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Abstract

The very challenging investigations of neutrino properties and particularly their mass

is of major interest in particle physics and cosmology. The discovery of neutrino oscilla-

tions implied that neutrinos are massive particles, however neutrino oscillations are only

sensitive to the di�erences between the squared neutrino mass eigenstates and therefore

only a lower limit of 0.049 eV/c
2

on the heaviest mass eigenstate was obtained [73]. Direct

measurements investigating the kinematics of β-decays on the other hand were able to

set an upper limit of 2 eV/c
2

on the e�ective mass mν̄e
of the electron antineutrino. The

ambitious goal of the KArlsruhe TRItium Neutrino (KATRIN) experiment is to determine

mν̄e
with a sensitivity of 200 meV/c

2
. This will be achieved by precisely scanning the

endpoint region of the electron energy spectrum of tritium β-decay (≈ 18.6 keV) using a

high-resolution spectrometer system of MAC-E type.

In order to reach such a high sensitivity, a low background rate of 0.01 counts per second

(cps) is required. It is expected that a major background component is due to cosmic

muon induced secondary electrons from the large inner surface area of the KATRIN main

spectrometer. In order to allow for detailed investigations of this background component,

a scintillator based muon detection system was installed in close proximity of the main

spectrometer. As the muon rate shows �uctuations in time, a corresponding variation of

the background electron rate is expected if those electrons are muon induced. This thesis

focuses on the investigation of the muon induced background using those variations for

correlation studies.

For an investigation of the cosmic muon �ux variations, the muon detector system was

continuously operated in a standalone mode for three months. Relative �uctuations of

up to ±3.5 % have been observed. The muon rate variations and its dependence on at-

mospheric parameters have been studied. A correlation between the muon rate and the

atmospheric pressure of r = −0.64 has been found. Diurnal variations of the muon �ux

originating in a spatial anisotropy of the primary cosmic ray �ux were observed.

In order to investigate the correlation between cosmic muons passing through the main

spectrometer and background electrons reaching the detector, a longterm background

measurement with parallel operation of main spectrometer and the muon detector system

was performed as an important part of the second SDS
1

commissioning phase. Three

di�erent electromagnetic con�gurations of the SDS system, which were alternated period-

ically over the course of the measurement, were chosen to investigate di�erent aspects of

the muon induced background.

Within the scope of this thesis, an analysis strategy has been developed for detailed
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correlation studies with the goal to determine the in�uence of cosmic muons on the back-

ground at the KATRIN main spectrometer. As a major result of these correlation studies it

can be stated that only about 15 % of the secondary electrons at the inner surface of the

spectrometer are induced by cosmic muons. The spectrometer background with active

magnetic and electrostatic shielding shows no signi�cant correlation with the muon �ux

variations, therefore it can be concluded that the spectrometer background is dominated

by background processes not induced by cosmic muons.
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Zusammenfassung

Untersuchungen von Neutrinoeigenschaften im Allgemeinen und ihrer Masse im Speziel-

len sind einerseits eine große Herausforderung, andererseits aber auch von besonderem

Interesse für die Teilchenphysik und Kosmologie. Die Entdeckung der Neutrino Oszillatio-

nen hat gezeigt, dass Neutrinos eine Masse haben, allerdings sind diese Experimente nur

auf die Di�erenz der quadrierten Masseneigenzustände der Neutrinos sensitiv, weshalb

durch sie nur ein unteres Limit von 0,049 eV/c
2

auf den schwersten Masseneigenzustand

erlangt werden konnte [73]. Direkte Messungen hingegen, die die Kinematik von β-

Zerfällen untersuchen, konnten ein oberes Limit von 2 eV/c
2

auf die e�ektive Masse des

Elektron-Antineutrinos festsetzen. Das ehrgeizige Ziel des Karlsruhe TRItium Neutrino

Experiments (KATRIN) ist die Bestimmung vonmν̄e
mit einer Sensitivität von 200 meV/c

2
.

Dazu wird ein hochau�ösendes Spektrometersystem vom Typ MAC-E-Filter verwendet,

um das Energiespektrum der Elektronen im Bereich nahe des Endpunkts (18,6 keV) mit

hoher Präzision zu vermessen.

Um solch eine hohe Sensitivität zu erreichen, wird eine geringe Untergrundrate von

0,01 Ereignissen pro Sekunde benötigt. Den Erwartungen zufolge besteht ein großer Teil

des Untergrunds aus myoninduzierten Sekundärelektronen, die von der großen inneren

Ober�äche des KATRIN Hauptspektrometers emittiert werden. Um detaillierte Untersu-

chungen dieser Untergrundkomponente zu ermöglichen, wurde ein Myondetektorsystem

aus Szintillatormodulen in der Nähe des Hauptspektrometers installiert. Da die Myonenra-

te zeitliche Fluktuationen aufweist, wird eine entsprechende Variation der Untergrundrate

an Elektronen erwartet, sofern diese von kosmischen Myonen verursacht werden. Der

Schwerpunkt dieser Arbeit liegt auf der Untersuchung des myoninduzierten Untergrunds,

wobei die Fluktuationen für Korrelationsanalysen genutzt werden.

Zur Untersuchung der Variationen der kosmischen Myonenrate wurde das Myondetektor-

system drei Monate lang durchgehend in einem autonomen Modus betrieben. In dieser

Messung wurden relative Fluktuationen von bis zu ±3,5 % beobachtet. Die Variationen in

der Myonenrate und ihre Abhängigkeit von atmosphärischen Parametern wurde unter-

sucht. Dabei wurde eine Korrelation von r = −0,64 zwischen der Myonenrate und dem

Atmosphärendruck gefunden. Tageszeitliche Variationen des Myonen�usses, die ihren

Ursprung in einer räumlichen Anisotropie des Flusses der primären kosmischen Strahlung

haben, wurden ebenfalls beobachtet.

Um die Korrelation zwischen kosmischen Myonen, die das Spektrometer durchqueren,

und Untergrundelektronen, die am Detektor gemessen werden, untersuchen zu können,

wurde eine Langzeitmessung durchgeführt, in der das Hauptspektrometer und das Myon-

detektorsystem parallel betrieben wurden. Diese Messung war ein wichtiger Bestandteil
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der zweiten SDS
2

Inbetriebnahmephase. Um verschiedene Aspekte des myoninduzierten

Untergrunds zu untersuchen, wurden drei verschiedene elektromagnetische Kon�guratio-

nen des SDS-Systems ausgewählt, die über die gesamte Messzeit periodisch wiederholt

wurden.

Im Rahmen dieser Arbeit wurde eine Strategie zu einer detaillierten Korrelationsanalyse

entwickelt mit dem Ziel, den Ein�uss des myoninduzierten Untergrunds am KATRIN

Hauptspektrometer zu bestimmen. Eines der Hauptresultate dieser Korrelationsstudien

ist, dass nur ca. 15 % der Sekundärelektronen an der inneren Ober�äche des Spektrome-

ters durch kosmische Myonen verursacht wird. Der Spektrometeruntergrund mit aktiver

magnetischer und elektrostatischer Abschirmung zeigt keine signi�kante Korrelation mit

den Variationen im Myonen�uss, woraus geschlossen werden kann, dass der Spektrome-

teruntergrund von anderen Untergrundprozessen dominiert ist, die nicht durch kosmische

Myonen verursacht werden.

2Spectrometer and Detector Section
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1. Neutrino physics

Neutrino physics is a fascinating �eld with many important unanswered questions. For

instance: Are there more than three neutrino �avors, are neutrinos Dirac or Majorana

particles or what is the absolute mass scale of neutrinos? Neutrinos interact only very

weakly and therefore escape most attempts to investigate their properties. In this chapter

an overview of previous successes in those attempts (sections 1.1, 1.2), current experiments

and future plans (sections 1.3, 1.4) will be given.

1.1. Historical Overview

When J. Chadwick measured the energy spectrum of electrons emitted in radium β-decay

in 1914, he discovered against all expectations that it was a continuous spectrum [1].

Assuming a two-body-decay this was not possible without breaking conservation of

energy, momentum and angular momentum. One possible solution to preserve these

conservation laws was given by W. Pauli in 1930 [2], when he postulated a neutral spin-
1/2

particle later called the neutrino. In the β−-decay of a parent nucleus X with A nucleons

(Z protons, A − Z neutrons) into the daughter nucleus Y

A
ZX→ A

Z+1
Y + e

− + ν e (1.1)

an electron and an antineutrino are emitted. The underlying process is a neutron decaying

into a proton

n→ p + e
− + ν e. (1.2)

It was not until 1956 that Pauli’s theory got con�rmed with the discovery of the neutrino

by F. Reines and C. Cowan [3]. At that time nuclear reactors were the strongest neutrino

sources available. Electron antineutrinos originating from the reactor have been detected

via the following reaction

ν e + p→ e
+ + n. (1.3)

The detector basically consisted of a CdCl2 loaded water tank surrounded by liquid scintil-

lators. After reaction (1.3), the positron quickly loses its kinetic energy and annihilates

with an electron producing two monochromatic photons with an energy of Eγ = 511 keV

each, which gives the �rst prompt signal. The neutron on the other hand gets slowly

moderated by collisions with hydrogen atoms before it is captured by a cadmium nucleus

leaving it in an excited state. A second signal is then provided by photon emission of the

cadmium nucleus as it deexcites to the ground state. Therefore the signature for reaction

(1.3) consists of two photon signals separated by several µs. This delayed coincidence

method �nally lead to the �rst discovery of the neutrino.
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1. Neutrino physics

The proof that there is more than just one �avor of neutrinos was given in 1962 by L.

Lederman, M. Schwartz and J. Steinberger when they discovered the muon neutrino [4].

They used the Alternating Gradient Synchrotron (AGS) in Brookhaven where 15 GeV

protons were shot towards a beryllium target producing pions which decay mainly via

π± → µ± +
(—)

ν . (1.4)

In a distance of 21 m behind the target was a 13.5 m thick iron wall, absorbing everything

but the neutrinos. Further downstream was a spark chamber, where the neutrinos could

be detected.

With the discovery of the tau lepton in 1975 at the Stanford Linear Accelerator (SLAC)

also a third neutrino was expected to exist. Nevertheless it took another 25 years before

the DONUT Collaboration �nally announced the discovery of the tau neutrino in 2000

[5]. The experiment was located at Fermilab, where the Tevatron was used to create a

neutrino beam by shooting protons onto a tungsten target. The ντ ’s originated mainly

from charmed mesons decaying leptonically. As target they used a combination of steel

sheets with emulsion plates. An incoming tau neutrino produces a tau lepton in the steel,

which then decays after a few mm with the typical signature of a kink in its trajectory.

1.2. Properties of the standard model neutrino

The Standard Model of particle physics is a well established collection of knowledge over

the most elementary particles in the universe. It correctly describes many properties of

matter and antimatter very accurately and gives an explanation to many experimental

results, but it also has its weaknesses and eventually some enhancements will be necessary.

An overview of the Standard Model can be seen in Figure 1.1. There are 12 fermions which

can be split into three generations, each containing two quarks and two leptons, and their

antiparticles. The fourth column contains the gauge bosons representing the strong, weak

and electromagnetic interactions. Only recently, the last particle in the Standard Model,

the Higgs boson, has been discovered at the Large Hadron Collider (LHC) at CERN in 2012

[6, 7].

The fact that neutrinos only participate in weak interactions makes it very di�cult to

investigate their properties. Neutrinos are neutral spin-
1/2 particles and in the simple case

of the Standard Model considered massless. With direct neutrino measurements through

kinematic analyses of weak interactions, so far only an upper limit of 2 eV/c
2

[8, 9] could

be determined for the mass of the neutrinos. But as will be seen in section 1.3, there is

another measurable e�ect that requires neutrinos to have nonzero mass.

As the mediators of the weak interaction only couple to left-handed fermions and right-

handed antifermions, only left-handed neutrinos and right-handed antineutrinos have

been observed. There is a theory though, that right-handed neutrinos or left-handed

antineutrinos may exist. These particles would not take part in the usual interactions and

are therefore called sterile neutrinos.
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1.3. Neutrino oscillations

Figure 1.1.: Overview over all elementary particles in the Standard Model and some of

their properties. In the �rst three columns are the three generations of quarks and leptons,

the fourth column shows the gauge bosons representing their interactions and in the �fth

column is the Higgs boson. Figure taken from [10].

1.3. Neutrino oscillations

The idea of neutrino oscillations was �rst proposed by B. Pontecorvo in 1957 [11, 12]. He

suggested that neutrinos could perform oscillations similar to those of neutral kaons due

to K
0 ↔ ¯

K
0

mixing. While most physicists at that time still believed in massless neutrinos,

with this theory Pontecorvo already anticipated massive neutrinos and the violation of

lepton number conservation.

1.3.1. The solar neutrino problem

Neutrino sources can be split into two groups: There are arti�cial sources like nuclear

reactors and accelerators and natural sources like supernovae and their remnants, the

Earth’s atmosphere and the Sun. Investigations of the latter lead to the so called solar

neutrino problem casting doubt on the standard solar model (SSM). In the SSM [13] there

are several di�erent processes that lead to the production of νe, the most dominant one

being the pp-chain reaction:

2e
− + 4p→ 4

He + 2νe + 26.73 MeV. (1.5)

The whole energy spectrum of the solar neutrino �ux at Earth expected from the SSM can

be seen in Figure 1.2. From the late 60s on there have been several experiments measuring

the solar neutrino �ux, the Homestake Experiment by R. Davis and J. Bahcall [14] being

3



1. Neutrino physics

Figure 1.2.: Spectrum of the solar neutrino �ux in the standard solar model. The target

materials used for the di�erent chains are indicated by the shaded areas. Figure adapted

from [17]

the �rst one to observe a de�cit of electron neutrinos compared to the theoretical �ux

expected from the SSM.

In 2001 the solar neutrino problem �nally got resolved by the Sudbury Neutrino Observa-

tory (SNO) experiment [15]. The detector consisted of a 1000 t heavy water Cherenkov

tank surrounded by approximately 9500 photomultipliers. They measured
8
B neutrinos

according to the following interactions:

Charged Current: νe + d → p + p + e
−

Neutral Current: να + d → p + n + να
Elastic scattering: να + e

− → να + e
−

(1.6)

where α = e,µ,τ . They discovered that the total neutrino �ux was consistent with the

expected one, con�rming the theory, that on their way from the core of the Sun to the Earth,

some of the electron neutrinos change their �avor and become muon or tau neutrinos.

The �rst detection of solar pp-neutrinos by the Borexino collaboration [16] is a further

con�rmation of the validity of the SSM. Their detector consists of a 278 t ultrapure liquid

scintillator inside a spherical vessel surrounded by over 2000 PMTs and is located deep

underground in the Gran Sasso laboratory in Italy. The Borexino detector is able to measure

all neutrino �avors via elastic neutrino-electron scattering. The key to their success was

the achievement of a very low radioactive background inside the detector volume.
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1.3. Neutrino oscillations

1.3.2. Theoretical description

The basic concept of neutrino oscillations relies on the fact, that neutrino mass eigenstates

|νi〉 (i = 1,2,3) are not identical to their �avor eigenstates |να 〉 (α = e,µ,τ ). Maki,

Nakagawa and Sakata introduced the PMNS
1

matrixU [18] in analogy to the quark mixing

matrix to relate those two di�erent sets of eigenstates:

|να 〉 =
∑
i

Uα ,i |νi〉. (1.7)

By introducing three mixing angles θ12,θ23,θ13 and a CP violating phase δ as parametriza-

tion, the unitary matrix U can be split into three separate parts. Also taking into account

the possibility that neutrinos are Majorana particles, i.e. that they are identical to their

own antiparticles, two additional phase parameters α1 and α2 have to be added as well:

U = *.
,

1 0 0

0 c23 s23

0 −s23 c23

+/
-
·

*.
,

c13 0 s13e
−iδ

0 1 0

−s13e
−iδ

0 c13

+/
-
·

*.
,

c12 s12 0

−s12 c12 0

0 0 1

+/
-
·

*.
,

1 0 0

0 eiα1/2
0

0 0 eiα2/2

+/
-

(1.8)

where cij = cosθij and sij = sinθij .
At the time of its production (t = 0), the neutrino is in a pure �avor eigenstate, whereas

for its propagation the mass eigenstates become important. The time dependence of the

mass eigenstates can be written as

|νi (t )〉 = e−iEit |νi〉 . (1.9)

Hence

|να (t )〉 =
∑
i

Uαie
−iEit |νi〉 =

∑
i,β

UαiU
∗
βie
−iEit |νβ〉 , (1.10)

where the stationary mass eigenstates have been replaced by a superposition of �avor

eigenstates. Using Equation 1.10, the probability for a neutrino of one �avor να to transition

into a neutrino of di�erent �avor νβ can be calculated as follows [19]:

Pνα→νβ (t ) =
���〈νβ (t ) |να (t )〉

���
2

=

������

∑
i

U ∗αie
−iEitUβi

������

2

=
∑
i,j

U ∗αiUβiUα jU
∗
β je
−i (Ei−Ej )t . (1.11)

In the ultra-relativistic limit (pi = p = E) the transition probability becomes:

Pνα→νβ (L/E) =
∑
i,j

U ∗αiUβiUα jU
∗
β je
−i

∆m2

i j L

2E . (1.12)

Here, L is the distance between the source and the detector, E corresponds to the energy

of the neutrino and ∆m2

ij ≡m
2

i −m
2

j are the mass splitting terms representing the phase

of the oscillation. That way the oscillations can be described in terms of appearance and

disappearance probabilities of di�erent �avors.

1
The P stands for Pontecorvo as he provided the idea of neutrino mixing, although in some literature it

is just the MNS matrix
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1. Neutrino physics

1.3.3. Experiments

The �rst experiment to prove the concept of neutrino oscillations was Super-Kamiokande

in 1998 [20]. Super-Kamiokande is a 50 kt water Cherenkov detector with more than

11000 photomultipliers located in the Kamioka mine in Japan. An important feature of

the detector is that it can distinguish between νe and νµ induced events. Analyses of

atmospheric neutrinos showed a signi�cant de�cit of muon neutrinos that was consistent

with a two-neutrino �avor oscillation between νµ and ντ . The oscillation probability in

this case is a function of the zenith angle, as downward going neutrinos only traveled

about 15 km and upward going neutrinos traveled about 13 000 km before reaching the

detector. This results in a variation of the ratio r = νµ/νe for di�erent zenith angles.

Another way to measure the parameters for νµ ↔ ντ oscillations are long baseline acceler-

ator experiments. In these experiments, an accelerator is used to create a muon neutrino

beam, whereas in a detector several hundreds of kilometers away the disappearance prob-

ability into tau neutrinos is measured. Examples for such experiments are CNGS [21],

MINOS [22] and K2K [23].

For solar neutrino experiments, which are used to investigate νe ↔ νµ oscillations, there

are two di�erent detection techniques. One is a radiochemical approach used for example

in the Homestake experiment [14], where a 600 t tank with liquid C2Cl4 has been exposed

to the solar neutrino �ux for several weeks. The neutrinos transformed some of the

chlorine into argon according to

νe +
37

Cl→ 37
Ar + e

−. (1.13)

The argon atoms were then extracted and counted radiochemically. Similar to that,

GALLEX [24], SAGE [25] and GNO [26] used the transformation of
71

Ga into
71

Ge to

do the same. The other technique is represented by so called real-time experiments like

Super-Kamiokande and SNO, which were both already described above.

Last but not least, neutrinos from nuclear reactors can be used to investigate νe ↔ νµ
oscillations in long baseline experiments (KamLAND [27]) and νe ↔ ντ oscillations in

short baseline experiments such as Daya Bay [28], Double Chooz [29] and RENO [30].

1.4. Determination of the neutrino mass

Investigations of neutrino oscillations have made it very clear, that neutrinos have a mass,

but they are not able to determine the absolute neutrino masses. For that there are basically

two types of measurements: model independent investigations of the kinematics of single

β-decay (subsection 1.4.1) and model dependent methods like the neutrinoless double beta

decay (subsection 1.4.2) or various cosmological methods which will not be discussed

within this thesis.

1.4.1. Single β-decay

At present, the most promising way to determine the mass of the electron antineutrino is

to investigate the β−-decay of tritium via a precise measurement of the electron energy

6



1.4. Determination of the neutrino mass

Figure 1.3.: a) Electron energy spectrum of the tritium beta decay. b) Zoom into the

endpoint region formνe
= 0 eV andmνe

= 1 eV. Figure taken from [31].

spectrum at the endpoint. The KATRIN experiment will use this approach, therefore it

will be described here in more detail. Tritium has been chosen for several reasons, two

of them being its relatively low endpoint energy of about 18.6 keV and its high speci�c

activity of 3.6·10
14

Bq/g.

Tritium decays into helium via

3
H→ 3

He + e
− + ν e, (1.14)

where the underlying process is the decay of a neutron into a proton (see Equation 1.2).

By applying Fermi’s Golden Rule, the following formula for the electron energy spectrum

can be derived [32]:

d
2N

dEdt
=
G2

F cos
2 θC

2π 3c5~7
· |M |2 ·F (E,Z +1) ·pe ·

(
mec

2 + E
)
· (E0−E) ·

√
(E0 − E)2 −m

2

νe
c4, (1.15)

where GF is the Fermi coupling constant, θC the Cabibbo angle, M the hadronic matrix

element, F (E,Z+1) the Fermi function,pe,me and E are the momentum, mass and energy of

the electron and E0 is the endpoint energy in case of massless neutrinos. The free parameter

here is the squared electron neutrino mass, which is actually – due to the neutrino mixing

introduced in the last section – a weighted average of the mass eigenstates

m2

νe

=

3∑
i=1

|Uei |
2 ·m2

νi . (1.16)

The electron energy spectrum for tritium β-decay is shown in Figure 1.3, with a zoom

in the endpoint region in b). A deviation can be seen for nonzero neutrino mass leading

to a deformation of the spectrum and a lower endpoint energy. Results of previous

measurements of the electron antineutrino mass are shown in Figure 1.4.
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1. Neutrino physics

Figure 1.4.: Results of neutrino mass measurements from the past 25 years. Currently the

best limit is mνe
< 2 eV/c

2
by the Mainz and Troitsk experiments [8, 9]. Figure taken from

[31].

It should be mentioned, that the identity of the electron neutrino mass to the electron

antineutrino mass is only true for CPT invariance. Other experiments such as ECHo

[33] want to test that assumption by a direct measurement of the electron neutrino mass.

Furthermore, a new type of measurement for the electron energy spectrum from β-decays

through a detection of coherent cyclotron radiation has been developed by the Project 8

collaboration [34].

1.4.2. Neutrinoless double beta-decay

Ordinary double β-decay (2νββ) can occur, if the single β-decay is energetically forbidden.

In this very rare decay, two electrons or positrons and two neutrinos are emitted:

2p→ 2n + 2e
+ + 2νe (2νβ+β+)

2n→ 2p + 2e
− + 2ν e (2νβ−β−)

(1.17)

Thus the energy spectrum is continuous, as can be seen in Figure 1.5b. This decay has

been observed for several isotopes already, all with a half life of more than 10
18

years.

E. Majorana developed a theory in 1937, where the neutrino is identical to its own antiparti-

cle [37]. With this so called Majorana neutrino the double β-decay could also occur without

the emission of two ν ’s. The corresponding Feynman graph is shown in Figure 1.5a. Such

a decay would show up as a single peak in the electron energy spectrum (Figure 1.5b) but

so far it has not been observed. There are several experiments looking for the neutrinoless

8



1.4. Determination of the neutrino mass

(a) (b)

Figure 1.5.: a) Feynman diagram for the neutrinoless double beta decay. Figure taken

from [35]. b) Continuous spectrum of the two electrons from 2νββ-decay normalized to 1

(red) and 0νββ peak normalized to 10
−2

(blue), both for a detector resolution of 5 % [36].

double beta decay, for example GERDA [38], CUORE [39] or MAJORANA [40].

These experiments measure the half lifeT
0νββ
1/2

, which is connected to the e�ective Majorana

neutrino massmee =
�����

3∑
i=1

U 2

ei ·mi

�����
via

(
T

0νββ
1/2

)−1

= G0νββ (Qββ ,Z ) ·
������
M

0νββ
GT
−

(
дV

дA

)
2

M
0νββ
F

������

2

·
〈mee〉

m2

e

(1.18)

with the phase space factor G0νββ
, endpoint energy Qββ , atomic number Z , the Gamov-

Teller M
0νββ
GT

and Fermi M
0νββ
F

matrix elements, the axial дA and vector дV coupling con-

stants and the electron massme. A discovery of the 0νββ-decay would yield the neutrino

mass and answer the question whether the neutrino is a Dirac or a Majorana particle, but

more importantly it would also provide evidence for lepton number violation.
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2. The KATRIN experiment

The KArlsruhe TRItium Neutrino experiment (KATRIN) aims to measure the electron

antineutrino mass with a sensitivity of 200 meV/c
2

(90 % C.L.). It is currently under con-

struction at the Karlsruhe Institute of Technology in Germany and scheduled to start

measurements in 2016. An overview of the KATRIN setup can be seen in Figure 2.1.

Electrons being produced in tritium β-decay at the WGTS
1

(section 2.1), travel through

the transport section (section 2.2), are energetically selected by two MAC-E �lter
2

type

spectrometers (section 2.3) before the most energetic electrons with an energy near the

endpoint E0 reach the detector (section 2.4). The main background sources relevant for

KATRIN will be discussed in section 2.5.

Figure 2.1.: Overview of the KATRIN components: The rear section (RS) and the window-

less gaseous tritium source (WGTS), followed by the transport section consisting of the

di�erential (DPS) and cryogenic (CPS) pumping section, the pre-spectrometer (PS) and the

main spectrometer (MS) and the focal plane detector system (FPD). The whole setup is

about 70 m long. Figure taken from [46].

2.1. WGTS and rear section

The windowless gaseous tritium source (WGTS) [44] consists of a 10 m long cylindric

tube with a diameter of 9 cm (see Figure 2.2), which is cooled to 30 K by a two phase neon

cooling system [45]. The tritium molecules T2 are injected in the middle of the beam tube

1Windowless Gaseous Tritium Source

2Magnetic Adiabatic Collimation combined with an Electrostatic �lter [41–43]
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2. The KATRIN experiment

Figure 2.2.: Schematic view of the WGTS including a visualization of the column density

pro�le of the tritium molecules in the beam tube. Figure taken from [44].

from where they di�use to both ends. They are then pumped out and reinjected after

passing through the Inner Loop, in which contaminants are removed ensuring a high

isotopic purity (> 95 %).

In order to minimize systematic uncertainties, it is important to keep the activity and

therefore the column density of tritium gas stable on the order of 10
−3

. Any parameters

in�uencing the column density, such as injection pressure, pumping speed or beam tube

temperature need to be stable on the same level. The column density has been optimized

to a value of 5·10
17

molecules/cm
2

by on the one hand maximizing the activity (10
11

Bq)

and on the other hand minimizing the energy loss due to scattering o� molecules inside

the source.

The β-electrons are guided towards the spectrometers on one side and the rear section on

the other side by 3.6 T superconducting solenoid magnets. As the probability for inelastic

scattering o� T2 molecules increases with higher starting angles relative to the magnetic

�eld lines, the ratio of the magnetic �eld strengths of the WGTS magnets and the pinch

magnet at the detector is chosen such that electrons with a starting angle of more than 51°

are magnetically re�ected.

At the control and monitoring section (CMS) at the rear end, the electrons are detected to

monitor the activity of the tritium source.

2.2. Transport section

In order to achieve the required low background of 10 mcps at the main spectrometer
3
,

essentially all tritium molecules need to be pumped out. That is the main task for the

transport section, along with the transport of the β-electrons from the source to the

pre-spectrometer. In the �rst part, the di�erential pumping section (DPS) [47] reduces

3
“cps“ stands for ”counts per second“, a commonly used unit for count rates
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2.3. Spectrometers

Figure 2.3.: Working principle of a MAC-E �lter: Electrons (red) are guided from the

source to the detector along the magnetic �eld lines in a cyclotron motion. As the magnetic

�eld drops, their transverse energy gets transformed into longitudinal energy as illustrated

via the momentum vector in the lower part. The electrostatic �eld acts as a high-pass �lter.

Figure from [49].

the tritium �ow by a factor of 10
5
. This is done actively by four turbomolecular pumps

(TMP’s). In the second part, the cryogenic pumping section (CPS) [48], remaining T2

molecules are passively adsorbed at the inner surface of the CPS tube, which is kept at a

temperature of 4.5 K and covered by a thin argon frost layer.

2.3. Spectrometers

The KATRIN setup contains two MAC-E �lter spectrometers in the beam line and a separate

third spectrometer for monitoring purposes. At �rst, the MAC-E �lter principle will be

explained in section 2.3.1 before the tasks of each spectrometer will be described in sections

2.3.2-2.3.4.

2.3.1. MAC-E Filter

Spectrometers of MAC-E �lter type have been used and developed for measurements

of the electron neutrino mass both in the Mainz and Troitsk experiment independently

[42, 43]. Such a spectrometer basically works as a high-pass �lter letting only electrons

above a certain energy pass through. The working principle is illustrated in Figure 2.3. An

axially symmetric inhomogeneous magnetic �eld is generated by two superconducting

solenoids at both ends of the spectrometer. Electrons coming from the source, are guided

13



2. The KATRIN experiment

along the magnetic �eld lines performing a cyclotron motion due to the Lorentz force.

The magnetic �eld drops by several orders of magnitude from the source to the middle

of the spectrometer called the analyzing plane, before it rises again towards the exit at

the detector side, where it has its maximum Bmax. As the change of the magnetic �eld is

relatively slow, the magnetic moment µ is constant (in the non-relativistic approximation):

µ =
E⊥
B
= const . (2.1)

The transverse part of the energy of the electrons thereby transforms into longitudinal

energy from the source to the analyzing plane and in the same way transforms back into

transverse energy from the analyzing plane to the detector, as illustrated by its momentum

vector in the lower part of Figure 2.3.

The energy selection is done by applying an electrostatic retarding potential U0 to both

the spectrometer vessel and an inner electrode system. Only electrons with su�cient

longitudinal energy pass the potential barrier and are reaccelerated towards the detector,

the rest is re�ected back to the source. Due to the magnetic adiabatic collimation described

above, the transformation of the transverse energy into longitudinal energy is maximal in

the analyzing plane, where the electric �eld is parallel to the magnetic �eld lines. Therefore

a MAC-E �lter has a good angular acceptance and high energy resolution. The energy

resolution is de�ned by:

∆E

E
=

Bmin

Bmax

. (2.2)

For the KATRIN main spectrometer that results in an energy resolution of ∆E = 0.93 eV

for electrons close to the endpoint region.

2.3.2. Pre-spectrometer

The pre-spectrometer is 3.4 m long, has a diameter of 1.7 m and an energy resolution of

∆E ≈ 70 eV at E = 18.6 keV (see Figure 2.4). It can be operated on a potential of up to

−18.3 kV in order to reject electrons with lower energies, therefore acting as a pre-�lter.

The two superconducting solenoid magnets at both ends generate a magnetic �eld of 4.5 T.

Until 2011, test measurements have been performed at the pre-spectrometer in order to

investigate background mechanisms, electron transport and several other aspects [50–53].

2.3.3. Main spectrometer

The KATRIN main spectrometer is the largest component of the experiment. It is 24 m

long and has a diameter of 10 m, resulting in a total volume of about 1250 m
3
. In here, the

precision measurement of the endpoint region of the tritium β spectrum takes place. The

two solenoid magnets at the pre-spectrometer together with the pinch magnet and the

detector magnet, both at the detector side of the spectrometer, generate the magnetic �eld

along which the electrons are guided to the detector. There is an additional system of air

coils (LFCS
4
) surrounding the spectrometer vessel. A di�erent voltage can be assigned to

4Low Field Correction System
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2.3. Spectrometers

Figure 2.4.: The pre-spectrometer serves as a pre-�lter for the low-energy electrons. A

magnetic guiding �eld is provided by the two superconducting solenoid magnets at both

sides. Figure from [51].

each air coil individually in order to �ne tune the magnetic �eld. Furthermore, the Earth’s

magnetic �eld is compensated by the EMCS
5

[54].

Both the pre-spectrometer and the main spectrometer are operated under ultra high

vacuum conditions (10
−11

mbar) in order to minimize both the background due to ionization

of residual gas molecules and the energy loss of β-electrons due to scattering o� residual

gas molecules. For that purpose, six TMPs for active pumping and over 3000 m of non-

evaporable getter (NEG) strips passively pumping mainly H2 molecules [55, 56] have been

installed. As the pre-spectrometer, the main spectrometer vessel itself can be set to high

voltage. On the inside of the main spectrometer is an almost massless inner wire electrode

system [53, 57] installed in order to �ne tune the voltage generating the electrostatic �eld

and to reduce the background induced by charged particles coming from the 650 m
2

large

surface.

2.3.4. Monitor spectrometer

The monitor spectrometer, which is essentially the former Mainz spectrometer, is set up

in a separate building next to the main spectrometer. It is fed by the same high voltage

as the main spectrometer therefore providing a monitoring device for the high voltage

stability [58, 59]. A krypton source (
83m

Kr/K32 line) is used to measure the stability of the

high voltage.

5Earth Magnetic �eld Compensation System
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2. The KATRIN experiment

2.4. Detector system

The electrons that manage to reach the downstream end are counted by the focal plane

detector (FPD) [60]. It is a silicon PIN-diode segmented into 148 pixel with a sensitive

diameter of 9 cm and a thickness of about 500 µm. The FPD provides a spatial, timing

and energy resolution. It is very important to achieve an extremely low intrinsic detector

background in order to reach the required sensitivity. Therefore the FPD is operated under

ultra high vacuum conditions, the hardware components of the detector system are chosen

such that they have a low intrinsic radioactivity and the detector is surrounded by a passive

shield made of lead and copper to protect it from environmental radiation. Additionally

an active veto system consisting of plastic scintillators enables the rejection of cosmic ray

background via muon tagging. There is a post-acceleration electrode which can shift the

energy of the electrons up to 30 keV towards higher energies in order to obtain a better

signal to background ratio. An
241

Am source and a UV-illuminated titanium disc are used

for calibration. For further information on the detector system see [46, 61].

2.5. Background sources

A very good understanding of the background sources at the KATRIN spectrometers and

their reduction is essential in order to achieve the aspired neutrino mass sensitivity of

200 meV/c
2
. Therefore several commissioning measurements have been done and will be

done in the near future with the goal to investigate the background and reach the required

background level of the order of 10 mcps. The two main background sources expected

from previous measurements with spectrometers of MAC-E �lter type will be described in

this section.

2.5.1. Magnetically stored particles

The main disadvantage of a MAC-E �lter is, that there is a rather high probability for

charged particles, being produced inside the spectrometer, to get stored due to the magnetic

mirror e�ect. Storage times are on the order of minutes to hours, depending on the initial

energy of the stored particle and the pressure inside the spectrometer. During that time it

can produce further electrons via ionization of residual gas molecules. These low energetic

electrons are usually not stored and reach the detector with an energy in the same region

as the signal electrons.

The dominant source for such electrons being produced in the spectrometer volume are

the radon isotopes
219

Rn and
220

Rn [46, 49, 51, 62]. They mainly originate from the NEG

pumps and decay inside the volume due to their short half-lives (τ 219

1/2
≈ 4 s, τ 220

1/2
≈ 56 s)

emitting electrons before they can be pumped out. As a passive countermeasure against

the radon induced background, liquid nitrogen cooled ba�es have been installed in the

pump ports between the spectrometer volume and the NEG pumps [63, 64].

Although the tritium �ow gets reduced by 14 orders of magnitude, a small fraction can

still reach the spectrometer and thus produce high energetic electrons that can also get

stored and therefore increase the background[65].

16



2.5. Background sources

2.5.2. Secondary electrons from the surface

Secondary electrons coming from the spectrometer wall and the inner wire electrodes are

expected to be another major background source. These secondaries are expected to be

primarily induced by cosmic muons, but also high energy photons from environmental

radioactivity can interact with the inner surfaces producing low energetic secondary

electrons [49, 66].

There is also the possibility of �eld emission. Irregularities in the surface and sharp edges

at the inner wire electrodes can lead to high electric �eld strengths within a very narrow

region enabling electrons to leave the surface via the tunnel e�ect. There are two shielding

mechanisms against secondary electrons. One is magnetic shielding due to the axially

symmetric magnetic �ux tube (see section 5.1) and the other one electrostatic shielding

due to the inner wire electrodes (see section 5.2).

However, small inhomogeneities in electric and magnetic �elds can not be avoided and

therefore some of the secondaries can drift inside the �ux tube and reach the detector with

energies in the same region as the β-electrons. An explanation of this drift process can

be found in [66]. Within this thesis the muon induced part of the secondaries and their

in�uence on the background has been investigated.

17





3. The muon detector system at the main
spectrometer

Secondary electrons from cosmic ray muons are expected to be one of the major back-

ground sources at KATRIN, as the experiment has been built above ground and the main

spectrometer has a rather large surface of approximately 650 m
2
. In order to be able to

investigate the muon induced background component, a detector system to measure the

muon �ux has been installed next to the main spectrometer [67]. The muon detector mod-

ules were originally used at the KARMEN [68] experiment and have been modi�ed for the

use at KATRIN. There are eight large modules with dimensions of 3.15 m× 0.65 m× 0.05 m

corresponding to a sensitive area of 2.05 m
2

each and one small module with a sensitive

area of 0.3 m
2
. In Figure 3.1 one of the large modules can be seen. Muons passing through

the scintillator produce photons which leads to a signal at the photomultiplier tubes

(PMTs
1
) at both ends. The locations of the modules are shown in Figure 3.2. They were

positioned such that mainly muons passing through the main spectrometer are detected in

order to be able to look for direct coincidences between muons crossing the spectrometer

and background electrons reaching the detector. In the following sections the muon de-

tector system, its main features and some characteristics will be described in more detail.

Figure 3.1.: Schematic drawing of a muon module with four photomultiplier tubes at both

ends [49].

1
Type: 2” Philips VALVO XP 2262
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3. The muon detector system at the main spectrometer
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Figure 3.2.: Positions of the muon detector modules relative to the main spectrometer.

Based on [69].

3.1. Scintillator

The modules consist of the organic plastic scintillator BICRON BC-412, which has a very

good absolute photon yield of about 8.5 photons/keV [68]. When a high energy photon or

a charged particle like in this case a muon passes through scintillating material, photons

are emitted. In order to minimize the photon loss due to the transportation inside the

modules, they are wrapped in wrinkled aluminum foil. Additionally they are surrounded

by black polyethylene foil which is impermeable to light. At both ends of the eight large

modules four photomultiplier tubes (PMT) are installed, the small module has two PMTs

at one end.

3.2. Photomultiplier

Photomultipliers are commonly used to detect very low light �uxes as they are able to

produce a signal even out of a single photon via photoelectric e�ect and secondary emission

of electrons in a vacuum tube. The working principle of a PMT is illustrated in Figure 3.3.

When a photon hits the photocathode, an electron is emitted due to the photoelectric e�ect.

The photoelectron then hits a series of dynodes, producing additional electrons at each

dynode via secondary emission. As the modules are situated in the vicinity of the air coils

and hence are exposed to high magnetic �elds of up to 1 mT, the PMTs are magnetically

shielded with several layers of permalloy foil. The PMTs are operated on high voltage of

about 1.5 kV, a detailed list of the used voltages can be found in Appendix A.
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3.2. Photomultiplier

Figure 3.3.: Working principle of a PMT [70].

Figure 3.4.: Example signal with both �rst and second stage �lter output. The time interval

is set to tBC = 30 ns. Figure adapted from [69].
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3. The muon detector system at the main spectrometer

3.3. DAQ System

At each side of a module the signals of all four PMTs are added and guided to the data

acquisition (DAQ) crate
2

by a coaxial cable. The �rst level trigger (FLT) card only passes

events that are recorded at both ends of a module on to the second level trigger (SLT).

The Object-oriented Real-time Control and Acquisition (ORCA) [71] software then stores

the event data in a �le. A list of the DAQ channel assignments can be found in Appendix

A. In order to be able to investigate direct coincidences between cosmic muons hitting

the spectrometer surface and secondary electrons reaching the FPD, an accurate timing

is essential. Therefore the muon detector DAQ and the focal plane detector DAQ are

synchronized by a high precision clock. A precise determination of the muon event time

is achieved by applying a boxcar �lter followed by a trapezoidal �lter to the signal of the

photomultipliers (see Figure 3.4). The boxcar �lter �rst takes the �oating average BC (t )
of the signal over a preset time interval tBC. If BC (t ) exceeds a certain trigger level, the

�ltered signal is run through the second �lter. This trapezoidal �lter with shaping length

tT subtracts the integrals of the �rst half of the time window and the second half from

each other. The event time is then determined via the zero crossing of the trapezoidal �lter

signal [66].

3.4. Calibration of the muonmodules

The muon modules have been calibrated with the main purpose being to set the trigger

thresholds to approximately the same energy for both sides of all muon modules. In

order to do so, a
60

Co source has been attached to di�erent positions on the modules as

can be seen in Figure 3.5.
60

Co decays mainly into an excited state of
60

Ni, which then

subsequently emits two gamma rays while falling into the ground state. The energy of

these two gammas accounts to 1.17 MeV and 1.33 MeV respectively. As the muon modules

can not resolve such a small di�erence in energy, the average of 1.25 MeV has been taken

for the calculations.

In Figure 3.6a the event counts are plotted over the ADC value, which is proportional

to the energy, for all three source positions of the
60

Co source at side A of module 6.

pos 1
pos 2
pos 3

x x x
10cm 20cm 20cm

Figure 3.5.: Sketch of the
60

Co source positions for calibration measurements.

2
IPE-4, designed and constructed at IPE, KIT
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3.5. E�ciency of the muon modules
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Figure 3.6.: a) ADC histogram for all 3 source positions at module 6A. b) ADC peak values

over source positions for the same module. An exponential �t has been applied and the

baseline is shown as well.

The exponential background present at lower energies has already been subtracted. As

expected the peak position shifts from higher energies to lower energies the farther away

the source gets from the end of a module and therefore from the PMTs. The peak width

accounts for the di�erent path lengths from the source to all four PMTs. Thus, the closer

the source gets to the PMTs the bigger the di�erences of the path lengths, hence a broader

energy distribution. The peak positions, which have been determined by �tting a Gaussian

to the corresponding ADC spectra, have been plotted over the distance of the source from

the end of the module (Figure 3.6b). To estimate the ADC value corresponding to the

energy of the gamma radiation from the
60

Co source, the following exponential function

has been �tted:

f (x ) = a · e−bx + baseline, (3.1)

where a and b are free parameters and the baseline has been determined for each channel

in a di�erent measurement. The extrapolated ADC value at zero distance has been taken

as equivalent to the average energy of the two gammas. With the assumption of a linear

behavior the ADC values could now be transformed into energy values. Figure 3.7 shows

the resulting energy spectrum for a 1 h run split into individual channels. It should be

kept in mind, however, that this method just gives a rough estimate, as small distance

variations near the PMTs result in a large energy variation due to the exponential shape

of the �t function. Also the assumption of a linear behavior might not be accurate.

3.5. E�iciency of the muonmodules

The e�ciency of the muon modules was determined with a dedicated measurement

con�guration. However, for technical reasons this could only be done for the modules 1

to 5. Five measurements have been performed with three modules set up right on top of

each other (see Figure 3.8) so that each one was situated in the middle for one run. That
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Figure 3.7.: Energy spectrum of all muon modules, split into individual channels.

way the e�ciency of those �ve modules could be determined according to the formula

derived in the following paragraph.

The e�ciency is de�ned by

ϵ =
Rmeasured

Rreal

,

where Rmeasured
and Rreal

are the measured and real rate respectively and ϵ is the e�ciency.

Thus for three coaligned modules A, B and C with B being the middle one, it follows that

Rmeasured

ABC
= ϵA · ϵB · ϵC · R

real
(3.2)

Rmeasured

AC
= ϵA · ϵC · R

real, (3.3)

µ

Module A

Module B

Module C

Figure 3.8.: Sketch of the muon module arrangement used for the e�ciency measurements.
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3.5. E�ciency of the muon modules

where Rmeasured

ABC
is the measured coincidence rate of muons detected by all three modules

and Rmeasured

AC
is the measured coincidence rate of muons detected only by the upper and

lower module. As the modules are placed right on top of each other (see Figure 3.8, all

muons crossing modules A and C must have passed through module B as well. Dividing

(3.2) by (3.3) the e�ciency of module B is obtained:

ϵB =
Rmeasured

ABC

Rmeasured

AC

. (3.4)

For module 7 the same calculation has been done, as modules 6 to 8 are installed on top of

each other. There is some space between them and they are inclined by a 45° zenith angle,

but the assumption that muons passing through module 6 and 8 must have gone through

module 7 as well should still hold. As the results listed in Table 3.1 show, the e�ciency is

very high for all measured modules.

Table 3.1.: Results of e�ciency measurements.

Module E�ciency (%)

1 99.2 ± 0.3
2 99.2 ± 0.3
3 99.2 ± 0.3
4 99.2 ± 0.3
5 99.2 ± 0.3
7 95.1 ± 0.4
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4. Cosmic muon flux variations

The cosmic muon �ux at sea level is known to �uctuate in time depending on various

factors [75]. Some of these factors can be associated with �uctuations of the primary

cosmic ray �ux, but atmospheric conditions also need to be considered for the muon

�ux variations. Therefore, an introduction into cosmic rays will be given in section 4.1

and the main in�uences on the muon �ux at sea level will be discussed in section 4.2.

Measurements of these variations with the KATRIN muon detection system will then be

presented in section 4.3.

4.1. Cosmic rays

The existence of cosmic rays has �rst been discovered by the Austrian physicist V. Hess

during his balloon measurements at altitudes of up to 5 km in 1911/1912 [76]. About 85 %

of the charged primary cosmic rays are protons, about 12 % are α-particles, the rest are

heavier nuclei and electrons. The energy spectrum of cosmic rays above an energy of

10
14

eV is shown in Figure 4.1. At such high energies, primary cosmic rays can not be

measured directly any more. When those primary cosmic particles interact with molecules

of the upper atmosphere, a cascade of secondary particles, a so called Extensive Air Shower

(EAS), is produced (see Figure 4.2). Ground based experiments like KASCADE
1

[77] or the

Pierre Auger Observatory [78] have been built to measure those secondary particles.

At an altitude of 15 to 20 km, depending on the particle species and its energy, the �rst

interactions take place leading to electromagnetic or hadronic cascades [79]. In case of a

proton, a hadronic cascade is initiated in the 100 mbar layer, which corresponds to a height

of approximately 16 km in the International Standard Atmosphere (ISA)
2
. The primary

proton produces mainly pions and kaons (10 % compared to pions) [79]. Depending on

their energy, they can either interact with the air molecules or decay as follows:

π 0 → γ + γ

π±/K± → µ± +
(—)

ν µ
(4.1)

The neutral pions contribute to the electromagnetic component of the shower, whereas

the charged pions are responsible for the muons and neutrinos. As the electromagnetic

component is absorbed in the atmosphere relatively quickly, the composition of cosmic

ray particles at sea level is dominated by muons and neutrinos (see Figure 4.3).

1KArlsruhe Shower Core and Array DEtector

2
The ISA is a model for the change of pressure, temperature, density and viscosity with altitude in the

Earth’s atmosphere. The actual height of the 100 mbar layer at a speci�c place to a certain time can deviate

signi�cantly from that value.
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4. Cosmic muon �ux variations

Figure 4.1.: Energy spectrum of cosmic rays above 10
14

eV scaled by a factor of E2.5
for

a better visibility of the knee around 10
15

eV and the ankle around 10
19

eV. A second

kneelike feature around 10
17

eV has been found not long ago by the KASCADE-Grande

collaboration [72]. Figure from [73].

Figure 4.2.: Schematic picture of an Air

Shower. Figure taken from [74].

Figure 4.3.: Composition of vertical cos-

mic rays at sea level with an energy

> 1 GeV. The points are from measure-

ments of negative muons. Figure from

[73].
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4.2. Variations of the muon �ux at sea level

Muons are mainly produced at a production height of 15 km and typically lose about 2 GeV

via ionization on their way to sea level, where they have a mean energy of about 4 GeV

[73]. The fact that they are able to survive over such a long distance despite their lifetime

of only 2.2 µs is due to the relativistic time dilation:

τ = γτ0 =
E

m0

τ0, (4.2)

where γ is the Lorentz factor, E the total muon energy andm0 its rest mass. In case of a

4 GeV-muon that results in a lifetime of τ = 83.3 µs. For further information about cosmic

rays see [80].

4.2. Variations of the muon flux at sea level

There are basically three di�erent in�uences leading to variations of the cosmic muon �ux

at sea level:

• Solar modulation of the primary cosmic rays

• Atmospheric conditions

• Geomagnetic latitude

The last point will not be considered here, as it accounts for changes in the muon �ux

when changing the location of the detector, which is not the case here.

When galactic cosmic rays enter the heliosphere, they are strongly in�uenced by solar

magnetic �elds and the solar wind. The in�uence is stronger for particles with lower

energies and weaker for high energetic particles. Solar modulations can be split into two

categories, periodic and sporadic. The solar activity of the Sun has an 11-year cycle leading

to periodic variations of up to 30 % on large time scales. Another periodic variation arises

from the rotation of the Sun with a period of 27 days and variations of less than 2 %. A

diurnal variation of a few % can also be observed which is due to a spatially anisotropic

particle stream. With the rotation of the Earth, the �eld of view of the muon detector

passes that anisotropy once a day. The most important aperiodic e�ects are the Forbush

decrease resulting from solar magnetic disturbances with an amplitude of up to 30 % and

solar eruptions, where solar particles cause the �ux to increase up to 300 % [81, 82].

The muon �ux variations due to atmospheric conditions can be described by changes in the

atmospheric pressure in the 100 mbar layer ∆p, the altitude of the main muon production

layer ∆H and the temperature in the region between the 100 and 200 mbar layers ∆T in

the following way:

∆I

I
= −

(
αµ · ∆p + β · ∆H − γ · ∆T

)
. (4.3)

Here, αµ = 0.16 %/mbar is the barometric pressure coe�cient, β = 5 %/km is the decay

coe�cient and γ = 0.1 %/K is the atmospheric temperature coe�cient [83].
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4. Cosmic muon �ux variations

time (d)
0 10 20 30 40 50 60 70 80 90

no
rm

al
iz

ed
 m

uo
n 

ra
te

0.96

0.97

0.98

0.99

1

1.01

1.02

1.03

1.04

no
rm

al
iz

ed
 a

tm
os

ph
er

ic
 p

re
ss

ur
e

0.98

0.985

0.99

0.995

1

1.005

1.01

1.015

1.02
muon rate

atmospheric pressure

Figure 4.4.: Normalized muon rate (black, left axis) over time in a period of 3 months from

the end of April until the end of July 2014. Fluctuations of up to ±3.5 % can be seen. The

atmospheric pressure at KIT Campus North, multiplied by −1 and normalized is plotted as

well (green, right axis). Their anticorrelation corresponds to r = −0.64.

4.3. Measurements of muon rate variations at KATRIN

From the 25th of April until the 1st of August 2014, a longterm measurement has been

performed with the KATRIN muon detector system (see also [66, 69]). In Figure 4.4, the

muon rate together with the atmospheric pressure
3

have been plotted. The atmospheric

pressure was multiplied by −1, as an anticorrelation is expected. Both data sets were

normalized to their mean value, which correspond to (1590.0±0.3) cps for the muon rate

and 1002.07 mbar for the atmospheric pressure. Module 2 has been excluded in this analysis

due to performance issues. Fluctuations of up to ±3.5 % can be seen in the muon rate and

up to ±2 % in the atmospheric pressure. A rather high anticorrelation is already visible,

therefore the sample Pearson correlation coe�cient has been calculated via

r =

∑n
i=1

(xi − x̄ ) (yi − ȳ)√∑n
i=1

(xi − x̄ )
2

√∑n
i=1

(yi − ȳ)
2

(4.4)

where x1, ...xn and y1, ...yn are two datasets and x̄ and ȳ are the corresponding mean

values. For the correlation between the muon rate and the pressure this results in a value

of r = −0.64. A clear correlation to temperature data measured at an altitude of 2 m

above ground could not be found, which is expected, as the muon �ux is in�uenced by the

atmospheric conditions at an altitude of about 15 km, where the temperature �uctuations

are di�erent.

3
Data of pressure and temperature was kindly provided by the Institute of Meteorology and Climate

Research - Troposphere Research from the 200 m meteorological tower at KIT Campus North.
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4.3. Measurements of muon rate variations at KATRIN

The diurnal variation can also be seen by taking a look at smaller time scales of 7 days.

This is shown in Figure 4.5, where a zoom into an arbitrarily chosen time frame of a week

is displayed. The peaks are approximately around 2 p.m. local time (CEST).
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Figure 4.5.: Zoom into the normalized muon rate in a time frame of a week. The diurnal

variations can clearly be seen.
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5. Backgroundmeasurements at the main
spectrometer

An important measurement of the second SDS
1

commissioning phase was a longterm

background measurement with parallel operation of main spectrometer and muon de-

tector system. The goal of this measurement was to investigate the correlation between

cosmic muons running through the spectrometer and background electrons reaching

the detector. In order to minimize spectrometer backgrounds due to charged particles

from the spectrometer walls, the KATRIN main spectrometer utilizes magnetic shielding

(section 5.1) and electrostatic shielding (section 5.2) mechanisms. The settings used for the

SDS-II longterm measurement are described in section 5.3. Results of standard background

analyses for this measurement are presented in section 5.4. The correlation to the muon

rate will be investigated in chapter 6.

5.1. Magnetic shielding

A very e�ective suppression of muon induced background is already provided by the

MAC-E �lter itself, as charged particles in magnetic �elds are de�ected by the Lorentz

force. The shielding factor due to the axially symmetric magnetic �eld (see Figure 5.1)

is expected to be of the order of 10
5

[49]. There are two types of secondary electrons

coming from the wall of the spectrometer, high energetic fast secondaries and so called

true secondaries with low kinetic energy.

Fast secondaries can pass through a rather large part of the �ux tube before they are

re�ected back to the wall by the Lorentz force. However, they only contribute to the

background via ionization of residual gas molecules which is negligible due to a small

cross section and low pressure inside the spectrometer.

Low energetic true secondaries are re�ected back to the wall almost immediately as long

as the magnetic �eld lines run parallel to the vessel. There are three scenarios though

for low energetic electrons with a small enough starting angle relative to the surface to

perform rather long trajectories inside the spectrometer volume:

1. They can be guided along magnetic �eld lines outside the �ux tube, not reaching

the sensitive area of the detector.

2. Electrons starting near the analyzing plane can be stored, as they are re�ected at

both ends of the spectrometer due to the magnetic mirror e�ect.

1Spectrometer and Detector Section
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5. Background measurements at the main spectrometer
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Figure 5.1.: Magnetic �eld lines in the 3.8 G symmetric setting. The spaces between two

adjacent lines each correspond to a ring at the FPD.

3. In passing domains of low magnetic and high electric �eld, electrons can gain enough

energy within a few cyclotron periods to perform non-adiabatic motions allowing

them to drift inside the magnetic �ux tube and reach the detector.

A more detailed description of the magnetic shielding and the processes allowing back-

ground electrons to still reach the detector can be found in [49, 66].

5.2. Electrostatic shielding

In order to further reduce the background due to charged particles from the wall, the main

spectrometer is equipped with an inner wire electrode system for electrostatic shielding.

A sketch of the double layer inner wire electrode (IE) system can be seen in Figure 5.2.

Each layer can be set to an individual negative o�set voltages relative to the tank potential.

Electrons with energies less than 100 eV for example are not able to overcome an o�set

d d1 2

Figure 5.2.: Working principle of the double layer inner wire electrode. The distances of

the electrodes to the wall are d1 = 15 cm and d2 = 22 cm respectively. Figure adapted from

[66].
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5.3. Measurement settings
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Figure 5.3.: Magnetic �eld lines in the asymmetric setting. Electrons from the wall are

directly guided to the detector.

potential of 100 V and are therefore re�ected to the wall. By setting the second layer to a

more negative o�set potential, the shielding is even more e�cient. That way, electrons

emitted from the support structure, which is the most massive part of the electrode system,

are shielded as well. The electrostatic shielding is expected to reduce the muon induced

background by another factor of 10
2

[49].

5.3. Measurement settings

Three di�erent measurement settings have been chosen, in order to optimize the investi-

gation of the muon induced background within a time period of two weeks. An automatic

cyclic repetition of the three settings was achieved by executing an ORCA run script

(see Appendix C). The advantage of cycling through the di�erent settings as opposed to

measuring each setting for several days in a row is that this way the muon �ux variations

of the whole two weeks are present in each di�erent measurement con�guration. An

overview of the di�erent settings is given in Table 5.1.

The steep cones are provided with an additional positive o�set potential - with respect to

the IE - to ensure that the transmission requirements are ful�lled and the spectrometer

Table 5.1.: Overview of the three di�erent settings for the SDS-II longterm measurement.

Setting

Magnetic �eld Tank

IE o�set (V)

steep cones

Run time (s)

con�guration potential (kV) o�set (V)

1 asymmetric −18.6 −5 +2 1500

2 3.8 G symmetric −18.6 −5 +2 5000

3 3.8 G symmetric −18.5 −100 +97 5000
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5. Background measurements at the main spectrometer

functions as a MAC-E �lter with an energy resolution < 1 eV. In all con�gurations, the

post acceleration electrode was set to 4 kV. During the whole time, the radon induced

background was e�ciently reduced by two cold ba�es [64, 84].

In measurement setting 1, the magnetic �eld lines directly connect the spectrometer vessel

with the detector, thus guiding secondary electrons from the wall directly to the FPD

(see Figure 5.3). A detailed list of the LFCS currents for the asymmetric �eld setup can

be found in Appendix B. As it was not possible to completely turn the IE voltage o�

via the run script, it was set to the smallest stable value of −5 V. The purpose of this

setting was to maximize the rate of muon induced secondaries reaching the detector by

removing magnetic and electrostatic shielding. The two settings with symmetric magnetic

�eld served to investigate the remaining muon induced background with active magnetic

shielding. Setting 2 was with reduced electrostatic shielding (−5 V inner electrode o�set)

and setting 3 with an electrostatic shielding of −100 V.

As outlined in section 4.2, the �uctuations of the muon �ux have a diurnal period. Thus,

systematic e�ects may arise if the starting time of a whole cycle is in phase with the muon

rate �uctuations. Therefore the run times have been chosen such that the starting times of

the run cycles were equally distributed over the time of the day as can be seen in Figure 5.4.

Only a few of the runs had to be excluded mainly due to sporadic loss of SlowControl set

point values (see Appendix D).
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Figure 5.4.: Distribution of the starting times of run cycles for the SDS-II longterm

measurement.
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5.4. FPD background analyses

5.4. FPD background analyses

Several standard analyses for the FDP data have been performed, in order to investigate

the background behavior of the di�erent settings. The region of interest (ROI) for those

analyses has been determined as follows. Electrons arriving at the detector are expected

to have an energy of:

E0 = Ei + e (−UA +UPAE +UBIAS) = 22.7 keV, (5.1)

where Ei ≈ 0 is the initial electron energy, UA = −18.6 kV is the spectrometer voltage

which accelerates electrons leaving the spectrometer towards the detector, UPAE = 4 kV is

the post acceleration voltage andUBIAS = 0.12 kV is the bias voltage of the FPD. Accounting

for the energy resolution of the detector of about 2.2 keV (FWHM), the electron ROI is

de�ned as 19.7 to 24.7 keV.

An overview of the background characteristics of setting 1 is displayed in Figure 5.5. In (a),

the pixel distribution can be seen, which in this case images about 120 m
2

of the surface

of the spectrometer vessel corresponding to a fraction of about
1/5 of the whole surface.

The support structure from the IE system produces a ring like structure on the pixel

distribution, which is a little bit shifted to the lower right due to a slight misalignment of

the detector.
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Figure 5.5.: Overview of the FPD characteristics for the asymmetric magnetic �eld setting

(setting 1).
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5. Background measurements at the main spectrometer

The energy distribution is shown in (b), where a large peak can be seen in the region of

interest. Below about 7 keV, there is a steep rise due to electronic noise. Another peak

like structure is visible at twice the expected electron energy. The reason for this is that

two electrons hitting the same pixel within a smaller time frame than the shaping length

(1.6 µs) are counted as one event with both energies summed up. This happens in case

of correlated events, where more than one electron are produced at the same time, for

example when a muon produces more than one secondary electron in the surface of the

spectrometer. A bump at approximately three times the expected energy might be due to

events with even three electrons hitting the same pixel within a very short time.

Figure 5.5c shows the rate trend for the asymmetric setting. As expected, the rate is

rather high with an average value of (251.92 ± 0.04) cps. Fluctuations of up to ±1 % can

be seen. A more detailed analysis of those �uctuations in comparison with the muon rate

�uctuations will be given in chapter 6.

The time di�erence spectrum is displayed in (d). Apart from the �rst bin corresponding to

correlated events, it shows an exponential decrease indicating a Poissonian process, i.e.

the events are randomly distributed in time.
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Figure 5.6.: Overview of the FPD characteristics for the symmetric magnetic �eld setting

without electrostatic shielding (setting 2).
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5.4. FPD background analyses

Figure 5.6 shows the characteristics of setting 2, hence the one with symmetric magnetic

�eld and almost no electrostatic shielding. The pixel distribution in (a) shows a rise in

the rate at higher radii indicating that background electrons are drifting into the �uxtube.

There is a “hot spot” in the upper left and a “cold spot” at the bottom. So far it is not clear,

where those features come from. The location of the high voltage feedthrough ports at the

east side of the spectrometer �ts the “hot spot”, but that could just as well be a coincidence.

In the energy spectrum, the peak in the electron ROI and the electronic noise can be seen

similar to the asymmetric case, but there are two additional features visible. Below the

electron ROI appears another peak that has already been observed in the �rst commission-

ing measurement phase. It has been identi�ed to be caused by hydrogen anions from the

residual gas (see [46]). Yet another small peak can be seen at energies around ≈ 53 keV,

hence an initial energy of about 30 keV. It can be explained by conversion electrons from

210
Pb atoms and has been investigated further in [84]. The average rate for this setting

accounts to (860 ± 1) mcps.

An overview of setting 3 with an IE o�set of −100 V is displayed in Figure 5.7. The pixel

distribution is very similar to setting 2, whereas the total rate is a little lower with an

average of (692 ± 1) mcps. In the energy spectrum, the hydrogen anion peak seems to

have almost vanished, instead there is an additional peak at twice the electron energy

again.
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Figure 5.7.: Overview of the FPD characteristics for the symmetric magnetic �eld setting

with an electrostatic shielding of 100 V (setting 3).
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6. Correlation studies of muon induced
background at the main spectrometer

In this chapter, �uctuations in the muon rate are compared to �uctuations in the back-

ground rate at the main spectrometer for the measurement described in chapter 5 in

order to determine the fraction of muon induced background in the main spectrometer.

The analysis strategy is described in section 6.1 and applied to the high energy region of

the FPD intrinsic background in section 6.2. Results for settings 1 to 3 of the longterm

measurement (see Table 5.1) are given in section 6.3 and a more detailed investigation of

the asymmetric setting is presented in section 6.4. The results of additional measurements

with 0 V IE o�set potential are presented in section 6.5.

6.1. Analysis strategy

The analysis is based on two assumptions:

1. The spectrometer background can be split in a muon induced �uctuating background

component and a time independent component of at least one other source (see

Figure 6.1).

2. The muon induced background component is directly correlated with the muon rate.

Hence

Re(t ) = α · Rµ (t ) + Rx, (6.1)

where Re(t ) is the electron rate measured at the detector, Rµ (t ) is the muon rate, Rx is

the rate of the time independent remaining background x and α represents the linear

coe�cient for the relation between muon rate and muon induced background rate.

This can be written in terms of normalized rates as follows

Re(t )

Re

= α ·
Rµ

Re︸︷︷︸
=:a

·
Rµ (t )

Rµ
+

Rx

Re︸︷︷︸
=1−a

= a ·
Rµ (t )

Rµ
+ (1 − a). (6.2)

Here, Re and Rµ are the averaged electron and muon rate respectively. As average, the

arithmetic mean was taken, hence the sum of all data points divided by the number of

data points. There are three scenarios:

a = 1 :
The whole background is muon induced, therefore the �uctuations of the normalized

muon rate and the normalized electron rate at the FPD are identical.
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6. Correlation studies of muon induced background at the main spectrometer

muon induced
background

background x

Figure 6.1.: The background at the

KATRIN main spectrometer can be split

into a time independent background

component and a muon induced compo-

nent that shows variations in time.
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Figure 6.2.: Correlation distribution of set-

ting 2.

0 < a < 1 :
A fraction a of the background is muon induced and the remaining background

is time independent. In this case, the �uctuations have the same shape, but the

amplitude of the electron rate variations is correspondingly smaller compared to

the muon rate variations.

a = 0 :
The remaining background is not muon induced, hence no �uctuations in the electron

rate at the detector are visible.

By plotting the normalized electron rate over the normalized muon rate and applying

a linear �t, the fraction of muon induced background is given by the slope a. To test

the linearity of the relation, the Pearson correlation coe�cient has been determined (see

Equation 4.4). A case resampling Monte Carlo bootstrap method [85] has been used to

estimate the uncertainty of the Pearson coe�cient. In order to do so, the dataset has been

resampled with replacement 10000 times, each time calculating the correlation coe�cient.

The standard deviation from the resulting distribution has been used as an estimate for

the uncertainty. As an example, the correlation distribution of setting 2 can be seen in

Figure 6.2.

6.2. Correlation betweenmuon rate and high energy region
of FPD

The normalized muon rate for the whole SDS-II longterm measurement is shown in

Figure 6.3, where each point corresponds to an FPD run. Modules 1 and 2 were excluded,

as their rate dropped signi�cantly in case of setting 1. This drop in rate is most likely due

to a reduced e�ciency of the PMTs due to the higher magnetic �eld at their positions.
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Figure 6.3.: Normalized muon rate for the SDS-II measurement. Each point corresponds

to an FPD run.
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Figure 6.4.: Energy spectrum for setting 2. Above 130 keV most events are most likely

due to cosmic muons crossing the detector. The usual electron ROI is shown as well.
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Figure 6.5.: Correlation of muon rate and high energy FPD rate. A fraction of (88 ± 5) %

seems to be due to cosmic muons. The correlation corresponds to r = 0.711 ± 0.002. The

dashed green line corresponds to a = 1, i.e. completely muon induced.

The average muon rate measured with the remaining 6 large modules and the small one

on top of the spectrometer is (1420.34 ± 0.03) cps. Due to a low-pressure system passing

over Karlsruhe the weekend after Christmas, there was a steep rise of the muon rate

corresponding to a relative variation of almost 8 %.

It is expected, that most events measured with the FPD with an energy higher than 130 keV

are due to cosmic muons directly passing through the detector. An investigation of that

high energy region provides a test for the above described analysis method. In Figure 6.4,

the energy spectrum for setting 2 is shown up to an energy of 300 keV. At about 130 keV,

a moderate rise can be seen followed by a larger peaklike structure. The peaklike structure

is an artifact of the DAQ system due to events in the over�ow bin. As the maximum energy

is di�erent for the 148 channels, this results in an over�ow peak. The usual electron region

of interest is shown too, but in this case a cut at an energy of 130 keV has been made in

order to look for those events that are directly due to muons hitting the FPD.

Following the procedure described above, the normalized FPD rate in the high energy

region has been plotted as a function of the normalized muon rate (Figure 6.5). Here, each

point corresponds to a whole run cycle, i.e. a run of each setting. The correlation between

the two rates is r = 0.711 ± 0.002 and (88 ± 5) % of the high energy FPD events are due to

muons running through the detector, which con�rms the expectation and thus shows that

the procedure works.
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6.3. Correlation between muon rate and background electron rate at the FPD

6.3. Correlation betweenmuon rate and background
electron rate at the FPD

Figure 6.6 shows the correlation between muon rate and electron rate for setting 1. There

is a clear correlation of r = 0.72 ± 0.06, but the fraction of muon induced background

electrons is only (14.4 ± 0.7) %. Considering that in this particular setting the magnetic

�eld lines guide electrons from the surface directly to the detector, it is rather unexpected,

that the fraction of muon induced background is so small. Apparently there is at least one

other, much stronger background source which produces electrons at the inner surface of

the spectrometer.

In Figure 6.7, the correlations of settings 2 and 3 are shown. Both settings appear to

have no signi�cant correlation. Their correlation coe�cients are r = −0.01 ± 0.11 and

r = 0.11 ± 0.09 respectively. This means on the one hand, that the magnetic shielding is

in fact very e�ective, at least for the muon induced background. On the other hand, the

source of the remaining background remains unknown.

It should be noted though, that the background rate in setting 3 is not the lowest rate

achievable. With a third cold ba�e and a 5 G magnetic �eld con�guration, the minimum

background achieved so far is (477 ± 3) mcps. There are several ideas where the remaining

background may come from. Those ideas are subject of current investigations.
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Figure 6.6.: Correlation between muon rate and electron rate at the detector for setting

1. A fraction of (14.4 ± 0.7) % of the background rate in this setting appears to be muon

induced. The correlation corresponds to r = 0.72 ± 0.06. The green dashed line represents

the case of fully muon induced background (a = 1).
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(a) Setting 2
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Figure 6.7.: Correlation between muon rate and electron rate at the detector for settings

2 and 3. No signi�cant correlation can be seen in both cases. The green dashed line

represents the case of fully muon induced background.

6.4. Comparison of single and cluster events for setting 1
(asymmetric magnetic field)

In order to further investigate the muon induced background, an additional selection

criterion was introduced. As visualized in Figure 6.8, two or more events are considered

to be in a cluster, when the time di�erence between them is smaller than ∆t . The other

events are considered to be single events. In this case, the time di�erence is chosen to be

∆t = 0.2 ms, as that is where a kink in the time di�erence spectrum occurs (see Figure

Figure 6.9). Using this selection criterion the background electron events of the asymmetric

setting have been split into two subsets and the correlation to the muon rate has been

determined.

Δt

Cluster Single

Δt

Figure 6.8.: Events are considered to be part of a cluster, if the time di�erence between

them is smaller than a set value ∆t which is ∆t = 0.2 ms in this case.
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6.4. Comparison of single and cluster events for setting 1 (asymmetric magnetic �eld)
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Figure 6.9.: Time di�erence spectrum for set-

ting 1. Two parts can clearly be distinguished,

a prompt contribution below 0.2 ms and a

“slow” contribution above.
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Figure 6.10.: Multiplicity of cluster

events in setting 1.

In Figure 6.10, the multiplicity of the cluster events is shown. It shows an exponential

decrease, but there is still a rather high contribution of high multiplicity events. In addition,

high multiplicity events are systematically underestimated, as not all electrons produced

in clusters reach the detector due to the magnetic mirror e�ect. This is further evidence

for another non-muonic background source, as it is unlikely that one muon produces such

a high number of electrons.

Figure 6.11 shows the correlation between muon rate and the rate of background electrons

produced in clusters. With r = 0.28 ± 0.09, the correlation is less pronounced than in

the case of all background events. The fraction of muon induced cluster events would

be (6.2 ± 0.9) %, but it is questionable to make that statement, as there is only a weak

evidence for a correlation.

The correlation for the selection of single events is shown in Figure 6.12, which is with

r = 0.90 ± 0.03 correspondingly higher. (24 ± 1) % of single background events seem to be

muon induced, which is about 10 percentage points more compared to the case where all

events were considered. All results for setting 1 are summarized in Table 6.1.

The fact that the correlation is so much higher for single events than for events produced

in clusters, whereas the rates are comparable indicates that most of the muon induced

background is due to single events, which is in contradiction to the expectation that a

muon produces more than one electron at the surface of the spectrometer.

Table 6.1.: Summary of the results for setting 1 (asymmetric setting with −5 V electrostatic

shielding).

Selection Rate (cps) Correlation r Slope a
All events 251.92 ± 0.04 0.72 ± 0.06 0.144 ± 0.007

Cluster events 135.38 ± 0.03 0.28 ± 0.09 0.062 ± 0.009

Single events 116.53 ± 0.03 0.90 ± 0.03 0.24 ± 0.01
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Figure 6.11.: Correlation between muon

rate and electron rate at the detector for

events produced in clusters in the asym-

metric setting. The correlation corresponds

to only r = 0.28 ± 0.09.
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Figure 6.12.: Correlation between muon

rate and electron rate at the detector

for single events in the asymmetric set-

ting. There is a clear correlation of

r = 0.90 ± 0.03 and the fraction of muon

induced single events is (24 ± 1) %.

However, it should be noted that the inner electrode shields electrons with an energy

less than 5 eV. As the secondary electrons from cosmic muons are expected to have very

low energies, it is not unlikely that already a large part of the muon induced background

is re�ected back to the spectrometer wall by this low o�set. Also, as mentioned above,

only a fraction of the secondaries is detected, as some of the electrons are re�ected due

to magnetic mirror e�ect as they travel from the spectrometer towards the increasing

magnetic �eld of the pinch magnet. Therefore it can happen, that electrons that were

actually produced in a cluster are identi�ed as single electrons when their “partners”

escape detection.

6.5. Measurement without electrostatic shielding

As a supplement to the longterm measurement, a measurement with four di�erent magnetic

�eld con�gurations has been performed, where the inner electrode was connected to vessel

potential in order to turn the electrostatic shielding o�. Setting 4 was the same asymmetric

magnetic �eld setting as before, whereas settings 5 to 7 were symmetric magnetic �eld

settings with 3.8 G, 5 G and 9 G respectively.

Table 6.2.: Background electron rates for symmetric settings 5 to 7 without electrostatic

shielding.

Setting Magnetic �eld Rate (mcps)

5 3.8 G 926 ± 5

6 5.0 G 670 ± 4

7 9.0 G 362 ± 3
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Figure 6.13.: Normalized muon (blue) and electron rate (red) over time for the asymmetric

setting without electrostatic shielding. Both rates show only a small variation of less

than ±1 %.

The post acceleration electrode was set to UPAE = 10 kV and the vessel potential was

UA = −18.6 kV, resulting in an expected electron energy of E0 = 28.7 keV (see Equation 5.1).

Hence, the electron ROI is de�ned as 25.7 keV to 30.7 keV.

The measurement lasted for 1.5 days. However, no major �uctuations of the muon �ux

were observed during this time which makes a correlation study di�cult. The rates of

settings 5 to 7 are listed in Table 6.2. Figure 6.13 shows the normalized muon and electron

rate over time for setting 4. Their correlation is shown in Figure 6.14 and accounts to

r = 0.5 ± 0.2.

An analysis of cluster and single events has been performed, the results are summarized

in Table 6.3. In comparison to the measurement with −5 V IE o�set, the fraction of muon

induced single events did not change signi�cantly, but there seem to be a lot more muon

induced secondaries produced in clusters, as both their rate and the fraction increased

signi�cantly. A viable explanation seems to be that muon induced secondaries produced

in clusters are very low energetic, as a large part of them are already re�ected back to

the spectrometer wall by a −5 V o�set potential. This is in good agreement with the

expectation of very low energetic true secondaries [66].

49



6. Correlation studies of muon induced background at the main spectrometer

Table 6.3.: Summary of the results of setting 4 (asymmetric magnetic �eld with no elec-

trostatic shielding).

Selection Rate (cps) Correlation r Slope a
All events 869.0 ± 0.2 0.5 ± 0.2 0.15 ± 0.08

Cluster events 589.4 ± 0.2 0.3 ± 0.2 0.14 ± 0.04

Single events 209.6 ± 0.1 0.5 ± 0.1 0.26 ± 0.07
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Figure 6.14.: Correlation of muon rate and background electron rate for setting 4 (asym-

metric magnetic �eld): r = 0.5 ± 0.2. In this con�guration, (15 ± 8) % of the background

appears to be muon induced. The dashed green line corresponds to 100 % muon induced

background.
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7. Conclusion

Since the discovery of neutrino oscillations proved that neutrinos are massive particles

it has been of great interest to determine the absolute mass scale of the neutrinos. The

KATRIN experiment is a next-generation direct neutrino mass experiment aiming to de-

termine the mass of the electron antineutrino through an investigation of tritium β-decay

kinematics with a sensitivity of 200 meV/c
2

(90 % C.L.). Such a high sensitivity requires a

very low background level of 10 mcps. Therefore a good understanding of the background

sources and the development of countermeasures to reduce the background is of great

importance.

Predecessor experiments with spectrometers of MAC-E �lter type showed that cosmic

muons produce secondary electrons as they pass through the spectrometer wall. Within

this thesis, the cosmic muon induced background at the KATRIN main spectrometer has

been investigated. The muon rate at sea level shows �uctuations in time which depend

on atmospheric and solar parameters. Those �uctuations can be used to gain a better

understanding of the connection between cosmic muons and the background rate at the

main spectrometer by investigating the correlation between the �uctuations of the muon

rate and those of the background electron rate.

The muon detector system was operated for three months in a standalone mode in prepa-

ration of the correlation measurements. During this time, relative �uctuations of the

muon �ux of ±3.5 % were observed. The correlation of those �uctuations to variations in

atmospheric pressure and temperature has been investigated. A relatively high correla-

tion of r = −0.64 to the atmospheric pressure was found, whereas the correlation to the

temperature was less pronounced. A diurnal variation of the muon �ux connected to a

modulation in the primary cosmic ray �ux was also observed.

In order to investigate the muon induced background component of the main spectrome-

ter, an important longterm measurement has been performed as part of the second SDS

commissioning phase with the muon detector system running in parallel. It contained

measurements with both asymmetric and symmetric magnetic �eld con�gurations and

di�erent inner electrode o�sets. An analysis strategy for correlation studies has been

developed to determine the contribution of the muon induced background component in

the main spectrometer.

In the asymmetric magnetic �eld con�guration, the �eld lines directly guide electrons

from about
1/5 of the spectrometer surface to the detector. Still, only a fraction of ≈ 15 % of

the secondary electrons appears to be muon induced. For a more detailed investigation,

the data has been split in single and cluster events by a cut on the time di�erence between

events. The results indicate that the main part of muon induced true secondaries produced

in clusters is very low energetic (< 5 eV), which is in good agreement with the expectation
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7. Conclusion

from the literature. In case of the symmetric magnetic �eld con�guration, no signi�cant

correlation to the muon rate could be found. On the upside, this means that the magnetic

shielding is very e�ective at least for the muon induced background. However, it also

means that the source of the remaining background is still unknown.

It can be concluded, that the muon induced background is not as dominant as previously

assumed, most of the muon induced secondary electrons are re�ected back to the wall by

the magnetic and electrostatic shielding mechanisms. Future background investigations

will focus on �nding the source(s) of the remaining background. However, the muon

induced background might become of interest again once the background is reduced to a

lower level.
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Appendix

A. High voltage settings and DAQ channel assignment for the
muon system

Table A.1.: High voltage settings and DAQ channel assignments for the muon modules.

Module 9 is the small one on top of the spectrometer. Modules 1-5 and 6-8 are supplied by

separate HV devices at the west and east side of the spectrometer respectively. Module 9

is connected to a small portable HV device with one channel.

HV DAQ
Module Channel Voltage Card Channel

1A W0 1550 3 0

1B W1 1550 3 14

2A W2 1500 3 3

2B W3 1600 3 7

3A W4 1500 6 0

3B W5 1500 6 14

4A W6 1500 6 3

4B W7 1500 6 7

5A W8 1500 6 9

5B W9 1500 6 23

6A E6 1600 9 0

6B E1 1500 9 14

7A E2 1500 9 3

7B E3 1500 9 7

8A E4 1500 9 9

8B E5 1500 9 23

9a 1 1600 3 9

9b 1 1600 3 23
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Appendix

B. Asymmetric magnetic field setting

The following current values have been used for the LFCS in order to create an asymmetric

magnetic �eld.

Table B.1.: LFCS currents for the asymmetric magnetic �eld setting used in the SDS-II

longterm measurement.

LFCS # 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Current (A) -100 -100 -50 20 20 50 60 60 40 30 0 0 0 0
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C. Orca Script

C. Orca Script

The following script has been used to automatically cycle through three di�erent electro-

magnetic settings of the SDS system.

//Name:OrcaScript

//Comments:periodically repeats 3 measurement settings:

//-asymmetric magnetic field, no inner electrode offset

//-symmetric magnetic field, no inner electrode offset

//-symmetric magnetic field, 100V inner electrode offset,

//steep cones on vessel potential

//#import "~/katrin/ORCARunControlSDS2/libs/SDS2.lib"

#import "~/katrin/ORCARunControlSDS2/libs/SDS2_ADEI.lib"

#import "~/katrin/ORCARunControlSDS2/libs/SDS2_AirCoils.lib"

#import "~/katrin/ORCARunControlSDS2/libs/SDS2_HV.lib"

#import "~/katrin/ORCARunControlSDS2/libs/SDS2_Detector_new.lib"

#import "~/katrin/ORCARunControlSDS2/libs/SDS2_RunControl.lib"

#import "~/katrin/ORCARunControlSDS2/libs/SDS2_Egun.lib"

function setBFieldAsym() {

array asymPolarities[16] = {1.0 ,1.0, 1.0, 0.0, 0.0, 0.0,

0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0};

array asymCurrents[14] = {100.0 ,100.0 ,50.0, 20.0, 20.0,

50.0, 60.0, 60.0, 40.0, 30.0, 0.0, 0.0, 0.0, 0.0};

turnOffLFCS();

queueAirCoilPolarities(asymPolarities);

sleep(10);

queueLFCSCurrents(asymCurrents);

sleep(20);

}

function setBFieldSym() {

array symPolarities[16] = {0.0 ,0.0, 0.0, 0.0, 0.0, 0.0,

0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0};

turnOffLFCS();

sleep(10);

queueAirCoilPolarities(symPolarities);

sleep(10);

setLFCSSetting(3.8);

sleep(20);

}

function main() {

asymRunTime = 1500;
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symRunTime = 5000;

flag = "online";

print("Merry Christmas!");

//setPAEVoltage(4000);

do {

//asym setting

print("setting asymmetric configuration");

setBFieldAsym();

setVoltageSteepCones( 2.0 );

setVoltageInnerElectrodeCommon( 5.0 );

setVoltageVessel( 18600.0 );

sleep(20);

takeRun(asymRunTime,flag);

//sym setting

print("setting symmetric configuration");

setBFieldSym();

takeRun(symRunTime,flag);

print("changing IE potential");

setVoltageInnerElectrodeCommon( 100.0 );

setVoltageVessel( 18500.0 );

setVoltageSteepCones( 97.0 );

sleep(20);

takeRun(symRunTime,flag);

} while(1);

}
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D. FPD runs of longterm background measurement

D. FPD runs of longterm backgroundmeasurement

The SDS-II longterm background measurement started with FPD run #21426 on the 22nd

of December 2014 and ended on the 6th of January 2015 with run #21749. The following

runs had to be excluded mainly due to lost SlowControl set points:

#21448 ba�e 3 started warming up

#21449 ba�e 3 warm-up

#21453 lost set point for air coil polarity→ wrong HV con�guration

#21521 lost set point for vessel voltage→ wrong vessel voltage

#21614 lost set point for HV power supply E15→ wrong HV con�guration

#21648 lost set point for HV power supply E2 and W2→ wrong HV con�guration

#21649 lost set point for HV power supply E2 and W2→ wrong HV con�guration
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