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Abstract

Neutrinos are electrically neutral particles, which exist in a large density in the universe as
relics from the big bang (336 cm−3 [LP12]). They are assumed massless in the standard
model of particle physics. In contrast, the discovery of neutrino oscillation requires that
at least two of the three neutrino mass eigenstates have a non-vanishing rest mass. The
access to the absolute neutrino mass scale is of high interest for cosmology, particle and
astroparticle physics, however oscillation experiments only allow for the investigation of the
difference of the squared masses of the neutrino mass eigenstates. The Karlsruhe Tritium
Neutrino experiment (KATRIN) is a large-scale tritium β-decay experiment to determine
the effective mass of the electron antineutrino. A high-luminosity windowless gaseous
tritium source paired with a high-resolution MAC-E filter enables the precise spectroscopy
of the β-electrons at the endpoint of tritium. KATRIN aims to push the existing limits on
the effective neutrino mass from 2.05 eV1 (95 % CL) [P+16] to an unprecedented sensitivity
of 0.2 eV (90 % CL) [KAT05].
To achieve this sensitivity, it is of fundamental importance to determine the statistical and
systematic uncertainties of KATRIN. By analysing multiple commissioning measurement
phases, this thesis contributes to the quantification of the following sources of systematic
uncertainties: rate estimation with the KATRIN detector, retarding potential dependence of
the background rate near the endpoint of tritium and misalignments of KATRIN components
relative to the detector. Additionally, the background rate as dominant component of the
statistical uncertainty is characterised in the context of this thesis.

Pile-up, charge-sharing and backscattering of electrons at the detector cause a systematic
uncertainty on the estimation of the rate. By applying different rate estimation methods
on the data of the 2017 krypton campaign, the systematic uncertainty of rate estimation is
determined to be between 5.89 % and 0.32 % for a rate range of 10 to 104 cps.

The influence of a voltage dependence of the main spectrometer background rate near the
endpoint of tritium on the squared neutrino mass is investigated. Results of a long-term
measurement indicate a background rate dependence of 10 mcps/keV, which might be
explained by changing storage conditions for background electrons with varying retarding
potential. The rate dependence causes a systematic uncertainty on the squared neutrino
mass of 0.015 eV2, which is nearly as large as the total KATRIN systematic uncertainty
budget of 0.017 eV2 [KAT05]. However, sensitivity studies performed in this thesis, which
are based on the latest background measurements, show that the KATRIN sensitivity is
dominated by the statistical uncertainty due to an elevated background rate compared to
the design report assumption. As a consequence, the influence of a voltage dependence
of the main spectrometer background rate near the endpoint of tritium on the sensitivity
is below 3 meV. However, an up to now unexplained significant increase of the total
background rate of 30 mcps and a corresponding change of the voltage dependence indicate,
that some of the background characteristics are currently not reproducible. Consequently,

1In the context of this thesis natural units (~ = c = 1) are used.



the given sensitivity estimates can only be valid for the analysed measurements, however,
the necessary tools and models for future analyses have been stated in this thesis.

Background properties are characterised in an electric and 6 G magnetic field setting similar
to the one used in future neutrino mass measurements. Compared to the 6 G measurement,
former background measurements show 23 % less volume-normalised rate for the flux tube
of the 6 G setting.
Hypothesis tests indicate an instability of the rate on small time scales, which cannot
entirely be explained by statistical fluctuations. Furthermore, the rate instability does not
seem to be random in its time development, however the distribution of the total measured
rate can be described by a Poissonian. The time development and large fluctuations cannot
be explained by instabilities of the relevant hardware parameters, which are shown to fulfil
the required stability criteria during the two weeks of the long-term measurement.

Two existing methods to quantify the alignment of the magnetic flux tube and the inner
electrode comb structure relative to the detector are applied on the data of the recent
measurement phase. In addition, a new method to determine the misalignment of the
spectrometer vessel relative to the detector is developed in the course of this thesis.
All tested components show significant misalignments, which need to be taken into account
for the neutrino mass measurements. The centre of the flux tube on the detector is shifted by
(1.7± 0.1) mm relative to the detector centre, the inner electrode system by (2.8± 0.1) mm.
The misalignment of the spectrometer vessel relative to the detector amounts to a shift of
(58.5± 0.3) cm, measured in the analysing plane of the main spectrometer.
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1. Neutrino Physics

This chapter presents the scientific basis of neutrino physics and the resulting motivation
to perform the “Karlsruhe Tritium Neutrino Experiment”. Chapter 1.1 summarises the
postulation of the neutrinos and first experiments to prove their existence. The following
chapter 1.2 analyses the role of neutrino in the standard model of particle physics. Neutrino
oscillation as the experimental proof for a non-vanishing neutrino mass is stated in chapter
1.3. Chapter 1.4 presents several efforts to access the absolute mass scale of neutrinos

1.1. The Postulation and Discovery of Neutrinos

Nuclei with a large surplus of neutrons often convert a neutron into a proton to get to
a more favourable lower energetic ground-state. This process is the so-called β−-decay
[Pov15], which was discovered by Rutherford in 1899. Bohr found, that the nucleus ejects
an electron in the β−-decay. Until 1914, it was believed that the β−-decay was a two body
decay of a neutron decaying into a proton and an electron. In 1914, Chadwick measured a
continuous β−-spectrum [Cha14], which could not be unified with the theory of a two body
decay and energy conversation [Sue15][MP04]. In 1930, Pauli proposed in a letter the idea
of a neutral particle of spin half, which is emitted during the β−-decay. The additional
particle would save the principle of energy conversation [PKW64]. Fermi, who was the first
to write down a theoretical form of the β-decay, named this neutral particle neutrino (ν).
The β-decay is described in the Fermi theory as a point-like interaction via the weak force
[Fer34]. Consequently, the β− decay can be described as a conversion of a neutron (n) in a
proton (p) under the emission of an electron (e−) and an electron-antineutrino (νe):

n → p + e− + νe [Pov15].

The neutrino was experimentally found by Reines and Cowan in the so-called “Project
Poltergeist” experiments in 1956 [Rei97].

1.1.1. The Project Poltergeist Experiments

Based on the Fermi theory, Bethe and Peierls [BP34] suggested that a free neutrino would
interact with matter via the inverse β-decay

p + νe → n + e+ . (1.1)

The Project Poltergeist experiments used a fission reactor as an intense antineutrino source,
since the cross-section of the inverse β-decay is small. A liquid scintillator detector inter-
spaced with a water target should detect the inverse β-decay of the antineutrino with a
proton of the water target. Following equation 1.1, this interaction produces a neutron
and a positron. The positron annihilates with an electron into two γ-rays shortly after
its creation. The γ-rays initiate a cascade of electrons that cause the detector material
to scintillate. The emitted free neutron of the inverse β-decay wanders around until it is

1
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caught by a nucleus of the detector material. Cadmium was added to the detector material
to increase the probability of capturing the neutron. 9 MeV of binding energy is emitted
in form of γ rays in the neutron capture process. The γ rays indirectly produce visible
light in the detector material a few microseconds later than the first flash of light by the
positron-electron-annihilation. This delayed coincidence signature of the inverse β-decay
(two flashes of light within a well-known energy range) enables an effective discrimination
from background events.
Two experiments were performed with this method until the experimental discovery of the
neutrino. The first one was the Hanford Experiment and the second one the Savannah
River Experiment. Cosmic rays, which produced neutrino like signals in the experimental
set-up, caused problems in the Hanford experiment. The Savannah River experiment used
an updated experimental set-up, which allowed a further reduction of background events.
The analysis of the measured data determined a significant difference in neutrino-like
events when the reactor was on versus when it was off: the antineutrino was found. The
experimental cross-section for the inverse β-decay was in accordance with the theoretical
prediction of 6.3× 10−44 cm2 [Rei97].

1.1.2. Discovery of νµ and ντ

In 1961, an experiment by Lederman, Schwartz and Steinberger discovered a second type
of neutrinos, the muon neutrino νµ. A synchrotron accelerated a proton beam towards a
target. A shower of boosted π-mesons was produced in the collision. The π-mesons were
guided towards a steel wall and decayed in-flight into muons (ν) and muon neutrinos:

π → µ + νµ [Sue15]. (1.2)

The steel wall absorbed the muons, whereas the neutrinos passed through it. The muon
neutrinos produced muons in an aluminium target, which was placed behind the steel wall.
By demonstrating that the induced tracks were caused by muons and not electrons, the
existence of a second kind of neutrinos was proven. Lederman, Schwartz and Steinberger
received the nobel price in physics for the discovery of the muon neutrino in 1988 [DGG+62].

In 1997, the DONut experiment at Fermilab used a 800 GeV proton beam to produce Ds
mesons, which decayed in-flight in a tau-lepton τ and tau-neutrino ντ. A shielding absorbed
the τ, whereas the ντ reached the detector behind it. A small number of neutrinos interacted
with the detector. Due to its small lifetime, the resulting τ could not be measured directly,
but via the location of vertices and the energy of the decay leptons. Nine ντ-induced events
were measured for an estimated background of 1.5 events, proving the existence of the ντ

in 2000 [KUA+08].

The measured width of the neutral intermediate boson of the weak force (the Z0) excludes
the existence of a further light neutrino [AAA+89].

1.2. Neutrinos in the Standard Model of Particle Physics

The standard model of particle physics (see figure 1.1) explains most of the effects in
particle physics. It comprises the theory of three elementary interactions: the strong, the
electromagnetic and the weak force. The forces are mediated by gauge bosons, which
are spin-1 particles. The known particles in the standard model can be distinguished
in fermions (spin-half) and bosons (integer spin). The fermions are grouped in three
generations, according to their mass and can further be divided in quarks and leptons. As
neutrinos have spin-half, they are fermions. Each fermion has a corresponding antifermion,
with same mass but opposite electric charge. Neutrinos interact only via the weak force
and are therefore leptons.
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Figure 1.1.: The standard model of particle physics. The quarks (purple) and
leptons (green) can be distinguished in three generations depending on their mass. The
strong, weak and electromagnetic forces are mediated by the gauge bosons (red). The
mass generation of all particles is assumed to be caused by the Higgs boson (yellow)
[Wik06].

The W± and Z boson mediate the weak force. The handedness of a particle is important
for a coupling to these bosons. The handedness describes the spin orientation (parallel
or anti-parallel) relative to its momentum. The gauge bosons of the weak force interact
with left-handed particles and right-handed antiparticles. A change of the handedness
is only allowed for massive particles via a coupling to the Higgs field, yet this change is
suppressed proportional to particle mass divided by its momentum. As the neutrinos are
assumed to be massless in the standard model, only a coupling to left-handed neutrinos
and right-handed antineutrinos is described [Mar80] [Wei67].
The mass of the particles is expected to be generated via the Higgs mechanism [Hig64],
which predicts the spin-0 Higgs boson as quantum excitation of the Higgs field. The Higgs
boson couples to all particles with strength proportional to their mass [Pov15].
However, the standard model does not explain all observations in particle physics. In these
observations often neutrinos are involved which underlines their key role in physics beyond
the standard model.

As mentioned above, the standard model predicts neutrinos as massless. By discovering
neutrino flavour oscillation (see chapter 1.3), it is shown, that at least two of the three
neutrino generations mass eigenstates posses mass. Nevertheless, the resulting lepton
mixing can be described similar to the quark mixing without giving up the standard
model [Pov15]. As a consequence of this, the existence of a right-handed sterile neutrino is
theoretically allowed [KMMS13].
The electron neutrino has a mass of at least six orders of magnitude smaller than its charged
partner, the electron. The electron gains its mass by coupling to the Higgs field. In case
of the neutrino there might be further processes responsible for the small mass [Pov15].
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Experiments in the search for the neutrino-less double β-decay can answer this question
(see chapter 1.4.3).

1.3. Neutrino Oscillation

The discovery of neutrino flavour oscillation implies, that neutrinos have to posses mass.
Chapter 1.3.1 gives an overview of the theory of neutrino oscillation for a better under-
standing of this implication. The ensuing chapter 1.3.2 summarises milestones in the
experimental investigation of neutrino oscillation.

1.3.1. Theory of Neutrino Oscillation

Pontecorvo formulated mid of the 20th century the theoretical possibility of neutrino-
antineutrino oscillations [Pon68]. Maki, Nakagawa and Sakata proposed flavour mixing of
two generations of neutrinos based on the theory of Pontecorvo in 1962 [MNS62]. Neutrino
flavour oscillation is the consequence of this proposal. The fundamental assumption of
neutrino oscillation is, that flavour states of neutrinos are not equal their mass states.
However, the flavour states can be written as an orthogonal linear combination of the mass
states  νe

νµ

ντ

 = U ·

 ν1
ν2
ν3

 (1.3)

with U as the so-called PMNS-matrix [Pov15]. In the following paragraph only two neutrino
flavours will be considered for a simplification of the theory of neutrino oscillation.

Two Neutrino Flavour Oscillation

In the assumption of only two neutrino generations, equation 1.3 simplifies to(
νe
νµ

)
=

(
cos θ sin θ
− sin θ cos θ

)
·
(

ν1
ν2

)
.

with θ as the mixing angle between flavour and mass states. The electron neutrino flavour
is written as a superposition of the mass eigenstates ν1 and ν2

|νe〉 = cos θ |ν1〉+ sin θ |ν2〉 .

By applying the time evolution operator exp(−itH/~) with H as Hamiltonian [CFKS09],
the time evolution of the electron neutrino flavour is calculated to

|νe(t)〉 = exp(−itEν1/~) cos θ |ν1〉+ exp(−itEν2/~) sin θ |ν2〉 . (1.4)

The neutrino energy Eνi is approximated to

Eνi =
√
p2c2 +m2

νi
c4 ≈ pc

(
1 + 1

2
mνic

4

p2c2

)
(1.5)

with p as the momentum of the neutrino andmνi as the mass of the neutrino mass eigenstate
νi.
The probability to find a neutrino, which was produced in electron flavour, after time t in
the same flavour state is P (νe → νe) = | 〈νe(t)|νe〉 |2. By inserting the approximation 1.5
in equation 1.4, the probability Pνe→νe is calculated to

P (νe → νe) = 1− sin2 2θ sin2
(

1
4
∆m2

21c
4

~c
L

pc

)
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with L = ct as the distance between production and detection of the neutrino. ∆m2
21 =

m2
ν2−m

2
ν1 is the difference of the squared masses of the neutrino eigenstates. The probability

that an electron neutrino becomes a muon neutrino through oscillation is consequently

P (νe → νµ) = 1− P (νe → νe) = sin2 2θ · sin2
(

1
4
∆m2

21c
4

~c
L

pc

)
. (1.6)

A neutrino flavour oscillation is thus only possible if the mixing angle between the neutrino
flavour states and mass states is non-zero and if the neutrino mass eigenstates have different
masses [Pov15] [Sue15].

Three Neutrino Flavour Oscillation

If three neutrino generations are considered, the PMNS-matrix is

U =

 c12c13 s12c13 s13e−iδ
−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12s23s13eiδ −c12s23 − s12c23s13eiδ c23c13


with cij = cos θij and sij = sin θij . The PMNS-matrix contains three mixing angles and one
CP violating phase δ. Assuming relativistic neutrinos and CP conversation, the transition
probability can be written to

P (να → νβ) =
∑
i

|Uβi|2|Uαi|2 +Re
∑
i 6=j

UβiU
∗
βjU

∗
αiUαj exp(−itδm2

ij/2E) .

A three neutrino generation oscillation problem can usually be approximated to a two
neutrino generation oscillation due to various mass differences between the neutrino mass
eigenstates [Zub98].

1.3.2. Experimental Investigation of Neutrino Oscillation

The first experimental result, which pointed towards neutrino oscillation, was the reduced
electron neutrino flux in the so-called “Solar Neutrino Problem” [Pov15].

The Solar Neutrino Problem

The sun produces energy via a thermonuclear reactor chain. The standard solar model by
Bahcall assumes, that 98 % of the energy is produced in the net reaction

4p + 2e− → 4He + 2νe + 26.73 MeV [Pov15][Hax95]. (1.7)

A spectrum of neutrinos arises via several intermediate steps of the net reaction 1.7 (see
figure 1.2). The neutrino flux from the sun was measured by different experiments to test
the standard solar model [Bah94].

The Homestake experiment in the Homestake Mine was a radiochemical detector for
measuring solar neutrinos. The neutrinos were detected via the inverse β-decay with 37Cl

37Cl + νe → 37Ar + e− .

The threshold for this reaction is 814 keV [Bah94], therefore the detector was sensitive espe-
cially to 7Be and 8B neutrinos (see figure 1.2). The 37Cl was dissolved in perchloroethylene
(C2Cl4). After the inverse β-decay, a helium purge removed the 37Ar from the tank. The
argon atoms were captured and loaded in a proportional counter. The number of decaying
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Figure 1.2.: The simulated solar neutrino flux plotted versus the neutrino
energy. The neutrinos are produced in a thermonuclear reactor chain by which the sun
produces energy as predicted in the standard solar model by John Bahcall [Pov15].

37Ar atoms via electron capture and subsequent emission of an Auger electron was counted
[RCDJ85]. The determined flux after 2.5 years of measurement is

Φ = (2.55± 0.17± 0.18) SNU1 .

The standard solar model expects a rate of (6.4± 1.4) SNU for the Homestake experiment
[VBN+16]. Other radiochemical experiments with higher sensitivity took place, to test if
the reduced neutrino flux was an experimental error.

SAGE and Gallex were two radiochemical experiments, based on the inverse β-decay
71Ga + νe → 71Ge + e−.

The threshold of this reaction is 233 keV. Therefore both experiments measured a part of
the pp-neutrino spectrum (see figure 1.2) [AHH+92]. The expected measured rate for the
radiochemical experiments with gallium is (132± 7) SNU [Hax95]. The measured rates by
SAGE

Φ = (69± 11± 6) SNU [VBN+16]

and also by Gallex

Φ = (79± 10± 6) SNU [AHH+94]

are approximately a factor two smaller than the theoretically predicted ones. Both gallium
experiments confirm the reduced flux of solar electron neutrinos.

The Sudbury Neutrino Experiment (SNO) solved the solar neutrino problem at the beginning
of the 21th century. SNO was the first experiment, which was sensitive to all neutrino
flavours. The aim of SNO was to detect the 8B solar neutrinos through three types of
reactions with deuterium: charged current (CC, exchange of W± boson), neutral current
(NC, exchange of Z0 boson) and elastic scattering (ES)

νe + d → p + p + e− (CC) (1.8)
νx + d → p + n + νx (NC) (1.9)

νx + e− → νx + e− (ES) [Aha13]. (1.10)
1Solar Neutrino Unit
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Figure 1.3.: Flux of 8B solar neutrinos of muon and tau flavour versus electron
flavour, measured with SNO. The green band is the flux, induced by elastic scattering
(sensitive to all flavours, preferably electron), the red band is the charge current reaction
(sensitive to electron flavour) and the blue band is the flux in the neutral current reactions
(equally sensitive to all flavours). The dashed line is the flux as predicted by the solar
standard model. At the intersection point (black star) the fraction of neutrinos which
underwent oscillation can be estimated [AAA+02].

Reaction 1.9 and 1.10 are sensitive to all neutrino flavours, whereas 1.8 can only measure
electron neutrinos. After approximately 306 days of data taking between 1999 and 2001, the
reactions were resolved in electron neutrino induced and muon or tauon induced reactions

Φe = (1.76± 0.05± 0.09) SNU
Φµ,τ = (3.41± 0.45± 0.46) SNU .

The flux Φµ,τ is statistically significant above zero and thus giving strong evidence for flavour
oscillation of solar electron flavoured neutrinos [AAA+02]. The neutral current reaction
is equally sensitive to all neutrino flavours and therefore measures the total neutrino flux
from the sun, independent of the flavour. Figure 1.3 shows, that this measured flux is in
agreement with the standard solar model [Che85].

Determination of the Neutrino Oscillation Parameters

Numerous neutrino oscillation experiments determine the mixing angles of the PMNS-
matrix as well as the squared differences. In the following, a summary of important
experiments and their results is given. The global status report [FTV12] gives a detailed
description of the experiments and the used analysis methods.

The Kamioka Liquid scintillator Anti-Neutrino Detector (KamLAND) determined the
oscillation parameters θ12 and ∆m12 by investigating electron antineutrinos produced by
fission reactors. The measured neutrino flux is a superposition of fluxes from several nuclear
power reactor units with an effective baseline of L0 =180 km. The data of 2002 to 2007
show two complete oscillation cycles, proving not just the conversion of electron neutrinos
into other flavours, but also the back-oscillation [Abe08]. By combining the results of
several reactor and solar neutrino experiments, the oscillation parameters are calculated to
∆m2

12 = (7.37± 0.21)× 10−5 eV2 and sin2 θ12 = 0.297± 0.016 [P+16].
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One possibility to determine ∆m23 and Θ23 is to measure atmospheric neutrinos, like it
is performed with the Super-Kamiokande detector [FFH+03]. Hadronic showers resulting
from cosmic rays in the atmosphere produce electron and muon neutrinos as decay products.
The ratio of muon to electron neutrinos amounts to νµ/νe ≈ 2 [GER16]. This ratio is
constant within the energy range of 0.1 to 10 GeV. Super-Kamiokande is a water Cherenkov
detector, which is able to reconstruct the energy, the flavour (electron or muon) and the
direction of the neutrinos for this energy range. Therefore it can estimate the path length.
Down-going neutrinos have a short flight length with approximately 10 km, whereas up-going
atmospheric neutrinos have to cross the earth first before arriving at the detector. This
results in a flight length of approximately 104 km. The measured data show a significant
deficit of up-going muon neutrinos, which is inconsistent with expectations based on the
flux. As the total number of electron neutrinos is consistent with the expectation, an
oscillation from muon into tau neutrinos is assumed [FHI+98] [Wen10]. The combined
results of Super-Kamiokande and accelerator experiments like MINOS [Ada13] deliver
∆m2

23 = (2.44± 0.06)× 10−3 eV2 and sin2 θ23 = 0.51± 0.05 [P+16].

The experiments Daya Bay, Double Chooz [Abe12] and Reno [Ahn12] try to quantify the
small mixing angle θ13 with reactor neutrinos. Daya Bay measures the survival probability of
electron antineutrinos at short distances (1 km) from the reactors. A near-far arrangement of
additional detectors allows for a relative measurement of the neutrino flux, which minimises
the systematic uncertainty [An,12]. By comparing results of different experiments, the
mixing angle is determined to sin2 θ13 = 2.19± 0.12 [P+16].

Mass Hierarchy

The vacuum oscillation probability of neutrinos is proportional to sin2(α ∆m2
ij) and therefore

not sensitive on the sign of ∆m2
ij . It is not possible to solve the question, how the mass

eigenstates are ordered, by only investigating vacuum oscillation. One approach for the
answer uses the Mikheyev–Smirnov–Wolfenstein (MSW) effect.
The MSW effect is a conversion effect of electron flavoured neutrinos in matter, as a result
of coherent forward scattering [SS91][Wol78]. In contrast to the vacuum oscillation, the
resonance condition of the MSW effect is sensitive to the sign of ∆m2

12, which leads to the
recognition that ∆m2

21 = m2
2 −m2

1 > 0 [MS86][QV15].
Consequently, three theoretical models remain on how the mass of the neutrino eigenstates
could be structured: the normal (m2

3 > m2
1), the inverted mass hierarchy (m2

3 < m2
1, see

figure 1.4) or the quasi-degeneracy (m2
0 ≡ m2

1 ≈ m2
2 ≈ m2

3). Great efforts are made to find
the sign of ∆m2

31. One method is to determine the small difference between ∆m2
31 and

∆m2
32 in oscillation experiments like JUNO [AAA+16]. The absolute neutrino mass has to

be accessed to exclude or confirm the quasi-degenerated mass hierarchy. [QV15].

1.4. Determination of the Neutrino Mass

The absolute neutrino mass can be estimated via several methods. In the following four of
these methods are further explained. A complete overview is given in [Zub12].

1.4.1. Time-of-Flight Measurements of Supernovae

The supernovae SN1987A in the Large Maggelanic cloud generated a high number of neutri-
nos of all flavours in a distance of approximately 1.5× 1021 km. The Kamioka [HKK+87]
and Irvine-Michigan-Brookhaven [BBB+87] detector measured twenty supernovae neutrinos.
The neutrinos arrived with a spread of several seconds at the detectors, which is likely
related to a propagation effect with non-zero mass. The delay t in the arrival time of
any neutrino relative to the first neutrino can be calculated as a function of its energy,
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Figure 1.4.: Possible mass hierarchies of neutrinos. The left side shows the normal
mass hierarchy (m2

3 > m2
1), whereas the right side presents the inverted one (m2

1 > m2
3).

The quasi-degenerated hierarchy, in which all three eigenstates have nearly the same
mass, is not displayed. The absolute neutrino mass scale (offset) could not yet be resolved
[KL13].

assuming that the neutrinos were emitted at the same time. This function simplifies in the
relativistic limit and delivers an estimation for the neutrino mass of

m ≈
(2t
T

)1/2
Eν [Cow88]

with T as the time of flight. The Kamioka experiment observes a spread in two groups of
neutrino masses. The first group contains neutrino masses within 2.8 to 5.8 eV, the second
group masses within 16.5 to 27.8 eV. In the mean, two neutrino masses were measured:
mν1 ≈ 4 eV and mν2 ≈ 22 eV. However, this mass analysis has large statistical and
systematic errors and strongly depends on the used supernova model [Cow88][DHMW13].

1.4.2. Cosmological Limits

A possible method to determine the neutrino mass is to measure a cosmological quantity
which is influenced by the neutrino mass. The ΛCDM model explains the known evolution
of the universe. The model is based on the assumption of a flat, expanding universe as result
of the Big Bang. The cosmic microwave background (CMB) is a heat radiation left over
from a hot and dense phase in the early universe (approximately 3.8× 105 years after the
Big Bang). The photons, produced in annihilation processes, decoupled from matter at that
time due to the expansion of the universe. In this process the energy density was lowered.
Up to this point, the universe was in a thermal equilibrium and the photons followed a
black body spectra with T ≈ 3000 K. The CMB photons cooled down to T ≈ 3 K today, as
a result of the expansion [Par07]. The cosmic microwave background was discovered in 1965
by Penzias and Wilson [PW65]. Afterwards, numerous experiments, like WMAP [BHH+03],
COBE [BBG+96] and Planck [Ade14] investigated the spatial distribution of the CMB
spectrum with high precision. Especially the CMB anisotropies are of interest, as they
provide informations on geometry and late-time evolution of the universe. The measured
temperature power spectrum is consistent with the ΛCDM model. Its six parameters (for
example the Hubble constant) can be estimated with the measured CMB spectrum. Further



10 Master Thesis: Characterisation of the Background in the KATRIN Experiment

conclusions, also in the neutrino sector, are stated based on the parameter estimations.
The number of light neutrino generations is determined to Nlight = 3.15± 0.23 and the sum
of neutrino masses is constrained to∑

mν < 0.23 eV [Ade14].

Nevertheless, the estimated neutrino masses strongly depend on the used cosmological
model [Ade14].

1.4.3. Neutrino-Less Double β-Decay

As mentioned in chapter 1.2, the possibility exists that the small mass of neutrinos is a
result of other processes than a simple coupling to the Higgs field. The standard model
assumes all fermions to be Dirac particles. Consequently, the fermions are expected to
have four degrees of freedom (left- and right-handed particle and left- and right-handed
antiparticle). As neutrinos are electrically neutral, the theoretical possibility exists that
they are Majorana particles. In that case, the electron antineutrino would be the same
particle as the electron neutrino, but with opposite spin. This reduces the number of
degrees of freedom to two [Maj08]. Many theorists favour the idea of neutrinos being
Majorana particles, since it can explain the small neutrino masses with the so-called Seesaw
mechanism.
The Seesaw mechanism postulates for each neutrino mass state νi an additional heavy
Majorana neutrino mass state Ni with mass O(1015 GeV) [MSac80]. The initial neutrino
mass mSM is assumed to be in the range of charged leptons. However, this mass is
suppressed in the Seesaw mechanism due to an interaction with the heavy Majorana
neutrino

mν ≈
m2

SM
mN

[Pov15].

The PMNS-matrix needs to be extended by two Majorana phases α and β

UMajorana = UDirac ×

 1 0 0
0 eiα 0
0 0 eiβ

 ,

which cannot be determined via oscillation experiments [Rod12]. The most realistic
possibility to test, whether neutrinos are Majorana particles is the neutrino-less double
β-decay (0νββ).

A single β-decay is energetically not possible for large nuclei (A>70) with an even number
of protons and neutrons. One possibility for the nucleus to get to an energetically more
favourable state is the suppressed double β-decay

(A,Z)→ (A,Z + 2) + 2e− + 2νe [Pov15].

The 0νββ is possible for all nuclei which can also undergo the normal double β-decay, in
case that neutrinos are Majorana particles. In the 0νββ, one neutron in the nuclei decays
in a proton, an electron and a virtual right-handed neutrino. This virtual right-handed
neutrino undergoes a spin-flip in the nuclei and is absorbed by another nuclei’s neutron. In
consequence of this absorption, the neutron decays in a proton and an electron (see figure
1.5 left), resulting in the net reaction of

(A,Z)→ (A,Z + 2) + 2e−.

This process violates the lepton number by two units and is not allowed for Dirac neutrinos.
0νββ experiments measure the energy of both β-electrons. The two decay electrons gain
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Figure 1.5.: Feynman graph and expected decay spectrum for the neutrino-
less double β-decay. The Feynman graph on the left side describes schematically the
0νββ on parton level. The suppressing part of the decay is marked with a “x”, which
represents the spin-flip of the virtual neutrino [Rod12]. The right graph sketches the
double β-decay spectrum of the two electrons versus the summed up electron energy. The
0νββ results in a mono-energetic line at the endpoint of the spectrum, which is measured
as a peak due to finite detector resolution [GP12].

the total decay energy in case of a 0νββ. This results in a mono-energetic line at the
endpoint of the decay spectrum. Due to a finite energy resolution of the detector, this
mono-energetic line is measured as a peak (see figure 1.5 right) [Rod12].
An essential requirement for the 0νββ is the spin-flip of the virtual neutrino. The probability
for this process is the squared ratio of neutrino mass over its momentum. Assuming a
neutrino mass of 0.5 eV and a momentum of 108 eV, the probability for a 0νββ is suppressed
by a factor of 10−18. This suppression factor can be compensated to a certain point by the
sheer number of atoms of the decaying isotope [Rod12].
The 0νββ can determine the effective electron neutrino mass

〈mee〉 = |c2
12c

2
13mν1 + s2

12c
2
13mν2ei2α + s2

13mν3ei2β| .

The effective mass is a coherent sum, therefore the possibility of cancellation exists [Ben15].
Several experiments like the Majorana demonstrator [AAA+14], Gerda [Ago13], KamLand-
Zen [Gan13] or Cuoricino [And11] search for the neutrinoless double-beta decay. Due to
the lack of measured events, only upper limits are published. The current upper limit for
the effective electron neutrino mass is

〈mee〉 . 0.4 eV[Rod12].

1.4.4. Single β-Decay

Using the kinematics of the single β-decay is a model-independent method to determine
the effective electron antineutrino mass [Rod12]. The three-body decay reaction is

n→ p + e− + νe . (1.11)

The decay energy E0 is split on the electron, the neutrino and the nuclear recoil. Measuring
the β-electron spectrum with high precision enables the determination of the rest mass of
the electron antineutrino by energy and momentum conversation. The relativistic energy-
momentum equation E2 = m2c4 + p2c2 shows, that in case of a relativistic neutrino its
momentum superimposes the rest mass. Consequently, the rest mass can not be determined.
The neutrino gets little energy at the endpoint of the β-spectrum, resulting in a small
momentum and therefore a more precise determination of the rest mass (see figure 1.6).
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Figure 1.6.: Simulated decay spectrum of the single β-decay for several neu-
trino masses. The endpoint of the spectrum features the most precise information to
determine the non-vanishing effective neutrino mass [Wik17].

Therefore, direct neutrino mass experiments are focused on the endpoint of the β-spectrum.
The electron rate for the β-decay can be calculated via Fermi’s Golden Rule

dN
dt = 2π

∑∫
|M2| df

with the transition matrix element M . The integration of M takes place over all possible
discrete and continuous final states f . The relativistic energy-momentum relation and
super-allowed nuclear transitions modify the equation to

dN2

dE dt = G2
F cos2 θC

2π3 · |M |2 · F (Z + 1, E) · p · (E +me)

× (E0 − E) ·
√

(E0 − E)2 −m2
νe
·Θ(E0 − E −mνe) .

(1.12)

GF represents the Fermi coupling constant, θC the Cabbibo angle, M the nuclear matrix
element and F (Z + 1, E) is the Coulomb interaction of the outgoing electron with the
nucleus and the shell electrons. E0 is the maximum energetic momentum an emitted
electron can posses and the Heaviside step function Θ guarantees energy conversation.
Consequently, the observable of the β-decay is the squared neutrino mass

m2
νe =

3∑
k=1
|Uek|2m2

k ,

which is a superposition of the mass eigenstates. Uek is the corresponding element in the
PMNS matrix, which is already determined precisely in neutrino oscillation experiments
[DHMW13] [OBW06].
The selection of the β-isotope and thus also E0 plays an important role for optimal sensitivity
of the experiment. A smaller E0 is favoured, since it is easier to achieve a high energy
resolution at smaller energies. β-electrons, which are not part of the relevant tail region of
the decay spectrum, can cause background events. This probability also decreases with E0
[DHMW13].
Tritium has one of the lowest endpoints (18.6 keV) of all β-emitters together with a
reasonable long half-life (12.3 years). It decays via the β−-decay

3H→ 3He+ + e− + νe (1.13)
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into helium. The small decay energy enables the possibility to use MAC-E filters for the
spectroscopy of β-electrons. The half-life is short enough to feature a high activity of the
source resulting in high statistics within a reasonable measurement time [LU00].
3H and 3He are mirror nuclei, therefore the matrix element of equation 1.12 is energy-
independent. This simplifies the theoretical calculation. Additionally, tritium has a simple
electronic structure with only one shell electron, which also simplifies the theoretical
calculation of the Fermi function in equation 1.12 [RK88].
The neutrino mass experiment in Mainz [KBB+05] and Troitsk [ABB+11] used tritium
as source for β-electrons due to these properties. Also the KATRIN experiment uses
tritium, but in a molecular gaseous state. Hence, the recoil energy of tritium in KATRIN
is small. The maximal recoil energy for molecular tritium is Erec,max = 1.72 eV in the
endpoint region of the decay spectrum. The variation of the recoil energy is 3.5 meV and
thus negligible [MNS+07]. However, the molecular state complicates the electronic final
states. Two identical electrons, rotational and vibrational states have to be considered,
which leads to a blur in the energy of the transition [DTSJ06].

The tritium β-decay experiments in Mainz and Troitsk have measured the best limits
on the model-independent electron antineutrino mass up to this date. By combining the
measured data, the upper limit on the electron antineutrino mass is

mνe < 2.05 eV (95 % CL2) [P+16].

Both experiments have reached their sensitivity limits due to the systematic uncertainty
[Wol10]. A new β-decay experiment is needed, to improve the limit on the neutrino mass
by one order of magnitude.

2Confidence Level (see chapter 2.3.1)





2. The KATRIN Experiment

The Karlsruhe Tritium Neutrino experiment is a next-generation β-decay experiment
to model-independently determine the mass of the electron antineutrino. The goal of
KATRIN is to achieve a sensitivity on the electron antineutrino mass of 0.2 eV (90 % CL)
after three “full-beam” years of measurement. Equation 1.12 shows, that the experimental
observable in single β-decay neutrino mass experiments is m2

νe
. An aimed improvement

of the sensitivity of factor 10 on mνe , compared to the experiments in Mainz and Troitsk,
results therefore in an improvement of factor 100 in the accuracy in the experimental set-up
[Wol10] [DHMW13].
The 70 m-long KATRIN set-up is separated into two parts: the source and transport section
(STS) and the spectrometer and detector section (SDS, see figure 2.1). The STS contains
the rear section (a), the windowless gaseous tritium source (b), the differential (c) and
cryogenic pumping section (d). The pre (e)- and main spectrometer (f) as well as the
focal plane detector (g) are in the SDS part [Wol10]. The magnetic flux tube adiabatically
guides the electrons, which are emitted in the source, through the transport section and
the main spectrometer to the focal plane detector.
In the following, the components of the STS (chapter 2.1) and the SDS (chapter 2.2) are
described in more detail. Chapter 2.3 introduces important analysis tools and terms to
determine the neutrino mass.

2.1. The Source and Transport Section

This chapter summarises the tasks and the requirements of the different components of the
STS. The KATRIN design report [KAT05] delivers a more comprehensive description of
the requirements.

2.1.1. Rear Section

The task of the rear section is to monitor and calibrate several properties of the windowless
gaseous tritium source (WGTS). Between the WGTS and the calibration and monitoring
system, a gold-plated crystalline rear wall is installed. Besides separating the WGTS from
the calibration and monitoring system, it also defines the electric potential of the tritium
plasma. In addition, it can directly measure the β-electron current and the activity of the
source via β-induced x-ray spectroscopy. An electron gun [VHB+11] is placed behind the
rear wall. Based on the photoelectric effect, electrons are produced with adjustable energy
and well defined pitch angle relative to the magnetic field. The electron gun enables a
calibration of KATRIN components [BBB+12] [DHMW13].

2.1.2. Windowless Gaseous Tritium Source

β-decay electrons are produced via the decay of molecular tritium in the WGTS. The
conditions inside the WGTS have to be adjusted exactly and with high stability, to ensure

15
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Figure 2.1.: The schematical KATRIN set-up with an overview of applied
magnetic field and retarding potential. The upper line displays the schematical
KATRIN set-up. The source and transport section consists of the (a) rear wall, (b)
windowless gaseous tritium source, (c) differential pumping section and the (d) cryogenic
pumping section. In the spectrometer and detector section the (e) pre-spectrometer,
(f) main spectrometer and the (g) detector are located. The middle line sketches the
magnetic field strength for this set-up with a logarithmic y-axis. The transport section
requires a high magnetic field strength to guide the decay electrons, whereas a large drop
of the field strength in the main spectrometer is a key feature of KATRIN for the aimed
energy resolution. The retarding potential is plotted in the lower line, which is only
applied in the spectrometer and detector section to scan the decay spectrum. Adapted
from [GDL+13].

high luminosity and simultaneously small systematic uncertainty. The WGTS consists of a
10 m-long beamtube, in which ultra-cold molecular tritium gas is kept at a temperature of
27 K and a maximal deviation of 30 mK. The temperature is set to 27 K to minimise the
contribution of the thermal Doppler broadening [FSP+08] of electron energies. Additionally,
this minimises the tritium throughput in the beamline [DHMW13]. The injected gas has
an isotopic purity larger than 95% with an injection pressure of 3.4× 10−3 mbar. The
column density of the WGTS is set to its design value of ρd = 5× 1017 molecules/cm2

by a variation of the injection pressure. The main systematic uncertainty is related to
the column density, which must be known to the precision of 0.1%. Consequently, an
appropriate stability of all WGTS parameters is required [Wol10] [KAT05].
After the injection of the molecular tritium gas, the molecules are transported to both ends
of the WGTS via diffusion. The probability for a single tritium molecule to decay during
this mean diffusion time of approximately one second, is of the order of 10−9. The applied
magnetic field guides the emerging β-electrons out of the WGTS. The WGTS will deliver
9.5× 1010 β decays per second within the magnetic flux tube in the nominal neutrino mass
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measurements. [KAT05].
The WGTS emits not only β-electrons but also tritium molecules, which can produce
background events (e.g. if tritium molecules decay in the spectrometers). As this reduces
the sensitivity of the KATRIN experiment, the tritium flow has to be suppressed by a
factor of 1014 between the outlet of the WGTS and the entrance of the pre-spectrometer.
Turbo molecular pumps reduce the tritium flow already at the rear and front (DPS1-F)
end of the WGTS by two orders of magnitude [DHMW13]. The collected tritium molecules
are fed into a closed inner-loop system [Stu10]. A part of the collected tritium molecules
is used to check the gas composition via laser Raman spectroscopy [SSR+13], the rest is
re-injected into the WGTS.
The Differential (DPS2-F) and Cryogenic Pumping Section (CPS) ensure a further reduction
of the tritium flux in the transport section [KAT05] [M+15].

2.1.3. Transport Section

The transport section reduces the tritium flow by eleven orders of magnitude and at the
same time guides the signal electrons adiabatically from the source to the spectrometers.
The first part of the transport section after the WGTS is the DPS2-F. The operation
mode of the 6 m-long section with an inner beam tube diameter of 100 mm is based on
turbo-molecular pumping. The DPS2-F consists of several segments, which are inclined
by 20◦. A direct line of sight between the WGTS and the following CPS does therefore
not exist. Between each segment, pumping ports are installed. A strong magnetic field
(approximately 5 T, see figure 2.1) guides the signal electrons through the segments. The
neutral tritium molecules hit the walls and are then pumped out of the beamline. This
reduces the tritium flow by five to seven orders of magnitude. The loop system feeds the
pumped out tritium molecules back to the WGTS [GBB+10] [LBB+12] [DHMW13]. The
magnetic field guides ions, which are produced in the WGTS by ionisation of β-electrons,
towards the spectrometers, similar to the β-electrons. Several ring electrodes are mounted
in the DPS2-F to reflect the ions, as they can cause background events. Additionally, four
dipole electrodes are installed which remove trapped ions from the beamline [DHMW13].

Downstream of the DPS2-F, the 7 m-long CPS is located. The CPS again reduces the
tritium flow by seven orders of magnitude. As well as the DPS2-F, also the CPS is formed
in a zigzag arrangement, to prevent a direct line of sight for neutral tritium molecules.
The magnetic field guides the electrons adiabatically through this chicanery. Seven super-
conducting magnets produce the necessary magnetic field strength of up to 5.7 T [KAT05].
A 3 K-cold argon layer covers the inner surface of the CPS. The surface absorbs neutral
tritium which hits the wall with a probability of approximately 70 % [Hae81]. Since one
data taking period in the neutrino mass measurements has a length of up to 60 days, the
argon frost layer temperature has to be stabilised over this period with a dedicated cooling
system. Helium gas with a temperature of 100 K purges the CPS to remove tritium and
argon after the data taking phase. Before starting the next measurement phase, a new
layer of argon is deposited on the inner surface of the CPS.

Instabilities in the WGTS represent a large part of the systematic uncertainties of KATRIN
[KAT05]. A detection possibility of instabilities is by measuring the flux of β-electrons.
This is achieved with the Forward Beam Monitor, which is a doped silicon detector located
in a pump port of the CPS. The β-electron flux in the outer region of the magnetic flux
tube is measured by it with a precision of 0.1 %. Additionally, a condensed krypton source
can be installed for calibration measurements at the down-stream end of the CPS (see also
appendix A) [GBB+10] [Jan15].
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Figure 2.2.: Schematical operating principle of the main spectrometer. The
decay electrons (red) enter the spectrometer from the left side and are guided by the
magnetic field (green) to the detector. Through a drop of the magnetic field strength
in the middle of the spectrometer, the momentum is tilted in longitudinal direction. A
voltage, applied on the spectrometer vessel (blue), creates a retarding potential inside the
main spectrometer [Wan13].

2.2. The Spectrometer and Detector Section

The unique feature of the KATRIN experiment is the tandem spectrometer section, consist-
ing of a pre- and main spectrometer. These spectrometers are MAC-E filters1, which work
as high-pass filters for the β-decay electrons. The first chapter 2.2.1 explains the principle
of MAC-E filters, before the following chapters 2.2.2 and 2.2.3 describe the hardware of
the pre- and main spectrometer. The subsequent chapters characterise further components
of the SDS, namely the monitor spectrometer (chapter 2.2.4) and the focal plane detector
(chapter 2.2.5).

2.2.1. Operating Principle of MAC-E Filters

The operating principle of MAC-E filters is proposed in [BPT80]. Neutrino mass experiments
use MAC-E filters due to their high energy resolution and large acceptance solid angle of
nearly 2π [PBB+92b]. A MAC-E filter is based on a magnetic adiabatic collimation followed
by an electrostatic filter [BBD+99]. At first, this chapter introduces the electrostatic filter,
secondly the magnetic collimation of the electrons and as a last point the magnetic mirror
effect.

Electrostatic Filter

β-decay electrons of tritium can reach a maximal kinetic energy of 18.6 keV. A MAC-E
filter generates an electrostatic barrier, which defines a threshold for the signal electrons.
Therefore, a negative potential U0 is applied at the spectrometer vessel. Low-energy
electrons with a longitudinal kinetic energy E|| < q|U0| are reflected at the centre of the
spectrometer, the so-called “analysing plane”. A variation of the size of the electrostatic

1Magnetic Adiabatic Collimation followed by Electrostatic filter
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barrier changes the threshold for signal electrons and enables a scan of the integrated
β-spectrum. The electrostatic filter is only sensitive to the longitudinal kinetic energy, yet
the electrons are emitted isotropically in the WGTS [Har15]. Therefore, a transformation
of the kinetic energy into the longitudinal component is needed, which is performed by
magnetic adiabatic collimation.

Magnetic Adiabatic Collimation

The kinetic energy of signal electrons can be written to

Ekin = E|| + E⊥ (2.1)

with respect to to the magnetic field lines. The transverse component is responsible for the
cyclotron motion around the magnetic field lines. This component shall be transferred into
the longitudinal one for energy analysis in the MAC-E filter. A variation of the magnetic
field strength enables this transformation. A strong magnetic field (B = 3.6− 5.7 T) is
applied in the WGTS and the beamline (see figure 2.1). The magnetic field reaches its
minima Bmin in the centre of the spectrometer. The magnetic moment

µ = E⊥
B

(2.2)

is conserved under adiabatic magnetic field changes. By lowering the magnetic field strength,
the longitudinal component of the kinetic energy increases and the transversal decreases
accordingly (see figure 2.2). A large ratio of the maximal magnetic field strength Bmax to
Bmin ensures, that nearly the whole transverse component of the energy is transferred into
the longitudinal component. To guarantee the adiabaticity of this process, the magnetic
field should decrease with small gradients. This defines the minimal length of a MAC-E
filter.
However, the magnetic field line in the analysing plane is non-zero. This gives a limit
on the maximal possible transformation of the transversal into the longitudinal energy
component. Therefore, the lower limit of the resolving power is defined to

∆E = Bmin
Bmax

· Ekin . (2.3)

A decrease of the magnetic field strength towards the analysing plane results in an increase
of diameter of the magnetic flux tube. This is due to the conversation of the magnetic flux

Φ =
∫
A

~B dA = const. (2.4)

Consequently, the maximum diameter is calculated to

dmax = dS

√
BS
Bmin

(2.5)

with dS as diameter of the magnetic flux tube in the magnetic field BS of the source. The
increase of the diameter in the analysing plane defines the radial extent of the MAC-E
filter [PBB+92b] [MDF+13]. To achieve the aimed neutrino mass sensitivity of 200 meV,
an energy resolution of ∆E = 0.93 eV is required. A ratio of Bmin/Bmax = 5 × 10−5 is
necessary for β-electrons at the endpoint of the tritium spectrum. The nominal magnetic
flux tube diameter of approximately 53 cm2 in the WGTS [KAT05] results in a diameter of
9 m in the analysing plane of the spectrometer. Due to the inner electrode system and a
safety margin, the main spectrometer is designed with a radial extension of 10 m [KAT05].
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Magnetic Mirror Effect

β-electrons with large polar emission angles in the source relative to the magnetic field
lines have extended path lengths in the transport section compared to electrons with
smaller polar emission angles. On the extended path, these electrons loose more energy
via synchrotron radiation and scattering with residual gas molecules. As the information
about their energy is distorted, it is beneficial to exclude the electrons with large emission
angle. This is done with the magnetic mirror, by placing the strongest magnetic field Bmax
at the end of the MAC-E filter and not in the β-electron source (see figure 2.1). Therefore,
electrons with large emission angles are reflected. The maximal polar acceptance angle θ
for β-electrons near the endpoint of the decay spectrum can be approximated to

θmax = arcsin
(√

BS
Bmax

)
. (2.6)

The exact formula for the maximal acceptance angle is stated in chapter 4.1 [DHMW13]
[MDF+13].

2.2.2. Pre-Spectrometer

The pre-spectrometer is the upstream MAC-E filter in the tandem spectrometer set-up
of KATRIN. In the nominal neutrino mass measurement, the retarding voltage of the
pre-spectrometer is set to a voltage |U0| < E0 to reduce the number of decay electrons in
the main spectrometer by several orders of magnitude. This also lowers the number of
background events by ionisation of residual gas in the main spectrometer.
The 3.4 m-long pre-spectrometer is made of stainless steel and has an inner diameter of
1.68 m. Two pump ports, which are equipped with a set of turbo-molecular pumps (TMPs)
and a non-evaporable getter (NEG) pump, maintain the vacuum inside the 8.3 m3-large
vacuum chamber. The retarding high voltage potential is directly applied onto the vessel,
which allows an inner electrode system for the fine-shaping of the potential and suppression
of background events from the walls.
The pre-spectrometer was the first KATRIN hardware component at Karlsruhe, it has
been delivered in 2003. The results of several tests with the pre-spectrometer were used for
the vacuum concept and electromagnetic design of the larger main spectrometer [FBD+11]
[Dre05] [Frä10].

2.2.3. Main Spectrometer

The main spectrometer is a large MAC-E high-resolution energy filter with a length of
23 m and a diameter of 10 m. It can reach an energy resolution of up to 0.93 eV at the
endpoint of tritium [Val10].
To reach the aimed KATRIN sensitivity on the neutrino mass, a gas pressure smaller than
10−11 mbar is needed in the main spectrometer. This is ensured by several turbo-molecular
pumps, non-evaporable getter material and a dedicated baking of the spectrometer to
temperatures of 200 ◦C [Wol09].
The main spectrometer is located between two superconducting magnets with a maximal
field strength of 4.5 T at the entrance of the main spectrometer and maximal 6 T at its
exit to guide the electrons through the vessel. The total magnetic field strength drops to
approximately 3× 10−4 T in the analysing plane. The large drop in the magnetic field
strength by four orders of magnitude is responsible for the high energy resolution.
The main spectrometer is surrounded by two large air-coil systems (see figure 2.1). One
is the Earth Magnetic field Compensation System (EMCS) which compensates the earth
magnetic field. Due to the large dimensions of the main spectrometer, even small magnetic
field strengths can distort the symmetric shape of the magnetic flux tube inside the vessel.



Chapter 2. The KATRIN Experiment 21

The EMCS consists of 16 vertical and 10 horizontal cosine coils. The second magnetic system
around the main spectrometer is the Low Field Coil System (LFCS) which fine-shapes the
flux tube in the centre of the spectrometer. The LFCS consists of 14 normal-conductive
coils surrounding the spectrometer vessel.
A negative potential (∼18.4 kV) is applied onto the main spectrometer vessel, to produce
the retarding potential for the β-electrons. Similar to the pre-spectrometer, an inner
electrode system is installed on the inside of the vessel to fine-shape the electric field and
to reduce background events (see chapter 4) [Val09] [Har15] [B+10].

2.2.4. Monitor Spectrometer
The KATRIN experiment is highly dependent on the accuracy and stability of the electric
field strength in both spectrometers and thus on the applied high voltage [KAT05]. Two
methods are used, to monitor the applied voltage. First, the high voltage is scaled down
with a voltage divider to measure it with a high precision voltmeter. The second method
uses the MAC-E filter of the former Mainz neutrino experiment. It is called monitor
spectrometer in the KATRIN set-up. The monitor spectrometer is operated with two
superconducting magnets, an inner electrode system, an air coil system to fine-shape the
magnetic field in the analysing plane and with the same high voltage source as the main
spectrometer. Downstream of the monitor spectrometer, an electron detector is installed.
The spectrometer determines the position of a narrow electron peak by varying its retarding
potential. Any change in the position or the shape of the peak points to an instability of
the high voltage system. For the cross-check, the K-32 conversion line of the γ-decay of
83mKr with subsequent electron emission is used. The K-32 conversion line has a narrow
width of only 2.8 eV and its energy of 17.8 keV is near the endpoint of tritium [PBB+92a]
[Val09] [SBD+13].

2.2.5. Focal Plane Detector
The focal plane detector (FPD) system was constructed at the University of Washington
and installed at Karlsruhe in 2011. The pinch magnet at the exit of the main spectrometer
collimates the decay electrons, which pass the spectrometer. The electron beam is after-
wards guided to the lower magnetic field of the detector magnet and accelerated with an
electrode before reaching the FPD.
The FPD is a circular PIN-diode array housed on a silicon wafer. Ionising particles deposit
energy by forming free charge carriers, which are collected by the read-out electronics. The
detector and pre-amplifier are cooled with liquid nitrogen through the post acceleration
electrode. The sensitive area of the waver has 90 mm in diameter, a thickness of 500µm
and is separated in 148 pixels of equal area. The pixels allow a spatial resolution of the
observed flux tube and are placed in rings on the detector. The inner ring, the so-called
bulls-eye, contains four pixels, the outer twelve rings contain twelve pixels each. An electron
source and a γ-emitter can be inserted in the beamline between the pinch and detector
magnet for calibration purposes [ABB+15] [Sch14].
Between the detector magnet and the post acceleration electrode, a passive copper and
lead shield are installed for background reduction in the detector section. Furthermore, a
veto system for cosmic muons is used. The post-acceleration of the FPD enables the shift
of signal electron energies to a region with a small intrinsic detector background rate (see
chapter 4.7) and reduces the backscattering probability [Sch14].

2.3. Neutrino Mass Analysis with KATRIN

This chapter introduces the analysis tools and terms to determine the neutrino mass with
KATRIN. Crucial terms in the course of the evaluation of statistical results as performed
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with KATRIN are the terms “confidence interval” and “confidence level”, which are defined
in chapter 2.3.1. Chapter 2.3.2 describes the region-of-interest cut, which allows to remove
a part of the intrinsic detector background electrons in the KATRIN analysis. The following
chapter 2.3.3 explains the method to determine the neutrino mass based on the measured
data. The systematic and statistical error budgets are introduced in chapter 2.3.4.

2.3.1. Confidence Interval and Level

Measurements of physical quantities are always entailed with uncertainties. A method to
quantify the statistical uncertainty of a measurement is the confidence interval, which is
linked to a confidence level. In the following, the terms confidence level and interval are
introduced by the example of the radioactive decay.

A large part of processes happens on a random basis in quantum mechanics, for example
the decay of unstable atoms. By measuring the decay time of a great number of unstable
atoms, one can determine a value for this sort of atoms. This estimation (τ̂) does not need
to be necessarily in accordance with the true value of the half-life (τ), as τ̂ is dependent on
the statistical fluctuations of the decay time of the single atoms. Increasing the number of
decay atoms in the experiment leads to a larger accordance between τ̂ and τ .
The confidence interval quantifies the uncertainty on τ̂ . It is constructed with the measured
data. The confidence interval is linked to a probability, which is called confidence level.
The confidence level is set to 68 % for this example. This means, that in case of an infinite
repetition of the experiment, the true value τ lays in 68 % of the experiments within the
constructed confidence intervals of the estimator τ̂i [Geo15].
In the following, the used confidence level for the uncertainty of parameters is 68.27 %, if
not stated otherwise. The corresponding confidence interval is abbreviated with σ. The
previous interpretation of the confidence level is the Frequentist inference of statistics,
which is usually used in the course of this thesis. The Frequentist approach claims to be
completely objective.

The Bayesian approach is used in chapter 3. The Bayesian approach includes a personal
assumption about the to be estimated parameter (e.g. mass of a particle is not negative).
The advantage of the Bayesian over the Frequentist approach is, that a probability on the
parameter value of one single outcome of an experiment can be reported. However, the
outcome of a Bayesian approach is dependent on the assumption made beforehand, which
is the disadvantage of this approach [Wal15].

2.3.2. Region-of-Interest Cut

Not all electrons measured at the FPD are of interest for the neutrino mass analysis, since
a lot of background electrons are produced in the KATRIN set-up. A region-of-interest
(ROI) cut is defined to remove the major part of the intrinsic detector background. The
neutrino mass analysis considers only those electrons, which have an energy within the
ROI. The centre of the ROI is the expected incident energy E0 of the signal electrons,
which is calculated to

E0 = Ei + q (−UA + UPAE + UBIAS) . (2.7)

Ei is the energy of the β-electrons in the analysing plane of the MAC-E filter, which is
in the neutrino mass analysis approximately 0 eV. UA represents the acceleration voltage
of the electrons, which is the same as the applied retarding voltage. UPAE is the post
acceleration voltage of the detector section, the typical value for the post acceleration
voltage is 10 kV. The bias voltage of the FPD UBIAS is always set to 0.12 kV [Frä15].
The FPD had an average energy resolution of about 2.2 keV in the SDS-II measurement
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phase. Consequently, the ROI needs to have a total width larger than 2.2 keV. If it is too
broad, the weak energy dependence of the intrinsic detector background leads to problems.
Additionally, more background electrons are included in the analysis. A decision for an
asymmetric energy interval was made in the SDS-II measurement phase, as the incident
electrons suffer from energy losses in the dead-layer of the detector. The default ROI for
the SDS-II phase is defined from 3 keV below E0 to 2 keV above [Har15] [Frä15].
A new ROI was defined for the krypton campaign and subsequent measurement phases, due
a degradation of the FPD resolution and to improve robustness against energy fluctuations.
The ROI was extended to 3 keV above and below E0 [Eno17].
The following analyses use these default ROI cuts, if not stated otherwise. To investigate
special effects (for example the decay of 210Pb), other ROI cuts are defined.

Nevertheless, the ROI cut only removes a part of the intrinsic detector background. However,
the intrinsic spectrometer background dominates the overall background rate. Background
reduction mechanisms are required (see chapter 4), as this background lays within the
default ROI.

2.3.3. KATRIN Likelihood

The electron rate, measured in the KATRIN experiment, is the integrated β-decay spectrum,
smeared with systematic and statistical effects. The expected number of counts Ns of the
decay spectrum is calculated to

Ns(qU,E0,m
2
ν) = Ntot · tU

∫ E0

0

dNβ(E0,m
2
ν)

dE · fres(E, qU) dE .

Ntot describes the total number of tritium nuclei in the source. tU represents the measuring
time at a certain retarding potential U , whereas fres is the response function of KATRIN.
However, there are also background processes (see chapter 4), which contribute to the
measured rate. The KATRIN design report assumes the background counts Nb to be
independent of the retarding potential in the neutrino mass scanning range [KAT05]. The
theoretical prediction for the total measured background is therefore

Nth(qU,m2
ν, E0, Rs, Rb) = Rs ·Ns(qU,m2

ν, E0) +Rb ·Nb . (2.8)

with Rs and Rb as relative amplitude of signal and background electrons. Quantum
mechanical effects smear the number of expected counts with a Gaussian distribution with
width

√
Rs ·Ns +Rb ·Nb [KAT05].

The neutrino mass shall be determined, based on the measured counts Nobs. Likelihood
minimisation, which is a powerful tool in parameter estimation, enables this determination.
The likelihood function L describes the probability how likely a particular outcome of a
measurement is. The probability of observing the outcome N (in KATRIN the measured
number of counts), given the parameters’ fixed values as input, is equal to the likelihood L
given a set of observations as input with free model parameters. The expected number
of counts Nth depends on five parameters (see equation 2.8). It depends on the retarding
potential, which can be set, and four parameters (squared neutrino mass m2

ν, endpoint of
tritium E0, signal Rs and background amplitude Rb) which are not known a priori. These
four parameters have to be estimated by the measured data with the likelihood

L(m2
ν, E0, Rs, Rb|Nobs) =

∏
i

p(Nobs,i|Ntheo,i(qUi,m2
ν, E0, Rs, Rb) . (2.9)

The index i denotes several applied retarding potentials. p(Nobs,i|Ntheo,i) refers to the
probability of making a single observation Nobs,i under the theoretical assumption of Ntheo,i.
The values of Rs, Rb, E0 and m2

ν are the best-fit estimators at the global maximum of
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L. This allows a careful statement about their true values [Kle14]. The shape of the
likelihood enables an estimation of the the parameter’s uncertainties [Jam80]. Due to
numerical reasons, it is common not to maximise the likelihood but to minimise the negative
logarithmic likelihood [Wal15].

2.3.4. Statistical and Systematic Uncertainty Budget

The shape of the negative logarithmic likelihood around its minima allows the calculation
of the statistical uncertainty on the determined neutrino mass. The minimisation process
of the likelihood delivers the best-fit estimator for the squared neutrino mass and its
uncertainty σm2

ν
. For a small neutrino mass, the uncertainty on the neutrino mass is

approximated to

σmν = √
σm2

ν
(2.10)

The statistical fluctuations
√
Rs ·Ns +Rb ·Nb of the measured counts influence the shape

of the likelihood and therefore also the uncertainty of the squared neutrino mass. The
uncertainty of the squared neutrino mass decreases with smaller fluctuations. The signal
electrons are needed for determining the neutrino mass, whereas the background electrons
increase the statistical fluctuations and thus need to be minimised.
Additionally, the statistical uncertainty of the squared neutrino mass depends on the
uncertainties of the so-called nuisance parameters (E0, Rs, Rb). As the parameter of
interest (m2

ν) correlates with the nuisance parameters, their uncertainties propagate onto
the uncertainty of the parameter of interest [Wal15]. Smaller uncertainties of the nuisance
parameters therefore minimise also the uncertainty of the parameter of interest. To ensure
a small uncertainty on m2

ν, a measurement time distribution is calculated which delivers
the highest sensitivity to all parameters (see figure 2.3).

The statistic uncertainty of the squared neutrino mass is estimated for a background rate
of 10 mcps and a measurement time of three “full-beam” years to

σm2
ν,stat = 0.018 eV2 [KAT05]. (2.11)

Systematic effects, which cannot be further minimised (e.g. variations of the high voltage,
uncertainty in the description of final tritium states etc.), cause a shift on the measured
neutrino mass. Studies of the design report quantify the shift σsyst,i of each systematic
effect on the squared neutrino mass. The overall systematic uncertainty is calculated to

σm2
ν,syst =

√∑
i

σ2
syst,i = 0.017 eV2 [KAT05]. (2.12)

The total uncertainty on the squared neutrino mass, measured with KATRIN, is therefore

σm2
ν,tot =

√(
σm2

ν,stat

)2
+
(
σm2

ν,syst

)2
(2.13)

resulting in the aimed sensitivity on the effective neutrino mass of 200 eV with 90 % CL
[HLAE07].
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Figure 2.3.: Measurement time distribution for the integrated β-spectrum.
In the upper plot the integrated β-spectrum is simulated for two different neutrino
masses as well as for a toy measurement with a neutrino mass of 1 eV. Additionally,
the most sensitive measurement places for the four free parameters relative signal (C)
and background amplitude (Rbg), endpoint of tritium (E0) and squared neutrino mass
(m2

ν) are marked. The graph in the middle shows the relative difference of the expected
spectrum for a vanishing neutrino mass with the spectrum of an assumed neutrino mass
of 1 eV (2 eV). This highlights the retarding potential at which the highest sensitivity
is given for determining the neutrino mass. The lower plot displays the measurement
time distribution for a “full-beam” measurement time of three years and a background
rate of 10 mcps. The run-time distribution is optimised for highest possible sensitivity on
the neutrino mass and consequently high sensitivity on the three nuisance parameters
[Har15].





3. Systematic Uncertainties of Rate
Estimation

Due to physical processes in the focal plane detector and read-out artefacts, the number of
recorded events is not equal to the number of incident electrons. In first-order approximation
the detector effects are treated as a constant detection inefficiency independently of the
rate. Consequently, it is assumed that the incident electron rate is gained by calculating
the event rate, which is multiplied with a constant factor. The factor is assumed to be
independent of the rate itself. The standard approach for calculating the events and thus
estimating the rate of incident electrons is simple event counting divided by measurement
time.
This chapter investigates if the approximation of a constant detection inefficiency can be
assumed over a rate range of four orders of magnitude. The systematic uncertainty of rate
estimation due to detector effects is quantified in this context. The underlying data for
this study was obtained in the gaseous krypton campaign in 2017.

Chapter 3.1 describes the 83m-krypton decay mechanism and how krypton is used in
the KATRIN set-up. An overview of the three most important detector effects in the
measurement phase with krypton is given in section 3.2. Chapter 3.3 focuses on methods to
estimate the rate of Poisson distributed electrons. The assumption, if detector effects can
be treated as a constant detection inefficiency, is investigated in chapter 3.4 and 3.5 without
and with a ROI cut. Additionally, the uncertainty of rate estimation due to detector effects
is quantified there. Chapter 3.6 compares the results of the two preceding chapters and
draws further conclusions.

3.1. Conversion Electrons of 83m-Krypton

In order to enable the calibration as well as stability tests in the KATRIN experiment, the
excited krypton isotope 83mKr is employed. A 83mKr source delivers well defined electron
energies. Systematic effects and instabilities will result in observable shifts of the measured
electron energy or the spectral shape of the electrons [KAT05]. Additionally, the half-life
of krypton is relatively small with t1/2 = 1.83 h [McC15], which excludes a long-term
contamination of the KATRIN set-up. 83mKr has already been used as calibration source
in several neutrino experiments [RBS+91] [WBB+87].
83mKr is generated via decay processes of its mother isotope 83-Rubidium (83Rb) in the
KATRIN experiment. 83Rb has a relatively long half-life of 86 days. It decays via electron
capture in 83mKr in the state with angular momentum I = 1/2, negative parity P = −1
and half-life of 1.83 h [McC15]. The transition of 83mKr to the ground state takes place via
either γ-emission or internal conversion. In case of internal conversion, the excited 83mKr
nucleus interacts with one of the orbital electrons leading to its ejection and a relaxation of
the nucleus [Cra12]. However, a direct decay into the ground state of krypton is suppressed,
preferred is the decay via an intermediate state with IP = 7/2+ (see figure 3.1). Thereby,
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Figure 3.1.: Decay scheme of 83Rb into 83Kr. 83Rb decays via electron capture
with a half-life of 82.6 days into the excited IP = 1/2−-state of 83mKr. Via γ-decay or
internal conversion, a decay via the intermediate IP = 7/2+-state into the ground state
of krypton takes place. Adapted from [Ost09].

an excitation energy of Eexc = 32.2 keV is released. The intermediate state decays after
t1/2 = 154.4 ns and with an energy release of 9.4 keV into the ground state [McC15].

Measurements, which took place in July 2017, were performed with two types of krypton
sources: a gaseous (GKrS) and a condensed krypton source (see chapter A.1). In both
cases, the measurement time amounted to one week approximately.
The GKrS is based on the deposition of 83Rb into zeolite beads. Approximately 85 % of
the produced 83mKr emanates into vacuum, whereas 83Rb is bound in the zeolite beads.
Consequently, the contamination of the KATRIN set-up with 83Rb is excluded. The
emanated 83mKr is injected into the WGTS by the gaseous krypton generator [KAT18a].
The GKrS is used to characterise the complete KATRIN set-up. For these measurements,
one is interested in the high energy-lines of krypton with narrow width (e.g. L3 − 32).
These measurements enable a determination of an upper limit on the electric potential
fluctuations in the WGTS [KAT05]. The GKrS delivers electron rates up to several 104 cps
which are nearly uniformly distributed over the whole detector.
The condensed krypton source appears at the detector as a point-like source and features
high count rates. It is used to scan the beamline. Appendix A gives more details about
the condensed krypton source.

The goal of this study is the evaluation of the systematic error with regard to the rate
estimation over the whole detector. For this reason, only data which was obtained in the
GKrS campaign is considered in the following.

3.2. Physics Processes and Read-Out Artefacts in the Focal Plane Detec-
tor

There are three major detector effects, which can distort the number of measured events in
comparison to the number of incident electrons: charge-sharing, backscattering and pile-up.

An incident electron causes a step-like response in the detector. The pulse-height of this
step allows an estimate of the electron energy. Two trapezoidal filters, which are defined
via a shaping length L (typically 1.6µs) and a gap length G, recognise this step [JK94]
[Sch14]. If the time period between two or more electrons which hit the same pixel is
smaller than L, the corresponding electrons cannot be distinguished and thus are counted
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as a single event. However, it is found that the impact of pile-up is negligible for typical
rates of several 10 cps in the neutrino mass measurement of KATRIN [Kor17]. Rates of the
krypton measurement phase range up to more than 104 cps. In this order of magnitude,
pile-up can have a large effect.
Charge-sharing is a side effect of the segmentation of the FPD into several pixels. If an
incident electron strikes the FPD near a pixel-boundary, parts of its energy can be deposited
in the neighbouring pixel. If the deposited energy in each affected pixel is larger than
the electronic threshold, this electron is measured as two events striking the FPD at the
same time. The summed-up energy of both events is approximately the one of the incident
electron [Sch14]. The probability for charge-sharing varies from 1.5 % for the bulls-eye of
the detector to 2.7 % for the outermost pixels [Kor18].
Backscattering describes the effect, if an electron strikes the FPD, deposits parts of its
energy and leaves the detector because of (in-)elastic scattering. Due to the electromagnetic
design of the detector section, this electron cannot re-enter the main spectrometer. It
is reflected and will strike the detector again. The probability for this process depends
on the energy and the striking angle of the electron. However, some rough statements
can be made. The detector backscattered electron will most likely strike the FPD again
after less than 0.2µs and with a position change of less than 0.3 mm compared to the first
strike. Therefore, the backscattered electron will usually strike again at the same pixel and
with a time difference smaller than the shaping length L [Kor17]. Hence, a large part of
backscattered electrons are still measured as one single event at the detector.

Due to the three effects described above, the number of events differs from the number of
incident electrons. In case of backscattering and charge-sharing, more events are measured
than the amount of incident electrons. A property of the so-called surplus “false events” is
that they are measured with a small time difference (in the order of up to several µs) to
other events at the detector. In case of pile-up, an event contains two or more incident
electrons and therefore lowers the number of events relative to the number of incident
electrons. A pile-up event shows no irregularities in its time of arrival, nevertheless it can
partly be discriminated by its higher energy.

3.3. Methods for Rate Estimation

The measured rate in the krypton campaign is a superposition of the decay rate of krypton
and the background rate. The decay rate of krypton is Poisson distributed. Also the
background rate can be assumed Poisson distributed in first-order approximation. The
reproductive property of the Poisson distribution states, that a sum of two independent
Poisson distributions with expectation value µ1 and µ2 results in a Poisson distribution
with expectation value µ1 + µ2 [Wal15]. Therefore, it is assumed, that the rate measured
with the GKrS is Poisson distributed. Three methods to estimate the rate are presented in
the following. Subsequent of the presentation, it will be discussed what can be gained by
comparing their results to each other.

3.3.1. Event Counting Divided by Measurement Time

The only model independent method to estimate the rate is the standard approach in the
KATRIN framework. Therefore all the events, which are measured at the detector, are
counted and divided by the measurement time. This method is donated with R1 hereinafter.
Method R1 counts all measured events as incident electrons, regardless of their true origin
as either an incident electron or a detector-induced false event. Consequently, R1 is biased
as it assumes a perfect detector without a rate distortion. The left graph of figure 3.2
shows this rate approach.
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Figure 3.2.: Two methods to estimate the rate shown by example for run
33015. On the left side method R1 is displayed which is simple event counting divided by
measurement time. On the right side the inter-arrival time distribution is generated which
follows an exponential function. The slope of the exponential function is the negative
estimated rate of method R2.

3.3.2. Determination via Multiplicity Plot

This method is only valid for Poisson distributed rates. Consequently, the method is biased
as it assumes an underlying Poissonian rate. However, this assumption is justified for
data of the GKrS. To determine the rate, the measurement time is split into smaller time
ranges. For each time segment, the number of measured events is counted and filled in a
histogram, resulting in a so-called “multiplicity plot”. In case of purely Poissonian rates
the multiplicity plot is expected to follow a Poisson distribution. By fitting the plot with
this distribution, the estimated rate can be calculated. However detector effects will distort
the purely expected Poisson distribution and also further correlated effects will falsify this
method. Nevertheless, this method will be applied in chapter 3.4 as a test for Poisson
distributed events.

3.3.3. Determination via Inter-Arrival Time Distribution

Similar to chapter 3.3.2, the following method can only be used for Poissonian rates and
is thus biased in that context. This method determines the rate by the investigation of
the time distribution between two consecutive events (a.k.a inter-arrival time distribution).
For Poissonian rates, the probability density function of the inter-arrival time distribution
follows an exponential function

f(t) = Ae−µt [Wal15]. (3.1)

Here, the rate µ is determined by applying an exponential fit to the distribution. This
method is denoted with R2 in the following. The right graph of figure 3.2 displays the
measured inter-arrival time distribution and the fit of the exponential function.

3.3.4. Comparison of the Methods

A Monte Carlo simulation proves that all three above described methods for rate estimation
result in the same rate estimation for Poissonian rates and a perfect detector. However, as
the detector is not perfect, the results from the three methods differ. This is caused by a
different vulnerability to detector effects.
Method R1 counts all measured events regardless of their true origin as either an incident
electron or a false event. In method R2 a discrimination can occur. As mentioned above,
false events by charge-sharing and backscattering form a cluster with small inter-arrival
times in the order of up to several µs between the measured events. Consequently, the
false events influence especially this time range in the inter-arrival time distribution. By
excluding the small inter-arrival times in the fit, the influence of these two detector effects
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Figure 3.3.: Rate estimation for run 33144. The left graph shows the ratio R1/R2
versus the rate, which is fitted with a constant value. The right graph displays the
distribution of the ratios, fitted with a Gaussian distribution.

can mainly be eliminated. The comparison of R2 with R1 allows the quantification of
the influence of detector effects on the rate estimation with R1. Furthermore, also an
investigation, whether the influence of detector effects is constant versus rate, can be
performed.

In order to compare the results of R1 and R2, the ratio R1/R2 is calculated for each analysed
subrun. Based on the assumption, that the rate estimation is not dominated by detector
effects, the expectation value of this ratio amounts to approximately 1.0 . In case if the
detector effects are independent of the rate, a constant shape of the ratio versus rate is
expected. The width of the ratio distribution represents the systematic uncertainty on
method R1 with regard to the rate estimation. Figure 3.3 shows this approach by example
for the subruns of run 33144. The left graph of figure 3.3 shows the ratio versus the
rate. The ratio seems constant with a mean value of 1.004 . The right graph displays the
distribution of the ratio, which can be described by a Gaussian function with standard
deviation of 2.55× 10−3. The results allow two possible interpretations:

1. As the ratio is constant versus rate, it can be stated that method R1 overestimates the
rate by a factor of 1.004 due to detector effects. The relative systematic uncertainty
of R1 is given by 0.255 %.

2. This method is a more Bayesian and conservative approach for the error estimation.
The mean value of the ratio is expected to be close to 1.0, thus a penalty term for
a deviation of the mean value from the expected value is included. The systematic
error estimation of this method includes the deviation of the expectation value and
the width of the ratio distribution as the square root of the squared sum:

σtot =
√
σ2

dev + σ2
width

=
√

(1− 1.004)2 + (2.55× 10−3)2

= 0.47 % .

(3.2)

The correction factor can deviate in dependence of the rate range (see chapter 3.4). The
difference of several correction factors can therefore lead to problems, if rate estimations
from different rate ranges are compared. To circumvent this problem, method two is
favoured over method one. Additionally, the correction factors cannot be defined in some
cases due to a strong rate dependence which also favours interpretation possibility two.
Hereinafter, the results for both interpretation possibilities are given, by focussing on the
second one. In addition, it has to be stated that the ratio of R1 and R2 does not have to
follow a Gaussian distribution as both quantities have statistical fluctuations. The ratio of
two Gaussian quantities can result in a Cauchy distribution [Wal15]. In that case, the mean
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value is approximated by the median and the 68 %-quantile of the measured distribution is
calculated numerically.
In the following the systematic error on R1 is estimated without and with the default ROI
cut.

3.4. Systematic Uncertainties without Region-of-Interest Cut

The analysis of this chapter only considers events with energies higher than 10 keV. The
post acceleration electrode of the detector is set to 10 kV during the krypton measurement
phase. Energies lower than 10 keV are therefore assumed to occur due to detector noise or
backscattering. Hardware effects, for example the active pump-out of remnant krypton
molecules from the spectrometer volume (see appendix A), can lead to non-Poissonian
rates. Such processes are irrelevant for this study. Therefore only those subruns are taken
into account in which the inter-arrival time distribution follows the exponential function
with a confidence level of 95 %.

961 subruns have been analysed to study the systematic uncertainty on R1 for different
orders of magnitude of the rate. The ratios of the subruns versus the rate determined
with R1 are plotted in figure 3.4. As first approximation for the ratio uncertainties, the
standard error propagation for correlated ratios [Wal15] is applied, even it is not always
justified due to the non-Gaussian behaviour stated above. Figure 3.4 shows that the error
bars increase with decreasing rate. This behaviour is caused by decreasing statistics, fewer
events are counted in a certain time interval than for higher rates. The uncertainty on the
rate consequently increases and propagates onto the ratio. The mean value of the ratio
versus rate is determined with a χ2-fit [Pea34][Pea00] of a constant. However the χ2-value
is too large for the number of degrees of freedom to describe this behaviour. The graph
demonstrates, that the ratios seem to depend on the rate. For that reason the ratios are
split by each order of magnitude of the rate and analysed in more detail. Figure 3.5 displays
the distributions of the ratios for each order of magnitude of the rate. The systematic
uncertainty for each rate range, based on the results of figure 3.5, is stated in table 3.1.

The upper left plot in figure 3.5 shows the histogram of the ratios for rates lower than
100 cps. The distribution can be described with a mean value of 0.968± 0.005 and a width
of 4.5× 10−2. The mean value is significantly smaller than the expectation value. This
behaviour is discussed below. However, the ratios are constant versus the rate.
In the range between 102 cps and 103 cps, the distribution of the ratios does not follow
a Gaussian distribution (see figure 3.5 upper right). Nevertheless, the median is near
the expectation value and the ratios are constant versus the rate. In the next order of
magnitude of the rate, the ratios are also constant versus the rate. The resulting Gaussian
distribution has a mean value of 1.008 (lower left graph).
The ratios show a rate dependence for rates higher than 10 kcps. The ratios increase with

Table 3.1.: Estimated systematic uncertainties without ROI cut. The first col-
umn describes the range of the rate. The second and third column summarises the mean
and the width of the ratio distribution for the respective rate range. The fourth column
lists, if the ratios are constant versus the rate. The systematic uncertainty is estimated
based on the Bayesian approach (see equation 3.2) in the fifth column.

Range (cps) Mean Width Constant versus Rate Systematic Uncertainty (%)

10− 102 0.968 0.045 y 5.48
102 − 103 0.998 0.014 y 1.37
103 − 104 1.008 0.006 y 0.98
above 104 1.004 0.005 n 0.67
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Figure 3.4.: Ratios R1/R2 versus the estimated rate. The mean value of the ratios
is determined through a fit with a constant. However, the χ2-value is too large to assume
a constant ratio over four orders of magnitude in the rate.
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Figure 3.5.: Distribution of ratios R1/R2 for each order of magnitude of the
rate. The upper left histogram displays the ratio distribution for the rate range below
100 cps, on the upper right side for the range of 102 to 103 cps. The lower right plot shows
the rate range from 1.0 to 10 kcps and the lower right one the ratios for rates higher than
10 kcps.
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rate pointing towards rate dependent detector effects (e.g. dead-time of the detector). This
results in an asymmetric distribution of the ratios (lower right graph).
Consequently the ratio R1/R2 shows two unexpected behaviours: a significant smaller mean
value relative to the expectation value for rates lower than 100 cps and a rate dependence
for rates higher than 10 kcps.

3.4.1. Ratio for Rates below 100 cps

Small rates in the krypton measurement phase mainly occur at a high retarding potential.
The rate and the distribution of the background electrons are assumed to be independent
of the applied retarding potential in contrast to the krypton decay electrons. The number
of these electrons depends on the retarding potential. Hence, the relative fraction of
background electrons, which is partially non-Poisson distributed (e.g. due to radon decays,
see chapter 4), increases with the retarding potential. For non-Poissonian rates, method R2
is not applicable to estimate the rate. This results in a flawed rate estimation and might
lead to a ratio smaller than 1.0 .
Background measurements show that the spectrometer background rate increases with
the radius in the detector plane (see chapter 6.1). The decay electrons of the GKrS are
dominant at the centre. To minimise the rate of background electrons and therefore to
increase the fraction of Poisson distributed decay events, the rate measured in the three
outermost detector rings is excluded in the analysis. In case if the non-Poissonian events
cause the too small mean ratio, it should get closer to the expectation value by the ring
cut.
The events are projected into a multiplicity plot (∆t =2.0 s) and fitted with a Poisson
distribution, to test if the measured events are Poisson distributed. This method is applied
on a random basis for runs showing rates below 100 cps. The multiplicity plots for both
distributions (with and without ring cut) follow a Poisson distribution with 95 % CL.
Nevertheless, the ratio distribution is plotted in figure 3.6 with applied ring cut, which
might allow the identification of effects which cannot be discovered with the multiplicity
plot.

The exclusion of the three outermost detector rings leads to a change of the distribution
of ratios (see figure 3.6 compared to figure 3.5). The shape of the resulting distribution
is asymmetric with a tail towards smaller ratios and a 68 %-quantile of -0.042 and 0.049.
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Figure 3.6.: Distribution of ratios R1/R2 for rates below 100 cps after exclusion
of the outer detector rings. The distribution has 0.946 as median, the 68 %-quantile
is -0.042 and +0.049.
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The distribution’s median decreases slightly with the ring cut (0.95) in contrast to the
distributions without cuts (0.96). Consequently, the background rate is probably not the
reason for the lowered mean ratio. Further investigations (for example with the standard
ROI cut, see chapter 3.5) are needed to gain a better understanding for the reason of this
behaviour.

3.4.2. Ratio for Rates higher than 10 kcps

One conceivable reason for the ratio dependence on the rate for rates greater than 10 kcps
is given by the different treatment of the methods R1 and R2 with regard to events
corresponding to short inter-arrival times. Method R1 handles every measured event as
one electron hitting the detector. This is not completely correct due to the occurrence of
detector effects.
Runs with high rates are taken at low retarding potential. This allows the conversion
electrons at 9 keV and 32 keV of both consecutive 83mKr decays to overcome the retarding
potential and to arrive at the detector. Additionally, the intermediate state of krypton has
only small half-life of 154 ns, which allows the two consecutive electrons to arrive nearly at
the same time at the detector. These correlated electrons of cascade decays are counted
correctly by R1 if the inter-arrival times of these two electrons is larger than the shaping
length of L ≈ 1600 ns. However, R2 drops the correlated electrons. This results in an
increasing ratio R1/R2 with the rate. One possibility to prevent this behaviour is a ROI cut,
thereby one of the two 83mKr decay peaks is removed (see chapter 3.5). Another option is
a so-called multi-pixel cut.
A multi-pixel cut with an exclusion time t0 removes all measured events with smaller
inter-arrival times than t0. In this case, R1 will drop the correlated electrons which is
assumed to lead to an agreement with R2. Consequently, this should result in a stable
ratio for rates higher than 10 kcps. To exclude the cascade decays, a multi-pixel cut with
exclusion time larger than the half-life of the intermediate krypton state is needed. In the
following analysis t0 is set to 1µs.

The dependence of the ratios versus the rate with applied multi-pixel cut is shown in figure
3.7. For rates larger than 21 kcps, the ratio is constant with a mean value of approximately
0.976. The constant behaviour is an evidence, that the increasing ratio is due to the different
treatment of R1 and R2 concerning events with little inter-arrival times. For rates smaller
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Figure 3.7.: The ratio plotted versus the rate for rates above 10 kcps with
applied multi-pixel cut. The ratio can be approximated constant above 25 kcps, though
a rate dependent ratio is shown below 25 kcps.
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than 21 kcps a rate dependent behaviour exists. The ratio decreases with increasing rate,
which is due to the removal of the so-called “accidental coincidences”. The multi-pixel cut
removes all events with small inter-arrival times, also uncorrelated electrons of the krypton
decay. Applying the multi-pixel cut results in an incorrect estimation by R1 by dropping
the accidental coincidences and causing the rate dependence below 21 kcps. Nevertheless,
it is shown, that the ratio dependence of the rate above 10 kcps in the GKrS campaign is
caused by the correlated electrons of cascade events and not by rate dependent detector
effects.

3.4.3. Summarising Table

Table 3.2 summarises the relative systematic uncertainties on the rate estimation, caused
by applying method R1. Furthermore, the reaction of the uncertainty is shown, if certain
analysis tools are applied. The relative systematic uncertainty within a rate range equals
to the width of the distribution. The Bayesian estimation of the systematic uncertainty
enables a comparison of different rate ranges and is calculated based on equation 3.2.

Table 3.2.: Estimated systematic uncertainties without ROI cut for several
applied analysis tools. In the first column the applied cuts for the uncertainty estimation
are listed. The second and third column show the mean values and widths of the ratio
distributions. If the ratios are constant versus rate (fourth column) the detector effects
can be treated as constant inefficiencies. The results of the Bayesian error estimation are
printed in the last column.

Cuts Range (cps) Mean Width Constant Bayes Uncert. (%)

No cuts 10− 102 0.968 0.045 y 5.48
102 − 103 0.998 0.014 y 1.37
103 − 104 1.008 0.006 y 0.98
above 104 1.004 0.005 n 0.67

Outer three rings 10− 102 0.946 0.046 y 7.09
eliminated 102 − 103 0.995 0.013 y 1.35

103 − 104 1.007 0.006 y 0.89
above 104 1.004 0.004 n 0.54

Multi-pixel cut 10− 102 0.944 0.040 y 6.87
(1µs) 102 − 103 0.985 0.012 y 1.91

103 − 104 0.987 0.006 n 1.41
above 104 0.976 0.004 y 2.48

Multi-pixel cut 10− 102 0.942 0.041 y 7.07
(10µs) 102 − 103 0.980 0.012 y 2.30

103 − 104 0.930 0.026 n 7.41
above 104 0.855 0.004 n 14.48
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Figure 3.8.: Ratios R1/R2 versus the estimated rate with applied ROI cut. The
ratios are fitted with a constant. A small trend of increasing ratios with the rate is shown,
however it can be neglected versus the wide rate range.

3.5. Systematic Uncertainties in the Region of Interest

This analysis considers only events in the energy region of interest. The ROI is used as
defined for the SDS-II measurements (described in chapter 2.3.2). The update of the ROI
for the krypton data was decided after performing this study. However, a major impact by
updating the ranges of the ROI is not expected.
Similar to the preceding chapter, only those subruns are analysed, in which the inter-arrival
time distribution follows an exponential function with a confidence level of 95 %.

Figure 3.8 shows the ratio R1/R2 versus four orders of magnitude in the rate in the ROI,
which is fitted with a constant. The obtained χ2-value of 104 with 880 degrees of freedom
demonstrates, that the constant behaviour of the ratio does not apply to the whole rate
range. The uncertainty on the ratios increase to lower rates because of lower statistics (see
figure 3.8) similar to chapter 3.4. The graph indicates a slight increase of the ratios with
the rate. This behaviour is neglected for this analysis, as the slope is small over four orders
of magnitude of the rate. The distribution and behaviour of the ratios is evaluated for each
order of magnitude for further investigations. Figure 3.9 presents the distributions of the
ratios split for each order of magnitude of the rate. The resulting systematic uncertainties
are shown in the upper section in table 3.3.

The analysis with applied ROI cut shows two important features in comparison to chapter
3.4. First, the distribution of the ratios for rates lower than 100 cps is in mean smaller than
the expectation value. R1 underestimates the rate by a factor of 0.96 in comparison to R2.
Possible reasons for this underestimation of the rate are discussed in chapter 3.6. Second,
the ratio is constant within each order of magnitude of the rate. It is therefore concluded,
that correlated electrons of cascade decays of krypton cause the rate dependence in chapter
3.4. One of the two correlated decay electrons is removed from the analysis by applying a
ROI cut, which results in a constant ratio. Due to the constant mean ratios, the influence
of detector effects on rate estimation can be treated as constant detection inefficiencies
within one order of magnitude of the rate.
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Figure 3.9.: Distribution of ratios R1/R2 for each order of magnitude of the
rate with applied ROI cut. The upper left histogram shows the distribution of ratios
for rates below 100 cps, the upper right for rates between 102 cps and 103 cps. The lower
left graph displays the rate range from 1 to 10 kcps, the lower right for rates higher than
10 kcps.

Table 3.3.: Estimated systematic uncertainties with ROI cut for several ap-
plied analysis tools. In the first column the applied cuts for the uncertainty estimation
are listed. The second and third column show the mean values and widths of the ratio
distributions. If the ratios are constant versus rate (fourth column) the detector effects
can be treated as constant inefficiency. The results of the Bayesian error estimation are
printed in the last column.

Cuts Range (cps) Mean Width Constant Bayes Uncert. (%)

No Cuts 10− 102 0.955 0.038 y 5.89
102 − 103 0.984 0.010 y 1.94
103 − 104 0.991 0.013 y 1.57
above 104 0.999 0.003 y 0.32

Outer three rings 10− 102 0.934 0.038 y 7.64
eliminated 102 − 103 0.983 0.014 y 2.21

103 − 104 0.992 0.010 y 1.27
above 104 0.999 0.003 y 0.29

Multi-pixel cut 10− 102 0.945 0.042 y 6.89
(1µs) 102 − 103 0.983 0.014 y 2.25

103 − 104 0.986 0.010 y 1.72
above 104 0.980 0.004 y 2.02

Multi-pixel cut 10− 102 0.945 0.042 y 6.89
(10µs) 102 − 103 0.978 0.013 y 2.58

103 − 104 0.941 0.022 n 6.30
above 104 0.873 0.008 n 12.72
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3.5.1. Summarising Table

Table 3.3 presents the relative systematic uncertainty on R1 in the region of interest for
several applied analysis tools. The conservative Bayesian estimation of the systematic error
as well as an overview of applied cuts are summarised. The ratios are constant versus the
rate, except if a multi-pixel with t0 = 10µs is applied. Consequently, the approximation of
treating the influence of detector effects as constant detection inefficiencies seems justified
within each order of magnitude for an applied ROI cut.

3.6. Underestimation of the Rate by R1 below 100 cps

One important similarity between the analysis with and without ROI cut is the lowered
ratio for smaller rates relative to the expected value. The test for Poissonian rates and
the exclusion of the outer detector rings preludes non-Poissonian background as a possible
source for the underestimation of the rate by R1.
A further reasonable source is given by the energy of the conversion electrons. Runs with
low rates correspond to a high retarding potential and hence to conversion electrons with
higher energy. These electrons are accelerated by the high retarding potential after passing
the analysing plane. This results in a higher energy at the detector than runs with low
retarding potentials and high rates. Figure 3.10 shows the results of simulations for the
energy dependence of backscattering and charge-sharing as the major detector effects, which
influence this analysis. The upper graph displays the primary backscattering coefficient η
versus the initial energy of the conversion electrons. The typical energy range for krypton
conversion electrons is between 7 and 40 keV. η shows a slowly decreasing behaviour in
this energy range, consequently also the probability for backscattering decreases. However,
η is dominated by the striking angle of the electrons at the detector and not by the energy
dependence. The lower graph shows the probability for charge-sharing as a function of the
ring number of the detector. The probability is calculated for 30, 40, 50 and 60 keV striking
energy of the electrons. It is shown, that the probability for charge-sharing increases with
striking energy.
Consequently the probability for backscattering slightly decreases with electron energy
whereas for charge-sharing an increasing behaviour is shown. The dependence on the
electron energy is however not strong in both effects. Therefore, a reason for the lowered
ratio R1/R2 for low rates could not be identified.

3.7. Conclusions

The systematic uncertainty of rate estimation by event counting divided by measurement
time due to detector effects is quantified. The investigation is performed based on the
assumption of Poissonian rates. The most important results are:

• The Bayesian estimation of systematic uncertainty is between 5.48 and 0.67 % in the
analysis without ROI cut. A dependence of the rate estimation is seen to rates higher
than 10 kcps, which is not caused by detector effects but by correlated cascade decays
of krypton.

• The systematic error on the rate estimation is between 5.89 and 0.32 % in the
standard analysis with ROI cut. The ratios show a constant behaviour for each order
of magnitude in the rate. This allows to assume detector effects to be independent of
the rate, which enables to treat them as a constant detection inefficiency.

• An underestimation of the rate by R1 is seen for rates below 100 cps in the analysis
with and without ROI cut. The reason for this could not be identified.
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Figure 3.10.: The probability for backscattering and charge-sharing for differ-
ent electron energies. The upper graph presents the primary backscattering coefficient
η versus the electron energy for several striking angles. η decreases with increasing energy,
however it is dominated by the striking angle [Ren11]. The lower graph displays the
probability for charge-sharing versus the detector rings for several striking energies. The
probability for charge-sharing is increasing with the electron energy [Kor18].



4. The KATRIN Background Model

Electrons produced in background processes influence the statistical uncertainty of the
KATRIN experiment (see chapter 2.3.4). According to the KATRIN design report, the
achievement of a background rate of 0.01 cps is mandatory in order to reach the aimed
sensitivity of 200 meV (90 % CL) on the neutrino mass [KAT05]. The measured background
rate in the SDS is factor 50 higher than the design value with a magnetic field setting, which
provides the optimal energy resolution of 0.93 eV in the main spectrometer. Consequently,
the background rate needs to be minimised to ensure maximal sensitivity on the neutrino
mass. In addition, the different background sources have to be characterised to predict their
time development over the total measurement time of five years. This chapter describes the
different known background sources of the SDS as well as their influence on the electron
ROI rate. Furthermore, possible reduction mechanisms are explained. The major part of
the background rate is generated in the main spectrometer. Figure 4.1 gives a schematic
overview of the known background sources. The trapping mechanism of electrons is of
fundamental importance for the understanding of background processes.
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Figure 4.1.: Overview of the known sources of background in the main spec-
trometer. External background sources are cosmic muons and γ’s as part of the natural
radioactivity. They hit the spectrometer vessel and can produce secondary electrons on
the inner surfaces. The non-evaporable getter pumps emanate radioactive 219Rn, which
can decay in the sensitive flux tube and thereby produce trapped electrons. A Penning
discharge is possible for the Penning trap formed between pre- and main spectrometer.
210Pb is implanted in the spectrometer vessel, which produces in the course of its decay
Rydberg atoms [FK17].
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4.1. Magnetically Stored Electrons

Electrons can be reflected by the magnetic mirror when travelling from weak to strong
magnetic fields, as described in chapter 2.2. Background electrons, which are produced in
the weak magnetic field near the analysing plane, can be trapped in the so-called magnetic
bottle. A fraction of the electrons is reflected on both ends of the spectrometer, as the
magnetic field strength increases towards both ends.
The probability of an electron to be stored depends on its kinematics. A background
electron is trapped in the magnetic bottle if its polar emission angle at its point of creation
relative to the magnetic field lines is larger than

θmax = arcsin
(√

q|U(~x)|
Ekin(~x) ·

B(~x)
Bmax

)
. (4.1)

Here, Ekin(~x) describes the kinetic energy of the background electron at the point of creation,
U(~x) the electric potential, B(~x) the magnetic field strength and Bmax the maximal field
strength along the flight path.
An electron, which cannot exit the magnetic bottle due to its polar emission angle, moves in
axial direction back and forth in the spectrometer. It follows the magnetic field lines on fast,
small-diameter cyclotron paths. Additionally, the slow azimuthal magnetron drift of the
electron takes place, which is caused by radial magnetic field gradients [CGR06] [Mer12]. A
stored electron goes through a cooling-down process in which it either loses enough energy
by synchrotron radiation to break the storage condition or it scatters with residual gas and
thereby changes its polar angle. The energy loss due to synchrotron radiation is dominant
for background electrons with E⊥ > 10 keV. Low-energy electrons are more likely to break
the storage conditions by (in-)elastic scatter processes with residual gas.
In case of inelastic scattering, secondary electrons are produced via ionisation processes.
One stored electron with an energy of O(1 keV) can generate up to hundreds of secondary
electrons. Secondary electrons, which are created near the analysing plane and posses small
energies, are adiabatically guided to the detector. Due to the fact, that such electrons are
accelerated by the retarding potential towards the detector, they cannot be distinguished
from β-signal electrons. Excellent vacuum conditions in the main spectrometer yield
relatively long storage times of background electrons, that can range up to several hours
[MDF+13].
High-energy electrons (E > 10 keV) can undergo two further processes, which enable them
to break the storage condition. The first option is that the cyclotron radius is larger than
the spectrometer vessel and the electrons hit the inner surfaces. The second option is that
due to non-adiabatically effects the orbital magnetic moment of the electrons are no longer
conserved allowing them to leave the magnetic bottle [Har15] [MDF+13].

Several possibilities exist to remove trapped electrons from the main spectrometer, for
example by applying an electric dipole or a magnetic pulse [Wan13].
Another possible method to remove stored electrons is based on stochastic heating by
electron cyclotron resonance. Therefore an external high frequency field is applied. Its
frequency is adjusted to match the cyclotron frequency of the stored electrons. If the
cyclotron frequency is met, the trapped electrons gain a small amount of energy by the
external field. Stored electrons pass the analysing plane up to 104 times within 10 ms.
By applying the external field in the central part of the spectrometer, these electrons
gain a certain amount of energy each time they pass the analysing plane. Consequently,
the cyclotron radii of those electrons increase. Once the radius exceeds the dimension
of the spectrometer, the corresponding electron is absorbed on the inner surface of the
spectrometer [MBB+12].
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4.2. Cosmic Muons

Hadronic showers in the atmosphere produce cosmic muons [GER16]. The main spec-
trometer vessel is exposed to a flux of about 105 muons per second, which can cause the
emission of secondary electrons from the inner surfaces [FK17] [Lei14]. Electromagnetic
reduction mechanisms avoid a direct propagation of these secondary electrons into the
sensitive spectrometer volume.

The magnetic field is mostly parallel aligned to the inner surfaces of the spectrometer. Due
to the orientation of the field, secondary electrons are forced on a cyclotron path by the
Lorentz force and guided into the walls. Deviations from the parallel alignment can trap
secondary electrons at the outermost magnetic field lines. However, these electrons are not
guided to the detector. An ideally designed magnetic shielding provides a reduction factor
of five orders of magnitude on the secondary electron rate [Wan13].
Nevertheless, due to non-adiabatic transport effects of secondary electrons, a drift into the
sensitive volume of the main spectrometer can take place. This process can happen with a
probability of up to 10−5 for electrons starting from the hull. Wire electrodes have been
installed in both spectrometers in order to minimise the rate for such a process. The inner
electrodes cover the entire inner surface of the spectrometer vessels and are operated at
more negative voltage than the vessel. This results in a retarding potential for negative
charged particles emitted by the inner surfaces [Val10]. In the normal operation mode,
the inner electrodes are at 200 V more negative potential than the spectrometer vessel.
A larger offset would lead to a more reduced rate of secondary electrons from the inner
surfaces [Har15]. However this would also lead to stronger inhomogeneities of the electric
field in the analysing plane. Furthermore, field electron emission can take place above a
certain inner electrode voltage. In this process, electrons leave the electrodes by the tunnel
effect and produce additional background [Har15] [Sch14].

A muon detection system is installed close to the main spectrometer to quantify the
influence of the muon flux onto the background rate in the standard ROI. A correlation
analysis was performed with the measured muon flux and the background electron rate
with the data of a long-term background measurement. The correlation factor is consistent
with zero and the fraction of muon-induced background events is quantified to (4.8± 4.9) %
[CDE18]. The electromagnetic shielding is hence sufficient to eliminate the influence of
cosmic muons on the background rate in the ROI.

4.3. Penning Traps

Charged particles can be captured by a special interplay of electric and magnetic field in
Penning traps. A strong magnetic field traps charged particles in radial direction and a
static electric field in axial direction [Bla06]. Penning traps are created in KATRIN along
the magnetic flux tube, where the electric potential has a minimum (for example close to
the inner electrode system). In the electromagnetic design of the main spectrometer it has
been taken care to avoid Penning traps [Mer12].
Between the pre- and main spectrometer a so-called Penning-Malmberg trap is formed.
Thereby the magnetic field lines go from one negative potential to another with a positive
potential well in the middle. Background electrons, which do not posses enough kinetic
energy to overcome the potential, will accumulate in the trap. The mean free path of
an electron in the Penning trap reaches up to several kilometres since the spectrometer
provides good vacuum conditions. One trapped primary electron can produce up to 108

secondary electrons, charged particles and photons by ionisation processes in a 18 keV deep
Penning trap [FGV+14]. The trap stores the secondary electrons, whereas positive ions
and photons can leave it. They can then ionise residual gas or hit the inner surfaces. Such
processes yield a higher background rate. A charged plasma with negative space charge
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can arise, due to the long storage time of electrons in the Penning trap, which distorts the
electrostatic field design [FGV+14]. In extreme cases, the unstable plasma can lead to a
vacuum breakdown (Penning discharge) resulting in a clearly elevated background rate
(>1 kcps) [Har15]. Penning discharges are excluded as source of background events in the
KATRIN set-up by dedicated measurements [FK17].

4.4. Radon Decay

First measurements with the pre-spectrometer indicated a contribution of background
events from radioactive decays of certain radon isotopes inside the spectrometer volume
[FBD+11]. Noble gases, such as radon, are not influenced by electromagnetic fields in
vacuum and can therefore not be shielded by them. The radon isotopes 219Rn, 220Rn and
222Rn are part of the primordial decay chains and thus part of the naturally occurring
radioactivity. Furthermore, the non-evaporable getter (NEG) material, which is installed
in both spectrometers to achieve good vacuum conditions, is a known source of radon
emanation. The short-lived isotopes 219Rn and 220Rn with half-life in the order of seconds
decay homogeneously via α-decay in the spectrometer. The long-lived isotope 222Rn is
usually pumped out of the spectrometer before its decay and is therefore not considered in
the following. However, 222Rn influences indirectly the background, as will be pointed out
in chapter 4.5 [Har15].

Low level γ-measurements lead to the conclusion, that the contribution of 220Rn to the
background rate is two orders of magnitude smaller than the fraction of 219Rn induced
by the NEG material [Frä10]. Therefore the focus of the following discussion is on 219Rn
decay.
219Rn decays via α-decay in 215Po. The emitted α-particle does not contribute to the
generation of background electrons, since its cyclotron radius exceeds the dimensions of
the main spectrometer. The α-particle can produce charged particles in the collision with
the inner surface, however they are effectively shielded by the electromagnetic shielding.
Nevertheless, processes accompanying the 219Rn decay like inner-shell shake-off, atomic
relaxation or atomic-shell reorganisation yield to an emission of electrons. This is a
consequence of the transition of the excited 215Po nucleus to its ground state. In this way,
up to twenty electrons with an energy range of few eV to multi-keV can be emitted in the
sensitive flux volume by a single radon decay. Depending on the energy and emission angles,
the magnetic bottle can trap the primary electrons. The trapped electrons can produce up
to hundreds of secondary electrons in the cooling-down process. These secondary electrons
can reach the detector and elevate the background rate in the electron ROI [WDF+13]
[Har15].
Additionally to elevating the background rate, the stored high-energy electrons of radon
decays significantly worsen the KATRIN sensitivity. The statistical uncertainty on the
squared neutrino mass scales approximately with ∼ N1/6

bkg in case of Poissonian background
rates [KAT05] [Ott94]. Secondary electrons produced by a single stored primary electron
are correlated and thus not Poisson distributed. The statistical sensitivity was calculated for
a full-beam measurement time of three years with Monte Carlo simulations. The maximal
KATRIN sensitivity was determined to mν > 160 meV (90 % CL) for a purely Poissonian
background rate of 10 mcps. A large contribution of secondary electrons produced by radon
decays (total rate 60 mcps) worsens the sensitivity to mν > 370 meV [MDF+13]. This
calculation underlines the necessity of radon reduction mechanisms in the spectrometer.

The NEG material is the major source of radon in the spectrometers. A LN2 cooled baffle
system is installed in the three pump ports to prevent a direct line of sight from the
NEG pump to the sensitive flux volume. This shall actively reduce radon in the main
spectrometer. The baffle system is cooled to approximately 80 K to absorb radon on its
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surfaces. Thereby, the baffle system suppresses the radon induced background of 500 mcps
with an efficiency of 95 % [Har15]. No baffle system is installed in the pump ports of the
pre-spectrometer due to the lower area of NEG material. The radon atoms emitted there
can enter the sensitive spectrometer volume uninterruptedly, measurements to quantify
this influence are ongoing.

4.5. Natural Radioactivity

The natural radioactivity deposited in the material of the spectrometer building results in
a γ-ray flux to which the spectrometers are exposed. A 60Co source with an activity of
53 mBq [FK17] was placed near the main spectrometer vessel, to test if the γ-flux influences
the background rate. The rate in the main spectrometer stayed constant despite of the
source, consequently background events induced by γ-ray flux are effectively shielded
[FK17].

A long-term measurement at the end of 2014 indicated radioactive 210Pb at the inner
surfaces of the main spectrometer. In the design process of the spectrometer vessel and
the inner electrode system, it was taken care to use only materials with high radio purity.
Furthermore the inner surfaces of the spectrometer were electropolished after the production,
eliminating nearly all traces of 210Pb. Based on these countermeasures, it can be concluded
that the deposition of 210Pb must have occurred either during or after the installation of
the main spectrometer at KIT.
210Pb is a part of the primordial decay series of 238U. Hence, it is a decay product of the
long-lived radon isotope 222Rn. 222Rn is a noble gas and can easily diffuse to the surface of
materials and emanate into the ambient air. During the construction and maintenance
phase from 2007 to 2012 the spectrometer vessel was vented to atmosphere and therefore
its surfaces exposed to 222Rn. There are several α-decays in the decay chain of 222Rn
to 210Pb. The daughter nucleus gains a recoil energy in each α-decay and can therefore
be implanted several nanometres deep into the spectrometer vessel or the inner electrode
system. The decay of 222Rn to 210Pb takes place within a few minutes, whereas 210Pb itself
has a half-life of 22.2 years [Bas14]. The main spectrometer was vented to air only three
times since 2012. Therefore, it can be assumed in first-order approximation, that the only
implanted daughter nucleus of 222Rn is currently 210Pb.
The influence of the β-decay electrons of 210Pb onto the background rate near the endpoint of
tritium is investigated in [Har15]. A direct contribution from low-energy β-electrons seems
negligible due to the electrostatic and magnetic shielding. An indirect small contribution
of the β-decay due to storage of high-energy shell conversion electrons towards the outer
spectrometer region is probable [Har15].

4.6. Rydberg Atoms

All background effects mentioned above are effectively shielded and only contribute below
or on a percent-level to the overall KATRIN background. However, the major source of
the main spectrometer background with a rate of O(102 mcps) remains unidentified. The
current background model labels Rydberg atoms accompanying the decay of 210Pb as major
source of the background rate near the endpoint of tritium [FK17].
The thesis of F. Harms [Har15] states, that the amount of measured background events
mainly depends on the observed sensitive volume rather than on the applied magnetic field
strength in the spectrometer. This implies, that the background electrons are approximately
homogeneously distributed over the volume of the spectrometer. The electrons need to
have low energy at their point of creation to contribute to the background near the tritium
endpoint. A neutral particle is needed as source of the background. The neutrality of such
a particle is prerequisite since otherwise it would be affected by the internal shielding. The
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particle needs to be in a metastable state, to emit a low-energy electron in the sensitive
flux volume [Tro18]. The most likely process is the production of Rydberg atoms which
are ionised in the volume of the spectrometer by thermal radiation [FK17].

Rydberg atoms are in states of high principal quantum number n with lifetimes in the
order of milli-seconds. The Rydberg atoms in KATRIN are generated as a consequence of
α-decays near the surface of the spectrometer vessel. As previously mentioned, 210Pb is
implanted into the inner surfaces of the spectrometer as a consequence of contamination
with 222Rn. 210Pb decays into 210Bi via β-decay, which then decays into 210Po. During the
α-decay of 210Po, the daughter nucleus gains a recoil energy O(100 keV). This recoil allows
the daughter nucleus to leave the surface and to sputter atoms on the inner surfaces of
the spectrometers. As result of the scattering process, a part of the atoms is excited in
Rydberg states with high quantum numbers [Tro18].
Due to the high principal quantum number state, Rydberg atoms have a large dipole
moment and react to electromagnetic fields. Considering an electric field corresponding to
the applied voltage Uapp, Rydberg atoms with principal quantum numbers larger than

nmax =
(

27.4 V
16× Uapp(V)

)1/4

[Gal05] (4.2)

are ionised. A large fraction of Rydberg atoms are produced on the inner vessel surface.
An electrostatic field is created between the vessel and the inner electrodes by which a part
of the Rydberg states are ionised according to equation 4.2. The residuals of the ionised
atoms are then absorbed by the electromagnetic shielding. Hence, a decrease of the rate is
expected with increasing inner electrode offset, which is experimentally confirmed [Har15].
The lifetime of the remaining Rydberg states is sufficient to enter the sensitive flux volume
of the main spectrometer. There, the black-body radiation of the spectrometer can ionise
the atoms. The retarding potential accelerates the resulting low-energy electron, which
then causes an indistinguishable background from the signal electrons near the endpoint of
tritium [GNO10] [Har15].

An attempt to reduce the background rate by ionisation of Rydberg atoms was given by
baking-out the pre- and main spectrometer. The spectrometers were heated to 200 ◦C
(main spectrometer) respectively 300 ◦C (pre-spectrometer) for several consecutive days
[Thü17] [Thü18]. Sputtering processes of recoil nuclei with atoms on the inner surfaces of
the spectrometers produce the Rydberg atoms in KATRIN. These atoms are mainly H2O
molecules, which accumulate on the inner surfaces in monolayers. During the bake-out
process, the accumulated atoms on the inner surfaces were evaporated and pumped out,
which lowers the probability for the Rydberg atom production [Har15]. The bake-out
process lowered the background rate in the ROI by approximately 40 %.

Despite the experimental evidences, which favour the Rydberg model as background source,
there are also effects, which can partially not yet be explained by it. One example is the
energy distribution of background electrons in the main spectrometer, which is investigated
via dipole measurements. The maximally allowed electron energies for ionised Rydberg
atoms by black-body radiation range up to 100 meV. However, dipole measurements
indicate that background electrons can have starting energies up to 1 eV [Pol18].

4.7. Intrinsic Detector Background

The design goal of the detector system is to reach an intrinsic detector background rate,
which is lower than 1 mcps near the endpoint of tritium [KAT05]. Active (multi-pixel
cut, veto cut) and passive (selection of materials) background-reduction techniques are
applied to enable the achievement of this goal [Leb10]. Measurements with a closed valve
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between the detector section and the main spectrometer enable a determination of the
intrinsic detector background rate. The post-acceleration is turned off in this measurement,
since otherwise low-energy surface electrons of the valve would be accelerated towards the
detector. The measured energy spectrum contains four features:

• The electronic noise dominates the measurement below 6 keV, resulting in a peak-like
structure.

• Fluorescence light from surrounding materials dominates the range from 10 to 110 keV.
In this range, the background rate drops exponentially.

• At approximately 125 keV, a rise in the spectrum can be recognised and described
with a Landau distribution. This observation can be explained by cosmic rays, for
example muons, passing through the FPD and depositing parts of their energy.

• A broad peak exists above 180 keV, which is due to overflow.

Through the combination of active and passive shielding techniques, the design goal of
the background rate for the detector section is fulfilled with a post acceleration of 10 kV
[Sch14].

4.8. Conclusions

The background rate produced in the spectrometer and detector section in the electron
ROI is many times higher than required in the design report. Many efforts have been
made to identify the sources of this elevated background. It was found that secondary
electrons due to cosmic muons are well shielded and influence the background rate only at
the percent level. Furthermore, Penning traps could be excluded as source of background.
The radioactive radon isotopes 219Rn and 220Rn worsen the sensitivity of the KATRIN
experiment by producing high-energy electrons, which are trapped in the spectrometers. A
LN2 cooled baffle system effectively shields radon in the main spectrometer in contrast to
the pre-spectrometer. A γ-ray flux of the intrinsic radioactivity of the building material
causes the emission of secondary electrons from the inner spectrometer surfaces. The
electromagnetic shielding absorbs these electrons. Further measurements showed the
existence of 210Pb atoms in the vessel material of the main spectrometer. The major source
of the background rate is assumed to be Rydberg atoms, which are produced accompanying
the decay of 210Pb. The black-body radiation of the spectrometers can ionise the Rydberg
atoms in the sensitive flux volume of the spectrometer and produce a low-energy electron
in the sensitive flux volume. Several measurements underpin this theory, however there are
still observations which cannot be explained by the Rydberg model. The intrinsic detector
background rate fulfils the requirements of the design report.





5. Voltage Dependence of the Main
Spectrometer Background near the
Endpoint of Tritium

The KATRIN design report assumes that the background rate is independent of the
applied retarding potential near the endpoint of tritium [KAT05]. The thesis of F. Harms
[Har15] investigates the rate dependence on the retarding potential over a wide range (from
approximately 40 eV to 1.8× 104 eV). An increasing background rate with the retarding
potential is measured and the reason for this dependence remains unknown. The goal of
this chapter is to answer if the spectrometer background rate can be assumed constant
for the scanning range of the neutrino mass measurements (35 eV or 65 eV, depending on
scenario).
Chapter 5.1 summarises sensitivity studies of the voltage dependence of the background
rate, which were performed in the course of the KATRIN design report. Afterwards a
mechanism, which might cause a dependence of the background rate, is stated in chapter 5.2.
The following chapter 5.3 presents the experimental results of a measurement performed in
October 2017 to this topic. Chapter 5.4 shows the results of two further measurements, both
performed in January 2018, and the inconsistencies which occurred in there. The subsequent
chapter 5.5 presents three possible ways to treat the measured voltage dependence and
their influence on the KATRIN sensitivity.

5.1. Voltage Dependence in the Design Report

Different scenarios have been simulated to calculate the optimal measurement time dis-
tribution for the determination of the neutrino mass. In most of the cases, the retarding
potential is varied from 30 eV or 60 eV below the endpoint of tritium to 5 eV above. A
decision for a final measurement time distribution is not yet made. The KATRIN design
report assumes the background rate to be independent of the retarding potential for the
scanning range in neutrino mass measurements. It assumes, that in case of a voltage
dependence, it can be described as a first degree polynomial in first-order approximation.
This assumption is also taken over for the following sensitivity studies in this chapter. The
rate R is thus described in dependence of the retarding potential qU by

R(qU) = δ · qU +Roff , (5.1)

with δ as the slope of the potential dependence and Roff as the extrapolated rate without
retarding potential.

Sensitivity studies have been performed to test the influence of the voltage dependence
on the neutrino mass. In these studies, the squared neutrino mass is set to 0 eV2 and the
decay spectrum of tritium is simulated based on this value. The simulated decay rates are
then added to the data set as well as a background model, which contains a dependence of
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the background rate on the retarding potential with a certain slope. The background is
assumed to be constant in the model, which is fitted to the simulated data set. By fitting
an incomplete model to the data set, the fitted squared neutrino mass is shifted versus
the “true” value. The shift is the systematic shift on the squared neutrino mass caused by
neglecting a possible background dependence.
As result of the sensitivity studies performed for the design report, a critical slope of the
background dependence is determined to δ= 2.5 mcps/keV. With an assumed background
rate at the endpoint of tritium of 10 mcps, this slope leads to a shift on the squared
neutrino mass larger than the maximally allowed systematic error for one systematic effect
(≈ 6× 10−3 eV2). The upper limit on the background dependence in the Troitsk neutrino
experiment was measured above the endpoint to 0.5 mcps/keV. Based on this value, a
possible background dependence is linked to a systematic shift on the squared neutrino
mass smaller than 1.2× 10−3 eV2 in the KATRIN systematic error budget. Thereby the
constant underlying background is assumed to be 10 mcps [KAT05].

5.2. Model for Voltage Dependence

This chapter explains a mechanism, which can cause a dependence of the background rate
on the applied retarding potential. The main spectrometer background is dominated by
electrons, which are produced in the ionisation process of Rydberg atoms (see chapter
4.6). Their emergence only depends on the decay of 210Pb near the inner surfaces of the
spectrometer, which is independent of the applied vessel potential. An ionisation of certain
Rydberg states directly after their creation is only dependent on the offset between the inner
electrode system and the vessel potential. This offset is constant during a measurement.
Consequently, the spectrum of Rydberg atoms is independent of the applied retarding
potential. The black-body radiation of the main spectrometer ionises the Rydberg atoms
and produces thereby the free low-energy background electrons. This radiation only hinges
on the vessel temperature [TM15]. In summary, the production of background electrons by
Rydberg atoms is independent of the applied retarding potential.

The production mechanism of background electrons cannot explain a possible voltage
dependence, thus it might only be caused after the production and before the detection of

Figure 5.1.: The background electron energy spectrum in the main spectrom-
eter, determined in dipole measurements. The energy spectrum ranges up to several
eV, which is not expected in the current Rydberg background model [Pol18].
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the electrons. The electron background energy distribution in the main spectrometer is of
crucial importance for the investigation of a possible source.
The energy distribution is determined in so-called dipole measurements. The principle is to
trap background electrons below a certain energy in the sensitive flux volume of the main
spectrometer. Before the trapped electrons can scatter with residual gas and thereby break
the storage conditions (see chapter 4.1), an electric dipole is applied. The stored electrons
are removed from the flux tube, consequently the measured background rate at the detector
is reduced. A variation of the trapping depth enables a scan of the energy distribution in
an integrated way. The trap can be produced by two methods. One method is a magnetic
trap, which traps electrons depending on their transverse energy relative to the magnetic
field (see chapter 4.1). The depth of the trap is varied by the magnetic field setting and
the retarding voltage. The other method is to trap electrons in a shallow Penning trap
(see chapter 4.3). Electrons, with energies smaller than the depth of the Penning trap,
are trapped in radial direction by the magnetic field and in axial direction by the electric
field. Depending on the pitch angle, the Penning trap can also store electrons with larger
energies than the trap depth. The depth of the trap is varied by a variation of the electric
field strength. Figure 5.1 displays the preliminary results for the calculated differential
energy distribution. The graph shows, that a part of the background energy distribution
has starting energies greater than 1 eV. The background model of Rydberg atoms, which
are ionised by black-body radiation, explains only energies O(102 meV) [Pol18]. Electrons
with energies larger than 1 eV can be magnetically trapped in the main spectrometer, in
contrast to electrons with less energy.

Background electrons are trapped in the main spectrometer if their polar emission angle θ
relative to the magnetic field lines exceeds a certain angle θmax at their point of creation
(see chapter 4.1). θmax can be described as a function of the retarding potential qU , the
kinetic energy Ekin, the magnetic field strength at the point of creation B(~x) and the
maximal magnetic field strength Bmax:

θmax = arcsin
(√

q|U(~x)|
Ekin(~x) ·

B(~x)
Bmax

)
[Har15]. (5.2)

θmax is calculated as a function of the retarding potential and the electron energy. B(~x)
is set to 2.7 G1, which is a typical value for the analysing plane. The maximal applied
magnetic field Bmax is 4.2 T in the pinch magnet.
The upper graph of figure 5.2 shows the results of this calculation. The retarding potential is
plotted on the y-axis from 18 keV to 19 keV. On the x-axis the electron energies from 0.1 eV
to 3 keV are shown logarithmically. Background electrons which possess these energies
are measured in the electron ROI at the detector. The plot shows, that θmax is mainly
dominated by the electron energy. Electrons smaller than 1.2 eV are not stored at all,
independent of their polar emission angle, as this is the maximal energy resolution of the
main spectrometer for the 2.7 G-setting. θmax equals the maximal polar angle of 90◦ for this
energy range. θmax is decreasing for electron energies above 1.2 eV. The energy distribution
of figure 5.1 shows, that a non-negligible part of the background electrons has energies
above 1.2 eV. A small dependence on the retarding potential exists for these energies.
This relation is demonstrated by a profile plot of θmax as function of the retarding potential
for an electron energy at 1.5 eV (see lower graph of figure 5.2). θmax increases linearly with
the retarding potential from 61.5◦ at 18.0 keV to 64.5◦ at 19.0 keV. θmax is small at low
retarding potential, resulting in an increased amount of trapped electrons.

Normally one would expect, that the trapped background electrons go through a process of
cooling-down (see chapter 4.1) and should leave the trap with a small temporal difference

11 G=10−4 T[Jil15]
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Figure 5.2.: θmax as function of kinetic energy and retarding potential (upper
graph), dependence of θmax on the retarding potential for electron energies
at 1.5 eV (lower graph). For the calculation of θmax the ratio of B(~x)/Bmax is set to a
typical value of 6.4× 10−5 in the analysing plane. It is displayed in the upper plot that
the maximal polar angle is dominated by the kinetic energy of the electron (notice the
logarithmic x-axis). However, also a small dependence on the retarding potential exists.
This small dependence is shown in the lower graph, where θmax is plotted as a function of
the retarding potential for a kinetic electron energy of 1.5 eV.

O(min). For a measurement time at one potential on the scale of hours, the voltage
dependence should be washed out. However, a mechanism which removes the stored
electrons from the sensitive flux volume, would result in a reduction of the background
rate. There are two possible mechanisms which could prevent the measurement of stored
electrons at the detector:

1. A weak electrostatic dipole could drift stored electrons to the spectrometer vessel
where they would disappear. Such an electrostatic dipole might be caused by a
varying distance of the inner electrode system to the vessel. Simulations to this
topic are ongoing. A stronger effect of a possible dipole on stored electrons would be
expected at larger radii.

2. During the storage time, trapped electrons scatter with residual gas and change the
polar emission angle, which allows them to break the storage condition. While the
electrons are stored, they perform a slow drift around the magnetic main axis of the
main spectrometer. During this magnetron motion, stored electrons can spend part
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of their storage time outside the flux tube. In case the trapped electrons scatter with
residual gas outside the flux tube, they might break the storage condition. However,
as this process takes place outside the sensitive volume, the electrons are not guided
to, but past the detector and are therefore not detected. Also in this mechanism, the
rate reduction would mainly take place at the outer detector rings.

Nevertheless, more detailed investigations are required to explain a possible voltage depen-
dence [MPHG17].
In case that the electrons of the ionised Rydberg atoms are emitted isotropically and that all
stored electrons cannot reach the detector, a possible reduction of the rate can be calculated.
A reduction of the rate of 2.7 % is expected for an electron energy of 1.5 eV. Nevertheless,
this is just a very rough estimate, more detailed simulations with the measured electron
energy distribution are required and should be performed in future works.

5.3. Measurement of October 2017

The retarding potential was varied for a measurement time of 60 hours to determine the
relation between the retarding potential and the background rate. The background rate was
periodically measured at 18.0, 18.2, 18.4, 18.6, 18.8 and 19 keV for one hour each [Frä17f].
This measurement determined the background dependence over a relatively wide range of
the retarding potential (103 eV) in comparison to the normal scanning range of neutrino
mass measurements of maximal 65 eV. The retarding potential was chosen over such a wide
range to get a “lever arm” for a more precise determination of the slope. If, on the one
hand, the background rate would be measured only over a narrow retarding potential range,
a possible background slope would be superimposed by statistical fluctuations. If on the
other hand the retarding potential range is chosen too wide, the first-order approximation
to describe the background with a first degree polynomial would lose its validity. Therefore
a decision for a 1 keV retarding potential range was made.
There were collisions of the magnetic flux tube with the spectrometer walls in the measure-
ment. The corresponding pixels of the detector (124-130, 136-142 and 147) are therefore
dominated by secondary electron emission and consequently excluded for the analysis.

Figure 5.3 displays the results of the measurement. An increasing rate with retarding
potential is shown, which is describable by a first degree polynomial with a reduced χ2 of 0.7 .
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Figure 5.3.: Background rate versus retarding potential. A trend of increasing
background rate with the retarding potential is shown and fitted with a first order
polynomial. The fit results in a slope of δ = (10.04± 4.69) mcps/keV.
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The fit results in a statistically significant background slope of δ= (10.04± 4.69) mcps/keV.
A ring-wise analysis of the data indicates, that the rate increases uniformly with the
retarding potential and not only in certain parts of the detector. If the rate would
only increase towards the outer ring, this would point towards a relation with secondary
electrons. However, since the rate increases uniformly over the whole detector, the varied
retarding potential seems to affect all background electrons distributed in the volume of
the spectrometer.
A decrease of the rate towards lower retarding potentials favours the source explained in
chapter 5.2. A difference of the measured background rate between 18 keV and 19 keV of
approximately 2.2 % is in accordance with the estimate for trapped background electrons,
which are eliminated from the sensitive flux volume.

5.4. Measurements of January 2018

Two additional measurements were performed in January 2018 to determine the background
slope with higher precision [FB18]. In those measurements the magnetic field setting was
chosen to be 6 G in the analysing plane, as this promises the highest KATRIN sensitivity
[Beh17]. By changing the magnetic field setting in comparison to the October measure-
ments, the storage condition for background electrons changes (see equation 5.2). Thus, it
is expected that the value of the slope also changes. The difference of the storage condition
∆θmax = θmax(January)− θmax(October) is plotted in figure 5.4.
∆θmax is always greater than zero which means that θmax is larger in the January mea-
surement than in the one from October. This results in less trapped electrons in the
main spectrometer and consequently should result in a smaller slope. The difference of the
magnetic field settings has large influence on electron energies between 2 eV and 3 eV with
a difference in θmax of more than 45◦.

5.4.1. Experimental Results

The first of the two January measurements was performed at the beginning of January 2018,
for which the retarding potential was iteratively set to 18.0, 18.4, 18.8 and 19.2 keV. In
comparison to the October measurement, the range of the retarding potential is wider to get
a more precise determination of the slope. Additionally, there are less measurement points

Figure 5.4.: Difference of the maximally allowed polar emission angle for
background electrons between the October and January measurements. The
difference is calculated to ∆θmax = θmax(January)− θmax(October). The January mea-
surements used a 6 G and the October measurements a 2.7 G magnetic field setting.
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Figure 5.5.: Meausurements of background dependence on the retarding po-
tential, measured at beginning (upper graph) and end (middle graph) of Jan-
uary ’18. The lower line shows both measurements in one graph for better
comparison. Both measurements indicate a dependence of the measured rate (y-axis)
versus the retarding potential (x-axis). The results of the measurement at the beginning
of January can be described by a first degree polynomial. The measurement at the end of
January is performed with the same magnetic setting. The overall shape of the rate versus
the retarding potential as well as the total rate changes, which is not expected. The rate
and the corresponding statistical uncertainty of both measurements are shown in the lower
graph. For illustration, the four (red) and five (blue) data points and their uncertainties
are interpolated. The discrepancy in the total rate between the two measurements cannot
be explained by statistical fluctuations.
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in January to increase the statistics at each point. In total, 40 h data were taken in the first
January measurement. It was measured for two hours at each retarding potential before
continuing to the next one. An increase of the rate with retarding potential was measured,
which is describable by a first degree polynomial with slope δ = (2.48± 3.56) mcps/keV (see
upper graph of figure 5.5). The uncertainty on the measured slope decreases in comparison
to the October measurement, this is due to the wider measurement range of the retarding
potential. As expected, the slope itself decreases in comparison to the October measurement.
Within its statistical uncertainty, it is compatible with zero. However, the measured rate at
18.8 keV is lower than the one at 18.4 keV. To further investigate this region, a measurement
point at 18.6 keV was added and the measurement was repeated at the end of January with
higher statistics.

At the end of January, the voltage dependence was measured over one week with the same
magnetic field setting as in the measurement at the beginning of January. The middle plot
of figure 5.5 presents the rate versus the retarding potential, which shows two inconsistencies
compared to the previous measurement.
First, the overall shape of the dependence changes and cannot be described by a first degree
polynomial anymore (68 % CL). A change of the voltage dependence is only expected
by a change of the magnetic field, which did not occur. Nevertheless, the slope of the
background rate versus the retarding potential needs to be quantified for the long-term
measurement at the end of January. Therefore, only the rate at the three inner points at
the retarding potentials of 18.4, 18.6 and 18.8 keV are fitted with a first degree polynomial.
The resulting slope is (4.55± 6.15) mcps/keV.
The second inconsistency is, that the total underlying rate is elevated by at least 30 mcps
(see lower graph of figure 5.5). This increase cannot be explained by statistical fluctuations.
A sudden increase of the rate is also not expected, as the Rydberg model expects a time-
independent background rate on the time-scales of several months. Additionally, in between
the two measurements no artificial background source was installed in the spectrometer
and detector section, which might cause a higher background rate.
Possible sources for the two inconsistencies are discussed in the following chapter.

5.4.2. Possible Explanations for Inconsistencies in the January Measure-
ments

One reasonable explanation for the inconsistencies might be a fluctuation of the hardware
parameters (also called slow-control parameters).
The different hardware parameters (e.g. magnetic field strength) are recorded over time.
This enables a detailed investigation on parameter changes during a measurement. 17
slow-control parameters (see table 5.1), which are assumed to have an influence on the
background rate, are examined in more detail to explain the inconsistencies in the January
measurements. All examined slow-control parameters show a stability on the percent level
or below during each measurement, indicating that the hardware parameters were constant.
The required stability for each parameter, which is achieved during the measurements, is
given in [KAT05].
Additionally, correlation analyses with the measured rate and the 17 slow-control parameters
are performed to quantify the influence on the rate. Therefore, each measurement is split
into smaller time ranges. For each time range, the mean value of the respective slow-control
parameter and the mean value of the rate is calculated. A scatter-plot displays the results
of all time ranges for one measurement for the respective slow-control parameter and the
measured rate. The orientation for uncorrelated data points is mainly parallel to one of the
axes of the scatter-plot. A deviating trend in the scatter-plot indicates a correlation. The
correlation coefficient ρ quantifies a possible correlation. It ranges from -1 to +1 . The
correlation coefficient is ρ = 0 for uncorrelated variables. ρ = 1 is called positive correlated
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Table 5.1.: Analysis of slow-control parameters during the January measure-
ments. The first two columns describe the used slow-control parameters. The result of
the correlation analysis of the respective parameter with the measured rate is printed in
the fourth and fifth column. The relative mean deviation of the slow-control parameters
between the two measurements is calculated in the last column. The corresponding
KATRIN numbers of the slow-control parameters are given in chapter B.

Parameter Position Sensor ρ Beginning ρ End Rel. Deviation
of January of January Slow-Control (%)

Magnetic field Mid-Ring 9 -0.27 -0.19 0.009
analysing plane Mid-Ring 23 0.40 0.26 0.025

Mid-Ring 30 0.27 0.12 0.002

MS pressure Extractor ion gauge -0.06 0.09 8.425

FPD temperature Carousel 0.12 -0.09 2.808

Baffle 1 Top -0.09 -0.08 1.361
temperature Bottom -0.28 -0.05 0.004

Centre 0.37 -0.30 0.142
Inlet 0.12 -0.30 0.120

Baffle 2 Top -0.01 -0.07 0.240
temperature Bottom -0.02 -0.05 0.062

Centre -0.11 -0.12 0.107
Inlet 0.00 0.00 0.428

Baffle 3 Top 0.02 0.01 0.297
temperature Bottom 0.05 -0.13 0.005

Centre 0.04 -0.14 0.012
Inlet 0.02 -0.10 0.011

whereas ρ = −1 describes a negative correlation [Wal15].
The resulting correlation coefficients of the correlation analyses with the measured rate
and the 17 slow-control parameters are shown in the third and fourth column in table
5.1. A strong correlation is not present, as the absolute correlation factor |ρ| is always
smaller than 0.4 in both measurements. To explain the inconsistencies between the two
January measurements by hardware effects, two conditions have to be fulfilled. First, a
non-negligible correlation between the hardware parameter and the background rate is
required. Second, a deviation of the measured values of this parameter between the two
measurements must be given (see table 5.1 last column). The relative deviations between
the two measurements are all below the percent level, except for the main spectrometer
pressure, the FPD carousel temperature and the baffle 1 temperature at the top. However,
all of these three parameters have a nearly vanishing correlation with the measured rate.
To summarise, there are no signs of hardware fluctuations in the KATRIN set-up which
could be responsible for the elevated background rate or a changed behaviour of the rate
versus retarding potential.

Possible side-effects of ramping through several retarding potentials could elevate the total
background rate. To investigate this, it is necessary to take a look at the complete SDS-IIIc
measurement phase. Before the first January voltage dependence measurement, a long-term
background measurement was performed (see chapter 6). In this period the background was
measured over 14 consecutive days at a constant retarding potential of 18.6 keV. The mean
rate in the electron ROI is (287.7± 0.4) mcps, which is in accordance with the voltage
dependence measurement at the beginning of January. After the second voltage dependence
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measurement at the end of January, an additional measurement was performed to confirm
the elevated rate. In there the same settings as for the long-term measurement were used
and the elevated rate is confirmed [FHB18]. Hence, side-effects of ramping through different
retarding potentials are excluded as source for the elevated rate. Further investigations to
this topic are ongoing.

5.5. Methods to Treat the Voltage Dependence and the Influence on the
Sensitivity

The influence of a possible voltage dependence of the background rate on the KATRIN
sensitivity needs to be quantified. Therefore, three different ways to handle the impact
of the vessel potential on the background rate are presented in the following. The first
method is to neglect the background dependence in the background model, the second
one is to include the dependence with a fixed value. Finally, a third method is presented
which treats the background slope δ as a free fit parameter. The methods are introduced
by the example of the measured values of the October ’17 measurement. Afterwards the
respective result for the measured values of the January ’18 measurement is stated.
The sensitivity studies in the following are performed with the tool KaFit of the KATRIN
software KASPER. The thesis of M. Kleesiek states more details about KASPER and KaFit
[Kle14].

5.5.1. Neglecting Voltage Dependence
The design report states, that a slope of 2.5 mcps/keV results in a systematic shift on the
squared neutrino mass of ∆m2

ν ≈ 6× 10−3 eV2. This result is based on a background rate
of 10 mcps at the endpoint of tritium. On the one hand the measured value of the slope
in October is four times larger than the critical one from the design report. On the other
hand the measured (545± 4) mcps background rate at the endpoint of tritium is many
times higher than in the design report. Therefore one could assume, that the elevated
background rate absorbs the measured slope to a certain level.

A data set with three full-beam years is simulated with a tritium spectrum of vanishing
neutrino mass and a certain voltage dependent background. The model, which is fitted
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Figure 5.6.: The estimated squared neutrino mass, if the data contains a
voltage dependent background, which is not considered in the background
model. The shift on the squared neutrino mass is calculated for several background rates
(10, 300 and 500 mcps). Additionally, the influence of the run-time schedule is shown for
a background rate of 300 mcps.
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Table 5.2.: Fit results of the squared neutrino mass versus the background
slope δ for different background rates. The calculated squared neutrino mass can
be described by mν2(δ) = a · δ, if the data contains a voltage dependence which is not
considered in the model.

Background Rate (mcps) Scanning Range (eV) a (×10−3eV2 · keV/mcps)

10 35 (2.391± 0.001)
300 35 (1.5523± 0.0007)
300 65 (1.3954± 0.0004)
500 35 (1.5496± 0.0005)

to the data, assumes a constant background independent of the retarding potential. The
fitted squared neutrino mass can be interpreted as the systematic shift on it. Figure 5.6
summarises the results of several sensitivity studies, in case the model does not consider
a voltage dependent background. The calculated squared neutrino mass is plotted as a
function of the background slope for three different background rates. This graph reveals
three important characteristics.
First of all, the calculated squared neutrino mass increases linearly with the background
slope. The estimated squared neutrino mass in dependence of the underlying background
slope can be described for all simulated scenarios with m2

ν(δ) = a · δ. Table 5.2 states the
fitted values of a for the scenarios.
Second, the size of the shift decreases with increasing background rate. This behaviour is
expected. The statistical uncertainty increases at each retarding potential with increasing
background rate. Consequently, the ratio of the slope over the statistical uncertainty
decreases towards higher rates, resulting in less influence on the sensitivity. The increased
background rate therefore partially absorbs the measured slope.
Third, the choice of the run-time schedule has a significant influence on the shift of the
squared neutrino mass. The comparison of the two sensitivity studies for a background
rate of 300 mcps shows this effect. The estimated shift on the squared neutrino mass is
smaller for a run-time schedule which uses 65 eV as scanning range than one, which uses
35 eV. The source for this is also the statistical uncertainty. The run-time schedule with
a scanning range of 65 eV measures at more retarding potentials than the one of 35 eV.
Hence, the statistical uncertainty of the determined rate is larger at each retarding potential
in the first run-time schedule. The ratio slope over uncertainty decreases in comparison
to the 35 eV schedule, which results in a smaller influence of the slope on the squared
neutrino mass. The sensitivity studies in the following based on the data of the January
measurements use the 65 eV run-time schedule due to two reasons. First, the influence of
the slope on the sensitivity is smaller compared to the 35 eV schedule, therefore this is a
best case approximation. Second, the 65 eV scanning range promises the best statistical
uncertainty on the neutrino mass in the latest sensitivity studies [Beh17].

The influence of the experimental results on the squared neutrino mass are calculated
in the following. The total rate at the endpoint of tritium amounts to 545 mcps in the
October measurement. The slope is determined to 10.04 mcps/keV. The resulting shift on
the squared neutrino mass of 15.4× 10−3 eV2 is nearly as large as the complete systematic
error budget of 17.0× 10−3 eV2. Neglecting the impact of the retarding potential on the
background rate seems therefore to be no option.
A slope of (4.55± 6.15) mcps/keV is determined in the data of the long-term January
measurement of the background rate dependence on the applied retarding potential. The
rate at the endpoint of tritium is approximately 324 mcps. Neglecting the background slope
in the model would lead to a systematic shift on the squared neutrino mass of 6.3× 10−3 eV2

for these measured values. This is at the allowed limit for a single systematic effect in
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the systematic error budget [KAT05]. Nevertheless, the slope is not measured precisely.
Therefore, the true value of the slope might be higher and would exceed the limit for one
systematic effect.

5.5.2. Including Voltage Dependence as Fixed Value

The second method to treat the background dependence includes the slope with a fixed
value δ0 in the model. However, the exact value of the slope is not known. Only the
measured value and the corresponding confidence interval σδ are set. The experimental
results of the October measurement state δ0 = 10.04 mcps/keV and σδ = ±4.69 mcps/keV.
An ensemble test is performed to demonstrate the influence of the uncertainty on the slope.
Thereby 103 data sets are simulated, each with a different slope. The values for the slope
are randomly generated, following a Gaussian distribution with mean 10.04 mcps/keV and
width 4.69 mcps/keV. The model is fitted to each data set and the shift on the squared
neutrino mass is calculated. The shifts of all analyses are plotted in figure 5.7 as histogram.
The resulting distribution follows a Gaussian distribution with mean (0.23± 0.27)× 10−3 eV2

and width (7.38± 0.27)× 10−3 eV2. Hence, including the voltage dependence as a fixed
value in the model leads to no systematic shift, if the true value equals the fixed one of
the model. However, the unawareness of the true value results in possible shifts on the
squared neutrino mass of 7.4× 10−3 eV2 (68 % CL). This method therefore exceeds the
limit of 6× 10−3 eV2 for one systematic effect.
In case that the background dependence follows exactly a first degree polynomial, it is
calculated how long the background slope has to be measured to meet the requirements
of the design report. Therefore, the possible shifts on the squared neutrino mass need to
be limited to smaller than 1.2× 10−3 eV2 (68 % CL). For Poisson distributed rates the
statistical uncertainty scales proportional to 1/

√
tmeas. The extrapolation of the results

from the fit in figure 5.3 yield a necessary measurement time of the background slope of
approximately 90 days.

In the latter January measurement, the slope is determined to 4.55 mcps/keV with an
uncertainty of 6.15 mcps/keV. The ensemble test with these values result in possible shifts
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Figure 5.7.: Shift on the squared neutrino mass for 103 data sets with different
background slopes and a fixed slope in the model. The slopes of the data sets
are generated randomly following a Gaussian function with mean 10.04 mcps/keV and
width 4.69 mcps/keV. The resulting distribution of the systematic shift on the squared
neutrino mass also follows a Gaussian function with mean (0.23± 0.27)× 10−3 eV2 and
width (7.38± 0.27)× 10−3 eV2.
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on the squared neutrino mass of 8.4× 10−3 eV2 (68 % CL). Also for these values, the
allowed limit for one systematic effect is exceeded.

Consequently, including the slope with a fixed value leads to several challenges. First, the
slope needs to be determined with higher precision, which results in a significantly increased
measurement time. Second, the slope depends on the used magnetic field setting, hence
it has to be known precisely for each magnetic field. Third, there are not yet understood
effects, which influence the background dependence on the retarding potential even within
the same magnetic field setting (see chapter 5.4).

5.5.3. Treating Voltage Dependence as Free Fit Parameter

The standard KATRIN likelihood contains four free fit parameters, namely the squared
neutrino mass (m2

ν), the endpoint of tritium (E0) and the amplitude of signal (Rs) and
background electrons (Rb) (see chapter 2.3.3). For this section the likelihood is extended
by a fifth parameter, the background slope (δ). The squared neutrino mass is determined
in a four parameters fit for a background rate of 545 mcps (similar to the October ’17
measurement) to:

m2
ν = (0.0 ± 57.5 (stat) ± 17.0 (syst))× 10−3 eV2.

The estimated statistical and systematic errors result in a sensitivity on the neutrino mass
of 314 meV (90 % CL, see chapter 2.3.4). In the five parameters fit, the background slope
is set to 10 mcps/keV. The fit estimates the squared neutrino mass to

m2
ν = (0.0 ± 109.6 (stat) ± 17.0 (syst))× 10−3 eV2.

The neutrino mass and the background slope are correctly fitted, however the statistical
uncertainty nearly doubles. This worsens the sensitivity on the neutrino mass to 427 meV.
A closer look on the fit procedure of the five parameters fit is necessary, to explain the
large increase of the statistical error.

The background slope can only be fitted with a large statistical uncertainty in the five
parameters fit: δ = (10.1± 69.7) mcps/keV. The slope is correlated with the parameter of
interest, the squared neutrino mass. Therefore, the uncertainty of the slope propagates on
the uncertainty of the squared neutrino mass. The covariance of the two parameters C(x, y)
is the weight of the propagation. The correlation coefficient is due to its normalisation a
good indicator for the strength of the covariance. The correlation coefficient of two variables
x and y is defined as

ρ = C(x, y)
σ(x)σ(y) ,

which ranges from -1 to +1 . |ρ| = 1 indicates a strong correlation, whereas uncorrelated
variables have ρ = 0 [Wal15].
The upper graph of figure 5.8 displays the correlation matrix of the five parameters for
the normal measurement time distribution. The upper right side of the matrix shows
the correlation between the squared neutrino mass and the slope. ρ(m2

ν, δ) = −0.89
describes a strong negative correlation. The background slope and the endpoint of tritium
have the strongest correlation with the squared neutrino mass. Consequently, the large
uncertainty of the slope propagates on the squared neutrino mass with a big weight. The
statistical uncertainty on the squared neutrino mass increases from 57.5× 10−3 eV2 to
109.6× 10−3 eV2.
A more precise fit of the background slope is required, to minimise the statistical uncertainty
of the squared neutrino mass in the five parameters fit. The measurement principle of
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Figure 5.8.: Correlation matrix of the five parameters fit for the normal (up-
per graph) and adapted run-time schedule (lower graph). The background slope
and the endpoint of tritium have the strongest correlation with the squared neutrino mass,
if the normal run-time schedule is used. The correlation of the slope with the squared
neutrino mass decreases significantly by using the adapted run-time schedule.

chapter 5.3 and 5.4 shows, that a wider scanning range of the retarding potential increases
the precision on the slope. Consequently, the measurement time distribution needs to be
adapted to achieve a smaller uncertainty on the squared neutrino mass.

The measurement time distribution, which is optimised for a background rate of 500 mcps
and a four parameters fit, is plotted in the upper graph of figure 5.9. This run-time schedule
varies the retarding voltage from 30 eV below to 5 eV above the endpoint of tritium. This
small scanning range enables only an imprecise determination of the slope and results thus
in a large statistical uncertainty.
Widening the scanning range enables a more precise determination of the slope. Two further
measurement points are set for demonstration purposes in the adapted measurement time
distribution (see lower graph of figure 5.9). One is set at 20 eV above the endpoint, the other
at 50 eV above, each with a measurement time of approximately 10 days of the in total 3 years
data taking phase. The background dependence is fitted to δ = (10.0± 14.0) mcps/keV for
the adapted run-time schedule.
Widening the scanning range also influences the covariance of the squared neutrino mass
and the background slope. By adding measurement points above the tritium endpoint, the
slope can be determined without taking the tritium spectrum into account. This leads to a
reduced correlation factor of ρ(m2

ν, δ) = −0.47 (see lower graph of figure 5.8).



Chapter 5. Voltage Dependence of the Main Spectrometer Background near the Endpoint
of Tritium 63

30− 25− 20− 15− 10− 5− 0 5
 (eV)  

0
qU-E

0

20

40

60

80

100

M
ea

su
re

m
en

t t
im

e 
(d

ay
s)

30− 20− 10− 0 10 20 30 40 50
(eV) 0qU-E

0

20

40

60

80

100

M
ea

su
re

m
en

t t
im

e 
(d

ay
s)

Figure 5.9.: Normal measurement time distribution for a four parameters fit
(upper graph) and an adapted one for the five parameters fit (lower graph).
On the y-axis the total measurement time at each retarding potential is plotted. The
x-axis shows the distance to the endpoint of tritium. The upper run-time schedule is
optimised for a background rate of 500 mcps and a four parameters fit. The lower schedule
is adapted for a five parameters fit by adding two measurement points at 20 and 50 eV
above the endpoint with approximately 10 days measurement time each.

Consequently, the adaption of the run-time schedule reduces the statistical uncertainty on
the squared neutrino mass in the five parameters fit to 64.5× 10−3 eV2. This improves the
sensitivity from 425 meV to 331 meV (90 % CL).

The magnetic field setting of the January measurements results in a sensitivity on the
neutrino mass of 252 meV (90 % CL) for a constant background rate. The statistical uncer-
tainty on the squared neutrino mass in this four parameters fit amounts to 34.7× 10−3 eV2.
The statistical uncertainty doubles by extending the KATRIN likelihood for the background
slope as fifth free fit parameter. Similar to above, the increase of the statistical uncertainty is
minimised by an adapted run-time schedule. The uncertainty decreases to 38.9× 10−3 eV2

by adding two additional measurement points above the endpoint of tritium.

It has to be mentioned, that the adaption of the run-time schedule for both measurements
is just for demonstration purposes. The additional measurement points were set by hand,
to show the improvement on the statistical uncertainty. Consequently, the sensitivity of the
five parameters fit can be further improved by calculating an optimised run-time schedule
with KaFit.

5.5.4. Comparison of Sensitivity

Table 5.3 presents the results of the different sensitivity studies performed in this chapter.
The upper half of the table shows, that the systematic uncertainty budget has only little
influence on the sensitivity for the measured values in October ’17. The comparison of a
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Table 5.3.: Comparison of sensitivity for the three different methods to treat
the slope. The first two columns display the method to treat the background slope
and the underlying data of the study. The case of constant background is stated for
comparison. The third and fourth columns show the resulting systematic and statistical
uncertainty. The last column calculates the sensitivity of the respective method with a
90 % CL.

Measurement Method σsyst (×10−3 eV2) σstat (×10−3 eV2) Sensitivity (meV)

October ’17 Const. bkg. 17.0 57.5 314
Neglect slope 22.9 57.5 319
Fixed slope 18.5 57.5 315
Fitting slope 17.0 64.5 331

January ’18 Const. bkg. 17.0 34.7 252
Neglect slope 18.1 34.7 254
Fixed slope 19.0 34.7 255
Fitting slope 17.0 38.9 264

constant background rate with the method to neglect the slope shows this. In the first
one, the systematic uncertainty budget is 17× 10−3 eV2. The systematic uncertainty of
the method to neglect the slope is calculated to 22.9× 10−3 eV2 (see chapter 2.3.4). The
increase of the systematic error budget of 34.7 % worsens the sensitivity on the neutrino
mass by 1.5 %. The statistical uncertainty dominates the sensitivity due to the high total
background rate of approximately 500 mcps. Hence, the fit of the slope has the worst
sensitivity of the presented methods, as it increases further the statistical uncertainty.
Consequently, if the neutrino mass measurements would be performed with a magnetic
field, which features such high background rates, neglecting the slope or setting a fixed
value in the model would be the best options.
However, the neutrino mass measurements shall be performed with a magnetic field setting
similar to the one of the January ’18 measurements. Therefore, the results shown in the
lower half of table 5.3 are of crucial importance. The used magnetic field setting results in
a background rate of approximately 300 mcps. Consequently, the statistical uncertainty
decreases in comparison to the October measurement to 34.7× 10−3 eV2. However, the
statistical uncertainty is significantly large than the systematic one. The overall sensitivity
is still mainly dominated by the statistical uncertainty. Consequently, fitting the slope
leads to the worst sensitivity for the January measurements. Nevertheless, it has to be
taken into account that the method to fit the slope can still be improved. If the optimised
run-time schedule enables a statistical uncertainty of lower than 35.5× 10−3 eV2, the fit of
the background slope would result in a sensitivity better than 254 meV.

5.6. Conclusions

A significant dependence of the background rate on the retarding potential is measured in
October ’17. A possible explanation for this dependence is a different storage condition of
background electrons at different retarding potentials, together with a mechanism which
removes trapped electrons. The explanation predicts, that the dependence decreases with
increasing magnetic field strength in the analysing plane. The January measurements
confirm this prediction, the background slope is determined to be in accordance with zero
within the statistical uncertainty.
Two inconsistencies occur by comparing the two January measurements to determine
the background dependence on the retarding potential. First, the constant underlying
background rate is elevated by approximately 30 mcps, which cannot be explained by
statistical fluctuations. Second, the behaviour of the background rate versus the retarding
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potential changes. It is assumed that these two effects have the same source. However, this
source remains unresolved and further investigations are required in future works.
Three different methods to treat the background slope are presented: neglecting the slope,
including it in the model with a fixed value and treating it as a free fit parameter. The
first two methods significantly increase the systematic uncertainty budget. However, this
only slightly influences the KATRIN sensitivity on the neutrino mass. The statistical
uncertainty dominates the sensitivity due to the elevated background rate in comparison
to the design report. Treating the background slope as a free fit parameter increases the
statistical uncertainty and has therefore a larger influence on the sensitivity. The increase
of the statistical uncertainty can be minimised by an adaption of the run-time schedule. An
optimised run-time schedule for the five parameters fit needs to be calculated for further
discussions. The five parameters fit is only an appropriate solution for a constant slope, if an
adapted run-time schedule enables a statistical uncertainty of lower than 35.5× 10−3 eV2.

Nevertheless, the measured elevation of the rate in January, related with a change of the
background rate dependence on the retarding potential, leads to problems. It is difficult
to compare sensitivity studies based on different measurements, if the background rate or
background behaviour can change spontaneously. This eliminates a reliable estimate of the
systematic uncertainty budget of the methods to neglect the slope and to include it with
a fixed value. Therefore, applying the slope as a free fit parameter seems to be the only
reliable method. However, it is of crucial importance to find the source for the elevated
background to enable the possibility of applying the two others methods and to further
control the background related systematics. It is recommended to use the five parameters
fit due to its reliability until the source for the elevated background is found. If a sudden
increase of the background rate, related with a change of the voltage dependence, can be
excluded in the future, it is recommended to treat the background slope as a systematic
effect.





6. Investigation of SDS-IIIc Long-Term
Background Measurement

A long-term background measurement of the spectrometer and detector section was per-
formed during the Christmas break 2017 for 14 consecutive days. The aim of the SDS-IIIc
long-term measurement is the investigation of the background rate in an electric and mag-
netic field setting, which is planned to be applied in the neutrino mass measurements. A
detailed characterisation of properties of the background, like pixel distribution or stability
of the rate, is paramount for the KATRIN experiment. Additionally, the measurement
enables a test of the stability of several hardware parameters for the complete working SDS
over a time range of two weeks.

The following chapter 6.1 investigates the background rate in more detail in comparison
to former measurements. In addition, the statistical behaviour of the rate as well as its
time development is investigated. Chapter 6.2 tries to determine possible correlations
of hardware parameters with the measured electron rate. The energy spectrum of the
long-term measurement is characterised in chapter 6.3. The last chapter 6.4 examines the
measured pixel distribution in the ion as well as in the electron ROI in more detail.

6.1. Background Rate in the Electron ROI

The magnetic field strength in the analysing plane of the main spectrometer was set to
approximately 6 G for the SDS-IIIc long-term background measurement. This is higher
than typical values of former long-term spectrometer background measurements (2.7-3.8 G).
The total background rate decreases by an increase of the magnetic field strength. Thereby
the energy resolution of the main spectrometer worsens from the nominal 0.93 eV to 2.8 eV.
The magnetic field configuration of the SDS-IIIc long-term measurement provides the
highest KATRIN sensitivity for the current background rate [Beh17]. The pre-spectrometer
was operated at a retarding potential of 18.3 keV, the main spectrometer at 18.6 keV. The
spectrometer vessel was set to −18.4 kV, the inner electrode system was at 200 V more
negative potential [Frä17e].

6.1.1. Comparison with Former Background Measurements

The long-term background measurement of SDS-IIIc is compared with two previous SDS
background measurements. All measurements were performed after baking the main
spectrometer.

The oldest measurement was performed in course of the SDS-IIb measurement phase in
2015. Six pixels were not available for analysis due to a faulty preamp card in the detector
read-out electronics. An interpolation over the two neighbouring pixels allows an estimate
of the rate in the faulty pixels. At that time only measurements of the main spectrometer
background were possible, which were performed with a 3.8 G magnetic field setting in the

67
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analysing plane [Tro15].
The second presented measurement was taken in mid 2017 in the course of the SDS-IIIb
measurement. At that point of time, the main spectrometer was baked, the pre-spectrometer
getter pump was not yet activated to full capacity. The pre-spectrometer was set to ground
potential for the measurement time of approximately 100 h [RTBF17].

Several calculations are necessary to compare the three measurements with the different
magnetic field settings.
First of all the detector background needs to be subtracted from the measured data, as
the focus of this analysis lies on the spectrometer background. The intrinsic detector is
independent of the magnetic field setting and was determined in the SDS-II [HF15] as well
as in the SDS-III [Frä17b] measurement phases.
As stated in chapter 4.6, it is expected that the spectrometer background rate scales with
the sensitive volume, which is defined by the magnetic field setting. However, the measured
background does not scale exactly with the flux tube volume, therefore the rate is calculated
for each detector ring. Afterwards, the ring-wise rate is scaled with the observed flux
volume of the respective detector ring. The software Kassiopeia [BBC+11] determines the
flux tube and enables an estimate of the sensitive flux volume. The scaled ring-wise rate is
projected to the analysing plane. This results in a better comparison of the background
rate of different measurements, as higher magnetic field settings observe only smaller parts
of the background rate distribution in the analysing plane.

Figure 6.1 displays the results, after performing the described steps. The graph presents
significant differences between the measured background rates. The background of the SDS-
IIb phase (black data points) shows the lowest volume-normalised rate. This is reasonable
as the data contains only the background of the main spectrometer. An increase of the
normalised rate to larger radii is visible.
The data of SDS-IIIb with unbaked and grounded pre-spectrometer is plotted in blue. The
upstream magnet of the pre-spectrometer (PS1) was switched off for this measurement,
therefore the magnetic field minima was smaller than normally in the pre-spectrometer.
This small minima results in a strong magnetic mirror, by which the high-energy electrons
are reflected. Hence, only low-energy background electrons can leave the pre-spectrometer.
However, they cannot enter the main spectrometer due to the applied retarding potential of
18.6 keV. The pre-spectrometer should therefore only have little influence on the total rate
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Figure 6.1.: Ring-wise rate normalised with the sensitive flux tube volume
plotted versus the radius in the analysing plane. With increasing radius the
normalised rate is also increasing. A significant difference between the SDS-IIIc background
measurement and former measurements is shown.
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as long as it is grounded and as long as the PS1 is switched off. Nevertheless, a significant
difference between the background rate of SDS-IIb and SDS-IIIb exists, which increases
towards larger radii.
The storage conditions for background electrons near the analysing plane are in both
measurements nearly the same. The maximum applied magnetic field along the beamline was
6.0 T, the minima 3.8 G in the SDS-IIb measurements. During the SDS-IIIb measurement
phase, the strongest magnetic field amounted to 4.2 T and the minima in the analysing
plane was 2.7 G. The storage condition only depends on the ratio (see equation 5.2) which
is the same in both measurements. Therefore, the magnetic field setting can be excluded
as the source for this difference.
During the SDS-IIIa measurement phase the spectrometer was contaminated with 212Pb to
test the Rydberg background model. Therefore a 228Th source was connected to the main
spectrometer. 228Th decays into 222Rn, which contaminates the inner spectrometer surfaces
and decays in 212Pb. 212Pb is the isotope with the longest half-life in the decay chain of
228Th with t1/2 = 10.64 h [Bro05]. However, there might still be residual 228Th activity,
which elevates the background rate [FBH+16]. Consequently, the SDS-IIb measurement
needs to be reproduced with the same magnetic field setting and valve between pre- and
main spectrometer closed. This measurement enables the test, whether long-term increases
to the background rate were induced by the 228Th source.
A further possible source for the elevated background rate is the absence of a baffle system
in the pre-spectrometer. This allows 219Rn from the NEG material to enter the sensitive
flux volume. Since 219Rn is electrically neutral, it is not influenced by the magnetic
mirror nor the retarding potential. Hence, it can enter the sensitive volume of the main
spectrometer. A decay of 219Rn in the main spectrometer yields additional background
(see chapter 4.4). Measurements are ongoing to quantify the influence of radon decays from
the pre-spectrometer [Frä18c].
The background rate of the SDS-IIIc long-term background measurement is plotted in
red in figure 6.1. The inner electrode offset was set to 100 V in the SDS-IIb and SDS-
IIIb measurements. The offset amounted to 200 V in the SDS-IIIc long-term background
measurement, resulting in a larger electrostatic shielding. Therefore, it is expected that
the background rate is reduced in contrast to the other two measurements. However,
the former background measurements show less volume-normalised rate for the flux tube
of the SDS-IIIc measurement. The relative difference in the rate between the SDS-IIIb
and SDS-IIIc measurement is approximately 23 %. There are two major differences in
the experimental set-up of the spectrometer and detector section, which might cause the
elevated rate: the pre-spectrometer was on potential in SDS-IIIc and a different magnetic
field setting was used.
In case the pre-spectrometer is set on potential, a Penning trap is formed. This might result
in a Penning discharge and a clearly elevated rate as described in chapter 4.3. Furthermore,
the storage conditions for background electrons in the pre-spectrometer change. More
electrons with energies lower than the applied retarding potential of the pre-spectrometer
can leave it. This might yield additional background. A subsequent of the long-term
measurement enables a quantification of this effect. The pre-spectrometer was grounded
in this measurement and the PS1 magnet was switched off [Frä17e]. The rate in the
electron ROI is measured to (287.7± 0.4) mcps with applied retarding potential in the
pre-spectrometer. If the pre-spectrometer is grounded, the background rate corresponds to
(283± 1) mcps. A statistically significant difference exists. Nevertheless, the reduction is
on the percent level and does not explain the large difference between the blue and red
data points.
The magnetic field settings strongly differ from each other between the SDS-IIIb and
SDS-IIIc measurements. Both settings had as maximal magnetic field strength along the
beamline 4.2 T in the pinch magnet. The magnetic field strength in the analysing plane
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of the SDS-IIIb measurement was 2.7 G, which corresponds to an energy resolution of
1.2 eV. Thus, all electrons with larger transverse energies than 1.2 eV are stored. In the
SDS-IIIc long-term measurement, a balance was found between the total rate and the energy
resolution to ensure best sensitivity on the neutrino mass. The magnetic field strength
was set to 6 G in the analysing plane, corresponding to an energy resolution of 2.8 eV.
Consequently, background electrons are more likely to be trapped in the main spectrometer
with the magnetic field setting of the SDS-IIIb long-term background measurement. The
rate reduction of SDS-IIIb in comparison to SDS-IIIc may therefore be explainable by a
mechanism, which removes trapped electrons from the sensitive flux tube (see also chapter
5.2).

To summarise, there are several open points, which might explain why the three measured
background rates differ from each other. The influence of storage conditions on background
electrons in the main spectrometer needs to be further investigated. Additionally, the
possible influence of radon isotopes entering the main spectrometer through the pre-
spectrometer has to be examined in future works. One approach which allows the test
for radon decays in the main spectrometer is the analysis of the time development of the
background rate.

6.1.2. Time Development and Statistical Model of the Rate

This chapter examines the time development of the rate with regard to irregularities like
periods with elevated or reduced rate. Especially, it is tested if the distribution of the rate
is Poissonian or distorted by for example stored electrons accompanying radon decays.

Figure 6.2 shows the rate in the electron ROI versus time for the SDS-IIIc background
long-term measurement. The total average rate, determined by event counting divided by
measurement time, is (287.7± 0.4) mcps. The blue data points display the rate, calculated
for time segments with 4 h width. Large fluctuations are shown, in particular two outliers
(after approximately five measurement days and at the seventh day) are likely not explainable
by statistical fluctuations. If the rate is binned over a greater time range of 24 h (red data
points), large fluctuations in comparison to the statistical uncertainty still exist. Several
hypothesis tests (with 95 % CL) and calculations are preformed in the following to examine
the time development of the rate.
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Figure 6.2.: Measured rate in the electron ROI versus time for the SDS-IIIc
long-term background measurement. In blue the rate is calculated for 4 h time
segments, in red for 24 h time segments. Both calculations show deviations, which cannot
entirely be explained by statistical fluctuations.
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At the beginning, the Allan deviation is calculated. The Allan deviation is a tool for
describing the frequency stability of a system. Therefore, the total measurement time is
split in small time ranges with length τ0. The electron rate is calculated for each of the
time ranges. Accordingly, the Allan deviation is calculated for τ0. The deviation is the
expectation value of the squared difference of consecutive mean rates. Afterwards another
τ0 is chosen and the Allan deviation for this τ0 is calculated [Rob84].
The Allan deviation shows large values for small time binnings (τ0 ≈ 100 s). A high
deviation indicates large differences in the rate between two consecutive time ranges and
therefore an instability in the background rate. The deviation decreases for increasing
time scales between τ0 ≈ 100 s and τ0 ≈ 6000 s by more than one order of magnitude. The
deviation is approximately constant at larger time scales than 6000 s. This points towards
a stable rate. For further investigations, the Wald-Wolfowitz test is applied. Thereby, it is
tested if the instability of the rate is caused by an underlying systematic trend or if it is
still randomly distributed.

The Wald-Wolfowitz test (also runs-test) examines the similarity between two data sets.
Therefore the observations from both data sets are combined and arranged in ascending
order of magnitude. If the null hypothesis (the two data sets are from the same population)
is true, the observations should be well mixed between coming from data set one and two
[WW40]. Based on this statistic, a test for randomness is formulated. Therefore, one data
set is replaced by a constant value, which is the mean value of the other data set. In the
examined case, a run is a set of temporal, sequential values that are all above or below
the mean value. The number of runs is linked via its expectation value and variance to
a test statistic, which is asymptotically Gaussian distributed. The runs-test replaces the
numerical values by ranks, therefore it is of no interest how far the actual value deviates
from the constant value. In the test statistic, only the sequence is of interest. The runs-test
is suggested to test the hypothesis of randomness against the existence of a trend or a
regular cyclical movement [Noe50] [WW43].
The runs-test is applied to two time scales. The chosen time scales are 100 s, characterised
as unstable by the Allan deviation, and 4 h, indicated as stable. The runs-test results for
small time scales in a p-value of p = 2.1× 10−4, the temporal sequence of the rate cannot
be assumed to be random. The test statistic of the runs-test for large time scales is equal
to p = 0.14, the null hypothesis is retained with confidence level 95 %. Consequently, the
time development of the rate is assumed to be random on large time scales in contrast to
small time scales. Hence, there seems to be an underlying effect which appears below the
time scales of 4 h. One possible cause for this underlying effect is the storage of electrons
with accompanying production of secondary electrons. The secondary electrons elevate
the rate during the storage time, which is smaller than 4 h and may cause deviations from
randomness.
To summarise, there is a structure in the time development of the rate on small time scales,
which cannot be explained by randomness. The subsequent question is therefore, whether
the discrepancy between the data points and the mean rate can be explained by statistical
fluctuations. This question will be answered by the χ2-test.

The χ2-test examines, whether the data points xi can be described within their statistical
uncertainties by a certain model mi withM free parameters. The test statistic is calculated
to

S2 =
N∑
i=0

(
xi −mi

σi

)2
,

with N as total number of data points. The test statistic S2 follows a χ2-distribution with
M −N degrees of freedom, if the uncertainties σi are Gaussian distributed [Wal15]. S2

can therefore be linked to a certain p-value.
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Figure 6.3.: Multiplicity plot of the SDS-IIIc long-term background rate fitted
with a Poisson distribution. For this multiplicity plot, the measurement is binned in
100 s segments. The resulting distribution follows a Poisson distribution (95 % CL) with
an estimated mean rate of (286.9± 0.4) mcps.

The uncertainty of the data points are expected to be Poissonian in the present case.
However, a Poisson distribution can be assumed Gaussian for a mean value larger than
µ = 25, due to the central limit theorem [Wal15]. Thus, the application of the χ2-test is
justified, if it is ensured, that each data point contains approximately 25 events.
The hypothesis test is performed for small (100 s) as well as for large time scales (4 h). The
χ2-test examines, if the data points can be explained by a constant rate and consequently
by Poissonian statistical fluctuations. The χ2-test rejects for small as well as for large time
scales the null hypothesis (p < 10−9). The data points are therefore not explainable by
statistical fluctuations. The measured counts are displayed in a multiplicity plot, to further
analyse the rate distribution.

The measurement time is binned in time segments of 100 s. For each time segment the
number of measured events is counted and filled in a histogram, the so-called multiplicity
plot (see chapter 3.3.2). In case the rate is Poissonian, the multiplicity plot should be
describable by a Poisson distribution. Figure 6.3 displays the resulting multiplicity plot.
It is well described by a Poisson distribution with a mean value of 28.7 events per time
segment. Towards larger multiplicities a surplus exists, which might cause the small p-values
of the χ2-test. Nevertheless an overall Poissonian behaviour of the measured rate can be
approximated. The upward fluctuations of the rate after approximately five measurement
days and at the seventh day can cause the surplus of events to larger multiplicities. Therefore
the first upward fluctuation is investigated in more detail in the following.

The upward fluctuation of the rate after five days contains approximately 700 additional
events over a time range of 3.5 h relative to the total average rate of (287.7± 0.4) mcps.
The excess of the rate is in the whole detector and is not just focused on a certain area.
This excludes detector systematics as possible source. Two effects remain, which might
cause an elevation of the rate: high-energy stored particle(s) or hardware fluctuations.
The rate is elevated over a time range of approximately 3.5 h. A storage time on such time
scales is possible due to the good vacuum conditions inside the main spectrometer. The
energy of the primary electron can be estimated to

Eprim = Nsec × 37 eV [MDF+13],

with Nsec as number of secondary electrons. Approximately 700 additional events result
in a primary electron energy of 25.9 keV. An electron with this energy is normally not
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stored in the main spectrometer over several hours (see chapter 4.1). Furthermore, the
shape of the peak versus time follows a Gaussian function. The expectation is a Bragg
peak structure [TM15] in case of a single trapped high-energy electron. In addition, if
one high-energy electron would cause the elevated rate, the distribution of the rate would
be non-Poissonian due to correlations of the secondary electrons. However, a multiplicity
plot of this time range proves, that the Poisson distribution describes the measured rate.
Nevertheless, the possibility remains, that several simultaneously trapped electrons in the
main spectrometer cause the elevated rate. A superposition of the produced secondary
electrons might result in the described properties. This needs to be investigated in future
works.
Fluctuations of the hardware parameters can also explain an elevated rate. Several
correlation analyses are therefore performed in the subsequent chapter.

6.2. Correlation of Rate with Slow-Control Parameters

The slow-control data of several hardware parameters are analysed to investigate a possible
correlation to the elevated rate. Therefore, the sensors which monitor the magnetic
field strength, the retarding potential, the vessel and detector temperature, the main
spectrometer pressure and the temperature of the baffle system are examined (see table
6.1). These are the hardware parameters which are assumed to have an influence on the
background rate. A correlation analysis (see chapter 5.4.2) quantifies the influence of the
respective slow-control parameter on the measured rate.

The stability of the magnetic field in the analysing plane is characterised with three sensors
in this analysis. The storage conditions for electrons in the main spectrometer change in
case of fluctuations of the magnetic field strength in the analysing plane. More electrons
are stored in an upward fluctuation, resulting in a reduced rate and the other way around.
However, the fluctuations of the magnetic field strength during the long-term measurement
are below the 10−3 level. Additionally, a nearly vanishing correlation factor is calculated.
Low-energy background electrons are produced in the sensitive flux volume, which are
accelerated by the retarding potential to the detector. Since the ROI is set to a fixed
value, any fluctuations of the retarding potential would shift the electron peak versus the
ROI. Consequently, the rate would be minimised. The relative standard deviation of the
measured slow-control value is 10−5, thus an influence of the retarding voltage can be
excluded.
The major part of the background electrons is assumed to be caused by ionisation of
Rydberg atoms by black-body radiation. The black-body radiation depends on the vessel
temperature of the main spectrometer. A lower temperature results in a lower mean
energy. Hence, less Rydberg states are ionised, which should reduce the background rate.
Nevertheless, an influence of the vessel temperature on the rate can be neglected due to a
vanishing correlation factor.
Changes of the temperature of the focal plane detector might vary the energy resolution
and other related properties, which would result in a distorted rate measurement. However,
the influence of the FPD carousel temperature on the rate can be neglected.
The probability for ionisation processes by trapped electrons increases with increasing main
spectrometer pressure. Hence, the time structure for the production of secondary electrons
changes (see chapter 7.1). This would support a peak-like excess of the rate. The deviation
of the spectrometer pressure is measured to approximately 6 %. However, an influence on
the rate is not seen.
The baffle system is installed between the NEG material and the main spectrometer volume.
It prevents 219Rn from entering the sensitive flux tube. Normally the baffles are cooled to
83 K to freeze 219Rn to its surfaces. The radon reduction factor decreases by an increase of
the temperature, resulting in more radon decays in the main spectrometer. This would
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Table 6.1.: Analysis of slow-control parameters during the SDS-IIIc long-term
background measurement. In the first two columns the used slow-control parameters
are named. The third column presents the correlation factor of a correlation analysis
between the respective slow-control parameter and the rate in the electron ROI. The
fourth column displays the mean value of each parameter, whereas in the fifth one the
relative deviations are printed. The corresponding KATRIN numbers of the slow-control
parameters are given in chapter B.

Parameter Position Sensor ρ Mean Rel. Deviation (%)

Magnetic field Mid-Ring 9 -0.20 0.63 0.08
analysing plane (G) Mid-Ring 23 0.15 0.63 0.07

Mid-Ring 30 0.27 0.63 0.08

Retarding voltage (kV) K-35 -0.20 18.60 2.1× 10−4

MS temperature (K) Vessel -0.17 282.55 0.07

FPD temperature (K) Carousel 0.22 263.25 0.34

Vacuum pressure (mbar) Extractor ion gauge 0.06 1.2× 10−11 6.41

Baffle 1 Top -0.27 83.06 0.23
temperature (K) Bottom -0.10 85.12 0.26

Centre -0.13 83.14 0.28
Inlet 0.14 131.03 0.28

Baffle 2 Top -0.33 86.29 0.25
temperature (K) Bottom -0.19 88.55 0.41

Centre -0.15 86.88 0.54
Inlet 0.12 115.33 0.26

Baffle 3 Top -0.29 82.95 0.16
temperature (K) Bottom -0.29 82.13 0.17

Centre -0.29 82.76 0.18
Inlet 0.09 146.55 0.43

significantly elevate the rate. A stable behaviour below the percent level is measured in all
baffle systems and also the rate seems to be independent of the temperature.

Consequently, any influence of instabilities in hardware parameters on the measured
background rate can be excluded in the SDS-IIIc long-term measurement.

6.3. Energy Spectrum

The most important properties of the spectrometer background energy spectrum are
explained by example of the SDS-IIa long-term background measurement [FLHE14]. In
this measurement, the magnetic field in the analysing plane was set to 3.8 G, the retarding
potential to 18.6 keV and the post acceleration electrode to 4 kV instead of the nominal
10 kV. Figure 6.4 presents in blue the measured energy spectrum. The black data points
display the measured spectrum after a correction for the intrinsic detector background
[FMJ+14]. The resulting estimate for the spectrometer background shows five characteristic
peaks (A1-A5). Electron energies smaller than 4 keV are induced by detector effects and are
therefore excluded from this analysis.

The first peak A1 corresponds to H−-anions, which are generated inside the spectrometer
and are accelerated by the retarding potential. The incident energy of the anions on the
detector is expected to be 22.72 keV [Har15]. Due to energy losses in the dead-layer of the



Chapter 6. Investigation of SDS-IIIc Long-Term Background Measurement 75

0 20 40 60 80 100 120
Energy (keV)

5−10

4−10

3−10

2−10

1−10

1

R
at

e 
(c

ps
 / 

ke
V)

Measured background

Corrected background

A1

A2

A3
A4

A5

Figure 6.4.: Energy spectrum of the SDS-IIa long-term background measure-
ment (blue line) and corrected for the intrinsic detector background (black
points). Five characteristics in the estimated spectrometer background are shown. These
are the ion peak (A1), electron peak (A2), pile-up peak (A3), 210Pb L-shell (A4) and
M-shell conversion line (A5).

detector [Sch14], they are measured with a reduced energy of (10.87± 0.04) keV.
Peak A2 corresponds to the standard ROI. The retarding potential accelerates low-energy
background electrons, which are produced in the sensitive flux volume, towards the detector.
The fitted peak position is (22.277± 0.002) keV, the expected one is 22.72 keV. This shift
is caused by the energy loss of electrons in the dead-layer at the detector surface.
Pile-up effects in the detector cause peak A3. If more than one electron strikes the detector
within the shaping length L in the same pixel (see chapter 3.2), the electrons cannot be
separated and are counted as one event. The rate of the electron ROI dominates the overall
background rate. Consequently, it is most likely that two uncorrelated background electrons
of the electron ROI arrive within a small time range ∆T ≤ L at the detector and cause
pile-up. The recorded energy of two electrons with striking energy E0 is given by

E = 2E0

(
1− ∆T

2L

)
[Sch14].

The mean value of E0 is the mean energy in the default ROI of 22.27 keV. Therefore, the
peak position of A3 is approximately twice the striking energy of the standard ROI peak.
The influence of the inter-arrival time ∆T on the recorded energy broadens the peak in
comparison to A2.
Peak A4 has a mean energy of (52.4± 0.1) keV, which is equal to an initial electron energy
of approximately 29.7 keV. A4 corresponds to the electron L-shell conversion line at
(30.152± 0.001) keV [Cen18], accompanying the β-decay of 210Pb in the spectrometer.
The fifth peak A5 is a region of elevated rate and also caused by the decay of 210Pb. The
M-shell conversion electrons are expected at (65.240± 0.001) keV [Cen18]. The fitted mean
peak position is (65± 1) keV [Har15].

The post acceleration electrode was set to its nominal value of 10 kV in the SDS-IIIc
long-term measurement. Consequently, it is expected that A1, A2, A4 and A5 are shifted
with 6 keV to higher energies. Since A3 is the pile-up peak of A2, the expected shift on A3
is 12 keV. Therefore, A2 and A3 are expected at the same energy of approximately 58 keV.
In the SDS-IIIc measurement the magnetic field was set to a higher value compared to
the setting of SDS-IIa. This results in a smaller sensitive flux tube volume and thus in
a lower total background rate. Smaller rates lead to a decrease of peak A1 and A2. This
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Figure 6.5.: Energy spectrum of the SDS-IIIc long-term background measure-
ment (blue line) and corrected for the intrinsic detector background (black
points). The measured rate per keV is lower in comparison to the SDS-IIa measurement,
which is mainly due to a smaller sensitive flux tube volume. Furthermore, only the ion
(A1) and standard electron peak are visible (A2), whereas the superposition of pile-up
peak and L-shell conversion electrons (A3/A4) disappears. Also the M-shell conversion
line A5 of 210Pb is superimposed by statistical fluctuations.

yields to a lower probability for pile-up events and therefore also to a smaller peak A3/A4.
The number of measured L- and M-shell conversion electrons of 210Pb is also expected to
decrease with the smaller sensitive flux volume of the main spectrometer. Hence, also there
are smaller peaks expected.

Figure 6.5 presents the measured energy spectrum of SDS-IIIc. Events with smaller energies
than 10 keV are classified as detector noise and are not taken into account. The ion peak
A1 is measured at (16.5± 0.3) keV, which is in accordance with the expectation value.
The electron peak A2 is expected at 28.7 keV and measured at (28.055± 0.002) keV. The
magnetic field setting reduces both peaks in the rate by approximately factor two in
comparison to figure 6.4.
The two further expected peaks in the energy spectrum at approximately 58 keV and 71 keV
are not visible.
As previously mentioned, the expected peak A3/A4 at 58 keV is a superposition of the L-shell
conversion line and the pile-up peak. The peak should therefore be larger than the statistical
fluctuations and should be visible in the energy spectrum. However, in addition to the
reduced pile-up probability, one further effect has to be taken into account. The magnetic
field strength in the main spectrometer is larger in the SDS-IIIc measurement in comparison
to SDS-IIa. This results in a higher magnetic shielding. The 210Pb shell conversion electrons
are emitted from the inner spectrometer surfaces. Hence, the probability for the conversion
electrons to reach the sensitive flux volume decreases with increasing magnetic shielding.
This effect reduces A3/A4 further, leading to its disappearance.
Already in the SDS-IIa measurement with larger sensitive flux volume and lower intrinsic
shielding, the M-shell conversion line is not visible as a peak but as a region with elevated
rate. Therefore it is reasonable, that A5 is superimposed by statistical fluctuations.

6.4. Pixel Distribution

The rate in the electron ROI as well as in the ion ROI is not uniformly distributed over
the detector but shows some characteristics. These characteristics are described and
investigated for each ROI in the following.
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Figure 6.6.: Rate distribution in the ion ROI after correcting for the intrinsic
detector background. Few pixels dominate the total rate in the ion ROI. The outermost
detector ring shows an increase of the rate, which is not expected.

6.4.1. Pixel Disitribution in the Ion ROI

The ion ROI is defined from 13 keV to 19 keV in this analysis. A total rate of (29.9± 0.1) mcps
is measured for this ROI in the SDS-IIIc long-term measurement. Figure 6.6 presents the
pixel distribution for this energy range. The pixel distribution contains two unexpected
features.

The first feature is, that few pixels measure a major part of the rate. Especially the pixels
1, 7, 8, 19 and 31 are highlighted in the measured rate in comparison to the other pixels.
Figure 6.7 displays the energy distribution of pixel 8 (red data points) and 10 (blue data
points), to investigate why few pixels measure a doubled rate in comparison to neighbouring
pixels. The distributions show that the ion peak only exists in pixel 8 whereas in pixel
10 a constant rate versus energy is measured. Other highlighted pixels show the same
characteristics in comparison to neighbouring pixels. Consequently, the H−-anions are only
measured in the highlighted pixels.
A similar behaviour of the ion pixel distribution already occurred in the SDS-IIa long-term
background measurement. However, the measured structure in there is rotated by 90◦
in clockwise direction [FLHE14]. In both measurements, the magnetic field lines connect
a closed valve with the detector. In the SDS-IIa measurement, the magnetic field lines
lead to the valve between pre- and main spectrometer, in SDS-IIIc to the valve between
pre-spectrometer and the transport section. In case the H−-anions are produced on the
inner surface of a valve, they have to overcome the retarding potential of 18.6 keV, as they
are negatively charged. However, H−-anions with starting energies in this range can be
excluded. Consequently, the rotation in the ion distribution is not due to different valves.
Further investigations concerning the distribution of the anions in the main spectrometer
and their production mechanism are required.

The second unexpected feature is an elevated rate in the outermost detector ring in
comparison to neighbouring rings. Similar to above, the ion ROI is further investigated by
comparing the energy distribution of two neighbouring pixels. The energy distributions
display, that the elevated rate is due to a flat increase of the rate in the ion energy region
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Figure 6.7.: Energy spectrum of the SDS-IIIc long-term background mea-
surement of pixel 8 (red) and pixel 10 (blue) after correcting for the intrinsic
detector background. Pixel 8 measures an ion peak, whereas pixel 10 shows a constant
behaviour of rate versus energy in this region. The two distributions correspond to each
other in the rate for energies larger than the ion ROI.

(see figure 6.9).
Backscattering of electrons is proposed as one possible explanation for this elevation of the
rate [Frä18a]. Background electrons with an energy of approximately 28 keV backscatter at
the detector and deposit each time only a part of their energy in the detector (see chapter
3.2). This would at first result in a smaller rate in the electron ROI in the outermost detector
ring and secondly in an elevated rate below the electron ROI peak. Hence, this would also
concern the rate in the electron ROI. A reduced rate in the outermost detector ring in the
electron ROI is measured (see chapter 6.4.2) which underlines the backscattering hypothesis.
Nevertheless, it is not reasonable, that backscattering mainly affects the outermost detector
ring. Detailed detector simulations to this topic are planned.
Another possible explanation for the drop of the rate is a damage of the detector wafer.
This is discussed in the following by example of the measured rate in the electron ROI.

6.4.2. Pixel Distribution in the Electron ROI

The rate in the standard electron ROI is determined to (287.7± 0.4) mcps, figure 6.8
displays the corresponding pixel distribution. Similar to the ion pixel distribution, two
unexpected features occur in the electron pixel distribution. A drop of the rate at the
outermost detector ring is shown as well as a surplus of events on the upper right side of
the detector in contrast to the lower left.

One possible explanation for the drop of the rate in the outermost detector ring might
be backscattering, as mentioned above. Detailed detector simulations need to test this
hypothesis.
A more reasonable explanation for the measured drop of the rate is a damage of the
detector wafer in the course of a Penning trap measurement. A Penning discharge occurred
in this measurement with rates greater than 2 Mcps at the detector [Kip17]. Figure 6.9
compares the energy spectrums of pixel 128 and 140 for an explanation of the effects of the
detector damages. Pixel 128 measures a rate of approximately 2.4 mcps in the standard ROI,
whereas in the neighbouring pixel the rate is determined to approximately 1.4 mcps. The
plot demonstrates, that the two electron ROI peaks are shifted against each other. Pixel
128 has a peak position of (27.81± 0.02) keV, pixel 140 (26.93± 0.05) keV. Consequently,
a significant difference exists in the electron peak position of pixel 128 and pixel 140.



Chapter 6. Investigation of SDS-IIIc Long-Term Background Measurement 79

1.4

1.6

1.8

2

2.2

01

2 3

4
5

67
8

9
10

11

12 13
14

15

16

17

1819

20

21
22

23

24 25

26

27

28

29

30
31

32

33
34

35

36
37

38

39

40

41

4243

44

45
46

47

48 49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

6667

68

69
70

71

72 73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

9091

92

93
94

95

96 97

98

99

100

101

102

103

104

10
5

10
6

10
7

108

109

110

111

112

113

114115

11
6

11
7

11
8

11
9

120 121

122

123

124

125

126

127

128

12
9

13
0

13
1

132

133

134

135

136

137

138139

14
0

14
1

14
2

14
3

144 145

146

147

(mcps)

Figure 6.8.: Rate distribution in the electron ROI after correcting for the
intrinsic detector background. The measured rate distribution has a radial and an
azimuthal component. The drop of the rate at the outermost detector ring at the upper
left side is not expected.
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Figure 6.9.: Energy spectrum of the SDS-IIIc long-term background measure-
ment of pixel 128 (red) and pixel 140 (blue) after correcting for the intrinsic
detector background. The electron peak position of the two pixels are shifted from
each other, which is likely to be related to damages of the wafer of the detector. Pixel
140 shows a larger rate for energies below the electron ROI which could be related to
backscattering processes of electrons or to the damage of the detector wafer.
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Additionally, the width of the electron peak is increased in pixel 140 ((1.87± 0.05) keV)
relative to 128 ((1.35± 0.03) keV). A correlation analysis between the peak width and
position results in a strong correlation with ρ=-0.7 [Frä18b]. This indicates that both
effects have the same source. A long-term background measurement of the spectrometer
background in mid 2017 shows a stable peak position and width of all pixels of the detector
[RTBF17]. The SDS-IIIc long-term background measurement displays a large deviation of
the peak positions and widths compared to the stability of the measurement performed in
mid 2017. The change of the detector behaviour is traced back to the previously mentioned
Penning discharge [Frä18b].
A correlation analysis is performed to test if the electron peak position of a pixel is connected
to the determined rate in this pixel. A strong correlation is expected in case the shift on
the peak position dominates the measured rate. The analysis results in a nearly vanishing
correlation factor of ρ = 0.1. Consequently, the measured rate in the electron ROI is not
dominated by the damage of the detector but by the intrinsic spectrometer background
distribution.

The second unexpected feature is, that on the upper right side of the detector a larger rate
is measured than on the lower left (see figure 6.8). Additionally, is seems that the minima
of the rate distribution is not centred on the bulls-eye of the detector but at pixel 12, thus
shifted to the lower left. The major part of the spectrometer background is produced by
Rydberg atoms accompanying the decay of 210Pb (see chapter 4.6). 210Pb is implanted
in the spectrometer surfaces as a result of the decay of 222Rn and should therefore be
isotropically distributed over the whole spectrometer surfaces. The spectrometer is radially
symmetric in its cross-section. The magnetic flux tube, which guides the background
electrons from the sensitive flux volume to the detector is also radially symmetric. Hence,
it is expected that the spectrometer background distribution is only dependent on the
radius and independent of the azimuth angle.
The azimuth angle distribution of the SDS-IIIc long-term background measurement is
plotted to investigate the surplus of events at the upper right side of the detector. The
calculation of the azimuth angle distribution needs the exact positions of the measured
events. It is only known, in which pixel the respective event is measured, the exact position
of the event is unknown. To assign an exact position, each event is placed randomly in the
pixel in which it is measured. Figure 6.10 displays the resulting azimuth angle distribution.
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Figure 6.10.: Azimuth angle distribution of the SDS-IIIc long-term back-
ground measurement. An azimuth angle of φ = 0◦ corresponds to the position of
3 o’clock at the detector, with increasing φ the position changes counterclockwise. The
measured azimuth angle distribution cannot be explained by isotropy.
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An isotropic distribution is expected for a background profile which is only dependent
on the radius. However, the azimuth angle distribution is not isotropic, it rather has a
sinusoidal shape. The distribution shows a surplus of events for an azimuth angle below
90◦, which corresponds to the upper right side of the detector. A deficit of events is
measured at approximately φ = 240◦, which corresponds to the lower left side. The surplus
of events relative to the mean value is quantified to approximately 14 %. Thus, the azimuth
angle distribution confirms the impression, that the rate distribution is also dependent on
the azimuth angle. However, this azimuth angle dependence cannot be explained by the
production mechanism of the background electrons.
One possible explanation for the anisotropy in the azimuth angle distribution is a misalign-
ment in the mechanical set-up of the main spectrometer vessel relative to the detector. In
case the centre of a radially symmetric distribution is shifted in comparison to the centre of
a detector, a sinusoidal shape is measured in the azimuth angle distribution of the detector.
The size of the shift thereby influences the amplitude of the sinusoidal shape. An analytical
description shows, that a sinusoidal shape only occurs if the shift at the detector is small
compared to the extensions of the detector [Frä06]. The misalignment in the spectrometer
and detector section is discussed in more detail in chapter 7.

6.5. Conclusions

The goal of the SDS-IIIc long-term background measurement is to enable a characterisation
of the spectrometer background in an electric and magnetic field configuration similar to
neutrino mass measurements. The magnetic field strength in the analysing plane is 6 G,
the inner electrode offset amounts to 200 V.

The volume-normalised rate of SDS-IIIc is elevated in comparison to former measurements
in the flux tube of the 6 G-setting. The increase is likely to be attributed to changed storage
conditions for electrons in the main spectrometer. Additionally, a contribution of 219Rn
emanation from the NEG material of the pre-spectrometer is possible.
The time development and statistical model of the background rate shows unexpected
features. The runs-test proves, that the fluctuations of the rate on time scales of O(100 s)
cannot be assumed to be temporal random, thus an underlying trend is likely. In contrast,
the rate is almost randomly distributed on time scales of O(4 h). The measured rate
has outliers to higher rates, which cannot be explained by statistical fluctuations. It is
likely, that several simultaneously stored electrons cause these higher rates by ionisation of
residual gas. Nevertheless it is assumed in first-order approximation that the overall rate is
Poissonian distributed.
A stability analysis of relevant hardware parameters indicate, that all parameters are stable
on the percent level. Correlation analyses of the slow-control parameters with the measured
electron rate show that the hardware parameters seem to have vanishing influence on the
rate.
The characteristic peaks of the background energy spectrum are examined. The peak caused
by ions and the one caused by electrons are close to the expected positions. The L-shell
and M-shell conversion line electrons accompanying the β-decay of 210Pb are effectively
shielded.
The pixel distribution of the ion ROI displays, that the rate in this ROI is focused on
few pixels. The cause for this behaviour remains unknown. The outermost detector ring
shows an elevated rate in comparison to the neighbouring detector ring, which is likely
due to a damage of the detector wafer. Similar indications for a damage are found in the
pixel distribution of the electron ROI. Additionally, the azimuth angle distribution of the
electron ROI might point to misalignment of the spectrometer vessel in comparison to the
detector.





7. Alignment Studies

In the SDS-I measurement campaign, 22 detector pixels could not be used due to mechanical
misalignment in the KATRIN set-up. Thereby, the flapper valve in the pinch magnet
produced a shadowing effect, which blocked parts of the 191 T · cm2 flux tube. The
misalignment occurred due to the complex connection procedure of the detector system
to the main spectrometer. Several measures were carried out before the SDS-II phase to
improve the alignment [Har15].
Nevertheless, the measured background pixel distribution in SDS-IIIc still indicates a
misalignment between the main spectrometer vessel and the detector (see chapter 6.4).
This chapter therefore investigates possible misalignments of several KATRIN components
relative to the detector in the spectrometer and detector section. The three examined
alignments are important for the neutrino mass measurements and for the spectrometer
background model.

Chapter 7.1 determines the alignment between the magnetic main axis of the main spec-
trometer and the detector by using radon decays. This alignment is required to calculate
the centre of the magnetic flux tube at the detector, which guides the β-decay electrons of
tritium from the source to the detector.
Subsequent the alignment of the inner electrode geometry and the magnetic flux tube is
determined in chapter 7.2. The inner electrodes fine-shape the retarding potential in the
main spectrometer. The investigated alignment therefore equals the position of the flux
tube in comparison to the retarding potential.
The last chapter 7.3 quantifies the misalignment between the spectrometer vessel and the
detector, which is important for the background model. Additionally, this analysis enables
a cross-check of the existing background model.

7.1. Alignment of the Flux Tube

This chapter calculates the mean position of the magnetic flux tube on the detector. The
position of the flux tube on the detector can influence the mean position of the β-decay
electrons on the detector in neutrino mass measurements. Radon rings are used, to
determine the centre of the magnetic flux tube.
The NEG material, which is installed in both KATRIN spectrometers to achieve the
good vacuum conditions, emanates the radioactive radon isotope 219Rn (see chapter 4.4).
High-energy electrons accompany the α-decay of radon. These electrons are trapped in
axial direction in the main spectrometer in a magnetic bottle (see chapter 4.1). A trapped
electron follows the magnetic field lines in the main spectrometer on a small cyclotron
path. Additionally, a magnetron drift around the magnetic main axis takes place. The
trapped electron loses energy until it breaks the storage condition. The cross-section for
inelastic scattering with residual gas increases with decreasing electron energy. Therefore,
the dominant cooling-down mechanism for the trapped electrons is inelastic scattering.
Secondary electrons are generated via ionisation in the inelastic scatter processes. Those
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Figure 7.1.: Trajectory of trapped electrons in the main spectrometer. The
magnetic mirrors at both exits of the spectrometer trap the electrons in axial direction.
The trapped electron performs a slow magnetron drift around the magnetic main axis of
the spectrometer, which is superimposed by the cyclotron motion. The stored electrons
go through a cooling-down mechanism, in which they produce secondary electrons at
the same magnetron radius. These secondary electrons can leave the trap and form a
ring-like structure on the detector [Har15].

secondary electrons follow the same magnetron radius as the primary and can also be
trapped depending on their kinematics. If they are trapped, they can produce further
electrons, which follow the same magnetron radius. Hence, one high-energy electron
produces up to hundreds of secondary electrons, which follow the same magnetron motion
around the magnetic main axis of the spectrometer [Har15]. This results in a ring-like
structure of secondary electrons on the detector. The radius of the circular shape is the
magnetron radius projected onto the detector. The centre of the measured ring corresponds
to the magnetic main axis of the spectrometer and therefore also to the centre of the
magnetic flux tube. Figure 7.1 shows schematically the trajectory of trapped electrons and
the resulting ring-like structure on the detector.

Ring-like structures were produced in large numbers in a dedicated measurement in
December 2017 [Frä17d]. The goal of this measurement is to quantify a possible misalignment
between the magnetic main axis and the detector. Therefore two changes in the experimental
setting are made in comparison to the nominal setting. First, the baffles are warmed up
to room temperature to increase the number of radon decays in the main spectrometer.
Second, the pressure in the main spectrometer is elevated by three orders of magnitude
to 2.5× 10−9 mbar. This enables a separation of uncorrelated background events from
correlated events by trapped electrons, as explained in the following.
The magnetic bottle of the main spectrometer can trap high-energy electrons for several
hours, due to the excellent vacuum conditions [MDF+13]. This makes it difficult to relate a
single event to a certain radon decay. The storage time of the high-energy electron decreases
to the range of seconds by elevating the pressure by three orders of magnitude. The decrease
in the storage time is due to an increasing probability for inelastic scattering with residual
gas [Wan13]. Single radon decays therefore appear as a short burst of correlated secondary
electrons, which can be identified by the inter-arrival time of the events [Har15].
Figure 7.2 shows the inter-arrival time distribution of the measurement of December ’17.
The distribution for inter-arrival times greater than 0.5 s follows an exponential function.
This is expected for Poissonian rates. A surplus of events with respect to the Poissonian
model is measured at smaller inter-arrival times. Clustered bursts of secondary electrons



Chapter 7. Alignment Studies 85

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (s)

210

310

410

N
um

be
r 

of
 e

ve
nt

s

Figure 7.2.: Inter-arrival time distribution for the high pressure measurement
of December ’17 with warm baffles in the electron ROI. For larger inter-arrival
times than 0.5 s, the inter-arrival time distributions follows an exponential behaviour as
expected for Poissonian rates. The distribution to smaller inter-arrival times is dominated
by correlated events of radon decays.

as a result of radon decays cause this surplus. The correlated electrons dominate the
distribution for inter-arrival times smaller than 0.4 s (note the logarithmic y-axis).
The burst of a radon decay is identified with a cluster analysis by the Kasper software. The
time window is set to t0 = 0.4 s in the analysis, as clustered events dominate the inter-arrival
time distribution for times smaller than t0. The algorithm of the cluster analysis starts
from the first measured event and calculates, whether the consecutive event has a smaller
inter-arrival time than t0. If not, the first event is identified as a single, uncorrelated event.
The first two events are identified as correlated events if the inter-arrival time is smaller
than t0. In the next step, the algorithm examines whether the inter-arrival time between
the second and the third event is smaller than t0. If this is true, the third event is added to
the cluster. If not, the cluster consists only of the two first events. Based on this scheme,
the algorithm analyses all measured events in the electron ROI.
The following analysis takes only clusters into account, which contain 12 or more events. A
Monte Carlo simulation demonstrates that for this threshold a purity of 99.3 % of correlated
events is given.

It is expected, that the identified bursts form a ring-like structure on the detector (see
detector in figure 7.1). A circle fit calculates the radius and the position of the centre for
each burst. The fit routine is implemented in Kasper and based on the Hough Transform
[BAL].
In the following, a so-called “black-and-white” analysis is performed. Therefore, the analysis
includes each pixel, which measures at least one event in the respective cluster, with the
same weighting. If a pixel is hit more often, it is probably related to the fact that the
trapped primary electron has little energy in the corresponding volume. The cross-section
for inelastic scattering increases with decreasing energy. Hence, the production of secondary
electrons is more probable.
The ring fit needs the exact position of each event. However, only the coordinates of the
pixel, which measures the event, is known. This is the highest experimental resolution in
KATRIN. 40 events are randomly placed in each pixel, which is hit by secondary electrons
in the cluster, to generate the exact event position. A high number of artificial events
is chosen due to two reasons. First, the probability of the fitter to determine the ring
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Figure 7.3.: Positions of the centres of the fitted radon rings. The resulting
distribution has the mean values ∆x =(0.09± 0.08) mm and ∆y =(−1.74± 0.10) mm.
The width of the distribution is σx =(4.0± 0.1) mm and σy =(4.6± 0.1) mm.

structure increases with the number of events. Second, the influence of the artificial event
position generation decreases with more events.

In total 3925 radon rings, consisting of more than 12 events, are identified. Figure 7.3 shows
the distribution of the coordinates of the fitted centres. The mean position of the distribution
and thus also the position of the flux tube at the detector is ∆x =(0.09± 0.08) mm and
∆y =(−1.74± 0.10) mm. The width of the distribution results from smearing due to the
individual cyclotron motion of the secondary electrons. Hence, the width of the distribution
is of no interest for this misalignment study.

7.2. Alignment of the Retarding Potential

The inner electrodes fine-shape the retarding potential. Therefore, the inner electrodes comb
structure position is an indication for the position of the retarding potential. Consequently,
calculating the structure position enables a quantification of the misalignment between the
retarding potential and the magnetic flux tube. A possible misalignment influences the
transmission properties of the main spectrometer for β-electrons.
Low-energy background electrons are produced at the inner electrode comb structure. An
appropriate magnetic field guides these electrons to the detector [Sch14]. Hence, the circular
comb structure is projected onto the detector (see figure 7.4). The centre of the circular
projection of the comb structure on the detector is determined by a ring fit. However, the
magnetic field projects the structures onto the detector. Thus, the misalignment of the
magnetic main axis of the main spectrometer versus the detector, determined in chapter
7.1, affects the centre of the projected comb structure at the detector. Nevertheless, only
the misalignment of the retarding potential relative to the magnetic flux tube is of interest
for the neutrino mass measurements in KATRIN. This is equal to the centre of the inner
electrode comb structure relative to the magnetic main axis of the main spectrometer at
the detector.

The comb structure is projected onto the detector by an asymmetric field setting. The
upstream magnet of the main spectrometer is switched off for this purpose. The magnetic
field lines thus lead from the spectrometer vessel to the detector. The LFCS fine-shapes the
magnetic field and projects exactly one comb structure onto the detector. Seven different
comb structures are sequentially mapped onto the detector in a dedicated measurement
[Frä17a]. The following analysis does not take the last comb structure into account due
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Figure 7.4.: Ring structure on the detector due to secondary electron emission
from the inner electrode comb structure. The centre of the ring on the detector is
fitted to ∆x =−0.3 mm and ∆y =−3.9 mm.
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∆x = (0.25± 0.07) mm and ∆y = (−2.80± 0.08) mm.
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to additional collisions of the flux tube with the spectrometer vessel. Each of the six
electrode comb structures is scanned with 21 different magnetic field settings to increase
the resolution.
The analysis is performed similar to chapter 7.1 in a black-and-white analyses. Figure 7.5
displays the mean centres of the fitted circles for each comb structure. The uncertainty on
the mean centre is calculated in simulations with bootstrap [Fel85].
The different inner electrode comb structures vary in their position at the detector. However,
they are approximately in accordance with each other within the statistical uncertainty.
Thus, the comb structures of the main spectrometer are not tilted in comparison to the
magnetic flux tube in first-order approximation. However, a constant shift versus the
flux tube is measured. The flux tube is located at (∆x, ∆y)=(0.09 mm, −1.74 mm) at the
detector (see chapter 7.1), the comb structures are in mean located at (0.25 mm, −2.80 mm).
Consequently, the retarding potential is misaligned versus the magnetic flux tube. The
misalignment in x-direction amounts to (−0.16± 0.11) mm at the detector, in y-direction
to (1.06± 0.12) mm.

7.3. Alignment of the Main Spectrometer Vessel

The misalignment of the main spectrometer vessel itself relative to the detector is investigated
in this chapter. Therefore, the distribution of the spectrometer background electrons is
examined in detail. Assuming a homogeneous distribution of the 210Pb contamination on the
inner spectrometer surfaces, it is expected that the spectrometer background distribution is
radially symmetric (see chapter 4.6). The magnetic flux tube, which guides the background
electrons to the detector, is designed to be radially symmetric. Hence, it is expected that
the detector measures a radially symmetric spectrometer background. A deviation of this
radially symmetric background might point towards misalignment (see chapter 6.4.2) and
can be used to quantify this misalignment.
Therefore, chapter 7.3.1 analyses the data of long-term backgroundmeasurements to quantify
a possible misalignment between the spectrometer vessel and the detector. Additionally, it is
tested whether the measured features are due to misalignment. The background distribution
is further examined in chapter 7.3.2 for a cross-check with the existing background model.

7.3.1. Quantification of Misalignment

The main spectrometer background was measured in the SDS-IIa phase over a time range
of approximately one week in 2014 [FLHE14]. The upper graph of figure 7.6 shows the pixel
distribution at the detector for this long-term measurement. The pixel view indicates a
deviation from the expected radially symmetric distribution. A surplus of measured events
at the upper left side of the detector exists in comparison to the lower right. Additionally,
the minima of the distribution seems to be shifted to the lower right side instead of being
focused at the bulls-eye of the detector.
An appropriate tool for testing the radial symmetry of a distribution is the analysis of the
azimuth angle. The azimuth angle distribution is calculated to show, that the measured
distribution at the detector is not radially symmetric. The calculation of this distribution
is performed as described in chapter 6.4.2. An azimuth angle of φ = 0◦ corresponds to the
position of 3 o’clock at the detector. The position changes counterclockwise with increasing
φ. The lower graph of figure 7.6 displays the measured azimuth angle distribution. A
radially symmetric background should result in an isotropic distribution. However, the
measured distribution is not isotropic, it follows a sinusoidal shape. The peak of the
distribution is around 150◦, which corresponds to a surplus of events at the upper left
detector side. The surplus of events relative to the mean value is approximately 16 %.
The thesis of F. Fränkle [Frä06] shows in an analytical calculation, that a sinusoidal shape
of the azimuth angle distribution can be caused by a misalignment between the detector and
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Figure 7.6.: Pixel distribution of the SDS-IIa long-term background measure-
ment (upper graph) and corresponding azimuth angle distribution (lower
graph). A radially symmetric distribution of the background electrons from the main
spectrometer is expected, however the pixel distribution in the upper graph does not
show this behaviour. At the upper left side of the detector a surplus of events is seen and
less events in the lower right. This is confirmed by the azimuth angle distribution in the
lower plot.

a radially symmetric distribution. To test, if the measured distribution can be explained
by misalignment, it is searched for an effective shift. This shift is applied to all measured
events, to get a radially symmetric background. Simultaneously this shift is equivalent to
the projected misalignment between main spectrometer and detector.

As mentioned previously, it seems like the distribution is shifted to the lower right. Hence,
effective shifts towards upper left are primarily tested. In y-direction shifts between 2 mm
and 5.5 mm are tested, in x-direction shifts between −2 mm and 1 mm with a step size of
0.08 mm. The azimuth angle distribution is calculated for each applied shift and without
the three outermost detector rings. A lack of events appears at the lower side of the detector
by shifting all events upwards. Hence, the outermost rings would distort the azimuth angle
distribution. The width of the three outermost rings corresponds to the maximally tested
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shift of 5.85 mm.
The azimuth angle distributions is compared with the hypothesis of isotropy for each applied
shift. The χ2-test and the runs-test are used for comparison. The χ2-test investigates
whether the azimuth angle distribution is in accordance with isotropy within the statistical
uncertainty. The runs-test examines the sequence of the values for isotropy (see chapter
6.1.2). For the runs- as well as for the χ2-test, a distribution of test statistics arises for
each applied shift. It is searched for the absolute minimum in the two distributions as
the corresponding azimuth angle distribution shows the highest accordance with isotropy.
Consequently, the shift, which is linked to this azimuth angle distribution, is the optimal
shift to get a radially symmetric distribution in the detector.
It is necessary to simulate the exact positions of the measured events to calculate the
azimuth angle distribution (see chapter 6.4.2). 200 different data sets are generated, based
on the SDS-IIa measurement, to quantify the influence of the simulation. The runs-test and
the χ2-test calculate for each data set the optimal shift. The distribution of the optimal
shifts of the 200 data sets, determined by the χ2-test, are fitted by a two-dimensional
Gaussian function. The resulting mean of the Gaussian function is the effective shift. The
same routine is performed with the results of the runs-test.
The effective shift, calculated with the runs-test, amounts to ∆x =(−0.76± 0.75) mm and
∆y =(4.98± 0.72) mm. The χ2-test results in an effective shift of ∆x =(−1.07± 0.19) mm
and ∆y =(4.84± 0.32) mm. Hence, both methods result in the same shift within the
statistical uncertainty. A shift of approximately 5 mm in total to the upper left for all
events is recommended, to get a radially symmetric background distribution in the detector.
The χ2-test shows a more stable behaviour in the statistical uncertainty. Therefore, it will
be focused only on the effective shift calculated by the χ2-test in the following.
The detector was realigned between the SDS-II and SDS-III measurement phase. Thus, it
is reasonable that also the effective shift changes. It is therefore determined in the following
for the data taken in the SDS-IIIb [RTBF17] and the SDS-IIIc long-term background
measurements [Frä17e]. The effective shift for the background distribution of the SDS-IIIb
measurement is ∆x =(0.56± 0.37) mm and ∆y =(6.60± 0.11) mm. Thus, a shift of all
events to the upper right side is recommended with the new alignment. The direction of the
shift remains the same in the SDS-IIIc measurement with respect to SDS-IIIb. However,
the size of the shift changes to ∆x =(1.76± 0.52) mm and ∆y =(8.89± 0.58) mm. The
alignment of the detector relative to the spectrometer vessel remained constant between
these two measurements. Nevertheless, different magnetic field settings were used in the
two measurements: in SDS-IIIb a 2.7 G-setting was used, in SDS-IIIc a 6 G-setting. These
two measurements with the same alignment but a different magnetic field setting are
used to determine, if the sinusoidal shape of the azimuth angle distribution is caused by
misalignment or due to unknown background sources.
The major part of the background electrons is produced in the cylindrical section of the main
spectrometer due to its large volume. If the sinusoidal shape is caused by misalignment, it
is therefore a misalignment of the cylindrical section of the spectrometer vessel relative to
the detector. The misalignment is constant in this section, since the spectrometer vessel is
not tilted versus the beamline in first-order approximation (see chapter 7.2). The analysing
plane lays within the cylindrical section of the main spectrometer and therefore represents
this section. The magnetic field setting of the respective measurement defines the projection
of the analysing plane on the detector. If misalignment causes the shape of the azimuth
angle distribution, the effective shifts of the SDS-IIIb and SDS-IIIc measurements should
result in the same shift in the analysing plane. However, different shifts in the analysing
plane indicate a physical azimuthal component of the background distribution in the main
spectrometer and therefore an incomplete background model.
The extensions in the analysing plane of both magnetic field settings are calculated
with the software Kassiopeia. The projection of the effective SDS-IIIb shift results in
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a shift of ∆x = (5.6± 3.2) cm and ∆y = (59.7± 0.9) cm in the analysing plane. The
projected effective shift of the SDS-IIIc data is calculated to ∆x =(11.1± 3.3) cm and
∆y =(56.1± 3.6) cm. In x-direction the two shifts are not compatible. Nevertheless, they
both show a large statistical uncertainty. The shifts in y-direction are compatible. It is
assumed, that the two shifts are the same in first-order approximation, as the difference
in x-direction is not significant with 95 % CL. This underlines the hypothesis, that the
sinusoidal shape of the azimuth angle distribution is caused by misalignment of the detector
relative to the spectrometer vessel. The misalignment is quantified to ∆x =(−8.4± 4.5) cm
and ∆y =(−57.9± 3.7) cm in the analysing plane.

7.3.2. Cross-Check with Background Model

The background model assumes that the azimuth angle distribution is isotropic after
correcting it for the misalignment of the main spectrometer vessel relative to the detector.
The effective shift, calculated in chapter 7.3.1, delivers this correction.
The upper graph of figure 7.7 displays the electron background distribution of the SDS-IIa
measurement after applying the effective shift. The pixel distribution seems to be radially
symmetric. However, the azimuth angle distribution (lower graph of figure 7.7) is not
compatible with isotropy. Nevertheless, the shift reduces the anisotropy from 16 % to 5 %.
The azimuth angle distribution shows a surplus of events at approximately 0◦ and 180◦.
The periodicity indicates, that the azimuth angle distribution is described by a sinusoidal
function with two oscillations over 360◦. Hence, the 200 generated data sets to calculate
the effective shift of the SDS-IIa data are investigated with respect to these two peaks.
The events are shifted by the effective shift and the resulting azimuth angle distribution
is fitted with the sinusoidal function. The function describes the distribution in 180 of
the 200 data sets with 95 % CL. The remaining 20 data sets also show the two peaks in
the azimuth angle distribution. The mean peaks of the fit functions are at 2.8◦ ± 1.2◦ and
182.8◦ ± 1.2◦. Consequently, the background distribution shows a quadrupole structure
after applying the shift. A surplus of events is measured from the left and right side of the
detector and less from top and bottom.
The data of the SDS-III measurements show the same quadrupole structure after applying
the effective shift. The peaks in the azimuth angle distribution are also at 2◦ and 182◦.
Consequently, the quadrupole structure might be caused by a systematic error in the
analysis or due to physical reasons.

One possible reason for this quadrupole structure is, that it is arising as an artefact of an
incomplete shift. For the explanation, a certain “true” misalignment between vessel and
detector ~m0 is assumed. In case the effective shift is determined not exactly to ~m0 but to a
slightly deviating shift, this could result in a distorted azimuth angle distribution and lead
to the quadrupole structure. This theory is examined with a Monte Carlo simulation. The
simulation shows, that an incomplete shift does not result in a quadrupole structure in the
azimuth angle distribution. Consequently, the quadrupole structure seems to be caused by
physical reasons.
One physical reason for the quadrupole structure is a deformation of the magnetic flux
tube. The magnetic flux tube is fine-shaped by the LFCS. The LFCS air-coils are de-
signed as circles. However, gravitational effects might deform them into an elliptical shape.
This would result in a deformation of the magnetic flux tube. The magnetic flux tube
leads the background electrons to the perfectly circular detector. Hence, a deformation of
the flux tube results in distorted projection of the background electrons. Consequently,
a quadrupole structure might be formed. Simulations regarding this topic are ongoing.
Studies to possible deformations of the LFCS air-coils are given in [EBB+18] and [KAT18b].
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Figure 7.7.: Pixel distribution of the shifted background (upper graph) and
corresponding azimuth angle distribution (lower graph). The pixel distribution
of the detector seems to be radially symmetric, however, the resulting azimuth angle
distribution does not seem to be compatible with isotropy. A sinusoidal function with
two oscillations over 360◦ describes the azimuth angle distribution.

7.4. Conclusions

This chapter summarises efforts to determine the alignment between different KATRIN
components. The results of the alignment studies are:

• The position of the magnetic flux tube on the detector is determined with radon rings.
The centre of the flux tube is ∆x =(0.09± 0.08) mm and ∆y =(−1.74± 0.10) mm at
the detector.

• The misalignment between the position of the retarding potential and the magnetic
flux tube is quantified by projecting the inner electrode comb structure on the detector.
The misalignment between these two important KATRIN components amounts to
∆x =(−0.16± 0.11) mm and ∆y =(1.06± 0.12) mm.

• The distribution of the spectrometer background electrons allows an alignment study of
the detector relative to the centre of the main spectrometer vessel in the cylindrical sec-
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tion. This misalignment amounts to ∆x =(−8.4± 4.5) cm and ∆y =(−57.9± 3.7) cm
in the current KATRIN set-up. A quadrupole structure occurs in the azimuth angle
distribution after correcting the measured background distribution for this misalign-
ment. The quadrupole is probably of physical origin and needs to be taken into
account in the KATRIN background model.





8. Summary and Outlook

KATRIN aims to achieve an unprecedented sensitivity of 0.2 eV (90 % CL) on the effective
electron antineutrino mass. This thesis contributes to well characterised statistical and
systematic uncertainties in the fields of rate estimation, background characterisation and
component alignment.

The systematic uncertainty on the rate estimation are caused by detector read-out artefacts
and physical processes (pile-up, charge-sharing and backscattering) in the detector section.
By analysing data of the 2017 gaseous krypton campaign, the uncertainty in the standard
analysis routine with ROI cut is shown to be between 5.89 % and 0.32 % depending on the
rate range.
The rate correction factor is constant within each order of magnitude for the rate range
of 10 to 104 cps. Therefore, the influence of detector effects can be treated as a constant
inefficiency. The influence of the systematic uncertainty on rate estimation seems negligible
for the neutrino mass determination.

A dependence of the background rate on the retarding potential near the endpoint of tritium
presents a significant contribution to the systematic uncertainty budget of KATRIN. A
statistically significant dependence ((10± 4) mcps/keV) or an indication ((4± 6) mcps/keV)
is observed, depending on the magnetic field setting of the respective measurement. Con-
sequently, the experimental findings contradict the assumption of the design report. A
model which can explain the voltage dependence is proposed in this thesis: changing
storage conditions of background electrons with varying retarding potential paired with a
mechanism, which eliminates trapped electrons from the sensitive flux volume.
In between two background measurements a permanent increase of the background rate
of 30 mcps occurred, which also results in a change of the dependence of the background
rate on the retarding potential. The source of this effect needs to be examined in future
works. At the moment it prohibits the calculation of final uncertainties on the neutrino
mass measurement related to the background slope. As long as the source for the elevated
background rate is not identified, the recommended method to treat the dependence is the
inclusion as a free fit parameter in the KATRIN likelihood.

Background properties with an electric and magnetic field setting similar to the one used in
future neutrino mass measurements are investigated with the data of the SDS-IIIc long-term
background measurement.
A comparison of the SDS-IIIc measurement with former measurements shows an increase
of 23 % in the volume-normalised rate for the flux tube of the SDS-IIIc magnetic field
setting. This increase is probably explained by changed storage conditions for background
electrons in the main spectrometer. An additional contribution to the background rate
from 219Rn emanation from the NEG material of the pre-spectrometer is likely, however
further research is required to test this hypothesis.
The runs-test shows, that the time development of the measured rate is not random on
small time-scales. In addition, statistical fluctuations cannot entirely explain measured
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outliers to higher rates. These features cannot be explained by instabilities of the relevant
hardware parameters, which fulfil the required stability criteria during the two weeks long
measurement. Simultaneously stored electrons could cause both effects by ionisation of
residual gas, which needs to be studied in future works.
The measured pixel distribution in the electron ROI delivers two results. First, there
are indications for a damage of the detector wafer due to a former Penning discharge of
the trap between the spectrometers. Second, the pixel distribution shows indications for
misalignment between the spectrometer and the detector.

The alignments of the flux tube and the inner electrode system relative to the detector are
determined with standard methods on recent data. The centre of the magnetic flux tube is
shifted relative to the detector by (1.7± 0.1) mm. This can influence the mean position of
the β-decay electrons at the detector.
Furthermore, a misalignment of the inner electrode system relative to the magnetic flux tube
is found and determined to be (1.1± 0.1) mm at the detector. Consequently, the electric
field might be shifted versus the magnetic flux tube, which influences the transmission
properties of the main spectrometer.
A method to determine the alignment of the spectrometer vessel relative to the detector
based on the measured background distribution is developed in this thesis. The effective
shift of this misalignment is (58.5± 0.3) cm, measured in the analysing plane. Additionally,
a small azimuthal component of the background distribution is found in this analysis, which
is not expected in the background model.

Outlook: This thesis has determined the systematic uncertainty on rate estimation as well
as the influence of a voltage dependent background on the KATRIN sensitivity. Additionally,
the main spectrometer background was characterised in an electric and magnetic field
setting similar to neutrino mass measurements. The misalignments of several important
KATRIN components relative to the detector were quantified. Nevertheless, there are still
unexplained effects, which have to be investigated in upcoming measurements.
The first tritium measurement phase of KATRIN starts in May 2018. It enables the
quantification of the systematic uncertainty on rate estimation for count rates in the typical
KATRIN range.
The STS-IIIa phase starts parallel to the first tritium measurements. The experimental
results of measurements with the KATRIN e-gun in the course of STS-IIIa allow for an
even more precise determination of the alignment of several components. Furthermore, the
source of the azimuthal component of the spectrometer background can be investigated.
The first neutrino mass measurement phase of KATRIN starts at the end of 2018. The
following open topics, raised by analyses performed in this thesis, have to be answered
up to this point: source and optimal treatment of the voltage dependent background
near the endpoint of tritium, influence of radon emanation from the NEG material of the
pre-spectrometer on the background rate and identification of the source for the sudden
increase of the background rate.



Appendix

A. Background in Measurements with the Condensed Krypton Source

During the krypton measurement phase in 2017, a condensed krypton source (CKrS) is used
in KATRIN for calibration measurements. The CKrS is placed in the CPS. Consequently,
krypton atoms, which escape from the source, can enter the pre-spectrometer, as no
further reduction mechanisms against neutral particles exist between the CPS and the
spectrometer section. Therefore, it is possible to examine the influence of radioactive atoms
in the spectrometer section on the background rate with the data of the CKrS. The goal
of this chapter is to quantify the influence of the CKrS on the background rate and to
examine the stability of the rate.
Chapter A.1 summarises the most important properties of the CKrS for this study. In
chapter A.2 the background caused by the CKrS while it is inserted in the beamline is
investigated in detail. Afterwards, chapter A.3 presents the background rate of the CKrS
over long time scales. The last chapter A.4 summarises investigations of the behaviour of
the background after the extraction of the CKrS from the beamline.

A.1. The Condensed Krypton Source

The decay mechanism of 83m-krypton and its application purposes are described in 3.1.
The CKrS consists of a graphite substrate with a diameter of 2 cm, which is cooled to 26 K.
A thin sub-monolayer film of 83mKr is placed on this substrate. 83Rb is implanted into a
foil and and placed in vacuum. Gaseous 83mKr is emanated from the foil, purified by a
cold trap and quench-condensed on the graphite substrate [KAT05] [KAT18a].
The CKrS features high, stable and localised count rates, which can be used to scan the
beamline precisely and within short time. The major disadvantage of the CKrS is the
reproducibility of the source. A shift of the line position with a new 83mKr film on the
substrate is possible [KAT05]. The properties of the current film can be checked by a laser
ellipsometry system [BGS+13]. Three different films were used in the krypton measurement
phase in 2017.

A.2. Background Rate with Injected CKrS

This chapter quantifies the influence of the CKrS on the background, while the source is in
the beamline and during its extraction. The runs 33339, 333497 and 33524 are investigated
in more detail.
There are collisions of the flux tube with the spectrometer vessel in the magnetic field
setting, which is used during the condensed 83mKr campaign. Secondary electrons therefore
dominate the measured rate in the corresponding detector pixels. Hence, the two outermost
detector rings are excluded for the subsequent analyses. Two ROI cuts are applied in the
following analyses: the standard ROI as described in chapter 2.3 and one for the direct
transition of excited krypton to ground state. The corresponding electron peak is expected
at 41 keV minus the binding energy of the electron in the shell and minor corrections. The
post-acceleration electrode of the detector is set to its nominal value of 10 kV, therefore
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this ROI ranges from 48 keV to 53 keV. This ROI will be called ROI41 in the following.
Two background runs were taken prior to the injection of any tritium. The background rate
in the electron ROI without any krypton is (481± 8) mcps, in the ROI41 it is (12± 1) mcps.

The retarding potential in the main spectrometer is set to 33 keV to investigate the
background rate, while the CKrS is inserted in the beamline. This is the so-called “blocking
mode”, since at this retarding potential the two conversion lines at approximately 9 keV
and 32 keV are both blocked. The measured rate at this retarding potential is due to
background electrons induced by the CKrS and due to a direct decay of excited krypton to
its ground state.
The main spectrometer is set to blocking mode during run 33497. Figure A.1 shows several
properties of this run. The measured energy distribution contains two characteristic peaks
P1 and P2. P1 corresponds to the expected background electron peak at approximately
43 keV. P2 is caused by conversion electrons of the direct krypton decay.
The graph in the upper centre of figure A.1 shows the pixel distribution in the electron ROI.
The measured electrons are focused at the bulls-eye of the detector. The pixel distribution
without any krypton shows a minima of the rate at the bulls-eye and an increasing rate with
the detector radius. Hence, the hotspot of the rate at the centre of the detector is a direct
impact of the CKrS on the background electrons. The inter-arrival time distribution (see
lower left graph of figure A.1) follows an exponential function with p =64 %. This behaviour
indicates a Poissonian rate in the electron ROI. The rate of the electrons is increasing
versus time from 12.5 cps to 15.5 cps (see lower centre graph). Thus, two conclusions can

Energy00

Entries  73720

Mean    39.9

Std Dev   12.65

0 20 40 60 80 100 120
Energy (keV)

1

10

210

310

N
um

be
r o

f e
ve

nt
s Energy00

Entries  73720

Mean    39.9

Std Dev   12.65

Energy

50

100

150

200

250

01

2 3 4
5

678

9
10

11

12
13

14

15

16

17

1819

20

21
22

23

24 25

26

27

28
29

30
31

32

33
34

35

36
37

38

39

40

41

4243

44

45
46

47

48 49

50

51

52

53

54
55

56

57
58

59

60
61

62

63

64

65

6667

68

69
70

71

72 73

74

75
76

77

78
79

80

81
82

83

84
85

86

87

88

89

9091

92

93
94

95

96 97

98

99
100

101

102

103

104

10
5

10
6

10
7

108

109

110

111

112

113

114115

11
6

11
7

11
8

11
9

120 121

122

123
124

125

126

127

128

12
9

13
0

13
1

132

133

134

135

136

137

138139

14
0

14
1

14
2

14
3

144 145

146

147

Pixel Distribution Electron ROI (mcps)

5

10

15

20

25

30

35

40

01

2 3 4
5

678

9
10

11

12
13

14

15

16

17

1819

20

21
22

23

24 25

26

27

28
29

30
31

32

33
34

35

36
37

38

39

40

41

4243

44

45
46

47

48 49

50

51

52

53

54
55

56

57
58

59

60
61

62

63

64

65

6667

68

69
70

71

72 73

74

75
76

77

78
79

80

81
82

83

84
85

86

87

88

89

9091

92

93
94

95

96 97

98

99
100

101

102

103

104

10
5

10
6

10
7

108

109

110

111

112

113

114115

11
6

11
7

11
8

11
9

120 121

122

123
124

125

126

127

128

12
9

13
0

13
1

132

133

134

135

136

137

138139

14
0

14
1

14
2

14
3

144 145

146

147

Pixel Distribution 48-53 keV ROI (mcps)

Interval00
Entries  54436
Mean  0.07086
Std Dev  0.07211

 / ndf 2χ     72 / 77
Prob  0.6397
Constant  0.023± 8.558 
Slope  0.12±13.95−

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s)

1

10

210

310

410

N
um

be
r o

f e
ve

nt
s Interval00

Entries  54436
Mean  0.07086
Std Dev  0.07211

 / ndf 2χ     72 / 77
Prob  0.6397
Constant  0.023± 8.558 
Slope  0.12±13.95−

Inter-arrival Time Distr. Electron ROI

0 500 1000 1500 2000 2500 3000 3500 4000
Time (s)

12.5

13

13.5

14

14.5

15

15.5

16

R
at

e 
(c

ps
)

Rate Trend Electron ROI

0 500 1000 1500 2000 2500 3000 3500 4000
Time (s)

0.35

0.4

0.45

0.5

0.55

0.6

R
at

e 
(c

ps
)  / ndf 2χ  15.14 / 17

Prob  0.5852

Rate  0.01125± 0.4558 

 / ndf 2χ  15.14 / 17

Prob  0.5852

Rate  0.01125± 0.4558 

Rate Trend 48-53 keV ROI

P1

P2

Figure A.1.: Overview plots for run 33497. In the upper left graph, the measured
energy distribution is shown. The graphs in the upper centre and right display the pixel
distribution in the electron ROI, respectively in the ROI41. The lower left graph presents
inter-arrival time distribution, which is fitted by an exponential function. In the plots in
the lower centre and right, the rate trend versus time for the electron ROI and the ROI41
are shown.
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be drawn. First, the background rate in the electron ROI is elevated due to the CKrS
by approximately two orders of magnitude in comparison to the reference runs without
any krypton source. The elevation is mainly caused at the centre of the bulls-eye, which
corresponds to the magnetic main axis of the spectrometer. Single krypton atoms can
leave the CKrS due to out-gassing effects and enter the spectrometer section. During
the likely decay of krypton in the spectrometer section, a high-energy conversion electron
(Ekin > 9 keV) is emitted. The conversion electron is with high probability trapped in the
magnetic bottle. However, it goes through a cooling-down process and produces secondary
electrons. The best storage conditions for a trapped electron are near the magnetic main
axis of the spectrometer. Hence, also the secondary electrons are mainly produced near the
main axis. This explains the surplus of events at the bulls-eye of the detector. The second
conclusion is, that the background rate seems to increase with time. A more detailed
investigation of the long-term temporal behaviour of the background rate is discussed in
chapter A.3.
The upper right graph of figure A.1 shows the pixel distribution in the ROI41keV. A
surplus of measured events forms a clearly defined hotspot in the bulls-eye, which is the
projection of the CKrS on the detector. This indicates, that the ROI41keV is dominated by
conversion electrons of the direct decay of the IP = 1/2−-state of the 83mKr to the ground
state. The rate in this ROI is constant at approximately (456± 11) mcps (see lower right
graph of figure A.1). The peak position of the ROI41keV is fitted to (50.28± 0.04) keV.
This corresponds to an electron energy of (40.16± 0.04) keV. This value is in accordance
with the expected conversion line energy for the direct krypton decay.

Run 33524 was taken approximately one day after the previously analysed run 33497. The
CKrS was in full operating mode during these two runs. The spectrometer was set to
blocking mode for the measurements during run 33524. The mean rate in the electron ROI
is estimated to (14.67± 0.06) cps. Hence, the rate is statistically significant elevated in
comparison to run 33497 ((13.81± 0.06) cps). There seems to be a connection between the
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Figure A.2.: Rate versus time for both ROI during the extraction of the CKrS
from the beamline. Both rate trends show a decline in the rate with time. This decline
is fitted with an exponential function in the electron ROI. The fit results in a half-life of
(6± 8) min.
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background rate and the time, how long the CKrS is injected in the beamline.
It is expected, that the rate in the ROI41keV of run 33524 is the same as run 33497. The
activity of the CKrS is assumed to be constant over such time ranges. The ROI41keV rate
in run 33524 is (469± 11) mcps, which is in accordance with run 33497.

Figure A.2 displays the measured rate versus time for both ROIs for run 33582. The CKrS
is extracted from the beamline during this run.
At the beginning of the run, the rate in the electron ROI is determined to approximately
17 cps. Hence, the rate is again elevated in comparison to 33524. The CKrS is extracted
from the beamline at approximately 300 s after the start of the run. Afterwards, the rate
decreases with an exponential shape. The decrease has a half-life of (6± 8) min. The fast
decrease of the rate is likely due to the active pumping of the spectrometer, which removes
krypton atoms from the spectrometers volume.
The rate in the ROI41keV also shows a decrease versus time. The shape of the decrease
cannot be described further due to large statistical uncertainties.

Three conclusions are drawn in this chapter. First, an electron conversion line of the direct
krypton decay to the ground state is seen. The measured electron energy of the conversion
line is approximately (40.16± 0.04) keV. Second, the background rate in the electron ROI
is elevated by two orders of magnitude in comparison to reference runs without the CKrS.
The background rate is focused on the bulls-eye of the detector. Third, it seems that the
background rate is increasing over the time, in which the CKrS is inserted in the beamline.
The following chapter investigates the background rate over longer time scales.

A.3. Long-term Background Investigation

The behaviour of the background rate versus time is investigated by two different approaches.
The first approach investigates the background rate in four different runs, in which the
main spectrometer is set to blocking mode. The second approach tries to investigate the
background rate in line scans of the L3 − 9.4 conversion line.

The four different background runs 33339, 33497, 33524 and 33582 are investigated for
the following analysis. Run 33339 was taken 15 min after the injection of the CKrS, 33497
after three days, 33524 after four days and 33582 after five days. The analysis uses only
the first 300 s of run 33582, since the CKrS is extracted during the run.
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Figure A.3.: Ring-wise background rate versus time. All rings measure an in-
creasing rate with time. The growth of the rate increases with decreasing detector
radius.
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Figure A.3 presents the ring-wise background rate versus time. The rate of all rings
increases versus time. The growth of the rate increases towards the inner detector rings,
which indicates a causality with the CKrS. As shown in A.2, the background caused by
the CKrS is focused at the centre of the detector. Therefore a temporal effect of the CKrS
on the background rate is expected to be focused at the centre of the detector. However,
the validity of this analysis is limited due to low statistics. Line scans of the L3 − 9.4
conversion line enable another approach.

Several line scans of the L3 − 9.4 conversion line were taken during the CKrS campaign.
Only one 83mKr film was used on the substrate of the CKrS during the last three days.
In the last three days of the campaign, nine L3 − 9.4 line scans were performed. Hence,
the line position and rate can be assumed stable for these nine line scans. The conversion
electrons of the CKrS are focused on the bulls-eye of the detector [KAT18a]. This might
enable an analysis of the background rate for the last three days with the rate, which is
measured in the outer detector rings.
Therefore it needs to be tested, if the rate of the four innermost detector rings is independent
of the rate in the outer detector rings. Hence, a correlation analysis is performed of the
four innermost detector rings with the detector rings 5-11. The vanishing correlation factor
ρ= −0.09 indicates an independence of the rate measured in the two detector areas. An
investigation of the background rate with the detector rings 5-11 is allowed.
However, the rate measured in these detector rings shows a constant behaviour versus time.
Consequently, the temporal dependent background rate induced by the CKrS is focused on
the four innermost detector rings. This is also indicated by the plot in figure A.3.

In summary, it is shown that the background rate caused by the CKrS increases with time.
The increase is quantified to approximately 1.2 cps/day. This increase of the rate is focused
on the four innermost rings of the detector.

A.4. Background after Extraction of CKrS

This chapter characterises the behaviour of the background after the extraction of the
CKrS from the beamline. The runs 33300 up to 33311 are therefore investigated in more
detail. These runs contain 12 h of measurement directly after the source extraction.

Figure A.4 shows the behaviour of the background in the first two hours after the extraction
of the CKrS. The peak due to background electrons is measured at the expected position
in the energy distribution (see upper left graph of figure A.4). However, the energy
distribution shows also a peak in the ROI41keV despite the absence of the CKrS. This
indicates remaining krypton in the beamline.
The pixel distribution in the electron ROI shows, that the background rate is focused on
the bullseye of the detector. This surplus of rate at the centre is assumed to be caused
by trapped conversion electrons of krypton decay (see chapter A.2). The storage time of
trapped electrons can range up to several hours [MDF+13]. Thus, the pixel distribution is
reasonable. The rate in the electron ROI is exponentially decreasing versus time in the
first 2500 s of the run. The half-life of this decrease is (8± 1) min, which is likely to be
related to the active pumping of the spectrometer section [Frä17c]. Out-gassed krypton
atoms, which are in the spectrometer section, are actively pumped out of the spectrometer
volume. Hence, the number of possible sources of background decreases, resulting in the
decreasing rate. The decrease of the rate due to the active pump-out is dominant in the
first 2500 s, afterwards another effect seems to dominate the rate. At that point, it can be
assumed, that the major part of krypton atoms in the spectrometer is already pumped out
of the active volume. The rate versus time after the 2500 s seems to follow another half-life.
To summarise, there are two effects which cause a decrease of the rate versus time, which
both have a different dependence on the time. These two effects lead to a deviation of the
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Figure A.4.: Behaviour of background in the first two hours after the extrac-
tion of the CKrS. The measured energy distribution contains the two peaks of the
electron ROI and ROI41 keV (upper left). The graph in the upper centre shows the
electron background distribution, which is focused at the centre of the detector. The
pixel distribution of the ROI41keV does not show a clear trend, which is likely due to
non-adiabatic effects (upper right). The inter-arrival time distribution does not follow
a logarithmic function (lower right). The rate trend graphs for both ROI display an
exponential decrease of the rate (lower centre and lower right).

expected exponential behaviour in the inter-arrival time distribution (see lower left graph).
The pixel distribution in the ROI41keV shows several pixels with elevated rate (see upper
right graph of figure A.4). The highlighted pixels are not only at the bulls-eye of the
detector, but more randomly distributed over the whole detector. This pixel distribution
might be caused by non-adiabatic effects. The high-energy conversion electrons of the
direct krypton decay are not adiabatically guided by the magnetic field lines to the detector,
resulting in this smeared pixel distribution. The rate trend graph in the ROI41keV (see
lower right graph) shows a similar behaviour as the rate trend in the electron ROI. At
first, an exponential decay of the rate is shown with a half-life of (6± 5) min. This decay
is related to the active pump-out of the spectrometer, due to the time structure. After
approximately 2500 s, another effect with a different time structure becomes dominant.
This effect is examined in the following with the background runs 33302-33311.

Figure A.5 presents the overview plots for the run 33302-33311. Run 33302 starts two
hours after the extraction of the CKrS, run 33311 ends 12 hours after its extraction. The
measured energy distribution shows the electron background peak at approximately 42 keV,
as expected. The peak due to direct krypton decay at 51 keV is only vaguely visible.
The pixel distribution in the electron ROI shows the familiar hotspot of the rate at the
bulls-eye. This points towards the presence of high-energy trapped conversion electrons.
Consequently, krypton atoms might still be in the beamline, even after two hours of the
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Figure A.5.: Overview plots for run 33302-33311 (2-11 hours after extraction
of CKrS from the beamline). The electron background peak is clearly visible in the
measured energy distribution (upper left graph). The peak of direct decay is not clearly
shown anymore. The pixel distribution in the electron ROI is focused at the bulls-eye of
the detector (upper centre graph), whereas in the ROI41keV it is quite diffuse (upper
right graph). The inter-arrival time distribution follows an exponential function (lower
left graph). Both rate trend graphs show an exponential decrease of the rate (lower centre
and right lower).

extraction of the CKrS. The rate trend graph for the electron ROI confirms this hypothesis.
The rate decreases exponentially with time. The fitted exponential curve results in an
half-life of (1.76± 0.05) h, which is in accordance with the half-life of 83mKr. A ring-wise
analysis of the rate proves, that the decrease of the total rate is mainly due to a decrease in
the inner detector rings. This is expected in case of remaining krypton, as krypton induced
background is focused at the bulls-eye of the detector. Consequently, 83mKr is still in the
beamline. The spectrometer section is excluded as place of the remaining krypton, as it is
actively pumped. A krypton reservoir in the CPS is proposed in [Frä17c]. The baseline
of the fit results in (529± 13) mcps, which is near the reference value of (481± 8) mcps
without krypton. Consequently, it is expected that the background rate decreases to its
nominal value.
The pixel distribution in the ROI41keV is diffuse due to non-adiabatic effects. The
corresponding rate decreases exponentially versus time. The half-life is determined with a
fit to (1.5± 0.4) h. The fitted half-life is therefore also in accordance with the half-life of
krypton. This underlines the hypothsis of a krypton reservoir inside the beamline. The
baseline of the fit is determined to (17± 2) mcps. Therefore it is also expected, that the
background rate in this ROI decreases also to its nominal value.
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A.5. Conclusions

The background rate in the electron ROI increases by two orders of magnitude due to
the injection of the CKrS in the beamline. The additional background is caused by the
propagation of out-gassed krypton atoms to the sensitive volumes of the spectrometer.
The emitted conversion electrons, which accompany the decay of krypton, are trapped by
the magnetic mirror and produce secondary electrons near the magnetic main axis of the
spectrometer. The background induced by the CKrS is therefore focused at the bulls-eye
of the detector.
Chapter A.3 shows, that the background rate is increasing with the time the CKrS is
injected in the beamline. This increase is only seen in the inner four detector rings.
The rate decreases exponentially versus time after the extraction of the CKrS from the
beamline. First, this decay follows a half-life in O(min). This is due to pump-out of
remaining krypton atoms from the spectrometer volume. The half-life of this decay changes
after approximately one hour. The following decay has a half-life, which is in accordance
with the half-life of 83mKr. This decay indicates a krypton reservoir in the CPS. Due to
the fitted baseline of the decay, it is assumed, that the background rate in the spectrometer
section decreases to its nominal value.
A peak is measured, which is related to the direct decay of krypton from the IP = 1/2−-
state to the ground state. The fitted peak corresponds to an initial electron energy of
(40.16± 0.04) keV.
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B. KATRIN Numbers of Slow-Control Parameters

Table B.1.: Slow-control parameter and the corresponding KATRIN numbers.
The first column lists the measured quantities. The exact sensor position is shown in
the second column. The third column gives the corresponding KATRIN number, which
can be used for further analysis by Kasper. A complete list of slow-control parameters is
given in http://katrin.kit.edu/katrin/kdb-admin.fcgi/sensors/.

Parameter Position Sensor KATRIN Number

Magnetic field Mid-Ring 9 433-RBY-1-7350-0003
analysing plane (T) Mid-Ring 23 433-RBY-1-7310-0003

Mid-Ring 30 433-RBY-1-7320-0003

Retarding voltage (V) K-35 436-REU-0-0201-0001

MS temperature (◦C) Vessel 435-RTP-5-0075-0001

FPD temperature (◦C) Carousel 527-RTP-6-1285-0001

Vacuum pressure (mbar) Extractor ion gauge 432-RPI-3-1110-0001

Baffle 1 Top 435-RTP-5-1080-0001
temperature (K) Bottom 435-RTP-5-1081-0001

Center 435-RTP-5-1082-0001
Inlet 435-RTP-5-1083-0001

Baffle 2 Top 435-RTP-5-2080-0001
temperature (K) Bottom 435-RTP-5-2081-0001

Center 435-RTP-5-2082-0001
Inlet 435-RTP-5-2083-0001

Baffle 3 Top 435-RTP-5-3080-0001
temperature (K) Bottom 435-RTP-5-3081-0001

Center 435-RTP-5-3082-0001
Inlet 435-RTP-5-3083-0001

http://katrin.kit.edu/katrin/kdb-admin.fcgi/sensors/
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