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1. Introduction

Neutrinos play an important role in several subsections of physics. Even though they were
postulation as early as in 1930 and first observed in 1956, some properties of these ghost-like
particles like for example their mass are still unknown. With the groundbreaking findings
of neutrino oscillation experiments like Super-Kamiokande or SNO in the late 90’s and
early 2000’s it is proven that neutrinos must have a non-zero rest mass. Due to their large
natural abundance and their weak interaction with matter they play an important role
in the structure formation in the early universe. In the last decades several experiments
tried to measure the neutrino mass, most of which highly relied on the underlying model.
Nevertheless, up until today only upper limits could be stated on the neutrino mass. The
basics of neutrino physics, the theory of neutrino oscillation and important historical and
modern experiments will be introduced in chapter 2.

The model independent KArlsruhe TRItium Neutrino (KATRIN) experiment aims to
exceed its predecessor experiments by one order of magnitude by measuring the effective
mass of the electron anti-neutrino ν̄e with a sensitivity of

mν̄e = 0.2 eV/c2 (90 %C.L.). (1.1)

To reach this ambitious goal the KATRIN experiment will measure the energy spectrum of
β electrons from tritium decay near the endpoint energy of E0 = 18.6 keV where a non-zero
neutrino mass influences the shape of the spectrum. Electrons from the tritium β decay
are guided adiabatically by a magnetic field from a windowless source to two electrostatic
spectrometers, where their energy is analyzed. To reach its goals in terms of sensitivity the
KATRIN experiment must combine a high luminosity β− source with a very good energy
resolution. For this purpose it uses spectrometers based on the well-established MAC-E
filter principle. The measurement principle and the main components of the KATRIN
experiment will be described in chapter 3.

For this thesis the geometry of the full KATRIN beamline was implemented within the
simulation software framework Kassiopeia which will be introduced in chapter 4. With this
model it is possible to perform simulations with the full beamline for the first time. This
allows for studies of the fluxtube from the source to detector. To form the model as accurate
as possible the alignment of all components was measured with different methods that will
be presented in chapter 5 and the results were included into the Kassiopeia geometry.

In Oktober 2016 the installation of the KATRIN experimental beamline at the Karlsruhe
Institute of Technology got finished. On Oktober 14th 2016 the experiment celebrated its
First Light event where the first electrons were guided through the full 70m long beamline.
This First Light event was followed by the First Light measurement campaign including
among others detailed alignment measurements with the global KATRIN beamline.

In this thesis the detailed geometry model in Kassiopeia is used to compare simulations
on the beamline alignment to data gained during the First Light campaign, as shown in
chapter 6.
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2. Neutrino Physics

Neutrinos are elementary particles first detected in 1956 but to this day the mass of the
neutrinos remains unknown. Various current experiments aim to determine the mass of the
neutrinos since it has a big influence e.g. on the structure formation in the early universe
and therefor on theories in cosmology.

In this chapter fundamentals of neutrino physics will be described from historical experiments
in section 2.1 to modern theories like neutrino oscillation (section 2.2) and up-to-date
experimental concepts (section 2.4). In section 2.3 important neutrino sources for previous
and current experiments are highlighted.

2.1. History of Neutrino Physics

As early as in 1930 Wolfgang Pauli wrote his famous letter to the “radioactive ladies and
gentlemen” where he postulated the existance of a “neutron” to explain the continuous
electron energy spectrum of the beta decay [Pau30]. The latter was measured for the first
time by James Chadwick in 1914 when he investigated the beta decay of radium [Cha14]
which is shown in figure 2.1. Without the postulated “neutron” the beta decay of a nucleus
A
ZX into a nucleus A

Z+1Y would result in a constant energy of the emitted electron. If there
was an additional electrically neutral particle with little mass and spin-1

2 emitted in the
beta decay sharing the decay energy with the electron, the continuous spectrum of the
electron would be explained.

Since the name “neutron” had been established for the baryon, the neutral particle postu-
lated by Pauli was now called neutrino, what means the little neutral one with the Italian
diminutive. In 1934 Enrico Fermi formulated a coherant theory for a weak point-like decay
of a neutron into a proton, an electron and a neutrino [Fer34].

Pauli called his theory a “desperate resort” [Pau30] but in the year 1956 the neutrino was
detected by Clyde L. Cowan and Frederick Reines [Cow56]. By using a nuclear reactor
as a source of anti electron neutrinos νe, they were able to detect inverse beta decays of
protons p in water

νe + p→ n + e+ . (2.1)

The positron e+ annihilates with an electron emitting two photons, and the neutron n gets
absorbed by 108Cd dissolved in the water emitting another photon. The photons could
be detected by photo multiplier tubes in a coincidence measurement. For this discovery
Reines was honored with the Nobel Prize in 1995.

In the year 1962 Leon Max Lederman, Melvin Schwartz and Jack Steinberger discovered
a second type of neutrinos, the muon neutrino νµ [Dan62]. Protons accelerated with the
Alternating Gradient Synchrotron (AGS) were shot on a beryllium target. The thereby
generated pions decay as

π− → µ− + νµ respectively π+ → µ+ + νµ . (2.2)

3
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Figure 2.1.: Energy spectrum of β-electrons from decay of radium E. Figure adapted
from [Sco35]

The neutrinos from π+ decays can interact with a neutron in matter by neutrino induced
beta decay

νµ + n→ µ− + p . (2.3)

The muons were discriminated from electrons or positrons in an aluminum spark chamber,
where a muon signal was a straight line and e+ and e− developed showers. Lederman,
Schwartz and Steinberger received the Nobel Prize in 1988.

After the discovery of the third generation lepton, the tau lepton τ in 1975 [Per75] the
existance of a third generation neutrino was expected. However it took 26 years until in
the year 2001 the tau neutrino ντ could be discovered. By interactions of high-energy
protons from Tevatron with a tungsten target amongst others Ds mesons were produced
which decayed into a tau lepton and a tau neutrino. In the DONOT1 detector, composed
by alternating layers of stainless steel and emulsion plates, the tau leptons could be
discriminated by their decay after a short distance which caused a kink in the particle
trajectory [DON01].

2.2. Neutrino Oscillations

The measurement of neutrino oscillations was the first proof of a non-zero neutrino mass. In
this section historical and modern experiments will be described and the theory of neutrino
oscillations will be introduced.

2.2.1. Historical Experiments

In 1970 the Homestake experiment headed by Ray Davis, Jr. [Dav64, DHH68] started its
measurements of the solar neutrino flux to confirm the standard solar model established
by John Bahcall [Bah64a] [Bah64b]. In the experiment located in the Homestake mine in
South Dakota 615 tons of tetrachloroethylene C2Cl4 were used as a target for solar neutrino
interactions. Argon atoms created in a neutrino induced beta decay of chlorine atoms

νe + 37Cl→ e− + 37Ag (2.4)

could be counted in a radiochemical process. The measurement results displayed only a
quarter to a third of the expected rate caculated in the standard solar model [BD76, DEC79].
This anomaly was from then on called the “Solar Neutrino Problem”.

1Direct Observation of the NU Tau
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Figure 2.2.: Results of the Super Kamiokande experiment for e-like (left) and µ-like
neutrinos (right). Up-going muon neutrinos show a lack of events for energies in the Sub-
GeV and Multi-GeV range compared to simulations (red dashed line). But calculations
with a neutrino oscillation (green solid line) fit the data well (see also section 2.2.2).
Figure adapted from [Oli14].

This “Solar Neutrino Problem” could be solved in 2001 by the Sudbury Neutrino Observatory
(SNO) in Canada headed by Arthur McDonald [Zub11]. The experiment used 1 000 tons
of heavy water (D2O) surrounded by 9 600 PMTs. The advantage of heavy water is the
possibility to detect incoming neutrinos via charged current (CC) and neutral current (NC)
reactions:

CC : νe + D → p + p + e−

NC : να + D → p + n + να
(2.5)

with α ∈ [e;µ; τ]. The charged current reaction is only allowed for electron neutrinos due
to the limited energy of solar neutrinos and the higher mass of µ and τ leptons, whereas
the NC takes place for all neutrino favors.

The results of SNO showed that the total neutrino flux is consistent with the calculated
flux from the standard solar model. The flux of electron neutrinos detected in CC reactions,
however, was found to be only about a third of the expected flux [Ahm02].

Another case with a lack of one neutrino flavour was observed by the Super-Kamiokande
experiment located near Kamioka in Japan [Fuk96, Fuk98]. The neutrino observatory
detected neutrinos with a tank filled with 50 000 tons of ultra-pure water surrounded by
11 146 photo multiplier tubes (PMT). Neutrinos that interact with the water produce a
high-energy lepton that causes Cherencov radiation due to its velocity being larger than
the speed of light in matter. The results that can be seen in figure 2.2 showed that there
is a lack of up-going muon neutrinos compared to down-going ones and to Monte Carlo
simulations of almost 50 percent.

The lack of neutrinos in the Homestake and Super-Kamiokande experiment as well as in
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the CC reaction at SNO can be explained by neutrino flavour oscillations [Zub11].

2.2.2. Theory of Neutrino Oscillation

The first theory of neutrino oscillation was introduced in 1957 by Bruno Pontecorvo [Pon57a]
[Pon57b]. Further developments were done by Ziro Maki, Masami Nakagawa and Shoichi
Sakata [MNS62] and Pontecorvo in 1967 [Pon67].

The flavor eigenstates |να〉 with α ∈ [e;µ; τ] are eigenstates of the weak interaction and
can be described by superposition of mass eigenstates |νi〉 with i ∈ [1; 2; 3] with masses mi

connected through

|να〉 =
∑
i

Uαi |νi〉 and |νi〉 =
∑
α

U ∗αi |να〉 (2.6)

where U is the unitary mixing matrix

U =

 c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13

 ·


1 0 0
0 e

iα21
2 0

0 0 e
iα31

2

 (2.7)

with sij = sin(θij), cij = cos(θij), the weak mixing angles θij , the Dirac CP violation phase
δ = [0, 2π], and two Majorana CP violation phases α21 and α31. U is called PMNS matrix
named after the developers of the neutrino oscillation theory Pontecorvo, Maki, Nakagama
and Sakata.

Neutrino oscillation is only possible if at least two of three neutrino mass eigenstates have
a mass. The transition probability for a two state oscillation is

P (νe → νµ) ≈ sin2(2θ12) · sin2
(

∆m2
12Lc

3

4~E

)
(2.8)

with the difference of the squared masses ∆m2
12 = m2

1 −m2
2, the baseline length L and the

neutrino energy E.

For the discovery of neutrino oscillations and the indirect evidence for a non-zero neutrino
rest mass, Takaaki Kajita of the Kamiokande collaboration and Arthur McDonald of the
SNO collaboration were honored with the Nobel Prize in physics in 2015.

2.2.3. Measurement of Neutrino Oscillation Parameters

The parameters that describe the neutrino oscillation are the mass differences ∆m2
ij and

the mixing angles Θij . Various experiments investigated neutrino oscillation parameters
in the last years. Amongst others, scintillator experiments like Daya Bay [An 13], Double
Chooz [Abe12] and RENO [Ahn12] measured the mixing angle Θ13 with reactor neutrinos,
the water-cherencov experiment Super-Kamiokande [Fuk01] measured Θ23 and ∆m23 and
KamLAND [Abe08] Θ12 and ∆m12. Current values for the measured parameters are listed
in table 2.1.

2.3. Neutrino Sources

Several sources are available for neutrino research. Some have a natural origin and can
also give information about the source, others are man-made.
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Table 2.1.: Experimental results for neutrino oscillation parameters [Pat16]

.

parameter result

sin2(Θ12) 0.304+0.014
−0.013

sin2(2Θ23) 0.50± 0.05 (inverted mass hierarchy)
0.51± 0.05 (normal mass hierarchy)

sin2(2Θ13) (2.19± 0.12) · 10−2

∆m2
21 7.53± 0.18 · 10−5eV2

∆m2
32 (2.51± 0.06) · 10−3eV2 (inverted mass hierarchy)

(2.44± 0.06) · 10−3eV2 (normal mass hierarchy)

Cosmic Neutrino Background

The cosmic neutrino background (CνB) is a relic of the freeze-out of the weak interaction in
the early universe [Sli15, Lun24, HH31, LP12]. Their properties offer valuable clues to the
development of the universe from the radiation dominated era over the matter dominated
era to now, the era of dark energy (Λ) [Lid03, BG06], i.e. it can also give a hint to the
properties of dark matter.

In the first split second (t� 0.01 s) after the Big Bang at high temperatures (T� 1 MeV)
the universe was dominated by radiation with all particles in a thermodynamic equilibrium.
Neutrinos could be created and destroyed in weak interaction processes such as

νl + νl ↔ l+ + l− (2.9)

were l ∈ [e;µ; τ] stands for a lepton.

When the universe expanded its temperature decreased (T ≈ 1 MeV) and the energy became
too low to keep the only weakly interacting neutrinos in an equilibrium. The neutrinos
froze-out. Due to the expansion of the universe after the freeze-out the neutrino energy
kept falling to its today’s theoretical value of Tν ≈ 1.95 K.

Supernova Neutrinos

Supernovae are astrophysical events that occur in the end phase of a massive star’s evolution.
Several types of supernova explosions are differentiated by the light curves and spectral
analysis.

Core collapse supernovae are of importance for neutrino physics. In its later life the fusion
processes in a massive star with M > 8 ·M� have burnt the hydrogen and helium atoms
to heavier elements. In the final fusion state silicon in the core is fused to iron, cobalt and
nickel, elements with the highest binding energies. Since these elements can not be fused
to heavier elements, the thermonuclear reactions stop. When the mass of the core reaches
the Chandrasekhar mass MCh ≈ 1.44 ·M� the radiation pressure loses to the gravitation
pressure and the core collapses leading to a neutron star or a black hole depending on the
mass. During the collapse neutrinos are generated by neutronization

p + e− → n + νe (2.10)

and can escape the core [WJ05, Jan07]. Up to 1058 neutrinos with a mean energy of
〈Eν〉 = (10− 15)MeV carry 99% of the energy released during that collapse [BDP87].
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Figure 2.3.: Energy spectrum of solar neutrinos calculated from the standard solar
model. Figure adapted from [Bah05].

Solar Neutrinos

Due to the high neutrino production rate and its close distance the sun represents the
strongest natural neutrino source for experiments on earth. In the sun neutrinos are
generated in several reactions such as proton-proton fusion

p + p→ D + e+ + νe (2.11)

or the so called carbon-nitrogen-oxygen (CNO) cycle. The energy spectrum of solar
neutrinos as calculated from the standard solar model is given in figure 2.3. Solar neutrinos
are ideal messenger particles to study processes inside the sun. By investigating the flux of
solar neutrinos, the SNO experiment could in this way confirm the standard solar model as
described in section 2.2.3.

Atmospheric Neutrinos

Earth’s atmosphere gets permanently hit by high-energy particles, mostly protons, from
space. Interactions of these particles within the atmosphere lead to particle showers
consisting of elementary particles like electrons, positrons, muons or photons, but also of
composite particles like pions or kaons.

Pions and kaons in the atmosphere decay into muons and muon neutrinos, cf. equation
2.2. Since the muon subsequently decays into a muon neutrino νµ, an electron e− and an
electron neutrino νe, the νµ

νe
ratio of atmospheric neutrinos is 2

1 .

Reactor Neutrinos

In nuclear reactors besides the heat used to produce electric current, the nuclear fission of
isotopes like 233

92U, 235
92U, 239

94Pu or 241
94Pu always produces neutrinos. With an average of

about six neutrinos per fission a typical nuclear power plant produces 1021 neutrinos per
second with a maximum neutrino energy of 10MeV. That makes nuclear power plants the
strongest non-natural source of neutrinos on earth.

artificial neutrino source with the highest flux. Reactor neutrinos are used to investigate
neutrino oscillations as described in section 2.2.3.
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Figure 2.4.: The normal (left) and the inverted (right) neutrino mass hierarchy. Figure
adapted from [KL13].

Accelerator Neutrinos

To create neutrinos it is possible to shoot protons from a particle accelerator on a fixed
target usually made of graphite or beryllium. In the target material among others pions
and kaons are produced that are guided into a tunnel where they decay whereat neutrinos
accrue. The muons from the decay can be shielded by a block of concrete or steel as the
neutrinos can fly through. The neutrino beam with GeV-scale energies can be sent to
detectors in a distance of up to hundreds of kilometers to analyze their oscillation behavior
(see section 2.2.3) [Kop07].

2.4. Measurement of the Neutrino Mass

Neutrino oscillation measurements as described in section 2.2.3 only allow conclusions on
differences of squared neutrino masses ∆m2

ij , but not on the absolute neutrino mass or on
the hierarchy of the mass eigenstates. Figure 2.4 shows a normal and an inverted hierarchy
of the three neutroino mass eigenstates, which are both in accordance with the findings
from the oscillation experiments.

In the following possible experimental approaches to determine the absolute mass of the
neutrinos and/or assess the correct mass hierarchy are discussed.

2.4.1. Cosmology

Analyses of the cosmic microwave background (CMB) give information about the early
universe. Before the CMB-Photons have decoupled from matter about 380,000 years
after the Big Bang, the universe was in thermal equilibrium. Due to the expansion of
the universe the temperature decreased and the CMB was emitted with a nearly ideal
black-body spectrum.

Experiments like WMAP (Wilkinson Microwave Anisotropy Probe) [HLK13] or Planck
[AAA16a] have measured the CMB with high precision and discovered temperature fluc-
tuations in a scale of ∆T

T = 2 · 10−6. The shape of the power spectrum of the cosmic
microwave background radiation temperature anisotropy in terms of the angular scale is a
strong evidence for dark matter and dark energy. Furthermore parameters like the Hubble
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constant H0 = (67.8± 0.9) km
s·Mpc , the number of neutrino generations Nν = 3.15± 0.23 or

the the sum of the neutrino masses ∑
mν < 0.23 eV (2.12)

could be determined [AAA16b]. However, these values strongly depend on the cosmological
model used.

2.4.2. Supernovae

Measuring the time-of-flight T of neutrinos from supernovae allows to determine the
neutrino mass Mν. For a distance L to the supernova it holds

T = L

v
= L

c
· Eν

pνc
= L

c
· Eν√

E2
ν −m2

νc
4 ≈

L

c

(
1 + m2

νc
4

2E2
ν

)
, (2.13)

with mνc
2 � Eν [Zub11].

Up to now only one supernova explosion could be detected in terms of a neutrino signal.
Within 13 seconds, the water Cherenkov experiments IMB [Bio87] and Kamiokande [Hir88]
measured 19 neutrinos from the type II supernova SN1987A in February 1987, what was
the first direct observation in neutrino astronomy.

The analysis of the data set an upper limit to the neutrino mass of [LL02]

mν < 5.7 eV (90 % C.L.) . (2.14)

This value is dependent on the underlying model for supernovae emission profile.

2.4.3. Neutrinoless Double Beta Decay

The neutrinoless double beta (0νββ) decay is a hypothetical simultaneous decay of two
neutrons of one nucleus into two protons and two electrons without emitting neutrinos.
This decay is only possible if the neutrino is not a Dirac like particle as in the standard
model of particle physics but a Majorana like particle which means that it is its own
anti-particle [DKT85]. The energy spectrum of the ordinary double beta decay with two
emitted neutrinos (2νββ) and the neutrinoless decay (0νββ) is shown in figure 2.5.

The discovery of the 0νββ decay would also give information about the effective Majorana
mass

mee =
∣∣∣∣∣

3∑
i=1

U2
eimi

∣∣∣∣∣ =
∣∣∣∣∣

3∑
i=1
|Uei|2 eαi1mi

∣∣∣∣∣ (2.15)

of the neutrino [EV02]. One example for various experiments is the GERDA experiment
that investigated the decay 76Ge → 76Se + 2e− and set an upper limit on the Majorana
mass of mββ < (0.15− 0.33) eV (90% C.L.) [AAB17].

2.4.4. Single Beta Decay

To measure the neutrino mass from single β-decay two different types of experiments
are dominating the field: Experiments using cryogenic bolometers and experiments using
electrostatic spectrometers like in the KATRIN experiment.

The former mainly use 187Re as β-source placed inside the detector such that the entire
decay energy except the neutrino energy can be measured [Giu12]. With the lowest known
endpoint energy of E0 = 2.47 keV 187Re has the advantage of a ... Examples for 187Re-based
experiments are MANU [Gat99] in Genoa, MiBeta [Sis04] in Milano, and MARE [Nuc08].
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Figure 2.5.: Electron energy spectrum of neutrinoless double beta decay (0νββ). The
dominant peak originates from the ordinary double beta decay (2νββ) emitting two
neutrinos. The small peak at higher Ke/Q, which is sown magnified, comes from the
0νββ decay. Figure adapted from [EV02].

Figure 2.6.: Electron energy spectrum from tritium decay. Figure adapted from [Osi01].

In the last few years also the electron capture process in of holmium 163Ho got into interest
for low temperature calorimetery. Experiments like HOLMES [Gal12] and ECHo [Gas14]
aim to achieve a sensitivity of a few eV on the neutrino mass.

Tritium experiments use the β-decay of tritium

3H→ 3He+ + e− + ν̄e (2.16)

to investigate the neutrino mass. Tritium has a half life of τ1/2 = (12.33± 0.06) years and
a Q-value of Q = (18.591± 0.001) keV what is the second lowest value known for β− decay.

The energy spectrum has an end if neutrinos have a mass as shown in figure 2.6, since
the β-decay releases a specific energy that is split among the kinetic and the mass energy
of electron and antineutrino. Thus the electron energy gets its maximum energy if the
antineutrino is produced at rest.





3. The KATRIN Experiment

The Karlsruhe Tritium Neutrino (KATRIN) experiment located at the Campus North of
the Karlsruhe Institute of Technology (KIT), aims to determine the effective mass of the
electron antineutrino νe with a sensitivity of mν = 0.2 eV (90% C.L.) by investigating the
kinematics of tritium β-decay [Ang05] [Dre13].

This chapter will give an overview of the KATRIN experiment. In section 3.1 the mea-
surement principle is explained while section 3.2 gives an overview of the experiment’s
beamline including all main components.

3.1. Measurement Principle

To determine the neutrino mass, the KATRIN experiment will measure the total energy of
β-electrons from tritium decay. As described in section 2.4.4, the endpoint of the energy
spectrum (E0 = 18.6 keV) is investigated. To combine a high luminosity of the source with
a very good energy resolution, electrons with lower energy, that are produced at much
higher rates, have to be filtered out. For that purpose the KATRIN Main Spectrometer is
designed as a MAC-E filter.

A MAC-E filter (Magnetic Adiabatic Collimation with an Electrostatic Filter) is a type of
spectrometer that was first proposed by Kruit and Read in 1983 [KR83] basing on former
works of Beamson, Porter and Turner [BPT80]. Figure 3.1 shows the working principle of
such a filter.

The signal electrons that are emitted isotropically by the tritium β-decay in the source
are guided via a magnetic field on a cyclotron motion to the spectrometer. Inside the
spectrometer the magnetic field decreases by several orders of magnitude to a minimal
value Bmin in the middle of the spectrometer, the so-called analyzing plane (AP). If the
decrease in the B-field happens adiabatic (slowly enough) nearly all transverse momentum
from the cyclotron motion of the electrons is converted into longitudinal momentum, as
the magnetic orbital moment µ of the electrons is an invariant of motion:

µ = E⊥
B

= const. (3.1)

Simultaneously an electrostatic field is applied inside the spectrometer that has a maximum
potential Umax ≈ 18.6 keV in the AP of the spectrometer. Only electrons with a longitudinal
energy E|| > |q · Umax| can pass this potential wall, while electrons with lower energies are
filtered out. By varying the retarding potential the integrated spectrum can be observed.

The filter width of the MAC-E filter depends on the magnetic fields:

∆E
E

= Bmin
Bmax

. (3.2)

For the KATRIN Main Spectrometer the design filter width is ∆E = 0.93eV.

13
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Figure 3.1.: The MAC-E filter principle. Figure adapted from [Zac09].

MAC-E filters were used by groups in Mainz [Pic92] and Troizk [Lob85] to measure the
neutrino mass. Like KATRIN both experiments used a tritium source as emitter, but both
could not determine the neutrino mass and only published upper limits for the electron
(anti)neutrino mass:

Mainz : mν < 2.3 eV (95 % C.L.) [Kra05] ,
Troizk : mν < 2.05 eV (95 % C.L.) [Ase11] ,
Combined : mν < 2.0 eV (95 % C.L.) [Ber13] .

(3.3)

The KATRIN experiment aims to exceed its predecessor experiments by a factor of 10 in
sensitivity, to finally measure the neutrino mass.

3.2. Components of the KATRIN Experiment
The setup of the 70-m long KATRIN experiment is shown in figure 3.2. The experiment is
subdivided in two main parts, on the one side the Source and Transport Section (STS)
located in the Tritium Laboratory Karlsruhe (TLK) which is composed of the Rear Section
(RS), the Windowless Gaseous Tritium Source (WGTS), the Differential Pumping Section
(DPS) and the Cryogenic Pumping Section (CPS). On the other side the Spectrometer
and Detector Section (SDS) that is composed of the Pre-Spectrometer (PS), the Main
Spectrometer (MS) and the Focal Plane Detector (FPD). The TLK and the spectrometer
hall are separated by a wall for reasons of radiation protection. Additional, the Monitor
Spectrometer (MS), that is not included in figure 3.2, has to be mentioned.

3.2.1. Rear Section
The Rear Section (RS) is the back end of the experimental setup and has a couple of
calibration and monitoring functions. A gilded beryllium plate called rear wall defines the
potential inside the tritium source [Bab12]. An electron gun (e-gun) is mounted to the RS
to shoot electrons through a small hole in the center of the rear wall, to e.g. determine the
source column density ρD inside the WGTS (see section 3.2.2) [Hug10] [Val11]. By detecting
X-rays generated by interaction of β-electrons from the tritium decay in the rear wall the
activity of the tritium source can be monitored via the BIXS system [Mau09, Roe11, RP13].

Electrons from the e-gun and the rear wall illumination can to investigate the alignment of
the full KATRIN beamline.
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Figure 3.2.: The KATRIN experimental beamline consists of the following main com-
ponents: the Rear Section (RS), the Windowless Gaseous Tritium Source (WGTS), the
Differential Pumping Section (DPS), the Cryogenic Pumping Section (CPS), the Pre-
Spectrometer (PS), the Main Spectrometer (MS) and the Focal Plane Detector (FPD).
The Monitor Spectrometer which is not part of the main beamline is not shown. Figure
adapted from [Sch14].

Figure 3.3.: The windowless gaseous tritium source (WGTS) as a CAD-model (top)
and as schematic drawing (bottom). Figure adapted from [Hoe12].

3.2.2. Windowless Gaseous Tritium Source

The source of β electrons from tritium decay in the KATRIN experiment is the WGTS,
which is shown in figure 3.3.

The center of the WGTS is a 10m long cylindrical tube with a diameter of 90mm [Ang05].
5 · 1019 tritium molecules per second are injected into the beam tube in the middle of the
WGTS and extracted with turbo molecular pumps (TMP) at the differential pumping
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Figure 3.4.: Geometry of the DPS. Electrons from the WGTS are guided through a
chicane in the beamline by a magnetic field, whereas neutral tritium molecules hit the wall
and can be extracted by turbomolecular pumps (TMP). Figure adapted from [Luk12].

sections (DPS1-R and DPS1-F) on both sides of the source tube. The pressure at the
injection point is on the scale of pin = 10−3 mbar at an operation temperature of T = 27K
which leads to a T2 column density of ρd = 5 · 1017 cm−2. The resulting β-activity of the
tritium gas is A = 1011 s−1. The β-electrons are guided by a magnetic field of BS = 3.6T
that is generated by three superconducting magnets around the WGTS-tube. With a
reserve of 4mm in radial direction to compensate misalignments and a resultant accepted
source area of AS = 53 cm2 it follows a magnetic flux tube of 191T cm2.

Around the beam tube inside the WGTS there are seven superconducting solenoids, three
surrounding the WGTS-tube and two in each, the DPS1-R and the DPS1-F. Additional
dipole coils are mounted in the DPS1-R and DPS1-F that are able to shift the flux tube
up and down (y-direction) or east and west (x-direction).

3.2.3. Differential Pumping Section

The differential pumping section (DPS) is the first part of the transport section. The DPS
is about 6m long and has a trapezoid like beam pipe with an inner diameter of about
100mm and an angle of about 20◦. A drawing of the DPS is shown in figure 3.4. Electrons
are guided adiabatically through this chicane by a strong magnetic field of about 5.0T
generated by five superconducting magnets, one magnet surrounding each beam tube.
Neutral tritium molecules (T2) in contrast are not deflected and thus can not pass through
the DPS but hit the wall. In four pump ports located between the magnets turbomolecular
pumps reduce the flux of tritium molecules by five orders of magnitude [Luk12]. The tritium
is fed back to the source by a loop system. Another duty of the DPS is the reduction of the
ion flux from the source. Inside the WGTS about 1012 ions (mostly T+

3 ) are produced per
second by β-decay and secondary ionization. The ions get blocked by a ring electrode with
a potential of +100V, that is located in the beginning of the fifth beamtube, after TMP4.
To neutralize these ions dipole half-shells are arranged in beam tubes two, three and four,
that lead the ions to the wall of the beam tube by ~E × ~B-drift [Rei09]. To analyze the ions
coming from the source two FT-ICR (Fourier Transform - Ion Cyclotron Resonance) mass
spectrometer are located in the first and fifth beamtube [UDRL09]. The FT-ICR modules
are able to measure the number of ions and to discriminate the kind of the ions.

3.2.4. Cryogenic Pumping Section

The CPS is the second part of the transport section. It is composed of seven beam tubes
and seven superconducting magnets. Similar to the DPS the beam line is arranged as a
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Figure 3.5.: Geometry of the CPS. The CPS is divided into seven beam tubes, here
called Sec 1-7. The spiral structure around the beam tubes represents the cooling system.
The capture of T2 molecules in the argon frost in Sec 2-5 is illustrated. Figure adapted
from [Jan15].

chicane through which the electrons are guided adiabatically by a strong magnetic field
of up to 5.75T. In contrast to the DPS the chicane has an angle of only 15◦ that is
furthermore pointed in opposite direction. To reduce the flux of tritium the beam pipe in
the chicane is cooled down to 3K. On its surface a film of argon frost is created in which
T2 molecules get caught with a high probability [Gil10]. An illustration of the CPS and
the capture of T2 molecules in the argon frost is shown in figure 3.5.

At the end of the CPS in pump port two (PP2) the forward beam monitor (FBM) is
located. The FBM is a silicon detector with which the intensity of the electrons and thereby
the tritium source activity can be monitored.

To calibrate the SDS a 83mKr source can be moved into the flux tube in PP2. The source
produces mono-energetic electrons with an energy of E = (17824.3± 0.5) eV.

3.2.5. Pre-Spectrometer

The PS is the first part of the SDS. The 3.38m long vessel with an inner diameter of 1.68m
is located between the two superconducting magnets PS1 and PS2. Both magnets have
a nominal magnetic field of B = 4.5T in the center of their coils. The PS is electrically
isolated from other components and can be set on high voltage. With a potential of 18.3 kV,
300V under the endpoint energy, the flux of signal electrons that enter the MS can be
reduced by up to seven orders of magnitude.

Figure 3.6 shows a the outer geometry and a view inside the PS.

On the inside of the vessel there are different types of electrodes: ground, shielding, cone
and wire electrodes. The ground electrode is held at ground potential, while the others can
elevated to high voltage.

To generate a ultra high vacuum (UHV)of 10−11 mbar the PS is equipped with two TMPs
and a SAES St707 getter pump with a total length of getter strips of 200m and a width of
30mm [ABB16].

3.2.6. Main Spectrometer

The MS is currently the largest ultra-high vacuum vessel in the world with a length of
23.3m, an inner diameter of 9.8m and an outer diameter of 10.0m. It has a volume of
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Figure 3.6.: Geometry of the pre-spectrometer (PS). Left: CAD model of the PS. Figure
adapted from [Fra10]. Right: Look inside the PS showing the electrode system.

1240m3, an inner surface of 690m2 respectively 1240m2 considering electrodes, baffels etc.,
and a weight of approximately 200 t.

As described in section 3.1, the MS is used as a MAC-E filter. The magnetic field is defined
by the PS2, the Pinch Magnet and the air coil (AC) system. The latter also serves the
purpose of compensating the earth magnetic field.

With a maximum of the magnetic field Bmax = 6T in the Pinch Magnet bore and a
minimum of Bmin = 3 · 10−4 T in the center of the MS, the MAC-E filter achieves an filter
width of ∆E = 0.93 eV according to equation 3.2.

Inside the MS a wire electrode system is installed to electrostatically shield the volume
from electrons emitted from the inner surface of the vessel.

The UHV inside the MS is generated by three getter pumps, each with getter stripf with a
length of 1000m and a width of 27mm. Each of the getter pumps is located inside one of
three pump ports with a diameter of 1.7m. Since traces of radioactive Radon are emitted
from the getter material, liquid N−2-cooled baffles are installed in front of the getter pumps
cryosorb Radon. Two of the three pump ports are additionally equipped with three TMPs.
With this cascaded pumping setup, a pressure of 10−11 mbar can be achieved [ABB16].

3.2.7. Focal Plane Detector

The FPD is a PIN dioder detector on a silicon wafer. With a diameter of 90mm it is
segmented in 148 equal area pixels arranged in 12 concentric rings with 12 pixels each plus
an additional four-pixel bulls-eye in its center (see figure 3.7).

The detector waver is placed inside the warm bore of the Detector Magnet, a superconducting
magnet with a nominal magnetic field of 3.6T.

To accelerate electrons a post-acceleration electrode (PAE) is installed in the detector
system. It can shift the detector region of interest (ROI) for the detection of the β-electrons
to an energy region with a lower intrinsic detector background rate, accelerate low-energetic
electrons to a level over the electronic noise, e.g. for background studies, and reduce the
probability of backscattering [Ren11].

An illustration of the full detector system is shown in figure 3.8.
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Figure 3.7.: The detector wafer. For spacial resolution it is segmented into 148 equal
area pixels arranged in 12 concentric rings with 12 pixels each plus an additional four-pixel
bulls eye in the center. Figure adapted from [Wal13].

Figure 3.8.: Overview of the Focal-Plane Detector system. Figure adapted from [Ams15].
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3.2.8. Monitor Spectrometer

The monitor spectrometer is the third MAC-E filter based spectrometer of the KATRIN
experiment. The vessel, formerly used in the predecessor experiment in Mainz is 4m long
and 1m in diameter. It is now used to monitor voltage fluctuations in the voltage system
of the MS by monitoring mono-energetic electrons with an energy E = (17824.3± 0.5) eV
emitted by a radioactive 83mKr source.



4. Simulations with Kassiopeia

Simulations for this thesis were performed with the Kassiopeia simulation software. In
this chapter a basic overview of Kassiopeia is given in section 4.1 while a more detailed
description of the implementations of the global KATRIN beamline into Kassiopeia in the
context of the thesis in hand is given in section 4.2.2. More detailed information about
Kassiopeia in general can be found in [FGT17].

4.1. Kassiopeia

Kassiopeia is a simulation software framework for field calculation, particle generation and
particle tracking written in C++ and developed by the KATRIN collaboration starting in
2010. Different particles like electrons or ions can be created and tracked in electromagnetic
fields including interactions with gas particles or geometry surfaces.

For each simulation the settings are defined in XML-files (Extensible Markup Language)
including geometries, electromagnetic field calculation, generation, tracking and termination
of particles.

After calculating the electromagnetic field from input values like magnet currents and
electric potentials, particles are generated. A surface can be used as starting point particle
tracking, as well as any arbitrary position by specifying the respective coordinates. Starting
conditions like position, energy or direction can be set as a constant value, values from
a formula, a set of values, or random values. To track particles an exact, adiabatic, or
magnetic tracking can be chosen. An exact tracking of particles is only necessary if the
particle movement is non-adiabatic. If this is not the case, the faster adiabatic tracking
should be preferred. The magnetic tracking is used, if the field lines are to be visualized.
In the following this will be called “field line simulation”.

The simulation itself is subdivided into runs, events, tracks, and steps. One run can have
several events, an event can have several tracks, and each track is split into calculation
steps. After each step, it is checked, if termination conditions have occurred. Conditions
could be hitting a surface, or the excess of a defined maximum distance to a geometry in
any direction. After every step a step output is written that can include information about
the position of the particle or the magnetic field at that position. With the termination of a
particle, the track ends. Afterwards a track output is written, that can contain information
like the initial and final position or the creator and the terminator of the track. In case of
the detector wafer as a terminator, the output can include the ID of the pixel that was hit.

Kassiopeia is able to visualize geometries and tracks in different ways. Three should be
mentioned here, since they will be used in the following:

• The GeometryViewer shows a three dimensional model of the geometry,

• the GeometryViewerROOT opens a ROOT [BR96] window with a 2D lateral cut
through the geometry, and
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• the MeshViewer shows a three dimensional model of the meshed geometry.

Since some complex geometries are not yet supported by the GeometryViewer or the
GeometryViewerROOT, some geometries will be presented in the MeshViewer visualization.

4.2. Implementation of the Global KATRIN Beamline into Kassiopeia

A good understanding of the geometry of the KATRIN beamline is needed to interpret
the results of the measurements and to test changes for example of magnet orientations
in advance. The latter is of big importance since a physical change of the experiment’s
hardware configuration can be time consuming.

To allow for simulations with the complete beamline of KATRIN, several components had
to be implemented into Kassiopeia in the context of this thesis, while others had to be
reworked, to allow for simulations that include misalignments of these geometries. The
implementation of the global geometry is described in section 4.2.2, a preparatory overview
of the alignment implementations and the user access via XML will be given in section
4.2.1

The right-handed coordinate system within Kassiopeia is defined by the MS. The axis
from the upstream to the downstream flange of the MS defines the z-axis with the point of
origin in the center of the MS vessel. The x-axis is set horizontally, and the y-axis points
upwards.

To generate geometries within Kassiopeia an XML-file has to be created containing all
necessary information. Different templates for basic and complex shapes can be used to
form the desired structure. An example for a basic shape template is the rotated poly line
surface. In this template, a line between any desired number of points, given by radius and
z-position, is drawn in a two-dimensional plane. By rotating this line around the z-axis a
three dimensional geometry is created. Complex shapes can be for example pump ports as
described later. Multiple surfaces can be put into one space where they can be moved and
rotated separately to combine them and create the desired composition.

4.2.1. Alignment Implementations

One important feature of the new geometry structure is the ability to shift and tilt every part
of the beamtube and all magnet cryostats and coils separately. Experimentally determined
alignment data from meachanical measurements that will be described in section 5.1 was
implemented into the Kassiopeia geometry. Since a shift of a beam tube element in the
experiment is compensated by bellows, the implementation in Kassiopeia was made such
that the same appears within the simulation. Components with a fixed connection are
shifted and tilted together up to the middle of the next bellow. Every part of the beamtube
is shifted and tilted from bellow to bellow. The bellows compensate shifts by length
adaptation, tilts are not compensated.

For each component six alignment values are needed, one shift per spatial direction (∆x,
∆y, ∆z) and three Euler angles (α, β, γ), to fully describe the new position. In Kassiopeia
the z-x’-z”-convention for Euler rotation is used. That means that the component is tilted
around the z-axis, afterwards around the new x-axis x’, and finally around the new z-axis z”.
Since for an axial symmetric object the third euler angel is irrelevant, for most components
of the KATRIN experiment, five values are sufficient. In fact γ != −α in order to get correct
results for nested geometries where components are rotated multiple times.
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Figure 4.1.: WGTS geometry as implemented in Kassiopeia. Magnet coils are shown in
green.

4.2.2. Global Geometry

Geometries for all main components of the KATRIN experiment were implemented by
various members of the KATRIN collaboration. For this thesis it was necessary to combine
all parts into a global geometry to simulate the magnetic fields and particle movement
through the whole KATRIN beam line. In the following a tour through this now implemented
full beamline will give a detailed view on every component, simplifications, and features.

RS and WGTS

The geometry of the RS and the WGTS as implemented in Kassiopeia is shown in figure
4.1. The RS geometry is up to now reduced to the part from the rear wall to the flange that
connects it to the WGTS. The only magnet included is the superconducting re-condenser
magnet (RSCM), all normal conducting magnets are not yet integrated. Since there are no
bellows between the WGTS and the rear wall, the RS is tilted together with the WGTS
cryostat.

The pump ports of the DPS1-R and DPS1-F are simplified as axial symmetric objects,
since this is sufficient for electromagnetic tracking simulations.

In the experiment the WGTS beamtube is cooled down to about 30K. This causes the
beamtube elements to shrink. This is taken into account with a cooling factor, that reduces
the length and the radius of the beamtube elements by a factor 0.997. The total length of
the WGTS cryostat and the positions of the pump ports are constant, and the shrinkage
of the individual components is compensated by bellows.

In principle the beamtubes of the WGTS can be tilted separately from the magnet coils.
However, since there is no information available with regards to the relative alignment of
the beamtubes to the magnets in Kassiopeia, both are tilted together. M1, M2 and M3
surround one long beamtube and are therefor tilted in common.

The dipole coils on both ends of the WGTS can not yet be visualized with the Geome-
tryViewer. Therefore, they are shown in figure 4.2 in a MeshViewer visualization.
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Figure 4.2.: Visualization of the WGTS M5 coil and the surrounding dipole coils with
the MeshViewer.

DPS

Figure 4.3 shows the DPS geometry as implemeted in Kassiopeia. The geometry of the four
pump ports is available in a realistic and in a simplified model. Both are shown in figure
4.4 and both can not yet be visualized in the GeometryViewer. The DPS is connected to
WGTS via PP0 and to the CPS via PP5. Beamtubes, PPs, magnet cryostats and magnet
coils can all be tilted separately.

The magnets are available in an as-designed version and in an as-built version. The as-built
version includes shifts and tilts of the coils inside the cryostat and the as-built number of
coil windings.

The FT-ICR is included in BT1 and BT5. The dipole electrodes are included in BT2, BT3
and BT4 but can not be visualized with the GeometryViewerRoot. Figure 4.5 shows the
Kassiopeia geometry of the dipole electrode alone and as installed inside BT3. In BT5 and
PP5 ring electrodes are located, that can be put on potential to reduce the flux of positive
ions. The ring electrode in PP5 is not yet included in the Kassiopeia geometries.

CPS

The geometry of the CPS is available as an as-built and an as-designed version as imple-
mented by C. Röttele [Roe16]. The as-built version is shown in figure 4.6. As in the DPS,
the CPS pump ports are implemented but can not be visualized by the geometry viewer.
The same applies to the connections between the beam tubes. It was forgone to add the
cryostat of the CPS since it has no impact on electromagnetic tracking simulations and
could not be visualized in the geometry viewer either.

The as-built geometry only includes shifts and tilts of the beamtubes and the magnets, the
tilt of the cryostat has to be added separately and is available for the as-designed model as
well.

Inside the beamtube that connects the CPS to the PS another ring electrode for ion blocking
is located.

PS

Figure 4.7 shows the pre-spectrometer and the two PS magnets. The electrode system
as described in section 3.2.5 can be seen. PS1 surrounds the CPS-PS-beamtube that is
the connection between the STS in the TLK and the SDS in the spectrometer hall and
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Figure 4.3.: DPS geometry as implemented in Kassiopeia.

Figure 4.4.: Geometry of the DPS pump ports in the MeshViewer. Left: detailed
geometry, right: simplified geometry.

goes through the wall of TLK that was added to the geometry as well. Inside of the PS2
magnet a flapper-based in-line beam valve (ILBV) is located. The flapper can be opened
and closed by an defining an opening angle. A view of the inside of the ILBV in real-life
and in the simulation is shown in figure 4.8. The geometry of a new version of the PS
ILBV as shown in figure 4.9 is available for later use. Inside the ILBV a ring electrode is
located that is not yet included within the Kassiopeia geometries.
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Figure 4.5.: Geometry of the DPS dipole electrodes alone (left) and as installed inside
BT3 of the DPS (right).

Figure 4.6.: CPS geometry as implemented in Kassiopeia.
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Figure 4.7.: PS geometry as implemented in Kassiopeia. At the bellow of the CPS-
PS-beamtube inside PS1 the impact of the relative tilt between the components is well
visible.

Figure 4.8.: Geometry of the ILBV Flapper. Left: Foto of the beam valve. Right: Beam
valve geometry as implemented in Kassiopeia. The penning wipers are not yet included
within the Kassiopeia geometry.



28 Simulation of the global beam line alignment of the KATRIN experiment

Figure 4.9.: Geometry of the new PS ILBV as implemented in Kassiopeia. This geometry
was implemented for later use, since this hardware component exists and might be used
in the future. It was not used for simulations in the context of this thesis.

MS

The MS geometry is shown in figure 4.10. The vessel is surrounded by the air coil system.
Inside the vessel, an electrode system similar to the PS is installed. The MS ground
electrodes at both ends and the wire electrodes can be seen. Here a simplified model with
full electrodes is used, additionaly a model with wires exists.

The MS defines the Kassiopeia coordinate system and can not be misaligned within
Kassiopeia. The air coils were for simulations in context of this thesis only available as axial
symmetric rings. M. Erhard implemented a corrected version with ideal rings, but effective
ring radii and positions based on deformation and corrections [Erh16]. Additionally he did
a full discretisation of the air coils. These implementations are now compatible with the
global geometry.

FPD

Figure 4.11 shows the geometry of the detector system. The detector ILBV connects the
MS with the detector system. The flapper of the detector-side ILBV is at the moment
still simplified as an axial symmetric, conical frustum like object. Each component of
the detector system (pinch magnet, detector magnet and vacuum chamber) can be tilted
separately. Additional the PAE can be tilted with respect to the surrounding vacuum
chamber since a misalignment was found here experimentally.

4.2.3. Access to Alignment Data

To store all alignment data from different measurement campaigns, a new xml-file (“Non-
AxialGlobalAlignment.xml”) was created. By including this file into the configuration
file of a simulation, it is easy to access the required alignment data. Figure 4.12 shows a
screenshot of a configuration with the current options. Components like the FPD or the
DPS have several accessible sets of measured alignment values from different measurement
campaigns that can be selected in the XML.
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Figure 4.10.: MS geometry as implemented in Kassiopeia.

Figure 4.11.: FPD geometry as implemented in Kassiopeia.
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Figure 4.12.: Access to alignement data. By using external defines in the configuration
file different sets of alignment data for each component and different geometries for
exchanged components can be accessed.
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Since the separation is not perfectly intuitive, some explanatory notes shall give additional
information.

• Magnets and geometries of the SDS can be accessed separately, whereas on the STS
side some components like the CPS or the WGTS can only be tilted as a whole.

• For the CPS there are two different options, one for tilting of the whole CPS cryostat
(cps_tilted) and one for shifts and tilts of its inner geometries, like beamtube elements
and magnets (cps_use_as_built_coordinates). The as-built geometry also includes
corrections to sizes and turn numbers of coils.

• For the DPS magnets it is handled in a similar manner. The tilting of the magnet
cryostats and beamtube elements (dps_magnets_tilted) is separated from the tilting of
the coils inside the cryostats (dps_magnets_use_as_built_coordinates). Additionally
the use the as-built geometry guarantees the as-built number of coil windings.

• For some components like the pinch magnet or the PS ILBV different geometries
can be included due to the exchange of the particular component between different
measurement campaigns.

Due to the extensive changes in all geometry XML files that were necessary to implement
the global KATRIN beamline in the context of this thesis a new set of XML files for
the global beamline has been set up in parallel to all old geometry files in Kassiopeia to
guarantee backward compatibility.

• All geometry files of the global geometry are now stored in the directory
kasper/KSC/KGeoBag/GlobalXML respectively
kasper/install/config/TheGlobalBag.

• An exemplary configuration file can be found in
kasper/install/config/Kassiopeia/GlobalFirstLightSimulation.xml.

4.2.4. Ongoing and Future Work

Some changes in the KATRIN beam line are planned, e.g. a fourth dipole electrode and
new positions for the ring electrodes in the DPS. These plans are not yet taken into account
in the Kassiopeia geometries but can easily be implemented.

For the rear section e-gun a geometry is implemented but not yet included in the global
geometry, since it has to be modified for alignment data input.

Ongoing work restructures the access to the alignment data. The data will be stored in a
database. By defining a date or run number, proper values for the alignment as well as
values for magnet currents and voltages used in the measurement can be read out of the
database. This will allow a very user friendly access to all available data.

For this thesis, no electrostatic models were included into the global geometry. Models
for some components already exist, and only have to be adapted. For newly implemented
geometries, models have to be built in order to allow for electric field calculations.





5. Preparatory Alignment Measurements

In October 2016 the first measurements were performed with the full KATRIN beamline
during the First Light measurement campaign. To perform proper simulations with the
global geometry as described in chapter 6 it was required to measure the alignment of
all beamtube elements and all magnets. Different methods of preparatory alignment
measurements will be described in this chapter.

5.1. Mechanical Beamline Alignment

Several different methods that were used to get alignment data for different components
will be described in this section.

Uncertainties of the measurements will not be given, since they can not be taken into
account within the implementations in Kassiopeia. However there are large uncertainties
up to 300% (cf. table 5.8 in [Gla15]).

5.1.1. FaroArm and Laser Tracker Measurements

FaroArm and Laser Tracker measurements allow a determination of beamtube element and
magnet cryostat positions with a precision in the sub millimeter regime.

After calibrating the FaroArm respectively the Laser Tracker with four reference points
located in stationary positions inside the hall, points on the surface of components can be
measured.

With measured points rings and planes can be defined. For rings several points around
circular beamtube elements or inside the circular holes of magnet cryostats are measured.
Afterwards points at a flange or the planar end of the cryostat are measured to define a
plane. The circle can then be projected on the plane to calculate the wanted center point
of the object at the end of the element.

Positions of beamtube elements and magnet cryostats in the KATRIN hall were measured
via laser tracker and FaroArm. From the center points of the upstream and downstream
sides of the object, tilts and shifts relative to the nominal position and axis could be
calculated.

Some components have been readjusted due to large deviations from nominal positions. For
example the PS was originally placed 2.8mm too high. This would have caused collisions
of the fluxtube and the Penning electrodes of the PS and required a readjustment of the
spectrometer. Table 5.1 shows the shifts and tilts for all components measured by FaroArm
and Laser tracker measurements for the First Light measurement campaign.

33
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Table 5.1.: Results of FaroArm and Laser Tracker measurements throughout the KATRIN
beamline starting from the RS ending with the detector. The DPS beamtubes were not
measured sepeately and are tilted toghether with the magnet cryostats.

Component ∆x ∆y ∆z α β
in mm in mm in mm in ◦ in ◦

RSCM -0.0685 0.1185 -0.874 85.6749 0.0384
WGTS 0.612 -0.058 0.0005 29.0546 -0.0010
DPS M1 cryostat 0.050 -0.150 -0.700 143.7462 0.1199
DPS M2 cryostat -0.026 -0.165 0.983 -31.9837 0.0354
DPS M3 cryostat -0.688 -0.443 0.522 -1.4168 0.3675
DPS M4 cryostat -0.125 -0.277 0.088 61.6933 0.2703
DPS M5 cryostat -0.330 -0.003 1.098 6.6724 -0.0092
CPS cryostat -0.170 0.084 0.509 15.9802 0.0022
PS1 cryostat -0.050 0.325 -5.900 98.3151 0.1344
PS 0.600 -0.450 -0.450 63.4349 0.0109
PS2 cryostat 0.000 1.100 2.300 59.0362 0.1194
Pinch magnet cryostat 0.748 0.491 0.000 166.8908 0.0303
Detector system 0.048 1.611 8.3735 -131.6471 0.0625
Detector magnet cryostat -0.477 1.226 2.406 -106.5476 0.0590

5.1.2. Magnetic Field Measurements

The position and alignment of magnet coils inside the cryostat can be determined by
investigating the magnetic field on the upstream and downstream side of the cryostat.

A Hall effect magnetometer (Lake Shore 460 3-Channel Gaussmeter) was used to measure
the magnetic field. To get reproducible results, an aluminum plate was screwed to each end
of the cryostat. The aluminum plate has a 200mm diameter hole, in which a rotatable PVC
ring disc is embedded. Steps of 22.5◦ are labeled on the aluminum plate. The Hall effect
magnetometer can be fixed at three adapted square holes with different radial displacements
from the center. For this measurements only the square hole with the largest radius was
used. A photography of the Hall effect magnetometer mounted to the holding structure is
shown in figure 5.1.

To take possible systematic effects due to an asymmetry of the aluminum plate into account,
the plate was mounted upside down for a second series of measurements. All values for the
measurement at the Pinch magnet can be found in the appendix A.

In a perfectly aligned case, the magnetic field would be identical in all azimuthal positions.
With a misalignment, a sine shaped variation of the measured field can be observed. Figure
5.2 shows an exemplary sine fit to the data measured on the upstream side of the Pinch
magnet with the pinch magnet energized and the detector magnet switched off. A sine
shape can be identified.

Due to the large uncertainties on the result of α, β, γ, ∆x and ∆y only a found ∆z-shift
of 2mm of the Pinch magnet coil was implemented into the Kassiopeia geometries. For
further analysis with smaller uncertainties of the other shifts and tilts a simulation based
analysis would be required. For a detailed description of the measurement and analysis see
[Mue14]. Values for the DPS coil position were taken from [Gla15], values for the PS1 and
PS2 magnet from [Ada15].
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Figure 5.1.: Hall effect magnetometer of the Lake Shore 460 3-Channel Gaussmeter
installed into an assembly of a rotatable PVC disk in an aluminum plate. The assembly
is installed to the magnet cryostats to measure the alignment of the magnet coil inside
the cryostat.

Figure 5.2.: Exemplary sine fit to pinch magnet alignment data for the measurement
with BPinch = 3T and BDet = 0T at the upstream side of the pinch magnet with the
aluminum plate attached upside down. The uncertainty on the measured B-field specified
by the manufacturer is 0.6% from the measured value, the angular was estimated at ±2◦

5.1.3. WGTS Beamtube Alignment

The WGTS beamtube alignment was measured with a measuring probe called “pig” that
was pulled through the WGTS beamtube on a thread. The pig is a cylinder in witch the
ball with the mirror for laser tracker measurements was placed. Since the thread was pulled
by hand, the movement was not constant and some spikes appear in the data. In addition
the pig fell into the pump ports between the beamtubes which causes peaks as well.
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Figure 5.3.: WGTS alignment measurement data for the x-direction as measured with
the pig system. For the correction, the tilt of the WGTS cryostat was relative to its
nominal position was substracted.
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Figure 5.4.: WGTS alignment measurement data for the y-direction as measured with
the pig system.

The data from this measurement is plotted in figure 5.3 for the x direction and figure 5.4 for
y direction. To analyze the tilts the measured values were corrected by the tilt of the whole
WGTS cryostat which was measured via Laser Tracker in advance. In addition the bad
readings of the pig fell in reagions of pump ports are not taken into account. From linear
regressions for all beamtube elements separately the shifts and tilts could be calculated.
Table 5.2 shows the results of these calculations.

5.2. FPD Alignment

The detector vacuum chamber is a more complex system that consists of two nested vacuum
chambers, the PAE, the pinch magnet and the detector magnet. Based on FaroArm
measurements the cryostats and the outer surfaces of the vacuum chambers, it was tried to
align all components as good as possible. However, due to the nested setup and a cooldown
of the PAE by > 100◦ the exact position of the detector wafer inside the chamber can not
be measured directly.
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Table 5.2.: WGTS beamtube alignment. Beamtubes from upstream to downstream side.
Beamtubes 1, 2 and 3 are treated as one beamtube.

Beamtube ∆x ∆y α β
in mm in mm in ◦ in ◦

WGTS BT5 -0.2960 0.9866 42.1216 -0.0290
WGTS BT4 -0.5063 -0.2386 -25.3462 -0.0325
WGTS BT2 -0.2439 -1.1704 -33.4326 -0.0071
WGTS BT7 -0.9399 -1.3696 -31.5954 0.0357
WGTS BT6 -0.6298 -1.0194 -65.563 0.0393

To test the position of the detector wafer in reference to the detector system a radioactive
americium 241Am source can be mounted on a so-called alignment flange that is installed
on the upstream end of the detector system when operated in stand-alone mode.

The alignment flange is made of stainless steel and has five boreholes, one in the middle
and four on a circle in 90◦ steps. The 241Am source can be installed into each hole. Figure
5.5 shows the combined pixel view for measurements with the source installed at all five
positions. By fitting a ring to the outer four spots and calculating the center of the ring,
the alignment can be tested. In the ideal case, the ring center would be at 0.0mm in both
x- and y-direction. In figure 5.6 (upper row) the results of the ring fit can be seen. It shows
a misalignment of 1.25mm in each x- and y-direction.

After moving the the detector chamber 1.2mm horizontally along the x-axis and 1.0mm
(east) respectively 0.7mm (west) upwards to correct for this misalignment, a second
measurement was performed. Figure 5.6 (lower row) shows the ring fit after the adjustment.
The misalignment could be decreased to -0.25mm in x-direction and 0.25mm in y-direction.

During these measurements, the detector system was fully assembled. However, to move
the system towards the MS and to establish the connection of the beamline some parts of
the system had to be removed. That means, that the results of this measurement are only
in parts representative for the actual alignment of the detector system to the MS.

A second large uncertainty is the tilt of the PAE. Former measurements found a tilt of the
PAE of α = −90.0◦ and β = −0.1542◦ [Har15]. Another tilt can occur due to the cooling
of the PAE and the detector wafer. Since the PAE is cooled by liquid nitrogen dropping
down the cooling tower (cf. 3.8), the cooling is not homogeneous but stronger on its upper
side. This causes the PAE to shrink more on the upper side leading to a deformation and
a shift of the wafer position. This effect was not yet quantitatively examined.

5.3. MS-FPD Alignment

In strong electrostatic fields electrons from negatively charged surface can tunnel through
the potential barrier into the vacuum. This effect is known as field electron emission [FN28].
The effect occurs at field strengths of 107 Vm−1 and gets dominant at about 108 Vm−1

depending on the geometry of the experimental setup. In the following, this effect will
be used to map the inner surface of the MS (and later in section 5.4 of the PS) onto the
detector to get information about the alignment of the detector to the MS.

5.3.1. MS-FPD Alignment Measurement

An asymmetric magnetic field setting as shown in figure 5.7 was used to map the inner
surface of the MS with its electrode system onto the detector wafer. In this setting the
Pinch magnet was set to BPinch = 4.32T (72%) and the detector magnet to BDet = 2.59T
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Figure 5.5.: Pixel view of the FPD alignment measurement with the americium source.
Five spots corresponding to the five source positions on the alignment flange can be
identified.

Figure 5.6.: Analysis of the FPD alignment measurement with the americium source.
For each pixel, the number of events is spread randomly on the area of the pixel. The left
column shows the ring fits. The numbers in the lower left corner give the ring center (x, y)
and the radius of the ring. The right column shows for each pixel the goodness of a ring
center calculated by a rms analysis. The upper row show the analysis of the measurement
before the adjustment of the detector wafer, the lower row after the adjustment. The
misalignment could be decreased by the adjustment.
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Figure 5.7.: Magnetic field configuration as used in the MS-FPD-alignment measure-
ments. The field lines hit the inner electrode system of the MS. By measuring electrons
emitted from the surface, the inner structures of the MS can be mapped on the detector
and the alignment between MS and FPD can be tested. The red circles mark the holding
structures, where electrons are started from in the simulation.

(72%), the PS magnets were switched off. Additionally three air coils were operated with
switched polarity, AC2 at IAC2 = −50A, AC3 at IAC3 = −40A and AC4 at IAC4 = −30A.
All other air coils were switched off. The whole inner electrode system of the MS was set to
-120V. Due to their geometry, field electron emission takes place on the holding structures
of the electrode system which are marked in figure 5.7. Therefor, rings corresponding to
these holding structures are observed by the detector. A pixel view of the measurement
is shown in figure 5.8. By analyzing the ring centers analog to figure 5.6, it is possible
to make statements on the alignment of the detector wafer relative to the inner electrode
system of the MS. In a situation with perfect alignment between the MS and the detector
wafer the center of the rings should be located in the middle of the detector wafer. The
measurement results indicate a slight shift of the rings of

∆x = −0.25mm ,

∆y = −1.75mm
(5.1)

from the center of the wafer.

5.3.2. MS-FPD Alignment Simulations

After including all data from mechanical alignment measurements in the Kassiopeia ge-
ometry, the simulation of the MS-FPD alignment and a comparison to the measurement
results described in section 5.3 was possible.

Since the MS defines the coordinate system within Kassiopeia and is therefore not shifted,
it was possible to start electrons in the simulation on rings with a radius of 4.67195m at
the z-positions of the electrode structures (z1 = 2.682m, z2 = 4.472m). The innermost
ring was not simulated since this ring was only located on the innermost pixel ring at the
wafer. Due to the large difference between the inner and outer radius of the inner pixel
ring large uncertainties on the result are expected. For the simulation of the two rings 104

electrons were started per ring.
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Figure 5.8.: Pixel view of the MS-FPD-alignment. The observed rings correspond field
emission electrons emitted from the electrode structure of the MS.

Table 5.3.: MS-FPD-alignment results.

ring center x in mm ring center y in mm

inner ring -2.125 -0.375
outer ring -1.375 -0.625
mean -1.75 -0.5
measurement -0.25 -1.75
correction -1.5 1.25

Figure 5.9 shows the results of the simulation with ring fits applied. The ring fits are only
added for a better illustration. The analysis for the simulation is much more accurate when
the information about the final position of the particles is used to calculate the center of
mass rather than using the fit results.

Compared to the measurement, the rings in the simulation are shifted more to the left and
less downwards. This discrepancy can be explained by the fact that the wafer position
is not exactly known as mentioned in section 5.2. For upcoming simulations an effective
correction shift of the wafer position in Kassiopeia are used. These shifts can be calculated
by

xcorrection = xsimulation − xmeasurement (5.2)

and
ycorrection = ysimulation − ymeasurement . (5.3)

The simulation’s results and effective shifts are listed in table 5.3.

After the correction of the wafer position, the simulation was repeated. Figure 5.10 shows
the pixel view of the simulation with the corrected wafer position. The ring center is now
at

x = −0.25mm ,

y = 2.13mm ,
(5.4)

which is in a better agreement with results of the measurement (see equation 5.1).
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Figure 5.9.: Pixel view of the MS-FPD alignment simulation. The rings fitted to the
pixel distribution are just an indicator for the shift, for the analysis the final positions
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Figure 5.10.: MS-FPD-alignment simulation analysis after correction of the wafer
position. The rings could be shifted to the right positions. The filled marker belongs to
the solid line, the empty marker to the dashed line.
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Figure 5.11.: Magnetic field configuration as used in the PS-FPD-alignment measure-
ments. The field lines hit the inner electrode system of the PS. Analog to the MS, the
inner structures of the PS can be mapped onto the detector and the alignment between
PS and FPD can be tested by measuring electrons emitted from the surfaces.

5.4. PS-FPD Alignment

After analyzing the MS-FPD-alignment, the PS-FPD-alignment can be tested. The asym-
metric magnetic field configuration that is used in these measurements is shown in figure
5.11.

5.4.1. PS-FPD Alignment Measurement

Analogous to the MS-FPD-alignment measurements, the electrodes inside the pre-spectrometer
were set on a negative potential, and electrons emitted from specific parts of the electrode
geometry by field electron emission are guided to the detector. The pixel view of the
measurement is shown in figure 5.12. Here among ring shapes some hot spots on the pixels
79, 31, 37 and 109 originating from geometries in the gap between the wire electrodes can
be identified (see figure 3.6). These pixels have to be excluded from the analysis to allow
for correct ring fits.

The innermost ring originates from the solid cone electrode. This is made from full metal
and therefor produces a high rate of electrons. However for alignment studies this ring is
not a convenient indicator since the inner pixels have a large difference between the inner
and outer radius. For this reason a ring fit would result in large uncertainties.

The outer two rings can be assigned to the holding structures at both ends of the cylindrical
part of the wire electrode system. Only these rings were used for the analysis with ring fits.

Another noticeable effect is the in general lower rate on the lower part of the wafer.
Investigations on the origin of this shadowing are still ongoing but it is assumed to come
from an electrostatic charging of the flapper valve between the PS and the MS (see section
6.3).

In the PS-FPD case the analysis with ring fits appeared to be more difficult as in the
MS-FPD case due to the shadow on the lower pixels. In some fits the loading of the pixel
distribution produced a displacement of the fit towards the pixels with higher rate at the
top of the wafer.
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Figure 5.12.: Pixel view of the PS-FPD alignment. Three rings can be identified, the
inner ring with higher rate corresponds to the cone electrode, the outer rings originate
from the holding structures at both ends of the cylindrical part of the wire electrode
system. The hot spots on the pixels 79, 31, 37 and 109 can be assigned to structures in
the gap between the wire electrodes.

To crosscheck the results of the ring fits, the radius of the rings on the detector can be
calculated by using the fact that the magnetic flux Φ = B · A is constant. The value of
Φ at the ends of the cylindrical part of the wire electrode system can be determined by
simulations. Here no misalignments were used.

The resulting radii on the detector are:

rinner,calculated = 30.57mm ,

router,calculated = 38.82mm .
(5.5)

Figure 5.13 shows the ring fits for the measurement. Both rings show a shift to the
bottom-left, with a mean of

∆x = −1.25mm ,

∆y = −2.50mm .
(5.6)

The radii of the ring fits are

rinner,fit = 30.8mm ,

router,fit = 39.2mm
(5.7)

which is in good agreement with the calculated radii in equation 5.5.

5.4.2. PS-FPD Alignment Simulations

To simulate the alignment between PS and FPD electrons were started at both ends of
the cylindrical part of the wire electrode system of the PS. In this case it was not possible
to use a fix radius around the z-axis since the PS is tilted within Kassiopeia. Therefor a
new geometry was added that can be used as a generator surface. It was decided to use
two cylindrical surfaces with a radius of rgenerator = 0.7813m, 0.1mm smaller than the
radius of the cylindrical part of the wire electrode system. In z-direction they were put at
the position of the kink (see figure 5.11) with a distention of 0.1mm towards the middle



44 Simulation of the global beam line alignment of the KATRIN experiment

Figure 5.13.: Ring fits for the measurement of the PS-FPD-alignment for the inner ring
(left) and the outer ring (right).
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Figure 5.14.: PS-FPD-alignment simulation. The pixel distribution is in good agreement
to the measurement. The analysis with ring fits again simply serves to illustrate the shift.
The filled marker belongs to the solid line, the empty marker to the dashed line.

of the PS. The advantage of these generator surfaces is, that they can be shifted and
tilted together with the PS geometry and therefor represent the positions of the holding
structures of the wire electrode system quite well.

For this simulation the corrective shifts of the detector wafer calculated in section 5.3 were
included.

Figure 5.14 shows the pixel view with a ring fit analysis of the simulation. Again the ring
fits are only added for a better illustration, for the analysis the final positions of the tracks
were used to calculate the center of mass.

The analysis provided a shift of

∆xsimulation = 0.13mm ,

∆ysimulation = −1.50mm .
(5.8)

These values deviate sharply from results of the measurement. One possible reason is the
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Table 5.4.: PS-FPD alignment results.

ring center x in mm ring center y in mm

measurement -1.25 -2.50
simulation with corrective wafer shift +0.13 -1.50
simulation without corrective wafer shift -1.76 -0.51

ring fitter used to analyze the measurement results. As described the lower rate on the
lower pixels can influence the weighting of the fitting algorithm.

The corrective shifts of the detector wafer could be the cause of this discrepancy as well. A
rough back calculation to the center without the corrective wafer shift gives results that are
much closer to the measured ones. Thus, it was decided to repeat the simulation without
the corrective detector wafer shift. In this case the shifts of the ring centers are

∆xsimulation,repeated = −1.76mm ,

∆ysimulation,repeated = −0.51mm .
(5.9)

Still these values do not match the results of the measurements in equation 5.6 perfectly.

Table 5.4 summarizes the results of the measurement and the simulations.

A possible reason for the discrepancies between measurement and simulation is the uncer-
tainty of the PS2 magnet tilt. In this setting the magnetic field inside the PS is mainly
defined by the PS2 magnet. A tilt of PS2 would affect the alignment of the field lines relative
to the PS geometry. If the tilt in the simulation is different than in the measurement, the
observed deviation could occur.

Another possible explanation could be an unknown misalignment of the electrode system
inside the PS or the MS.

5.5. Discussion of Uncertainties

As mentioned before, uncertainties from mechanical alignment measurements can not be
taken into account for simulations with Kassiopeia. However differences of shifts and tilts
of magnets between measurement and simulation can cause deviations in the results.

Uncertainties of the FaroArm and laser tracker measurements are expected to be in the
range of about 0.5mm.

The hall probe has an uncertainty of 0.6% on the magnetic field and the angular position
can be adjusted with an error of ±2◦. Results of shifts have an uncertainty ≤ 0.7mm, tilts
of 1◦ [Mue14]. However, the results for the alignment of the DPS magnet coils relative to
the cryostats based on these magnetic field have uncertainties on the euler angle α of ±25◦.
These errors propagate to the results of the simulation.

Results of the measurements and the simulations of the MS-FPD and the PS-FPD alignment
are not in perfect agreement. But due to the large errors on the results of mechanical
alignment measurements it is plausible that the deviation between measurement and
simulation is covered by the uncertainties on the simulation. However, a quantitative
analysis was not carried out in the context of this thesis.





6. Global Beamline Alignment

On October 14th the KATRIN experiment celebrated its “FirstLight” event when for the
first time electrons were guided through the complete 70m long experimental beamline.
This FirstLight event was the starting point of a 7 weeks long measurement campaign with
the full KATRIN beamline in which i.a. the global beamline alignment was tested. In this
chapter first results of these alignment measurements will be presented as well as being
compared to simulations with Kassiopeia.

6.1. First Light Measurement Campaign

During the First Light measurement campaign electrons were generated at the Rear Section
of the experiment and guided along the beamline to the detector. To generate the electrons
two different systems coulf be used. Firstly a UV illumination of the rear wall which is
described in detail in section 6.1.1, and secondly an ion source which was alienated to use
it as an electron gun as it is explained in section 6.1.2. In order to select different fieldlines
along which the electrons are guided through the experiment two magnetic dipole coils
located in the WGTS were used to shift the electron beam (see section 6.1.3.

6.1.1. Rear Wall Illumination

In order to generate low-energy photo electrons across the whole cross-sectional area of the
magnetic fluxtube the gold plated rear wall was illuminated with ultra violet (UV) light.

Figure 6.1 shows the pixel view for a measurement with electrons from UV illumination
of the rear wall. In this measurement all magnets were set to 20% of the nominal field,
while the detector magnet was operated at 26% (14.6A). In this way the whole fluxtube
could be investigated. the low rate on pixels 72 and 85 comes from low energy blocking as
described in section 6.3. On the right side an additional blocking is observed, which is a
sign for collisions of the electrons with the wall of the beamtube. The resulting shifts from
a center of mass analysis for this measurement are

∆xmeasured = 4.30mm ,

∆ymeasured = 6.22mm .
(6.1)

For these simulations the same magnetic field settings were used. With the global KATRIN
beamline implemented in Kassiopeia (see chapter 4) and all known misalignments along the
beamline taken into account it was possible to compare the measurement to the simulation.
The pixel view of the simulation is shown in figure 6.2.

Except missing the shadow on the lower part of the detector, the pixel distribution of the
simulation looks quite similar compared to the measurement result. In both cases the

47
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Figure 6.1.: Measurement of electrons from rear wall illumination. The shadow on the
lower pixels comes again from low energy blocking (see section 6.3)

.

Figure 6.2.: Pixel view for the simulation of electrons generated on the rear wall. The
lower part of the detector wafer indicates a blocking along the beamline. The lower rate
on the bulls eye pixels occurs due to the rear wall hole.

illuminated area on the detector is shifted to the upper left. In the simulation the center of
mass is at

∆xsimulated = −0.85mm ,

∆ysimulated = 3.16mm .
(6.2)

These shifts differ from the measured shifts in equation 6.1. This can be explained by the
fact that in the measurement the rear wall might was not illuminated homogeneously.

However on the bulls eye pixels a lower count rate can be observed. This can be explained
by the rear wall hole, where no electrons were started. In the measurement this effect is not
observed. A possible explanation is given by the geometry of the rear wall. UV light can
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Figure 6.3.: Final z-positions of tracks from rear wall illumination simulation. Several
collisions occur within the CPS and DPS.

Table 6.1.: Increasing count rates after ramping up CPS and DPS magnets from 20%
to 30%. The CPS magnets can only be ramped up together.

magnet count rate before ramping / cps count rate after ramping / cps

CPS 62715 ± 112 64125 ± 113
DPS M5 65275 ± 81 65481 ± 85
DPS M4 65446 ± 81 66592 ± 86
DPS M3 66953 ± 86 67080 ± 82
DPS M2 67187 ± 86 68790 ± 83
DPS M1 68987 ± 88 69010 ± 88

penetrate the rear wall hole, where photo electrons are generated as well. In the simulation
electrons were only started from the rear wall surface.

The simulation also provides data about the final z-position of the particle, when it was
terminatedand therefore about collision points throughout the beamline. Figure 6.3 shows
a histogram with the final z-positions for the simulation of the rear wall illumination.
The main peak located at z ≈ 14m represents the tracks that reached the detector. But
additional collisions throughout the beamline can be observed. The first peak at z ≈ −30m
is a sign for collisions in BT1 of the DPS. Additional collisions appear within all other
DPS beamtubes, with a minimum in BT4, where only few (< 10) collisions are counted.
Likewise collisions inside the CPS occur in beamtubes 1, 2, 3 ,4 and 7. One more peak can
be observed at z ≈ 12m, where the detector ILBV is located.

During a series of measurement the currents of the magnets throughout the beamline were
increased starting at the detector side. During these measurements the count rate on the
detector increased after ramping up the CPS and DPS magnets as shown in table 6.1. This
indicated collisions inside the CPS and DPS as well. Thus, at this point measurement and
simulation are in good agreement.

6.1.2. Eliott as an e-Gun
For the First Light measurement campaign the rear section electron gun was not ready for
operation. Instead an ion source called ELIOTT (ELectron Impact IOn source To Test the
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Figure 6.4.: Measurement of the electron pencil beam from ELIOTT. The hot spot on
pixels 1 and 0 represent the true pin hole electrons. The halo occurs due to the fact that
UV light originating from ionization processes can pass through the rear wall hole, get
scattered back to the front side of the rear wall and produce photo electrons. The shadow
on the lower pixels originates from a low energy blocking along the beamline (see section
6.3)

.

DPS) was installed behind the rear wall to shoot ions through the rear wall hole and to
test the ion retention system along the beamline.

To generate the ions photons from a UV lamp (Hamamatsu L10366 ) are sent through a
MgF2 vacuum window. On this window a titanium and a gold layer are evaporated. In the
gold layer UV photons get absorbed and photo electrons are emitted. The titanium/gold
layer can be set on potential to accelerate the photo electrons. By sending these electrons
through a gas, the gas atoms can get ionized. The produced ions are then accelerated by
a negative potential while the negatively charged electrons are blocked at the same time.
More detailed information about the ion mode of ELIOTT can be found in [Sac15].

During the First Light measurement campaign ELIOTT was also used as an electron gun.
For this setup the photo electrons generated in the gold layer were accelerated towards the
rear wall while no gas was injected into ELIOTT. In the following the electrons passing
through the hole in the rear wall are called “pin hole electrons”, the resulting electron
beam is called “pencil beam”.

In case of a perfectly aligned beamline the pin hole electrons should hit the four bulls eye
pixels of the detector.

Figure 6.4 shows the results of the measurement with the pin hole electron beam from
ELIOTT. As expected, the pixels in the bulls eye are hit by the beam. However the hot
spot is shifted by

∆xmeasured = −1.8mm ,

∆ymeasured = 3.3mm
(6.3)

as determined by a center of mass analysis. Due to the fact that the electrons were guided
through the full 70m-long setup of the KATRIN experiment, this is a rather small deviation
from the center of the detector wafer.

Again the implementations of the global KATRIN beamline and its misalignments in
Kassiopeia that were carried out in the context of this thesis (see chapter 5 were used to
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Figure 6.5.: Pixel view of the simulated pencil beam from ELIOTT.

simulate the electron pencil beam from ELIOTT with Kassiopeia. As a simplification the
electrons were started on a circular plane behind the rear wall. The start radius was set in
a range from 0 to 3mm. Only electrons with radii small enough to pass through the hole
in the rear wall were tracked to the detector while all others were terminated at the rear
wall backside.

Figure 6.5 shows the result of the simulation. The center of mass on the wafer is at

∆xsimulated = 3.1mm ,

∆ysimulated = 2.6mm .
(6.4)

These values deviates significantly from the results of the measurement in equation 6.3.

This deviation can result from different tilts of the magnets in the simulation and in the
experimental setup due to the large uncertainties of the alignment results reported in
chapter 5. Especially a tilt or shift the RSCM cryostat and coil would have a large impact
on the alignment results. The shifts and tilts of the RSCM coil relative to the cryostat
have not been measured. Additionally the alignment of the rear wall relative to the rear
wall chamber was unknown. A misalignment of the rear wall was found recently but could
not be taken into account for simulations in context this thesis.

6.1.3. Dipole coils

During the First Light measurement campaign the dipole coils on the rear side the WGTS
could be used to shift the magnetic fluxtube in x- and y-direction. With the implementations
of the dipole coils in Kassiopeia the same is possible in simulations. Figure 6.6 shows an
exemplary shift of the simulated electron pencil beam from ELIOTT by the dipole coils in
x-direction.

In this measurement the beam was first shifted to hit all four bulls eye pixels. This was
achieved with dipole currents of

Ix = 0.6A ,

Iy = 2.0A .
(6.5)

By varying one of the currents in steps of 2A the beam was then shifted in x- or y-direction.
During this measurement the WGTS magnets M2 and M3 were operated at 15%, all other
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Figure 6.6.: Simulated fieldlines of shifted electron beam from pin hole. The red line
shows the flux tube without shift, the blue line shows the fluxtube shifted by the DPS1-R
dipole coil in x-direction.

magnets on 20%. That creates a bottleneck inside the WGTS. When the pencil beam is
shifted by the dipole coils, at some point it will hit the WGTS beamtube and disappear
from the detector. Within the simulation the bottleneck was not considered.

The radius on the detector as a function of the dipole current was analyzed. The results
of the measurements are shown in figure 6.7 for moving in x-direction from east to west
and in figure 6.8 for moving the beam up and down. As expected linear behavior can
be observed. The drop of values for higher absolute values of the current appears, since
scattered electrons cause a halo when they hit the beamtube inside the WGTS and the
pencil beam disappears from the detector. These values were excluded from the analysis.

This variation of the dipole current was also simulated to check the performance of the
dipole coils in the simulation. The simulation was done twice, with and without including
misalignments. The values for the dipole currents were set identical to the measurement.
This causes an offset in the simulation without misalignments, since the beam is shifted
out of the center. Figures 6.7 respectively 6.8 also show the analysis of the radii on the
detector wafer in dependence of the dipole current for the simulations in x- and y-direction.

As in the measurement a linear behavior occurs. The equations of the linear regressions for
measurement and simulations are listed in table 6.2.

A difference in the slopes for the x- and y-direction in the measured data is remarkable. It
indicates a deviation of the as-built geometry from the design of the coils. In the simulation
all coils have identical geometries. Also, compared to the measurement the slopes are bigger
in the simulation. Simplifications in the dipole coil geometry are probably the cause for
this discrepancy. It is recommended to use a corrective factor ξ for the dipole current with

ξ = ameasurement
asimulation

(6.6)

where ai is the slope of the linear regression and

Isimulation = ξ · Imeasurement . (6.7)
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Figure 6.7.: Analysis of the shift of the pencil beam with dipole coil in x-direction. The
current of the dipole coil in y-direction was set on 2.0A to focus the beam on the center of
the detector in the measurement. For the simulations the same current setting was used,
causing an offset. For higher currents the radius drops, since the pencil beam disappears
from the detector, but scattered electrons cause a halo. These values were excluded from
the analysis.
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Figure 6.8.: Analysis of the shift of the pencil beam with dipole coil in y-direction. The
current of the dipole coil in x-direction was set on 0.6A to focus the beam on the center
the detector in the measurement. For the simulations the same current setting was used,
causing an offset. For higher currents the radius drops, since the pencil beam disappears
from the detector, but scattered electrons cause a halo. These values were excluded from
the analysis.
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Table 6.2.: Analysis of pencil beam movement east and west (x-direction) and up and
down (y-direction) with DPS1-R dipole coils.

negative current positive current

measurement −1.8 mm
A · I + 0.2mm 1.8 mm

A · I
x simulation without misalignment −2.4 mm

A · I − 1.3mm 2.4 mm
A · I + 2.5mm

simulation with misalignment −2.4 mm
A · I + 2.1mm 2.4 mm

A · I − 0.7mm

measurement −2.1 mm
A · I + 3.3mm 1.9 mm

A · I − 3.6mm
y simulation without misalignment −2.3 mm

A · I − 7.9mm 2.4 mm
A · I + 5.2mm

simulation with misalignment −2.4 mm
A · I + 5.6mm 2.4 mm

A · I − 4.1mm

The values for corrective factors ξi for x- and y-direction calculated from the mean absolute
values of the slopes from simulation and measurement are

ξx = 0.75 (6.8)

and
ξy = 0.842 (6.9)

By including these factors the simplifications in the geometries can be used and differences
of the coils in x- and y-direction are compensated.

6.2. Global Alignment
To reach the goal of the KATRIN experiment in terms of sensitivity, β electrons from the
source within a 191Tm2 fluxtube have to be guided to the spectrometer. Additionally the
positions inside the source where the β decay takes place defined the retarding potential.
Hence for a later simulation based analysis of the experimantal data from neutrino mass
measurements a well understood alignment between the source and the detector is necessary.
Therefore the alignment between the rear wall, the WGTS and the detector wafer was
tested during the First Light measurement campaign.

6.2.1. RS-FPD Alignment
The alignment between the rear wall and the detector wafer was tested by analyzing the
position of the pencil beam from ELIOTT on the detector wafer, as already described in
section 6.1.2. The results of the analysis are shown in equations 6.3 for the measurement
and in equation 6.4 for the simulation.

6.2.2. RS-WGTS Alignment
The alignmnet between RS and WGTS can be tested by analyzing the dipole currents at
which the collisions inside the WGTS occurred (see sec. 6.1.3) during the measurement
with the bottleneck. From the measured currents

I+x = 18.0A , I−x = 19.4A ,

I+y = 16.6A , I−y = 21.2A ,
(6.10)

a shift of
∆x = 0.8mm ,

∆y = 1.7mm
(6.11)

was calculated [Hac17]. Since the bottleneck has not been simulated, a comparison of the
simulation to the measurement is not possible. A repetition of the simulation was not
performed, since the inclusion of the rear wall misalignment is recommended to get reliable
results, but not possible yet.



Chapter 6. Global Beamline Alignment 55

Figure 6.9.: Field lines inside the WGTS to investigate the narrow points at the gap
between the WGTS magnets M2 and M3, and the pump port. The field lines shown in
red represent different starting radii. For the analysis simulations with smaller distances
between the starting radii were used.

6.2.3. WGTS-FPD Alignment

The WGTS-FPD alignment can be tested by analyzing the last illuminated pixels before
the beam disappeared when the pencil beam was shifted by the dipole coils (see sec. 6.1.3).
A misalignment between the WGTS center and detector center of

∆x = 0.11mm ,

∆y = −1.61mm .
(6.12)

was found [Hac17]. Just as in section 6.2.2 a comparision to the simulation is not possible
and a reliable simulation can only be performed after including the rear wall alignment.

6.2.4. WGTS alignment simulations

The fluxtube inside the WGTS has a narrow point in the gap between WGTS M2 and
WGTS M3 and at the pump port between M3 and M4. To investigate the fluxtube radius,
for witch collisions within the misaligned WGTS appear, simulations were run.

For these simulations, the currents of WGTS M2 and WGTS M3 were set on 15%, all other
magnets on 20%. Electrons were started in the middle of WGTS M2 at z = −38.87076m
with different starting radii. Figure 6.9 shows a fieldline simulation illustrating the narrow
points for several starting radii. For the analysis, 70 simulations were run each in positive
and negative x-direction with starting radii in a range from 41mm ≤ r ≤ 48mm and 100
each in positive and negative y-direction with 41mm ≤ r ≤ 50mm.

The simulations showed no collisions for start radii for

−43.75mm < r < 44.6mm (6.13)

in x-direction and for

−45.4mm < r < 42.9mm (6.14)
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Figure 6.10.: Pixel view with low energy electrons from UV illumination of the rear
wall. In this measurement the rear wall potential of -50V. Compared to figure 6.1, where
the same settings except the rear wall potential (-110V) were used, a shadow appears.

in y-direction. That means that there are no collisions for a fluxtube with a radius of
42.2mm, what corresponds to a 221Tm2 fluxtube. For the nominal 191Tm2 fluxtube, no
collisions inside the WGTS are expected.

The center of the fluxtube area that has no collisions is at

x = 0.425mm ,

y = −1.25mm .
(6.15)

6.3. Low-Energy Blocking

As mentioned before, a shadow appeared on the detector wafer during the First Light
measurement campaign.

At first a mechanical blocking was considered. If the PS ILBV was not completely open,
it could reach into the fluxtube. This would fit the position of the shadow. But after a
disassambly it turned out not to be the case.

A test with different rear wall potentials and therefore varying electron energies showed,
that the shadow got smaller with increasing electron energy. An exemplary pixel view for
a measurement with electrons from the UV illumination of rear wall is shown in figure 6.10.
For this measurement the same settings were used except the rear wall potential of -50V.
A shadow on the lower part of the detector wafer is observed. At a rear wall potential of
-110V the shadow was almost disappeared as shown in figure 6.1. This behavior suggests
an electrostatic effect.

To localize the position of the blocking the PS ILBV was set on different potential, while
the rear wall potential was held constant. The shadow got smaller for increasing positive
voltage, and bigger for increasing negative voltage. At a rear wall potential of -20V and
the ILBV on +110V the shadow is no longer visible. The position of the shadow on the
lower pixels was the same. That confirms the PS ILBV as source of the shadow.



Chapter 6. Global Beamline Alignment 57

However, a measurement of voltages inside the grounded ILBV showed, that all components
were grounded. So the reason for the blocking is still not finally solved. A theory sees a
magnetization of materials inside the ILBV as the cause of the blocking.

Simulations with Kassiopeia can offer valuable clues to the source of the blocking. At the
moment electrostatic modeling of the ILBV is under way, and thereby simulation are in
preparation.

Fortunately this low energy blocking will have no appreciable effect on the neutrino mass
measurements since the energy of the electrons near the endpoint energy of E0 = 18.6 keV
that will be measured is much higher than the observed potential barrier.





7. Summary and Outlook

The KArlsruhe TRItium Neutrino (KATRIN) experiment aims to determine the effective
mass of the electron anti-neutrino mν̄e in a model-independent way with a sensitivity of

mν = 0.2 eV/c2 (90 % C.L.) . (7.1)

After celebrating the KATRIN First Light event on October 14th 2016 an extended mea-
surement campaign was carried out with the full 70m long beamline. In this context the
alignment of the global beamline was studied in detail. The alignment of the beamline
is important the transport of β electrons from the tritium source to the spectrometer is
essential to reach the goal in terms of sensitivity. Additionally simulations need to be
compared to the measurements to study the positions of the decay inside the source. This
is necessary to determine the retarding potential. The implementation of a full geometric
model of the KATRIN beamline into the simulation software package Kassiopeia was the
main focus of the thesis.

The implemented geometry model contains all beamtube and magnet elements of the full
KATRIN beamline. A feature of the new geometry structure is the ability to perform
shifts and tilts for each element. This allows to include alignment data from different
measurement techniques like mechanical alignment and magnetic field measurements to
the simulation. The user access to the alignment data is made as user friendly as possible.
By defining the phase of the measurement that is to be simulated, matching data for
each component can be accessed. This will be important to get information from later
simulations about the source in the experiment.

During the First Light measurement campaign several alignment measurements were carried
out. For this purpose two electron sources were available on the rear side of the experimental
beamline: Firstly low-energy electrons could be generated across the full magnetic flux
tube via the photoelectric effect on ultraviolet (UV) illuminated the rear wall of the
source. Secondly an ion source called ELIOTT could be alienated to generate an electron
pencil beam. The latter could be moved across the flux tube by two magnetic dipole
coils located at the rear part of the source cryostat. In this thesis, both types of electron
sources were simulated with comparable settings and by using the full KATRIN beamline
model as implemented in Kassiopeia. For the simulation of the UV illumination the pixel
distributions on the detector was in good agreement with the measurement. However, a
center of mass analysis delivered different results due to a inhomogeneous UV illumination
in the experiment. In the simulation the shift of the pencil beam on the detector wafer
differed from the measurement:

∆xmeasured = −1.8mm , ∆xsimulated = 3.1mm ,

∆ymeasured = 3.3mm , ∆ysimulated = 2.6mm .
(7.2)

This deviation most likely occurs due to uncertainties on the alignment of magnet and
beamtube elements along the beamline, that can not be taken into account within the
simulations.
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Global alignment measurements were performed during the First Light measurement
campaign showing misalignmens between the rear end of the experiment, the source and the
detector. Reliable simulation were not yet possible due to a recently found misalignment of
the rear wall, that could not be taken into account for this thesis. Further simulations are
recommended after this misalignment is included within Kassiopeia.

The geometry model also needs to be extended to cover electrostatic calculations. This is
for instance important to study an electrostatic blocking that was observed during First
Light. Future simulation based studies are prepared to solve it. However this blocking will
not have an influence on neutrino mass measurements since the blocking only appears for
much lower electron energies.

In a next step the storage of the alignment data will be moved to a database. In this
way, only a timestamp or run number will be needed to access the proper geometries for a
simulation.



Appendix

A. Pinch Magnet Field Measurements

On the next pages, the measured values for the pinch magnet coil alignment are listed.
Different magnetic fields in the pinch magnet and the detector magnet were set:

• pinch magnet on 0T and detector magnet on 1.8T,

• pinch magnet on 3T and detector magnet on 1.8T,

• pinch magnet on 3T and detector magnet on 0T and

• pinch magnet on 0T and detector magnet on 0T.

For each setting the magnetic field was measured on the upstream and the downstream
side of the cryostat with top and bottom orientation of the hall probe.
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Table A.1.: Pinch Magnet: 0T; Detector Magnet: 1.8T; upstream side of the pinch
magnet cryostat

.

top bottom

φ in ◦ Bx in T By in mT Bz in T Bx in T By in mT Bz in T

0.0 -0.0002 -0.0026 -0.0077 -0.00010 -0.0082 -0.0077
22.5 -0.0002 -0.0217 -0.0077 -0.00015 -0.0261 -0.0077
45.0 -0.0002 -0.0446 -0.0077 -0.00015 -0.0481 -0.0077
67.5 -0.0002 -0.0640 -0.0077 -0.00020 -0.0648 -0.0077
90.0 -0.0002 -0.0733 -0.0077 -0.00020 -0.0733 -0.0077
112.5 -0.0002 -0.0738 -0.0077 -0.00020 -0.0728 -0.0077
135.0 -0.0002 -0.0662 -0.0077 -0.00030 -0.0635 -0.0077
157.5 -0.0002 -0.0501 -0.0077 -0.00030 -0.4580 -0.0077
180.0 -0.0003 -0.0222 -0.0077 -0.00030 -0.0205 -0.0077
202.5 -0.0003 -0.0073 -0.0077 -0.00030 -0.0073 -0.0077
225.0 -0.0003 0.0274 -0.0077 -0.00030 0.0261 -0.0077
247.5 -0.0002 0.0391 -0.0077 -0.00020 0.0379 -0.0077
270.0 -0.0002 0.0464 -0.0077 -0.00020 0.0433 -0.0077
292.5 -0.0002 0.0454 -0.0077 -0.00020 0.0389 -0.0077
315.0 -0.0002 0.0352 -0.0077 -0.00020 0.0266 -0.0077
337.5 -0.0002 0.0172 -0.0077 -0.00015 0.0088 -0.0077
360.0 -0.0002 0.0022 -0.0077 -0.00015 0.0085 -0.0077

Table A.2.: Pinch Magnet: 0T; Detector Magnet: 1.8T; downstream side of the pinch
magnet cryostat

.

top bottom

φ in ◦ Bx in T By in mT Bz in T Bx in T By in mT Bz in T

0.0 -0.0049 0.5882 0.0394 -0.0046 0.5835 0.03950
22.5 -0.0050 0.6925 0.0394 -0.0047 0.6915 0.03940
45.0 -0.0050 0.7765 0.0394 -0.0046 0.7724 0.03940
67.5 -0.0049 0.8150 0.0394 -0.0046 0.8002 0.03950
90.0 -0.0049 0.8171 0.0395 -0.0046 0.8085 0.03950
112.5 -0.0049 0.8386 0.0395 -0.0046 0.8191 0.03950
135.0 -0.0049 0.8697 0.0395 -0.0046 0.8384 0.03955
157.5 -0.0049 0.9402 0.0396 -0.0046 0.9079 0.03960
180.0 -0.0048 0.9270 0.0396 -0.0045 0.9066 0.03960
202.5 -0.0047 0.9015 0.0396 -0.0044 0.8941 0.03960
225.0 -0.0047 0.8668 0.0396 -0.0044 0.8623 0.03970
247.5 -0.0046 0.7718 0.0397 -0.0043 0.7793 0.03970
270.0 -0.0045 0.6830 0.0397 -0.0043 0.6632 0.03970
292.5 -0.0046 0.4891 0.0396 -0.0044 0.5579 0.03960
315.0 -0.0051 0.4786 0.0395 -0.0045 0.5069 0.03960
337.5 -0.0051 0.5265 0.0398 -0.0046 0.5302 0.03950
360.0 -0.0051 0.6175 0.0394 -0.0046 0.6602 0.03950
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Table A.3.: Pinch Magnet: 3T; Detector Magnet: 1.8T; upstream side of the pinch
magnet cryostat

.

top bottom

φ in ◦ Bx in T By in mT Bz in T Bx in T By in mT Bz in T

0.0 -0.1647 21.257 -0.7096 -0.1644 20.633 -0.7096
22.5 -0.1641 22.202 -0.7099 -0.1638 21.394 -0.7099
45.0 -0.1633 22.585 -0.7105 -0.1633 21.841 -0.7103
67.5 -0.1628 22.599 -0.7108 -0.1631 21.949 -0.7105
90.0 -0.1623 22.160 -0.7111 -0.1625 21.942 -0.7109
112.5 -0.1619 21.615 -0.7114 -0.1621 21.659 -0.7112
135.0 -0.1614 21.210 -0.7118 -0.1615 21.325 -0.7117
157.5 -0.1615 20.650 -0.7116 -0.1615 20.854 -0.7116
180.0 -0.1613 20.109 -0.7118 -0.1612 20.660 -0.7118
202.5 -0.1616 19.501 -0.7114 -0.1613 20.343 -0.7116
225.0 -0.1618 19.254 -0.7112 -0.1619 19.899 -0.7111
247.5 -0.1629 18.910 -0.7105 -0.1629 19.267 -0.7106
270.0 -0.1634 18.776 -0.7101 -0.1635 19.024 -0.7102
292.5 -0.1639 18.899 -0.7100 -0.1639 18.617 -0.7100
315.0 -0.1647 19.303 -0.7095 -0.1648 19.288 -0.7096
337.5 -0.1647 20.090 -0.7096 -0.1652 19.985 -0.7095
360.0 -0.1646 21.234 -0.7097 -0.1653 21.059 -0.7095

Table A.4.: Pinch Magnet: 3T; Detector Magnet: 1.8T; downstream side of the pinch
magnet cryostat

.

top bottom

φ in ◦ Bx in T By in mT Bz in T Bx in T By in mT Bz in T

0.00 0.1662 -14.345 0.7534 0.1666 -12.915 0.7534
22.5 0.1666 -15.005 0.7535 0.1670 -13.910 0.7534
45.0 0.1663 -15.765 0.7537 0.1668 -14.523 0.7537
67.5 0.1662 -16.668 0.7539 0.1662 -15.371 0.7540
90.0 0.1653 -17.365 0.7541 0.1653 -15.931 0.7542
112.5 0.1635 -17.207 0.7545 0.1646 -16.200 0.7544
135.0 0.1630 -16.713 0.7546 0.1637 -15.857 0.7547
157.5 0.1629 -16.152 0.7548 0.1633 -14.982 0.7547
180.0 0.1628 -15.487 0.7548 0.1630 -14.374 0.7550
202.5 0.1625 -14.969 0.7550 0.1624 -14.145 0.7550
225.0 0.1625 -14.142 0.7550 0.1628 -13.092 0.7550
247.5 0.1634 -13.715 0.7546 0.1635 -12.693 0.7547
270.0 0.1639 -13.444 0.7543 0.1640 -12.377 0.7544
292.5 0.1648 -12.837 0.7536 0.1642 -12.190 0.7542
315.0 0.1650 -13.430 0.7538 0.1645 -12.071 0.7539
337.5 0.1653 -13.587 0.7536 0.1656 -12.264 0.7571
360.0 0.1663 -14.046 0.7534 0.1663 -12.824 0.7535
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Table A.5.: Pinch Magnet: 3T; Detector Magnet: 0T; upstream side of the pinch
magnet cryostat

.

top bottom

φ in ◦ Bx in T By in mT Bz in T Bx in T By in mT Bz in T

0.00 -0.1659 21.302 -0.7016 -0.1673 20.859 -0.7013
22.5 -0.1653 22.204 -0.7020 -0.1669 21.688 -0.7016
45.0 -0.1649 22.571 -0.7024 -0.1665 22.034 -0.7018
67.5 -0.1644 22.564 -0.7027 -0.1661 22.228 -0.7022
90.0 -0.1638 22.328 -0.7031 -0.1655 22.149 -0.7026
112.5 -0.1634 21.770 -0.7035 -0.1650 21.767 -0.7030
135.0 -0.1630 21.100 -0.7037 -0.1645 21.398 -0.7033
157.5 -0.1631 20.650 -0.7036 -0.1642 21.069 -0.7034
180.0 -0.1633 20.568 -0.7034 -0.1643 20.804 -0.7033
202.5 -0.1633 20.211 -0.7033 -0.1644 20.410 -0.7032
225.0 -0.1633 19.562 -0.7031 -0.1649 19.779 -0.7026
247.5 -0.1643 19.167 -0.7025 -0.1650 19.349 -0.7025
270.0 -0.1649 19.048 -0.7020 -0.1654 19.001 -0.7022
292.5 -0.1655 19.087 -0.7017 -0.1660 18.833 -0.7019
315.0 -0.1661 19.646 -0.7015 -0.1665 18.994 -0.7016
337.5 -0.1660 20.336 -0.7015 -0.1672 19.645 -0.7013
360.0 -0.1661 21.370 -0.7016 -0.1673 20.892 -0.7013

Table A.6.: Pinch Magnet: 3T; Detector Magnet: 0T; downstream side of the pinch
magnet cryostat

.

top bottom

φ in ◦ Bx in T By in mT Bz in T Bx in T By in mT Bz in T

0.00 0.1658 -13.057 0.7137 0.1686 -12.788 0.7131
22.5 0.1658 -14.200 0.7140 0.1689 -13.511 0.7132
45.0 0.1660 -15.028 0.7142 0.1687 -14.446 0.7134
67.5 0.1655 -16.031 0.7143 0.1679 -15.294 0.7136
90.0 0.1649 -16.643 0.7145 0.1679 -15.869 0.7138
112.5 0.1637 -16.700 0.7147 0.1668 -16.005 0.7140
135.0 0.1628 -16.235 0.7149 0.1660 -15.707 0.7142
157.5 0.1620 -15.370 0.7150 0.1649 -14.303 0.7142
180.0 0.1622 -14.970 0.7150 0.1651 -13.734 0.7140
202.5 0.1622 -14.695 0.7149 0.1648 -13.982 0.7144
225.0 0.1634 -14.173 0.7147 0.1650 -13.109 0.7144
247.5 0.1642 -13.551 0.7144 0.1655 -12.580 0.7141
270.0 0.1647 -13.273 0.7141 0.1662 -12.196 0.7137
292.5 0.1652 -13.040 0.7139 0.1669 -11.895 0.7134
315.0 0.1651 -12.912 0.7138 0.1652 -11.673 0.7138
337.5 0.1655 -12.690 0.7138 0.1662 -11.778 0.7134
360.0 0.1664 -13.115 0.7136 0.1667 -12.792 0.7135
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Table A.7.: Pinch Magnet: 0T; Detector Magnet: 0T; upstream side of the pinch
magnet cryostat

.

top bottom

φ in ◦ Bx in µT By in µT Bz in µT Bx in µT By in µT Bz in µT

0.00 19 153 -20 17 153 -19
22.5 28 153 -19 26 153 -20
45.0 39 150 -19 37 152 -20
67.5 50 143 -19 48 144 -20
90.0 58 130 -19 56 132 -20

112.5 60 114 -20 58 114 -19
135.0 54 97 -20 53 98 -19
157.5 42 83 -20 41 84 -19
180.0 23 75 -20 23 76 -19
202.5 2 78 -20 2 78 -19
225.0 -14 91 -21 -15 91 -20
247.5 -21 108 -22 -21 108 -21
270.0 -21 125 -22 -22 124 -21
292.5 -14 139 -21 -15 139 -21
315.0 -4 148 -20 -5 148 -20
337.5 8 152 -20 6 153 -19
360.0 18 153 -19 16 153 -19

Table A.8.: Pinch Magnet: 0T; Detector Magnet: 0T; downstream side of the pinch
magnet cryostat

.

top bottom

φ in ◦ Bx in µT By in µT Bz in µT Bx in µT By in µT Bz in µT

0.00 -45 -54 307 -55 -55 307
22.5 15 -72 301 16 -72 302
45.0 53 -111 294 54 -112 293
67.5 68 -158 287 68 -158 287
90.0 64 -205 280 64 -205 282

112.5 45 -239 277 44 -240 277
135.0 15 -262 275 15 -262 275
157.5 -11 -273 273 -14 -275 274
180.0 -30 -277 267 -35 -278 268
202.5 -58 -277 257 -59 -276 259
225.0 -83 -269 252 -85 -267 254
247.5 -109 -256 250 -110 -255 250
270.0 -139 -230 251 -140 -230 254
292.5 -160 -187 263 -161 -188 263
315.0 -157 -126 283 -158 -131 283
337.5 -115 -74 301 -116 -81 301
360.0 -50 -54 306 -50 -62 307
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