SKIT

Karlsruhe Institute of Technology

Background investigation for
keV-sterile neutrino search with
KATRIN

Master thesis
by

Moritz Puritscher

at the Institute for Astroparticle Physics

Reviewer: Prof. Dr. Guido Drexlin
Second Reviewer: Prof. Dr. Susanne Mertens
Advisor: Dr. Dominic Hinz

Bearbeitungszeit: 01.08.2023 — 31.07.2024

KIT — Die Forschungsuniversitat in der Helmholtz-Gemeinschaft www.kit.edu







Erklarung zur Selbststandigkeit

Ich versichere, dass ich diese Arbeit selbststandig verfasst habe und keine anderen als die
angegebenen Quellen und Hilfsmittel benutzt habe, die wortlich oder inhaltlich iibernomme-
nen Stellen als solche kenntlich gemacht und die Satzung des KIT zur Sicherung guter
wissenschaftlicher Praxis in der giiltigen Fassung vom 24.05.2018 beachtet habe.

Karlsruhe, den 30.07.2024,

Moritz Puritscher

Als Priifungsexemplar genehmigt von

Karlsruhe, den 30.07.2024,

Prof. Dr. Guido Drexlin






Contents

1. Introduction| 1
2. Neutrino Physics| 3
2.1. Neutrino Postulation and Discovery| . . . . ... ... ... ......... 4
2.2. Neutrinos in the Standard Modell . . . . . . . ... ... ... ... ..... 5
2.3. Oscillation formalism and mixing parameters| . . . . ... ... ... .... 7
2.4. Neutrino Mass Measurements| . . . . . . .. ... . ... ... ... ..... 9
2.5. Sterile Neutrinos) . . . . . . . . o o v vt e 10

3. The KATRIN Experiment] 13
3.1. Experimental setup of the KATRIN experiment| . . . . . . ... ....... 14
3.1.1. Source and transport section . . . . . ... ... ... ... 14

3.1.2. Spectrometer and detector section| . . . ... ... oo 15

3.1.3. Neutrino mass determination with KATRIN|. . . . . ... ... ... 16

3.2. KATRIN Main Spectrometer related background processes . . ... .. .. 18
3.2.1. Electrons from spectrometer walls| . . . ... ... ... ... .... 18

3.22. Radondecays| . . . . ... ... ... ... ... ... 20

3.2.3. Trapped electrons| . . . . . .. .. ... oL 21

3.2.4. Rydberg background . . . . . ... ... 22

[3.3. _keV-scale sterile neutrino search with the TRISTAN SDD| . . . . ... ... 24

4. Final pressure in the Main Spectrometer with TRISTAN| 27
[4.1. Vacuum Simulation Software MolFlow+| . . . . . . . . . ... ... ... .. 28
4.2, Setup for the integrated TRISTAN detector] . . . . . . ... ... ... ... 29
4.2.1. Vacuum setup for KATRIN and simulation cross-check]. . . . . . .. 30

4.2.2. Vacuum changes for the integrated TRISTAN modules|. . . . . . .. 32

4.3. Simulation of the vacuum conditions with an integrated TRISTAN detector] 34
4.3.1. Dependence of key parameters on the molecular mass| . . . . .. .. 35

[4.3.2. Pressure determination for MolFlow+ simulations . . . ... .. .. 37

4.4. Simulation results| . . . . . . . ... 37

5. Exploratory background measurements at higher pressure] 41
5.1. Background measurement settings| . . . ... ... 0oL 42
5.2. Investigation of background energy distribution| . . . . . . . ... ... ... 45
5.3. Further investigations at low retarding energies . . . . . ... ... ... .. 47
5.4. Possible explanation for shifted energy distribution| . . . . . . .. ... ... 51

55

57

A, Simulation settings| . . . . . . . . ... 57

Bibliography 63






1. Introduction

Neutrinos are the second most abundant particle in the universe with a relic neutrino
density of 339 C# Even though they are well-established in the Standard Model
(SM) of particle physics there are still several neutrino properties unknown. One of which is
the neutrino mass. In the SM neutrinos are assumed to be massless. However, the discovery
of neutrino oscillations proves that neutrinos have non-zero mass. Several experiments
already determined the mass differences between neutrino states that is required for the
neutrino oscillation mechanism. Only the absolute mass scale of neutrinos has not yet been
determined, because it is so small.

The KATRIN (KArlsruhe TRItium Neutrino) experiment aims to determine the effective
neutrino mass with a sensitivity of < 0.3eV. This is achieved in a model independent way
by studying the kinematic endpoint of tritium  decay electrons. The high-luminosity
WGTS (Windowless Gaseous Tritium Source) provides 10! B-electrons per second that
are analyzed by a high energy resolution MAC-E filter (Magnetic Adiabatic Collimation
with electrostatic filter) type spectrometer. Only electrons above the retarding energy are
transmitted onto the detector. By scanning through retarding energies close to the tritium
endpoint, KATRIN can search for spectral distortions caused by the effective neutrino
mass. Even with an elevated background rate the KATRIN experiment already provides a
world-leading upper limit on the neutrino mass of

my, < 0.45¢V/c? at 90% C.L. (1.1)

The KATRIN setup can also be used to search for keV-scale sterile neutrinos. Sterile
neutrinos are viable dark matter candidates that might also play a role in explaining
the smallness of neutrino mass. Through mixing these sterile neutrinos lead to a kink-
like signature in the differential tritium p-decay spectrum. In order to differentially
measure the tritium spectrum several changes to the beamline have to be made. The
retarding energy will be set lower to scan deeper into the 3 spectrum, while the magnetic
field inside the spectrometer has to be increased to ensure adiabatic electron transport.
Furthermore, lowering the retarding energy will lead to much higher electron rates on the
detector. Therefore, a new high-resolution TRISTAN SDD (Silicon Drift Detector) capable
of handling such high rates is developed. Due to the modular design of the TRISTAN
SDD, the high outgassing electronics are not fully separated from the ultra high vacuum
(UHV) spectrometer section. This can lead to deteriorated vacuum conditions inside the
main spectrometer. As counter measure the vacuum system of the detector section will be
improved.

Scope of this work is to determine the expected background level for keV-sterile neutrino
search at KATRIN. Therefore, the prevailing vacuum conditions inside the main spectrom-
eter for KATRIN operation with TRISTAN modules is determined. Based on previously
conducted measurements on the vacuum compatibility of the TRISTAN modules vacuum
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simulations are performed using the MolFlow+ software. To improve vacuum compatibility
of the detector additional pumps will be implemented on the detector side. Furthermore,
a vacuum shield is designed to cover the gaps between modules of the TRISTAN SDD.
This prevents a direct line of sight of molecules desorbed from the electronics. With the
simulations the impact of additional pumping on the detector side and the effectiveness of
the detector vacuum shield can be assessed. Additionally, exploratory background mea-
surements at conditions expected for TRISTAN operation are performed. Most KATRIN
backgrounds are related to the large main spectrometer and the background rate dependents
on multiple parameters like the electromagnetic settings applied at the spectrometer as
well as the pressure, or temperature. When operating KATRIN with TRISTAN modules
the retarding energy will be significantly below the tritium endpoint, while the magnetic
field in the spectrometer analyzing plane is increased and the vacuum conditions might be
deteriorated. For this scenario dedicated background measures are performed and especially
the energy distribution of these background electrons is investigated.

Chapter 2| will give an introduction to the history of neutrino physics, their oscillation
mechanism and sterile neutrinos. The KATRIN experiment and its setup are described
in chapter [3] Background processes related to the KATRIN main spectrometer and the
keV-sterile neutrino search with the KATRIN apparatus will also be explained in this
chapter. In chapter |4 the vacuum simulations to determine the prevailing pressure in the
main spectrometer with an integrated TRISTAN SDD are described. Results of exploratory
background measurements at conditions close to the operation with the TRISTAN SDD
are presented in chapter



2. Neutrino Physics

Neutrinos are very light electrically neutral fermions that only interact via the weak force.
With a density of 339 ﬁ relic neutrinos from the Big Bang are the second most
abundable particle in the known universe. Despite their low interaction rate, neutrinos
play a vital role in many cosmological phenomena and the evolution of the universe.

Since W. Pauli proposed the existence of such an elusive particle in 1930 [Pau30], the
area of neutrino physics has developed to a large and vital research field in particle- and
astrophysics. However, it took over 25 years for the first experimental proof of their existence.
In 1956, Cowan and Reines where able to observe the imprint of electron neutrinos
from a nearby reactor in the Savannah River Experiment. The muon-neutrino was later
discovered by Ledermann, Schwartz and Steinberger[L.SS62] in 1962 and only in 2001 the
DONUT Collaboration[DONOQ1] was able to observe tau neutrinos. This way completing
the fermion doublett structure in the Standard model of particle physics (SM) with all
three charged leptons e,u,7 and their corresponding neutrinos.

Even after the discovery of the three neutrino generations there are still many properties
of neutrinos that are to this day unknown. These open questions concerning the absolute
mass scale of neutrinos, there Dirac or Majorana nature and the possible existence of sterile
neutrinos make Neutrino Physics a very active field.

In this chapter, key experiments for the postulation and discovery of neutrinos are sum-
marized in section Section gives an introduction to neutrinos as implemented in
the Standard model of particle physics. The follwing sections focuses on neutrinos
beyond the Standard model. First, neutrino oscillations and their theoretical description is
explained in section providing proof of non-zero neutrino mass[Pon67]. Afterwards,
several approaches to determine the absolute neutrino mass scale are elaborated on in
section Concluding, section explores the well motivated extension of the SM with
so-called sterile neutrinos.
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2.1. Neutrino Postulation and Discovery

The story of neutrinos starts in 1896 with the discovery of beta rays by Henri Becquerel[Bec96].
Those beta rays consist of electrons, which was shown by Marie and Pierre Curie in
1902[Cur03] and in 1914 J. Chadwick[Chal4] measured the electron energies. In contrast
to the other two radioactive processes a and v decay, these electrons show a continuous
energy spectrum. This contradiction to previous observation was puzzling the nuclear
physics world. At the time, only protons and electrons have been known as constituents
of nuclei. As a consequence the emitted electrons in a two-body decay should have had
a discrete energy distribution, since the mass difference between mother and daughter
nucleus is almost fully converted into the emitted electrons kinetic energy. While some
physicist were thinking about omitting energy conservation, one of the most basic and
profound principles in physics, W. Pauli proposed the existence of a new particle. In his
famous letter to the Radioactive Society he arguments that the energy conservation
principle can be saved, if a very light neutral particle, the neutrino |, is emitted along with
the electrons. Adding a neutrino to the beta decay products makes it a three-body decay,

n—p+e + (2.1)

so the decay energy - or mass difference between mother and daughter nucleus - is shared
between the electron and the neutrino. In each decay the fraction of energy carried away
by the neutrino can vary, thereby explaining the observed continuous electron energy
spectrum.

Savannah River Experiment
First evidence for the existence of neutrinos was found by C.L. Cowan and F. Reines in

1956 [CR'56]. They detected the signature of inverse beta decay (Equation 2.2) products

in a coincidence measurement close to the Savannah River Plant, a nuclear fission reactor
ptve—nte . (2.2)

Large cadmium doped water tanks served as a proton-rich target for the high anti-neutrino
flux coming from the nearby nuclear fission reactor. Positrons produced via inverse beta
decay promptly annihilate with electrons emitting two photons with 0.511 MeV in opposite
directions. The neutrons on the other hand scatter in the medium until there thermal
energy is low enough to be captured by the cadmium atoms. After the neutron is absorbed
a gamma ray is emitted with a delay of several microseconds with respect to the prompt
positron annihilation. The Savannah river experiment was able to detect these events with
a signal-to-noise ratio of 3 using a coincidence study for the specific signatures of positrons
and neutrons. Furthermore, they were able to determine the reaction cross section

1
=6.3-107%— 2.3
o — (23)
which is in very good agreement with theoretical predictions. These results present the
first direct observations of neutrinos.

Discovery of the muon neutrino

Soon after the discovery of the electron neutrino v,, Ledermann, Schwartz and Steinberger
found a neutrino v, with different behaviour then ve.[LSST62] They produced a pion
beam by focusing high energy protons at the Brookhaven AGS (Alternating Gradient

'Pauli actually proposed the name neutron for the postulated particle. This name was thought to be
more fitting for the counterpart of the proton, which was discovered in 1932. The particle emitted by
beta decay was then renamed to neutrino since it is also electrically neutral, but much lighter than the
neutron
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Synchrotron) on a Beryllium target. The thereby produced pions decay in flight to produce
a neutrino beam.
™ =t (/) (2.4)

In a distance of 21 m a 13.5m thick iron shield wall is located to prevent any muons from
entering the 10t aluminum spark chamber detector. In the detector the produced leptons
from the reactions

Vy+n—pte

2.5
17M—i-p—>n—i-eJr (2:5)

vptn—p+pu

2.6
ﬂ#—i-p%n—i-/ﬁ (26)

are tracked. If the neutrino associated with pion decay would in fact be the same as the
neutrino measured from beta decay, the reaction rates for [Equation 2.5 and [Equation 2.6|
have to be the same. During the experiment no electron or positron could be seen in
the detector, however there were 29 muon tracks after background cuts. The observed
number of muon tracks is furthermore in line with predictions using Fermi interaction.
This was prove that the neutrino associated with pion decay is another neutrino than the
one associated with beta decay and there are at least two types of neutrinos. After the
discovery of the third lepton family, the tauon, in 1975 it was only natural to assume
the existence of a third neutrino flavor, the tau neutrino v;.

Discovery of the tau neutrino

First direct evidence for v, was only found in 2001 by the DONUT collaboration[DONO1].
A powerful accelerator was needed in order to observe v,, due to the large mass of the
tauon m, = (1776.93 & 0.09) MeV[N*24] produced in the charged current (CC) reaction

vrtn—-p+T1

2.7
vr+p—n+7t 27)

The Fermilab Tevatron particle accelerator was guiding 800 GeV protons on a tungsten
target to create a neutrino beam. The main contribution to v, in this neutrino beam
was from charmed strange mesons D,* decaying to 7*-leptons and v, /U7 as well as the
following decay of 7% leptons to 7, /. Same as in the muon neutrino experiment at AGS,
the detector was shielded to prevent muons and cosmic rays from entering the detector.
In addition to the shielding, several veto systems had been deployed to reject background
events. After several quality cuts for recorded neutrino events, a total of 203 events were
analyzed and 4 of those events could be identified as 7 CC events. This was in line with
expectations within a 3o range and is therefore reported as first direct detection of v;.

2.2. Neutrinos in the Standard Model

The standard model is currently the most successful theory in particle physics, describing
all known fundamental particles and their interactions via three of the four fundamental
force These particles fall into three categories: quarks and leptons (matter par-
ticles), gauge bosons (force carriers), and the Higgs boson (see [Figure 2.1). Quarks and
leptons are fermions with spin-1/2, each having a corresponding antiparticle. Gauge bosons
are spin-1 vector bosons and the Higgs is a spin-0 scalar boson.

Matter particles are divided into three generations or flavors of increasing mass. The first
generation includes the up and down quark, which are forming protons and neutrons as

2Gravity is the only force that can not be described as a quantum field theory in the standard model yet.
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Standard Model of Elementary Particles

Particles of matter Particles of interactions
(fermions) (bosons)

| up charm || top | gluon | | higgs

d S B &

|[down || strange || bottom |-photon

(2]

5
.'l - o : zﬁzﬁ( | oL
electron muon tau OSOT‘I 1 8 é
{ BIE BIE B AREE
e | Lamiomo J (astatine J (Wb0s0n | & i2

Figure 2.1.: All known particles in the SM. The spin-1/2 fermions on the left hand side
can be subdivided into quarks, the constituents of baryons and mesons, and leptons. The
spin-1 (or Spin-0 for the Higgs) bosons on the right mediate particle interactions in the

SM.

well as the electron and its corresponding neutrino. These first generation quarks and
the charged lepton e~ constitute most of the matter. The photon and neutrinos are also
abundant. Higher generation particles are unstable, decaying into first-generation particles.

Forces are mediated by gauge bosons, derived from the invariances of the standard model
Lagrangian under local gauge transformations. Photons mediate the electromagnetic force
between electrically charged particles, gluons mediate the strong force between color charged
particles and Z and W bosons mediate the weak force, responsible for phenomena such as
beta decay and quark mixing. The electromagnetic and weak forces are unified into the
electroweak force. The electroweak interaction is a chiral theory, with particle fields split
into left-handed doublets and right-handed singlets of weak isospin. It is spontaneously
broken at low energies around E. = 159.5 GeV[DR16] via the Higgs mechanism, giving
mass to Z° and WT bosons. The fourth degree-of-freedom of the Higgs field gives rise
to the spinless Higgs boson that was discovered at the Large Hadron Collider (LHC) in
2012[AT12][CT12]. Fermions also acquire there mass through the Higgs field via Yukawa
interactions that change the chirality of the interacting fermion.

Neutrinos carry no electrical or color charge, so they are the only fermions that interact solely
via the weak force. They also demonstrate parity violation, as shown by the Wu[WAH*57
and Goldhaber[GGS58] experiments, which found that neutrinos are always left-handed
and antineutrinos are always right-handed, indicating maximal parity violation in weak
interactions. This leads to the assumption that neutrinos need to have zero mass in the
SM, because they can not couple to the Higgs field via Yukawa interactions. With the
discovery of neutrino oscillations by the Super-Kamiokande and the SNO (Sudbury
Neutrino Observatory)[AT01] experiment it was revealed that neutrinos have in fact a
NON-zero mass.

The inclusion of neutrino masses raises several questions. So far, no experiment was
able to determine the absolute mass scale of neutrinos, although several upper limits in
the eV-range have been established. There is also no proof for any specific mechanism
generating the extremely smal neutrino masses. Then there is the question about their

3Standard model fermion masses already span over 6 orders of magnitude between the lightest particle,
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Dirac or Majorana nature. While charged fermions are distinct from there anti-particles by
charge conjugation, neutrinos are neutral particles and could be there own anti-particles.
Finally, the existence of right-handed, so-called sterile neutrinos is also possible. The name
sterile is meant to indicate that they interact only through oscillations and gravity. They
could potentially explain the small masses of neutrinos by the seesaw mechanism compared
to other fermions and can also be a viable candidate contributing to dark matter.

2.3. Oscillation formalism and mixing parameters

Neutrino oscillations refer to the change of neutrino flavor during their propagation. This
transformation of flavor states is only possible if neutrino flavor eigenstates are a superposi-
tion of neutrino mass eigenstates implying non-zero neutrino mass. The concept of massive
neutrinos and their oscillations was first proposed by Bruno Pontecorvo in 1967[Pon67],
spurred by the observed deficit in solar neutrino flux from the Homestake experiment.

In the 1960s, R. Davis and J. Bahcall designed and built an experiment aimed at
detecting neutrinos from the sun’s nuclear fusion processes.[DHHG8| Based on the Standard
Solar Model (SSM), the expected solar neutrino spectrum as shown in is
well-defined.[BBS68| BU8S|, BSBO05]

S 1

\Gallium __jChlorine p_Super® 59

Neutrino Flux
>
2
YTy

Neutrino Energy (MeV)

Figure 2.2.: Neutrino flux predicted by the SSM. The fluxes are split into main nuclear
reactions of their production meachanism in the sun. At the top of the figure are the
thresholds for different solar neutrino experiments indicating their sensitivity to neutrino

production mechanism in the sun.[Bel04

The experiment, located in the Homestake Gold Mine in South Dakota, used a 390’°000-liter
tank of tetrachloroethylene to capture neutrinos via inverse beta decay:

Ve +3TCl=3T Ar e . (2.8)

Despite the theoretical prediction of a capture rate of 7.6 SN (solar neutrino units), the
measured rate was only 2.56 SNU, about a third of the expected value. This discrepancy,
known as the solar neutrino problem, was later confirmed by several other experiments.
Especially the results from the Kamiokande-II water cherenkov detector supported the
Homestake findings, because they were additionally able to pinpoint the neutrino flux
direction back to the sun[Suz91]. Neutrino Oscillation theory provided the most promising
solution toward the solar neutrino problem.

the electron, and the heaviest particle, the top quark. However, the neutrino mass is again at least 5
orders of magnitude smaller than the electron.
41 SNU corresponds to 1 reaction per second per 10%¢ atoms in the detector
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The first concrete evidence of neutrino oscillations came from the Super-Kamiokande
experiment [F98], which detected a deficit of atmospheric muon neutrinos inconsistent
with theoretical predictions. This discrepancy was later investigated by the SNO experiment
[AT01], which measured the flux of electron neutrinos separately from the total neutrino
flux. Their results showed that the total neutrino flux matched the predictions of the
SSM, while the flux of electron neutrinos alone was significantly lower, thereby confirming
neutrino oscillations at 90% confidence level.

Neutrino Oscillation Theory

The theory of neutrino oscillations is analogous to quark mixing, where the eigenstates
of the weak interaction (flavor eigenstates) are not the same as the mass eigenstates. For
neutrinos, the flavor eigenstates v., v, v, are superpositions of the mass eigenstates 11,
v9, v3. This relationship is described by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix U:

3
va) = Uajlvs) (2.9)
j=1

with a representing the flavor state e,u,7 and j the mass state 1,2,3. The PMNS
matrix U is a 3 X 3 unitary matrix that can be parameterized by three mixing angles 601,
fo3, 013 and one CP-violating phase

b Uer Uex Ues 10 0 13 0 spze”® cr2 s12 0
UlgNENS = Uﬂl U#Q Uﬂg =10 C23 5923 0 ' 1 0 —S812 (€12 0
Ui Urp Usrs 0 —s23 co3) \—s13¢ 0 ci3 0 0 1

(2.10)

Here, ¢;. = cos#;. and s;;, = sinf;;,. The phase § indicates CP-violation in neutrino
oscillations if it is non-zero. For the case of neutrinos being Majorana particles two
additional phases 81 and (2 are added with respect to the Dirac PMNS matrix Ué’i}NS

eiP1/2 0 0
M D i
Ul(DM)NS = UP(’NENS 0 eB2/2 (2.11)
0 0 1

A large number of experiments is determining the mixing angles and mass splittings between
neutrino states.[A*22a, [AT23a, [AT23b| [A*23c] Several different neutrino sources can be
utilized to observe neutrino oscillations, there are solar, atmospheric and reactor neutrinos
and also neutrino beams produced in particle accelerators. Most of these experiments can
effectively reduce the neutrino oscillation to a 2-flavor mixing, simplifying the evaluation
with respect to the mixing parameters. The probability for a produced neutrino of flavor «

to be measured as a neutrino of flavor 8 for two flavor neutrino mixing is given by

(2.12)

4E[GeV]

P(vy — vg) = |<1/3|1/a(t)>‘2 - sin2(20) sin2 (1'27 ) Am?k[e\/z] : L[km])

12 — mi is the mass splitting, L is the

distance between the source and detector and FE is the neutrino’s energy. This expression
shows that neutrino oscillations depend on the mass differences and the mixing angles. It

Here, 0;k is the neutrino mixing angle, Am?k =m
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Table 2.1.: Experimental results summarized by the particle data group for all
mixing parameters and the experimental type that is mainly sensitive to this parameter

mixing parameter best-fit value sensitive experiments
Am3, (7.53 4 0.18) eV solar experiments
Am3, (2.455 +0.028) eV?  atmospheric and LBL accelerator experiments
sin? 619 (0.307 +0.013) solar Experiments
sin? fo3 (0.558 +0.015) atmospheric and LBL accelerator experiments
sin? 013 (0.0219 £ 0.0007) reactor experiments
dcp (1.19 +0.22) LBL accelerator experiments

also shows that all above mentioned neutrino sources can be used to investigate specific
L/FE ratios in different experiments.

The most recent results for the individual mixing parameters, neglecting the Majorana
phases are summarized in [Table 2.1l Listed in this table is also the dominant experimental
type contributing to the measurements of individual parameters.

2.4. Neutrino Mass Measurements

Ever since the observation of neutrino oscillations has proven the neutrino mass to be
non-zero, efforts to determine the absolute neutrino mass scale are intensifying. So far, no
determination of the neutrino mass scale was possible, because it is so small. However,
knowledge about the neutrino mass scale would provide valuable constraints on beyond SM
theories and on the other hand it is also a crucial parameter to understand the evolution
of the early universe. There are currently 3 different approaches to determine the neutrino
mass scale, each offering some advantages and draw backs[DHMW13].

Cosmological Constraints

Although the mass of neutrinos is so small, they have a great impact on the evolution of the
universe. Todays structure is the consequence of small fluctuations in the early stages of
the universe. With there small mass and high abundance of 339 relic neutrinos per square
centimeter[LP12] from the big bang, neutrinos act as hot dark matter smearing out those
fluctuations on small scales. The scale on which these interactions happen is determined
by the neutrinos free streaming length that mainly depends on their mass.[BES80]
Observing the distribution of galaxies in large scale galaxy observations like the SDSS (Sloan
Digital Sky Survey) and fluctuations of the CMB (Cosmic Microwave Background) one
can infer limits on the sum of the neutrino masses.[BMT04] Determination of cosmological
limits is however always model dependent.

Neutrinoless Double Beta Decay

Neutrinoless double beta decay (0vf) is a hypothetical decay process in which a nucleus
emits two beta electrons simultaneously without accompanying neutrinos. This process is
possible if neutrinos are Majorana fermions, meaning they are their own antiparticles. The
decay rate of this process is proportional to the square of the effective electron neutrino
Majorana mass mee

2

Toupp o m2, = DHMW13 (2.13)

3
2
> Uam
=1

This mass is a coherent sum of all neutrino masses weighted by the PMNS matrix elements.
Neutrinoless double beta decay experiments, such as MAJORANA|AT21b], GERDA
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and there successor LEGEND|[Cal24], aim to detect this rare process. These experiments use
the isotope "Ge. There are several other isotopes suitable for 0vB decay searches
for example '36Xe used in the EXO experiment[K¥23] or 28Te/"*"Te in the CUORE
experiment[AT22b [AT22¢|. To date, no conclusive evidence of OvBf has been observed.
Only lower limits on the lifetime in the order of 102%yr have been established.[N+24]

Direct Kinematic Measurements

Direct kinematic measurements offer the most model-independent method for determining
the neutrino mass, relying on the relationship E? = p? + m?2. This technique measures the
kinetic energy of electrons from beta decay, enabling the determination of the neutrino
mass scale.

In a single beta decay, a neutron converts into a proton, an electron, and an electron
antineutrino:

4X w4 Y +e + 7 (2.14)

The electron’s kinematics contain information about the neutrino mass, most noticeably
near the endpoint energy Ey, where the decay energy is maximally transferred to the
electron and the neutrino has minimal momentum. Past measurements with experiments
in Mainz and Troitsk set an upper limit on the neutrino mass of m, < 2eV. The KATRIN
experiment already improved upon these limits after the first measurement campaign.
Evaluation of the first 5 measurement campaigns further improves the upper limit on the
neutrino mass to m, < 0.45 eV. Utilizing a complex and dedicated setup, KATRIN
represents a significant advancement in the direct measurement of the absolute neutrino
mass scale.

2.5. Sterile Neutrinos

Neutrinos are the only particles in the standard model that have only been observed in
states of left-handed chirality. So introducing right-handed neutrinos into the standard
model presents a well motivated extension of the SM. These sterile neutrinos naturally
provide neutrino masses through the Higgs mechanism. In some theories they can also
explain the smallness of the active neutrino masses via the see-saw mechanism. As singlets
under the SM gauge group they do not interact via the SM forces, which is why they
are often referred to as sterile neutrinos. They can however interact gravitationally and
they can mix with the left-handed or active neutrinos through the neutrino oscillation
framework. There are only little theoretical and experimental limitations to the number of
sterile neutrinos, their mass and their Dirac or Majorana nature.

Depending on their mass scale sterile neutrinos can account for different experimental and
cosmological phenomena. Sterile neutrino masses in the order of several eV can pose a
compelling solution to the measured anomalies observed at different experiments. The v, /v,
appearance experiments LSND[AABT01] and MiniBooNE[AA* 18] observed an excess of
electron(positron)-like events. This excess can be explained by introducing a 4th neutrino
with a mass in the eV scale. The introduction of such a sterile neutrino can also explain the
measured deficit in the Gallium radioactive source experiments[GL11][KSGS19] as well as
short baseline reactor experiments like Double Chooz.[GL11] However, there are tensions
between the data from appearance and disappearance experiments for combined fits under
the assumption of one ore more additional sterile neutrinos, with a compatibility below

0.2%.[KMMS13

A very promising model beyond the standard model is the neutrino minimal standard
model (?MSM)[Sha07][BRS09]. It can explain a multitude of experimental and cosmological
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observations. For the ¥MSM three sterile neutrinos are introduced to the SM. Two of
those have a mass in the range of hundreds of MeV to the electroweak scale and the third
one has a mass on the keV scale.

The mass range of the two heavy sterile neutrino present a promising explanation for the
small active neutrino masses via the low scale seesaw mechanism. In that case active
neutrino masses are approximately proportional to the inverse sterile mass.[DGGK17] They
can also explain the observed baryon asymmetry in the universe by leptogenesis from
neutrino oscillations.

The neutrino in the keV range can act as a dark matter candidate. Depending on the
production mechanism in the early universe keV-sterile neutrinos can either act as warm dark
matter (WDM)[DW94] or cold dark matter (CDM)[SF99]. They are neutral, massive and
only interact with SM particles through oscillation into the active neutrino states. As massive
particle with coupling to lighter SM particles keV-sterile neutrinos are also unstable.
They can decay into an active neutrino under the emission of X-rays[WLP12]. They still
propose a viable dark matter candidate if their lifetime, that is governed by their mixing
angle, is longer than the age of the universe.

It is possible to search for sterile neutrinos in the keV range with laboratory experiments.
Sterile neutrinos would lead to a distinct kink-like distortion in the tritium -decay spectrum
that can be observed with the KATRIN experiment (see section .






3. The KATRIN Experiment

The KArlsruher TRitium Neutrino Experiment (KATRIN) measures the neutrino mass in
a model-independent way, by observing the kinematic endpoint of the tritium (-spectrum.
Due to the high activity molecular tritium source and the high resolution MAC-E filter type
spectrometer, KATRIN aims to determine the neutrino mass with a sensitivity of < 0.3eV
(90% CL) after 1000 days of data taking. Thereby, improving on previous neutrino
mass limits set by its predecessor experiments, the Mainz[K*04] and Troitsk[AT11] neutrino
experiment, by almost an order of magnitude. In order to reach such a high sensitivity,
an advanced setup with well developed monitoring systems and elaborate background
reduction methods are needed.

The measurement apparatus of the KATRIN experiment is described in Con-
tribution from background electrons that are produced in the spectrometer section of the
experiment will be described in as well as implemented mitigation techniques
for the described background electrons. The (-decay electrons of the KATRIN source also
allow for the search of keV-scale sterile neutrinos. To utilize the KATRIN hardware a
new Silicon Drift Detector (SDD) is developed for the TRISTAN (TRitium Investigation
on STerile to Active Neutrino mixing) project. The design and integration of this new
TRISTAN SDD into the KATRIN beamline will be discussed in With this new
high resolution detector, a deeper look into the 3-spectrum is possible with a differential
measurement of the (-electrons.

13
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3.1. Experimental setup of the KATRIN experiment

The KATRIN experiment aims to determine the absolute mass scale of the electron
antineutrino in a direct and model-independent way by studying the kinematics of tritium
B-decay. A gaseous molecular tritium source is selected for its low endpoint energy
Ey ~ 18.6 keV and relatively short half-life ¢, 5 = 12.32yr. To achieve the high sensitivity
goal, a very stable source with high luminosity is required, along with a high energy resolution
device, provided by a spectrometer operated as a Magnetic Adiabatic Collimation with
Electrostatic (MAC-E) filter.

Electron

Figure 3.1.: Overview of the 70m long KATRIN beamline. Tritium gas is injected into
the center of the WGTS (b) where it decays and emits electrons. These  electrons are
then guided through the transport section (c), consisting of the DPS and CPS. They are
then passing through the high pass filter of the Pre- (d) and Main Spectrometer operated
as MAC-E filters. Only electrons close to the tritium endpoint can reach the detector (f).
(a) shows the rear wall section which includes calibration sources and monitoring devices.

A sketch of the approximately 70 m long setup is depicted in The tritium gas is
injected into the windowless gaseous tritium source (WGTS) and decays inside the beam
tube, emitting (3-electrons. These electrons are then adiabatically guided towards the
spectrometer by superconducting solenoids around the beam tube. While the electrons are
guided through the differential and cryogenic pumping sections (DPS and CPS), the flow
of tritium and ions into the spectrometer is reduced by 14 orders of magnitude, preventing
contamination of the spectrometer. In the spectrometer, electrons are separated by applying
a high-pass filter qU,et. All electrons with a kinetic energy below the retarding energy
are reflected at the analyzing plane, shown as the lower electron track in figure Only
electrons with an energy above this retarding energy are transmitted through the main
spectrometer (upper electron track in figure and can reach the focal plane detector
(FPD). There they are counted on the pixelated silicon p-i-n FPD, measuring the integral
electron rate. Scanning of the endpoint region is achieved by varying the retarding energy
applied to the main spectrometer.

All the sub-components of the KATRIN experimental setup will be further explained in the
following sections. Unless specified otherwise, the information in this chapter is based on the
design reports and first measurement result publications [A*05,[A*21a] [AT19al [A*22d]

1

3.1.1. Source and transport section

The starting point of the measured electrons is inside the WGTS (Figure b), a 10m
long stainless steel beam tube with a 9 cm diameter. High-purity molecular tritium gas is
injected into the center of the beam tube and diffuses towards the ends of the WGTS. At
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both ends of the WGTS the tritium gas is continuously pumped out by 6 turbomolecular
pumps on each side. To reduce the amount of tritium that has to be injected, the beam
tube is cooled down to 30 K by a custom designed two-phase neon cooling system. This
also reduces any effect of thermal Doppler broadening on the measured electron spectra.

Deploying such a mode of operation, also ensures a constant level of tritium can be main-
tained inside the WGTS, expressed by the column density of pd ~ 5.0 - 10'7 molecules/cm?.
The electrons generated in the source are adiabatically guided towards the spectrometers
by the afforementioned solenoids. On their way through the transport section
c), they pass through two chicanes, where the tritium flow is drastically reduced, ensuring
no tritium enters the spectrometer section. This is achieved by the Differential Pumping
Section (DPS) and the Cryogenic Pumping Section (CPS), which reduce the tritium flow
by 14 orders of magnitude.

Within the DPS, 3-electrons are guided through a strong magnetic field of 4.0 T, overcoming
four bends of 20° each. Turbo molecular pumps installed on these bends reduce tritium flow
with an increased effective pumping rate by 7 orders of magnitude. Other molecules are
efficiently removed from the beam tube as well, preventing them from flowing straight to the
spectrometers. The Cryogenic Pumping Section additionally includes a liquid-helium-cooled
3 K inner surface, covered by an adsorbed argon frost layer. This argon frost cryosorbs any
tritiated molecules, reducing the tritium flow by another 7 orders of magnitude.

3.1.2. Spectrometer and detector section

Both the Pre-Spectrometer (PS) and the Main Spectrometer (MS) are operated as MAC-E
(Magnetic Adiabatic Collimation with Electrostatic) filters. It serves as a high-pass filter
for the -electrons from the source. A static retarding potential below the endpoint can be
applied at the PS to strongly reduce the flux of 3 electrons into the MS.

The electrons are generated isotropically in the source. As a consequence, their momentum
vector has a polar angle 0 relative to the magnetic field lines. This leads to a cyclotron
motion of the electrons around the magnetic field lines, because of the radial Lorentz force.
The total momentum of electrons can therefore be split into a parallel and transverse
component of momentum. The filtering electric field only affects the longitudinal component.
To achieve a good energy resolution, it is necessary to transform the transverse momentum
component F, into the longitudinal one Ej. This is achieved by lowering the magnetic
field several orders of magnitude from the entrance of the spectrometer to the so-called
analyzing plane, where the maximum retarding potential —U,,,x and minimal magnetic
field By are located (see dashed green line in . The magnetic moment p = %
of the electrons cyclotron motion is conserved and the energy resolution is given by the
remaining transverse momentum

Bmin
Bmax

For the design values of By, = 3 - 1074 T and Bmax = 6 T KATRIN reaches an unprece-
dented energy resolution of AE = 1€V for endpoint electrons with Fy;, = 18.6keV

AFE =

Eun (3.1)

The main spectrometer’s dimensions are established by the conservation of the magnetic
flux @ « A x B. Since the magnetic field drops by four orders of magnitude to the
analyzing plane, the area of the flux tube must increase accordingly. Consequently, the
main spectrometer was built with a length of 23.8 m and a diameter of 9.8 m. The entire
spectrometer is set to high voltage, which is changed in steps of AU =~ 0.5V to 1V to
record the integral spectrum. Additionally, it is equipped with an inner electrode system
that has a higher voltage than the vessel, shielding secondary electrons from the wall to
prevent background production.
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Figure 3.2.: The MAC-E filter principle. The three electron tracks shown correspond to
a [ electron passing (track a) or being rejected by (track c) the high pass filter. Track b)
shows a background electron being trapped due to the magnetic bottle effect. The yellow
star indicates the production point for the magnetically trapped background electron.

To prevent residual gas scattering of the 3-electrons, both spectrometers are operated under
Ultra High Vacuum (UHV) conditions of about 10~'! mbar, guaranteed by several getter
and turbo molecular pumps (TMP). Large coils surround the spectrometer to prevent the
influence of the Earth’s magnetic field and allow fine-tuning of the magnetic field at the
analyzing plane, by the Earth Magnetic Field Compensation System (EMCS) and the Low
Field Compensation System (LFCS).

After passing through the spectrometer, the magnetic flux tube size is reduced by the
pinch magnet and the electrons are guided onto the detector by the detector magnet. The
Focal Plane Detector (FPD) counts the electrons using a silicon PIN-diode array with high
efficiency and minimal background. It is divided into 148 pixels arranged in 12 concentric
rings, which are azimuthally subdivided into 12 pixels plus 4 center pixels. The electrons
pass the analyzing plane at different radii, experiencing slightly different potentials due to
inhomogeneities. This arrangement provides spatial resolution and detects irregularities in
the retarding potential.

3.1.3. Neutrino mass determination with KATRIN

The KATRIN experiment extends the work of the Mainz and Troitsk experiments, employing
a similar approach to independently measure the mass of the electron neutrino. These
experiments study the kinematics of electrons emitted during the beta decay of tritium
(T2) near the energy endpoint:

Ty — THet + e + 7 (3.2)

The decay rate near the endpoint, assuming a single neutrino mass eigenstate m,,, is given
by:

%:C-F(E,Z)-p-(E+me)'(E0—E)'\/(EO—E)Q—m?n (3.3)
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where F is the electron energy, p its momentum, and m. its mass. Ej is the endpoint energy,
which is 18.6 keV for a massless neutrino (m, = 0). The Fermi function F'(E, Z) accounts
for Coulomb interactions between the electron and daughter nucleus, and the constant

C = (27r) =L cos? 0o - |[M|? comprises the Fermi constant G'r, the Cabibbo angle ¢, and the
nuclear transition matrix element M. For tritium decay, the transition is super-allowed
due to a common ground state between T and He™, leading to an energy-independent
transition matrix M.

In reality, there are multiple neutrino mass eigenstates m(v;), so the observed spectrum is
a superposition of spectra for each eigenstate, weighted by their mixing amplitude U,;:

dN

T =C-F(B.2)-p-(E+m.)- (B~ E Z\Um\? V(B — B —m(m)2 (34)
Due to the small mass splittings between the eigenstates, an effective neutrino mass
m2g = 33 |Uei|?>m(v4)? is introduced, which is the observable in the KATRIN analysis.

The integral 3-decay spectrum is measured at several retarding energy settings qU; close to
the tritium endpoint energy Ey = 18.574eV. The measurement time distribution (MTD) at
each retarding energy setting is optimized with respect to maximal neutrino mass sensitivity.
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Figure 3.3.: Impact of neutrino mass on the endpoint of the tritium (3 decay spectrum.
The different colored lines show the distortion of the spectral shape for different neutrino

masses.

To infer the neutrino mass, the spectral data is fit with a spectrum prediction, described
by an analytical model of the 3-decay spectrum and the experimental response function.
The predicted detection rate Rcac({(qU)) is given by the convolution of the differential
B-decay spectrum Rg(E) with the experimental response function fea1c(E — (qU)) and the
background rate Rypgs:

Rcalc(<qU>) = AsNT/R,B(E)fcalC(E - (qU>) dE + Rbg ’ (35)

where N7 is the signal normalization derived from the number of tritium atoms in the source,
the maximum acceptance angle, and detection efficiency. The factor A; = 1 is an additional
normalization parameter in the fit. The differential 3-decay spectrum Rs(FE), based on
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Fermi’s theory, includes radiative corrections and the molecular final-state distribution.
Gaussian broadenings account for Doppler broadening from the finite thermal motion
of tritium molecules in the source, and energy broadenings due to spatial and temporal
variations in the spectrometer and source electric potential.

Analysis of the first five KATRIN measurement campaigns yields an upper limit for the
neutrino mass of m, < 0.45eV at 90% CL. Improving on previous direct neutrino
mass measurements by a factor of five and reaching a world leading sensitivity in the sub-eV
range.

3.2. KATRIN Main Spectrometer related background processes

For low rate experiments such as the KATRIN experiment, identifying and minimizing
background contributions is of utmost importance. The applied retarding potential at the
spectrometers work as an effective background rejection for any low energy backgrounds
produced upstrea of the spectrometer section. On the other hand, any low energy
background produced downstream of the analysing plane will be accelerated by the applied
potential and create an event on the detector in the region of interest (ROI). In order to
reach the aimed sensitivity a background rate below 0.01 cps is aimed for.[AT21a]

Commissioning measurements showed a highly enlarged background rate compared to the
design value. This spurred many investigations to characterize the background production
mechanism and find effective counter measures. The majority of background processes are
related to the large main spectrometer vessel with only a small contribution of detector
backgrounds. Their sources can be categorized into four distinct production mechanism
that will be further explained in the following sections. In general charged particles can also
be trapped by the Penning trap formed between the pre- and main spectrometer. However,
for all measurement campaigns after KNM4 and all measurements presented in
this work the PS voltage is set so low that backgrounds caused by inter-spectrometer
Penning traps do no longer play a role. Furthermore, three Penning-wipers[A¥20b] have
been installed preventing any Penning discharges. Therefore, the production mechanism of
inter-spectrometer Penning traps is not discussed in detail.

An overview of the different remaining production mechanisms for spectrometer related
backgrounds is depicted in figure Electrons can be produced at the spectrometer
surface by ambient gamma radiation or cosmic muons or by radioactive radon decays in
the sensitive flux tube. Charged particles can be magnetically trapped inside the main
spectrometer and ionize residual gas. The major background contribution is caused by
ionization of Rydberg atoms, because they can not be effectively suppressed by implemented
counter measures. This leads to the background rate exceeding the design limit by almost
a factor of more than 14 for the first 5 KATRIN measurement campaigns[A™24].

3.2.1. Electrons from spectrometer walls

Ambient radiation and especially the high flux of cosmic muons are problematic for all low
rate experiments like KATRIN. They can produce secondary electrons on the 690 m? inner
surface of the main spectrometer. Accelerated by the electrostatic potential of the MAC-E
filter, these secondary electrons reach the detector with energies in the region of interest.
Several efforts have been made to reduce the impact of secondary electrons on the total
background rate of the KATRIN experiment.

Spectrometers of the MAC-E filter type posses intrinsic shielding against secondary electrons
from their inner walls. The magnetic field lines formed by the two solenoids at the ends of

!The streaming direction is the one of the B electrons from the source down to the detector. "Upstream’
therefore refers to everything closer to the source and 'downstream’ to everything closer to the detector
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Figure 3.4.: Background production mechanisms at the KATRIN main spectrometer.
Cosmic muons and ambient gamma radiation can produce secondary electrons from the
inner surface of the spectrometer walls. The radioactive noble gas 2!°Rn is emanated from
the non-evaporable getter material. When it decays in the sensitive flux tube, background
electrons are created that can get magnetically trapped. Implanted ?'°Pb atoms can
sputtered highly excited Rydberg atoms from the spectrometer walls that can be ionized
by thermal radiation from the spectrometer vessel.

the spectrometer are almost parallel to the vessel walls. That way any charged particle
from the walls is deflected by the Lorentz force providing excellent magnetic shielding.
Furthermore, the KATRIN MS is equipped with an inner electrode (IE) system. Applying
a negative voltage with respect to the vessel hull introduces an additional electrostatic
shielding against electrons. The implementation of the wire system however further increases
the surface area inside the spectrometer to a total of 1222 m?.

To limit the impact of external radioactive sources, the floor of the main KATRIN hall was
constructed using low activity concrete. Additionally, the thickness of the stainless steel
spectrometer vessel was increased by 2cm with respect to its predecessor of the Mainz
experiment.[Leil4] That way, only high energetic gamma rays can penetrate deep enough
into the stainless steel to produce secondary electrons on the inside of the spectrometer.
Measurements performed with a °Co source directed at the outside of the MS show
that ambient « rays produce secondary electrons. They also demonstrate the effective
electromagnetic shielding capabilities of the MAC-E filter in combination with an IE

system.|[AT19b

Cosmic muons are produced in hadronic showers and are typically shielded by placing the
experimental apparatus deep underground. Due to its large size and the necessity of the
tritium infrastructure this is not possible for the KATRIN experiment. Therefore, a high
flux of 10° muons per second pass through the main spectrometer, causing ionization and
excitation in the vessel. However, the aforementioned electromagnetic shielding effectively
mitigates any background produced by cosmic muons.

In an effort to assess the background contribution by muon induced electrons a correlation
measurement was performed. The muon flux was monitored by 9 muon detectors sur-
rounding the main spectrometer while an asymmetric magnetic field was used to actively
guide wall electrons onto the detector. These investigations|Lin15| show a clear correlation
between the muon rate in the spectrometer hall and the electron rate on the FPD (see

Figure 3.5)

Surprisingly, they also show that only 14.4% of the measured electrons are produced by
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Figure 3.5.: Correlation of the muon rate in the spectrometer hall with the electron
rate at the focal plane detector (solid red line). Reference for 100% muon induced events
on the FPD (dashed green line)[Linl5].

muons.

Concluding, this means that secondary electrons from the main spectrometer walls are
effectively mitigated by the deployed counter measures and the majority of background has
to be created by a another production mechanism.

3.2.2. Radon decays

Another source of background electrons is caused by radon decays. The naturally occurring
isotopes 2!Rn, 22Rn and 2?2Rn derived from the decay chains of uranium (?*U and
238U) and thorium (232Th), are key contributors. They are highly abundant in ambient air
making up almost 50% of the worldwide mean effective dose[RS13].

In the KATRIN experiment the radon isotopes emanating from various materials within
the main spectrometer, including the inner electrodes, the stainless steel vessel itself and
the largest amount originates from the non-evaporable getter (NEG) strips. These NEG
strips provide the major part of pumping speed to maintain the extremely high vacuum
(XHV) conditions of 107! in the main spectrometer and are located in three pump ports
adjacent to the main spectrometer.

To mitigate the influence of radon-induced background, liquid nitrogen-cooled baffles have
been installed between the NEG pumps and the sensitive flux volume. These baffles
trap radon atoms before they can enter the main spectrometer, achieving a suppression
efficiency of approximately 95%.[Har15] Furthermore, the pump ports are equipped with
turbomolecular pumps to effectively remove noble gas like radon isotopes. This leads to
an average pump-out time of {pump-out = 360s. Therefore, only the short-lived isotopes
219Rn, 229Rn, with half-lifes of t1/2 = 3.96s and 15 = 55.6'5 respectively, have a
significant probability to decay within the sensitive flux tube. On the other hand, ??Rn
has only a relatively small probability to decay before it is pumped, due to its long half-life
of t1 5 = 3.82 d[CER99).

Once a radon a-decay happens in the sensitive flux tube, there are several ways how
background electrons can be generated. Heavy a-particles or photons emitted in the
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decay process are of no concern for the KATRIN background since they do not follow the
magnetic field lines onto the detector. Atomic shell disturbances caused by the decay can
however lead to the emission of up to 20 electrons with energies ranging between the eV
(shell-reorganization electrons) and the keV (relaxation, inner-shell shake-off or conversion
electrons) scale through several atomic processes (see figure . These electrons are then
either guided onto the detector or they can get trapped due to the magnetic bottle effect
in the main spectrometer.

_w inner-shell shell- X
Shake-off reorganization Ry
electron electrons
=1 keV =10 eV
vacanc
Y relaxation
conversion electron
X electron ~1 keV
219Rn PO ~10” keV
and
220Rn 216PO V higher

Figure 3.6.: Sketch of electron production mechanisms following radon a-decays.[Sch14

3.2.3. Trapped electrons

Charged particles produced inside the magnetic flux tube of the main spectrometer can
get magnetically trapped due to the electromagnetic-magnetic field design of MAC-E
filter spectrometers. They are emitted with a polar angle § with respect to the magnetic
guide lines and are accelerated by the electrostatic potential towards either end of the
spectrometer. On their way, the longitudinal component of their momentum is transformed
into the transversal one and vice versa by the magnetic gradient. Since the magnetic field
strength increases towards the exit of the spectrometer, charged particles moving towards
the ends of the spectrometer can be reflected by the magnetic mirror effect. This effect
describes the case, when a particle changes its direction, because all of its longitudinal
momentum component is transformed into its transversal one. The trapping condition for
particles created at position Z inside the KATRIN MS is given by

_ [4dU@)|  B(7)
emax B \/Ekin(f) ‘ Bmax (36)

with ¢ the electrical charge of the particle, U(Z) the electric potential and B(Z) the
magnetic field at the point of creation, the kinetic energy of the particle Eyj, and the
maximal magnetic field during the particles propagation Bp,.x[Blo18]. These trapped
particles do not only move back and forth in the axial direction, but also exhibit a slow
azimuthal drift caused by radial magnetic field gradients.[Mer12][CGR06] An exemplary

trajectory of a charged electron can be seen in Figure 3.7

The trapping condition can be broken by the electrons either losing energy or changing their
polar angle. Several processes can cause these changes. Electrons always lose some energy
through cyclotron radiation. However, this process only plays a minor role in the KATRIN
main spectrometer . The main process through which electrons are cooled down is
ionization and electronic excitation via scattering on residual gas. Those collisions are so
rare in the ultra high vacuum of 110~ mbar of the main spectrometer that electrons can
be stored for several hours and produce hundreds of low energy secondary electrons. The
number of produced secondary electrons Ng by a primary electron with energy Fprin, is

prlm

given by Ng = , where w = 37eV is the average energy of ion-electron pair production
off Hs for electrons M+13 . The produced low-energy secondary electrons are accelerated
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Figure 3.7.: Trajectory of a magnetically stored electron in a MAC-E filter spectrometer.
The electron is reflected at both ends due to the increasing magnetic field, while also
exhibiting an azimuthal drift introduced by radial magnetic field gradients.|[Fra23

towards the detector by the retarding potential and therefore create background events in
the ROI on the detector. Due to the previously described magnetron drift, the signature
of stored electrons can be seen by the secondary electrons producing a ring-shaped event

pattern on the detector (see Figure 3.7).

For high energy electrons there are some additional breaking conditions. For example, if
their transversal energy E/| exceeds a certain threshold E'** ~ 180keV the cyclotron radius
is larger than the dimensions of the spectrometer. Additionally, for high kinetic energy
the electrons can move non-adiabatically, which means that the change of longitudinal to
transversal momentum and vice versa is no longer proportional to the change in magnetic
field. Then the polar angle changes randomly and the electrons can randomly break the
storage condition.

3.2.4. Rydberg background

All of the above background production mechanisms are effectively mitigated at nominal
KATRIN operation. They only contribute a small amount to the overall background rate.
However, the background rate still exceeds the design limit by a factor more than 14.
This caused several investigations of the background characteristics.[Har15] One key
observation was that the KATRIN background shows a small radial dependent fraction.
This can be explained by higher energetic secondary electrons produced at the spectrometer
walls by muons and predominantly 2/°Pb B decays.[Har15] These secondaries can enter the
outer magnetic flux tube and cause a significant contribution to the background rate.

The majority of background events, about 75%, are however homogeneously distributed
over the entire spectrometer volume. These events can not be explained by any of the
previous production mechanisms. To account for the observed background dependencies
the background model had to be extended. Ionization of sputtered Rydberg atoms from
the spectrometer walls could explain the remaining background.[Har15]

Rydberg atoms are atoms in exited states with at least one electron that has a high principle
quantum number n. They are easily ionized which can be explained using the Bohr model[?].
The orbital radius ry, is given by

dren?h?
Ty = ———

Zm.c? (3.7)

with the vacuum permittivity €, the principle quantum number n, the reduced Planck
constant A, the atomic number Z, electron mass m, and the elementary charge e. In general
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th geometric cross section scales with the orbital dimension so o o n*. Additionally, the
binding energy falls off towards higher radii. For hydrogen and hydrogen-like atoms the
binding energy is given by

with the Rydberg energy Ry = 13.6€eV. So for a hydrogen (Z=1) electron with principal
number n = 10 for example, the geometric cross-section is enlarged by a factor of 100,
while the binding energy is in the order of 0.1eV. This means the Rydberg atoms can
be ionized by the black body radiation (BBR) of the spectrometer or by the process of
autoionization.

In the KATRIN experiment Rydberg atoms are assumed to be sputtered from the spec-
trometer walls. In figure the sputtering process is shown. During the installation of
the inner electrode system, the spectrometer was exposed to ambient air. This caused a
contamination of the spectrometer walls with 2'°Pb from the uranium-238 decay chain.
An activity of approximately 1 kBq has accumulated.[Har15] 2!°Pb decays into 2!°Po via
two B decays. The high energetic recoil nucleus of 2°6Pb following the o decay of 2'°Po
scatters on the atoms in the stainless steel. Thereby atoms can be knocked out of the
lattice structure and enter the spectrometer volume. When the lead nucleus is able to leave
the vessel and propagate through the spectrometer volume, it can also sputter electrons
from the opposite side of the spectrometer upon hitting the wall. Some of these sputtered
atoms can be in highly excited states. Also atoms from gases condensed on the wall can
be released via scattering and enter the volume in excited states. Since these atoms are
neutral they are not effected by the electromagnetic shielding and can freely diffuse into
the sensitive flux tube. If they are ionized inside the flux tube by BBR or other processes,
low energy background electrons are emitted.[Har15, [Tro19, [Hin22
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Figure 3.8.: Sputtering of Rydberg atoms from the spectrometer walls. The high
energetic recoil nucleus of 2°°Pb following the o decay of 2!1°Po scatters with the atoms
inside the stainless steel spectrometer vessel and gas adsorbed to its surface. Thereby
atoms are released into the spectrometer volume. Some of these atoms are in highly
excited states, indicated by the shaded area surrounding the atom. The black dots depict
the inner electrode wire system and the magnetic flux tube is shown as magnetic field
lines. If Rydberg atoms are ionized inside this flux tube the generated electron is guided
towards the detector.
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3.3. keV-scale sterile neutrino search with the TRISTAN SDD

After completing its primary mission of determining the electron neutrino mass, the
KATRIN experiment will be repurposed to search for sterile neutrinos in the keV mass
range. Sterile neutrinos, which are right-handed and do not interact via the Standard
Model forces, are a natural extension to the Standard Model. The existence of heavy
sterile neutrinos would lead to a distinct contribution in the electron energy spectrum.
This contribution is characterized by the mass of the sterile neutrino and the neutrino
mixing amplitude, with the endpoint energy of this new branch given as the difference
between the spectrum endpoint energy and the neutrino mass (Epqe = Eo — ms). The
superposition of this new branch with the well-known beta decay spectrum results in a
kink-like feature. This feature is characterized by the mass of the sterile neutrino m, and
the mixing amplitude sin? 6. This measurement is therefore sensitive to sterile neutrino
masses up to the tritium endpoint energy Fy ~ 18.6 keV.
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Figure 3.9.: Imprint of a sterile neutrino in the tritium 3 decay spectrum. The additional
decay branch of a sterile neutrino leads to a characteristic kink in the decay spectrum.
From the position and the magnitude of the kink, the sterile mass and its mixing angle

can be inferred.[TRI21

To detect these subtle changes, the aimed sensitivity level for the mixing amplitude is
sin?@ = 1075, This level of sensitivity surpasses previous laboratory measurements and
reaches mixing amplitudes of cosmological interest. Achieving such high precision requires
controlling systematic uncertainties to a very high level. The accuracy of the experiment is
mainly limited by the reduction of these systematic errors.

To reach the desired sensitivity for the keV-scale sterile neutrino search, several parameters
of the KATRIN experiment need to be adapted. One significant adaptation is the detector
system. The retarding potential of the spectrometer will be set much lower, because the
whole energy spectrum, not just the endpoint region, is of interest. Observing the whole
spectrum increases the count rates of electrons passing through the spectrometer by several
orders of magnitude. Additionally, the differential measurement mode is used to investigate
active-to-sterile mixing, necessitating the design of a novel detector system.

The new detector must handle increased count rates of up to 1 x 10% counts per second
(cps) while maintaining a high energy resolution of 300 eV at 20keV for electrons. To meet
the necessity of high count rates while keeping the pile-up probability low, a maximum of
1 x 10° cps per pixel is planned, requiring a minimum of 1000 pixels on the new detector.

TRI21

The existing detector in the KATRIN experiment is not built to handle such high count
rates or achieve such high energy resolution. Therefore, a new multi-channel silicon drift
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detector (SDD) array was designed. This array will be integrated into the existing system,
with considerations to minimize gas flow from the electronics side to the spectrometer
side to maintain vacuum conditions and prevent surface depositions that could decrease
detector sensitivity over time.

By leveraging the KATRIN infrastructure and incorporating novel detector technology, the
project aims to probe sterile neutrino properties with unprecedented sensitivity, potentially
uncovering new physics beyond the Standard Model.






4. Final pressure in the Main
Spectrometer with TRISTAN

KATRIN neutrino mass measurements are scheduled to finish by the end of 2025. Until
then KATRIN aims to reach 1000 days of data taking. After the very successful runtime
of KATRIN, its well understood apparatus will be used to take a deeper look into the
tritium spectrum. Therefore, the new multi-pixel high resolution TRISTAN SDD was
developed [M*19][TRI21]. Tt has an excellent energy resolution of 300V at 20keV and
can handle signal rates of 10% cps. The entire TRISTAN detector will consist of a tower
of 9 TRISTAN modules (see and is planned to replace the current KATRIN
focal plane detector wafer.

The modular design of the TRISTAN detector allows for a phase-wise integration into
the KATRIN beamline. This way the detector modules can be intensively studied during
development, while allowing the detector to be upscaled to the desired size. However, this
modular design raises issues for the vacuum compatibility of the detector. The outgassing of
electronic components can significantly increase the final pressure of the main spectrometer
To ensure the UHV conditions of up to 107'' mbar in the MS, the gas flow from the
detector section has to be below 5 - 1078 2barL [TRT2T].

The scope of this work is to determine the final pressure of the main spectrometer with an
integrated TRISTAN SDD in the KATRIN beamline using the MolFlow-+[Ady]
vacuum simulation software.

First, an introduction into the simulation software MolFlow+ and its key components
is given in The vacuum system of the KATRIN spectrometer as well as
the planned modifications to the vacuum system of the detector section are described in
section 4.2| In|[section 4.3 the settings for the simulation are described. This section also
explains the gas dependence of key simulation parameters and how the pressure can be
determined from a TPMC (Test-Particle Monte Carlo) simulation. Section discusses
the simulation results for different simulation settings.

27
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(a) Photograph of a TRISTAN detector (b) CAD drawing of the 3x3 TRISTAN detector
module.[TRI21 tower with the detector shield.

Figure 4.1.: Depiction of a single TRISTAN detector module and the complete 3x3
detector tower.

4.1. Vacuum Simulation Software MolFlow-+

MolFlow+ is an advanced vacuum simulation software developed by CERN for the purpose
of analyzing and optimizing vacuum systems. This software was especially developed for
extremely low pressure vacuum systems, where molecular flow can be guaranteed. This
section will provide a short introduction into the MolFlow+ software algorithm and is
mainly based on its documentation and an update report presented at the 10th
international particle accelerator conference [AK19].

Molecular flow assumes there are no particle interaction with residual gas molecules. This
means gas molecules only interact with the surrounding walls of the gas recipient. The
average distance a gas molecule travels in between collisions, the mean free path is given by

kg -T

AN — B~
V2m-p-dZ,

(4.1)

where kg is the Boltzmann constant, T the gas temperature, p the pressure and d,,, is the
molecules diameter. So for the assumption of molecular flow, the mean free path has to
be large compared to the geometrical dimensions d of the gas recipient. This condition is
characterized by the Knudsen number[Pfel3]

A Kn > 0.5 = molecular flow
Kn = i with € 0.01 < Kn < 0.5 = transitional flow (4.2)
Kn < 0.01 = viscous flow

Under the assumption of molecular flow it is not necessary to analytically solve the gas
behavior in large systems in one step. It is then possible to employ the test-particle
Monte Carlo (TPMC) method to study the behavior of single gas molecules in a vacuum
environment. In short, this means in a known geometry a single test-particle is created at a
gas source and is tracked until it is removed by a pump. Repeating this process millions of
times yields accurate predictions of pressure distributions and the effectiveness of vacuum
pumps can be made.

In order to simulate the vacuum behavior a model of the geometry has to be created.
Geometries in MolFlow+ are represented by polygon facets working as boundaries for
particle propagation. For each individual facet a set of physical parameters can be set and
the properties of the simulated particles are defined by their molecular mass. The tracking
of test particles can then be split into three distinct interactions
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Particle generation:

For each facet i an outgassing rate (); can be set. The probability Foutgassing With which a
facet is chosen as starting point of the particle is then determined by the fraction of the
facets outgassing to the overall outgassing rate Poutgassing = % Once a facet is chosen
the exact starting point is drawn from a uniform distribution over the facets area. From
this point, the particles are then started with an angle #; with respect to the facets normal,
that is distributed according to Knudsen’s Cosine law[Knu09] and the particle speed v is
drawn from the Maxwell-Boltzmann distribution with the temperature T; of the facet. The
trajectory of the particle is then extended until it crosses another facet and a Facet hit
occurs.

Facet hit:
Once a particle hits a facet it can either be removed by a pump or be reflected at this facet
and there are three facet counters, that are updated to later extract physical quantities of
the system.

e The Monte Carlo hit counter N}(liz is incremented by one upon each facet hit.
This quantity can then be used to calculate the impingement rate on this facet.

e The total orthogonal momentum change > pf) is increased by each particles
orthagonal momentum change p(j) = muw cos 8; on the facet. For particle desorptions
(adsorption) the momentum change is given by the orthogonal momentum of the
outgoing (incoming) particle. If a particle is reflected the momenta of the incoming
and outgoing particle are added. With this counter the pressure on a facet can be

calculated.

e As a third counter also the sum of the reciprocal orthogonal particle speeds

vi is registered to calculate the particle density near a facet.
1

For diffusely reflected particles a new particle speed is drawn from the Maxwell-Boltzmann
distribution and the outgoing angle 6, is again calculated according to Knudsen’s cosine

law[Knu09].

Particle adsorption The probability of the particle being pumped is given by the sticking
coefficient s assigned to the facet. For vacuum systems in equilibrium, the sticking coefficient
s is related to the pumping speed S by

S (”j) . i > (I:)  A(m?) (4.3)

with the area A of the facet and the mean particle speed v = 8frfnT with kp - Boltzmann

constant, T' - temperature and m - molecular mass. If a particle is pumped, a new test-
particle will be generated according to the procedure described under Particle generation.

4.2. Setup for the integrated TRISTAN detector

The scope of this work is to determine the final pressure in the MS for the integrated
TRISTAN detector into the KATRIN beamline. Therefore, the geometry of the KATRIN
MS up to the detector section is setup in MolFlow+. Real 3D geometries from CAD
programs can be imported to MolFlow, but these geometries are often very complex and
contain many non-relevant parts like screws and screw holes. Additionally, there is no
CAD file of the full SDS section and it was therefore decided to set up the geometry with
MolFlows’ geometry editor. The MolFlow setup and its corresponding pumping layout
can be seen in figure To reduce the complexity of the system, the PS geometry is not
designed, but rather an effective pumping speed towards the MS is applied.
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With the geometry set, only the start and end conditions for the particles have to be set.
Start conditions are given by an outgassing rate on the facets and end conditions are set by
a sticking factor on the facets. This sticking factor can then be converted into a pumping
speed according to equation

4.2.1. Vacuum setup for KATRIN and simulation cross-check

In order to check the validity of the applied simplifications in the geometry and the assumed
pumping speeds a comparison with the prevailing KATRIN conditions is made. For the
simulation pumping facets are distributed according to the positions shown in figure [4.2bl
For comparison to KATRIN-like conditions a fully reflective facet is inserted at the position
of the detector shield, representing the KATRIN FPD. This facet fully separates the MS
from the detector section. The final pressure of the MS is then only limited by the hydrogen
outgassing of the spectrometer walls and the applied pumping speed.

For the spectrometer walls a specific outgassing rate of 1.77 % is assumed. The stainless
steel alloy 316LN used for the construction of the spectrometer vessel as well as the
inner electrode system has a specific outgassing of about 1.0 - 10_12%. For the
simulation geometry only the inner surface area of 690 m? is taken into account. To include
the additional area of the IE system of 532m? the outgassing rate is scaled by a factor

1222
1222 o 77,

For the pumping the following considerations are made. As mentioned before, the Pre-
Spectrometer geometry is not modeled, only and effective PS pumping speed of 600 %
is set. Adjacent to the MS there are three pump ports (PP) each equipped with a LNy
cooled baffle system. These baffles were installed to prevent a direct line of sight for radon
emitted by the getter pumps in the PP. In order to minimize radon background (see section
, while maintaining UHV conditions in the MS, the getter strips in the center PP P1
have not been installed. Therefore, the central pump port is not shown in figure but
its geometry and the baffle are included in the simulation. The two outer pump ports P2
and P3 are each equipped with 1000 m of St707 getter strips. Each getter strip is 3 cm wide,
but only coated with NEG material to a width of 2.7 cm. Accordingly all applied
sticking coefficients on the getter material in the pump ports have to be reduced by 10%.
For hydrogen the sticking coefficient of the St707 getter strips was determined by a separate
simulation to be 2.9%[DLBMO07], so a sticking of 2.61% is applied in the simulation. Each
pump port is also equipped with 3 Turbovac MAG W 2200iP with a pumping speed
for hydrogen of 2100 % each. Since at nominal KATRIN operation only one of those TMPs
is operated, the simulation also only includes one pumping facet at each outer PP. This is
already sufficient to reach the excellent vacuum conditions in the lower 10~ !'mbar regime
inside the main spectrometer.

To also reach UHV conditions in the detector section 2 Marathon CP-8 cryo pumpsjcry]
with pumping speeds of 2300 % for hydrogen are deployed close to the FPD. The simulation
only includes one of these pumps which is connected to the inner vacuum of the post
acceleration electrode (PAE). Around the inner PAE tube an isolation vacuum is created
by the second cryo pump. Since the surrounding tube around the PAE electrode is not
included in the geometry model, the second cryo pump is also excluded from the simulation.

For a simulation of 5 - 107 particles with the above described settings a final pressure in
the MS of 4.6 - 10~!'mbar is obtained. This is in very well agreement with the prevailing
vacuum conditions of the MS in the lower 10~ 'mbar regime.
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: ! Detector shield : LN, cooled baffle
= : Detector (s) : Effective PS pumping
: TMP : Cryo Pump

(] : Getter pump @D : NEG pump

(b) Pumping layout for the MolFlow+ simulation. The center pump port is not included in the pumping
layout, because there are no active pumps at this pump port. For the outer PP only one of the TMPs is
actively pumping.

(d) Detector and shield design in MolFlow+.
(¢) Pump port geometry implemented in Highlighted in red is the aperture shown in figure
MolFlow+. Shown in red are the getter strips

Figure 4.2.: Overview of the geometry and pumping for the MolFlow Simulation.
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4.2.2. Vacuum changes for the integrated TRISTAN modules

With the integration of the TRISTAN modules the detector section and the main spec-
trometer can no longer be assumed to be fully separated. Due to the modular design,
particles can pass from the electronics side through the detector towards the MS. The
main limitation for the final pressure in the MS is then given by the gas flow from the
detector electronics into the MS. Deteriorated vacuum conditions in the MS can lead to
an influence on the quality of the measurement. Higher pressure in the MS can cause an
increased background rate during the operation with the TRISTAN modules. Additionally,
particles with low vapor pressures can adsorb onto the front face of the SDD wafer. This
would increase the detector dead-layer over time and thereby affect the energy resolution.

In order to uphold UHV conditions in the main spectrometer the gas flow through the
detector has to be below 5 - 10~ 82P2L[TRT?T]. The gas flow through the detector is
influenced by three different parameters, the gas dynamic conductance of the detector, the
applied pumping speed on the electronics side and the electronics outgassing. Previous
works already investigated the outgassing of the individual detector parts and the
gasdynamic conductance of the detector|Pur22|. In the following these results are shortly
summarized, but more detailed information can be found in the provided references. Also
the planned changes on the vacuum system of the detector chamber are described.

Gasdynamic conductance

To prevent a direct line of sight for molecules through the detector tower a tight-fitted
mechanical shield is designed. The conductance measurements showed the effectiveness
of using such a detector shield that covers the gaps between individual detector modules.
However, they also revealed a high dependence of the conductance on the distance between
the shield and the detector front face. Figure shows a cross-section through the
detector that illustrates the distance between detector and shield. For the investigated
shield design there had to be a minimal distance of 0.3 mm. This is due to bondwires
connecting the SDD front face with the on-module electronics. At the closest possible
distance of 0.3 mm a conductance of C' = 13.9 % was measured. By redesigning the detector
shield this limitation is eliminated. Additional to the investigated shield that can be seen in
blue in figure a second aperture, depicted in yellow, is made. Through this additional
aperture holes are drilled to accommodate for the bondwires. The aperture is then screwed
to the detector shield. Thereby, it is possible to reduce the distance between detector and
shield up to zero. It also offers flexible choices for the material of the aperture. While
closer distances are beneficial for the detector conductance they also introduce the risk
of breaking the fragile SDD wafers during the detector tower assembly. Additionally, the
distance between the shield and the detector may change when cooling down the detector.
This means even with the improved shield design a minimal distance of 0.2 mm should
be kept to prevent damages to the TRISTAN SDD. In the MolFlow simulation several
distance settings are tested for their vacuum compatibility.

For the implementation in the simulation a simplified model of the TRISTAN modules
is created with the implemented geometry editor of MolFlow—+. Only the more complex
shield design was imported from a STL (Standard Triangulation Language) file created
with a CAD (Computer-Aided Design) software provided by Steffen Lichter. In order to
reduce the computational cost of the simulation some modifications to the original shield
design shown in figure were made. First, all screw holes in the shield are removed.
This reduces the amount of facets in the system that have to be tracked and drastically
reduces the risk of trapping particles in the geometry. Trapping particles is a problem
inherent to TPMC simulations. It means that in highly confined spaces like drill holes
the test-particles can reflect between the confining walls for an indefinite amount of time
without being able to reach a pumping facet and being terminated. The simulation is
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stuck tracking this particle and does no longer provide any valuable information about the
systems behavior. Therefore it is crucial to prevent highly confined spaces in the simulation.
Furthermore, the amount of facets is reduced by omitting the exact shape of the shield
and approximating its outer shape as a round disk. The exact geometry of the detector
model together with the shield design optimized for the simulation in MolFlow can be seen

in figure [4.2d|

distance d
shield - detector

SE———

ssm—

(a) Improved detector shield design. The stain-
less steel mechanical shield (blue) covers the gap
between the detector modules and is used to
mount the detector on the detector flange. A (b) Detector to shield distance. The distance is
second aperture (yellow) is made to accommo- enlarged for illustrating purposes. For the inte-
date for the SDD bondwires allowing a tighter fit gration a distance of less than 0.3mm is planned
between the shield and the detector front face.  for.

Figure 4.3.: CAD drawings showing the detector shield and depicting the distance
between the shield and the detector front face.

Detector side vacuum system

Another way to reduce the gas flow through the detector is to increase the pumping speed
at the rear section of the detector chamber (to the right of the detector in figure [4.2b).
The installed pumps have to provide at least two orders of magnitude higher effective
pumping speed than the conductance toward the main spectrometer.[TRI21] For the
TRISTAN detector integration an improved vacuum system is designed comprising of two
CapaciTORR Z 3500 NEG pumps[NEG] and two Turbovac MAG W 2200 iP TMP’s[TMP].
In the simulation the improved vacuum design is implemented to study its effect on the
final pressure of the main spectrometer.

Detector outgassing

Finally, the investigated outgassing rates of the detector parts provide valuable input for
the MolFlow+ simulation. In 2020 the total outgassing rate of individual detector parts
have been investigated in a dedicated setup. Two independent measurement methods, the
pressure increase method and the throughput method, have been used, but the pressure
increase method was deemed to provide more accurate results. For the TRISTAN 100-
pin flex cables only an upper limit on the outgassing could be derived, because the
sample outgassing was below the outgassing rate of the measurement chamber gechamber =
(1.8 +0.1) - 1078 %. The copper block outgassing was found to be even lower with
Geopper = (2.0 £ 0.9) - 1072 2P2L  Dye t0 a RGA (residual gas analyzer) malfunction
the chamber outgassing decreased, allowing for the more precise measurement of copper
outgassing. However, due to the lack of RGA data this measurement does not provide
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any information on the gas composition of the outgassed molecules. The dominant source
of outgassing is caused by the detector electronics. This comprises of a detector SDD
glued to the CeSiC block and two C-shape flex PCBs together with two ASIC boards and
two AirBorn 100-pin micro-D PCB connectors. Their outgassing amounts to a total of
Gelectronics = (5.1 £0.3) - 1077 % and ((1.6 £0.6) - 1076 %) for the pressure increase
and throughput method respectively. This is at least 2 orders of magnitude higher than
the copper block and since the chamber limits the sensitivity for the flex cables there is no
reliable result on their total outgassing. Therefore, in the simulation only the electronic
parts mentioned above are considered to contribute to detector outgassing. Fortunately, a
representative RGA spectrum that is shown in figure was recorded for the electronics
measurement. It clearly shows the contribution of hydrogen (mass 2), methane (mass 14,
15, 16), water (mass 17, 18), nitrogen (mass 28) and carbondioxide (mass 44). The RGA
was not calibrated on the overall pressure, since the main goal was only to determine the
overall outgassing rate. Its spectrum can still be used to determine the fraction of each gas
type on the total pressure.
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Figure 4.4.: Residual gas spectrum for the outgassing of the detector electronics. The
spectrum shows contributions of hydrogen, methane, water, nitrogen and carbondioxide.

4.3. Simulation of the vacuum conditions with an integrated TRISTAN
detector

MolFlow+ as a TPMC simulation can only simulate a single gas type at a time. For each
detector distance the geometry has to be adjusted, so for each setting a new simulation
has to be started. In order to accurately predict the prevailing pressure in the MS with an
integrated TRISTAN detector at different distances a total of ngas - Ndistances Simulations
have to be performed. This means for the five different gas species emitted by the detector
and e.g. 5 distance settings a total of 25 simulations have to be performed. For each of
these simulations gas dependent settings like the particle mass, the outgassing value and
the pumping speeds need to be adjusted. If the simulations are performed within the
MolFlow+ graphical user interface (GUI), each simulation has to be started manually.

To effectively simulate the overall vacuum condition in the main spectrometer the ne
MolFlowCL (command line interface) application was used. This way gas dependent
parameters can easily be adjusted and sets of simulations can be started via simple python
loops. However, all post-processing in MolFlow is still only performed inside the GUI. For
a multitude of different simulations in the same geometry, the usage of the GUI to extract
physical information is not very effective, so the post-processing is also performed outside

Implemented since version 2.9.0
2Documentation for the MolFlowCLI application can be found at https://molflow.docs.cern.ch/guide/
molflow/features/molflow_cli/
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the GUI. The following section describes how gas dependent parameters are handled and
implemented in the simulation and how the pressure in the system is calculated. For all
setups and simulations throughout this work MolFlow+ version 2.9.18_bet up to version
2.9.24 was used and tested.

First and foremost the geometry described in the previous section and shown in figure
is setup in the MolFlow+ geometry editor. Facets in MolFlow+ only have a numerical
identifier, but the software also offers the possibility to save a selection of one or multiple
facets under a descriptive name for fast an easy access. Therefore, all relevant facets like
pumps, the detector and its electronics are saved as facet selections. This allows to make
modifications in the system more intuitively. A complete list of the facet selections and
their corresponding facets can be found in Appendix

As key input parameters the start and end conditions or rather the outgassing and pumping
speeds have to be set. Both of these parameters are dependent on the gas or rather gas
mass. In the following their dependencies are discussed and it is explained how they are
handled in the simulation.

4.3.1. Dependence of key parameters on the molecular mass

Pumping speeds

Pumping speeds are provided in the respective data sheets of the individual pumps. These
data sheets commonly only include pumping speeds for a small range of common gases
in vacuum systems like hydrogen and nitrogen. Sometimes they also include water, but
for other gases like methane and carbondioxide there is no information given by the
manufacturers. Pumping values of turbo-molecular pumps (TMP) for any molecular mass
can be extrapolated from the nitrogen (M=28) value according to an empirical formula

S(M) = S(M = 28) - \/ﬁiié\g (4.4)

This formula is derived from equation for smooth sticking probabilities in a log-linear
representation over the molecular mass.[Mal07] For all simulations presented here this
formula was also used to extrapolate unknown pumping properties of the cryo pump
and the NEG pumps. With the exception of water that can easily condensate on the
cold surface of the cryo pump, the sticking probabilities show a smooth line in the log-
linear representation. The NEG pumps that are pumping through chemisorption do not
show the same smooth behavior of sticking probabilities. Their pumping speeds are still
extrapolated with the same formula and the effect of any mismodelling is checked by varying
the extrapolated pumping values. For the assumed pumping of the pre-spectrometer and
the getter strips there is no information on pumping speeds by the manufacturer. In the
case of the pre-spectrometer there is an estimated pumping speed for hydrogen. This value
is transferred to a sticking probability using equation By keeping a fixed sticking value,
while changing the molecular mass in the simulation the pumping speed behaves like

S(M) = S(M = 28) -/ =2 (4.5)

due to the changed molecular speed in equation The sticking probability that is derived
for hydrogen on the getter in the PP is also fixed in the simulation and the pumping speed
will decrease accordingly. Table summarizes how the individual pumping speeds for the
simulation are determined for each gas type.

3 Actually a modified version of v2.9.18_beta was used. It can be found and downloaded from the ’build-
artifact’ column for different operating systems at https://gitlab.cern.ch/molflow_synrad/molflow/
-/pipelines/6709011
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Outgassing parameters

For the simulated system there are two main contributors to the overall outgassing. First,
hydrogen desorption from the stainless steel spectrometer vessel provides the main pressure
limitation for KATRIN, as already demonstrated in section Once the TRISTAN
detector is integrated into the KATRIN beamline, the detector electronics will add to the
overall outgassing rate. The outgassing rate at the detector will however differ depending on
the gas type. The gas dependent outgassing rate of the TRISTAN modules is determined
based on the residual gas spectrum shown in figure Since the RGA was not calibrated
for different gases before the measurement, this spectrum is only used to extract some
estimate for the fraction of each gas in the residual gas. This fraction is then scaled by the
total outgassing. For the total outgassing the results from the throughput method with
Gelectronics = (1.6 £ 0.6) - 10~6 % are used. As they yield the higher outgassing value
this will display an upper limit on the obtained pressure for each scenario.

To determine the fractional gas composition the emitted gas spectrum given by the loaded
chamber measurement is first corrected for the residual gas spectrum of the empty chamber.
This is done by simply subtracting the two spectra from each other. For each gas type a
number of mass peaks can contribute. In the RGA the gas is ionized and in that process
molecules can also fraction. Methane for example with a mass of M(CH4)=16 u does not
only contribute to the peak at mass position 16, but also contributes a non-negligible
amount to the peaks at mass position M(CH3)=15 u and M(CHz)=14 u. This fact makes
the evaluation of RGA spectra a non-trivial task and for the case of the uncalibrated
spectrum some simplifications are made. Fach mass peak is fully assigned to the gas that
poses the major contribution in its fractioning ratio. This can be justified, because the
fraction ratios are in general at least one order of magnitude lower than the main peak
and all errors can then be assumed to be in the order of 10% or lower. As mentioned
before, the residual gas spectrum was not calibrated and the measurement was performed
using detector parts from the first revision that have been changed. The error resulting
from the performed simplifications are thus small against the systematic uncertainties of
the underlying spectrum. The peaks are then assigned to each gas according to table [4.2]
Remaining peaks that can not be properly assigned to any gas are excluded from further
analysis. The fraction of a gas is determined by the fraction of the sum of all partial
pressures assigned to a gas and the sum of all partial pressures in the spectrum.

In order to have more reliable information on the detector outgassing new measurements
at an improved test stand with the newest revision of detector parts are planned. For the
input of future simulations it would be beneficial to perform dedicated measurements of
the gas composition emitted by the detector parts.

With all relevant input parameters of the vacuum system determined the simulations can
be performed for each gas type individually. Each partial pressure obtained from the

Table 4.1.: Summary of how the pumping speeds of the pumps are obtained for each gas
type. Extrapolation of pumping speeds is calculated according to an empirical formula

given in equation

Gas type
Vacuum pump Ho H-O Ny CO» CH,4
PS fixed sticking of 0.069 corresponds to Hy pumping speed
PP getter fixed sticking of 0.0261 determined for Hy not getterable
TMP data sh. extrapolated data sh. extrapolated extrapolated
cryo data sh. data sh. data sh. extrapolated extrapolated

NEG pump data sh. data sh. data sh. extrapolated not getterable
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individual simulations contributes to the prevailing total pressure in the main spectrometer.
How the pressure is calculated from the results of a TPMC simulation will be discussed in
the following.

4.3.2. Pressure determination for MolFlow+4 simulations

In MolFlow+ each facet is a planar polygon in a cartesian coordinate system. The position of
each corner is defined by a vertex representing the coordinates of this point in 3 dimensional
space. To determine the area of a facet with n vertices it is split into n — 2 triangles.
The area of each triangle is then simply determined as half the norm of the cross product
between its spanning vectors and the total area of the facet is determined by
1 n—1
A= 2‘ (Z@k X mk+1)

k=1

‘ (4.6

with v, representing the coordinates of vertex k. Every particle adsorbed, desorpt or
reflected at a facet of area A exerts a force onto this facet, that is tracked via a counter of
the total orthogonal momentum change > p | for each facet. The pressure P on any facet
can then be calculated as

F
= — = ZpJ_ . K real (47)

P A A virtual

with K a1l as the flux of real particles that is represented by each test particle. This

virtual

factor is necessary, because even low outgassing rates of 10*7% correspond to a particle
influx in the order of 10'? particles per second. Due to computational limitations not all of
these particles can be tracked, so each virtual particle Nyirtua that is simulated and exerts
a force represents a flux of real particles entering the system K recal = Meal/d e gyerall

virtual virtual

particle influx is calculated from the derivative of the ideal gas equation

dnyreal . d(gtV) o ZQf

dt  kg-T kp-Ty

(4.8)

where P is the pressure, V' the volume, kg is the Boltzmann constant, T' is the pressure
and @ is the outgassing rate. The subscript f shows that this value is facet dependent
in the simulation and to derive the factor K ..a the sum of all outgassing facets of the

virtual

system have to be considered.

4.4. Simulation results

First a simulation with nitrogen was performed to find the optimal number of simulated
particles. Therefore, the pressure was evaluated at 4 representative positions in the system
for a varying number of simulated particles. The number of desorbed particles are chosen
logarithmic from 1-10% —1-108. The evaluated facets are highlighted on the left hand side
of figure and their corresponding pressure evolution is shown on the right side.

Table 4.2.: Mass peaks assigned to individual gas types in the RGA spectrum.
Gas ‘ H2 CH4 HQO N2 CO
Assigned mass peak ‘ 2 14,15,16 17,18 28,29 44
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It can be seen that the pressure converges quite fast for most of the facets. Even for 106
particles the pressure deviation is below 5% for all investigated facets. Especially, the
pressure on the downstream side of the detector already obtains consistent results for
one million simulated particles. This is expected considering that all particles start from
detector facets and therefore almost all simulated particles hit this facet. For all other
facets there is a significant chance that particles are pumped out of the system before they
hit the facet. This reduces the statistics for the simulated pressure on these facets. In
particular the extractor gauge that is located at the pump port behind the baffle and the
getter strips is subject to this statistic reduction. To ensure that reliable pressure results
can be obtained even for different pumping speeds, while keeping the computational time
of each simulation in a reasonable range of several hour 5-107 particles are tracked in
each simulation.
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Figure 4.5.: Pressure convergence corresponding to the amount of simulated particles.

Now to properly assess the final pressure in the main spectrometer a simulation is performed
for each gas type emitted by the detector. All gas dependent parameters are adjusted
as described in section between the individual simulations and for hydrogen the
outgassing of the stainless steel vessel is also taken into account. Additionally, the effect of
the distance between the detector and the mechanical shield (figure is investigated by
increasing the detector distance from 100 pm to 500 pm in steps of 100 pm in the simulations.
The total pressure is then calculated as the sum of partial pressures exerted by every gas

type.

The prevailing pressure conditions in the main spectrometer and in front of the detector
for varying distances can be seen in figure There is no significant pressure increase
compared to the nominal KATRIN pressure of 1- 10~ mbar. Furthermore, the results
show a surprisingly low dependence on the detector distance. This means, the planned
improvements on the vacuum system on the detector side effectively reduce the gas flow
towards the main spectrometer and might allow for higher detector distances. However,
the pressure in front of the detector is in the order of 1 - 10~ mbar and exhibits a higher
dependence on the detector distance. With higher pressures close to the cooled detector
front, particles of gases with low vapor pressure can adhere on the SDD front face and
increase the dead-layer. This would lead to deteriorated detector resolution over time
influencing the sensitivity of the sterile neutrino analysis. Further studies of the adsorption
on the detector front face have to be performed to assess the impact of the detector distance
on the dead-layer increase.

4The duration of a simulation not only depends on the amount of simulated particles, but also on the time
each particle is tracked before it is removed. Therefore, the pumping speed also impacts the simulation
time.
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However, the presented results have to be treated carefully since some of the input pa-
rameters have not been determined in dedicated measurements or had to be extrapolated.
To illustrate the deviations that can arise from the extrapolation of pumping speeds for
unknown gases another set of simulations was performed. This time all extrapolated values
(see are reduced (increased) by 20% of the extrapolated value, which results in the
deviation from the final pressure indicated as error bars. Overall the pressure changes
only slightly with this modification. Since there is at the time no handle on how far
the real pumping speeds deviate from the simple extrapolation performed for the inputs,
the pressure situation could be much worse. For 50% reduced pumping speeds of the
extrapolated values, shown as orange dashed lines in figure the pressure still remains
in the 10~ ''mbar regime. For a more drastic situation, where the pumping speeds of the
extrapolated values are reduced an order of magnitude, given by the green line, the overall
pressure also increases about an order of magnitude. What can also be seen for these worse
case estimations is that for lower pumping speeds the pressure becomes more and more
dependent on the detector distance. This can be explained by the affected pumps. Most
of those pumps that are affected by changes of the extrapolated values are located at the
detector chamber. If the gases emitted by the detector are not effectively pumped they are
more likely to diffuse in the spectrometer and increase the overall pressure.

Therefore, it is important to refine the input parameters for the simulation. Dedicated
measurements of the gas dependent outgassing of the individual detector parts are essential
to obtain reliable simulation results and accurate predictions for the main spectrometer
pressure. Additionally, determining the pumping speed of the NEG pumps and TMPs that
will be added to the detector side for all relevant gases further improves the reliability of
the simulations.

In this work it was demonstrated, that the pressure inside the main spectrometer at
nominal KATRIN operation can be accurately reproduced by vacuum simulations with
MolFlow+. These simulations can also be used to predict the pressure in the MS with
integrated TRISTAN modules. To obtain reliable predictions the gas dependent outgassing
of the detector needs to be determined in a dedicated measurement. The accuracy of
the extrapolated pumping speeds for methane and carbondioxide should also be further
investigated to reduce uncertainties of the simulation results.
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Figure 4.6.: Pressure in the main spectrometer with the TRISTAN modules.






5. Exploratory background measurements
at higher pressure

Extending KATRIN with the TRISTAN detector in order to search for keV-sterile neutrinos
involves several changes to the KATRIN beamline. In particular the electro-magnetic
(EM) settings have to be changed. To allow a closer look into the tritium spectrum a
lower retarding potential has to be applied at the high-pass filter of the main spectrometer.
This allows electrons with lower kinetic energies to reach the detector. However, this will
also cause electrons to enter the main spectrometer with high excess energies. For these
electrons adiabatic transport can no longer be guaranteed. Non-adiabatic transport effects
can in turn be minimized by increasing the magnetic field strength in the analyzing plane
of the main spectrometer. The thereby caused reduction of the MS energy resolution
does not pose an issue, because a newly designed high resolution SDD will replace the
current KATRIN focal plane detector (FPD). However, with the modular design of this
new detector the vacuum conditions in the main spectrometer might be deteriorated as
demonstrated in the previous section. This deterioration of the vacuum conditions together
with the changes in the EM design pose highly different conditions for backgrounds related
to the main spectrometer.

To estimate the impact of those changes with respect to the overall background level
exploratory background measurements are performed at TRISTAN-like conditions. These
investigations are deemed exploratory, because the exact EM settings for the operation with
TRISTAN modules are not yet determined. Additionally, the investigations are performed
with the current KATRIN FPD and post acceleration electrode prior to any hardware
changes in the detector section.

In the following the measurement settings for the background investigations are described in
section The resulting background energy distributions will then be discussed in section
5.2l These energy distributions have shown some unexpected features at low retarding
energies. Therefore, another set of background measurements at lower retarding energies has
been performed and their results are discussed in section Some possible explanations
for the observed deviations are outlined in section

41
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5.1. Background measurement settings

Goal of the exploratory background measurements is to determine the overall background
level that can be expected from the spectrometer for measurements with TRISTAN modules.
Furthermore, the energy distribution of said background is of particular interest for the
differential measurement mode that will be used for the keV-sterile neutrino search. The
main changes to the SDS settings that have to be taken into account for the measurements
are the

e deteriorated vacuum conditions in the main spectrometer
e lower retarding potential applied to the MS
o increased magnetic field strength in the analyzing plane

Additionally, there are changes that will affect the background which can not be reproduced
at the moment. For all measurements the current KATRIN FPD as well as the current
design of the post-acceleration electrode (PAE) are used. In this section the individual
hardware components are briefly described and their settings for the measurement are
explained.

First, only the SDS is used for the measurement by closing valve V4 between the CPS
and the PS. Thereby separating all source and transport related parts of the experiment
from the spectrometers. This is necessary because during nominal KATRIN operation
tritium accumulates on the gold-plated rear wall. Once the tritium decays, beta electrons
are emitted and guided towards the detector. Even with an empty source the rear wall
activity would make a measurement of purely background events impossible. Additionally,
for low retarding energies in the spectrometers the electron rates from the rear wall can
cause problems at the current KATRIN FPD. High rates of several tens of thousand counts
per second can cause significant distortions in the recorded rate spectra.[AT15] By closing
the valve all these effects can be avoided.

Retarding potential of the MS

To generate the electric potential inside the spectrometer the vessel itself is set on high
voltage. Additionally, the inside of the spectrometer walls is equipped with an IE system
to fine shape the electric field (see figure and to reduce background emitted from the
spectrometer walls. During the background measurements the inner electrode offset is
chosen to be -200 V. This means the inner electrode wires are set to a potential 200 V
more negative than the vessel itself. For example for a retarding energy of 1 keV, the vessel
is only set to -800 V, while the IE is set to -1 kV. That way secondary electrons created
on the spectrometer surface by ambient gamma radiation or cosmic muons are rejected,
because they typically only have energies up to several eV.

Again the exact settings for the investigations with the TRISTAN SDD are no yet set, but
to take a deeper look into the tritium pB-spectrum and to increase the observed keV-sterile
mass range a retarding energy well below the tritium endpoint of approximately 18.6 keV
is anticipated. In order to test the dependence of the background rate on the retarding
potential setpoints at 1.0 keV, 10.0 keV and 18.6 keV for the measurements are chosen.
This covers a wide range of retarding energies, while keeping the measurement time at a
reasonable level. During the measurement each setpoint is measured for two hours before
changing to the next setpoint. This process is repeated in an iterative manner. By changing
the retarding potential more frequently any possible long term changes of the background
rate are equally distributed over all setpoints. This effectively mitigates long term effects
when comparing the different setpoint data.
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Figure 5.1.: Sketch of the main spectrometer electromagnetic layout. The air coils with
their corresponding index are shown in green and the IE system is depicted as gray lines
around the inside of the spectrometer.

Vacuum condition of the MS

The vacuum system of the KATRIN experiment is described in more detail in section
Here only the most important vacuum components will be briefly summarized. The
vacuum in the main spectrometer is mainly created by a set of getter pumps and TMPs
located in the pump ports of the main spectrometer. In addition there are two cryo pumps
positioned close to the FPD. With this pumping system a pressure in the lower 10~ 'mbar
can be achieved inside the MS. To monitor the pressure in the main spectrometer pressure
gauges are installed at each pump port. In the following all reported pressure readings are
taken from the Extractor gauge (432-RPI-3-1110) at the central pump port P1.

As determined by simulations presented in the previous section vacuum conditions of the MS
might deteriorate due to the integration of the TRISTAN SDD. The simulations, however
also suggest, that with sufficient pumping on the detector side vacuum conditions in the
spectrometer can be kept close to the nominal KATRIN pressure. Therefore background
measurements at each retarding energy setpoint are performed for two different pressure
settings. First, they are performed at nominal KATRIN pressure of 1.8 - 10~ 'mbar. Then
the pressure is artificially increased to 9.8 - 10~ %mbar by injecting helium gas into the
main spectrometer. Injection of the gas is performed in static mode. This means that
prior to the gas injection valves in front of all TMPs and the FPD cryo pumps are closed
to decouple the pumps from the SDS beamline. The getter pumps can not be decoupled,
however this is also not necessary because helium is an inert gas that is not effectively
removed by getter pumps.

Magnetic field in the MS

The magnetic field is mainly shaped by the two SDS solenoids at each end of the spectrometer
operated at their nominal setting. The PS2 magnet, that is located between the PS and
the MS is set to Bpgs = 3.1T, while the pinch magnet is set to Bpcyg = 4.2T. In order
to fine tune the magnetic flux tube, the main spectrometer is equipped with an air coil
system surrounding the spectrometer vessel. The air coil system comprises of the EMCS
(Earth Magnetic field Compensation System) and the LECS (Low Field Correction System).
Since the EMCS is only used to compensate for the earth magnetic field its settings are
not changed for the measurement. The LFCS on the other hand is used to shape the
magnetic field in the main spectrometer. Therefore, 20 air coils[Hub21], each equipped with
a separate power supply, are coaxially aligned with the spectrometer axis (see figure .
By changing the current through each air coil it is possible to tune the magnetic field to the
desired strength and shape.[GDL*13][E* 18] For measurements with the TRISTAN SDD

1L
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the minimal magnetic field in the analyzing plane has to be increased to ensure adiabatic
transport. [TRI21] The exact magnetic field is not yet set, but previous investigations suggest
that the air coils should be operated with their maximal current or even higher.[Hub15]
Consequently, the maximal symmetric field setting is used for all background measurements.
Symmetric means that the analyzing plane is in the center of the spectrometer and the
exact current settings for each coil can be found in table With this setting a magnetic
field of 17.4 G in the AP is achieved.

Table 5.1.: Air coil currents for the background measurements
1 2 3 4 5 6 7 8 9 10
120 120 110 110 110 110 100 110 110 110

1 12 13 14 15 16 17 18 19 20
110 110 110 110 80 8 8 8 -75 -120

air coil index
current I (A)

air coil index
current I (A)

Focal Plane Detector system

Electrons passing through the MS enter the focal plane detector system shown in figure
They are collimated and guided by the pinch and detector magnet onto the detector
wafer. Before reaching the detector the guiding magnetic flux tube is fully contained within
the post acceleration electrode. This electrode can be used to accelerate the electrons
in order to reduce detector related systematic effects like energy loss in the dead-layer
and backscattering from the detector.[Des24] The current electrode design is limited to a
post-acceleration voltage of +12 kV and is commonly set to +10 kV.[A*15] This means
the energy of detected electrons is increased by 10 keV. Together with the integration of
the TRISTAN detector the PAE design is planned to be improved allowing voltages up to
+20 kV.[Hil]

PULCINELLA
electronics

Vacuum gauges

Cooling tower

Gate valve Ambient-air

y and e sources electronics

Pinch magnet
6.0 T (max)

Flux tube for
e from main
spectrometer

Preamplifiers

Detector wafer

Post-acceleration
electrode

Detector magnet
6.0 T (max)

Vacuum system

Figure 5.2.: Main components of the FPD system. Electrons enter the system from the
main spectrometer on the left.

The detector itself is a monolithic 148-pixel p-i-n diode array on a single silicon wafer. It
has a sensitive area of 90 mm and each pixel has a size of 44 mm?. These pixels can be
grouped into 12 concentric rings of equal size. Each ring is made out of 12 pixels and 4
pixels make up the center bull’s eye of the detector. This segmentation allows corrections
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of radial dependent inhomogeneities in the electric or magnetic fields. In order to reduce
backgrounds produced in close proximity to the detector a passive two-layer shield is fitted
within the warm-bore surrounding the detector. The outer layer is made out of a 3 cm thick
lead layer to reduce v backgrounds and an inner layer of oxygen-free high-conductivity
copper to block lead X-rays. Around the passive shield a muon veto system is installed.
Eight plastic scintillator panels are used to identify muon events by requiring inter-panel
coincidence. Using the veto muon-induced electron events can be rejected. For the integral
measurement mode with the MAC-E filter spectrometer the detector is optimized for high
electron detection efficiency > 95% and not for high energy resolution. The detector still
has a mean energy resolution for all pixel of 1.85 keV at the 59.54 keV line of 1 Am.

5.2. Investigation of background energy distribution

In total six background measurements are performed with two different settings for the
pressure (9.8-10~mbar and 1.8-10~ ! mbar) and three different retarding energies (1.0keV,
10.0keV, 18.6keV) to study their effect on the measured background rate and energy
distribution. The measurement time per setting did vary, because some measurements were
performed during the week and some measurements could be performed over the weekend.
The total measurement time spent at each setting is given in table Before the anaylsis
a muon veto cut is applied rejecting any events coincident within 1 ps of a muon event
registered at the detector muon veto.

Table 5.2.: Measurement time in hours spent at each retarding energy

| L.0keV  10.0 keV  18.6 keV

Nominal pressure 6 h 6 h 6 h
Elevated pressure 24 h 22 h 22 h

Goal of the measurement is to determine the energy distribution of background events. On
the detector energies in the range from 6 keV to over 250 keV are measured, but for the
analysis the energy range will be limited to a ROI (region of interest) from 8 keV to 32 keV.
The lower limit is chosen because for energies below 8 keV a significant amount of detector
noise contributes to the observed rates. The upper limit corresponds to the KATRIN ROI
of KNM1 and KN2 and is chosen because it is well enough above the energy of electrons
from the tritium endpoin With the high resolution TRISTAN SDD any energies above
the tritium endpoint are likely to be excluded from analysis as well. For all events an
energy binning of 250 eV intervals is applied to observe a significant amount of events per
bin even for expected background rates of @(100) mcps[AT24]. The background rate per
energy bin is then calculated by dividing the number of entries by the total measurement
time. Figure shows the energy distribution of background rates.

All distributions show the same behavior with a gaussian peak shape around an energy
of ¢ - (Uret + Upag). This is expected since most background electrons are generated with
energies in the lower eV. If they are generated upstream of the AP they get accelerated
by the retarding potential Ut towards the detector. Inside the PAE they are further
accelerated by the potential Upag, before they reach the detector. Each distribution is fit
with an empirical model

_ _(E_N)Q —(FE — ) E—wu o
R =ag-exp (%12) +ag - exp (5}3) -erfe ( o + \/§BE> (5.1)

'For the energy measured on the detector the shift of 10 keV caused by the PAE has to be taken into
account, so the tritium endpoint on the detector corresponds to an energy of approximately 28.6 keV
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Figure 5.3.: Energy distribution for three different retarding energies of 1.0, 10.0 and 18.6
keV. The PAE was set to 410 kV while pressure was varied with (a) at nominal pressure
of 1.8 - 10~ mbar and (b) at elevated pressure via helium injection of 9.8 - 10~ *%mbar.

based on the detector response model of the TRISTAN SDD described in [Siel9]. The
gaussian function is used to describe the main energy peak observed, while the exponential
step function accounts for the lower energy part of the peak. Using this model the shape
of the background distribution can be well reproduced with an energy resolution for the
peaks of FWHM = 2.4keV, which fits well to the FPD resolution. Furthermore, the
peak position for low energy background electrons should correspond to the energy of the
retarding potential and the PAE q(Uyet + Upag). This is the case for all measurements
except for the measurement at 1 keV and elevated pressure. The deviation for this specific
measurement will be further discussed later. All other measurements fit to the expected
peak position, but are roughly 300 eV below the exact value of q(Uyet + Upag). This can
be explained by energy losses within the insensitive dead-layer of the detector.

However, there are also some unexpected features visible in the spectra for low retarding
energy of 1 keV. Both peaks show a tail towards higher energies, that is not visible in the
10 keV measurement and there is also no indication of it in the 18.6 keV measurement.
One explanation can be provided by tritium beta electrons and indeed expanding the fit
function for both 1 keV measurements to include a beta decay spectrum

Rg =R+ O(E — q(Uret + Upag)) - ag - I'(E) (5.2)

where 6 is the Heaviside function implemented, because all electrons with an energy below
the retarding energy are rejected by the high pass filter of the MS, I'(E) is the shape of the
3 electron energy spectrum and ag is an arbitrary scaling factor. Including this spectrum
matches the observed shape for the background distribution and both fits yield scaling
factors ag that are compatible with each other. Now the question is where do these tritium
decay electrons come from, if all source related parts are closed off by valve V47 The
answer might be given by the valve itself. During an incident in December 2019[bck] the
main spectrometer and consequently also valve V4 have been exposed to a small amount
of tritium. By closing the valve electrons from tritium decay can be transmitted onto the
detector and explain the tail observed for the measurements at 1 keV.

Comparing the measurements within one pressure setting the peak size tends to decrease for
lower retarding energies. This trend is clearly visible for the nominal pressure measurements
shown on the left in figure It is also visible, although less pronounced when comparing
the 18.6 keV and the 10 keV peak of the elevated pressure measurements on the right side of
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figure However, there is again a deviation for low retarding energies. The peak of the
1 keV measurement at elevated pressure is almost twice as high as other peaks measured at
elevated pressures. Its peak position is also shifted by 1 keV and appears at 10 keV instead
of the expected q(Uyet + Upag) = 11keV.

To further investigate the energy tail observed at low retarding energies together with
the unexpected rate increase and peak shift for the measurement combination of low
retarding energies at elevated pressure conditions another set of background measurements
are performed.

5.3. Further investigations at low retarding energies

In order to study the background behavior at low retarding energies another set of back-
ground measurements is performed at lower retarding energies. Of particular interest is the
combination of low retarding energies together with an elevated main spectrometer pressure.
After injecting helium into the MS in static mode an elevated pressure of 1.1- 107" mbar is
achieved. For all results presented in this chapter elevated pressure relates to this pressure.
To obtain a reference all measurements are also performed at the nominal KATRIN pressure.
The chosen retarding energies together with the measurement time spent at each setpoint
can be found in table[5.3 This time 4 hours are spent at each retarding energy , but the
retarding energies are again iterated multiple times. All other parameters like the magnetic
field and PAE are kept as described in section

Table 5.3.: Measurement time in hours spent at each retarding energy

\ 1.0keV 2.0keV 3.0keV 5.0 keV

Nominal pressure 12 h 12 h 12 h 12 h
Elevated pressure 20 h 16 h 16 h 16 h

The obtained energy distributions for the ROI from 8 to 32 keV and 250 €V binning can be

seen in figure [5.4 and

For the nominal pressure measurements the expected behavior of the previous measurements
can be seen. The distributions show a gaussian peak with a decreasing amplitude towards
lower retarding energies. This time the tail of the peaks toward higher energies can be seen
in all measurements. Although for the 5 keV measurement the tail is much less pronounced.
To characterize the tail each distribution is fit with equation The overall shape of the
spectra is well reproduced by the fit, however the scale factor of the beta spectrum does
not exactly match, especially for the 5 keV measurement.

The same fit is performed for the elevated pressure measurements with the same results.
The shape is matched very well, while the scale factor is slightly different for higher retarding
energies. However, at elevated pressure the peak height increases toward lower retarding
energies. This result confirms the unexpected rate increase observed for the previous
background measurements at 1 keV and elevated pressure. This time there is also a trend
visible that the peak height increases sharply for retarding energies below 5 keV.
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Figure 5.4.: Energy distribution for four different retarding energies of 1.0, 2.0, 3.0
and 5.0 keV with a PAE of +10 kV. All measurements have been performed at nominal
pressure of 1.8 - 10~ "'mbar.
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Figure 5.5.: Energy distribution for four different retarding energies of 1.0, 2.0, 3.0
and 5.0 keV with a PAE of +10 kV. All measurements have been performed at elevated
pressure of 1.1 - 10~ %mbar.



Chapter 5. Exploratory background measurements at higher pressure 49

To further study the cause of this sudden rise, the time distribution between two consec-
utive events is observed. The distribution of these inter-arrival times is expected to be
Poisson distributed if the electrons are uncorrelated.[Blo18§] The inter-arrival time
distribution is then given by an exponential function

ft)=a-exp"* (5.3)

with the event rate r. The inter-arrival time together with an exponential fit are shown
for all measurements at nominal (elevated) pressure in the upper (lower) part of figure
[5.6. For the fit all inter-arrival times below 1 second are excluded. The distribution of
inter-arrival times show the expected behavior for uncorrelated events. However, for the
elevated pressure measurements the distribution below 1 s deviates from that expectation.
The insets in figure show the distribution below 1s in blue together with the exponential
expectation indicated as dashed black line. Furthermore, the deviation from the expected
exponential function increases toward lower retarding energies. So there has to be some
production mechanism producing secondary electrons within short time scales and it has
to be enhanced for lower retarding energies and at elevated pressure.
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Figure 5.6.: Inter-arrival times for four different retarding energies of 1.0, 2.0, 3.0
and 5.0 keV at (a) nominal pressure of 1.8 - 10~ 'mbar and (b) elevated pressure by
helium injection to 1.1 - 10~%mbar. The inter-arrival time distributions of the elevated
pressure measurement below 1 s deviate from the expected exponential function indicating
correlated events.
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To further study the non-poissonian behavior exhibited for short inter-arrival time scales the
data set is split into events with an inter-arrival time above and below 1 s. The observed
background rate can then also be be split into the contribution given by the Poisson
distributed uncorrelated events and the additional rate produced by correlated events that
are created by the same production mechanism. Figure shows the contribution of the
individual parts to the overall countrate measured for each setting. The time refers to
the time past since the start of the first measurement. As explained before the retarding
potential is changed every four hours and iterates over each retarding energy setting.
Countrates are determined by dividing the registered events within the ROI of 8 to 32 keV
by the measurement time of each iteration (4 hours). All rates observed for events with
inter-arrival times (iaT) greater than 1 second are almost constant around 100 mcps. There
is no dependency on the electrostatic settings visible and the results from the different
iterations at each setting agree within statistical fluctuations.

The contribution from the correlated events also agree within statistical fluctuations, but
exhibit a larger spread between iterations. Additionally, they show a large dependence
on the retarding energy setting. Given by the dashed-dotted line is the mean countrate
averaged over all iterations at one setting and the shaded are indicates the standard
deviation. For the 2 kV measurement the first iteration is excluded from the mean due to its
large value. The rate clearly increases toward lower retarding energies in a non-linear way.
These results confirm the observations made for the peak heights of the energy distribution
and furthermore demonstrate that the observed increase is caused by a retarding energy
dependent production mechanism capable of producing several electrons within short time
scales.
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Figure 5.7.: Observed countrates in each measurement iteration at four different retarding
energies of 1.0, 2.0, 3.0 and 5.0 keV. Each data set is split into events with an inter-arrival
time (iaT) < 1s or > 1s. The mean countrate for events with an inter-arrival time < 1s is
given as dashed-dotted line and the shaded areas indicate the standard deviation. For
the 2 keV measurement the first iteration is excluded from the mean.

One known background production mechanism that fits this behavior quite well is given by
trapped electrons. Charged particles can get trapped inside the main spectrometer due to
the magnetic bottle effect. The longitudinal component of their momentum is transformed
into the transversal component and vice versa by the magnetic field gradient. Once their
polar angle reaches 90° the are reflected. On their path inside the main spectrometer
they can ionize residual gas producing low energy secondary electrons. Due to their low
energy these secondaries can leave the trap and are registered at the detector. While these
particles travel back and forth along the axis of the main spectrometer they also exhibit
an azimuthal drift due to radial magnetic field gradients. Therefore, secondary electrons
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Multiplicity

(a) Multiplicity distribution for events recorded
within a four hour measurement run at 3.0 keV
retarding energy at elevated pressure. The or-
ange vertical line indicates the applied cut. The
pixel distribution of all multiplicity events to the
right of this line is investigated and show a ring-
like structure.

(b) Pixel distribution for a high multiplicity event
recorded at a retarding energy of 3.0 keV and
elevated pressure of 1.1-10™%mbar. The ring-like
structure observed for the secondary electrons
hints toward a stored charged particle as produc-
tion mechanism.

Figure 5.8.

induced by stored electrons create a distinct ring-like pattern on the detector, which can
be seen in figure

To validate stored electrons as main production mechanism causing the observed rate
increase for lower retarding energies below 5 keV at elevated pressure, the pixel distributions
are investigated. Only events with inter-arrival times below 1 second are further studied,
since the rate increase is mainly related to correlated events. Because several ring-shapes
can overlay within the four hour measurement of each iteration, which would result in a
constant rate observed over the whole detector, further cuts are applied. For each iteration
the multiplicity of events occurring within one second of measurement time is recorded.
An exemplary multiplicity distribution is shown in figure Most events have a lower
multiplicity, but multiplicities up to 20 can be observed. Looking at the pixel distribution
for all events with a multiplicity greater than 12 ring-like structures are observed. An
example of such a pixel distribution is given in figure [5.8bl

By splitting the data set into different inter-arrival time contributions it is also possible to
investigate the energy distribution of the individual background contributions. Each data
set shows the expected gaussian peak shape and is fit with the empirical function including
the contribution of 3 electrons given in equation (see figure . For inter-arrival times
greater than 1 second the energy distribution matches the observation at nominal pressure
that can been seen in figure The spectrum for inter-arrival times below 1 s on the
other hand presents two noticeable differences. The peak height observed for these events
is not only higher, but also its peak position is shifted. Most events observed in this data
set have an energy around 10 keV, which is 1 keV below the expected peak position of
q(Uret + Upag) = 11keV.

5.4. Possible explanation for shifted energy distribution

In the course of the exploratory background measurements several unexpected features
have been observed. All energy distributions show the same gaussian peak shape. However,
for low retarding energies below 5.0 keV a tail towards higher energies can be observed.
This contribution is independent of the pressure and can be identified with tritium 3 decay
electrons. These electrons are most likely generated at valve V4 that was exposed to tritium
during an incident in December 2019[bck].
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Figure 5.9.: Comparison of energy distribution for a measurement at 1.0 keV retarding
energy at an elevated pressure of 1.1-10~?mbar. The events are split by their inter-arrival
time (iaT) to demonstrate the effect of secondary electrons created with inter-arrival times
below 1 s on the energy distribution. Both spectra are fit with an empirical function given
in The peak for inter-arrival times above 1 s is at the expected position q(Uet +Upar),
while the energy peak of the secondaries is shifted down by 1 keV with respect to the
expectation.

The peak position is expected to be around the energy of the PAE and retarding energy
applied to the main spectrometer, because most background electrons are produced in
the lower eV energy range. Furthermore, the peak width should agree with the energy
resolution of the detector of O(keV). An energy resolution of approximately 2.4 keV is
determined for all peaks fitting well to the FPD energy resolution. The peak position for
all retarding energies above 5 keV and/or a pressure of 1.8 - 10~ mbar agrees well with
the expectation. The observed shift towards lower energies in the order of O(100eV) can
be explained by typical energy losses in the insensitive dead-layer of the detector.

However, for all measurements performed at lower retarding energies (below 5 keV) and
an elevated pressure around 10~?mbar the peak height increases drastically with lower
retarding energies. At the same time the peak position also shifts further down towards
lower energies. Both the rate increase and the shift can be explained by the contribution
of secondary electrons produced within short time scales. The observed time of events
together with the pixel distribution of high multiplicity events suggest trapped charged
particles as main production mechanism of secondary electrons.

One possible primary particle that can be trapped inside the spectrometer is tritium {3
electrons originating from valve V4. These electrons are produced close to the PS1 magnet
with magnetic fields of 3.1 T and propagate towards the detector. On their way there are
three points were electrons might be reflected. Figure shows the electromagnetic fields
for the MS and outlines how tritium 3 electrons can cause the observed energy shift of
secondary electrons. Any electron with a polar angle above § = zzxx is already rejected
by the PS2 magnetic field before entering the main spectrometer. Only electrons with a
polar angle below can enter the main spectrometer and are then filtered by the electrostatic
potential Upet. Only electrons with an energy above the retarding energy qUyet and a polar
angle below 6 = zxx are transmitted past the analyzing plane, but can still be reflected
at the pinch magnet with a magnetic field of Bpax = 4.1T. The increasing magnetic field
gradient transforms the longitudinal momentum component into the transversal one thereby
increasing the electrons polar angle. Once a polar angle of 90° is reached the propagation
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direction of the electron changes at this turnpoint. Due to the polar angle increase the
electrons travel a high distance in a cyclotron motion close to the turnpoint. Therefore,
the ionization probability is also highest close to the turnpoint. Because of their low polar
angles they can reach quite far into the pinch magnet field only possibly being reflected
for magnetic fields above Bpg; = 3.1'T. At this Z-position along the beamline axis the
electrostatic potential of the main spectrometer already falls off. So any secondary electrons
produced at the turnpoint are not accelerated by the retarding potential. This would result
in an energy distribution of secondary electrons as observed in figure

Additionally, the amount of 3 electrons that can pass the analyzing plane might explain
the changing impact of secondary electrons on the energy spectra with the retarding energy.
Only electrons that are able to overcome the retarding energy generate secondary electrons
that can reach the detector. Furthermore, the amount of secondary electrons produced
via ionization of residual gas scales with the primaries energy. By reducing the retarding
energy more f3 electrons pass the AP and at the same time the amount of electrons with
higher excess energies increases which both results in an increase of secondary electrons.

It has to be noted that this scenario is so far only qualitatively investigated and has not
yet been validated by any simulations or additional measurements.

At the point of this thesis no conclusive evidence of the origin of the trapped primary
could be identified. Identifying the primary particle is important, because one possible
generation mechanism is related to tritium beta electrons being trapped. In the presented
background measurements trapping of (3 electrons from the tritium contamination on valve
V4 can qualitatively explain the observed peak shift in the energy distribution of secondary
electrons. However, if this also holds for 3 electrons from the source the background rate
would scale with the source density and this in turn can lead to background rates exceeding
the rate of signal electrons. To assess the possibility of trapped 3 electrons causing the
rate increase further simulations and measurements are needed.
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Sketch of secondary electron production mechanism by 3 electrons

produced on valve V4. Only electrons with polar angles above § = are not already
reflected back at the PS2 magnet, but they can be reflected at the higher magnetic field
of the pinch magnet. Due to the polar angle change the highest ionization probability is
close to the turnpoint of the f electrons. At this point the electric potential of the MS is
already falling off and the secondary electrons are only accelerated by the PAE.



6. Conclusion

The KATRIN experiment aims to reach a world leading sensitivity on the neutrino mass
of m, < 0.3eV at 90% C.L. by the end of 2026. Afterwards the KATRIN beamline
can be used to search for beyond SM physics like keV-sterile neutrinos by performing a
high precision measurement of the differential  spectrum. The additional decay branch
introduced by keV-sterile neutrinos would lead to a characteristic kink-like structure in the
B decay spectrum. By analyzing the position and magnitude of this kink the sterile mass
and its mixing amplitude can be inferred.

In order to scan deeper into the spectrum with KATRIN several adjustment to the beamline
have to be made. Lower retarding potentials at the high-pass filter of the main spectrometer
are needed to cover a larger sterile mass range. This increases the rate of electrons arriving at
the detector and also increases the excess energies of these electrons when travelling through
the main spectrometer. To assure adiabatic transport through the MS the magnetic field
in the analyzing plane has to be increased. Additionally, a new high-resolution TRISTAN
SDD capable of handling high rates of 108 cps is developed. Due to the modular design of
the new detector the high outgassing electronics are no longer fully separated from the UHV
spectrometer. This can lead to deteriorated vacuum conditions inside the spectrometer
vessel. All of these changes to the KATRIN beamline can lead to changed background
levels.

Primary goal of this work is to determine the expected background rates and their energy
distribution for keV-sterile neutrino search at KATRIN. Therefore, vacuum simulations
of the SDS section are performed to assess the prevailing vacuum conditions in the MS
with the integrated TRISTAN modules. It is shown that these simulations can accurately
reproduce the current vacuum conditions of the KATRIN setup. The geometry is then
extended to include the TRISTAN modules and all planned improvements on the vacuum
system of the detector side. This allows predictions on the vacuum conditions of the main
spectrometer. The accuracy of these predictions highly depends on the accuracy of key
input parameters like the detector outgassing and exact pumping speeds. There have been
measurements to determine the outgassing rate of detector parts, however they only provide
vague information on the gas composition that is desorbed from the detector. Furthermore,
pumping speeds have to be extrapolated for some gases, introducing additional uncertainties
to the simulation. Nonetheless, the simulations already provide an estimate on the vacuum
compatibility of the TRISTAN detector. Once the input parameters are refined the obtained
simulation results can be further improved.

Additionally, a set of exploratory background measurements is performed with an increased
magnetic field of 17.6 - 107* T in the AP and different pressures. First, all measurements
are performed at the nominal KATRIN pressure in the order of 10~ "'mbar and then at an
elevated pressure in the order of 10~?mbar. Also different retarding energies are cycled over.
For all background measurements the energy distribution in the ROI from 8 keV to 32 keV is
studied. These measurements revealed a tritium contamination on valve V4. Furthermore,
an unexpected background rate increase for lower retarding energies at elevated pressure
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is observed. This triggered further investigations of the time distribution of background
events, which indicate trapped charged particles as main cause of the observed rate increase.
No evidence for any primary charged particle could be identified during this thesis, however
a compelling candidate is provided by tritium (3 electrons. It is discussed how 3 electrons
originating from valve V4 can qualitatively explain all observed features in the background
measurements.



Appendix

A. Simulation settings

In the following tables with the exact sticking and their corresponding pumping values
for the nominal pumping simulation can be found. The position of each facet selection is

shown in figure 77.

Sticking for gas type

Facet selection H, CH,4 H50O Ny COq
MS_ to_preSpec 0.0069 0.0069 0.0069 0.0069 0.0069
NEG2 0.0261 0.0 0.0261 0.0261 0.0261
NEG3 0.0261 0.0 0.0261 0.0261 0.0261
activeTMPs_ PP 0.081 0.301 0.314  0.362 0.411
cryol 0.167 0.339 0915 0.408  0.463
getter_detectorSide | 0.283 0.0 0.458  0.245  0.286
TMP detectorSide | 0.081 0.304 0.317  0.365 0.415

Table A.1.: Gas dependent sticking factor for each pump in the simulation for the

nominal pumping setting

Pumping speed in % for gas type

Facet selection Hy, CH; H;O Ny COq
MS_ to_preSpec 594 210 198 159 127
NEG2 345 0 115 92 74
NEG3 345 0 115 92 74

activeTMPs_ PP 1750 2311 2272 2100 1902

cryol 2300 1651 4200 1500 1359

getter detectorSide | 3900 0 2100 900 840

TMP_detectorSide | 1750 2311 2272 2100 1902

Table A.2.: Gas dependent pumping speed for each pump in the simulation for the

nominal pumping setting.

o7
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(a) MS__to__preSpec (b) activeTMPs_ PP

(c) NEG2 cross section. Getter strips are po-
sition along the entire circumference of the PP
(NEG3 analogous) (d) cryol

(e) getter_detectorSide (f) TMP_ detectorSide

Figure A.1.: Position of the pumping facets for each facet selection. Facets corresponding
to the facet selection are highlighted in red. Pumping speeds or rather sticking factors
are set on each facet of a given facet selection.
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