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1 Introduction 1

1 Introduction

Although the postulation of the neutrino by W. Pauli [Pau64] dates back more than 90 years,
the determination of the fundamental properties of this elementary particle remains one of
the most difficult tasks of modern physics. Being the most abundant discovered particle in
the universe, neutrinos could provide information about important cosmological events such
as early structure formation. Several Nobel Prizes have been awarded to scientists in the field
of neutrino physics, such as Frederick Reines for the first experimental observation [Nob95]
in 1995 or, most recently, Arthur B. McDonald and Takaaki Kajita for the discovery of neu-
trino oscillations |[Nob15]. The latter phenomenon shows that neutrinos possess a non-zero
mass, which contradicts early predictions of the Standard Model of particle physics. Despite
numerous collaborative efforts using different approaches, the absolute neutrino mass is yet

to be measured.

The Karlsruhe Tritium Neutrino Experiment (KATRIN) aims at determining the electron
neutrino mass with a sensitivity of 0.2 eV/c? (90% C.L.) from a precision measurement
of the tritium B-decay spectrum [Ang+05]. Its world-leading model-independent approach

recently set a new upper limit on the neutrino mass of [KAT22]
m(v) < 0.8eV/c? (90% C.L.),

which significantly improves the results of its predecessor experiments Mainz and Troitsk
[Kra+05} |Ase+11|. To achieve the sensitivity goal, a thorough understanding and minimiza-
tion of its background components as well as its systematic uncertainties is required. The goal
of this thesis is to support the development of two crucial technologies that aim at improving

KATRIN’s sensitivity.

One of the leading systematic uncertainties is connected to inelastic electron scattering inside
the tritium source [Mac20|. To investigate the energy loss function at energies up to 32keV
a new electron source, which is able to sustain the required voltages, has been developed
and commissioning measurements were performed. The measurement environment with an

off-axis detector required a shift of the electron beam via non-axial magnetic fields. Hence, in
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this thesis particle tracking simulations are presented to support the evidence of the function-
ality of the electron source as well as understand the impact of the altered electromagnetic

field configuration.

In contrast to this, one of the dominant backgrounds identified at KATRIN is the ioniza-
tion of highly-excited Rydberg atoms inside the main spectrometer [Fra+22; Trol8]. As the
electrons emitted by ionized Rydberg atoms - in contrast to most signal electrons from tritium
[3-decay - possess only a small transverse momentum relative to the magnetic guiding field,
an angular-selective detector might be able to distinguish between this specific background
and actual signal. In order to test this novel detection technique, active transverse energy
filter (aTEF) prototypes consisting of microstructured Si p-i-n diodes are investigated in a
test setup in Miinster. This thesis focuses on the accompanying particle tracking simulations
which are not only essential for the analysis and interpretation of measurement data but also

help to optimize the setup.

The thesis is structured as follows:

Chapter [2| gives an introduction to neutrino physics, discussing selected experiments and
motivating the KATRIN experiment. The KATRIN experiment and important related con-
cepts are introduced in chapter [3] The simulation software Kassiopeia, as well as the used
configurations, are presented in chapter 4l With this as basis, particle tracking simulations
regarding the commissioning measurements of the new electron source and the test setup for
the diode prototypes are shown in chapters [f] and [} Eventually, chapter [7] concludes the

thesis and gives an outlook.
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2 Neutrino Physics

The theoretical description of neutrinos remains an active field of research. Despite nearing
a century since the particle’s postulation in the 1930’s, basic properties such as the hierarchy
of mass states and the absolute mass scale are still left to be observed. This chapter shall
give a brief introduction to the history of neutrino physics, including the theoretical concept
and important experimental observations.

Therefore, section discusses the experimental discovery of the three neutrino flavors.
Section presents the concept of neutrino oscillation, which implies that neutrinos possess
a non-zero mass. Hence, section introduces different concepts to experimentally determine

the neutrino mass.

2.1 Postulation and experimental discovery

Having been familiar with the discrete spectra following «- and y-decays, the observation of
a continuous energy spectrum of electrons resulting from a (3-decay by J. Chadwick in 1914
[Chal4] was a surprise at first. As only an electron and the corresponding daughter nucleus
of the decay was detectable, the p-decay was also considered to be a two-body decay. This
supposition, however, was not reconcilable with the measured spectra, as it would violate the
conservation of energy.

To solve this mystery, Wolfgang Pauli proposed in 1930 [Pau64] the existence of an additional
particle taking part in the (3-decay. Enrico Fermi adopted this idea and later formulated the
“Fermi theory of beta decay” [Fer34] in which he also manifested the name “neutrino”.

Due to the small interaction cross-section of the neutrino, the first experimental confirmation
of its existence came only in 1956 with the Reines-Cowan neutrino experiment [RC53|. Here,

the very distinct signature of the inverse beta decay
v+p—nte (2.1)

together with a large neutrino flux from a nuclear reactor was used. In more detail, the

emitted positron annihilates quickly with a nearby electron, creating two gamma rays of
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511keV each in opposite directions. The neutron is (after moderation) captured by a cad-
mium atom from the surrounding scintillator material, which, in turn, releases an additional
third photon. A coincidence between the two back-to-back emitted photons and the subse-
quent neutron capture decay photon made it possible to distinguish this rare process from
background. Following the success of the experiment, Frederick Reines was awarded with the
Nobel Prize in 1995.

The discovery of the neutrino built the foundation for a wide variety of experiments. Impor-
tant for later discussion in this chapter are the experimental discoveries of the muon neutrino
[Dan+62| as well as the tau neutrino [Kod+01], proving that there is more than one family
of neutrinos.

In 1962 a group of scientists led by L. M. Lederman, M. Schwartz and J. Steinberger at the
Brookhaven National Laboratory shot a proton beam at a beryllium target. The collisions

produced a shower of pi-mesons, which decayed via
T = w4 (/7). (2.2)

A 13m thick steel shielding extracted the rarely interacting neutrinos from the particle
shower. A few of the transmitted neutrinos then reacted with matter inside a spark chamber.
The photographs of these interactions showed distinct particle tracks, indicating the produc-
tion of muons rather than electrons, which would create electromagnetic showers, producing
more particles in the process. The muon neutrino was discovered. The three scientists were
awarded the Nobel Prize in 1988, not only due to their discovery, but also for being the first
group to produce a high-energy neutrino beam.

With the discovery of the tau lepton in 1975 [Per+-75] the existence of its associated neutrino
was also postulated. However, it took until the year 2000 that its existence could be veri-
fied via direct measurement. The DONUT (Direct Observation of a Nu Tau) experiment at
Fermilab [Kod+01] used a similar approach to the one used at Brookhaven, which involved
an accelerator induced neutrino beam. A total of nine v,-events were reported in the final

publication in 2008 [Kod+0§| confirming the existence of three neutrino families.

2.2 Neutrino oscillation

Knowing that neutrinos interact by inverse (3-decay, another experiment was conducted at
Brookhaven Laboratory between 1965 and 1967 with the goal of measuring the solar neutrino

flux [Cle+98]. To minimize background by cosmic radiation, the experiment was based in the
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Homestake mine, about 1500 m underground. It featured a 400.0001 tank of perchloroethylene

making it possible to detect neutrinos via
Ve +37Cl = 3"Ar 4 e, (2.3)

A chlorine based experiment had many advantages, such as the affordability of the liquid as
well as the noble gas characteristics of the produced Argon, which made it easy to extract.

The Homestake experiment [Cle+98|, however, found only a third of the predicted number of
solar neutrinos. This result was confirmed by other radiochemical experiments, for instance
Gallex in 1999 [Ham+99] and SAGE in 2009 [Abd+09]. The result became famous as the
so-called “solar neutrino problem”, which to this day, shapes our understanding of neutrinos.
The emergence of water Cherenkov detectors was an important asset to the understanding of
this phenomenon. In 1999, the Sudbury Neutrino Observatory (SNO) |[Aha+13|, a Cherenkov
detector filled with 1000 t of heavy water (D20), began data taking. The usage of heavy water

was particularly beneficial as the three interaction channels

Up+€ — vy +e€ (Elastic Scattering),
Vet+d—p+p+e (Charged Current),
Vp+d—vg+p+n (Neutral Current)

enabled the detection of all neutrino flavors (ve, vy, vr).

The two important results from this experiment are, on the one hand, the good agreement
with the data of the Homestake experiment and, on the other hand, the observed total
neutrino flux matching the theoretical predictions. The latter was - in combination with our
knowledge that muon and tau neutrinos are not produced in the sun - a confirmation of the
longstanding theory of B. Pontecorvo [Pon58| in which he explains the possibility of neutrino
oscillation.

This term implies that a neutrino emitted in a weak interaction with a particular flavor v; can
be detected, carrying a different flavor v;. For this to happen neutrinos need to be massive
particles, which propagate as mass eigenstates vy, vo and r3. The relation between the
two bases is described mathematically via the unitary Pontecorvo-Maki—Nakagawa—Sakata

(PMNS) matrix [MNS62]

Ve U Ue Ues v
Yy = Uul U,u2 Uu3 ) V2 : (24)

vr Ui Ura Uz v3
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Therefore, when a neutrino is created in a weak interaction process, its state can be described
by the coherent linear superposition of mass eigenstates and, analogously, the time evolution
of its wavefunction is given by the time evolution of the mass eigenstates [Thol3]. Conse-
quently, it is reasonable to formulate the survival probability of a flavor eigenstate, where

one finds exemplarily for the electron neutrino

P(ve = ve) =1 — 4|Uu1|? |Usa|? sin® Agy
— 4|Ua|? |Ues|? sin® Agy (2.5)
— 4 |U62|2 |U63|2 sin2 A32

with

A (mJQ — mf) L
TR

(2.6)
where m; and m; are the masses of the corresponding mass eigenstates, L denotes the flight
distance and F, is the kinetic energy of the neutrino. Here, it is also obvious that phase
differences between the mass eigenstates only develop if Amj; = m; —m; # 0. It is thereby
possible to measure - along with the other oscillation parameters of the PMNS matrix which
shall not be covered here - the differences of the squared neutrino masses.

There are two different approaches to determining the PMNS matrix elements. Knowing the
neutrino flux from the respective source, appearance experiments search for flavors which have
not initially been present in the beam, while disappearance experiments are sensitive to the
flavor that is emitted from the source. Important to note here is that the oscillation length
depends on L/E,, thus the distance of the experiment to the neutrino source with respect
to the neutrino energy determines whether it is sensitive to appearance or disappearance.
Neutrino oscillation experiments can therefore be categorized by their neutrino source and
distance. For example, short-baseline reactor experiments (e.g. Daya Bay [Lu+20]), operate
at differences on the scale of O(1) km and are sensitive to Am3,, whereas long-baseline reactor
experiments (e.g. KamLAND |Gan+11]), which are located at distances of O(100) km, are
sensitive to Am3,. Measurements of solar or atmospheric neutrinos, as well as neutrinos
originating from accelerators, can also contribute to determining the mass splittings.

From these measurements emerge two possible mass orderings. In normal ordering (NO) one
finds ms3 > mg > m; while the inverted ordering is mg > my > mg (10). The best fit values
from a global fit of many oscillation experiments by de Salas et al. [Sal+21], published in
2020, are depicted in table
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Table 2.1: Best fit values of the neutrino mass splittings taken from [Sal+21].

parameter best fit value +10
Am3, 7.5010:22 10 %eV?
|Am3,| (NO) 2.5570-02 10 3eV?
|Am,| (10) 2.451063 107 3eV?

2.3 Neutrino mass experiments

Oscillation experiments described in section are not able to measure the absolute mass
scale of neutrinos and, thus, are not capable of investigating the neutrino mass hierarchy.
However, these experiments give clear signs towards beyond the Standard Model physics
(BSM). As neutrinos are the most abundant particle in the universe, knowledge of this prop-
erty is key to understanding the fundamentals of our universe. In recent years, there have
been several efforts to determine the absolute neutrino mass scale, yet so far only upper limits

have been formulated.

One field that could give access to the neutrino mass is cosmology. Several experiments,
such as the measurement of anisotropies in the power spectrum of the cosmic microwave
background (CMB) suggest that neutrinos played an important role in the Big Bang, leaving
for example an imprint in cosmic structure formation and a background radiation known as
the cosmic neutrino background. Thus, data from cosmological observations are an impor-
tant asset to extract and constrain numerous neutrino properties. A stringent constraint is
given by the Planck collaboration with . m,, < 0.12eV |[Agh+20]. A detailed discussion of
cosmological neutrino mass constraints can be found in [Tan+18]. While these values lead
a promising path to determining the absolute neutrino mass, they are also highly model-
dependent.

A different approach towards measuring the neutrino mass given by the search for neutrino-
less double-beta decay (Ovf33) where a nucleus with atomic number Z and mass number A

decays via
(Z,A) > (Z+2,A)+ 2. (2.7)

This decay can only happen if two conditions are met. On the one hand, the neutrino needs
to be a Majorana-particle, meaning that it is its own anti-particle, while, on the other hand,
its helicity state needs to be able to change. The latter can only be possible, if the neutrino is
a massive particle. Calculating the expected decay rate yields a dependency on the effective
Majorana mass (mgg) = ‘Zl U fzmz}, thus, making this kind of measurement also sensitive to

the absolute neutrino mass scale.



8 2 Neutrino Physics

Until now, however, this decay has not been measured and only lower limits for T}, have
been given. As an example, the final results of the GERDA (Germanium Detector Array)
experiment, which investigated the double-beta decay of *Ge, show T} 2> 1.8 102 yr and
set a limit of mgg < (79—180) meV at 90% C.L. [Ago+20]. The successor to this experiment,
LEGEND, is planning to feature a sensitivity of up to 10?® yr, which corresponds to an upper
limit in the range of (9 — 21) meV [Abg+21].

Nevertheless, these results are, due to the Majorana-hypothesis and the assumption of a light-
neutrino exchange, also model—dependentﬂ Therefore, a direct, model-independent measure-

ment of the neutrino mass might be a more favorable approach.

A direct neutrino mass measurement can be realized via a precise measurement of the end-
point of a [3-decay spectrum, where the kinematics and spectral model are well understood

problems. From Fermi’s Golden Rule the differential 3-decay spectrum

3

% = G%"?;i(@c“) M F(Z,E)p (B +me) ) |Ueiley/e2 —mZO(c —my),  (2.8)
i=1

can be inferred. Here, the Fermi constant G, the Cabbibo angle 6, the nuclear transition
matrix element M, as well as the electron’s momentum p, energy F and rest mass m. are
used. The Fermi function F(Z, E) describes the Coulomb-interaction between daughter nu-
cleus and electron. The Heaviside step function © ensures energy conservation and e = EFy— FE
denotes the difference between electron energy and the spectral endpoint Ey. The neutrino
mass eigenstates enter the equation via m? so that the relevant observable is actually the
incoherent sum over the neutrino mass eigenstates m2 = Zg’zl |Uei|>m?2. From figure
it can be seen that small neutrino mass contributions not only shift the endpoint by their
corresponding energy but also have a non-negligible effect on the shape of the spectrum close
to the endpoint. Therefore, measuring the endpoint region of the spectrum with sufficient
sensitivity could solve the neutrino mass problem.

There are several radioisotopes which can be used for such a precision measurement. Exper-
iments using the isotopes 3Ho (electron capture) and '®"Re (beta decay) take advantage
of their low endpoint energies at around 2.5keV. This leads to a higher probability that the
decay lies in the region of interest, compared to isotopes with a larger Fy. However, the count
rate is limited due to their long half-lives of around 4750 yr [Fer+15] and 4- 10 yr |Gal+00],
which makes a high amount of material needed to gain a sufficient amount of statistics.
Experiments that utilize these isotopes include MARE [Nc+12|, HOLMES [Nuc+18] and

ECHo [Gas+17], all of which use the calorimetric detection principle and aim for sensitivities

Y(mgg) is also influenced by CP-violating and Majorana phases of the PMNS matrix which can lead to a
cancellation of mass eigenstates and thus a reduction of (mgg).
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%1075 differential spectrum

meg = 0.0eV
Meff = 0.5eV
Meftf = 1.0eV

normalized dI"/dFE

Figure 2.1: Differential tritium beta decay spectrum for three different incoherent sums of
neutrino masses meg zoomed in around the endpoint Ey. Figure from [KAT].

in the sub-eV range.

The hydrogen isotope *H is another candidate for the neutrino mass search and is also the
isotope used in the KATRIN (KArlsruhe TRitium Neutrino) experiment. The isotope decays
via

SH - 3Het + e~ + 7, (2.9)

with a half-life of 12.3 yr and an endpoint energy of Fy = 18.57keV putting it in a sweet spot
concerning the count rate towards the end of the spectrum. Tritium has been successfully
used in KATRIN’s predecessor experiments Mainz and Troitsk, which have set upper limits
of 2.3eV [Kra+05] and 2.05eV [Ase+11] (both 95% C.L.) using the MAC-E filter technique,
which will be discussed in detail in the following chapter.

The most recent results from KATRIN yield a refined upper limit of m, < 0.8eV at 90%
C.L. [KAT22].
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3 KATRIN experiment

The previous chapter gave a brief history on neutrino physics, discussing also the necessity for
direct neutrino mass measurements. The Karlsruhe Tritium Neutrino experiment (KATRIN)
currently offers the world’s best upper limit on the neutrino mass from direct measurement.
It aims to reach a sensitivity of 0.2eV (90% C.L.) within the next years, reaching a total mea-
surement time of 1000 days [Ang+05; | Ake+21b|. Many challenges still need to be overcome,
before this goal can be achieved. This includes a thorough understanding of the experiment’s
systematic uncertainties as well as its background signals.

Sections[3.1|and [3.2] provide an overview of the KATRIN experiment and the working principle
of its spectrometer. The objective of this thesis is to support the development of technologies
to improve the sensitivity of KATRIN with the aid of simulations. Therefore, section de-
scribes the systematic and background component relevant to this work. As all simulations
involve the usage of an angular-selective monoenergetic photoelectron source, the concept
of such a device is presented in section The chapter concludes in section with the
description of an active transverse energy filter (aATEF) which is being developed to mitigate

the remaining main background source of KATRIN.

3.1 General overview of the experiment

As discussed in section the KATRIN experiment is designed to precisely measure the
endpoint region of the tritium beta decay. An overview of the experiment is shown in fig-
ure It consists of the Windowless Gaseous Tritium Source (WGTS), Transport
System, Spectrometer System, Focal Plane Detector (FPD), Rear Section (named
Rear System in figure and Monitor Spectrometer [Ake+21b].

Electrons from tritium P-decay start in the WGTS. Here, numerous control systems secure
the constant circulation of high-purity gaseous molecular tritium (T9) at precisely defined
conditions |[Bab+12]. Approximately 10! electrons per second are generated from tritium
3 ~-decay. These electrons are guided magnetically by various superconducting solenoids to-

wards the spectrometer. The WGTS is also able to host gaseous Krypton (33™Kr) which can
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D etec’to‘
\gysom

Figure 3.1: Overview of the KATRIN experiment depicting the full beamline as well as the
monitor spectrometer which is separated from the main experiment and used for
high-voltage calibration and other measurements. Figure from |Ake+21b].

be used for calibration measurements.

The main task of the transport system, consisting of the Differential Pumping Section (DPS)
[Mar+21] and the Cryogenic Pumping Section (CPS) , is not only to adiabatically
(see section guide the electrons towards the spectrometer but also to reduce tritium flow
by around 14 orders of magnitude. This ensures a low tritium background rate of less than
1-1073 cps inside the main spectrometer.

The spectrometer system is responsible for the analysis of the kinetic energy of incoming
electrons. It consists of two spectrometers, a smaller pre-spectrometer and the large main
spectrometer which are both of the MAC-E filter (Magnetic Adiabatic Collimation with Elec-
trostatic filtering) type. The working principle of this technique was first shown in
and will be introduced in detail in section [3:2] In short, the MAC-E filters act as a high-pass
filter with an energy resolution depending on the magnetic field setting. Thus, only electrons
with a sufficient kinetic energy pass both spectrometers.

In figure a third spectrometer can be seen. This so-called monitor spectrometer is based
on the hardware from the former Mainz neutrino experiment . Its main purpose
is the monitoring of the high voltage stability of the main experiment but it can
also be used for test measurements of different components. The monitor spectrometer was
used for the commissioning measurements of a new photoelectron source. The results of the
corresponding simulations are presented in chapter

Electrons that traverse the main spectrometer ultimately reach the focal plane detector where
they are counted. This multi-pixel silicon p-i-n diode array with a total of 148 pixels is opti-
mized for the detection of KATRIN’s low energy electrons .

Furthermore, there is a separated rear section at the upstream side of the experiment.

This section is equipped with an angular-selective photoelectron source (see section
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electrode \ B
A

— A —— transmitted

PAPIAN

BS‘I‘C | BHlB.X
source - ‘ — ok detector
* : -"r-,!'[--lrl QX
magnet I B magnet
|
D —

reflected ‘ magnetic field lines

///////___///////

momentum
(without electric field)

Figure 3.2: Schematic illustration of the MAC-E filter concept. Electrons enter the spectrom-
eter from a well-defined source magnetic field (Bg..). Propagating in a continuous
cyclotron motion (orange) around the magnetic field lines (green), the slowly re-
ducing magnetic field collimates the electron momenta so that their relative angle
to the respective magnetic field line nearly vanishes. At the minimum of the mag-
netic field (By), the electrostatic potential (blue) is maximal, causing the electron
to be either transmitted or reflected. Figure from [Sch21].

and [Beh+17]) which enables the possibility for various calibration and monitoring mea-

surements.

3.2 Adiabatic collimation and transmission function

In this section, the principle of magnetic adiabatic collimation will be presented. As this
concept is not only used in the main spectrometer to achieve the eV-scale energy resolution
but also in the monitor spectrometer and the aTEF test setup (see chapter @, a thorough
understanding of it is important.

The working principle of a MAC-E filter can be understood with figure [3.2] Electrons are
emitted in a precisely known magnetic field with strength Bg,.. Propagating in a cyclotron
motion around the magnetic field lines, their absolute momenta p can be split into a compo-

nent parallel as well as perpendicular to the guiding magnetic field B

p| = p - cos(f) (3.1)
pL =p-sin(f) (3.2)
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with the pitch angle

—

7B
17 5]

and p? = pﬁ + pi. Hence, it follows that, although energy is not a vector quantity, one can

0 = 0/(p, B) = arccos (3.3)

split the total kinetic energy F of an electron into £ = Ej + E, where

E=E- cos?(6) (3.4)
E| = E -sin(6). (3.5)

As the electron performs a gyrating motion, it is also useful to calculate the cyclotron radius
re as well as the cyclotron frequency w.. With the Lorentz force F; = eB - v it follows

that

2m.FE |
Te = B (3.6)
and
eB
c— 37
e =2 (37)

with e being the charge of an electron, and m, being the electron mass. It has been shown
in the case of static magnetic fields and vanishing electric fields that, if the change of the

magnetic field during one cyclotron motion is small

1dB wc
3.8
5l &
there are three conserved quantities of the electron motion [Jac99)
Br?
p%_ /B p = adiabatic invariants. (3.9)
TH

The relevant expression for the following calculations is yu, where p is the magnetic moment
of the particle and v =1/ m is the relativistic Lorentz factor. As the kinetic energy
of electrons at the endpoint of the tritium beta-decay at 18.6 keV corresponds toy = 1.04 ~ 1,
the calculations in this section are treated non-relativistically. In the context of KATRIN, u

is mostly defined via the transverse energy component £

_EL_mevﬁ_
="~ B

= const. (3.10)
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which is convenient, as the transverse energy component is directly connected to the pitch
angle. This enables precise predictions for 6. It has to be noted though, that a thorough

calculation reveals that the adiabatic invariant is actually an asymptotic series
= o + €py + €2 + O(€3) (3.11)

with the smallness parameter ¢ = m./q. Only in the non-relativistic case with constant

magnetic fields and small electric fields is the magnetic moment defined in equation (3.10))

equal to po [NT60; Nor63].

With equation it becomes apparent that the pitch angle of electrons changes depending

on the magnetic field strength. It directly follows that
E, P

= =5 (3.12)

which can be transformed to
!

B
sin? @/ =sin®6 - — (3.13)
B
using equation (3.5). In a MAC-E filter the electrostatic retarding potential qU creates a
repelling force so that only electrons (with charge ¢ = —e) that satisfy

Ey(2) —qU(z) >0 (3.14)

at any position z are transmitted. Therefore, to achieve the eV-scale energy resolution, the
electron momenta need to be collimated before they are analyzed by the retarding potential.
Using equation (3.12)), it is possible to calculate the maximum remaining transverse energy

in the analyzing plane | 1 ax, which is the energy resolution AE of the spectrometer:

By

AFE = EL,max = Emax : @-

(3.15)

Here, Fy.x is the maximum kinetic energy, B4 the magnetic field in the analyzing plane

and Bpax the maximum magnetic field. Rewriting the original transmission condition from

equation (3.14)) using equations (3.12)) and (3.13)), it follows thatﬂ

E — F-sin?0 B(2) _ qU(2) >0 (3.16)

src

1Source potential variations are neglected here.
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where By, corresponds to the magnetic field in the source. As in the current setup Bumax > Bsre,
this equation also shows that electrons emitted with large pitch angles are reflected magnet-

ically before reaching the detector. The maximum pitch angle is given by

max

B
Ormax = i = . 3.17
ax = arcsin ( 5 ) (3.17)

For an isotropically emitting source the transmission function can then be calculated to

[Kle+19]

0, for £ < qU
T(E,qU) = {1—/1- 2508 for qU < E < qU + AE - (3.18)
1— /1 — Bee, for qU + AE < FE

max

The magnetic field configuration used in the second measurement campaign (B4 = 6.3-107* T,
Bge = 2.5T and Bpax = 4.2T with Epax = 18.6keV) results in an energy resolution of
AE = 2.8eV and a maximum pitch angle of 0y, = 50.4° [KAT22|. The corresponding

transmission function is depicted in figure [3.3]

6SI’C (O)
0 15 30 45 60 7590
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Figure 3.3: Transmission function T'(FE,qU) of the main spectrometer using the configura-
tion of the second neutrino mass measurement campaign |[KAT22| for electrons
near the tritium endpoint energy emitted from an isotropic source (red). The sec-
ondary x-axis on top indicates the maximum pitch angle g, inside the WGT'S for
which these electrons are transmitted. Magnetic reflection occurs at Oy, = 50.4°
(see equation ) If the magnetic field configuration was altered, so that
electrons started already in the maximum magnetic field (Bge = Bmax = 2.5T),
the magnetic mirror effect would not occur (blue, dotted). Although this would
benefit the angular acceptance of the spectrometer, it would also increase the
energy resolution to AE = 4.69eV (see equation )
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While the characteristics of the spectrometer are of great importance for KATRIN’s neu-
trino mass sensitivity, many other experimental details need to be considered. Therefore, the
following section introduces important characteristics relevant to this work that affect the

neutrino mass sensitivity.

3.3 Sensitivity limiting effects at KATRIN

To achieve its design sensitivity of 0.2eV/c?, several steps need to be taken to characterize
and reduce the neutrino mass uncertainty. While a lot of work has been dedicated to the
understanding and reduction of background and systematic uncertainties [Fra+17; [Lok-+22;
Rod+22; Ake+21aj, some aspects still remain. The largest contributions originate from
the plasma uncertainty as well as a specific background component limiting the statistical
uncertainty. Since the goal of this work is to support the development of technologies designed
to reduce both of these sensitivity limitations, the following section will provide information

on the origin of these.

3.3.1 Plasma uncertainty

At KATRIN, the measured integral spectrum is a convolution of the theoretical differential

-decay spectrum ‘é—g with the response function R(FE, qU, r) of the experiment [KAT22]

© qN

N(qU)OC/OOdE

(E) - R(E, qU, r)dE. (3.19)

As the system response combines all relevant systematic effects, knowledge of this function
is of extreme importance for achieving KATRIN’s design sensitivity.

A large contributing factor is connected to the source plasma. Although absolute and radial
potential variations inside the source are effectively absorbed by the spectral endpoint being
a free fit parameter and the ringwise spectrum calculation, other influences of the source po-
tential need to be treated more carefully. To investigate the plasma characteristics, 33™Kr gas
is used, which can be added to the tritium gas circulation of the WGTS. The mono-energetic
conversion lines between 7keV and 32keV allow to assess different plasma characteristics
such as possible inhomogeneities or instabilities, which lead to a broadening o of the natural
line width and, thus, to a neutrino mass shift.

In addition, electrons are subject to elastic and, more importantly for neutrino mass analysis,
inelastic scattering with gas atoms as they travel through the source. Thereby, the scatter-
ing probability is dependent on the starting position of the respective electron. Electrons

starting at the beginning of the source have a higher scattering probability than electrons
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emitted further downstream. As the starting potential of the electrons can vary along the
beam line, one can define the mean starting potential (V'); of electrons with different scat-
tering multiplicities ¢. The difference of the mean starting potentials of one-time scattered
and unscattered electrons is defined as Ajg = (V)1 — (V) and can also be interpreted as the
change of the position of the first scattering peak to its expectation value of approximately

13eV. It contributes to the neutrino mass shift via
Am? = —e;Aqg — 207, (3.20)

with €; being a proportionality factor [Mac20]. Determining Ajq is highly dependent on the
underlying energy loss model. Krypton measurements are only able to provide an upper
limit on A1g. The energy loss function at 18.6keV has already been measured using a mo-
noenergetic photoelectron source [Ake+21a]. However, extrapolation to the higher energetic
Krypton line positions at up to 32keV is not trivially possible. A measurement of the energy
loss function at this energy range is needed and could provide a significant improvement to
the total plasma uncertainty. For this, the current electron source needs to be exchanged by
a new one, which is able to provide the needed electron energy. The general concept of the

photoelectron source is presented in section (3.4

3.3.2 Rydberg background

One of the dominant backgrounds identified is the ionization of highly-excited (Rydberg)
atoms inside the main spectrometer [Fra+22|. During the commissioning phase of the main
spectrometer, it has been exposed to 2?2Rn, which decays in multiple steps into the long-lived
radionuclide 219Ph (T2 = 22.2yr [Bas14]). One of its progenies is the a-emitting 210po, Im-
planted by earlier a-decay into the spectrometer wall, atoms can be sputtered off due to the
high nuclear recoil of its daughter nucleus 2°°Pb. While ionized atoms cannot overcome the
inner electrode system, which is set to a more negative voltage than the spectrometer vessel,
neutral atoms can propagate into the main spectrometer volume. If these atoms reach the
spectrometer wall on the other side, more particles can be sputtered off. The sputtering
process is able to leave them in a highly excited state, which makes ionization, for example,
by black body radiation possible. If ionization takes place inside the magnetic flux tube
as well as behind the analyzing plane, the generated electrons are accelerated towards the
detector. Since the electrons from Rydberg atoms carry very small initial kinetic energies
after ionization, the following acceleration by the retarding potential leaves them energeti-
cally indistinguishable form signal electrons at the detector [Trol8]. Moreover, due to the

electromagnetic conditions inside the main spectrometer, their maximum transverse energy
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Figure 3.4: Simulated angular distributions of signal electrons (orange) and background elec-
trons originating from the ionization of highly excited Rydberg atoms (blue).
Image from |[Gau+22|

is limited. It is currently suggested that the angular distribution of electrons originating from
the ionization of Rydberg atoms differs significantly from the angular distribution of signal
electrons. This is indicated by figure which shows a simulated angular distribution of
Rydberg electrons at the FPD.

As the Rydberg background is directly connected to the flux tube volume behind the ana-
lyzing plane, measures have already been taken to shift the analyzing plane further towards
the detector. Although this also harms the energy resolution of the spectrometer, the shifted
analyzing plane (SAP) mode [Lok+22] reduces background by a factor two and has taken
over as the main setting during neutrino mass measurements.

A further idea, which aims to exploit the angular distribution of background electrons origi-
nating from Rydberg atoms, utilizes their small cyclotron radii. This so-called aTEF detection

principle is presented in section [3.5]

3.4 Angular-selective photoelectron source

As stated in section knowledge of the energy loss function for kinetic energies at around
30keV is necessary to reduce the uncertainty related to the plasma inside the WGTS. For this
measurement, a monoenergetic and angular-selective photoelectron source, which is able to
create electrons in the desired energetic range in a stable manner is required. The currently
utilized electron source is only able to achieve energies up to 21keV [Sac20] which disqualifies
it for this task. Hence, an upgraded version of this photoelectron source was developed in

Miinster.
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Figure 3.5: Schematic illustration of the geometry an angular selective photoelectron source.
Emitted via photoeffect from a photocathode on the backplate, electrons are ac-
celerated non-adiabatically by a strong electric field between the backplate (with
voltage Upack) and the frontplate (with voltage Upack + Uacc). The plates can be
tilted mechanically to achieve an angle «, relative to the guiding magnetic field
and « relative to the z-axis. For the upgraded electron source, a drift cage, which
cannot be tilted, is set to the frontplate potential to provide a more homogeneous
electric field. In the rear section the drift cage is omitted due to dedicated post-
acceleration electrodes providing a homogeneous electric field.

This kind of electron source is, however, not only relevant for the task described above, but
it also finds application in the test setup used for the development of the aTEF. In this
thesis, both the upgraded and the electron source from |Beh+17] are used in this setup.
Therefore, this section provides a brief general overview of the working principle of these
angular-selective monoenergetic photoelectron sources.

A schematic overview of the working principle of a photoelectron source is shown in figure[3.5
Electrons are emitted via the photoelectric effect at the center of the backplate. For this,
photons from a UV light source with energy E. are guided through an optical fiber towards
the backside of a several nanometer thin photocathode usually made of gold. The kinetic
energy of an emitted electron can be calculated in a simplified model using the work function
of the photocathode material ® via

Bin(c™) = By —® = — —® (3.21)

where h is the Planck constant, ¢ is the speed of light in vacuum and A is the wavelength of

the photon. A photon source that matches the energy of the work function is desired for a
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Figure 3.6: Transmission functions of the main spectrometer for different sources. The trans-
mission function of a monoenergetic isotropic source (red) is equal to the one
depicted in figure [3:3] The transmission function of an angular-selective monoen-
ergetic electron source with no angular or energy spread reduces to a step function
(blue, solid). Due to the small but non-zero kinetic energy of electrons emitted
via photoeffect, the step function is broadened and can be approximated by an
error function (blue, dashed). However, it has to be noted that this is a simplified
model, which does not take all effects into account. Different plate angles «,
relative to the magnetic field allow to shift the transmission function within the

energy resolution of the spectrometer (here: AE = 2.8eV).

narrow kinetic energy distribution.
After emission, the electrons are accelerated by a strong homogeneous electric field, which

is created by the voltage difference Usee = Ugront — Upack between two electrodes. Electron

propagation in an electromagnetic field is described by the Lorentz force
FL:Q(E+U><§>. (3.22)

The early acceleration phase is therefore dominated by the strong electric field where the
electron gains a large amount of kinetic energy. Hence, the acceleration is strongly non-
adiabatic. In combination with a plate angle a;, > 0 with respect to the guiding magnetic
field, this allows the electron to build up a transverse momentum component relative to the
magnetic field and, thus, a pitch angle 6. Since the magnetic field is not necessarily aligned
with the symmetry axis of the setup, the plate angle can also be given relative to the z-axis.
Then the plate angle is referred to as a. After the initial acceleration phase, electrons are
able to pass the frontplate through a narrow slit (or hole). With increasing velocity and
decreasing electric field the motion is now dominated by the magnetic field and the electron

starts to propagate in an adiabatic cyclotron motion.

The properties of this type of electron source have a strong influence on the transmission
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function of the MAC-E filter. For an ideal mono-energetic electron source with no angular
spread, the transmission function would effectively reduce to a step function as depicted in
figure In reality, however, a finite energy and angular spread needs to be taken into
account. The transmission function T'(E) is calculated via the integral of the underlying
distribution T"(E)

T(E) = /00 T'(€) de. (3.23)

E
In a simple purely mathematical approximation, where both the angular distribution as well
as the energy spread are following a Gaussian distribution, the transmission function smears
out to an error-function. The broadening is then given by the widths of the underlying distri-
butions. In a more refined model, it was shown that the energy distribution can be modeled
via a generalized Gaussian distribution while the angular distribution can be modeled by the

sum of two Gaussians [Beh+17].

3.5 Active transverse energy filter concept

In the previous chapter, the impact of ionizing Rydberg atoms was discussed. Since the
kinetic energy at the detector of the emitted electrons is of the same order as that of the
signal electrons, they can hardly be distinguished. However, comparison of measurement
data with simulations shows a significant difference of the underlying angular distribution
[Trol8|. Therefore, the concept of a transverse energy filter is proposed [Gau+22].

In section adiabatic collimation was introduced. One key element in this concept is that
the state of the electronic cyclotron motion in a well-known magnetic field can be defined via
the total kinetic energy and the pitch angle relative to the guiding magnetic field line. Larger
pitch angles therefore automatically lead to larger cyclotron radii compared to smaller pitch
angles (compare equation (3.6)). This enables the possibility to geometrically distinguish the
pitch angle of incoming electrons based on their cyclotron radius. Two general strategies
have been tested for the application of this concept, active and passive filtering.

A passive filter can be exemplarily realized by a sequence of two (or possibly more) slit arrays
which feature a well-defined slit width and spacing. Proper alignment of these slits would re-
sult in absorption of (background) electrons with small cyclotron radii while (signal) electrons
with large radii would bypass the slits and thus be transmitted. Simulations have shown that
such a configuration could indeed lead to a significant reduction of Rydberg background by
about 95%. However, this is also coupled with a reduction of signal electron rate by about
75% [Rob19]. As the loss of sensitivity due to the reduced statistics would outweigh the gain

from the improved background, a passive transverse energy filter is not suited for background
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Figure 3.7: Picture of an exemplary hexagonal silicon structure captured by a JEOL11 JSM-
IT100 scanning electron microscope. The channels are designed with a side length
of 100 um, wall thickness of 10 um and etched depth of 225 pm. Image taken from

Gau23

reduction at KATRIN.

Building upon initial ideas on transverse energy filters from R.G.H. Robertson, the concept of
an active filter was put forward by C. Weinheimer. The key point is the direct signal creation
or amplification of electrons depending on their pitch angle. Specifically, this means that a
filter consisting of an array of channels absorbs electrons with large pitch angles, creating, for
example, an avalanche of secondary electrons, while electrons with small angles are transmit-
ted without interaction. This corresponds to the operating principle of a microchannel plate
detector (MCP) if the bias angle of commercially available MCPs is neglected. Measure-
ments using such a device have already demonstrated the functionality of angular-selective

electron detection using MCP-aTEFs |Gau+22; Oel21; Kon21]. However, commercial MCPs

have several drawbacks which disfavor them as an aTEF in the measurement environment of
KATRIN. Several parameters, such as the open area ratio, channel radius and depth, as well
as dark count rate need to be optimized.

For this reason, there are efforts to self-manufacture a detector featuring active transverse
energy filtering. One of these efforts is based on silicon (Si) p-i-n diodes which can be mi-
crostructured with hexagonal channels to enable transverse energy filtering. The choice of
material is advantageous due to the radiochemical purity and, thus, low intrinsic background
rate of Si. The structure of the material can be modified via cryo-etching procedures such

as inductively coupled plasma reactive-ion etching (ICP-RIE) [HWS09; De +02; |Jan+09] to

create channels with well-defined parameters. To increase the open area ratio compared to
round channels, a honeycomb-like hexagonal structure is deemed to be optimal. Figure [3.7]
shows an exemplary etched honeycomb-like silicon structure. The detection principle can be
understood with figure 3.8 which shows a Monte-Carlo simulation of signal and background

electron tracks. As in the case of an MCP-based aTEF, electrons with large pitch angles hit
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Figure 3.8: Top view of an aTEF with hexagonal structure with simulated cyclotron tracks
of signal (orange) electrons with large pitch angles and Rydberg background elec-
trons with small pitch angles (blue). Simulation starts at the entrance of the
structure in an underlying magnetic field of 2.4 T which corresponds to the mag-
netic field at the FPD at KATRIN. Electrons propagate in viewing direction while
the magnetic field vector points in opposite direction. The angular distribution
is based on figure [3.4] The channels have a side length of 100 pm, wall thickness
of 10 um and a depth of 400 um. Image from [Gau+22)]

the channel walls and trigger a detectable signal (in this case via the creation of electron-
hole pairs), while electrons with small pitch angles hit the passive channel bottom with no
detectable response.

According to the current Rydberg background model it is estimated that a function-
ing aTEF device can significantly reduce the rate from Rydberg background electrons. As
the statistical uncertainty of Am? is proportional to bl/6 , where b is the background
rate, an estimated reduction by a factor 10 in background rate due to the aTEF yields an
improvement of a factor 1.5 for Am?2. Therefore, the successful development of an active
transverse energy filter could provide an important step towards achieving the sensitivity
goal of KATRIN.
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4 Precise electron tracking with Kassiopeia

The simulations presented in this thesis were all computed using the simulation software
Kassiopeia [Fur+17]. This framework, written in C++, was created by the KATRIN collab-
oration and offers many key features needed for precise particle tracking in complex electro-
magnetic environments.

In the following chapter a brief overview over the most important features of Kassiopeia is
given, before the configuration of the most important simulation parameters and geometries
used for this work is presented. The results of the simulations will be presented and discussed

in chapters [p| and [6]

4.1 Feature overview

The simulation process within Kassiopeia can be split up into three central parts: Implemen-
tation of the relevant geometry, calculation of the electromagnetic field and particle tracking
from start to finish.

Kassiopeia allows to implement geometries of arbitrary complexity. For this, it not only
provides several pre-defined elements which cover the most important geometric structures
(such as tubes, cylinders, etc.) but it also allows to build more complex elements by defining
a set of points which are then connected via lines or arcs. Each geometry element that is
included in the simulation is stored inside a tree-like data structure. This makes it possible
to displace or rotate different shapes or geometric groups relative to the particular parent
space.

Calculation of the static electric field is done via the boundary element method (BEM)
[Corl4]. For this, each geometry element that is included in the field computation is required
to have a mesh extension, specifying the amount of mesh elements and their density distribu-
tion. These mesh elements represent discretized boundary elements to calculate the charge
density function of the whole surface which is then used to calculate the electric potential
and field at any given point of the system. Choosing the right discretization level is very
important, as more boundary elements usually lead to more accurate calculations but also

require more computing power. Usage of axial symmetry can speed up the calculation of
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both, the charge density as well as the electrostatic field. Furthermore, it has to be noted
that the actual computation of the electric field is only performed during particle tracking.
The magnetic field calculation is substantially faster, as there are no charge densities that
need to be calculated beforehand. Furthermore, most magnetic fields mostly consist of ax-
isymmetric coils where the zonal harmonic expansion method can be applied. Otherwise the
Biot-Savart formula can be integrated directly.

The simulation itself can be categorized into four different levels: run, event, track and
step. Every simulation for a fixed configuration contains exactly one run which is able to
contain multiple events. Each event then contains a primary particle which, if interactions
are activated in the configuration, can also create secondary particles that can also produce
more secondary particles. All of these related particles are grouped in one evenﬂ Each
particle is, from its generation until its termination, associated with a track that can be
split into steps. Steps, therefore, form the lowest level of particle tracking. The equations
of motion are solved for each step individually. The step length can be controlled, using e.g.
a fixed value or using a dynamic evaluation where the length is adjusted to limit numerical
errors. Different control methods can also be combined.

All primary particles must be produced by a pre-configured generator which defines the
starting parameters. These parameters include time, position, energy and direction. The
corresponding values can be drawn from a user-defined distribution.

In Kassiopeia, particle trajectories can be calculated using different levels of approximation,
ranging from a pseudo-particle following a magnetic fieldline (magnetic trajectory) over an
adiabatic trajectory calculating just the guiding center motion to an exact calculation solving
the full equation of motion (exact trajectory). The latter is most relevant for this thesis as
adiabaticity cannot be generally assumed in these cases. A motivation, why a certain trajec-
tory type is used in the simulation will be given in the respective sections and
For an in-depth description of all relevant Kassiopeia features, the reader is referred to

[Fur+17] and [Beh17].

4.2 Implementation of relevant geometries and simulation

parameters

This section is going to provide the most important simulation parameters used for the results

presented in chapters [5] and [6]

! As interactions are not considered in this thesis, each event is going to contain only one particle.
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4.2.1 Electron source geometries and parameters

In the scope of this thesis, two different angular-selective monoenergetic photoelectron sources

were used. This includes the source from [Beh+17; [Beh17], which will be referred to as 18 keV

source, as well as the upgraded photoelectron source, which will be referred to as 32keV
source as it is capable of producing electrons up to a kinetic energy of 32keV. The former
is exclusively implemented in the simulation of the aTEF test setup, while for the latter
commissioning measurements were done at the monitor spectrometer and it was applied to

the aTEF test setup. Hence, it is used in both environments.

18 keV source properties

The simulation geometry files of the 18keV source were created by J. Behrens and have
already been used in an earlier work . A picture of the source can be found in ﬁgure
This electron source features two circular electrodes with the same radius of 3 cm placed in a
distance of 1 cm from each other. Electrons are able to pass the frontplate through a circular
hole with radius 3mm. The plates can be tilted around the emission spot in the middle of
the backplate to achieve angular selectivity. A grounded source cage encloses both plates.
As it follows the plate rotation, it ensures equal electrostatic acceleration conditions for any

tilt angle.

Figure 4.1: Picture of the 18keV angular-selective monoenergetic electron source. Image

taken from .



28 4 Precise electron tracking with Kassiopeia

32 keV source properties

A CAD drawing of the geometry of the upgraded photoelectron source is depicted in fig-
ure 4.2 To be able to sustain the high voltages up to —32kV, the source geometry was
revised compared to the previously installed photoelectron source in the rear section [Sac20].
This includes, for example, the backplate that was reduced in size (from 5cm to 3 cm radius).
This made it necessary to equip it with a bead to increase the homogeneity of the electric
field. Furthermore, the distance between front- and backplate has been increased to 2 cm to
allow higher acceleration voltages and thereby reduce the absolute voltage on the frontplate.
To still allow electrons to pass through the frontplate, the size and shape of the opening
needed to be modified. Instead of a circular hole, the width has been increased so that it now
resembles a slit with round edges (see figure b)) A driftcage can be installed enclosing
the plates. However, it cannot be tilted.

These modifications as a whole significantly change the electrostatic conditions during the
acceleration process and, thus, affect important characteristics of the electron source such
as the energy or angular distribution. Therefore, in the scope of this thesis a precise repre-
sentation of the geometry was created and mesh optimizations for the computation of the

electrostatic field were performed.
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(a) Side view without driftcage (b) Frontplate slit geometry
including driftcage

Figure 4.2: CAD drawing of the upgraded angular-selective photoelectron source, provided
by H.W. Ortjohann.

The full XML configuration of the 32keV source can be found in appendix [ATT] As the
changes concerning the backplate were only minor, the focus has been on the design and op-
timization of the frontplate. Based on the CAD drawings, the simulation geometry consists
of a base structure onto which finer structures such as the roundings of the slit are mod-

eled. The frontplate mesh has been optimized for fast computation whilst retaining precise
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electrostatic field calculation. To test the mesh, a map of the calculated potential on the
surface of the far side of the frontplate (facing away from the backplate) was calculated and
is displayed in figure [£.3] The outline of the frontplate with potential Ugony = —18 240V and
radius 5 cm is clearly visible. As the colorbar is symmetric around Upopng, potential variations
can be spotted easily. In this case, variations are generally below 0.25V. Furthermore, the
largest variations are located towards the outer areas of the plate. The slit geometry can also
be spotted in the middle of the plate where an area with lower potential is encompassed by
a slim area with larger potential. The former is dominated by the influence of the backplate
which is set to Upack = —32kV. Due to the complex slit geometry, which has a larger radius
towards the side facing the backplate than towards the side facing away from the backplate,
the field from the backplate is shielded so that the potential in this small area is larger than

the general frontplate potential.
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Figure 4.3: Electric potential on the surface of the frontplate of the 32keV

electron source with optimized boundary element mesh. With
the backplate voltage Upack = —32kV a frontplate voltage of
Utont = 0.57 - Upaek = 0.57 - —=32kV = —18240V was applied. The reso-

lution of this potential map is 0.5 mm.
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Electron generation for both sources

Another important aspect of the source configuration comprises the starting parameters such
as the electron’s initial position, momentum vector or energy as these can significantly alter
the simulation outcome. All simulations containing either the 18 keV source or the 32keV
source follow a Monte-Carlo approach, where a random value for each component is drawn
from a particular distribution. The corresponding parameters were largely taken over from
J. Behrens [Beh17] who did a lot of fundamental work to determine these properties and to
represent them in the simulation. Table shows the used configuration for the generation
of electrons at the backplate.

Table 4.1: Monte-Carlo generator settings used for the creation of electrons on the backplate
of the used electron sources.

Parameter Distribution Values

. r: uniform min: 0m, max: 100e-6 m
Position
o ) ¢: uniform  min: 0°, max: 360°
(cylindrical coordinates) )
Z: gauss min: le-9m, max: le-7m, mean: le-8m, o: 2e-8m

Direction 0: cosine min: 0°, max: 90°

(spherical coordinates)  ¢: uniform  min: 0°, max: 360°

Energy gauss min: 0eV, max: 0.4eV, mean: 0.15eV, o: 0.075eV

4.2.2 Configuration of the monitor spectrometer simulation

The geometry of the monitor spectrometer (MoS) was already mostly implemented in Kas-
siopeia as a part of the KASPER framework, which is the main development framework of
the KATRIN experiment. For its commissioning measurements the 32keV electron source
was attached to the MoS beamtube at the upstream side of the spectrometer. Hence, it was
necessary to modify this part of the simulation geometry. A cross-section along the y-z plane
of the geometry can be found in figure This graphic specifically shows the source section
of the MoS. All elements before z = —2.395m, which marks the beginning of the axially
symmetric geometry of the spectrometer itself, were added in the scope of this thesis. The
MAC-E filter geometry as well as the solenoids at the entrance and the exit of the spectrom-
eter have been available from KASPER.

The 32keV electron source was placed inside a CF160 tube at the beginning of the beamline.
A half pipe with outer radius 80 mm, a thickness of 1 mm and a length of 120 mm was placed
as a dipole electrode at a distance of 8.5 cm from the frontplate to remove stored electrons.
The dipole electrode was installed at the edge towards a larger vacuum chamber (“Elipot”)

which holds several additional ports used for e.g. pressure measurement. As this chamber is
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Figure 4.4: Cross-section of the MoS source section geometry along the y-z plane. Displayed
are all relevant electrodes (gray) and magnets (black) used for the calculation of
the electrostatic and magnetic field.

expected to have a significant effect on the shape of the electric field, the elipot was imple-
mented as well.

The added geometries overall break the axial symmetry of the rest of the spectrometer.
Therefore, to speed up the computation, the calculation of charge densities was split up into
two sections which can be inferred from figure The source section with all the added
geometric elements and the MAC-E filter section using the KASPER elements. Splitting the
computation of charge densities is usually not the preferred method, as the charge density
distribution of one electrode has an influence on all other electrodes. However, this influence
decreases with increased distance. Between the source section and the MAC-E filter, there
is a region, where the electric potential is roughly constant with U ~ 0 V. A change between
the two computation methods in this region is therefore only going to have a minor effect. A
small overlap of geometries used for the electrostatic field computation between both regions
further ensures smaller numerical errors at the break point at z = —2.3m where the field
calculation methods are swapped. As the electric potential changes abruptly from one step
to another, a discrete step of the potential is visible. This numerical error can be investigated
with the following method.

During particle tracking the total kinetic energy can be expressed via

Etot = Ekin + qU (41)
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Figure 4.5: Electric potential as a function of the z-coordinate in the monitor spectrometer
(MoS). To speed up the simulation, the computation of the charge densities was
split up between the first section where the electron source is located (indicated by
the blue area) and the second section which contains the MAC-E filter (indicated
by the gray area). The electric potential was calculated on the z-axis (x =y = 0)
using only the charge densities of the source region (blue), as well as only using
the MAC-E filter region (green). An electron starting from the source backplate
with 0° tilt angle propagates in a small non-negligible cyclotron motion so that
the electric potential varies slightly from the ones along the z-axis. The inset
shows the break point at z = —2.3m where the source region is swapped with
the MAC-E filter section for electric field computation, causing a step of the
simulated electrostatic potential. An overlap of geometry elements between both
regions (indicated by the gray and blue area) ensures small step sizes.

Here, a backplate voltage of —18600V and a dipole voltage of 3500V is used.

and should be conserved for the whole track. At the break point, this energy conservation

cannot be ensured, due to the sudden change of qU. By calculating
APEBiot = Eot(T) — Etot(10) (4.2)

where 7 is the position of the particle and ) a defined reference point (here: starting posi-
tion), one can extract the numerical inaccuracy. In figure this relation is depicted for
various particle tracks with different starting angles ae. The numeric energy violation arising
from the split electric field calculation is visible as a step at z = —2.3m. Its contribution is
< 1meV and can therefore be neglected. Beyond this step a continuous loss of energy around
z = £2m can be spotted. Two superconducting solenoids which create a maximum magnetic
field of 6 T are located at these positions. This numerical influence is limited, as the step
size of the particles is regulated by the software to limit the numerical energy violation per
step (The upper limit for the relative energy violation per step is set to 10712). As the total

energy violation over the course of the setup is at maximum on the scale of 1 meV, which is
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much smaller than the eV-scale energy resolution of the MoS, numerical inaccuracies can be

neglected for analysis.
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Figure 4.6: Energy violation in the MoS simulation for different plate angles o = 0°,2°,4° ac-
cording to equation (4.2)). The simulations used the same settings as in figure

The exact tracking method was used over the whole setup. Although this increases computa-
tion time, it was shown by earlier studies that simulations including angular-selective electron
sources of the type presented in section [3.4] should use exact tracking not only in the source
region where the non-adiabatic acceleration process happens |Zacl5]. During the commission-
ing measurements, the source suffered from instability issues at electron energies > 20keV.
Due to the unique magnetic configuration during the measurements (see section and as
it was unclear, what the origin of this problem was, electron tracking was performed over the

whole setup up to the detector to spot possible sources of the observed effects.

4.2.3 Configuration of the aTEF test setup simulation

The simulation files for the aTEF test setup were already created in an earlier work [Sall9].
In the scope of this thesis, the geometric as well as the general configuration have been refined
to further improve the simulation.

A first improvement of the simulation code structure enables an easy interchangeability of
the two electron sources. In the latest version, it is possible to switch between both electron

sources used in this thesis by simply changing a parameter egun from 0 (18 keV source) to 1
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(32keV source).

Secondly, all changes that have been made to the experiment have been implemented into
the simulation. Details on the experimental conditions will be given in chapter [6]

As in the previous chapter, exact tracking along with the step size regulation based on energy
violation was used for the entire length of the setup. It has been found that the adiabatic
invariant p (see equation ) is not necessarily preserved, hence adiabatic tracking, which
reduces the computational load but assumes adiabaticity, cannot be used [Sall9).

Due to this configuration, the total numerical energy violation, which is depicted in figure
is on the order of 0.001 meV and can therefore be neglected.

The simulations include the non-negligible impact of the earth magnetic field. The cor-
responding values are obtained from the Helmholtz Centre Potsdam |Geo| and are imple-
mented in the simulation as a static magnetic field component with B, = —19 x 107 °T,

B, = —45 x 1079T, B, =1 x 1079 T, where the axes are defined as depicted and described

in figure [6.1
0.000
—0.001 1
a=0°
S 0.000
()]
£
5 —0.001 1
o
<
0.000
—0.001 1
a=9°
0.0 0.5 1.0 1.5 2.0 2.5

z (m)

Figure 4.7: Energy conservation violation in the aTEF test setup simulation at different elec-
tron source plate angles a = 0°,5°,9° according to equation . These exem-
plary settings were simulated using the 18 keV source with a backplate voltage of
—14keV and are presented in more detail in section
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5 Simulations on the upgraded
angular-selective electron source at the

monitor spectrometer

The development of a 32 keV angular-selective monoenergetic electron source is a crucial asset
towards reducing the plasma uncertainty of the KATRIN experiment. First commissioning
measurements with the new 32keV electron source, which was developed in Miinster, were
performed by L. Schimpf and S. Schneidewind at the monitor spectrometer (MoS) in July
2021. The following chapter is going to present the corresponding particle tracking simula-
tions which complement the analysis of measurement data.

The magnetic field configuration involved the use of coils placed asymmetrically around the
beam tube at the electron source position in order to shift the electron beam. The prop-
erties of this specific configuration will be presented in section Simulation results that
present the impact of these on electron transmission are the subject of section 5.2} Finally,

in section the results are discussed and compared to the measurements.

5.1 Electromagnetic configuration at the monitor spectrometer

The MAC-E filter characteristics of the monitor spectrometer are primarily defined by two
superconducting solenoid coils at the entrance and exit of the spectrometer, providing a mag-
netic field of 6 T. Furthermore, four air coils towards the middle of the spectrometer can be
used to control the magnetic field inside the spectrometer. For the following simulations a
3 G setting for the magnetic field in the analyzing plane was used. For the standard energy of
18.6 keV, with which most measurements were performed, this results in an energy resolution
of AE = 18.6keV - 3101 — g.93eV.

During the commissioning measurements, the installed detector was, in contrast to the elec-
tron source, located off-axis in the upper right quadrant of the flux tube (towards positive
x and y). Hence, measures needed to be taken to be able to consistently hit the detector.
The easiest solution involved modification of the magnetic field properties at the electron

source. Therefore, in addition to an on-axis coil, a further coil (referred to as Hillen coil in
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Backplate

Figure 5.1: Schematic cross-section of the setup geometry at the MoS around the electron
source. To be able to hit the detector in the upper right quadrant, the magnetic
field at the source needed to be adjusted. Therefore, in addition to an on-axis
coil, a further coil (“Hillen coil”) was placed off-center, so that the electron source
lies in the upper right quadrant of the magnetic fluxtube.

the following [Hil11]) was installed off-axis around the source. A schematic illustration of this
configuration is shown in figure [5.1] The shift of the Hillen coil as it is implemented in the
simulation is -1.8 cm in x-direction and -6.3 cm in y-direction. This information was measured
by hand and can therefore deviate by several mm from the measurement conditions. The
position of the Hillen coil effectively shifts the magnetic fluxtube so that electrons starting on
the backplate of the electron source follow magnetic field lines that terminate on the off-axis
detector.

In the following, the on-axis coil is operated at 10 A and the Hillen coil at 47.5 A, which
results (including stray field from 6 T solenoid) in a magnetic field of 35mT at the electron
source.

As the frontplate of the electron source is not rotationally symmetric, information on how
the source was installed is important. In the following, the source is either installed with the
wide side of the slit parallel to the y-axis (vertical) or with the wide side of the slit parallel to
the xz-axis (horizontal). Tilting in the simulation can be performed both in z-direction (left
and right) or in y-direction (up and down).

Since this approach, where an off-axis coil directly affects the acceleration process of electrons
from an angular-selective photoelectron source, has never been tested before, simulations are

needed to understand the measurement results.
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5.2 Angular selectivity simulations

In the context of the commissioning measurements of the 32 keV electron source, the following
simulation results aim to qualitatively describe the transmission properties of the electron
source using the novel off-axis coil configuration. As the magnetic field of a cylindrical coil
is highly inhomogeneous in outer regions of the flux, the corresponding magnetic field lines
exhibit an angle towards the z-axis. Therefore, in section zero angle simulations aim
to show how this inhomogeneity impacts the produced electron angles. In sections [5.2.2
and simulations investigating the transmission properties at different source conditions

are presented.

5.2.1 Zero angle

As discussed in section the plate capacitor setup of the electron source can be tilted in
different directions to imprint a pitch angle 0 relative to the magnetic field on the generated
electrons. The plate angle «, is defined with respect to the direction of the magnetic field.
However, as the magnetic field in this case is highly inhomogeneous, «;, can vary by several
degrees from the geometrically defined angle «, which is defined relative to the z-axis. To
produce electrons with minimal pitch angles 6, one must therefore first determine the so-
called zero angle a where oy, = 0. This information is furthermore very useful to be able to
interpret the simulations on transmission properties in the next sections.

To determine the zero angle, the spectrometer must be set to half-transmission where the
transmission probability is ~ 0.5 (compare figure . Here, the transmission probability is
most sensitive to changes of the electron angle so that variation of the plate angle results in a
noticeable change of the electron rate. The resulting distribution can be approximated with

a Gaussian distribution

A —a—ag)?
fle) = g e [—(200)} (5.1)

to calculate the zero angle ap with amplitude A and width o [Beh17]. As the simulation does
not include background, a constant offset can be omitted.

Simulations for the zero angle were carried out using N = 1000 Monte-Carlo generated
electrons per plate angle setting. Plate angles were independently varied both in z- and y-
direction (o, ay). An acceleration voltage of Uaee = 11kV at Upaek = —18.6kV was set and
dipole voltages were varied between 2500 V and 3500 V. The results are depicted in figure [5.2
The plot shows the transmission ratio Ny /N where V; is the number of transmitted electrons.
Error bars indicate v/N;. The fits are calculated with the curve_fit ()-function of the scipy
package [Vir+20] which uses the least squares method. The fitted zero angles are depicted
in table 5.1
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Figure 5.2: Simulation of the transmission ratio as a function of the plate angle to calculate
the zero angle for the MoS configuration with off-axis Hillen coil. The electron
source was installed vertically and tilted in x- and y-direction. The backplate
voltage is set to Upack = —18.6kV with an acceleration voltage of Uy = 11kV.
Simulations were carried out with different dipole voltages 2500V and 3500V
which indicate the impact of the dipole electrode on electron transmission. Per
setting, 1000 electrons were simulated. Determination of the zero angle is most
sensitive when the retarding voltage is set to the half-transmission point. There-
fore, a retarding voltage of —18600.3 V was applied when tilting in z-direction and
—18599.9V was applied when tilting in y-direction. Positive angles correspond
to tilting upwards (y) or rightwards (z).

The simulations depict a clear dependency of the transmission ratio on the plate angle. Both
tilt directions show a clear offset from 0° which indicates the impact of the off-axis Hillen coil.
Thereby, a larger offset is found for tilting in z-direction (approx. 3.7°) which is unexpected
as the shift of the Hillen coil is larger in y-direction than in x-direction. However, since the
center of the Hillen coil lies 3cm behind the photocathode (see figure , the magnetic
field around the frontplate is highly inhomogeneous. This simulation therefore shows the
non-triviality of the problem at hand.

Furthermore, the dipole electrode also has a significant impact on the pitch angle, causing a
difference of (0.15 £ 0.07)° in y-direction and (0.21 4 0.06)° in x-direction. A larger dipole
voltage thereby corresponds to a smaller zero angle. This is also indicated by the increased
transmission at 3500 V.

This study showed that the off-axis coil configuration has a significant impact on the pitch
angle and therefore on transmission properties. It therefore gives a general idea on the pitch

angle generation and can be used as a baseline for further transmission studies that are
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Table 5.1: Simulated zero angles at different dipole voltage settings.

Dipole Voltage Tilt Direction Fit Values

4500V x (6.57 & 0.05)
y (2.91 4 0.03)°

2500V x (6.78 & 0.04)
y (3.06 & 0.06)°

presented in the next sections. It has to be noted, though, that the zero angle is in principle
affected by every change of electromagnetic field properties around the source. Hence, the
results depend on the chosen settings and therefore cannot be universally applied to all of the
simulations presented in the next subchapters. However, they give a basis for comparisons

and a clear indication of what is to be expected from further simulations.

5.2.2 Magnetic cutoff

Magnetic reflection simulations are another useful tool to investigate the produced pitch an-
gles. In section [3.2] it was discussed that, when an electron adiabatically moves into a region
with higher magnetic field, the pitch angle increases. If it exceeds 90°, magnetic reflection
occurs. Due to the magnetic field Bg. = 35mT < Bpax = 6T, the required pitch angle
in the source magnetic field can be significantly smaller to achieve 90° pitch angle at the
superconducting solenoids. Since angular-selectivity over the full angular range up to 90° at
the maximum magnetic field is a critical factor regarding the functionality of the electron
source, knowledge of this property is especially important in this special electromagnetic
environment. Hence, in the following, simulations that investigate the magnetic cutoff are

presented.

For investigations of the magnetic cutoff angle, the spectrometer must be set to full transmis-
sion, meaning that a constant retarding potential well below the electrostatic transmission
edge is applied. This guarantees that the transmission ratio is only affected by magnetic re-
flection and not influenced by any electrostatic reflection. In the following, the spectrometer
voltage was set to a surplus voltage of 2eV or a retarding voltage of —18598 V. To match
measurement settings, a voltage of 3500 V was applied to the dipole electrode. The electron
source was installed with the slit parallel to the z-axis (horizontal) and parallel to the y-axis
(vertical). For the former, tilting was done in z-direction (around y-axis) while for the latter
tilting was done in y-direction (around z-axis). Positive plate angles correspond to tilting

rightwards or upwards, respectively.
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Figure 5.3: Simulated magnetic cutoff scans for different electron source installations and
acceleration voltages Uy, with corresponding fit. In the horizontal setting, the
source was installed with the frontplate opening slit parallel to the z-axis and
tilting was performed in z-direction while in the vertical setting the slit is parallel
to the y-axis and tilting was performed in y-direction. The colored zones indicate
settings where at least one electron could not exit the source through the opening
of the frontplate. 100 electrons were simulated per plate angle. The dipole voltage
was set to 3500 V, with the retarding potential at —18598 V, which corresponds
to a surplus energy of 2eV.

Figure [5.3 shows the result of three magnetic cutoff simulations at Upac = —18.6 kV featur-
ing both tilt directions at acceleration voltage U,.. = 8kV and, furthermore U, = 11kV
in vertical direction. As the respective tilt directions were also investigated for positive and

negative angles, two transmission edges are visible. The data was therefore modeled via

fla)=1— % [1 +erf <O‘\/_§UO‘_‘>} - [1 - % <1 +erf <O‘\é::>)] (5.2)

where o, o4 are the magnetic cutoff angle and transmission width for positive plate angles,

whereas a_, o_ are the respective parameters for negative plate angles and erf is the Gauss
error function. The corresponding fit values can be found in table Furthermore, it has to
be said that the error function is not a physically correct description of the transmission, but
rather a numerical approximation to be able to qualitatively compare the simulation data.

Note that for a complete study on systematic uncertainties, a Monte-Carlo study investi-
gating the effect of every parameter that is connected to an uncertainty would need to be
carried out. These parameters include e.g. the randomized variables such as initial kinetic

energy and momentum vector or the position of the Hillen coil. For this, many transmission
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functions would have needed to be simulated. Although computing was performed on the
institute’s local cluster using up to 100 cores simultaneously, computation times of one plot
are on the order of multiple days. Therefore, error bars are left out in this and all following
plots that show transmission function simulations.
The impact of the non-axial coil setup can also be seen in this case. Due to the zero angle
shift (compare figure , the functions are asymmetric around 0°. This is especially visible
for the vertical scan with U, = 11kV because this simulation was not influenced by other
effects affecting the transmission. Both simulations with U,.. = 8 kV have exactly one trans-
mission edge where electrons are absorbed by the frontplate (—12° vertical, 12.5° horizontal),
indicated by the colored areas in figure These electrons are unable to exit the electron
source through the frontplate slit, meaning that these settings cannot be used to investigate
the full 90° range of the spectrometer. Exemplary particle tracks, which demonstrate the
point of impact on the wide side of the frontplate slit using Uy = 8kV and a = —14°
(vertical) are depicted in appendix
The simulation with U, = 11kV indicates that this problem can be avoided by setting
a larger acceleration voltage. This curve is significantly narrower than the others which
demonstrates that an increase of U, leads to larger pitch angles after the acceleration pro-
cess. Therefore, the full 90° range can be scanned before electrons begin to hit the frontplate.
The angle at which the frontplate is first hit is —10° in this setting. Since this value is lower
than the respective value for U,e. = 8kV, a contribution of the E x E—drift, which is propor-
tional to the electric field strength, is indicated. The corresponding velocity g is calculated
with [Jac99] L
ExB
B2’

—

Vg = (53)

where E is the electric field vector and B is the magnetic field vector. From the simulation
output an estimate on the total E x B-drift distance can be calculated. At Usee = 8KV
and a = —14° (vertical) and an estimated drift time of 0.78 ns, a drift distance of ~ 2.7 mm
in z-direction can be inferred. This value is smaller than the width of the frontplate slit
of about 3.5mm, thus this effect cannot be solely reduced to the E x B-drift. The cor-
responding particle tracks show that a cyclotron motion can already be observed between
front- and backplate. From the simulation output a cyclotron radius of approximately 1 mm
is calculated. The sum of E x B-drift distance with the cyclotron radius is in agreement
with the observed total drift in z-direction of 3.7mm. Therefore, it can be concluded that
the combination of cyclotron motion and E x B-drift is likely the reason for the observed

termination of electrons on the frontplate.

Looking at the angular width (o4, 0_) one finds not only a significant reduction at Uy = 11kV
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in comparison to the pure magnetic reflection edges of Uy = 8 kV but also an increased trans-

mission width when electrons hit the frontplate. These values, however, are highly dependent

on the underlying start parameters of electrons at the photocathode. As these can differ from

the simulated distributions, the absolute values shall only be seen as a reference that can pre-

dict a general trend.

The cutoff angles at Uy, = 11kV can also be used to calculate the zero angle: With

ag = (ay + a-)/2 = (2.79 + 0.01)° one can conclude that it matches with the zero an-

gle calculation from the previous chapter (compare table within 3o.

Table 5.2: Fit values of magnetic cutoff simulation for different electron source installations
and acceleration voltages Uyc.. Here, oy and o are the magnetic cutoff angle and

transmission width for positive plate angles, whereas a_ and o_ are the respective
parameters for negative plate angles.

Uace (kV)  Tilt direction ay (%) oy (°) a_ (°) o_ (°)
] Horizontal  (13.00£0.01) (0.27+0.01) (—14.75+0.01) (0.41+0.01)
Vertical ~— (13.99 £0.01) (0.37+£0.01) (—12.244+0.01) (0.27 £ 0.01)
11 Vertical (90.84£0.01) (0.17+£0.01) (—4.26+0.01) (0.20 £ 0.01)

Finally, it can be said that the 32 keV electron source is capable of scanning the whole angular
range up to 90° at the given magnetic field settings. Thereby, larger acceleration voltages are
to be favored as transmission can be limited by the electron source itself. Furthermore, the
impact of the off-axis coil setup, which results in a shifted zero angle, can also be tracked

using the magnetic reflection simulation.

5.2.3 Transmission function shifts

The previous sections already gave a brief overview of the pitch angle creation mechanisms
of the electron source. Pitch angles can be varied not only via the plate angle but also by
variation of the acceleration voltage at a constant plate angle. Both mechanisms were investi-
gated during the commissioning measurements at the MoS. Hence, corresponding simulations
at Upack = —18.6 kV were computed and are presented in the following.

Transmission function simulations at constant U,.. = 12kV and dipole voltage 2500 V with
varying plate angles from 0° to 9.5° are depicted in figure [5.4 The step size of 1.9° corre-
sponds to 1 mm offset of the motor that steers the plates. For one transmission scan, the
retarding potential Uye is changed in 0.1V steps. Hence, the transmission ratio is given as
a function of the surplus energy Fgup = qUpack — qUret- The transmission functions are fit

with a single error function:

) =11 1 (15 (2 o) -
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Figure 5.4: Simulated transmission function scans for different plate angles a at Uyee = 12kV
with corresponding fit. Per retarding potential 200 electrons were simulated. The
dipole voltage was set to 2500 V. A plateau of the transmission ratio at larger
surplus energies indicates magnetic reflection. The electron source was installed
vertically.

where p is the position of the transmission edge and o is the transmission width. The am-
plitude parameter A is only free when a plateau smaller than 1 at Eg., > p is reached.
Otherwise, this parameter is set to 1. The corresponding fit values are depicted in table
The transmission curves show a clear dependency on the plate angle. Higher plate angles
correspond to larger shifts of the transmission function. However, due to the non-corrected
large zero angle, the transmission corresponding to @ = 3.8° shows the smallest shift. As
the transmission edge for 0° overlaps with 7.6° as well as 1.9° with 5.7° and a symmetric
distribution around the zero angle is assumed, one can conclude that the zero angle in this
case, where U,ec = 12kV, is ~ 3.8°. This value is significantly larger than the zero angle of
(3.06 £ 0.06)°, which was observed in table This indicates that the acceleration voltage
also has an influence on the zero angle in the inhomogeneous magnetic field of the monitor
spectrometer. In perfectly homogeneous conditions, the zero angle is expected to be inde-
pendent of this property.

At 9.5° a plateau of the transmission ratio at large surplus energies is visible. Here, some
electrons are magnetically reflected so that the transmission ratio cannot reach 1, even at
high surplus energies. The observable fluctuations at large surplus energies originate from
the randomized starting parameters in combination with the total number of simulated elec-
trons. The angle at which magnetic reflection happens is in accordance with the results from

figure[5.3
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Table 5.3: Fit values of transmission functions with varying plate angle «. The under-
lying simulations were computed with a vertically installed source, as well as
Uaee = 12kV and dipole voltage 2500V. Here, p is the position of the trans-
mission edge and o is the transmission width. The amplitude parameter A is only
free when a plateau smaller than 1 at surplus energies Egyrp > p is reached.

Plate angle (°) w(eV) o (eV) A
0 (0.325+0.001)  (0.066 % 0.001) 1
1.9 (0.160 £+ 0.001)  (0.077 £+ 0.001) 1
3.8 (0.106 £+ 0.001)  (0.068 £ 0.001) 1
5.7 (0.167 £ 0.001)  (0.081 £ 0.002) 1
7.6 (0.331 +£0.001) (0.077 £ 0.001) 1
9.5 (0.580 £ 0.006)  (0.059 + 0.009) (0.458 + 0.005)

Table 5.4: Fit values of transmission functions with varying acceleration voltage Usc.. The
underlying simulations were computed with a vertically installed source, as well
as a = 9.5° and dipole voltage 2500 V. Here, 1 is the position of the transmission
edge and o is the transmission width. The amplitude parameter A is only free

when a plateau smaller than 1 at surplus energies Fg,, > p is reached.

Unce (kV) p (eV) o (eV) A
3 (—0.102 +0.001)  (0.080 + 0.001) 1
5 (—0.113 +0.001)  (0.073 + 0.001) 1
7 (0.167 £0.001)  (0.084 + 0.002) 1
9 (0.399 4 0.001)  (0.076 + 0.002) 1
11 (0.550 4 0.002)  (0.072 +0.002) (0.955 = 0.002)
13 (0.534 £ 0.081)  (0.027 +0.062) (0.050 = 0.002)

The maximum distance between transmission functions of approximately 0.5eV is smaller
than the energy resolution of the MoS, which was 0.93eV in this setting. This is expected

due to the uncorrected zero angle.

In figure transmission scans with constant plate angle 9.5° show that a shift can also
be induced by varying Usc.. The data is again fit with equation and the corresponding
fit values are presented in table The shift of the transmission functions is thereby pro-
portional to U,c., meaning that larger acceleration voltages lead to shifts of the transmission
edge towards larger surplus energies. This, however, is only valid until U,.c = 5kV as the
corresponding curve shows a strong overlap with the transmission curve for Uy, = 3kV. At
13kV and 11kV magnetic reflection occurs, limiting transmission at high surplus energies.
Therefore, it can be concluded that the voltage difference between front- and backplate has a
significant impact on the produced pitch angles. The maximum distance between transmis-

sion functions in this study is about 0.6eV. Although this value is larger compared to the
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Figure 5.5: Simulated transmission function scans with constant plate angle @« = 9.5° for
different acceleration voltages U,.. with corresponding fit. The dipole voltage was
set to 2500 V. Per retarding potential 200 electrons were simulated. A plateau
of the transmission ratio at larger surplus energies indicates magnetic reflection.
The electron source was installed vertically.

total shift observed in figure it still does not cover the whole transmission width of the
spectrometer.

The transmission widths are mostly determined by the energy distribution of electrons at
the photocathode. In the simulation a Gaussian energy distribution with a width of 0.075eV
is used, which is close to the obtained fit values in tables and The values fluctuate
when varying a and Uy, however no proportionality can be inferred. For more conclusive
studies on this parameter, simulations should be performed using either a larger total amount
of electrons or more setpoints.

Moreover, the simulation data suggests that the width is reduced when magnetic reflection
occurs. The more transmission is dominated by magnetic reflection, which is indicated by
a small amplitude parameter A, the smaller the transmission width. However, this is also

connected to a larger uncertainty.

The transmission scan simulations show a clear picture of what is to be expected from mea-
surements. However, the experimental situation can differ from the assumptions made in
the simulation. Therefore, in the next section the presented results are put into context by

comparison with the corresponding measurements.
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Figure 5.6: Measured transmission functions for different plate angles « at Uyce = 12kV (a)
and with constant plate angle a = 9.5° for different acceleration voltages Upcc
(b). The corresponding simulations are found in figure and figure Figures
adapted from [Sch+-21].

5.3 Discussion and comparison with experimental results

Some exemplary measurement sets of transmission function scans performed at the monitor
spectrometer are depicted in figure (a), which shows the transmission properties for vary-
ing plate angles, and figure (b), which presents these for varying Uy at 9.5° plate angle.

The respective settings correspond to the simulation results presented in the previous section.

Beginning with figure (a)7 it is again easy to spot a shift of the transmission functions
depending on the plate angle. At o = 9.5° the largest shift can be seen, while in this case
a = 0° shows the smallest shift. The functions with angles between o« = 0° and a = 5.7° lie
close together within 0.1eV. Furthermore, a plateau due to magnetic reflection at large plate
angles does not occur. This is partially due to the normalization procedure in this case, as
the depicted rate is given relative to the rate at the largest surplus energy. Therefore, the
rate can also obtain values larger than 1. Furthermore, magnetic reflection measurements
showed, that a rate drop is spotted only at plate angles larger than 10°. This is, although it is
slightly larger, in accordance with the simulation results. Since the width of the transmission
function at a = 9.5° is comparable with the width of the other transmission functions, it is
probable that magnetic reflection did not occur here.

Generally, the transmission shift of plate angles o > 5.7° is in agreement with simulation
results. The largest difference is obtained for @ = 0° which now has the smallest shift, in-
dicating a zero angle close to a = 0°. This, however, contradicts the observation that the

transmission functions of @ = 5.7° and a = 3.8° overlap and lie close to the transmission
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Figure 5.7: Comparison of simulated transmission functions with different dipole voltages
at 0° and 4° plate angle. Per retarding potential, 200 electrons were simu-

lated. The electron source was installed vertically and set to Usee = 12kV with
Upack = —18.6kV.

functions of @ = 0° and a = 1.9°, as simulations indicate an increased shift for larger dis-
tances to the zero angle. The reason for that is likely a defect of the tilting mechanism of
the electron source, which was later discovered. As this caused ambiguous plate angles at
different motor positions, the main discrepancies between measurement and simulation could
be explained by this.

However, there are other possible explanations that could cause deviations from the simula-
tions, e.g. a difference between the simulated and experimental electromagnetic conditions.
Although a different position of the Hillen coil would effectively only affect the zero angle,
the dipole electrode could introduce significant deviations from the expected behavior. In fig-
ure a comparison of the impact of the dipole electrode for different plate angles is shown.
The dipole electrode primarily affects the position of the transmission function. While at
a = 4° the transmission function shift between 0V and 2500V is only 0.06 eV, the shift is
0.1eV at a = 0°. Therefore, transmission is affected differently by the dipole electrode de-
pending on the plate angle. It is possible, that the experimental geometry is not represented
perfectly in the simulation which could allow the measured behavior. A mechanical issue or

other electromagnetic influences that are not included in the simulation can also not be ruled
out.

Focusing on figure (b), simulations and measurement are generally in good agreement
with each other. Transmission function shifts for the different acceleration voltages are con-

sistent with 3kV and 5kV having the smallest shift while 13kV has the largest shift. Again,
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magnetic reflection was not seen during measurement which is in agreement with the mea-
sured magnetic cutoff angle of 12° [Sch+21].

The width of the measured transmission functions is generally larger than in the simulation.
This can, among other things, be connected to the wavelength of the light source, as well
as the work function of the photocathode. As these parameters have not been adapted for
the new electron source, a discrepancy in this regard is expected but does not significantly

change the qualitative transmission behavior.

In conclusion, simulation of the transmission properties for this novel off-axis coil configura-
tion could characterize the expected behavior of the setup for different configurations. The
shift of the flux tube to hit the detector, which was placed off-axis, is in principle a useful
mechanic. However, the resulting highly inhomogeneous magnetic field needs to be carefully
corrected to be able to do precise measurements whilst understanding all systematic effects.
Based on the simulation results, the setup was modified for a second measurement campaign.
Featuring an axially symmetric magnetic field, a more comprehensive characterization could

be performed.
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6 Electron tracking simulations for the aTEF

test setup

It was discussed in chapter [3] that background electrons originating from the ionization of
highly excited (Rydberg) atoms are currently one of the most dominant background processes
of KATRIN. A feasible approach to mitigate the impact of this component on the neutrino
mass sensitivity of KATRIN might be the implementation of an active transverse energy filter
(aTEF). Prototypes based on Si p-i-n diodes are currently investigated in Miinster. To be
able to reliably test the aforementioned prototypes, a good understanding of the characteris-
tics of the test setup is required. Therefore, the work presented in this chapter aims to not
only provide accurate simulation results for the analysis and interpretation of measurement
data but also to optimize the experimental conditions.

The measurement idea and general properties of the test setup are discussed in section[6.1] A
method the verify the simulation accuracy along with the corresponding results is presented
in section Section aims to explain the obtained results while several ways to improve

the test environment are presented in section .

6.1 How to examine angular selective detection properties

An overview of the aTEF test setup is given in figure First introduced in [Sall9], it was
originally designed for time-of-flight measurements in relation to KATRIN [Ful+20; Ste+13].
Recently, it has successfully been used for proof-of-principle measurements of MCPs acting
as transverse energy filters [Oel21; Kon21]. The 3 m long setup mainly consists of two beam
tubes that are surrounded by several coils that define a guiding magnetic field for electron
transport. In the following, important elements of the setup will be presented, starting at
the electron source and ending at the detector.

At the left end of the setup, an angular-selective monoenergetic photoelectron source as it

was presented in section [3.4]is mounted. In the scope of this thesis, both the 32keV source as
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Figure 6.1: Overview of the aTEF test setup in Miinster showing the geometry as it is used
in the particle tracking simulations. An angular-selective monoenergetic photo-
electron source is placed in the source chamber at z ~ 0 m. Various coils (orange)
create a guiding magnetic field for the propagation of electrons through the beam
tubes. Around the detector, four deflection coils are placed allowing to steer elec-
trons towards the detector at the end of the setup. The z-axis points out from
the depicted plane.

‘F

well as the 18 keV source were used at some point. One of four anoxal (anodized oxidized
aluminum) coils is placed at the entrance of the first 1.23 m long beam tube to create the
source magnetic field Bg.. Further two anoxal® coils are located around the middle of the
setup, where a cubical vacuum chamber with a pressure gauge, a vacuum pump and an
additional port for exchangeable components is located. For the aforementioned proof-of-
principle measurements the filter MCP was placed in the center of that chamber. The last
coil of this type is situated around the detector at the right end of the second beam tube and
delivers the magnetic field Bget. This configuration allows to adiabatically control the pitch

angle 0, so that, according to equation (3.13)), the pitch angle at the detector is defined via

O4et = arcsin (sin(@sm) Bdet) , (6.1)
Bire

where 6, is the pitch angle inside the source magnet. Thus, by tuning the magnetic field

ratio Bqet/Bsre and choosing an appropriate plate angle of the electron source, the desired

pitch angles can be produced.

Furthermore, to control the magnetic field and, thus, preserve adiabatic conditions in the

regions between the anoxal® coils a solenoid coil is wound around each beam tube (chamber

coils). A small gap towards the middle of the setup indicates the position of two CF40 flanges.

The detector prototypes are installed inside a dedicated holding structure which is directly
connected to a charge-sensitive preamplifier |[Joh13] and can hold up to two diodes. An

lUmwelttechnik Wesselmann GmbH, Auf dem Knuf 21, 59073 Hamm, Germany
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Figure 6.2: Pictures of the holding structures used to mount the diodes to the preamplifier
system. With the structure shown in a), up to two diodes can be installed side by
side. The quadratic apertures feature side lengths of 6 mm. The circular aperture
for a single diode shown in b) has a diameter of 3 mm. Images taken by K. Gauda.

aperture in front of the detector ensures that only the microstructured regions can be hit by
electrons. Two of these holding structures are depicted in figure [6.2

To overcome the difficulty to hit the small active surface area, a total of four additional
deflection coils are located around the detector to actively steer incoming electrons towards
the diodes. As depicted in figure these coils are grouped into two pairs (vertical and
horizontal) that are rotated by 90° with respect to each other. The coils of each pair are
oriented such that their primary magnetic field component is parallel to their symmetry axis.
Hence, in the detector plane, electrons can be steered both in x- and y-direction. Although
each coil of a pair has the same hardware parameters such as total windings, thickness and
radius, both groups differ in these parameters. The parameters of both groups are listed in
table Another important aspect is the placement of the coils relative to the detector
position. The vertical coils are situated symmetrically around the y-z-plane at x = £0.22 m.
The horizontal deflection coils, however, do not feature the same distance to the x-z-plane.
The upper coil is located at y = 0.156 m whereas the lower coil is located at y = —0.326 m.

Experimentally, this was unavoidable due to limited space at the detector section.

To summarize, this test setup, due to the angular-selective electron source and its tunable
guiding magnetic field, is able to produce electrons with variable pitch angles to probe the
Si-aTEF prototypes. For the correct interpretation of measurement data, precise knowledge
about the pitch angle at the detector is necessary. As the involved processes, such as the
non-adiabatic acceleration inside the electron source or the impact of the deflection coils are
non-trivial, electron tracking simulations are required. Before the results of these can be dis-

cussed, thorough investigations that examine the simulation accuracy were necessary. This
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Figure 6.3: Simulation geometry of the aTEF test setup focused on the detector section (com-
pare figure . Four deflection coils located around the detector are used to
manipulate the magnetic field so that electrons are guided towards the detector.
The coils are grouped into pairs: Two large (vertical) and two small (horizontal)
deflection coils.

has been done via comparison of simulation results with dedicated measurement data and

will be presented in the following chapter.

Table 6.1: Parameters of the deflection coils.

Coil Group Parameter Value

Inner radius  0.190 m

Outer radius  0.208 m

Large Deflection Coils Length 0.026 m
Total windings 252
Max. current +5A

Inner radius  0.153m

Outer radius  0.162m

Small Deflection Coils Length 0.009 m
Total windings 35.7

Max. current  +13A
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6.2 Comparison of measured fieldmaps with simulated data as

probe for simulation accuracy

The key idea towards verifying the simulation accuracy is the comparison of measurements
with corresponding simulations. If electrons are experimentally detected for different config-
urations with constant detector position, the corresponding simulated particle tracks should
terminate at roughly the same position in the detector plane as well.

The final position of electrons arriving at the detector is strongly dependent on the phase of
the cyclotron motion. This becomes apparent when looking at the cyclotron radius in the
detector plane for a typical setting: Assuming a pitch angle of 30° with a kinetic energy of
14 keV the cyclotron radius at the detector with Bget = 25 mT would amount to r. ~ 8 mm
(compare equation (3.6))). This size is of the same order as the side length of the microstruc-
tured part of the aTEF prototypes so that comparison of simulation with measurement data
is only feasible if the magnetic field which primarily affects the electron’s phase is modeled
correctly. Therefore, before simulations were performed, not only the precise representation
of the geometry in the simulation was verified as discussed in section but also the power
supplies used to power the coils of the setup were checked. A total of six power supplies of the
type SM 15-200 D and SM 30-100 D by Delta Elektronikaﬂ were used. The first number in
the name indicates the maximum voltage (in V) while the second number gives information
about the maximum current (in A). Both types also feature a voltage and current readout
with different sensitivities (SM 15-200 D: 0.01V and 1A; SM 30-100 D: 0.1V and 0.1 A).
A calibration cross-check of the current output of all power supplies was performed using a
Fluke 8846 A precision multimeter{ﬂ Furthermore, as the two middle and chamber coils were
connected in a parallel circuit to their respective power supply, the resistance of these coils
was measured to be able to calculate the individual current through each coil. The respective

resistances used for the simulation of these coils can be found in appendix

To check the positional consistency of the simulations, field scans were performed by sys-
tematically varying the currents at the deflection coils and measuring the corresponding
electron count rate on the detector. The corresponding experimental work was performed
by K. Gauda and S. Schneidewind and will be covered in their respective doctoral theses.
Therefore, this section only covers the most important experimental details. Field scans for
measurements with the 32keV electron source at plate angles a = 0° and o« = 8° are depicted
on the left side in figure The source was set to a backplate voltage of Upax = —17kV
with the frontplate being set to Ugont = Upack - 0.57 = —9690 V. For each setting, the count

2Delta Elektronika B.V., Vissersdijk 4, 4301 ND Zierikzee, Netherlands
3Fluke Corporation, 6920 Seaway Blvd, Everett, WA 98203
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Figure 6.4: Simulated electromagnetic field configuration of the configuration used for the
field scans with the 32keV electron source (see figure . The electric poten-
tial (solid gray line) and the magnetic field components in x (dash-dot, blue),
y (dashed, orange) and z-direction (dotted, green) that an electron with photo-
electron source settings a = 0°, Upack = —17kV and deflection coil setting 7 A
(horizontal) and 1.95 A (vertical) experiences are shown.

rate was measured in dependency on the current of the horizontal and vertical deflection
coils. Iteration over the parameter space consisting of the two currents could be performed
automatically. The electron source was operated with a pulsed light source at 1kHz which
could be used to suppress background arising from e.g. electrical noise. For this, the detector
was operated in a gated mode, so that the light pulses act as trigger gates for the signal
detection. The electromagnetic field configuration in this setting is depicted in figure As
By = 17mT is only slightly smaller than By = 22mT, adiabatic enlargement of the pitch
angle is not expected. Furthermore, the detector is located 3 cm outside of the center of the
detector coil (in z-direction). This is a result of the the inner radius of the detector coil being
too small to move it over the detector chamber flange. Therefore, the magnetic field drops
below 15mT in the detector plane, which effectively reduces the pitch angle at the detector.
In fact, the simulation output shows that 8 < 2.5° for « = 0° and 6 < 5.7° for a = 8°.
Vertical coil currents I, > 0 A indicate a rightwards shift of the beam towards larger x-values
while horizontal coil currents I, > 0 A indicate an upwards shift towards larger y-values. This
can also be seen in figure [6.4] where I, = 1.95 A and I, = 7A. Towards the detector section
at z ~ 2.7m both, the magnetic field component in z-direction as well as in y-direction take
on values > 0mT.

All field scans show a distinct count rate maximum indicating that the electron beam hits the
detector with the particular deflection coil settings. The impact of the varied plate angle can

be seen as a change of the position of the count rate maximum in the deflection coil parameter
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Figure 6.5: Measured field scans using the 32keV source with plate angles o = 0° (a), 8°
(c) and kinetic energy of 17keV in combination with the corresponding simulated
final electron positions in the detector plane (b, d). The measured field scans
illustrate the count rate dependency of the deflection coil setting. The count
rate maximum indicates that the detector is hit by the electron beam. The
position of the maximum in this 2D-plane shifts when using a different plate
angle. The information of the count rate of each setting is carried over to the plot
showing the simulated final position of the electrons. The black circle indicates
the measured physical position of the detector. Its center is located at x = 6.7 mm
and y = Omm. The circular aperture with radius 1.5 mm from ﬁgurewas used.

space. The size of the beamspots does not vary significantly between measurements.

To be able to draw conclusions about the simulation accuracy, these field scans are now trans-
lated into the simulation coordinate system. In more detail, for each deflection coil setting
of the field scan, ten Monte-Carlo generated electrons are simulated from the backplate of
the electron source to the detector plane. Their final position in the detector plane is then
recorded in a plot which can be seen on the right side in figure The small number of
electrons increases clarity but still allows to draw conclusions about the positional consistency
of the simulations. The single aperture with radius 1.5 mm as seen in figure was used
here. Its position inside the vacuum chamber was measured and is depicted in these plots via

a black circle to give a reference to the measurements. Its center is located at z = 6.7 mm
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Figure 6.6: Interpolation of the measured field scans with o = 0° (a) and o = 8° (b) (see
figure which is used to obtain the respective colormap of the simulated final
position plots. The calculation is based on the RBFInterpolator function from
the scipy package.

and y = 0mm. As each electron is associated with a particular setting that is connected to a
measured count rate (see corresponding plot on the left side), each electron carries about the
same color as the corresponding measurement setting. However, the deflection coil settings
do not generally match the simulation settings. Therefore, the appropriate count rate for the
particular simulation setting is inferred from two-dimensional interpolation with the values
from each measurement as basis. For this, the RBFInterpolator function from the scipy
package is used which calculates the interpolation based on radial basis functions
(RBF):

In general, a function ¢ : [0,00) — R is called radial, when its evaluation at a given point
7 yields ¢(7) = @(||r||). A function s(Z) can now be approximated for a given set of data
(x4, f; with ¢ = 1,2, ..., N) where s(z;) = f;. The function can be approximated via a linear

combination of N radial functions forming a basis:

N
s(8) =Y Nip(|F — ). (6.2)

i=1
Solving this equation yields the parameters A; so that s can be evaluated at any point x. For
the fieldmaps a linear radial basis function of the type ¢(r) = r is used. Calculation is only

performed using the nearest data point.

This technique in particular is beneficial for this use case as the input data in the two-
dimensional deflection coil space is not perfectly structured due to the data being obtained

from a direct measurement of the current. The interpolation result using the measurement
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data from figure is depicted in figure [6.6] In both figures rectangular plateaus at the
positions of the data points are revealed. Their dimensions correspond to the step size be-
tween deflection coil settings. On these plateaus the function value is roughly constant so
that at the edges a distinct step can be seen. This is an effect of the small number of near-
est data points used for the calculation and is ideal for this case as this does not create an
artificial bias. The step-like interpolation gives a very close resemblance of the simulation to
the data, since discrete current steps were also used in the measurement. More specifically, if
each data point from the respective measurement is seen as a pixel with a certain value, the
interpolation effectively enlarges the pixel without adding an unnecessary interpretation of
the underlying structure. A higher number of nearest data points for the calculation would
induce artifacts or other unwanted behavior into the interpolation.

In figure [6.6[a), only a small distortion at the lower left corner of the count rate maximum
is visible. This is probably due to the data points not being evenly spaced. However, as the
maximum itself can easily be distinguished, this is going to have only a minor effect when

comparing field scans to evaluate the simulation accuracy.

Looking at the basic structure of the simulated final positions in figure [6.5] one can spot
multiple rows of particle endpoints. The spacing between them indicates the step size of the
horizontal deflection coil setting. In the simulations the horizontal coil current was varied
between —2 A and 10 A in 1 A steps. In z-direction no distinct spacing is visible. The vertical
coil current, which is responsible for the translation of the electron beam in z-direction, was
varied between 1.2 A and 2.4 A in 0.05 A steps. However, one can see that each row is inclined
towards the z-axis. Variation of the vertical coil current therefore does not only shift the
beam in z-direction but also in y-direction. The same feature can be spotted for variation
of the horizontal coil current. Increasing this current shifts the beam in positive y-direction
and negative z-direction.

Due to the absence of track endpoints between rows which are separated by about 1mm it
can be concluded that the beamspot within each deflection coil setting is small compared
to the size of the aperture with radius 1.5 mm. Hence, the count rate maximum can easily
be identified and its shape and size matches the properties of the aperture. This is also a
reason why the count rate for areas apart from the maximum with count rates up to around
600 cps show a significant drop below 50 cps. Further, the maximum does not change its value
significantly between measurements.

Both simulation results show a small deviation from the measured detector position. For
a = 0°, the count rate maximum is shifted towards the lower right with the center being

located at around x = 7.6 mm and y = —1 mm while at @ = 8° the maximum can be found
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Figure 6.7: Simulated electromagnetic field of the configuration used for the field scans with
the 18keV electron source (see figure . The electric potential (solid gray
line) and the magnetic field components in x (dash-dot, blue), y (dashed, orange)
and z-direction (dotted, green) that an electron with oo = 0°, Upaek = —14kV
and deflection coil setting 12 A (horizontal) and 1.9 A (vertical) experiences are
shown.

at x = 5mm and y = +1 mm. Hence, a shift of 3 mm between simulations is observed.

Overall, the results show that the described method to verify the simulation accuracy can
be applied and conclusions towards the applicability of simulations can be drawn. In this
case, simulations of the field scans with o = 0° and 8° show good agreement between each
other in terms of shape and size of the count rate maximum in the detector plane. Between
the two simulations a discrepancy of the final electron positions of around 3 mm was found.
Further, these spots are both within a distance of 2mm to the measured detector position.
The observed offset is on the same order as the cyclotron radius for an electron with 8 = 5°
and E = 17keV which amounts to about 3 mm.

However, it should be noted that it was later found that the plate angles of the 32keV
electron source were not reproducible due to a hardware failure which affected the tilting
mechanism of the source. The plate angle that was set during the measurements presented
above is therefore not properly defined and should be seen with an enlarged error margin.

The measurements presented in the following therefore use the 18 keV source.

For the development of the aTEF, comparison of measured count rates for electron angles
in a range between 0° and 51° (magnetic cutoff angle at KATRIN) is aimed at. Therefore,
field scans were repeated for a modified magnetic field configuration which allows larger pitch

angles at the detector. The magnetic field configuration for these field scans can be seen in
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Figure 6.8: Measured field scans using the 18keV source with plate angles « = 0° (a), 5°
(c) and kinetic energy of 14keV in combination with the corresponding simulated
final electron positions in the detector plane (b, d). The black circle indicates the
measured position of the detector. This graphic is analogous to figure

ﬁgure Most notably, the ratio Byet/Bse = 31 mT /13 mT was modified to generate larger
pitch angles at the detector. A drop of the magnetic field towards the detector plane can again
be observed, however the remaining field of 19mT is now larger than Bg,.. Furthermore, the
source coil has been moved by 4 cm in z-direction, which results in a further increase of the
pitch angle. The source was set to a backplate voltage of Upacc = —14kV with the frontplate
being set to Ugont = Upack + 0.75 = —10500 V.

Field scans that were measured in this magnetic field configuration with plate angles oo = 0°
and 5° are shown in figure Here, 20 electrons are simulated per setting. Simulated pitch
angles in the detector plane do not exceed 8° at a = 0° and 20° at a = 5°. In the simula-
tions the vertical coil current was varied between 1.12 A and 2.1 A in 0.2 A steps while the
horizontal coil current was iterated from 8 A to 12 A in 0.5 A steps with plate angle 0° and

from —4 A to 4 A in 0.5 A steps with plate angle 5°.
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(orange) and one particular deflection coil setting which yielded the maximum
count rate in figure A total of 1000 electrons were simulated in each set-
ting. The black circle indicates the size of the aperture in front of the detector
(r = 1.5mm). Its position is chosen here so that its center equals the arithmetic
medium value of the corresponding track endpoints.

Focusing on the 0° plate angle field scan, one finds that the maximum could not be covered en-
tirely as the current limit of the horizontal coil was reached. This is largely due to the influence
of the earth magnetic field. Its component in negative y-direction of B, = —45 x 1073 mT
bends the magnetic field lines slightly downwards. Yet, a maximum count rate of 999 cps
could be observed.

The corresponding simulated final positions indicate a good agreement with the measured
detector position. Track endpoints of settings with large count rate lie within this area. Fur-
thermore, the plot shows that only about half of the detector region is covered which is in
accordance with the observation that not the whole count rate maximum could be covered
by the field scan measurement.

In contrast, the measured field scan with plate angle 5° could obtain the whole beamspot.
Indicated by the different colorbar, the scan shows a reduced maximal count rate of 518 cps
which yields a reduction of 48% compared to the 0° setting.

Looking at the simulated final positions one finds an offset of the count rate maximum to the
detector position by more than 5 mm to the lower right.

Distinct spaces where no track endpoints are located as it was the case in figure [6.4] cannot

be seen. Instead, endpoints from different settings overlap, indicating an increased beamsize
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in each setting. Further investigations on the beamsize are depicted in figure This plot
shows the final track positions of two particular settings from figure with a total of 1000
Monte-Carlo generated electrons. The chosen settings exhibited the largest count rate for
«a = 0° and 5°, respectively. As a reference, the size of the aperture is again indicated via a
black circle which is positioned at the arithmetic medium value of the corresponding track
endpoints. For a = 0°, track endpoints form a patch where all electrons are terminated
within the aperture’s radius. At a = 5°, this patch is transformed into an elliptic structure
which exceeds the boundaries of the aperture. The shape is in accordance with the cyclotron
radius of 7mm. Hence, it is likely that the shape and size originate from phase differences
between single electron tracks with slightly different start parameters such as energy, angle
and position at the backplate. The resulting angular and energy spread causes slight varia-
tions of the cyclotron radius between the emitted electrons. As the increased current at the
detector in comparison to the settings used with the 32keV source directly increases the cy-
clotron frequency, electrons travel a longer distance, causing these phase differences to build
up. Therefore, this effect is only relevant when reviewing larger pitch angles. This however,
is not ideal for investigations of aTEF prototypes. For this, one generally wants to look at
the detector efficiency, in other words the measured count rate in dependence of the pitch

angle. Beamsizes exceeding the size of the detection area therefore complicate the analysis.

Although the results demonstrate a mismatch between measurement and simulation at large
pitch angles, the impact of the deflection coils on the pitch angle can in principal be investi-
gated. For this, the mean final angle corresponding to each deflection coil setting used for the
field scans shown before, are presented in figure [6.10} Instead of the final electron position,
the focus now lies on the electron’s angle relative to the magnetic field vector as well as to
the z-axis.

Initially, the impact of the deflection coils on the pitch angle, which is depicted in fig-
ure (a) and (c) will be discussed. First of all, the angular range has to be noted. For
a = 0°, pitch angles from 6.8° to 7.8° are observed while the field scan with @ = 5° results
in pitch angles between 18.0° and 18.9°. Both plots show smaller fluctuations between single
points. However, these lie within the statistical uncertainty of about +0.5°. Especially in
figure (a), higher pitch angles are generally connected to larger deflection coil currents
which is in accordance with adiabaticity predictions. Assuming a magnetic field of B = 19mT
and a magnetic moment of g = 1.8 x 107! Am? (corresponding to 7.1° at 14keV), then a
field increase by 2mT due to the contribution of the deflection coils (compare figure
results in a pitch angle increase of 0.4°. This is not completely represented in the plot below

with a = 5°. Initial expectations would result in a symmetry axis at Iy = 0A. However,
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Figure 6.10: Angular distribution as a function of the deflection coil setting using the simu-
lation results from figure The angle is given relative to the magnetic field
(a,c) and to the z-axis (b,d) for plate angles 0° (a,b) and 5° (c,d).

the distribution presents larger angles towards positive I,. The reason for this is likely the
position of the electron beam and the asymmetric geometric setup of the horizontal coils
(compare figure . As the beam is shifted further downwards for negative Iy, not only
the total magnetic field contribution by the horizontal coil pair is reduced. The beam also
moves further out of the magnetic flux of the vertical coil pair, which in turn reduces the
contribution of the vertical coil pair.

In contrast to the previously discussed angles relative to the magnetic field, figure (b)
and (d) show the angles 6, towards the z-axis. This relation is interesting when viewed in the
context of the aTEF as in the setup, the detector is mounted with the channel axis parallel
to the z-axis. The direct observable is therefore not the pitch angle but 6,. It is immedi-

ately visible that the plots differ from the corresponding colormaps on the left, indicating
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the significant influence of the deflection coils on the magnetic field lines. The difference
between pitch angle # and angle to the z-axis directly yields the angle of the magnetic field
lines relative to the z-axis

0, =06,—6. (6.3)

However, as these angles are invariant when rotating around either axis, one cannot directly
infer the direction to which the field lines are bent. In these two exemplary situations, J,
amounts to up to 2° for a = 0° and 5°, as well as -0.2° for a = 0° and -3° for a = 5°.
Furthermore, the distribution is skewed. An increase of 8, can be found towards positive I},
and larger I, which can be observed by the maxima in the top right corners.

The presented results showcase the influence of the deflection coils on the electron angle.
Each setting affects both € and 6,. Due to the spatial variance of the magnetic field which
does not follow symmetry arguments, the behavior depending on the setting cannot be easily
calculated. Moreover, there are multiple coils involved with different orientations so that the

problem is highly non-trivial. In total, this demonstrates the importance of precise electron

tracking simulations for the analysis of measurement results.

In conclusion, when using small pitch angles below 8°, the field scans show good agree-
ment between simulation and measurement. However, larger pitch angles reveal an offset of
final electron positions in simulations. The constant detector position in the (z,y)-plane is
not represented. Further results suggest that the observable is directly influenced by the de-
flection coils. Moreover, since the magnetic field has a spatial dependence and the observable
directly depends on the magnetic field strength, the electron angle from simulations entails
an unknown uncertainty. Therefore, in the following, further simulations are performed to
investigate possible sources for the discrepancy of the field scans and how the electron angle

is affected.

6.3 Adiabaticity violation and its impact on electron angles

In [Sall9] the impact of adiabaticity violation in the setup was first discovered and dis-
cussed. As this effect has a direct influence on the pitch angle and therefore on several other
parameters such as the cyclotron radius, adiabaticity was the main focus of the following
investigation.

For this, it is important to recall the adiabaticity condition (see equation ({3.8)))

1dB wc
B dt T’
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Figure 6.11: Adiabaticity condition of the setup visualized (bottom) showing the absolute
value of the change of the magnetic field (blue) in comparison to the cyclotron
frequency (orange) and evolution of orbital magnetic moment p for one electron
track with o = 8° (top). The depicted setting is the same as in figure with
no contribution of the deflection coils.

which is depicted in the bottom plot of figure Three sections can be identified, where
this condition is not fulfilled: At the start of the setup, in the middle and at the detector.
These sections are all governed by the larger anoxal® coils creating a large but local magnetic
field, meaning that a fast increase and drop of the magnetic field before and after these coils
can be seen. Propagation inside the beam tubes can generally be assumed to be adiabatic.
Furthermore, as the acceleration process is expected to be non-adiabatic, the focus will lie
on the influence of the adiabaticity violation in the middle and at the end of the setup.

The top plot in figure shows the evolution of the adiabatic invariant for one exemplary
electron track. The orbital magnetic moment u, defined in equation , ought to be
constant after the acceleration process. However, in this configuration, a step of the magnetic

moment between the first beamtube (z = 0.5m to 1 m) and the second beamtube (z = 1.9m



6 Electron tracking simulations for the aTEF test setup 65

to 2.4m) as well as at the detector towards z > 2.55m is visible. This directly corresponds
to the area where the adiabaticity condition is not satisfied.

One can therefore calculate the change of the magnetic moment

Apij = pi — pi (6.5)

between different sections 7 and j of the setup. Here, i,j € {1,2,3} where 1 represents the
first beamtube, 2 the second beamtube and 3 the detector area. Knowing the magnetic field
Byget at the detector one can further calculate the impact that this step has on the measured
angle 0

E, FE-sin’f

r="g5 B

P B € : - B
= Ab;; = 0; — 0; = arcsin <\/T) — arcsin (W) . (6.7)

Further investigations now aim to investigate how the violation evolves depending on the
setup configuration. For this, a magnetic field configuration comparable to figure [6.7| was set
as a base setting. In this setting, the source coil is set to Is = 4 A, the chamber coils to a
total of I = 20 A, the middle coils to a total of Iy = 19 A and the detector coil to Ip = 13 A.
From this, the behavior of the adiabaticity violation was investigated as a function of the
source coil and middle coil current via simulation. For comparison, this was performed with
two different positions of the source coil at z = 14cm and 10cm. Each iteration includes
simulation of 1000 Monte-Carlo generated electrons with a kinetic energy of £ = 14keV. A

plate angle of a = 8° was set.

The results are depicted in figure [6.12] Here, the step of the adiabatic moment is trans-
formed to the change of the pitch angle at the detector according to equation . As there
are two steps of the magnetic moment (between first and second beamtube and towards the
detector), both Afs; (light color) as well as Af3; (dark color) are included.

In all cases, the data shows an oscillating behavior with the curves of the two coil positions
revealing a phase shift between each other. Amplitude and phase length, however, show no
significant differences. Due to Af3; including both steps of the magnetic moment, the cor-
responding curves show more deviations from a true sinusoidal behavior than the ones only
including Afy;. This is especially apparent in the lower plot where the current of the two

middle coils is varied.
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Figure 6.12: Impact of adiabaticity violation on the pitch angle at the detector depending

on the source (a) and middle coil current (b). Two different configurations
where the position of the source coil was varied between z = 10 cm (blue circles)
and z = l4cm (orange squares) are shown. The lightly colored points only
include the step between first and second beamtube whereas the full color points
also include the step of the magnetic moment at the detector. The observed
oscillatory behavior indicates a phase dependency of the adiabaticity violation.
Error bars, indicating the standard deviation from the arithmetic mean, are
included. However their size is smaller than the markersize.
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For the variation of the source magnetic field, Af can take on values up to around +5° and
—4°. The amplitude shows no significant change inside the simulated range. In contrast to
this, an increase of the middle coil current slowly decreases the amplitude. For currents up
to 16 A amplitudes are as high as —4° and +8°. A doubled current reduces the amplitudes

to +1° indicating better adiabatic conditions.

The observed characteristics lead to the assumption that the magnitude and sign is cor-
related to the phase of the electrons. Especially the shift of the curves when changing the
z-position of the source coil, which has no impact on the magnetic conditions in the middle
of the setup where the adiabaticity violation is observed, is a clear indicator for this. Hence,
in figure Apo1 is shown as a function of the mean azimuthal angle ® to the z-axis in the
middle of the setup. Each data point corresponds to a specific source coil current from fig-
ure [6.12fa). The azimuth angle here is a result of the modulo operation, therefore ® < 360°.
If a simulation run includes values with 360° — e < ® < 360° and 0° < ® < 0° + ¢, values
that fulfill the former relation are subtracted by 360°. This explains, why data points can be
slightly smaller than 0°.

Figure [6.13] reveals a strong correlation between adiabaticity violation and the electron’s
phase. The shape is comparable to an inverted oscillation, where & < 150° is connected to
Apgr < 0, while Apg; > 0 for & > 150°, and is the same for both coil positions. The pitch
angle and, thus, also the cyclotron radius and therefore the absolute position of the electrons
in the middle of the setup changes with different currents and coil positions. This is likely
the reason, why the data points are not perfectly compatible with each other.

The presented non-adiabatic behavior has also been shown by [HHT69]. This numerical study
is based on charged particles trapped in a linear multipole magnetic field. When traversing
the mid-plane where the magnetic field is minimal, Hastie et al. also observed a rapid change
of the magnetic moment up to third order (compare equation ) With the simple model
of the multipole field, they were able to approximate an analytic expression for the change
of the magnetic moment which depends on the kinetic energy, the pitch angle and the phase
(azimuthal angle). The latter was described as a distorted cosine with maxima displaced
from 7 /2 and 37/2 which originates from the use of local variables instead of the guiding
center approximation. While the data in figure does not clearly indicate a distortion,
the cosine behavior is directly identifiable. The analytical approach further demonstrates the
importance of precise knowledge of the magnetic field at any given point of the system. Com-
bined with the fact that the phase does not provide exact information about the electron’s
position and the corresponding magnetic field vector, characteristics such as the observed

asymmetric amplitude are not unexpected.
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In conclusion, the phase-dependent non-adiabaticity of the setup along with the non-matching
field scans complicate the interpretation of measurement results. Especially the latter indicate
that the electron phase or the magnetic field properties differ from experimental conditions,
so that the predictability of electron propagation is no longer given. As the information on
the electron angle is essential for the analysis of aT'EF spectra, optimization of the setup or
its magnetic field configuration is required. Thus, in the following, analysis on possible setup

optimizations is presented.
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Figure 6.13: Adiabaticity violation Apg; as a function of the phase (azimuth angle) at the
magnetic field minimum between the middle coils. To change the phase of the
electrons, different source coil currents were applied. Two different configura-
tions where the position of the source coil was varied between z = 10cm (blue
circles) and z = 14 cm (orange squares) are shown.

6.4 Discussion and next generation aTEF test setup

Although the magnetic adiabatic guiding of electrons in the setup seemed to allow for large
pitch angles at the detector by enlarging the magnetic field ratio, the simulations revealed the
non-predictable behavior for larger pitch angles. Therefore, this section is going to discuss
several options to improve the setup for the aTEF development. This includes considerations
that aim to improve the adiabaticity condition via an enhanced magnetic field, and other

possibilities that change the setup’s geometry.

One possible approach to counter the adiabaticity violation in the aTEF setup would be to
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Figure 6.14: Adiabaticity condition for the aTEF test setup if 10 times higher currents would
be applied to the magnetic coils. In more detail, this corresponds to 40 A entry
coil, 200 A chamber coils, 190 A middle coils and 120 A detector coil.

apply a higher magnetic field strength. The adiabaticity condition (see equation ) for
a hypothetical setting in which a ten times higher current is applied to the coils is depicted
in figure Since the cyclotron frequency is proportional to the magnetic field strength,
this setting features a significant improvement regarding adiabaticity and leads to a near
complete invariance of the magnetic moment. Furthermore, due to the high field strength,
the cyclotron radius and therefore the beam spot could be reduced. Assuming a pitch angle
of 40° using 14 keV electrons with a magnetic field of 200 mT the cyclotron radius would be
1.3mm which is not only a significant reduction compared to the previously used settings
but would also be smaller than the radius of the aperture (1.5 mm).

However, such a setting is experimentally not applicable, as the anoxal® coils, even with
water-cooling, cannot sustain these high currents. Therefore, a different optimization strat-

egy needs to be pursued.

Other strategies involve significant changes to the setup’s geometry. As the main draw-
back of the current setup is the adiabaticity violation in the middle of the setup an apparent
solution would be to reduce the size of the system. Therefore, a potential setup, which only
includes the chamber of the electron source, the first beamtube and the detector, is depicted in
figure (a). An exemplary magnetic field progression is shown below in figure (c) The
two anoxal® coils from the second beamtube can be used in combination with the anoxal®
coils of the first beamtube to create larger magnetic fields and better adiabatic conditions.

In figure a) it can be seen that with an improved detector position that lies inside the
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Figure 6.15: Geometries and exemplary magnetic fields of considered setup optimizations.
Cutting the setup in half (a, ¢) enables the possibility to reuse the anoxal® coils
of the second beam tube so that two coils create the magnetic field at the source
and the detector. This would enable higher magnetic fields but since these do
not fit over the detector chamber flange, a drop of the magnetic field towards the
detector is observed. Reducing the size of the setup even further (b, d) to a total
length (from photocathode to detector) of 29 cm is also an option. Here, only
one coil around the detector would be needed. In both simulations, a current of
20 A is applied to the detector coil/coils.

center of the magnetic field maximum of the detector coils, pitch angles up to 60° could in
principle be generated. However, due to the magnetic field only reaching 40 mT around the
detector one would again need to consider the size of the cyclotron radius. Assuming a pitch
angle of 40° using 14 keV electrons with a magnetic field of 40 mT the cyclotron radius would
be 6.4mm. As the increased magnetic field (compared to the standard settings) and, thus,
increased cyclotron frequency significantly enlarges the total path length of the electrons,
phase differences develop again. This effect, which originates from the varying start condi-
tions (such as direction and energy) was already discussed in section and results in a large
elliptic beamsize. This is indicated in figure [6.16|b), where electrons starting from the elec-
tron source with 8° plate angle create a beamspot that fills more than three quarters of a full

ellipse. Although a reduction of the acceleration voltage would reduce this property due to
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Figure 6.16: Propagation of the pitch angle (a) through a hypothetical aTEF test setup with
half the length and distribution of the final electron positions (b). Each setting
is simulated using a total of 100 electrons. In (a) plate angles of 8 and 9°
are considered, while in (b) a plate angle of 8° was set with varying frontplate
voltages of 60% and 90% of the backplate voltage that was set to —14kV. The
maximum magnetic field inside the detector coil pair amounts to 81 mT and
drops to 40 mT towards the detector plane.

the improved angular width, the beamsize would still exceed even the total size of the diode
prototypes. Comparison of measured count rates would therefore still include uncertainties

due to this.

To reduce the formation of phase differences and therefore large beamsizes, the total size
of the setup could be reduced even further. As an example, a beam tube length of 15cm is
chosen, so that the detector is situated in a distance of roughly 29 cm from the backplate.
The geometry of this setup, together with an exemplary magnetic field is depicted in fig-
ure (b) and (d). Due to the short length of this hypothetical setup, a coil positioned
around the detector has a direct influence on the magnetic field at the source. Since, for
adiabatic enlargement of the pitch angle, the ratio Bget/Bgsre needs to be optimized, a single
coil around the detector would be enough to create both Bge; and Bg.. Any further magnetic
field at the source would yield a smaller ratio and therefore non-ideal test conditions.

However, not only does the detector coil now affect the magnetic field at the source but also
the deflection coils do so. To investigate the impact of the deflection coils in this setup, a
field scan was simulated again where a single anoxal® coil is positioned at the detector. The
magnetic field of 42mT inside the coil drops to about 3.5 mT at the backplate. The pitch
angle as a function of the deflection coil setting is depicted in figure (a). This plot re-

veals, compared to the small angular range in figure [6.10] a significantly larger angular range
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Figure 6.17: Final pitch angles as a function of the deflection coil setting (a) and propagation
of the magnetic moment p in case of a hypothetical aTEF test setup with 29 cm
length (b). A plate angle of @ = 9° was set.

from 25° to as high as 41°. This hints towards an intervention of the magnetic field of the
deflection coils in the evolution of the orbital magnetic moment p. Hence, in figure (b)
this property is plotted against the position for two different deflection coil settings which
have the largest difference between each other. Until z = 0.05 m both settings present similar
values for the magnetic moment. However, for I, = 0 A and I, = 4 A the magnetic moment
continues to rise until z = 0.15m, while for I, = 0 A and I, = —4 A a maximum is reached at
z = 0.05m. Its plateau starting behind z = 0.15m is reduced by about 42% compared to the
other setting. As no other parameters are changed between both simulations, the difference
between the two curves is only caused by the change of the vertical deflection coil current.
Due to the small magnetic field around the source, a perpendicular magnetic field component
on the order of 1 mT is able to significantly alter the propagation of the electrons.

In that sense, one could in principle exploit this behavior to achieve higher pitch angles than
initially expected under perfect adiabatic conditions. However, building this hypothetical
setup with this effect in mind would include some risk, as this behavior has not been tested
in measurements. A reliable setup that does not rely on the understanding of non-adiabatic

effects is needed to avoid such difficulties.

All considerations lead to the following conclusion: The investigation of angular-sensitive
detection principles such as the aTEF using adiabatic enlargement of the pitch angle results
in several problems that find their origin in the cyclotron motion of the electrons. Namely,
these are non-adiabatic electron propagation, cyclotron radii larger than the aperture size
and concomitant with this large beamsizes. Therefore, all these considerations culminate in

the final optimization of the setup. Instead of achieving angular selectivity via the pitch
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Photoelectron source Detector with
pre-amplifier

Radioactive source

Figure 6.18: Proposed version for a new improved aTEF test setup. It features a fixed mo-
noenergetic photoelectron source so that only electrons with minimal pitch angle
are produced. The electrons propagate through a small beam tube towards the
detector. The Si-aTEF prototypes including the preamplifier setup can be ro-
tated around the detector surface by up to 60°. Furthermore, a radioactive
source close to the detector can be used to perform calibration measurements.
Image and design by H.-W. Ortjohann.

angle imprinted by non-adiabatic acceleration from the electron source, angular-selectivity is
achieved via detector rotation. A CAD-drawing is depicted in figure [6.18] This new setup
still features an angular-selective monoenergetic photoelectron source. However, it will only
be operated with v = 0°. These electrons are therefore emitted with a negligible angle to-
wards the magnetic field, which now only serves the purpose to guide the electrons through a
short beamtube towards the detector. The detector is mounted to a rotatable charge-sensitive
preamplifier setup which can be precisely steered for each setting. The small pitch angle of
the electrons results in a minimal cyclotron motion which has no impact on the beamsize.
Furthermore, 3- and y-emitting sources can be used to calibrate the detection.

At the time of writing, the new setup is under construction. As it minimizes all uncertain-
ties presented in the course of this chapter, it is well-suited for investigations of Si-aTEF

prototypes.
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7 Conclusion and outlook

The work presented in this thesis can be divided into two essential parts. On the one hand,
particle tracking simulations were performed to analyze the measurement environment and
the corresponding transmission properties for commissioning measurements of an upgraded
monoenergetic and angular-selective electron source that can be operated at voltages up to
—32kV. On the other hand, simulations focusing on a test setup for the development of an
active transverse energy filter could provide necessary information about systematic effects

influencing the electron angle.

Particle tracking simulations were carried out using KATRIN’s simulation framework Kas-
siopeia. To compute precise simulations, the advanced geometry of the 32 keV electron source
was implemented and mesh optimizations enabled a high-accuracy electrostatic field compu-
tation. Since the simulation geometry of the source is modular, it can also easily be im-
plemented in other simulations such as the KATRIN rear section or the aTEF test setup
in Miinster. The geometry of the monitor spectrometer was extended to include additional
elements that were located near the electron source and, thus, had a strong influence on the
shape of the electric field (elipot) or that were added for the commissioning measurements
(e.g., dipole electrode). To attain faster computation times, the electrostatic field of the
monitor spectrometer was divided into the source section and the spectrometer section. This
ensured that the axial symmetry of the spectrometer could be used for faster calculation
methods. The numerical accuracy of all simulations was optimized to provide energy conser-

vation on a sub-meV level.

The commissioning measurements of the 32keV electron source featured a special magnetic
field configuration using an off-axis coil that was needed to hit the off-axis detector. However,
this configuration has never been investigated before. The corresponding particle tracking
simulations were able to characterize the impact of the off-axis configuration and are mostly
in good agreement with measurement data. Therefore, the results could provide necessary
evidence for the functionality of the electron source.

Most recently, the electron source has been successfully installed in the rear section of the
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KATRIN experiment. First measurements provide evidence that the electron source is func-
tional and can be used to investigate the energy loss function at energies above 21 keV, which
was the limit of the previous electron source. This is going to ensure a further reduction of

KATRIN’s systematic uncertainty, bringing the experiment one step closer to the design goal.

Simulations regarding the aTEF test setup were computed to gain important information
about the electron angle at the detector for the development of the aTEF. Therefore, the
simulation geometry of the aTEF test setup was updated to match the measurement envi-
ronment and the simulation accuracy was checked utilizing the deflection coils. Comparison
of measurement data with the simulations revealed a discrepancy, which is likely caused by
phase dependent adiabaticity violations. Furthermore, due to large cyclotron radii at the
required kinetic energies, beamspots generally exceed the size of the detector. Hence, opti-
mizations of the setup were discussed. It was found that magnetic adiabatic enlargement of
electron angles in weak magnetic fields is not a viable approach to investigate the Si-aTEF
prototypes with the needed precision.

Therefore, a new setup is in development, which achieves angular selectivity via detector
rotation, thus omitting systematic effects such as adiabaticity or enlarged cyclotron radii.
Providing an excellent environment to investigate prototypes at different electron impact
angles, the new design is going to accelerate the development of the aTEF. If the current
background model is correct, a functional aTEF would be able to significantly reduce the
background of KATRIN by up to an order of magnitude. However, not being limited to KA-
TRIN, any application that requires angular selective detection techniques in a large magnetic

field could make use of the aTEF concept and optimize it for its needs.
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A.1 Upgraded photoelectron source XML configuration

In the following, the XML-configuration that is used for Kassiopeia simulations of the 32keV
electron source is presented. The general backplate geometry, defined in lines 40-71, was
implemented by S. Schneidewind. The mesh of the backplate, the frontplate defined in lines
74-129, the drift cage defined in lines 145-147, as well as the definition of the tree-structure in
lines 150-181 were part of this work. In the code, several mesh-counts and mesh-powers have
non-integer values. Up to kasper commit £0e0f64b86b643alaf2eb632e0ab9d20£6222163
from December 2021, these values were rounded down. For newer kasper versions, non-integer

values are no longer accepted and the non-integer values cause an error message.

<!— XML geometry for the 32 keV rearsection EGun —>

<!— shape parameters for the EGun geometry —>

<define name="rs_egun_plate_deburring_r" value="{15.e-4}"/>

<define name="rs_egun_plate_deburring_r2" value="{5.e-4}"/>

<define name="rs_egun_plate_inner_t" value="{5.24e-4}"/>

<define name="rs_egun_plate_distance" value="{2.0e-2}"/>

<define name="rs_egun_backplate_z" value="{0.0e-2}"/>

<define name="rs_egun_backplate_t" value="{[rs_egun_plate_inner_t]+2x*[
rs_egun_plate_deburring_rl}"/>

<define name="rs_egun_backplate_r" value="{3.0e-2}"/>

<define name="rs_egun_beamspot_r" value="{100.e-6}"/>

<define name="rs_egun_frontplate_z" value="{1.0e-3}"/>

<define name="rs_egun_frontplate_t" value="{[rs_egun_plate_inner_t]+2%[
rs_egun_plate_deburring_r2]}" />

<define name="rs_egun_frontplate_r" value="{5.0e-2}"/>

<define name="rs_egun_frontplate_hole_r" value="{7.5e-3}"/>

<define name="1x_slit" value="{1.7e-2}"/>

<define name="1lx_slit_round" value="{2.5e-2}"/>

<define name="1ly_slit" value="{8.02e-3}"/>

<define name="plate_thickness" value="{15.24e-4}"/>

<define name="rs_egun_opening_fine_r" value="{5.1e-4}"/>
g p g
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<define
<define
<define
<define
<define
<define
<define

name="rs_egun_opening_fine_z1" value="{7e-4}"/>
name="rs_egun_opening_fine_y1" value="{5e-4}"/>
name="rs_egun_opening_fine_z2" value="{11.8e-4}"/>
name="rs_egun_opening_fine_y2" value="{3.2e-4}"/>
name="rs_egun_opening_fine_r2" value="{5.35e-4}"/>
name="rs_egun_opening_fine_y3" value="{1.8e-4}"/>

name="rs_egun_driftcage_z" value="{-4.7e-2}"/>

<define name="rs_egun_driftcage_1" value="{9.5e-2}"/>
<define name="rs_egun_driftcage_r" value="{6.e-2}"/>
<geometry>

<!— global meshing parameters for the EGun geometry —>
<define name="rs_egun_curvature_n" value="20"/>

<define
<define
<define
<define

name="rs_egun_opening_curvature_n" value="9"/>
name="rs_egun_arc_count" value="25"/>
name="rs_egun_mesh_scale" value="5"/>

name="rs_egun_mesh_power" value="1"/>

<!— FEGun backplate surface —>

<!— reference point is front side of backplate—>

<tag name="electrode_tag" name="rs_egun_tag" name="all_tag" name="

collision_tag">

<tag name="rs_egun_backplate_system_tag" name="rs_egun_backplate_tag"

name="back_voltage_tag">
<rotated_poly_loop_surface name="rs_egun_backplate_surface"
rotated_mesh_count="{2*[rs_egun_arc_count]}">
<poly_loop>
<start_point x="{[rs_egun_backplate_z]}" y="0."/>
<next_line
x="{[rs_egun_backplate_z]}"
y="{[rs_egun_backplate_r]-[rs_egun_plate_deburring_r]}"
line_mesh_count="{6x[rs_egun_mesh_scale]}"
line_mesh_power="[rs_egun_mesh_power]"
/>
<next_arc
x="{[rs_egun_backplate_z]-[plate_thickness]}"
y="{[rs_egun_backplate_r]}"
radius="[rs_egun_plate_deburring_r]"
right="true"
short="false"

arc_mesh_count="{[rs_egun_curvature_n]}"

/>
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<next_line
x="{[rs_egun_backplate_z]-[rs_egun_plate_deburring_r]}"
y="4{0.0}"

line_mesh_count="{0.4*[rs_egun_mesh_scale]}"
line_mesh_power="{2/3*[rs_egun_mesh_power]}"

/>

<last_line

line_mesh_count="{0.4*x[rs_egun_mesh_scale]l}"

line_mesh_power="{2/3*[rs_egun_mesh_power]}"

/>

</poly_loop>

</rotated_poly_loop_surface>

</tag> <! rs_egun_backplate_tag —>

<tag name="rs_egun_frontplate_tag" name="front_voltage_tag">

<shell_poly_line_surface name="rs_egun_frontplate_inner_side_1"

angle_start="270" angle_stop="450" shell_mesh_count="{1.2x*[
rs_egun_arc_count]}" shell_ mesh_power="[rs_egun_mesh_power]">
<poly_line>

<start_point x="{-[plate_thickness]/2}" y="{[ly_slit]l/2+[

79
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rs_egun_opening_fine_y3]}"/>

<next_line x="{-[plate_thickness]/2}" y="{[1ly_slit]/2}"
line_mesh_count="{0.5%[rs_egun_mesh_scale]}"
line_mesh_power="[rs_egun_mesh_power]" />

<next_arc x="{-[plate_thickness]/2 + [
rs_egun_opening_fine_z1]}" y="{[ly_slit]/2 - [
rs_egun_opening_fine_y1]}" radius="{[
rs_egun_opening_fine_r]}" right="true" short="true"
arc.mesh_count="{[rs_egun_arc_count]}" />

<next_line x="{-[plate_thickness]/2 + [
rs_egun_opening_fine_z2]}" y="{[1ly_slitl/2 - [
rs_egun_opening_fine_y2]}" line_mesh_count="{[
rs_egun_mesh_scalel]}" line_mesh_power="[
rs_egun_mesh_power]" />

<next_arc x="{[plate_thickness]/2}" y="{[ly_slit]/2+[
rs_egun_opening_fine_y3]1}" radius="{[
rs_egun_opening_fine_r2]}" right="true" short="true"
arc_mesh_count="{[rs_egun_arc_count]}"/>

</poly_line>
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</shell_poly_line_surface>

<shell_poly_line_surface name="
rs_egun_frontplate_inner_side_2" angle_start="270"
angle_stop="450" shell_mesh_count="{1.2*[
rs_egun_arc_count]}" shell_mesh_power="[
rs_egun_mesh_power]">

<poly_line>

<start_point x="{-[plate_thickness]/2}" y="{-[ly_slit
1/2-[rs_egun_opening_fine_y31}"/>

<next_line x="{-[plate_thickness]/2}" y="{-[1ly_slit]/2}"
line_mesh_count="{0.5*[rs_egun_mesh_scale]}"
line_mesh _power="[rs_egun_mesh_power]"/>

<next_arc x="{-[plate_thickness]/2 + [
rs_egun_opening_fine_z1]}" y="{-[1ly_slitl/2 + [
rs_egun_opening_fine_y1]}" radius="{[
rs_egun_opening_fine_r]}" right="false" short="true"
arc_mesh_count="{[rs_egun_arc_count]}"/>

<next_line x="{-[plate_thickness]/2 + [
rs_egun_opening_fine_z2]}" y="{-[1ly_slit]l/2 + [
rs_egun_opening_fine_y2]}" line_mesh_count="{[
rs_egun_mesh_scale]}" line_mesh_power="[
rs_egun_mesh_power]"/>

<next_arc x="{[plate_thickness]/2}" y="{-[1ly_slitl/2 -[
rs_egun_opening_fine_y3]}" radius="{[
rs_egun_opening_fine_r2]}" right="false" short="true"
arc_.mesh_count="{[rs_egun_arc_count]}"/>

</poly_line>
</shell_poly_line_surface>

<extruded_poly_line_surface name="rs_egun_frontplate_inner_side_3
" zmin="{-[1x_slit]/2}" zmax="{[1lx_slit]/2}"
extruded_mesh_count="{[rs_egun_arc_count]}"
extruded_mesh_power="[rs_egun_mesh_power] ">
<poly_line>
<start_point x="{-[plate_thickness]/2}" y="{[ly_slit]/2+[
rs_egun_opening_fine_y3]1}"/>
<next_line x="{-[plate_thickness]/2}" y="{[ly_slit]/2}"
line_mesh_count="{0.5%x[rs_egun_mesh_scale]}"

line_mesh_power="[rs_egun_mesh_power]"/>
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81

<next_arc x="{-[plate_thickness]/2 + [
rs_egun_opening_fine_z1]}" y="{[ly_slit]
rs_egun_opening_fine_y1]1}" radius="{[
rs_egun_opening_fine_r]}" right="true" s
arc.mesh_count="{[rs_egun_arc_count]}"/>

<next_line x="{-[plate_thickness]/2 + [
rs_egun_opening_fine_z2]}" y="{[ly_slit]

/2 - [

hort="true"

/2 - [

rs_egun_opening_fine_y2]}" line_mesh_count="{[

rs_egun_mesh_scale]}" line_mesh_power="[

rs_egun_mesh_power]" />

<next_arc x="{[plate_thickness]/2}" y="{[ly_slitl/2+[

rs_egun_opening_fine_y3]}" radius="{[
rs_egun_opening_fine_r2]}" right="true"
arc.mesh_count="{[rs_egun_arc_count]}"/>
</poly_line>
</extruded_poly_line_surface>

short="true"

<extruded_poly_line_surface name="rs_egun_frontplate_inner_side_4

" zmin="{-[1x_s1lit]/2}" zmax="{[1lx_slit]/2}"
extruded_mesh_count="{[rs_egun_arc_count]}"
extruded_mesh_power="[rs_egun_mesh_power] ">

<poly_line>

<start_point x="{-[plate_thickness]/2}" y="{-[ly_slit

1/2-[rs_egun_opening_fine_y3]}"/>

<next_line x="{-[plate_thickness]/2}" y="{-[1ly_slit]/2}"

line_mesh_count="{0.5*x[rs_egun_mesh_scale]l}"

line_mesh_power="[rs_egun_mesh_power]"/>

<next_arc x="{-[plate_thickness]/2 + [

rs_egun_opening_fine_z1]}" y="{-[ly_slitl]/2 + [

rs_egun_opening_fine_y1]1}" radius="{[
rs_egun_opening_fine_r]}" right="false"
arc.mesh_count="{[rs_egun_arc_count]}" />

<next_line x="{-[plate_thickness]/2 + [

short="true"

rs_egun_opening_fine_z2]}" y="{-[1ly_slitl/2 + [

rs_egun_opening_fine_y2]}" line_mesh_count="{[

rs_egun_mesh_scalel]}" line_mesh_power="[

rs_egun_mesh_power]" />

<next_arc x="{[plate_thickness]/2}" y="{-[1ly_slitl/2 -I[

rs_egun_opening_fine_y3]}" radius="{[
rs_egun_opening_fine_r2]}" right="false"

arc.mesh_count="{[rs_egun_arc_count]}" />

short="true"
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</poly_line>
</extruded_poly_line_surface>

<tag name="rs_egun_frontplate_base_tag">
<extruded_surface name="rs_egun_frontplate_base">

<extruded_object z_min="{[rs_egun_plate_distancel]}" z_max

="{[rs_egun_plate_distance]+[plate_thickness]}"

longitudinal _mesh_count="60" longitudinal_mesh_power="

1." closed_form="1" mesh_merge_distance="0">

<inner_line xI1="{-[1lx_slit]/2}" yl="{[ly_slit]/2+[
rs_egun_opening_fine_y3]}" x2="{[1lx_slit]/2}" y2="
{[ly_slit]/2+[rs_egun_opening_fine_y3]}"/>

<inner_arc x1="{[1lx_slit]/2}" yl="{[1ly_slit]l/2+[
rs_egun_opening_fine_y3]}" x2="{[1lx_slit]/2}" y2="
{-[1ly_slit]/2-[rs_egun_opening_fine_y3]}" radius="
{[1ly_slit]/2+[rs_egun_opening_fine_y3]}"
positive_orientation="0"/>

<inner_line x1="{[1lx_slit]/2}" yl="{-[ly_slitl/2-[
rs_egun_opening_fine_y3]}" x2="{-[1lx_slit]/2}" y2=
"{-[1ly_slit]l/2-[rs_egun_opening_fine_y3]1}" />

<inner_arc x1="{-[1x_slit]/2}" yl="{-[1ly_slitl/2-[
rs_egun_opening_fine_y3]}" x2="{-[1lx_slit]/2}" y2=
"{[1ly_slit]/2+[rs_egun_opening_fine_y3]}" radius="
{[1ly_slit]/2+[rs_egun_opening_fine_y3]}"
positive_orientation="0" />

<outer_arc x1="[rs_egun_frontplate_r]" yl="0." x2="
{-[rs_egun_frontplate_r]}" y2="0" radius="[
rs_egun_frontplate_r]" positive_orientation="0"/>

<outer_arc x1="{-[rs_egun_frontplate_r]}" yl="0" x2="
[rs_egun_frontplate_r]" y2="0" radius="[

rs_egun_frontplate_r]" positive_orientation="0"/>

</extruded_object>
</extruded_surface>

<tag name="rs_egun_backplate_system_tag" name="rs_egun_beamspot_tag" name

="beamspot_tag">
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<rotated_line_segment_surface name="rs_egun_beamspot_surface"

rotated_mesh_count="[rs_egun_arc_count]">
<line_segment

x1="{[rs_egun_backplate_z]}"

yl="{0.3}"

x2="{[rs_egun_backplate_z]2}"
y2="{[rs_egun_beamspot_r]}"
line_mesh_count="{0.3*x[rs_egun_mesh_scale]}"

line_mesh_power="{1.2}"

/>

</rotated_line_segment_surface>

</tag> <!— rs_egun_beamspot_tag —>

<tag name="front_voltage_tag" name="electrode_tag" name="collision_tag"

name="driftcage_tag">

<cylinder_surface name="rs_egun_driftcage" zl="{[rs_egun_driftcage_z

</tag>

13" z2="{[rs_egun_driftcage_z]+[rs_egun_driftcage_1]1}" r="[
rs_egun_driftcage_r]" longitudinal_mesh_count="{2x*[
rs_egun_mesh_scalel]}" longitudinal_mesh_power="[rs_egun_mesh_power

1" axial_mesh_count="{1.5%[rs_egun_arc_count]}"/>

<space name="rs_egun_frontplate_assembly">

<surface name="rs_egun_frontplate_inner_side_1_assembled" node="

rs_egun_frontplate_inner_side_1">
<transformation displacement="{[1x_slit]/2} 0. {[
rs_egun_plate_distance]+[plate_thickness]/2}"/>

</surface>

<surface name="rs_egun_frontplate_inner_side_2_assembled" node="

rs_egun_frontplate_inner_side_2">
<transformation displacement="{-[1x_slit]/2} 0. {[
rs_egun_plate_distance]+[plate_thickness]/2}"/>

</surface>

<surface name="rs_egun_frontplate_inner_side_3_assembled" node="

rs_egun_frontplate_inner_side_3">
<transformation displacement="0. 0. {[rs_egun_plate_distancel+[

plate_thickness]/2}" rotation_euler="90. 90. 90."/>

</surface>



161

162

163

164

165

166

167

168

170

171

172

173

174

175

176

177

178

179

180

181

182

183

84 A Appendix

<surface name="rs_egun_frontplate_inner_side_4_assembled" node="
rs_egun_frontplate_inner_side_4">
<transformation displacement="0. 0. {[rs_egun_plate_distancel+[
plate_thickness]/2}" rotation_euler="90. 90. 90."/>
</surface>

<surface name="rs_egun_frontplate_surface_assembled" node="

rs_egun_frontplate_base" />

</space>

<l— rs_egun plate system assembly —>
<space name="rs_egun_plate_system_assembly">
<tag name="rs_egun_fiber_O_tag">
<surface name="rs_egun_fiber_0" node="rs_egun_beamspot_surface">
<transformation displacement="0. 0. 0."/>
</surface>
</tag>
<surface name="rs_egun_backplate" node="rs_egun_backplate_surface">
<transformation displacement="0. 0. 0."/>
</surface>
<space name="rs_egun_frontplate" tree="rs_egun_frontplate_assembly">
<transformation displacement="0. 0. 0."/>
</space>
</space>

</geometry>
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A.2 Electron absorption at the upgraded electron source in the

monitor spectrometer environment

Figure A.1: Exemplary simulated electron tracks which hit the frontplate after emission from
the photocathode. The point of view is located behind the backplate. The

electron source settings are U,cc = 8kV and a = —14°. The source is installed
vertically. The total magnetic field is 35mT. Note the inverted z-axis in this
picture.

The magnetic field vector used in the calculation in section[5.2.2] between front- and backplate
is B = (—0.0006, —0.002, —0.034) T.

The corresponding electric field vector that was used, is E = (—1200, 95000, —385000) V /m.
Both vectors are extracted from the simulation output. Corresponding tracks of electrons,

which are emitted from the photocathode and terminated on the frontplate, are depicted in

figure [A.1]
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A.3 Resistance of aTEF test setup coils

Most coils were connected in a series circuit, so that the set current could be directly translated
towards the simulation configuration. However, the two chamber coils on each beam tube as
well as the two anoxal® coils in the middle of the setup were connected in parallel to their
respective power supply. As it cannot be assumed, that the resistance R; of each coil i is
the same, the resistance of each coil was measured independently with the readout of the

particular power supply. From
I:Il+IQZU1/R1+U2/R2 (Al)

where U; and I; are the measured voltages and currents it can be followed that the currents

are split with the following ratio
I 1

I 148

(A.2)

The currents of each coil are then independently applied according to the experimentally
set total current I in each simulation. The resulting resistances and corresponding current

fractions are depicted in table

Table A.1: Values set for simulation of the magnetic field of the aTEF test setup obtained
from resistance measurements of the middle and chamber coils. The numbers 1
and 2 indicate the position of the respective coil of the coil pair (1: located closer
to the electron source, 2: located closer to the detector).

Coil pair Resistance  I»/1
=0.76 Q2

Middle colls 1= 0T g 49
Ry =0.79Q
=1.230Q

Chamber coils B X 0.51

Ry =1.180Q
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