (KNM2 T2). The result is listed in table 3.18.
Due to implementation details, the MC data was generated pixel-wise
but the fit is uniform over all pixels; this introduces a small shift of
0.5 x 107 eV?/c*. The shifts due to the different f(AE) models are sig-
nificantly larger. The uncertainties on the neutrino mass shift are on
the order of 65 x 1072 eV?/c* and are caused by the limited statistics of
the KNM2 dataset.

The Am? for the tof-only fit is in a different direction than the one
for the integral-only fit and the Am? for the combined fit is in between
both. The distance to the Am? of the combined fit is larger for the
tof-only fit than for the integral fit. This is the same effect that is also
visible in the mean energy loss values of the three different fits (cf.
section 3.3.2).

3.3.4 Summary

Judging from the impact on the neutrino mass analysis, the mean
energy loss values, and the differences shown in fig. 3.16, both datasets
(integral and differential) pull the result in different directions. A full
overview on the individual measurement systematics and how they
can be treated is described in [Kat21b; Sch21]. The investigations show
that each of the discussed systematic effects has a negligible influence
compared to the statistical uncertainties of the fit result.
However, the results presented above show that both datasets give
different results that are not agreeing within their statistical uncertain-
ties (e.g. the result for the mean energy loss). Only judging from the
x? result, the tof-only fit seems slightly superior. Since both measure-
ment modes have their individual characteristics and influence the fit ~ ror the D, measurements
result in different directions, we chose to combine both. x? = 1.57(2) and for T,
The combined fit result is shown in fig. 3.19. To be consistent with (combined fit) y* = 1.13(2).
the publication [Kat21b], the uncertainties of the data points were in- For a possible explanation
flated by a factor of \x?/Nyr (with the number of degrees of freedom o the de"ia”"”.f rom
Njof), obtaining a reduced y? = 1. In comparison to the other energy- * 1 see the discussion

. . th iduals i
loss functions, the combined fit result on Ty has the smallest uncer- on Fhe resiuais i

section 3.3.1.5.
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Figure 3.19 Energy-loss functions for scattering of electrons on tritium
and deuterium. The energy-loss function from the combined fit
for T, (presented in this chapter and published in [Kat21b]) is
plotted together with the T, result from [Ase+00], the D, result
from [Abd+17] (cf. section 3.1), and the D, result determined at
KATRIN [Kat21b]. The uncertainties for the two external
measurements are calculated without considering the
correlations between the parameters.

tainties. The improvement in energy resolution to the measurements
described in [Ase+00; Abd+17] is clearly visible.

Comparing the two measurements at KATRIN (cf. [Kat21b]), the
first Gaussian is less pronounced for the scattering on T, than on
D,. Additionally, the positions of the second and third Gaussians are
shifted between the result with T, and D,.

3.4 Conclusion

The energy-loss function for electrons inside the WGTS composes to-
gether with the spectrometer transmission function the response func-
tion of the full KATRIN experiment and is therefore essential for the
neutrino mass analysis. Instead of compiling the energy-loss function
based on previous measurements or theoretical models, it has been
determined in situ.

Electrons from a mono-energetic electron source, namely the e-gun,
were used and their energy loss inside the WGTS was measured with
the spectrometer. Instead of the normal integral mode of the spec-
trometer, a differential mode is possible with the pulsed electron beam
of the e-gun. The differential mode is achieved using a time-of-flight
selection wherein only electrons with long flight times (which corre-
spond to small surplus energies inside the spectrometer) are selected
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for analysis.

Such a time-of-flight selection always includes dead-times of the sys-
tem and the removal of many events (electrons with larger surplus en-
ergies) but it delivers a differential spectrum. Since the e-gun provides
electron rates of about 5 keps, statistics are not an issue. However, the
exact shape of the energy-loss function which consists of a variety
of rovibrational states was not known before the measurement. An
integral spectrum would therefore require a numeric deconvolution
of the measurement. With a differential measurement, the energy-
loss function is directly accessible, which more than makes up for
the disadvantage of reduced statistics resulting from the time-of-flight
selection.

The differential data was used to parametrize the energy-loss func-
tion and to perform a combined fit with the differential and integral
measurements. One important aspect of the analysis of the differential
measurement data is the reconstruction of the energy scale for the en-
ergy loss inside the source. Instead of a complex determination of the
e-gun and spectrometer work functions, the energy was determined
relative to the mean position of the subset of electrons that reaches the
detector without inelastic scattering. In a similar way it was done for
the e-gun’s energy distribution, by including the unscattered electrons
in the energy-loss fit.

The resulting functional description of the energy-loss on tritium
and deuterium inside KATRIN’s WGTS consists of three Gaussians for
the electronic excitations and the relativistic binary encounter dipole
model for the ionization continuum. The result is currently used as
an input for the neutrino mass analysis and for the determination of
the column density which is itself a parameter in the neutrino mass
analysis.

The energy-loss measurements are not only important because they
are determined for the unique KATRIN beamline, they also are a signif-
icant improvement in energy resolution compared to previous energy-
loss measurements at predecessor neutrino mass experiments such as
the setup in Troitsk or Mainz.

For the future, two important tasks remain and efforts to complete
them are already ongoing. First, the measurements presented in this
chapter are taken at a WGTS temperature of 30 K. As described in sec-
tion 2.1, neutrino mass measurements are currently performed at 80K,
therefore additional energy-loss measurements should be performed
at the same temperature. Second, in addition to the energy-loss func-
tion determined at electron energies of 18.6 keV, a measurement at
around 30 keV is needed for plasma investigations with 83Kr.
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4 Wideband precision stabilization
of the retarding potential

The main results presented in the first three sections of this chapter have
been published in [Rod+22]. In addition to authoring significant por-
tions of the published work and organizing the publication as first and
corresponding author, I developed the simulations to establish the require-
ments, I optimized the post-regulation system and integrated it into the
general KATRIN control structure, and I worked on the experimental per-
formance evaluation. The simulations and performance evaluations are
discussed here in more detail than in the published paper. The parts of
that paper pertaining to the conceptual design and its technical realiza-
tion are contributions by S. Wiistling and are replaced in this chapter
with my own more general overview. Except where cited explicitly, all
passages in this section which closely resemble passages from the publi-
cation were originally authored by me.

The retarding potential of the main spectrometer, which defines the
energy threshold for the electrons, needs to be stabilized and set with
sufficient precision for successful neutrino mass measurements. Any
unknown broadening of the energy scale, for example caused by an
unstable retarding potential, leads to a shift of the measured neutrino
mass by [RK88]

Sm2 = =202 . (4.1)

A maximum allowed neutrino mass shift of 7.5 x 107 eV?/c* was spec-
ified for the high-voltage system (cf. section 2.3.1) in the KATRIN
design report [Kat05], leading to a maximum allowed broadening of
the energy scale of

o = 60meV. (4.2)

This is equivalent to an unknown Gaussian broadening of the retarding
potential with a maximal standard deviation of 60 mV (corresponding
to 3 ppm at —18.6 keV).
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The broadening of the energy scale by the retarding potential can
happen on different time scales where the high voltage is unstable.
For example, noise on the retarding potential from a variety of noise
sources (e.g. 50 Hz power grid interference). Time scales ranging from
minutes to hours are dominated by drifts from the high-voltage source.
On time scales from days to weeks, the calibration of the measurement
chain including the high-voltage dividers becomes important. For the
neutrino mass analysis the energy scale needs to be stable over one
measurement campaign, limiting the required stability period to about
10 weeks [Kat21c].

This chapter starts off with evaluating the effect of noise at the re-
tarding potential on the transmission function. Afterwards, the well-
established post-regulation system is presented with its recent up-
grades and performance checks. The chapter concludes with a presen-
tation of the current calibration methods for the high-voltage dividers,
and updated calibration histories are presented.

4.1 Influence of a time-dependent noise on the
retarding potential

A simulation using time-of-flight calculations of the electrons inside
the main spectrometer was performed to quantify the effect of noise
on the retarding potential. The simulation results further define the
requirements for the high voltage stability.

Electrons traveling through the main spectrometer experience the
Lorentz force

F=q-E +qixB (4.3)

with the electric field E’, the magnetic field B and the charge g = —¢
of an electron with the velocity v. For the investigations of a time-
dependent ripple on the retarding potential, the following simplifica-
tions are applied. Only electrons “on-axis”, the electrons are following
a field line along the beam axis z (x = y = 0) inside the spectrometer,
are evaluated. Their cyclotron movement around z is neglected and
only their guiding center motion is tracked.

The electric field E/ = —V¢ — 2—’? with A defined by B = V x A, is
reduced to the static case and the z-component

(4.4)

The potential inside the spectrometer along z can be described as
U(z) = a(z) - Uyet- The z-dependence of the potential a(z) is defined
by the geometry of the spectrometer and is determined with the Kas-
siopeia simulation framework [Fur+17]. Introducing a time-dependent
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fluctuating potential AU(%), the potential becomes:

U(z,t) = a(z) - (Uper + AU(1))

= U +a2) - AU @5)
AU(t)
=U(z)- .
@) (1 o )
The electric field is:
_dU(t,z) _du AU(t)
E(z) = - e (1+ U ) (4.6)

The simulation tracks the electrons inside the main spectrometer
in small (= cm) steps along the z-axis. At each step Az, the electron’s
flight time and kinetic energy is calculated. The electron’s flight time
from position s to s” along the z-axis is determined by

’ ’

T:Jldz:JMdz, 4.7)
Fwo ) pyz6)-¢

where v and p)| are the velocity and the momentum parallel to the
magnetic field lines and Eo(z) = Eyin(z) + mec?, with the kinetic
energy Eyin(z) = Egource — AE(z) and Egyyyce s the kinetic energy of
the electron before entering the spectrometer. [more details also in
Ste+13; Ful+20]

The electric field inside the spectrometer changes Eqqypce by

’ ’

S N

AE(z) = J F(z)dz = qJ

N N

Y (1 + AU(”) az. (4.3)

0z Uret

The momentum parallel to the magnetic field lines p) is defined in
terms of E,.j(z) and the perpendicular momentum p, :

2 2\ . B(z
p2(z,0)c? = ((ESource +mec?)” — (mec?) ) -sin?@ - 8@ ,  (4.9)
source
2
p|2|(z, 0)c? =Erzel(z) - (mecz) — p%(2,0) -2, (4.10)

with the magnetic field along the z-axis B(z), the magnetic field at the
electron source Bygyrce (€.g. WGTS with 2.52 T) and the pitch angle 0
which is the angle between the magnetic field lines and the electron’s
momentum vector. For further details on the implementation refer to
appendix A.1.

Unless otherwise noted, all simulation results shown in the follow-
ing sections are performed with

Ut = —18500V, (4.11)

and the nominal magnetic and electrical fields.

For the static case, the electric field inside the main spectrometer is
plotted in fig. 4.1. Only at the entrance and the exit, the electric field is
significant different from zero. At the entrance (exit) the electrons are
decelerated (accelerated) by F = qE_?). For the nominal configuration
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Electric field. The left panel shows the z-component of the

electric field in the nominal configuration along the beam axis
inside the main spectrometer (the position z = 0 is the center of
the spectrometer). The retarding potential of U, = =18 500V
matches the standard measurement window below the tritium
endpoint. The right panel is a magnified view of the region
marked with the dashed rectangle.

that is shown here, the absolute electric and magnetic field is minimal
at z = 0. The x — y plane at z = 0 is called analyzing plane (cf.
section 2.1.4). In the center of the spectrometer (around z = 0), the
electric field is close to zero (Faraday cage). Therefore, the force acting
on the electrons is very small and with it also the change in Egy,ce
(4.8) due to any time-dependent ripple with AU(t) < U, is very small.

The flight time for an electron through the spectrometer entrance
(4.7), is plotted for the case without noise on the retarding potential
(AU(t) = 0) in fig. 4.2. The electron’s travel time from the z-position
where the electric field starts to increase (> 1V/m) to the z-position
where the electric field starts decreasing again to values below 10 V/m
is within 1 x 107 to 0.1ps and is hereafter called t;,, .

To test the simulations, the calculations described above are checked
by using a Heaviside step function as test noise on the retarding po-
tential. After the verification, a sinusoid-shaped noise is used to inves-
tigate its effect on the transmission function.

4.1.1 Testing with a Heaviside step function
A very simple time-dependent change of the retarding potential is

a sudden step in the potential with a well-defined amplitude. More
generally, a Heaviside step function

0, t<tep
A, t2 tstep

H®) = (4.12)

with step position e, and amplitude A. Even if this case is quite
unphysical (in reality each voltage step would have some expansion
in #), it proved beneficial as a validity check of the simulation.
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Figure 4.2 Flight of an electron through the electric field. The flight time is

calculated for an electron with a surplus energy of 0.5 eV and pitch
angle 0 = 0 at a retarding potential of U,,; = —18 500 V. The upper
left panel shows the z-position reached by the electron after a certain
amount of time. In the lower left panel, the z-position is replaced by
its corresponding z-component of the electric field in nominal
configuration. The right column shows magnified views of the
regions marked in the left column with dashed rectangles.

For very early onsets of the step (fep =~ fp With £ the time the
electron is entering the spectrometer) and A > 0V, the retarding po-
tential is increased and the energy threshold for the electron to pass
through the spectrometer is lowered by A. As shown in fig. 4.3a, this
expectation is met: For a small #ge, = 0.0001ps and A = 0.5V elec-
trons need 0.5 €V less to be transmitted. Not shown here, but checked
for consistency, for a negative amplitude A the energy threshold is
increased.

Electrons with small surplus energies Eg (amount of energy above
the fixed retarding threshold qU,¢) have longer flight times through
the spectrometer than electrons with higher surplus energies, resulting
in the characteristic 1/ JE? -dependence of the flight time 7 (cf. fig. 3.6).
The characteristic is visible in fig. 4.3a for different energy thresholds.

To check the correct implementation of the time dependency, the
onset Ly, of the Heaviside function is changed. The different e,
are marked as dashed lines over the electric field in fig. 4.3b. If the
onset starts before the electron has traveled through the part with the
highest electric field, the change by H(t) has a full effect. In this case,
the voltage creating the retarding potential is lowered by H(t) before
the electron is decelerated by it. If the onset starts afterwards, while
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Figure 4.3 Flight time of electrons for a step-shaped ripple on the

retarding potential. A Heaviside step function H(t) with fixed
amplitude A = 0.5V and several different step time-points

tyep € [0.001 s, 0.5 ps] is added to the retarding potential

Uret = —18 500 V. For each of the selected t., values, 10000
electrons with random start energies E ;.. € [18499 €V, 18501 eV]
are simulated with fixed start time #, = 0, all of them with an angle
0 = 0° to the magnetic field lines. In panel (a), the electrons’ flight
time through the spectrometer is plotted against their start energy
Esource- In panel (b), the z-component of the electric field is plotted
against the flight time of an electron with 0.5 eV surplus energy (c.f.
fig. 4.2). The different £y,
at which point in the electron’s flight the ripple would affect it.

are marked with dashed lines to visualize

the electron travels through low electric fields, H(t) has a negligible
effect (for A < Upet). The dependency of the lowered energy threshold
on fsep is shown in fig. 4.3a.

In more general terms, the shift of the energy threshold due to H(¢)
is defined as:

0
oU
5Eana:J q- a(Z)H(t)dz, (4.13)
s z

start

where z = sg,;1 1s the spectrometer entrance and z = 0 the analyzing
plane. E,y, is plotted for different i, in fig. 4.4.

OE, 4 is independent of the electron’s initial energy Eqqyrces €Xcept
that it can only be determined for electrons with enough surplus en-
ergy to reach the analyzing plane. For fge, < 0.5 x 1073 us, SE,p, is
reduced by -0.5€V. For f5e, > 0.1ps the influence of the changed
absolute retarding potential vanishes; the voltage creating the retard-
ing potential is lowered by H(¢) after the electron is decelerated. For
tstep Within [0.5x 1073 s, 0.1 ps], H(t) only partially affects the retard-
ing threshold. Here, the dependency of E,n, on tyep (6Eanaltstep)
resembles a slightly skewed error function.

The shape of § E,p,(fstep) can also be predicted purely from the elec-
tric field as a function of the electron’s flight time, as depicted in fig. 4.2.

96

tstep in MS

0.100
0.010

0.001



0.0 =
> re
() 3
E -0'2- /:
2 £
© »
g -0.4+ -
w SR A N S S F
_O.6IIIIII! 1 1 IIIIII! 1 1 IIlIII! 1 1 Illlll! 1 1 lIIIII!
107 107 1072 107" 1
-0.0034 _--—r?'f’-':fi-.-‘—' ¢
% -‘_____._._:..—.,-‘—“-'-'-—T.'.—-""" R
c -0.00369 ____—gyyyTIeIe
._(CU ':—_...‘. ® 0 0 0000000000000 00 0000000000000 00000
Ly -0.00384
to o0 0000000
-0.00401__ ! . ! ! !
0.075 0.076 0.077 0.078 0.079 0.080
tstep in MS

Figure 4.4 Lowering of the retarding potential threshold by a
step-shaped ripple. The lowering of the retarding potential
threshold §E,,, is plotted against the onset t., of the Heaviside
step function H(¢). The calculations for §E,,, were done with
different numbers of steps n, for the integration from s, to
z = 0. The black line is the normalized and shifted cumulative
sum over the electric field as shown in fig. 4.2. The lower panel is

a magnification of a small region in the top panel.

For an arbitrary function f(¢) the following identity holds:

0 t
f)«H(t) = L fWH(t —u)du = J_ fwdu, (4.14)

In other words, the convolution of f(¢) with H(¢) corresponds to the
cumulative distribution function of f(t). Here, f(2) is the electric field
at different flight times for an electron. The simulation result plotted
in fig. 4.4 is the outcome of applying H(t) with different ), on the
potential creating the electric field. The cumulative sum over the elec-
tric field is calculated, normalized (divided by 2 times of its maximum
value), shifted about -0.5 eV (effect of the ripple H(t) with amplitude
of 0.5V) and plotted in darkgreen in fig. 4.4. It shows a very good
agreement with the simulation result, especially for simulations with
higher n,.

Additionally, §E,pn, (fstep)s is used to evaluate a good number of steps
n, for the simulation. Too small n, results in a discrete and also slightly
shifted change of §E,,, (c.f. fig. 4.4). Increasing the number of steps
and with it decreasing the distance between each step, reduces the
effect but it does not remove it. This shows the limitations of this
numeric calculation.

In summary, the first test with a Heaviside step function as time-
dependent potential shows quite expected results and therefore proof-
ing the functionality of the simulation. It is also possible to see the
first numeric limitations: for small changes in fg, of 1 x 10" ps it is
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Figure 4.5 Sampling from a sinusoidal function for different frequencies.
For each frequency f, 10 000 values are picked from f;;,(t) with random
t, € [Ops, 1/f], random 7 € [0 s, 0.1 ps], and fixed A = 0.25V.

necessary to choose a fine enough step size in z. Judging from fig. 4.4
a minimum n, should be 2500 and for studies sensitive to 1 x 10™* ps
the minimum should be 10 000.

4.1.2 Sinusoidal ripple

Instead of a Heaviside step function, a sinusoidal function

fsin(t) = A-sin(2r - f - 1) (4.15)

with amplitude A and frequency fis used as time-dependent varied
potential. The start time #; of the electrons is randomly picked from
[0 ps, 1/f].

For a first insight on the effect, f;;,(¢) is plotted in fig. 4.5 for dif-
ferent frequencies. f;;,(t) is evaluated for #, + 7, with the flight time
7 € [0 ps, 0.1ps]. The upper limit of 7 is chosen to fit the flight time of
the electron through the spectrometer entrance t;,,y-

For frequencies up to 10 MHz, the amplitude change is slow com-
pared to t,y. Beginning with 10 MHz the amplitude changes within
lirav-

For lower frequencies (f < 10 MHz), the ripple amplitude at #, de-
termines the retarding potential for the electron, since changes of the
ripple amplitude within t,,, are negligibly small. Therefore, the trans-
mission threshold should change within 0.5 eV following the density
distribution of f;,(¢) (cf. fig. 4.6a).

A reference transmission function is created by sampling for dif-
ferent electron energies, changed along the density distribution. The
reference is plotted together with a simulation result at f = 100 Hz in
fig. 4.6b, showing a very good agreement of both.

For a full picture of a wide range of frequencies (f € [1Hz, 1 GHz]),
the effect of f5;,(¢) is plotted in fig. 4.7. The broadening of the trans-
mission function is independent of the frequency of f;,(¢) up to fre-
quencies of about 10 MHz and has the structure as predicted by the fre-
quency distribution of f;;,(t). For f € [10 MHz, 400 MHz], the width
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The location of the
analyzing plane at z = 5m
is only true for on-axis
electrons that are
considered in the
simulation. In reality, the
analyzing plane is a
curved surface [Lok+22a].
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Transmission function for a sinusoidal ripple. Panel (a)
shows the density distribution for f;,(¢) at fixed f(independent
of the frequency). Panel (b) shows in orange the result of the
simulations for f = 100 Hz. The black points are the
transmission function predicted by sampling 5 x 107 electron
energies Eqyee + fiin(t) and applying the transmission condition
(Esource > 18500 €V).

of the transmission function gets smaller with increasing frequency.
For frequencies above 400 MHz, the influence of the ripple vanishes.

To investigate the dependency on different amplitudes A in f;;,(2),
the simulation is repeated for A € [0.01€V,1000€eV] (c.f. fig. A.18 in
the appendix). For 50 Hz, the amplitude directly translates into the
broadening of the transmission function. For 5 x 10® Hz, the effect of
the ripple amplitude is reduced by a factor of about 1000.

In summary, up to frequencies of about 10 MHz, the frequency is
not important to evaluate the influence of a sinusoidal noise on the
retarding potential. For frequencies above that, the influence of a sinu-
soidal noise is reduced and even vanishes for small enough amplitudes
(<10V).

4.1.3 Isotropic angular distribution

Although electrons from the source have an isotropic angular distri-
bution, up to now, only electrons with & = 0 have been considered.
As explained in section 2.1.4, the magnetic field gradient inside the
spectrometer adiabatically collimates the momentum and transfers p,
into p). Since not the full p, is translated into p), the transmission
condition is angular-dependent.

At fixed Egyypce, @ larger p; (or equivalently a larger 8) corresponds
to a longer flight time of the electron through the main spectrometer,
since it has less surplus energy after being decelerated by the electric
field.

For further exploration, two different magnetic field settings are in-
vestigated: The nominal setting (B,n, = 6.3x107* T, cf. section 2.1.4.1)
and the shifted analyzing plane configuration “SAP” ([Lok+22a]). In
the shifted analyzing plane configuration, the analyzing plane is not at
z = 0 but shifted towards the detector to z = 5m. In general, the sim-
ulation can be used with any magnetic and electric field configuration
used as input.
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Figure 4.7 Transmission function for a sinusoidal ripple at various

frequencies. f;,(¢) is used as time-dependent ripple in the
simulation, with a fixed amplitude of 0.25V and at various
frequencies f. For each frequency, 100 000 electrons with pitch
angle 0 = 0°, starting potential E ;... € [18499.5€V, 18500.5 V],
and randomized start times ty,, € [0, 1/f] are generated. Their
transmission probability is shown in panel (a). Ty, is defined as
the minimal E .. that is sufficient for the transmission of the
electron. Panel (b) shows Ty, as a function of frequency.

The figure is adapted from [Rod+22], used under CC BY 4.0.

The flight times of electrons to the analyzing plane for the nominal
and SAP configuration is plotted in fig. 4.8. The deceleration at the
spectrometer entrance is quite similar for the different field settings,
and the different electron angles. Therefore, the general frequency
dependency for any noise is expected to be very similar to the behavior
for 6 = 0 as it was discussed above.

The full transmission function with f;,(t) (using A = 0.25V, f=
50 Hz, 1 GHz) as ripple on the retarding potential for the nominal and
SAP settings is shown in fig. A.19 in the appendix. For f = 1GHz,
the transmission function matches the transmission function without
noise on the retarding potential. For f = 50Hz, the transmission
function is broadened by about A. The broadening for the nominal
and SAP settings is indeed very similar.

In summary, the results agree with the ones presented for § = 0,
showing that the two different field settings and the different angles
have a negligible impact on the effect of a time-dependent noise on
the transmission condition.
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Electric field at zin kV/m

Figure 4.8

Presented in two talks
during KATRIN
collaboration meetings
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Electron flight times for different angles and field settings.
The time it takes for an 18 503.5-eV electron to travel from the
spectrometer entrance to the analyzing plane with different 0is
calculated for the nominal setting (6 G) and the SAP setting. The
retarding potential is at —18 500 eV, without any noise
superimposed. The right panel is a magnification of the region
at the spectrometer entrance, marked with a dashed rectangle in
the left panel.

4.2 Post-regulation

The simulations in the previous section show the necessity to stabilize
the retarding potential of the main spectrometer on a wide range of
timescales to minimize broadening of the transmission function by an
unstable retarding potential.

Any fluctuations on longer time scales (> O(1s)) are measured by
the precision measurement chain as described in section 2.2.2. Any
noise, such as 50 Hz power grid interference, or switching frequency
of the power supply (0(10 kHz)) is not visible with the measurement
chain and therefore leads to an unknown broadening.

In an ideal setup the main spectrometer would be placed into a Fara-
day cage to minimize noise sources down to the noise by the power
supply itself. At the former neutrino mass experiments in Mainz and
Troitsk setup, the retarding potential was applied to the inner elec-
trodes where it was shielded by the vacuum vessel itself [Pic+92a;
Lob03]. At KATRIN, the high voltage is put directly on the large
steel vacuum vessel, with a lightweight inner electrode system inside
[Kat05]. Any equipment (e.g. turbo-molecular pumps for the vacuum
and their power supplies) directly attached to the main spectrometer
is on the retarding potential, adding potential noise sources. At the
very least, noise from these sources needs to be measured, or better
yet reduced by a regulator. As a solution, a nested regulator structure
later called post-regulation system was developed by S. Wiistling.

The retarding potential is the sum of the potential applied to the
vessel and the IE (inner electrode) common potential (O(100V)), as
introduced in section 2.1.5. In the nominal configuration, the retarding
potential is measured by one of the precision high-voltage dividers K35
or K65 (cf. section 2.2.2). The post-regulation regulates the potential
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Figure 4.9 Schematic diagram of the regulator structure. The

schematic shows the nested approach with the three paths: AC
path, DC path, and outer loop with DC drift correction. The
dashed line in the main spectrometer visualizes the inner
electrode system (cf. section 2.1.4.1). A more detailed block
diagram is shown in fig. A.20 in the appendix.

The figure is copied from [Rod+22], licensed under CC BY 4.0.

applied to the vessel. The IE common potential is usually kept constant
during neutrino mass measurements and only the vessel potential is
varied.

4.2.1 Setup

The high voltage for the vessel potential is supplied by a commercial
power supply. For neutrino mass measurements the retarding poten-
tial is at -18.6 kV and any unknown noise on top of it needs to be below
60 mV, therefore a change on the ppm-level needs to be measured and
regulated. To solve this, the regulator is split into an AC and DC path
(cf. fig. 4.9).

The AC component is separated from the DC component with a
high-voltage decoupling capacitor. The capacitor consists of a series
of fifteen 150-nF foil capacitors which are combined with a protection
circuit and an amplifier. The full composition is called ripple probe
from this point on.

In the DC path, the vessel potential is measured with an auxiliary
divider and compared to the setpoint. The deviation from the setpoint,
and the noise measured over the AC path, are the error signal that
needs to be regulated. The regulation is done via a high-voltage vac-
uum shunt triode, as has been used for the stabilization of the cathode
ray tube (CRT) acceleration voltage for color TVs. The voltage is reg-
ulated by adjusting the current flow to the anode of the triode via the
control grid. The overall power flowing through the triode should be
below 30 W to avoid damage.

In addition to the DC path with the auxiliary divider, a third path,
called DC drift correction exists. This is an optional operation mode
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that enables an improved long-term stability by using the precision
measurement chain with the K35 or K65. The divider measures the
retarding potential and by subtracting the IE common voltage, it can
be used as a measurement of the vessel voltage. The deviation of the
vessel voltage to the setpoint is used as error signal for a software
proportional integral (PI) regulation loop. The control value of the PI
regulation loop is merged via an analog input with the error signal
that is obtained by the DC and AC path. The analog input is called fast-
stepping or correction input (cf. fig. A.20 in the appendix). A correction
voltage of #1V can be added to the error signal over the fast-stepping
input.

The bandwidth of the ripple probe is limited to about 1.6 MHz. One
possible noise source with frequencies above the post-regulation’s cut-
off frequency are standing waves along the z-axis of the main spec-
trometer. A standing wave with the wavelength A needs to fulfill the
condition:

_pA
2

d (4.16)

with p the number of half-waves along the distance d. The resonance
frequency is

(N
f= ; - = oErf - % (4.17)

with the relative permittivity ¢, the relative permeability p, and the
speed of light c. [Nic19]

For the spectrometer of length d = 23 m with vacuum conditions
(€, = gy = 1) and p = 1 follows a resonance frequency of 6.5 MHz.

To cover the frequencies above the cutoff frequency of the post-
regulation system, three 7-nF high-voltage filtering capacitors are in-
stalled in a rotationally symmetric pattern around the beam-tube insu-
lator at the spectrometer entrance. They provide a low AC impedance
(1/wC) of about 7.6 Q, for 1 MHz.

4.2.2 Dynamic setpoint control

For measurements done with the main spectrometer, the retarding
potential needs to be changed synchronously with data taking at the
detector. Therefore, the control of the post-regulation is done in close
connection with the data acquisition system for detector data. For
most of the measurements (tritium spectrum measurements or 83™Kr
conversion electron spectroscopy), the setpoint of the retarding poten-
tial must not only be reached as fast as possible but also be stable and
reproducible on the ppm-level [Kat21a].

The logic of setting a voltage value is shown in detail in fig. 4.10.
First, the voltage value is set coarsely ©(100 mV). For this operation
two inputs, an offset value ¢ and a scale factor M are needed. The
setpoint for the primary high voltage supply needs to be by an offset ¢
more negative than the required spectrometer voltage. The offset de-
pends on the individual setup; i.e. how many and which dividers are
connected to the main spectrometer, which power supply is used (as
they can have varying absolute setpoint precision) and the resistance
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of the shunt regulator series resistor. The offset ¢ needs to be chosen
in a way that the shunt triode is not overloaded (limited to 30 W) but
is still in its optimal operating range of 0.5 to 0.9 mA. During com-
missioning measurements, c is determined for each setup and stored
in a look-up table. The second input is the scale factor M of the aux-
iliary divider. For new voltage setpoints Uy, M(U,) is determined by
values estimated during commissioning measurements and updated
after each successful setting of the voltage.

After setting the voltage coarsely, the actual voltage is measured
with one of the precision dividers. If necessary, M is adjusted until
the voltage value has reached its setpoint within +50 mV. The DC
drift correction is subsequently activated, regulating any remaining
deviation and forcing the voltage to the desired Uj,. Usually during
data, taking a loop that determines and stores the actual M contin-
uously (not drawn in fig. 4.10) is activated. For small voltages steps
< |50 V|, the most recent value of M is used, instead of the M(Uj) from
the look-up table. For this step-size, changes over time (mainly tem-
perature related) have higher relevance than the voltage dependency
of the auxiliary divider.

Due to the dynamic logic of the setpoint algorithm, the overall set-
tling time for each voltage setpoint depends on the overall step size,
the repetition of voltage steps, and especially the required precision.
For 83™Kr measurements it takes on average 22 to 25 s, depending on
the step size; the smaller the overall step size, the shorter the average
settling time. For standard tritium beta scans, one step takes 29 s on
average and is larger than for 83™Kr measurements. One dominant
factor of the settling time is the averaging time over multiple mea-
surements to ensure the setpoint precision before starting a physics
measurement. During these measurements, data is taken continuously
at the detector, but separated into “usable” periods with start/stop time
stamps. In the analysis, the waiting time can be recovered again by
using the measured voltage values to redefine the start/stop time of a
physics measurement. With this, the average settling time is reduced
for beta scans to 23 s without losing any precision.

4.3 Performance measurements

Already during the development of the post-regulation system, sev-
eral quality and performance checks were carried out [Kral6; Res19].
At present, four different methods allow for a measurement of the re-
maining ripple on the main spectrometer retarding voltage on different
time scales. In this section, the performance of the final implemen-
tation, as it is used for neutrino mass scans, is evaluated with these
methods.

4.3.1 Ripple probe
The ripple probe allows for a measurement of the AC noise on the

retarding potential. To have a remote controlled readout of the ripple
probe measurement, a USB oscilloscope was installed. All traces ac-
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Figure 4.10 Dynamic setpoint control. Schematic of the logic for a new
voltage setpoint. “Start run” means the start of data taking at the
KATRIN beamline with a new voltage setpoint.
The figure is adapted from [Rod+22], licensed under CC BY 4.0.
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Figure 4.11 Oscilloscope readout of ripple pick-up probe. Two traces taken
with the ripple pick-up probe at a -18.3-kV main spectrometer
potential are shown. Plot (a) shows a measurement without the
post-regulation at a sample rate of 10 kHz, and with active
post-regulation at a sample rate of 250 Hz. Plot (b) shows the
Fourier spectrum for both cases.

The figure is adapted from [Rod+22], licensed under CC BY 4.0.

quired at the oscilloscope are accessible over IDLE (Intermediate Data
Layer for Everyone). During neutrino mass measurements, traces are ~More information here.
automatically acquired at selected voltage steps.

Traces of the ripple pick-up probe at -18.3 kV are shown in fig. 4.11.
Without the post-regulation, the AC noise is dominated by a sinu-
soidal 50-Hz signal, with amplitudes of about 0.25V. With the post-
regulation active, the sinusoidal noise is suppressed and only fluctua-
tions within less than 0.03 V remain.

To analyze the AC components further, 100 traces at a sampling rate
0f 10 kHz are taken. Each trace was limited to 8192 samples. To remove
any remaining DC part, the mean voltage value is first calculated for
each trace, which is then subtracted from each voltage value within
one trace. A fast Fourier transformation with a Hamming window
(window function) is applied on the net trace and plotted in the right
plot of fig. 4.11. Comparing the Fourier spectrum with and without
active post-regulation, one can see a noise reduction on a wide range
of frequencies. The largest noise component (50 Hz) is suppressed by
two orders of magnitude.

4.3.1.1 Effect on the transmission function

To investigate the effect of the post-regulation, the ripple probe mea-
surements are used as input for the simulations described in section 4.1.
Since the ripple without active post-regulation is dominated by the
50-Hz sinusoidal ripple, the broadening of the transmission function
is very similar to the one shown in section 4.1.2. The result is shown
in fig. A.21in the appendix. In this particular case, the measured rip-
ple is slightly asymmetric (0.3 V, -0.2'V), this asymmetry is directly
reflected in the asymmetric broadening of the transmission function
around Uj,.

For the case with active post-regulation, the result is shown in
fig. 4.12. Here 100 samples of ripple probe measurements during tri-
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Figure 4.12 Broadening of the transmission function with active
post-regulation. For the simulation, 100 different ripple probe
measurements were used as time-dependent ripple (one
example shown in the bottom panel). For each ripple probe
measurement, 100 000 electrons with 6 = 0°, starting potential
Eqource € [18499.9 €V, 18500.1 €V], and randomized start times
fstart € [0's,0.08 s] are generated. Their transmission probability
is shown in the top panel, colored by the identifying number of
the ripple probe measurement. The average transmission
probabilities of each of the 100 different simulations are plotted
in black.

tium scans in March 2021 were picked. One example is shown in the
bottom panel of fig. 4.12. Each measurement is a short (0.08 s long)
sample, each of them with different residual ripples. In the top panel of
fig. 4.12 one can see that all result in a different broadening. To get an
overall picture of an effective broadening during longer measurements,
the average transmission probability for all of them is calculated.

In principle, it is possible to repeat these simulations for even more
ripple-probe measurements already on disc and include them in the
analysis. For the subset shown here, the effective broadening of the
transmission function by the residual ripple is within [-21mV, 18 mV].
Since the broadening is well-within the required 60 mV, it is negligible
for standard neutrino mass scans. For high-precision measurements
where this broadening would pose a limiting factor (e.g. 8™Kr spec-
troscopy of the Nj 5-32 line doublet), this method can be used as an
input for the analysis.

4.3.2 Conversion electrons from #3™Kr

Measurements with conversion electrons from #¥™Kr provide an in-
dependent method to the ripple pick-up probe measurements. The
conversion electrons from #™Kr are equally sensitive to the ripple
as the beta decay electrons whereas the ripple pick-up probe is only
attached to the outside of the main spectrometer vessel. Therefore,
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the electrons are an ideal tool for an independent cross-check of the
post-regulation performance.

Measurements of 8*™Kr conversion electron lines are a standard
method at KATRIN [Kat18a; Vén+18; Kat20b] (cf. section 2.2.3). The
measurements discussed here were performed with the condensed
krypton source (CKrS) during a measurement campaign described in
[Ful20]. They consist of measurements from three conversion elec-
tron lines, following the 32-keV gamma transition, but from different
shells: K-32 at 17.8 keV, L3-32 at 30.5 keV and the line doublet N,N3-32
at 32.1keV.

For a typical transmission function scan of a conversion electron
line with the main spectrometer, the retarding potential is changed in
small steps (0.1 to 0.5 V) around the expected line position. The width
of the measured transmission function depends on the spectrometer
resolution and the natural line width. Each transmission function has
a retarding potential at which the rate is half of the rate compared
to full transmission, called the middle of transmission. The rate in
the transmission region is correlated with the retarding potential. For
small variations of the retarding potential 6U,¢; around the middle of
transmission, the measured electron rate at the detector is linearly
dependent on the retarding potential. The investigated 6U,; is limited
to be within about 1V by the width of the transmission function and
the conversion electron line.

By measuring the shape of the transmission function in a dedicated
measurement, the linear dependency of the rate on the retarding po-
tential can be estimated. In a second step, the rate at the middle of
transmission is measured. Assuming a perfectly stable source, any
fluctuations of the rate can then be accounted as fluctuations of the
retarding potential.

The measurements focus on the largest noise part, coming from the
50-Hz power grid interference. The dedicated grid synchronization
signal at KATRIN’s focal plane detector (FPD) measures the = 50 Hz
of the mains power and outputs a synchronization pulse (called the
grid sync pulse) for each new mains power period [Kat21c, cf. p. 79].
With this, each event measured at the FPD has a relative time to the
start of a new mains power period t,].

Measuring the rate at the middle of transmission, and stacking the
measured events at the detector along t.. modulo 20 ms, reveals di-
rectly any 50-Hz noise seen by the electrons on their way through the
spectrometer. Hereafter, this type of measurement is called the line-
center method. The result of such a measurement is plotted in fig. 4.13.
Panel (a) is without post-regulation. Here, the rate at the middle of
transmission is following a 50-Hz sinusoidal ripple. In a dedicated
transmission function scan, the slope around the middle of transmis-
sion is determined. With the slope, the rate change can be transformed
to a voltage ripple with an amplitude of about 0.25 V. With active post-
regulation (fig. 4.13b), the sinusoidal structure is not as distinct despite
a 43-fold increased measurement time. This clearly shows the ability
of the post-regulation to decrease the 50-Hz sinusoidal ripple by at
least two orders of magnitude.

By repeating the line-center method at different line positions, a
possible dependency on the retarding potential can be investigated. It
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Line-center measurements. Results of the line-center
measurement with the L;-32 line. Panel (a) shows a 10.5-minute
measurement without post-regulation. A clear sinusoidal ripple
with an amplitude of 33 922(231) counts, transforming to a
voltage ripple amplitude of 247(2) mV is visible. The 7.5-hour
measurement with active post-regulation is shown in panel (b).
The fit (orange line) results in an amplitude of 7741(1592) counts,
transforming to a voltage ripple amplitude of 1.5(3) mV. The
analysis shown here was done by S. Enomoto.

The figure is copied from [Rod+22], licensed under CC BY 4.0.

also allows the comparison of the amplitude measured at the ripple
probe with the amplitude determined by the line-center method. To
investigate the sensitivity of the method, measurements with different
power supplies and without post-regulation were performed.

Without post-regulation, the ripple amplitudes as measured with
the ripple probe and the line-center method are in good agreement,
see results in table 4.14. The only exception is the measurement with
power supply B. Here the deviation between both methods is larger
than for devices A and C but most likely due to a drift of the device be-
tween the ripple probe and the line-center measurement. This device
was added to the measurements to have a larger variety of devices but
is not used in normal measurement campaigns, due to its increased
instabilities and fluctuations compared to devices of the same type.
Note that any drift of the power supply would be compensated by the
post-regulation within its regulation limit.

The variety of tests show that the ripple probe measurement and
the line-center method yield very similar results for the amplitude of
the 50-Hz noise. This proves, at least for the 50-Hz noise, that the
ripple probe readout matches the ripple seen by the electrons inside
the main spectrometer.

With active post-regulation, the comparison of both methods is
more difficult. Here the sinusoidal 50-Hz noise is not the dominant
part (c.f. fig. 4.11) and the line-center method is only sensitive to the
50 Hz. Still, both methods show the clear mitigation of the 50-Hz rip-
ple by the post-regulation.
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Table 4.14 Ripple amplitudes without post-regulation. The amplitudes
are estimated using two different measurement methods
(line-center and ripple probe), for different power supplies. For
both methods, the ripple amplitude is determined by fitting a
sinusoidal with free amplitude.

Line Ret. pot. Power Ripple probe Line-center

inkV  supply in mV in mV

A 225(1) 219(4)

K-32 -17.8 B 234(1) 222(4)
C 210(1) 204(4)

A 248(1) 246(2)

L;-32 -305 B 258(1) 248(2)
C 229(1) 231(2)

N,N; 321 C 233(1) 237(6)

4.3.3 Precision high-voltage divider

As described in section 2.2.2, a continuous measurement of the re-
tarding potential with a readout rate of 1/2 Hz with a precision high-
voltage divider is in place. The stability of an exemplary one hour mea-
surement at fixed retarding potential of -18.6 kV is shown in fig. 4.15.
Without the DC drift correction, a random-walk-like structure within
+3 ppm is visible. With active DC drift correction, the measured volt-
age has a standard deviation of 11 mV. This Gaussian-like distribution
is valid at all times from a few minutes to two weeks. It is only limited
by the long-term stability of divider and voltmeter.
To cover the gap in frequency between the sensitivity range of di-
vider and ripple probe measurement, an additional measurement sys-
tem, the fast-measurement system, was temporarily installed. The de-
velopment, setup and first measurements of the setup were performed
by Rest [Res19].
The fast-measurement system measures the vessel potential as a
difference voltage to a reference potential. The reference potential
is supplied by a sufficiently stable power supply. For instance, when The power supply used for
aiming for a measurement in the range of —18 600V, the reference po- this setup is from the
tential is set to a value close to this voltage (e.g. 18 590 V) such that ™anufacturer FuG and of
the difference voltage is on the order of 10 V. Voltages of ©(10V) can ?; 5 ;;jgi:ig;ﬁgoti' bI:s
be measured directly with a voltmeter without a high-voltage divider , opm over 8 h [Res19].
inbetween. Therefore, a 6.5-digit measurement offers a more than suf-
ficent precision (mV resolution is sufficient) and allowing a fast and
precise measurement with a sample rate of 3 Hz. The reference poten- The voltmeter used for this
tial is monitored with the K35, scaling the reference potential down measurement is from the
by a factor of about 2000 and measuring it with 8.5-digit precision at ™anufacturer Fluke and of
a readout rate of 1/4 Hz. In the analysis, the vessel potential is then Lype 8846A.
estimated by adding the difference voltage to an interpolated value of
the reference potential.
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Stability measurements. Measurements of the voltage at the
2000:1 output of the high-voltage divider K35 over 1h at a
retarding potential of —-18.6 kV. The top row shows the
performance without the DC drift correction, the bottom row
shows the performance with the DC precision loop active.

The figure is adapted from [Rod+22], licensed under CC BY 4.0.

One exemplary measurement over 20 minutes is shown in fig. 4.16.
During the measurement, the DC drift correction was not used. The
relative deviation over time is similar to the one measured with the
standard measurement setup (top row in fig. 4.15); the voltage is chang-
ing randomly within +3 ppm.

4.3.4 Evaluation over the full frequency range

As presented above, with all three methods: high-voltage divider, fast-
measurement system and ripple probe, the stability of the retarding
potential was investigated at a fixed value of -18.6kV. To evaluate
the stability on different time scales even further, the Allan variance
method [All66] is used.

The Allan variance provides a tool to estimate the stability of a sen-
sor due to noise sources on all time scales, limited by the measurement
frequency and the sample size. It is calculated as:

oH©) = SEGhir =)’ - (4.18)

The data y(t) is divided into n parts with n being a multiple of the
measurement frequency and ris the duration of each part. The mean
value and its deviation to the subsequent mean value is calculated
for all parts. For each 7, the expectation value E of the deviations is
determined. Calculating the square root of the Allan variance gives
the Allan deviation. For all three measurement methods, the Allan
deviation is determined and plotted in fig. 4.17.

The Allan deviation, evaluated for the ripple probe measurement,
has a slight drop in amplitude for 7 > 2 s, showing the high-pass char-
acter of the ripple probe. For smaller 7, the Allan deviation a similar
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Figure 4.16 Stability measurement with the fast-measurement system.
The relative deviation of the reference potential as measured by
the high-voltage divider K35 is plotted in orange. The relative
deviation of the vessel potential (at -18.6 kV) is plotted in black.
The vessel potential is the sum of reference potential and
difference voltage.

The figure is adapted from [Rod+22], licensed under CC BY 4.0.

shape compared to the values obtained via the fast-measurement sys-
tem, but overall smaller amplitudes.

The distinct offset in amplitudes between both measurements can
be explained by the slightly different setup. The fast-measurement sys-
tem data was taken in 2017, this means before the last improvements
at the post-regulation. The improvements included an exchange of the
filament heating transformer of the shunt triode to make the system
work at —-35kV, before it was only possible to use it down to -20 kV
[Kat18b]. Since no ripple probe traces are available from the mea-
surements with the fast-measurement setup, no further comparison is
possible at this point.

Comparing the measurement with the fast-measurement system
and the ripple probe measurement further, one can see that the sensi-
tivity of the fast-measurement system starts where the ripple probe’s
sensitivity fades. It is important to note that the instability increases
for longer time scales, so the part measured by the ripple probe but
not seen by the fast-measurement system is more stable. This is again
true for frequencies not measured by the high-voltage divider K35;
here the fast-measurement system shows an overall higher stability.
The fast instabilities measured by the fast-measurement system are
far below KATRIN’s stability requirement. Therefore, it is very well
justified to have only the K35 measurement in place for continuous
monitoring of the high voltage during neutrino mass measurements.

The deviation on averaging times > 10 s with the fast measurement
system is slightly higher than for the measurement with the K35 only.
At the time of the measurements with the fast measurement system,
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Figure 4.17 Allan deviation. At a retarding potential of -18.6 kV, the Allan
deviation was determined for different measurement types. The
DC drift correction of the post-regulation system was active for
the data shown in yellow and inactive for the remaining cases.
The readout rate is /2 Hz for the K35 voltmeter and 3 Hz for the
fast-measurement system. For all three, the sample interval spans
11h. For the ripple probe, the average Allan deviation over 1004
traces is plotted. Each trace is taken at a sample rate of 250 Hz
over 33 s (the ripple probe is not limited to 250 Hz, cf.
section 4.2.1).

The figure is adapted from [Rod+22], licensed under CC BY 4.0.

the auxiliary divider of the post-regulation was without any temper-
ature stabilization inside the main spectrometer hall. This was im-
proved at a later point and is in place for the K35 only measurements.

The measurements with the fast-measurement system and with the
high-voltage divider K35 were both performed without the DC drift
correction. The yellow curve in fig. 4.17 shows the performance with
the DC drift correction. The DC drift correction removes the drifts on
longer time scales (> minutes), as already visible in fig. 4.15.

4.4 Performance during neutrino mass
measurements

The previous section has shown the stability of the high-voltage sys-
tem over a wide range of time scales for a fixed retarding potential.
During neutrino mass measurements, the retarding potential needs to
be changed according to the measurement time distribution (MTD) An
optimized MTD ensures that the measurement time is spent efficiently
to determine the neutrino mass [Kle+19]. Throughout this section, one
measurement of the tritium beta-decay spectrum where the voltage is
changed according to the MTD is called a run. Each period of a run
The performance reports ~ Where the voltage stays unchanged is called a sub-run.

for the measurement For each measurement campaign a detailed investigation of the
phases can be found here,  high-voltage system’s performance has been conducted. For the first
here, and here. KATRIN neutrino mass measurement campaign (KNM1), the DC drift
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correction was not yet implemented but was used for all later cam-
paigns. Without the DC drift correction, the stability during a sub-run
depends on its length [see figure 4 Kat21a], as expected from fig. 4.17.
With the DC drift correction, this dependency vanishes.

Since the retarding potential is continuously monitored, it is always
possible to map the rate measured at the detector to its corresponding
retarding potential. However, all runs from one campaign, or from
one period of the same conditions, need to be combined to perform
the neutrino mass analysis and each retarding potential is an addi-
tional data point and with it an additional degree of freedom in the
fit. Therefore, it is not only important to measure and stabilize the
retarding potential, but it also needs to be set as precisely as possible.
As described in section 4.2.2, the high-voltage control is optimized
to ensure that the requested high-voltage setpoint is reached within
+20mV.

In the case of KNMJ, the setpoint reproducibility could be described
by a Gaussian distribution with a standard deviation of 34(1) mV [cf.
Kat21a]. The 34 mV correspond to the resolution of the post-regula-
tion setpoint DAC (20 bit). The DC drift correction improves this and
for later measurement camapaigns the setpoint can be reached with
the same precision as its measurement by the high-voltage divider
(K35/K65).

Since the campaigns KNM2-5 have a very similar performance, only
the KNM5 campaign is shown here as an example. Detailed discus-
sions for each campaign can be found in the sources listed above.

4.4.1 Stability

For the stability evaluation of the retarding potential during neutrino
mass scans, it is convenient to calculate the standard deviation of the
high voltage values U; during each sub-run, with i = 1,..N, and N the
maximum numbers of voltages values during one sub-run:

2
oz\/%zi:@;—%;(]i) . (4.19)

This value is already available in the run summaries.

oisindependent of the retarding potential value, as visible in fig. 4.18,
but it depends on the sub-run length. The average standard deviation
is 11.5mV with a spread of values within 23 mV. Shorter sub-runs
have a wider spread compared to longer sub-runs (e.g. the spread is
7mV for sub-runs longer than 5 minutes). At first glance this seems
unintuitive and it is the direct opposite to the behavior during KNM1
without the DC drift correction. However, this comes from the opti-
mization of waiting time after reaching a new voltage setpoint. As
soon as the setpoint is reached within 20 mV, the sub-run is started
and the DC drift correction forces the retarding potential slowly closer
to the desired setpoint. For short sub-runs the linear drift of the volt-
age has a larger effect on the standard deviation during a sub-run than
for longer sub-runs. Since it is still below 20 mV, it is not producing
a significant bias on the neutrino mass and the waiting time can be
saved.
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The current voltmeter
calibration procedure is
described in my master’s
thesis.
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Standard deviation for KNM5 sub-runs. The standard
deviation for each sub-run o (4.19) is plotted against the length of
the sub-run. The color corresponds to a setpoint for each
sub-run. The sub-run length fluctuations are due to the dynamic
adjustment of the sub-run boundaries which is intended to
minimize the settling time (cf. section 4.2.2).

4.4.2 Reproducibility

The deviation of the mean voltage value from one single sub-run to
the mean voltage value over all sub-runs of the same setpoint is called
setpoint deviation here. For the combination of runs, a high repro-
ducibility — a small setpoint deviation — is needed. Analogous to the
standard deviation, the setpoint deviation is also independent of the
retarding potential but depending on the sub-run length (see fig. A.22
in the appendix).

The reproducibility is influenced by the stability of the voltmeter.
The voltmeter is calibrated regularly (2 times per week ) and the volt-
age values used for the analysis are corrected by it, but calibration
values are not included in the dynamic setpoint control logic. Result-
ing in a overlap of multiple Gaussian-like distributions for the setpoint
deviation. For KNM5, two dominant distributions are visible.

The maximal spread of setpoint deviations is 69 mV. By exclud-
ing sub-runs shorter than 5 minutes, this is reduced to 199 mV. The
standard deviation of the setpoint deviation is 6 mV.

4.4.3 Settling time

The time between sub-runs is evaluated to estimate the performance of
the dynamic setpoint control logic. This duration is dominated by the
change of the high voltage, other waiting times are negligible (O(1 s))
in comparison. It takes on average 23 s with a standard deviation of
12 s to change the high voltage. The settling time is independent of the
voltage setpoint. An overview of the settling times for KNM5 sub-runs
is shown in fig. A.23 in the appendix.

In fig. A.23 is a sharp maximum in the distribution at 7s. For these
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sub-runs, the logic started with the correct value for M(U) (cf. sec-
tion 4.2.2) and no iterative correction steps were needed. If the system
changed (e.g. due to temperature changes) and M(U,) from the look-
up table needs to be updated, the desired setpoint is not immediately
reached and needs to be iteratively adjusted, leading to a distribution
of different settling times.

4.5 Calibration of the high-voltage divider K35

The high-voltage dividers K35 [TMW09] and K65 [Bau+13] need to
fulfill two essential requirements for successful neutrino mass mea-
surements. Their scale factor needs to be stable over one measure-
ment campaign, and constant over the voltage measurement interval
(0(500 V) at about —-18 kV), both within 3 ppm. A third, more optional
requirement, is to know the absolute scale factor value which gives
access to high-accuracy electron spectroscopy. In chapter 5, a novel
method is shown which removes the necessity for an absolute scale
but where it is essential to know the linearity of the divider.

As shown in previous works [e.g. Thi107; Baul4; Res19], many differ-
ent calibration techniques exist to prove that the dividers fulfill the re-
quirements. Two of these methods, namely the low-voltage calibration
[Baul4] and the absolute calibration [Res+19], have been established in
the KATRIN main spectrometer building to enable in-situ calibration
of both dividers during measurement breaks.

In this chapter, the recent low-voltage calibration results of the K35
are shown. Afterwards, the results from high-voltage calibrations, in-
cluding the absolute calibration, for the first time applied to the K35,
are presented. The chapter is focused on the K35 and the scale factor
M7z of its “1972:1” output, the one used during neutrino mass scans.

4.5.1 Low-voltage calibration

For the low-voltage calibration a self-calibrating divider is used as
a reference. The reference divider can be used for voltages up to
1kV and has two division ranges: 10:1 and 100:1. The divider is self-
calibrated before each usage. The self-calibration procedure is based
on the Wheatstone bridge. A stable voltage source of about 20V (e.g.
two 9-V batteries) is applied to the divider which is set to its calibration
mode and a nullification is performed.

For the low-voltage calibration, a voltage is applied to both dividers,
the one under test and the reference divider. At each divider, the
output voltage is measured with a voltmeter. The scale factor for the
divider under test M. is then determined via

Uref
Miest = ]\/Ireri . (4-20)
test

M,er = 100 is the scale factor of the reference divider and U,ef, Uiegt are
the voltages measured at the reference divider and the one under test
respectively.

The voltmeters are calibrated beforehand with a stable voltage, for
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A circuit diagram of the
K35 is shown in fig. 2.6.
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Low-voltage calibration history of the high-voltage divider
K35. The timeline shows all available low-voltage calibration
values of the 1972:1 output of the K35. The values dated earlier
than 2019 are taken from [Baul4; Res19]. The different shapes
indicate positive or negative test voltages. The two values
colored in gray are excluded from further analysis. The purple
line is the weighted mean with the dashed lines indicating the
weighted standard deviation. The orange line is a linear fit to the
data with a 1-o uncertainty band.

example using a 10-V reference source. Since it is a relative measure-
ment between both dividers, any stable voltage of about 10 V applied
to both voltmeters simultaneously is sufficient; its absolute value does
not need to be known.

The calibration of the K35’s 1972:1 output is performed in two steps.
First the “100:1” output is calibrated against the reference divider. Af-
terwards, a voltage is applied at the 100:1 output and measured at the
1972:1 output (hereafter in this configuration referred to as “20:1” out-
put) and calibratated against the reference divider. Combining the
results of both gives Mi972.

For an additional check of systematic effects, the calibration is per-
formed with both positive and negative test voltages. As shown in
fig. 4.19, one measurement result shows a strong deviation between
the scale factor resulting from a negative and from a positive test volt-
age. The mean value of both is an outlier compared to other calibration
measurements. The value is kept to have a full history but is excluded
from further analysis, since it is very probably caused by a faulty setup.

To describe the overall trend of the 1972:1 output, the measurement
points were fitted by a linear function (cf. fig. 4.19). A linear func-
tion does not fit perfectly (y;eq = 1.3) but better than a higher-degree
polynomial. With a linear fit (increased errors for the values by /1.3
to artificially achieve y,.q = 1) the drift is estimated as 0.09(4) ppm
per year. The overall spread over the 10 years of measurement val-
ues is estimated by a weighted standard deviation to 0.7 ppm. The
observed scale factor change over the years is well below the KATRIN
requirement (3 ppm over 10 weeks) and almost not traceable within
the uncertainty of the low-voltage calibration method.
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The low-voltage calibration is a useful low-effort method to moni-
tor the long-term behavior of a divider and to spot problems (cf. ap-
pendix A.2). However, it is not suitable to determine the scale factor
of a divider under load (loads above 1kV). Under load, the resistors
heat up and their characteristics change. For the K35 and K65 divider
this effect was minimized by a careful selection of paired resistors [cf.
TMWO09; Bau+13] but in order to have an absolute ppm-level calibra-
tion of the divider a calibration under load, a high-voltage calibration,
is indispensable.

4.5.2 High-voltage calibration

The low-voltage calibration of the 20:1 output can be extended to a
calibration under load. The desired load Uj,,q is applied at the divider’s
main input and the voltage drop at the 100:1 output is adjusted with
the calibrator. The voltage applied with the calibrator U, at the 100:1
output is measured with the reference divider, as done for the normal
low-voltage calibration. Uy, is set coarsely (about 1 x 10~* precision)
to

(4.21)

The scale factor of the 100:1 output Mg is picked from the low-voltage
calibration result.

Results of such a high-voltage calibration are shown in fig. 4.20. The
measurements were repeated two times, for each one of them the ref-
erence divider was calibrated. One can see a difference between both
measurement sets within the 0.5 ppm uncertainty for the reference di-
vider. No dependency on the different loads (within 5kV and 33 kV) is
observed. In other words, the thermal load on the resistors above the
100:1 does not influence the resistors at the low-voltage 1972:1 output.

The calibration of the 100:1 output under load (up to 33kV) with
only a 1kV reference divider is more difficult. In principle, with an
open divider and access to all resistors, one could repeat the procedure
as described for the 20:1 output above for each of the resistors above
the 100:1 output. In the case of the K35 the procedure would need to be
repeated at each of the 100 resistors (each with 1.84 MQ cf. [TMW09])
or in case of the K65 at 165 resistors (each 880 kQ cf. [Bau+13]). An
enduring endeavor and not without risks due to the open divider.

A much more elegant and much more convenient method to cali-
brate the 100:1 output is the absolute calibration method. The method
is introduced in [Res+19] and the results of applying the method to
the K65 divider are presented. The setup described in this work was
transferred to the KATRIN main spectrometer building, repeated for
the K65 divider and performed for the first time for the K35 divider.
After an introduction of the method along the description in [Res+19],
the results for the K35 divider are presented here.

The absolute calibration method circumvents the need for a second
high-precision reference divider by employing a differential measure-
ment. An auxiliary divider with a scale factor similar to the one that
is to be calibrated and with a proven short-term (about 10 minutes)
stability is needed. The auxiliary divider’s scale factor needs to be
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type 5720A is used.
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Scale factor values for 20:1 at different loads. As load, a
negative voltage was applied to the divider. The measurement
length for each point is on the order of 10 minutes. For some voltage
points, two measurements have been performed. The colored
dashed lines are the mean values of each respective set of
measurements, and the shaded areas mark the standard deviation.
M, = 20.714 498(7) is determined from the mean value of both sets
(black dashed line) and their difference is used as uncertainty.

known with a relative uncertainty of 1 x 107*.

The differential measurement is performed in two steps. In the first
step, the ratio of the auxiliary divider’s scale factor M,y and the scale
factor of the divider under test Mg is determined. For this, both
dividers are set on a high voltage Uj,,4. Depending on the size of Ujy4q,
the voltages at the 100:1 output of both dividers can be well above the
20-V range of the precision voltmeters. To stay within the 20-V range
where the voltmeter can be calibrated with a 10-V reference source, a
compensating voltage Ugomp is applied between both voltmeters. The
compensating voltage is supplied by a calibrator to have it as stable as
possible. The measured ratio of both dividers is

_ Maux . Utest + Ucomp
Mtest Uaux + Ucomp

(4.22)

By choosing the compensating voltage such that Uy, = 0, it follows
g1+ —st (4.23)

If both dividers have a similar 100:1 output, the absolute value of Ugomyp
is of lesser importance since Ugest < Ugomp and p is approximately 1.

In the second step, an additional voltage U, is applied to the divider
under test. Everything else is kept the same as during step one. With
this, the change of Mg due to Uf, more precisely the differential
scale factor M{egi(Utest), is measured. Using p determined in the first
step, M{egt(Urest)) is defined as:

Uaux ' Maux + Uref ' Mref
Urest + (1 — ;U)Ucomp

MiestUest) = (4.24)
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In an ideal world, U,.f would be as small as possible to have the smallest
amount of averaging in the differential. For the measurements, 1kV
is chosen for Uy, resulting in a reasonable step size (not too many
measurements to cover the dividers voltage range of up to 35kV) and,
more importantly, the 1kV can be measured with the reference divider,
providing the self-calibrated 100:1 output. The output voltage of about
10V is measured with a voltmeter that is calibrated against a 10-V
reference, tracing the calibration back to the Josephson standard.

As visible in (4.24), as long as Uy is small (0(1 x 107%)), which is
directly connected to 1:(4.22) being close to 1, the influence of M, and
Ucomp on the resulting M{c is small. The setup as used for [Res+19]
had an auxiliary divider with a 100:1 output, perfectly matched to the
G35 and K65 dividers that were calibrated with this setup. The “100:1”
output of the K35 is 95:1 and therefore only close to 100:1.

To still use the same setup for the absolute calibration of the K35,
two possible options were developed. For the first one, called here
method A, an additional voltage is added between Uy, and the divider
under test. A 10-V reference source was used. Due to the additional
10V, Ueomp can be chosen such that U,y is O(1 x 107%).

As a second option, method B, the auxiliary divider was changed
to have a 94:1 output. The auxiliary divider is a divider consisting
of a series of Caddock resistors (thirty 20 MQ resistors and six 1 MQ
resistors), resulting in a scale factor of M,,, = 100 [Res19]. After the
first pair of 20 MQ resistors, a cable is added to replace the normal
feeder at the top of the resistor chain. With this modification, the
scale factor is changed to M,,x = 94 and can be easily changed back
to M,,x = 100 if needed.

The measurement results with methods A and B are plotted in
fig. A.24 in the appendix. No significant difference between the two
methods is visible. The scatter of multiple results within one method
is larger than the difference between each method.

Important to note, the scatter of the individual measurements grows
larger, with larger Ueg;. This is very probable due to the load depen-
dency of the auxiliary divider. To compensate for possible drifts during
the measurement, the y measurement (the first step) is performed be-
fore and after step two and the average of both is used to determine
M- The whole sequence takes about 9 minutes.

Potential improvements for future measurements are: even shorter
measurement intervals, a simple temperature stabilization of the di-
vider, or much longer stabilization periods beforehand (here 1.5 h run-
in time was spent for the 33 kV measurement) to allow the divider to
heat up to equilibrium. The situation is worsened compared to the
calibration with the K65 since the amount of resistors sharing the load
is reduced by about 7% for the adapted scale factor (method B).

All measurements are combined by calculating the average over all
measurements performed on one day and in one setup. The resulting
averages are plotted in fig. 4.21 and fitted by [Res+19]:

f(Utest) :Mtest(Utest)

1
a4 b"Urest

1 + Mest(Uest)
v

1
+
1v a/ + 2b,Ut/eSt

abs.cal. (4.25)

abs.cal.
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Figure 4.21 Determination of the K35’s voltage-dependent scale factor.
The differential scale factor M(, (filled dots) and the
low-voltage scale factor M, (open diamond) is plotted against
the voltage applied to the K35 (Ugg for M. and Usegy fOr Mieg)-
The data is fitted with f(U,g) (4.25) and the result for the
differential scale factor M/, (Ui.) is plotted in purple and for
the scale factor M,.(Uies) in orange. The shaded area in orange
and purple are the 1-o error band of the fit. The fit results are
a’ =1.05018448(5) x 1072 (1/a’ = 95.2213653(5)) and
b =2.4(2) x 1073 /V with y,.q = 1.048.

The points from the low-voltage measurement are fitted by Miegt(Uest)
and the differential scale factor values from the absolute calibration are
fitted by M{et(Ulest)- Ulest 1s the average Useqt of the p-measurement
and the measurement with additional load (here 1kV). Due to the
K35’s small voltage dependency (within 2 ppm over 33 kV), it is suffi-
cient to use a polynomial of first degree to describe the temperature
dependency of the resistors, analogously to the K65.

By multiplying the Mg result (constant, cf. fig. 4.20) and the re-
sult Mos from the absolute calibration method, the voltage-dependent
Mig72 is determined. Explicitly,

Mg
M U)=Mys - Myyg = ———
1972(U) = Mys - My P!
3 1 1 (4.26)
v LV a+b U
+ —_—
M20 M20

With the values for a’,b” from the absolute calibration (cf. fig. 4.21)
and Ma (cf. fig. 4.20) follows

a=5.069804(2) x 1074, (4.27)
b=12(1)x10"14/V. (4.28)
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The Mio72 result is plotted in fig. A.25 in the appendix. Evaluating
(4.26) at U = 18.6 kV and assuming the same systematic uncertainties
as done in [Res+19] results in a scale factor value of

M(18.6kV) = 1972.462(2). (4.29)
4.5.3 Comparison with other calibration methods

The result achieved with the calibrations described above can be com-
pared to other calibrations performed with the K35. For example, it is
possible to compare the results with the calibration of the 1972:1 scale
factor at different loads at the PTB [TMW09]. As visible in fig. A.25 in
the appendix, the measured voltage dependency of both methods is in
agreement within the individual uncertainties.

For further comparisons, the focus is now at the most important load
(around 18 kV) for neutrino mass measurements. All available results
of the K35 at 18 kV are gathered and plotted in fig. 4.22. The results
obtained with a high precision divider at the PTB as reference divider
show, with exception for the outlier in 2006, an overall downwards
drift. It is not clear what caused the drift (and the jump in 2006). In
principle, the transport to the PTB could put mechanical strain on the
resistor chain, leading to small changes visible in the calibration.

The result obtained with #3™Kr has a significantly larger uncertainty
but agrees within the uncertainty with the trend visible in the PTB
results. The new value obtained by the absolute calibration fits within
the uncertainties to the 83™Kr result, but it does not fit to the downward
trend. It fits very well to the very first measurement point and to the
average over all measurements.

The low-voltage calibrations that started in 2012 have a drift in op-
posite direction and a smaller amplitude than the drift visible in the
PTB results. The direction of the drift fits to the difference between
the last PTB result and the value of the absolute calibration, but the
amplitude (about 4.5 ppm) does not match. From a linear fit to the
low-voltage results, a difference of about 0.6 ppm over the 7 years is
expected which is a factor 6.5 smaller than the observed difference in
the high-voltage results.

To further check the new absolute calibration result, the K65 was
used to calibrate the K35. The procedure is called cross calibration.
Two K65 scale factor values with a difference of 2.6 ppm were chosen
for the analysis, one determined in May 2019, at the “original” absolute
calibration setup in Miinster, and one in October 2019, with the setup
freshly installed in Karlsruhe. Inbetween both measurements the K65
was moved from Miinster to Karlsruhe with an intermediate stop in
Darmstadt. The new K35 absolute calibration value lies within the two
values determined from the two different assumed K65 scale factors.
Important to note, the two individual cross calibration measurements
(one in September 2019, one in April 2020), are almost identical; both
dividers stayed constant, or drifted the exact same amount in opposite
direction.

More cross calibration measurements were performed, but are omit-
ted in this overview plot due to the problems of the K65 stability after
temperature gradients which has been discovered in 2021 (further de-
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Figure 4.22 High-voltage calibration history of the K35. The timeline
shows all available high-voltage calibration values of the K35’s
1972:1 output. The values dated 2013 and earlier are taken from
[Thi07; Baul4; Res19]. The 83™Kr value in 2017 is taken from
[Kat18a]. The values of type “K65” are calibrations of K35 using
the K65 as a reference (with two different scale factor
measurements: one measured in May 2019 and the other in
October 2019).

tails in appendix A.2). During those cross calibration measurements,
the K65 was the divider under test and the K35 was used as reference.

In order to investigate the influence of mechanical strain further,
more in-situ calibration measurements are needed. In addition to re-
peating the absolute calibration method in the future, it should also
be considered to use 3*™Kr measurements. Especially as soon as the
novel method (presented in chapter 5) is applied and the transition
energies are improved by an order of magnitude.

The calibration with ™Kz, also plotted in fig. 4.19, was performed
by comparing two conversion lines from the same transition (K-32
and L3-32) to avoid the large uncertainty (500 meV) on the transition
energies. The uncertainty of this measurement is dominated by the
binding energies. With the potential improvement on the transition
energies, lines from the same sub-shell but different transitions (e.g.:
L3-32 and L3-9.4) can be chosen. Also potential voltage dependency
cross-checks by a combination of various different lines are possible.

In summary, future #3*™Kr calibration measurements can help to
understand the observed differences within the different calibration
methods.

4.6 Conclusion

Any instability of the retarding potential influences the transmission
conditions for electrons inside KATRIN’s main spectrometer. The ef-
fect on the neutrino mass can be estimated with a simple model of a
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Gaussian broadening. A more detailed investigation was performed
by employing simulations.

In the simulations, the electrons were tracked on their way through
the spectrometer, allowing the injection of arbitrary time-dependent
instabilities into the retarding potential. The biggest effect can be ob-
served with fluctuations which occur during the time period in which
the electrons pass through the spectrometer entrance, which is the
location where the potential gradient is largest. One important re-
sult of the simulations is that the influence of a sinusoidal ripple for
frequencies up to 10 MHz corresponds to a broadening of the transmis-
sion function equal to the density distribution of the sinusoidal. For
frequencies above 10 MHz, the broadening decreases.

To minimize any broadening of the transmission function, especially
from the 50 Hz power grid interference but also from power supply
drifts or other interference sources, the post-regulation system is in
place. The post-regulation system was integrated into the KATRIN
control system for use in normal operation, for example during tritium
electron spectroscopy or 83™Kr conversion electron spectroscopy.

The DC drift correction path of the post-regulation system was
added as an optional component. It improves the stability on longer
time scales (> minutes) significantly. With active DC drift correction at
voltages around 18.6 kV, the values vary within a Gaussian distribution
with a standard deviation of 11 mV which corresponds to a stability on
the sub-ppm level. The performance of the full post-regulation system
was proven with independent methods, including #™Kr conversion
electron measurements.

The sub-ppm precision stabilization is complemented with calibra-
tions of the high-voltage dividers, providing ppm-scale trueness of
the measurement chain. The absolute calibration method was assem-
bled on site in the spectrometer building and adapted in such a way
that it can also be applied to the K35 divider. With it, the K35’s scale
factor was determined with 1ppm accuracy, and its voltage depen-
dency was determined to be within 1 ppm across a 33-kV-wide range.
In addition to the absolute calibration, low-voltage calibrations were
performed and compared to previous measurements. The K35’s low-
voltage calibration history shows a weighted standard deviation of
0.7 ppm spanning over 10 years.

Overall, KATRIN’s retarding potential has sub-ppm precision and
ppm trueness on time scales from microseconds up to years. Such
high accuracy is possible thanks to the unique combination of the
post-regulation system and the precision high-voltage dividers with
their dedicated calibrations.
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The 42-keV transition is
highly suppressed and no
precision spectroscopy of
its conversion electrons has
been performed yet. The
electrons are however
visible in the detector
spectrum during routine
83Ky measurements at
KATRIN. First mentioned
by F. Frankle and further
presented by L. Thorne at a
KATRIN collaboration
meeting (Oct. 2017).

,Na, Pippi, wieviel, glaubst du, daf} 8 und 4 ist?“
,30 ungefihr 67, meinte Pippi.
,Aber nein®, sagte die Lehrerin, ,,8 und 4 ist 12

,Nein, meine kleine Alte, das geht zu weit", sagte Pippi. ,Eben
erst hast du gesagt, 7 und 5 ist 12. Ordnung muf} sein, selbst in
einer Schule.”

Pippi Langstrumpf
Astrid Lindgren

S5 Improving the energy scale
calibration

The content in this chapter is based on the publication [Rod22], of which I
am the sole author.

In the tritium spectrum fit of the neutrino mass analysis, the squared
neutrino mass value and the effective endpoint are strongly corre-
lated parameters (0.97 [Kat19]). Any unknown systematic leading to a
shifted effective endpoint also biases the measured neutrino mass. For
example, a Gaussian broadening of the energy scale of 60 meV would
shift the measured squared neutrino mass value by 7 x 107 eV?/c*, as
introduced in chapter 4.

The steadiness of the fitted effective endpoint of the tritium spec-
trum is a good proxy for a stable energy scale (cf. [Kat21a]), but the
absolute energy scale also needs to be known: As outlined in the work
[OW08] and since implemented at KATRIN [Kat19], an important
check for systematics is to translate the effective tritium endpoint
value into the Q-value for comparison with independent measure-
ments of the tritium-helium-3 mass difference [Str+14; Mye+15]. This
cross-check is limited by the knowledge of the absolute energy scale.
The method proposed here will significantly reduce the uncertainty in
the absolute energy scale of KATRIN and thereby improve the ability
to detect unknown systematics.

5.1 Energy scale calibration at KATRIN using 8™Kr

For the absolute calibration of KATRIN’s energy scale, monoenergetic
conversion electrons from #3™Kr are used as a reference.

83mKr usually decays in a cascade of two transitions (32.2 keV, then
9.4 keV) to 8%Kr, or via the low-intensity 41.6-keV cross-over transition,
as illustrated in fig. 5.1. These transitions can take place in the form
of gamma emissions, or, more frequently, in the form of internal con-
version electron emissions. The energy E released in each alternate
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Isomeric transitions of 33Kr. The values were taken from
[Mcu15] and the low-intensity 41.6-keV cross-over transition was
added. For each nuclear level, the spin-parity value, energy, and
half-life are noted.

The figure is copied from [Rod22], licensed under CC BY 4.0.

process is
E=Ey+ Eyrec = Ece + Epind + Erec > (5.1)

where E, denotes the energy of the emitted gamma ray, E. the kinetic
energy of the conversion electron, and Eyjq its binding energy. Ey rec
and E,. are the recoil energies of the atom after emission of a gamma
ray or a conversion electron, respectively. E is hereafter called simply
the transition energy.

As follows from (5.1), the kinetic energy E,. of a 83™Kr conversion
electron expressed in terms of the other energies is

Eee = Ey + Ey rec — Ebind — Erec
= E — Epind = Erec -

(5.2)

Values are available from literature for Ey, Ey rec, Epind> and Eec (cf.
[Vén+18]).

The 83™Kr conversion electron energy E.. can be measured at KA-
TRIN. For this, a #3Rb source emanating 83™Kr (and 33Kr) [Sen+18] is
attached to the gas circulation sytem of the WGTS, transforming it into
a gaseous krypton source (GKrS). Additionally, a condensed krypton
source (CKrS) [Kat18b] is available, located between the transport and
pumping section and the spectrometer section. The work [Kat20b]
describes in detail how the position (i.e., energy) and width of the
conversion electron line are determined by fitting the integrated spec-
trum. The line position in the measured spectrum deviates from the
true value of E.. by the shift A®” of KATRIN’s absolute energy scale
at the time of the measurement.

5.1.1 Shift of the energy scale

There are many possible sources along the beamline that can impact
the energy scale and contribute to the shift A®’. Most of them are
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The potential depression is
the difference between the
retarding voltage applied
at the spectrometer vessel
and the actual potential
seen by the electrons inside
the spectrometer.

The rear wall [Kat21c] is a
gold coated disc at the far
end of the WGTS which
absorbs most of the tritium
decay electrons which were
not transmitted.

known very well, and methods exist to characterize them.

On the spectrometer side, the main spectrometer’s work function
®dyps and its retarding potential influence the energy scale. The work
function can be measured with an electron gun [Beh16; Beh+17]. The
retarding potential is kept stable within 2 ppm (2 x 107°) by the preci-
sion high-voltage setup [Rod+22]. The scale factor of the high-voltage
dividers [TMWO09; Bau+13] measuring the retarding potential Uy, is
known from the absolute calibration [Res+19], with systematic un-
certainties within 1ppm. The retarding potential depression Uge, is
known from simulations, with a possible systematic shift $Uep.

On the source side, the energy scale is defined by the starting po-
tential Ugg,yy of the electrons and their energy loss due to scattering
inside the source. The work function of the WGTS, the work func-
tion of the rear wall and its bias voltage, and the plasma potential
govern the starting potential. The stability and spatial distribution of
the starting potential inside the WGTS are investigated with 83™Kr
measurements [Kat22]. The energy loss spectrum needs to be known
precisely for measuring the continuous tritium spectrum and it is char-
acterized with electron gun measurements [Kat21b]. For the monoen-
ergetic conversion electron lines, the scattering process only reduces
the intensity of the measured signal (the unscattered electrons), but
does not change the measured line position.

Considering all contributions and including Ut and Ugep in the
conversion electron spectrum fit leads to a measured line position of

Enm=q (Upet — Udep) =Ee+q- 5Udep + 4 Ustart + Pms

(5.3)
= E. +AD’,
where q is the charge of the electron and A®’ includes all unknowns
8Ugeps Pms and Uggary. It should be noted that the particular sources
of the individual shifts are not important for the conversion electron
measurements. All of them combine into one effective shift of the
measured line position relative to the actual value. An examplary
conversion electron line measurement is shown in fig. 5.2.
Conversion electron spectra of the 32-keV transition are regularly
measured at KATRIN and reveal the temporal variation of A®’. Addi-
tionally, by comparing the #3™Kr line positions to the literature values,
A®’ can be determined (cf. fig. 5.3) and with it KATRIN’s absolute
energy scale.

5.2 Novel method for determining the transition
energies

When comparing the measured conversion electron lines to the liter-
ature, the dominant contributor of uncertainty is Ey, which is known
to 0.5 eV. KATRIN, meanwhile, has been shown to be able to perform
electron spectroscopy with a precision of 0.025 eV [Kat20b], and future
performance improvements are plausible. Despite its high resolution
and the excellent linearity of its energy scale [Kat20b; Res+19], KA-
TRIN’s accuracy is limited by the uncertainty in A®’. The method
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Figure 5.2
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Conversion electron line measurement at KATRIN. The
measurement points are the integral spectrum of a conversion
electron line (L;-32) measured at one detector pixel. The
retarding potential depression Uy, is added to the retarding
energy (x-axis). The energy distribution of the conversion
electrons is described by a Lorentzian, folded with a Gaussian to
account for Doppler broadening at a WGTS temperature of 100 K,
resulting in a Voigt profile. The Voigt profile is folded with the
transmission function (cf. section 2.1.4) and fitted to the data
(orange line).

The plot is adapted from [Kat20b], licensed under CC BY 4.0.

presented here first removes this limitation so that the transition en-
ergies can then be determined with high accuracy.

5.2.1 Leveraging the cross-over transition

It is possible to determine A®’ independently of any transition energy
literature value by measuring conversion electron lines from a set
of three interconnected transitions: the 32-keV and 9-keV cascade
transitions, as well as the corresponding 42-keV cross-over transition
which can occur in their stead.

The transition energies E(g) of each of the three transitions g €
{132, Tg, T42} relate to each other as

E(t42) = E(t32) + E(19). (5.4)

Generalizing and simplifying (5.2) and (5.3) leads to a measured line
position

EM(g’ s) = E(g) - Ebind(s) - Erec(g) + A, (5~5)

with s € {K, L3, N,, ...} denoting the conversion electron’s subshell.
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Figure 5.3
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Energy scale shift determination. The diagram is loosely
based on a transition diagram as shown in fig. 5.1 and illustrates
how the shift of the energy scale is determined using a
measurement of a 83™Kr conversion electron line position Ey; (5.3)
and literature values for the gamma transition and the conversion
electrons (5.2). The sum of the two energy components
comprising the gamma emission case (left side) must be equal to
the sum of the three components comprising the internal
conversion case (right side). The difference when actually
measured is the shift A®’. A 32-keV transition is shown here as
an example, but the same is possible with a 9-keV transition.

Arbitrary subshells s35, 59, s45 can be chosen for the measurement
of each respective transition. Inserting (5.5) into (5.4), the shift is then
determined as

A" = — Eni(Tag, S42) — Ebind(S42) — Erec(T42)
+ Eni(T32, 532) + Epind(s32) + Erec(T32) (5.6)

+ EM(T% 39) + Ebind(s9) + EreC(T9) .

It is important to note that when determined in this way, A®’ does not
depend on any transition energy E, and by extension does not depend
on any gamma emission energy E,. In fig. 5.4, equations (5.4) to (5.6)
are shown as a schematic.

For (5.6) to be valid, A®’ of course needs to be the same for all
three measurements. A constant A®’ can be achieved by measuring
under the same conditions along KATRIN’s beamline. This effectively
means measuring in direct succession to ensure unchanged source con-
ditions. The retarding potential at the main spectrometer, meanwhile,
necessarily changes as part of the measuring process. The absolute
calibration method [Res+19] however characterizes the voltage depen-
dency of the high-voltage divider measuring the retarding potential
with a precision of 1 ppm. Furthermore, any possible systematic shift
8Ugep of the main spectrometer field simulations to determine Ugep,
is independent of the voltage value. To summarize, A®’ is constant
within an acceptable and known margin of error despite the varying
retarding potential.
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Figure 5.4 Energy scale shift determination, improved. With line
position measurements from three interrelated transitions, A®’
can be determined without the use of gamma emission reference
values, as shown in (5.6).

5.2.2 Calculating the transition energies

By solving each of the measurement series’ instances of (5.5) for E(g)
and inserting A®’ as defined by (5.6), the transition energies can be
determined:

E(g) = Em(g. ) + Epind(s) + Erec(g) — AP’
= Em(g8) + Epind(s) + Erec(8)
+ Em(T42, 542) + Epind(542) + Erec(T42) (5.7)
— Em(t32, 832) — Ebind(s32) — Erec(32)
— Em(t9,59)  — Epind(S9) — Erec(t9) -

The uncertainties in the recoil energies [Vén+18] are negligible here,
leaving only the uncertainties in the electron’s binding energies and
those in the measured line positions. As can be seen in (5.7), using
the same subshell for all measurements (i.e., s35 = s9 = s43) has the
advantage of the binding energies canceling each other out, resulting
in the simpler form

E(g) = Enm(g, ) + Epec(8)
+ En(Ta2, 842) + Erec(Taz)
— En(T32, 832) — Erec(T32)

_EM(T9,S9) - rec(T9) .

(5.8)

For an exemplary uncertainty estimation, let us assume a measure-
ment series using exclusively electrons from the L; subshell. The
L3-32 line measurement is routine at KATRIN. The latest published
result of the line position with the GKrS has a statistical uncertainty
of 3meV and a systematic uncertainty of 25 meV [Kat20b]. The L3-9
measurement is not a routine measurement, and the L3-42 line has yet
to be measured at all. The challenges for both measurements are dis-
cussed in section 5.4. Assuming that the challenges are overcome, one
could expect the same uncertainty as for the L3-32 line measurement

130



Table 5.5 Selected energies of 33"Kr decay. Energies (in eV) involved in
83mKr gamma decay and internal conversion for different
transitions g and a selection of subshells s. Adapted
from [Vén+18].

EI'CC
Ey Eyrec Ebind
E=T32 £§=T9 §= Ty
g =132 32151.6(5) 0.0067 s=K 14327.26(4) 0.120 - 0.185

g=19 9405.7(6) 0.000 57 s=1L4 1679.21(5)  0.207  0.051 0.274
s=Nj 14.67(1) 0.219  0.063  0.286
s=Nj 14.00(1) 0.219  0.063  0.286

(25meV). Under this assumption, the energy of the 32-keV transi-
tion can be determined with an uncertainty of 35 meV, a considerable
improvement over the 500 meV uncertainty in the current literature
values (cf. table 5.5).

For the 9-keV transition, the expected uncertainty would be the
same. Since the 42-keV transition is the sum of the other two transi-
tions, the uncertainties of all three line positions contribute to E(g)
(5.8), leading to an uncertainty of 50 meV.

A proper uncertainty evaluation is of course only possible after the
measurements have been performed. The values should be understood
as an estimate of what may be achievable with this method.

5.3 Transferring the gains to routine calibrations

The higher-precision #*™Kr transition energies can now serve as a
better calibration reference for KATRIN’s energy scale when using
only a single 83™Kr conversion electron line (cf. section 5.1.1, fig. 5.3).
One example is a simple one-hour measurement of the L3-32 line
position. To match the conditions of the neutrino mass measurements
as closely as possible, tritium and #¥™Kr should be circulated together
inside the WGTS as was done in [Kat22; Mar+22]. With the L3-32 line
position measurement, the shift can be determined with (5.5) as

A®” = Ep(t33,L3) — E(t3) + Epind(L3) + Erec(32) - (5.9)

Following the assumption that all challenges described in section 5.4
are met to successfully determine E(t3,) with a precision of 35 meV
(cf. section 5.2.2), the total uncertainty in A®’” would be 66 meV. Since
the L3-32 line position measurements are performed regularly, any im-
provements can also be applied retroactively to A®’. With high source
activity, the measurement of the N,N3-32 doublet is also feasible, lead-
ing to an even smaller error in A®’ due to the smaller uncertainty in
the binding energy (cf. table 5.5).

By measuring A®” during a neutrino mass measurement campaign,
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Ad’ can be applied to the effective endpoint of tritium spectrum fits
and translated into the measured Q-value.

To put the uncertainty of A®’ in perspective, the Q-value is known
to 0.07 eV from external measurements [Mye+15] while the uncer-
tainty is 0.6 €V in the most recent KATRIN publication [Kat22].

5.4 Challenges

An ideal measurement would use both the CKrS and the GKrS at the
KATRIN beamline. Comparing the resulting transition energies can
give access to hidden systematics. However, the 9-keV transition can
be challenging to measure with the GKrS.

The first complication is that the conversion electron lines of the
9-keV transition are below the tritium endpoint. This complication is
easy to solve by using helium as carrier gas, or circulating only krypton
inside the source as was done in [Kat20b]. Then the background due
to tritium is reduced to only residual tritium on the rear wall, which
can be minimized by cleaning.

The second complication is that the 32-keV transition leaves the
atom in a multiply-ionized state, and the 9-keV transition follows the
32-keV transition within the 155 ns half-life [Mcu15]. Due to the low
83mKy density inside the WGTS, the neutralization times are longer
than the half-life. The multiply-ionized states shift the binding ener-
gies. Instead of one conversion electron line, multiple shifted lines
are visible, with each corresponding to a charged state [DS90]. For
a successful measurement, the charged states need to be identified.
The work [Seil9] describes the first measurement of this kind at KA-
TRIN. Inside the CKrS, the neutralization times are shorter than the
half-life, thus no multiply-ionized states exist at the time of the 9-keV
transition. Therefore, the observed conversion electron energy is not
shifted.

For the CKrS, the binding energies of the different shells have an
unknown shift due to condensed matter effects. Here it is vital that
the three lines all come from the same subshell, as was done in (5.8),
to cancel out the unknown binding energy.

Another challenge will be the measurement of the highly suppressed
42-keV transition. The expected intensity of the L3-42 line is roughly
13 ppm of the L3-32 line, and roughly 0.16 % of the N3-32 line. How-
ever, the lack in intensity can be overcome by a high-luminosity source
and an increase in measurement time. For example, successful high-
intensity measurements of the N;N3-32 line doublet were already per-
formed with a 10 GBq GKrS. The energetically higher lines from the
42-keV transition were clearly visible as background.

To measure the integrated spectrum of the L3;-42 line, a voltage
of around -39.8 kV needs to be applied at the KATRIN spectrometer.
During normal operation only voltages down to -35kV are permit-
ted. Several, but feasible, hardware changes are needed to operate the
spectrometer at voltages down to -40kV. The key to the precision
high-voltage setup is the divider, and fortunately, one of the two avail-
able dividers is designed to measure voltages up to £65kV [Bau+13].
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It is not possible to use the
K-42 line with the CKrS
since all measurements
need to be from the same
subshell, as explained
earlier. The 9-keV
transition is not possible
for electrons from the K
shell due to their binding
energies of about 14 keV.

When using the GKrS, measuring the K-42 line at 27.2 keV instead
is also a possibility. Since the spectrometer acts as a high pass filter,
the signal would be lost in the background of the energetically higher
lines (e.g. the L3-32 at 30.5 keV has a roughly 4 x 10* higher intensity).
Changing the magnetic fields to reduce the transmittance of electrons
with high-surplus energy, or improving the energy resolution at the
detector are possible solutions.

5.5 Conclusion

It has been shown that by measuring three distinct transitions of 3™Kr,
the shift A®” of KATRIN’s energy scale can be determined indepen-
dently of the absolute transition energies. This allows the 83™Kr tran-
sition energies with a precision improved over the current literature
values to be determined. These higher-precision transition energy val-
ues translate directly into more precise single-line 8*™Kr calibration
measurements at KATRIN, even retroactively.
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6 Conclusion and outlook

Any measuring instrument needs proper calibration to characterize it
and to validate its accuracy. Ideally, the instrument is tested against a
well-known calibration source. Just like a voltmeter needs a voltage
standard to be calibrated, an electron spectroscope needs an electron
source for calibration. In the context of this thesis, a variety of calibra-
tion techniques for electron-energy related characteristics of KATRIN
were used, further improved, and newly invented.

The e-gun, a mono-energetic electron source, was used to determine
the loss of energy due to inelastic scattering of electrons on tritium in-
side the source. The minimal energy loss of an electron that is scattered
on tritium is about 10 eV. In other words, the measured spectra from
scans less than 10 eV deep consist entirely of unscattered electrons,
making analysis straightforward. For scans deeper than that, like the
scans 40 eV deep into the tritium spectrum for neutrino mass measure-
ments, the energy loss is a necessary part of the analysis. The energy-
loss function presented in this thesis is an in-situ measurement at the
KATRIN beamline with significantly improved energy resolution com-
pared to energy-loss functions measured at predecessor experiments.

One open question in the energy-loss function analysis is the slight
deviation of the y? value from 1.0 (1.08(2) for the fit on the differential
data). The residuals in the region of the electronic excitations show
small structures (within 2.50). In the semi-empirical model, three
Gaussians are used to describe a whole set of discrete excitation states.
In the measurement, those discrete states are smeared by the energy
resolution. The slight structures in the residuals might be a hint that
the three Gaussians are not a sufficiently close approximation at the en-
ergy resolution achieved in the measurements. Future measurements
with a new e-gun might shed light on this and clarify if it is a hidden
systematic or a hint as to the limitations of the simplified model.

The e-gun is used not only to determine the energy loss but also to
investigate the transmission condition inside the spectrometer. How-
ever, since the energy of the electrons emitted by the e-gun is known
only relative to the retarding potential, the latter needs to be measured
to determine the spectrometer’s energy scale. Furthermore, it needs
to be stabilized during measurements.
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The post-regulation system does this stabilization. Within the scope
of this thesis, the existing post-regulation system was integrated into
the KATRIN control system and improved by integrating the preci-
sion high-voltage dividers into the regulation loop. Performance mea-
surements demonstrate its sub-ppm precision on time scales from mi-
croseconds up to weeks. The high-voltage dividers’ scale factors are
calibrated with 1 ppm accuracy. Using the absolute calibration method,
the voltage dependency of the high-voltage divider K35 was deter-
mined to be within 1ppm across a 33-kV-wide range. Together with
the low-voltage calibration, which is ideal for quick stability checks,
on-site calibrations of the dividers during measurement breaks are
now possible.

The calibration history of the K35 spans more than a decade al-
ready and includes multiple different calibration techniques. The low-
voltage calibration results vary only slightly and have a weighted stan-
dard deviation of 0.8 ppm. In contrast, the high-voltage calibrations
(including reference measurements to the PTB divider, calibration
with 83™Kr conversion electrons, and the absolute calibration) exhibit
greater variation and there is also a notable divergence between the
results from the different techniques. Even though the differences are
negligible compared to the requirements needed for successful neu-
trino mass measurements with KATRIN, these observations highlight
the importance of using a variety of different calibration techniques.
Further measurements will likely be necessary to find a satisfactory
explanation for the differences.

Still, even with a well-known and precisely calibrated retarding po-
tential, the energy scale of the spectroscope is not completely defined.
For a full characterization, a calibration with an electron source such
as the isomer 8*™Kr is needed. While a naive calibration with known
83mKy transition energy values from the literature would already be
useful by itself, the proven linearity of KATRIN’s energy scale presents
an opportunity: By measuring conversion electrons from the 41.6-keV
transition as well as from the corresponding cascade of a 32.2-keV and
9.4-keV transition, any absolute shift of the energy scale can be nulli-
fied, thus enabling precision beyond that of current literature values.

Not only the KATRIN experiment can benefit from better transi-
tion energy values, but any experiment using 8*"Kr for calibration
and aiming for sub-eV precision. Further, other experiments perform-
ing electron spectroscopy (or gamma spectroscopy) could perform the
proposed measurement pattern and determine the transition energies
independently of their unique energy scale shifts. The single major
requirement is, of course, a linear energy scale.

The results presented within this thesis demonstrate in three dif-
ferent ways KATRIN’s ability to perform electron spectroscopy with
sub-eV precision: First, with e-gun measurements. Second, with the
stabilized retarding potential, whose calibration traces back to nat-
ural standards at metrology institutes. And third, with 83™Kr as a
nuclear standard which KATRIN has available from three different
source types.
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Appendix

A.1 Flight time simulation code

For fast simulations a C++ code is used to perform the calculations and
the code is integrated in R code with the Rcpp interface. In the R code,
not shown here, the input parameters are managed, for example fields,
properties of the electrons (energy, angle), properties of the ripple, and
also the output files. The calculations as described in section 4.1 are
written in C++ and the essential part of the code is printed here.

#include <cmath>
#include "Rcpp.h"

using namespace Rcpp;

const double pi = 3.141592653589793238462643383279502884L;
const double ¢ = 299.792458; // speed of light [m/us]
const double me = 510998.95000; // electron mass [eV/c?]
const double ge

-1.0; // electron charge [e]

constexpr double sq(double x) { return x * x; }

double

reciprocal_velocity(double Esource, // [eV]
double theta, // [rad]
double delta, // [eV]
double Bscale) // [1]

// energy at t=0 [eV]
double Erel0 = Esource + me;

// energy at z [eV]
double Ekinz = Esource - delta;
double Erelz = Ekinz + me;

// squared momentum components times c? at z

double perpendicular = (sq(Erel@) - sq(me)) * sqg(sin(theta)) * Bscale;
double parallel = sq(Erelz) - sq(me) - perpendicular;
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// reciprocal velocity at z [us]
return Erelz / (sqrt(parallel) * c);

}
double
ripple(double tof, // [us]
double freq, // [Hz]
double amplitude) // [V]
{
return amplitude * sin(2.0 * pi * freq * tof * 0.000001);
}
double
ripple_step(double tof, // [us]
double step, // [us]
double amplitude) // [V]
{
if (tof < step)
return 0;
return amplitude;
}

// [[Rcpp::export]]

NumericMatrix

transmission_ripple_cpp(const NumericVector& Z, // [m]
const NumericVector& Uscale, // [1]
const NumericVector& Bscale, // [1]
double Uret, // V]
double Esource, // [eV]
double theta, // [rad]
double tofo, // [us]
double freq, // [Hz]
double amplitude) // [V]

{

const int n = Z.size();
NumericMatrix result(n, 2);

double deltaE = result(0, 0) = 0;
double tof = result(l, @) = tof0;

result.attr("deltaE_ana") = NAN;
result.attr("transmission") = false;

for (int i = 1; i < n; i++) {

double rvel = (Z[i] - Z[i-1]) =

reciprocal_velocity(Esource, theta,

ge * Uret * Uscale[i] + deltaE, Bscale[i]);

if (std::isnan(rvel))

break;
tof += rvel;
result(i, 0) = tof;

deltaE += ge * (Uscale[i] - Uscale[i-1]) *
ripple(tof, freq, amplitude);

result(i, 1) = deltaE;

if (Z[i] == 0)
result.attr("deltaE_ana") = deltaE;
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if (4 == n - 1)
result.attr("transmission") = true;

result.attr("tof") = tof;

return result;
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A.2 Temperature dependency of the high-voltage
divider K65

During the fourth neutrino mass measurement campaign (KNM4) the
temperature control of the K65 failed and the K65 divider cooled down
and stayed at room temperature. During that time the K65 was used
instead of the K35 to measure the retarding potential. To check the in-
fluence on the neutrino mass measurements, dedicated measurements
to investigate the K65’s temperature dependency were performed.

During these measurements some unexpected instabilities of the
K65 were discovered. This chapter summarizes the observations dur-
ing the test measurements. Based on these results, the situation during
KNM4 is evaluated and further possible steps on how to solve or to
live with the observed issues in the future are discussed.

A.2.1 First cross calibration with the K35

The most convenient way to investigate the temperature dependency
of the K65 is to determine the K65’s scale factor at different tempera-
tures with a cross calibration against the K35. On April 21, 2021, both
dividers were attached to the same voltage source (-18.5kV) and a
voltmeter measures the voltage at the 2000:1 output of each divider.
The temperature of the K35 is fixed at 25 °C during the complete mea-
surement time. The temperature of the K65 is varied: First it is cooled
down in one step to 15°C and then in 1°C steps heated up again to
25°C. Important to note, during the measurement the regular mea-
surement cables are not exchanged at the dividers, the only cabling
changed for this measurement is the cabling for the high voltage feed-
ing.

A.2.11 Continuous measurement during cool-down

During the cool-down from 25 °C to 15 °C the measurement was run-
ning continuously (shown in fig. A.1), allowing a continuous measure-
ment of K65’s scale factor. The K35 shows the normal run-in of the
precision power supply at 18.5kV. The K65 shows steps and spikes
that are unusually large (up to 20 ppm peak-to-peak). The cabling
was checked, including a short a voltmeter calibration, to exclude a
problem with the cabling.

The spikes and high noise in the K65 readout can be directly con-
nected to the K65 scale factor via

Uxkss
Mxes = Uss Myss - (1)

With Ugss kg5 being the voltage readout at their voltmeter, corrected
by voltmeter gain and offset. The scale factor is plotted in fig. A.2,
focused on the more unstable periods. During the measurements the
reasons for this behavior were unclear and the measurements were
continued as planned, after checking the cabling for obvious mistakes.
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Figure A.1 Voltmeter readout during cool-down of K65. The plot shows
the voltage at the 2000:1 output for the K35 (top panel) and for
the K65 (lower panel) during the cool-down of the K65 from 25 °C
down to 15 °C. During the break at 11:00 the voltmeters were
calibrated and the cabling was checked.
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Figure A.2 Scale factor of K65 during cool-down. For better visibility the

plot is divided up into different time periods. The right axis
shows the deviation to the average scale factor over the whole
dataset.
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Figure A.3 Scale factor of the K65 at different temperatures. The
triangle-shaped points are the mean scale factor during the time
period without temperature stabilization, the filled circle during
the heating periods. The line range represents the standard
deviation. The black triangle with errorbars (including systematic
uncertainties) is a cross-calibration result from January 5, 2021
without temperature stabilization. The black dot with errorbars
(including systematic uncertainties) is the most-up-to-date scale
factor value for the divider under nominal conditions at 25°C. As
described further in the text, the data shown here can not be used
to characterize the “real” temperature dependency of the K65.

A.2.1.2 Measurements during step-wise heating-up

After the cool-down to 15°C the divider is heated up again in 1°C
steps up to 25°C. At each step, after some stabilization time, the tem-
perature control is turned of by switching of the power supply for
the temperature control and a measurement is performed. Depend-
ing on the temperature inside the divider relative to the 17 °C ambient
temperature, the temperature changes during the measurement. The
measurement length is adapted to keep the change smaller than 0.5°C
during one measurement.

Again instabilities are visible in the data. One instability is persis-
tent over several minutes and rather large with 6 ppm peak-to-peak
(similar to fig. A.2b). Another occurs at around 22 °C within 3 ppm
peak-to-peak. Additionally, one build-up to about 6 ppm with a sharp
decrease (similar to fig. A.2a) was observed.

Despite the instabilities, the data is further analyzed to extract a
temperature dependent scale factor from the more stable periods. The
result is shown in fig. A.3 and should be interpreted carefully. At first
glance one could interpret this as linear with a slope of = 0.4 ppm/K,
but at 23°C is a step. Similar to the one already observed during the
cool-down (fig. A.2 at 09:28). In later measurements (discussed in the
next sections) a similar step is also visible and can be connected to a
kind of “relaxation” of the system.

The additional measurement point (black point in fig. A.3), is from
a cross-calibration result on January 5, 2021 without temperature sta-
bilization. Here the temperature stabilization was off since October
28, 2020, allowing the divider to get in equilibrium with the ambient
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The estimation is based on
an average difference of
the room temperature
(measured by the K65 slow
control) to the temperature
inside the divider (mean of
measurement on east and
west side) of about 2.2°C in
November 2020. The
average difference between
the room temperature
measurement and the
temperature measurement
at the detector platform is
0.3 °C in November. Using
both on the 15.5°C
measured at the detector
platform on January 5,
2021, leads to the estimated
temperature of 18 °C inside
the K65.

temperature (stable within 2°C). At the time of the calibration the
temperature readout was not active, but the temperature inside the
divider can be approximated with the known ambient temperature
together with old data to roughly (18 + 0.5)°C. The error bars are a
very coarse and conservative estimation of the systematic of the mea-
surements method of about 1ppm. Since this is a direct comparison
measurement of the two dividers K35 and K65 the dominant system-
atic is the knowledge of the absolute scale factor value of the K35,
which is only known to 1 ppm. The second systematic comes from the
voltmeters, but with the regular calibration their properties are known
to the sub-ppm level. For the direct comparison between the January
and the April measurements the knowledge of the absolute K35 scale
factor does not play any role, especially since we know from other
measurements that the K35 is stable on the sub-ppm level per year (cf.
section 4.5.1). Therefore the measurements are not compatible within
their errors and the state of the K65 in January is different than in
April.

In addition to the disagreement to the measurement in January the
temperature dependency shown in fig. A.3 is also in disagreement to
previous characterization measurements [cf. Bau+13, table 2], showing
a temperature dependency of less than 0.1 ppm/K.

Despite the problems in the temperature regions different to 25 °C,
the last measurement points at 25° agree again with the normal value
under nominal conditions (black line in fig. A.3). This is the first hint
that the divider works normally under its nominal temperature, fur-
ther investigations follow in the following sections.

A.2.2 Low-voltage calibration

To investigate the behavior further, more measurements were per-
formed independent of the K35. Although the K35 is the ideal com-
parison, it was not available for long-term investigations due to on-
going measurements. Still, the low-voltage calibration method (cf.
section 4.5.1) is sufficient for further investigations.

As a first step, a standard low-voltage calibration with both dividers
was performed at nominal temperature. For both dividers the result is
very compatible to the previous measurements.

For the 100:1 calibration measurement the cabling at both dividers
was changed in comparison to the normal cable for the 2000:1 readout
with a spare cable, but for both dividers (calibrated in succession) the
same cable is used. The 20:1 calibration measurements are performed
again with the same measurement cable that is used during normal
mode.

A.2.2.1 20:1 calibration at different temperatures

After it was confirmed with the first step that the K65 behaves normally
at 25 °C the divider was cooled down over the weekend by turning of
the heating/cooling power supply. Everything else stayed the same.
During the cool-down, -184 V were applied to the 100:1 output and
at the same time the divider was under load at —18.5 kV (20:1 calibration
under load, cf. section 4.5.2). Quite different to the measurements
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Figure A.4  Mj;go scale factor results during cool-down. Results for the

Ms000 scale factor, measured with the 20:1 calibration method.
The top panel shows only the first hours of measurements where
the largest temperature change happened. The bottom panel
shows the distribution of scale factor and temperature values
across all available measurement data.

shown in the previous section the value is rather stable and only a very
small temperature dependency is visible. The results are plotted in
fig. A.4. To get the Maoo scale factor value the previously determined
100:1 value is used.

The measurements show that the resistors between the 100:1 output
and the 2000:1 output have almost no temperature dependency and
also do not show the same instabilities that were observed before. Also
proofing that the measurement cable attached at the 2000:1 output is
not responsible for the instabilities.

A.2.2.2 100:1 calibration at different temperatures

For further investigations, the low-voltage calibration of the 100:1 out-
put was performed. -1kV were applied with the calibrator at the K65
and the reference divider and both readout with two independent volt-
meters. Since the focus of the measurements is on changes between
different temperatures and less on absolute scale factor values, the
reference divider was only calibrated once.

First the K65 was heated back to 25°C (again instabilities visible,
not shown here) and afterwards cooled down over night by turning
of the heating/cooling power supply. The scale factor results from
the cool-down from 25 °C over night is shown in fig. A.5. During the
cool-down instabilities: spike and steps are visible, smaller and also
slightly different from during the cross calibration with the K35 but
still quite significant.

On the following measurement day, the divider was heated up to
22.5°C with a roughly three hour period at fixed 20 °C. The measure-
ment time with unstable periods are plotted in fig. A.6. During the
first heating-up step the instabilities start almost directly after the start
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Figure A.6  Mjqo scale factor results during step-wise heating-up.

of the heating and are random spikes within +1ppm. During the sec-
ond step, the instabilities (within +2 ppm) start after the temperature
is already reached and they stop after a build-up. In both cases, on
the order of one hour after reaching the set value the K65 scale factor
stabilized.

To investigate the stability while the divider is cooled down slowly,
the PID controlled temperature stabilization was deactivated and the
heating power supply was set to a fixed low value to slowly heat
against the cool-down from the 17 °C ambient temperature. The mea-
surement shown in fig. A.7 shows a slow build-up, starting at a tem-
perature around 20.1°C. The build-up evolves over a few hours and
increases over time, up to an overall change of 150 ppm. The largest
part of the build-up (approx. 100 ppm) happens within a few seconds,
followed by an abrupt jump back. After the jump the scale factor value
back to its previous value and stable. This build-up with a sharp fall-
back was also seen during the cool-down during the cross calibration
with the K35 divider but here it is roughly a factor 60 larger).
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Figure A.7 Relative Mo scale factor results during slow cool down.
The measurement is divided into four sections to highlight the
different periods. The mean scale factor is calculated over the
whole dataset and the relative deviation to the mean is plotted.
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The behavior observed during the 100:1 measurements hint to a me-
chanical tense up during temperature gradients at the divider, intro-
ducing a changed conductivity that is visible in the change of the scale
factor. If this is the case it should also be possible to trigger it mechan-

ically.

To trigger it mechanically, the divider is rolled up a disc (two dif-
ferent discs were used, 3-mm and 5-mm thick) and then rolled down
again. During all the tests the 100:1 scale factor of the divider is moni-
tored with the low-voltage calibration. As a first test the divider was
rolled up and down the disc at stable temperature of 25°C, here the

measured scale factor kept unchanged.

In the following tests the divider was cooled down to 20.5°C and
afterwards up again to 25°C. During the cool-down it was possible
to introduce a spike by moving the divider down from a disk. During
the heating-up a small build-up was visible and by rolling down the

divider it was stopped (together with introducing a spike).

The divider was kept on 25 °C over the weekend and the tests were
repeated on Monday. To have a better prediction of the behavior,
the divider was cooled down to 15°C the same as during the cross
calibration. During the cross calibration (cf. fig. A.2) a build-up with
a spike was visible after about 10 minutes, and after about 23 minutes

a general noisy behavior started.

Before the cool-down was started the divider was rolled up the disc
again and no instabilities were observed. The scale factor during the
cool-down is plotted in fig. A.8. After a few minutes a build-up started
and the divider was rolled down the disc resulting in a spike and a
recovered scale factor. Moving the divider up the disc again introduced
a second, smaller spike. Later the general noisy behavior was visible
and the divider was rolled down and the scale factor recovered again.

The tests show that the general behavior is reproducible and further-
more that it can be induced and stopped by a mechanical movement

of the divider.
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Figure A.8 Scale factor during mechanical stability tests. The

This already occurred
before, more details here.

measurement is divided into four sections to highlight the
different periods. The mean scale factor (100:1) is calculated over
the whole dataset and the relative deviation to the mean is
plotted. The y-axis is limited, the first spike is about 30 ppm
peak-to-peak, the second has an amplitude of about 10 ppm and
the third about 20 ppm. At each spike the divider was moved:
first rolled down, then up, then down again.

A.2.4 Second cross calibration with the K35

Roughly a month after the mechanic tests with the low-voltage cali-
bration method, both dividers (K35 and K65) were available for more
tests. The time was used to perform another cross calibration of K35
and K65. They differ from the previous ones in two important details:
The K65 was before the measurements for one month fixed at 17°C
and a different voltmeter was used.

A.2.41 Commissioning of Fluke 8588A

The voltmeter used previously (a voltmeter of the type Fluke 8508A)
was in an error state and not usable). To still have two voltmeters, a
new one (of the type Fluke 8588A) was commissioned. For the follow-
ing presented measurements the new Fluke 8588 A was used to readout
the Ke65.

One big advantage of the new voltmeter is the faster readout: in-
stead of a 7.5-digit measurement every 2 s a measurement on the same
level every 0.2 s is possible. To test the voltmeter, measurements with
10-V sources and long-time cross-calibration measurements at fixed
temperature were performed. Later, also measurements with the K65
at nominal 25 °C yielded very comparable scale factor results to mea-
surements with the voltmeters of the type Fluke 8508A.

A.2.4.2 Measurements at fixed temperature
As a first step, the K65 was cross-calibrated with the K35 at -18.5kV.

During this calibration the K65 was at 17°C. The result is shown in
fig. A.9. Averaging over the measurement leads to a scale factor for
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Figure A.9 Voltmeter reading during cross calibration. The K35 is read

out with a Fluke 8508A and the K65 with the new Fluke 8588A.

the K65 of: 1818.1049, showing very good agreement to the 1818.1046
at around 18 °C (displayed in fig. A.3).

During a second measurement, the K65 was heated up to 25°C over
night. After the usual instabilities during the heating (see next section),
the scale factor was again stable at 1818.1076, agreeing very well to
previous scale factor measurements at 25 °C.

With the assumption that the new voltmeter meets its specifica-
tions — very well justified by the calibration and commissioning mea-
surements of the new voltmeter — the K65 shows, as also shown during
the low voltage calibration and the last cross calibration, very repro-
ducible results at fixed and stable temperatures.

A.2.4.3 Measurements at changing temperatures

To further verify and reproduce the instabilities of the K65 with the
cross calibration, the divider was heated up and cooled down again
and the mechanical tests were repeated.

A key difference to the previous measurements shown in appendix
A.2.1is that this time the K65 was for a long time (1 month) at 17 °C,
instead of its nominal 25°C. The result is shown in fig. A.10. During
the first heat up there are small and fast build-ups with spikes visible
and also a larger overall build-up. In the second test (in-between the
divider was cooled down), the slower overall build-up stopped sud-
denly. Although the behavior is quite similar, the amplitude of the
effect is much lower than during the measurements one month earlier.

The K65 was temperature cycled several times and more instabilities
were observed. It was also possible to repeat the mechanical stability
tests. A subset of the measurements is shown in fig. A.11. The second
and third plot in the lower part show two examples of the system
reacting to the rolling down of the divider from the disc. In both cases
the scale factor value jumps back afterwards and stays stable.

A.2.5 Impact on neutrino mass measurements
During KNM4 the power supply for the temperature control was sepa-
rated from the mains supply and it was only noticed after a few weeks.

The temperature inside the divider was continuously measured,; it fol-
lowed the ambient temperature and was on average at 20 °C.
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Figure A.10 Scale factor of K65 during heat up. My is determined via
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Figure A.11 Scale factor of K65 during mechanical tests. The black lines
mark the times were the divider was rolled down the disc.
Shortly afterwards it was always rolled up again, also visible as
instability, but not marked in the plot. The three bottom panels
show an exemplary zoom into regions with spikes. The gaps in
the data are caused by some issues with the newly developed

voltmeter readout.
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At the beginning (during the fast drop down of the temperatures),
fortunately no beta scans were running. The first beta scan started
roughly 8 h after the stop of the temperature control. The measure-
ments shown in the previous sections, for example in fig. A.5, indicate
that at this point instabilities caused by the temperature decrease are
already gone.

Based on multiple measurements it is safe to assume that as long as
the temperature is stable the scale factor also stays stable. Except for
a drop in temperature over 2 °C that recovered with a slow increase of
1°C over one day, the temperature was stable during the beta scanning
period.

Using the cross-calibration results at stable 25°C and 17°C (cf. ap-
pendix A.2.4) and assuming a linear temperature dependency a scale
factor change of 0.19 ppm/°C can be estimated. The scale factor at
20°C is estimated as 1818.106.

Overall, the KNM4 beta scans are not critically affected by a 1-ppm
step of the scale factor. With the very basic assumption of Am? = —252
(very crude, since it is clearly a step and not a Gaussian broadening),
the effect is on the order of Am? = 0.8 x 1073 eV? /c* and well within
the uncertainty budget (7.5 x 1072 eV?/c*, cf. chapter 4).

A.2.6 Summary and next steps

The measurements presented in this chapter indicate a stable scale
factor of the K65 at its nominal operating temperature of 25°C. All
measurement campaigns (except for the time during KNM4) were per-
formed with the K65 at 25 °C without abrupt temperature changes.

After the incident in KNM4, the temperature values are logged in
ADEI and monitored (e.g. with manual checks during the voltmeter
calibration) to recognize a potential future temperature problem ear-
lier. However, to not introduce potential problems it is better to use
the K35 as main divider and leave the K65 as fall back solution. Be-
fore using the K65, a check with a low-voltage or cross calibration is
recommended.

On a more long-term view the real reason for these issues should
be found and removed. Doing this requires opening the divider and
checking all the connections of the resistor chain. In the best scenario
one could already see/guess a cause by eye, maybe also by observing it
during a temperature change (would require a temperature controlled
room, or a web cam under the cover of the divider?).

One other and maybe more realistic possible procedure would be to
find the connection causing this problem with an half-interval search
where the voltage drop over a subset of the 165 880-kQ resistors is
measured during a temperature gradient (divider closed again). After
eight steps ([log,(165)]) the problematic connection is found. If it is
divided in the first step into one group of 101 and one of 64 resistors
with a bit of luck only seven instead of eight steps are needed.
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This is larger than the
temperature dependency
reported in [Bau+13]

(< 0.1ppm/K). The
temperature dependency of
the K35 was previously
determined by a cross
calibration with the K65 in
June 2020 to be 0.5 ppm/°C.
Also larger (and probably
the opposite direction) than
the -0.08 ppm/K reported
in [TMW09]
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Figure A.12 Voltage slopes at the photocathode during energy-loss
measurements. The voltage slope is determined by fitting a
linear function to the measured voltage Uy at the backplate

Run identifier

during each run. To avoid timing issues 50 s at the start and end

of the run are excluded in the fit. The black line is the mean
value and the gray shaded area, the standard deviation of all
values. To show the slopes both for up and down runs in one

plot, their absolute value is plotted. The slopes shown here are

for the energy-loss measurement on tritium at 22% p,d. The

other measurements show a similar picture. The average voltage
slope and standard deviation for all measurements can be found

in table 3.5.
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Measurement of the e-gun background. The accumulated
counts over three runs of e-gun background measurements. The
measurement setup is similar to the standard energy-loss
measurements but with the laser turned off. During the
measurements the source was filled with tritium at about 22%
pod. The surplus energy E (3.12) on the x-axis is determined with
a different procedure as normal energy-loss measurements. The
orange line is an error function fit (3.13) with its residuals plotted
below. The fit has a reduced y? value of 2.0(4). The fit is only for
E; < 8eV, to only consider unscattered electrons. The fitted error
function has a width of o = 0.7(4) €V and a position
u=-18(3)ev.
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Multiplicity of events during a background run. For each
event recorded at the detector, its multiplicity is plotted against
the surplus energy. The multiplicity for each event is determined
via a pile-up reconstruction scheme.
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Table A.15 Best-fit parameters of the energy-loss fit. The results for the
parameters Pof the least square minimization of tof-only fit
(3.17) and the combined fit (3.21) are listed. All values are in eV,
except the values for g; which are in 1/eV. For the tof-only fit,
x% = 1.08(2) and for the combined fit y? = 1.13(2). For the
differential datasets, the indices relate to the column densities in
the following way: 1515 %, 2522%, 3239%, and 4=84 % p,d. For
the integral datasets: 1=14%, 2541%, and 3286 % p,d. The
column density values are estimated from the mean scattering

probabilities y of the fit.

P tof-only combined
my  11.921(8) 11.919(8)
my,  12.805(2) 12.805(2)
ms  14.958(4) 14.968(4)

o1 0.184(6) 0.184(7)

oy 0.468(2) 0.468(2)

03 0.89(1) 0.90(1)

a 0.033(1) 0.033(1)

a, 0.2979(8) 0.2957(6)
as 0.0764(4) 0.0758(3)
Hint,1 - 0.2538(3)
Hint,2 - 0.7452(3)
Hint3 - 1.5573(4)
o1 0.270(4) 0.269(4)
Hiofz  0.406(5) 0.406(5)
Hrof3  0.718(5) 0.718(5)
Hrofa  1.521(5) 1.524(5)
Cint,1 - 1.0075(2)
Cint,2 - 1.0649(2)
Cint,3 - 1.2351(4)
Cof1  0.99(1) 0.99(1)
Cofz  1.010(8) 1.013(8)
Cof3  1.038(4) 1.041(4)
Cof4  1.181(3) 1.186(3)
bint 1 - 0.000 29(3)
bint,2 - 0.000 63(4)
bint3 - 0.0030(1)
biof1  0.00017(2)  0.00016(2)
biofz  0.00041(4)  0.00039(4)
biogz  0.00063(5)  0.00059(5)
biofa  0.00185(1)  0.00173(9)
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Correlation matrix tof-only
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Figure A.16 Correlation matrix of the energy-loss fit. The color scale
reflects the correlation value and is the same scale for both upper

and lower plot. Here, “i” and “t” in the indices are shorthand for
“int” and “tof” used everywhere else. The best fit parameters are
listed in table A.15.
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Figure A.17 Combined fit result for the differential and integral data.

The measurement points and the resulting fit model (colored
lines) are shown for all datasets that are used in the combined fit.
The measured counts in the differential datasets are normalized
by the area below all counts within -1V to 56 €V. In the integral
datasets the counts are normalized by the count rate in the
highest surplus energy bin. The residuals are normalized by the
uncertainties of the observation. The best-fit parameters are
listed in table A.15.
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Figure A.18 Transmission function for a sinusoidal ripple at various amplitudes.
fuin(®) is used as time-dependent ripple in the simulation, with a fixed
frequency of 50 Hz (top row) and 5 x 10* Hz (bottom row), at various
amplitudes. For each of the two frequencies, 100 000 electrons are
generated with 0 = 0, starting potential E ... € [18499 €V, 18 500 €V], and
randomized start times ty, € [0,1/f]. Their transmission probabilities are
shown in the left column. In the right column, the black diamonds show
Tyart as a function of amplitude, where T, is defined as the minimal E .
that is sufficient for the transmission of an electron (also indicated with
diamonds in the left column). The green points in the upper right panel are
equivalent to U, — A and the ones in the lower right panel to U, — A/1000.
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Figure A.19 Broadening of the transmission function by a sinusoidal ripple.
For each setting (6 G / SAP), a simulation with 1 x 10° electrons is
performed. The energies of the electron E,.. are randomly sampled
within [18 503.5 €V, 18 508.5 eV]. Their angles are picked from
0 = arccos(U(0,1) - (1 — cos(Opax)) + €08(Omax)), here U(0,1) is a
uniform distribution within [0, 1] and 6,,,,, = arcsin( \/%) The
ripple f;n() has a fixed amplitude at 0.25 V and the simulation is run
for two different frequencies f = 50 Hz, 1 GHz.
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Figure A.20 Block diagram of the post-regulation system. A detailed

block diagram of the post-regulation setup at KATRIN’s main

spectrometer.

The diagram was drawn by S. Wiistling and

is published in [Rod+22], licensed under CC BY 4.0.
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Figure A.21 Broadening of the transmission function without
post-regulation. As time-dependent ripple for the simulation a
ripple probe measurement (bottom panel) is used. 100 000 electrons
with 0 = 0°, starting potential E .. € [18499.5€V, 18500.5¢€V], and
randomized start times f,,, € [0s,0.08 s] are generated. Their
transmission probability is shown in the top panel.
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Figure A.22 Reproducibility for KNM5 sub-runs. The reproducibility is
plotted against the length of a sub-run. The color corresponds to
a setpoint for each sub-run. The scatter of the sub-run length is
due to the dynamic adjustment of the sub-run boundaries to
minimize the settling time (section 4.2.2).
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Figure A.23 High voltage settling time for KNM5 sub-runs. The time
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Figure A.24 Differential scale factor of the K35. The differential scale
factor M/, is plotted against the seven different voltages U,
applied to the K35 during the y measurement. Additionally, the
low-voltage calibration measurements at 1kV are plotted. Some
jitter is added to the horizontal positions for better visibility.
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Figure A.25 Voltage dependency of the K35’s M7, scale factor.

Comparison of the result obtained in 2019 with the absolute
calibration method, as described in section 4.5.2 and a calibration
at the Physikalisch Technische Bundesanstalt (PTB) in 2009, as
published in [TMWO09]. The absolute scale factor is different for
both measurements. In order to compare the voltage dependency,
the PTB result was shifted to match the 2019 result.
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