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Als Prüfungsexemplar genehmigt von

Karlsruhe, den 16.12.2024,

Prof. Dr. Guido Drexlin





Contents

1. Introduction 1

2. Theoretical Basics 3

2.1. Historical Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.2. Neutrinos in the Standard Model . . . . . . . . . . . . . . . . . . . . . . . . 4

2.3. Neutrino Physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.4. Sterile Neutrinos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.4.1. Definition and Motivation . . . . . . . . . . . . . . . . . . . . . . . . 8

2.4.2. eV-scale Sterile Neutrino Searches . . . . . . . . . . . . . . . . . . . 8

2.4.3. keV-scale Sterile Neutrino Searches . . . . . . . . . . . . . . . . . . . 9

3. Karlsruhe Tritium Neutrino Experiment (KATRIN) Setup 13

3.1. Experimental Goals and Significance . . . . . . . . . . . . . . . . . . . . . . 13

3.1.1. Neutrino Mass Measurement . . . . . . . . . . . . . . . . . . . . . . 13

3.1.2. Sterile Neutrino Search . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.2. Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.2.1. Rear Section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.2.2. Source and Transport Section . . . . . . . . . . . . . . . . . . . . . . 16

3.2.3. Spectrometers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.2.4. Detector System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.3. Setup for keV-scale Sterile Neutrino Search . . . . . . . . . . . . . . . . . . 21

3.3.1. Rear Wall Modification . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.3.2. Field Adjustments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.3.3. Detector System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4. RW Scenarios to reduce Backscattering 23

4.1. Theoretical Basics of Backscattering . . . . . . . . . . . . . . . . . . . . . . 23

4.1.1. Elastic Scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.1.2. Inelastic Scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

4.1.3. Backscattering Coefficient . . . . . . . . . . . . . . . . . . . . . . . . 27

4.2. Possible RW Modifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.2.1. Magnetic Field Adjustments . . . . . . . . . . . . . . . . . . . . . . 27

4.2.2. Electric Field Adjustments . . . . . . . . . . . . . . . . . . . . . . . 28

4.2.3. Rear Wall Material . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.2.4. Micro-structured Rear Wall . . . . . . . . . . . . . . . . . . . . . . . 30



Contents

5. Modeling of the RW and Beamline 33

5.1. Basics of Geant4 based Simulations . . . . . . . . . . . . . . . . . . . . . . . 33

5.1.1. Architecture and Core Concepts . . . . . . . . . . . . . . . . . . . . 33

5.1.2. Physics Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

5.1.3. Basic Setup and minimal Architecture . . . . . . . . . . . . . . . . . 34

5.2. Micro-structured Rear Wall Implementation . . . . . . . . . . . . . . . . . . 36

5.3. Beamline Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

5.3.1. Overview of TRModel . . . . . . . . . . . . . . . . . . . . . . . . . . 38

5.3.2. Response Matrix Formalism . . . . . . . . . . . . . . . . . . . . . . . 39

6. Simulations of a Micro-structured RW 41

6.1. Backscattering Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

6.1.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

6.1.2. Comparison of Materials and Geometries . . . . . . . . . . . . . . . 44

6.2. Surface Activity Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

6.2.1. Tritium Deposition Mechanisms . . . . . . . . . . . . . . . . . . . . 49

6.2.2. Comparison Flat and Micro-structured Rear Wall . . . . . . . . . . 50

6.2.3. Comparison of Materials . . . . . . . . . . . . . . . . . . . . . . . . . 52

6.2.4. Limitations and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . 54

6.3. Impact on the measured β-decay Spectrum . . . . . . . . . . . . . . . . . . 56

6.3.1. Backscattering Contribution . . . . . . . . . . . . . . . . . . . . . . . 56

6.3.2. Activity Contribution . . . . . . . . . . . . . . . . . . . . . . . . . . 59

7. Conclusion 65

A. TRModel Simulation Settings 73



List of Figures

2.1. The solar neutrino spectrum. Adopted from [6] . . . . . . . . . . . . . . . . 6

2.2. Exclusion contours for the sterile neutrino search using the data from the

first two measurement campaigns of the KATRIN experiment. [21] . . . . . 9

2.3. Exclusion curves on keV sterile neutrino dark matter. The red dot shows

the 3.5 keV X-ray line. Adopted from [25] . . . . . . . . . . . . . . . . . . . 11

2.4. Exclusion curves of current results and projected sensitivities per phase. [27] 12

3.1. Schematic of the tritium beta decay spectrum. The endpoint of the spec-

trum is determined by the mass of the electron antineutrino. . . . . . . . . 14

3.2. Schematic of the tritium beta decay spectrum with a sterile neutrino signal.

The signal would be visible as a kink in the spectrum. Adapted from [3] . . 15

3.3. Schematic of the KATRIN beamline. The beamline is divided into several

sections. a) is the Rear Section, b) is the Windowless Gaseous Tritium

Source and c) is the Transport Section. d) and e) are the Pre-Spectrometer

and the Main Spectromter and finally f) is the Detector Section. Figure by
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1. Introduction

The Karlsruhe Tritium Neutrino (KATRIN) experiment is at the forefront of experimen-

tal neutrino physics, aiming to measure the effective mass of the electron neutrino with

unprecedented precision with a current upper limit of mνe < 0.45 eV2 at 90% confidence

level [1]. Historically, the neutrino had been assumed to be massless, but the discovery of

neutrino oscillations in the early 2000s provided the first evidence that neutrinos must pos-

sess a non-zero mass [2]. The KATRIN experiment was designed to measure the neutrino

mass by studying the tritium beta decay spectrum near its endpoint. This effort, based on

high-resolution spectroscopy, offers a unique window into the properties of neutrinos and

their role in the Standard Model of particle physics.

Beyond the determination of neutrino mass, the KATRIN experiment is poised to expand

its scientific reach through the upgrade of the detector system with the new TRISTAN

detector, allowing a dedicated search for sterile neutrinos on the keV mass-scale. a hy-

pothesized class of neutrinos that could provide a key to several outstanding questions in

cosmology and particle physics. These include the nature of dark matter and mixing in

the case of sterile neutrinos, the origin of the matter-antimatter asymmetry, and the mech-

anism behind neutrino mass generation. In the KATRIN experiment, sterile neutrinos are

expected to manifest as a spectral distortion in the beta-decay spectrum of tritium. This

way, it is possible to probe for the mass of sterile neutrinos in the keV range up to about

18 keV. The large activity of KATRIN’s ultra-luminous tritium source allows for probing

mixing angle of sin2 ¹ ≈ 10−6 [3].

However, the TRISTAN detector upgrade is only one addition to KATRIN due to multiple

other challenges that need to be overcome to achieve the required precision for the keV

sterile neutrino search. Among these, the impact of electron backscattering from the rear

wall, which is a critical component of the KATRIN setup, remains a significant challenge.

Most electrons in KATRIN scatter off the rear wall before reaching the detector. This

causes the electrons to lose energy and distort the spectrum measured at the detector.

Therefore, backscattering introduces uncertainty and complicates a precise measurement.

This thesis focuses on investigating solutions to mitigate the impact of rear wall backscat-

tering through the application of micro-structured surfaces. These surfaces, engineered
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to reduce the probability of electron backscattering by enhancing absorption and scatter-

ing in controlled ways, offer a promising path toward minimizing this systematic effect.

By exploring the interplay between surface properties and electron behavior, we aim to

contribute to the broader effort of refining the sensitivity of KATRIN and unlocking its

potential in the search for sterile neutrinos.

The following chapters will detail the theoretical foundations of sterile neutrino physics in

Chapter 2, the experimental design and challenges of the KATRIN experiment, as well as

the necessary changes for the sterile neutrino search in chapter 3. A detailed description

of different beamline scenarios for the optimization of the KATRIN rear wall will be given

in Chapter 4 and the software tools used for the simulations of the effects of these changes

on the KATRIN experiment will be discussed in chapter 5. In the end, the precise setup

of the simulations and their results will be presented in chapter 6, and the conclusions and

outlook for future work will be given in chapter 7.
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2. Theoretical Basics

Neutrinos are fundamental particles in the Standard Model, known for their tiny mass and

neutral charge.

They were first proposed by Wolfgang Pauli in the 1930s to explain missing energy in beta

decay [4], they were experimentally confirmed by Cowan and Reines in 1956 [5]. Neutrinos

interact only through weak nuclear force and gravity, making them extremely difficult to

detect. A more general overview will be given in Section 2.1.

There are three neutrino flavors - electron (¿e), muon (¿µ), and tau (¿τ ) - corresponding

to the three generations of leptons. One of the most important discoveries in neutrino

physics is flavor oscillation, where neutrinos change type as they propagate through space

which implies that neutrinos have mass. This challenges the original assumptions of the

Standard Model and opens new doors in particle physics. These two topics are discussed

in more detail in Section 2.3.

Moreover, they provide opportunities to explore new physics, particularly through the

study of sterile neutrinos, discussed further in Section 2.4.

2.1. Historical Overview

The neutrino was first postulated by Wolfgang Pauli in 1930, to explain a discrepancy in

beta decay where the emitted electron seemed to lose a portion of energy in what was

thought to be a two-body decay (i.e. a line spectrum was expected for the electron energy,

but a continuous spectrum was observed). Pauli explained this as being due to the energy

being taken away by an undetected neutral particle with nearly zero mass. [4] This turns

the decay into a three-body process,

n→ p+ e− + ¿e, (2.1)

where the decay energy is randomly distributed among the reaction products.

The direct detection of neutrinos proved to be a very difficult task because their interaction

with matter is extremely weak. This finally came true when Cowan and Reines confirmed

Pauli’s theory in 1956 through an experiment with nuclear reactors by observing neutrinos

3



2.2. Neutrinos in the Standard Model

interacting with protons. The so-called Cowan-Reines experiment had a setup of three

scintillating detector layers with two target tanks in between. The target tanks consisted

of polyethylen boxes filled with a solution of water cadmium chloride. In this way they

were able to detect a gamma ray steming from the capture of the neutron produced by

inverse betay decay, and two gamma rays created by pair annihilation of the positron. The

reaction chain is given by [5]:

¿e + p→ n+ e+

e+ + e− → 2µ

n+108 Cd→109 Cd+ µ

(2.2)

For a very long period, it was assumed that neutrinos were massless, since the generation

of fermion masses requires a right-handed component. However, the Standard Model does

not include right-handed neutrinos since only left-handed neutrinos have been observed

due to parity violation in weak interactions. But in the late 20th century, experiments

studying neutrinos from the Sun and the atmosphere were able to find fewer neutrinos

than predicted, creating what was dubbed the ”solar neutrino problem” [2]. In 1998, the

breakthrough finally came with an experiment called the Super-Kamiokande in Japan:

neutrinos were changing flavors while in flight, a process dubbed neutrino oscillation [6].

This implied that neutrinos had to have mass for oscillation to take place, so the generally

held view that neutrinos were massless was wrong. It revolutionized our view on neutrinos

and necessitates an update in the Standard Model. The result from Super-Kamiokande was

soon after corroborated by the Sudbury Neutrino Observatory in 2001 [7]. For the discovery

of neutrino mass and oscillation, Takaaki Kajita and Arthur B. McDonald received the

Nobel Prize in Physics in 2015 [8, 9].

2.2. Neutrinos in the Standard Model

In the Standard Model of particle physics, neutrinos belong to a family of leptons that

has two classes: neutrinos and charged leptons. Neutrinos being fermions have a spin of

1/2. Unlike their charged lepton cousins, they do not carry any electric charge. In the

Standard Model, neutrinos are considered massless and interact only through the weak

nuclear force and gravity. [10]

There are three generations of leptons, each generation comprising both a neutrino and a

charged lepton. These are collectively known as the three neutrino flavors: the electron

neutrino (¿e), the muon neutrino (¿µ), and the tau neutrino (¿τ ). They form left-handed

weak isospin doublets with their charged lepton partners - electron, muon and tau - in the

Standard Model’s electroweak interaction [10]:

(

¿e

e−

)

L

(

¿µ

µ−

)

L

(

¿τ

Ä−

)

L

(2.3)

These doublets involve the implication that neutrinos participate in the weak interactions

only by their left-handed component. This stems from the observation of parity violation

4



2.3. Neutrino Physics

in weak interactions. The neutrinos do not interact electromagnetically or strongly, since

they bear no electric charge or color charge. Because of this, the detection of neutrinos is

a very challenging task and usually involves huge detectors designed to capture some of

the rare interactions that occur, such as the scattering of neutrinos. [10]

2.3. Neutrino Physics

Neutrino Oscillations

Neutrino oscillations are the proposed solution to the solar neutrino problem where exper-

iments observed only about a third of the expected neutrino flux coming from the sun as

previously mentioned. This spectrum is shown in figure 2.1. The idea is that neutrinos

change flavor as they travel through space. This was contrary to the original assumption

that neutrinos were massless and flavor eigenstates were the same as mass eigenstates.

Theoretically, this is described by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

and is analogous to the mixing of quark flavors in the CKM matrix [11]:







¿e

¿µ

¿τ






= UPMNS







¿1

¿2

¿3






. (2.4)

Here, UPMNS is a unitary matrix that describes the mixing between the flavor (¿e, ¿µ, ¿τ )

and mass eigenstates (¿1, ¿2, ¿3) [12]. The matrix can be parameterized with three mix-

ing angles ¹12, ¹13, ¹23 and a CP-violating phase ¶CP [11]. The matrix is named after the

physicists who first proposed it: Ziro Maki, Masami Nakagawa, and Shoichi Sakata in 1962

and Bruno Pontecorvo, who suggested the idea in 1967. Multiple experiments are mea-

suring these parameters using different neutrino sources like solar, atmospheric, reactor,

and accelerator neutrinos (e.g. [13], [14], [15]). With the assumption of a plane wave, a

solution for time evolution of the neutrino flavor states can be found:

¿α(t) =
∑

i

Uαie
−iEit¿i with Ei =

√

p2 +m2
i (2.5)

Therefore, the probability of a neutrino of flavor ³ to be detected as a neutrino of flavor

´ after traveling a distance L is given by

P (¿α → ¿β) = ¶αβ − 4
∑

i<j

Re(UαiU
∗

βiU
∗

αjUβj) sin
2

(

∆m2
ijL

4E

)

+ 2
∑

i>j

Im(UαiU
∗

βiU
∗

αjUβj) sin

(

∆m2
ijL

2E

) (2.6)

under the assumption that the neutrinos are ultrarelativistic. [11] Here, ∆m2
ij = m2

i −m2
j

is the mass squared difference between the mass eigenstates i and j, E is the energy of

the neutrino, and L is the distance traveled by the neutrino. The probability of a neutrino

oscillating from one flavor to another is a function of the mixing angles ¹12, ¹13, ¹23 and

the CP-violating phase ¶CP . [11]

5



2.3. Neutrino Physics

Figure 2.1.: The solar neutrino spectrum. Adopted from [6]

Dirac Neutrinos

Dirac neutrinos are one of the possible types of neutrinos. They are characterized by having

distinct antiparticles, with right-handed neutrinos (¿R) and left-handed antineutrinos (¿L)

complementing the observed left-handed neutrinos (¿L) and right-handed antineutrinos

(¿R). These neutrinos acquire their mass through the Higgs mechanism, which requires

the existence of sterile right-handed neutrinos. These sterile neutrinos do not interact via

the weak force. [16]

The Dirac mass term for neutrinos is given by [16]:

LDirac = −mD(¿L¿R + ¿R¿L) (2.7)

where mD is the Dirac mass matrix. Therefore, the neutrino mass for Dirac neutrinos is

given by [16]:

mD = yD
v√
2

(2.8)

where yD is the Yukawa coupling constant and v is the vacuum expectation value of the

Higgs field [16].

In addition, Dirac neutrinos follow the Dirac equation:

(iµµ∂µ −m)È = 0 (2.9)

Here, È is the neutrino field.

In this way neutrino oscillations can arise from the mixing between mass eigenstates, with

the conservation of the leptop number [16].

6



2.3. Neutrino Physics

Majorana Neutrinos

Majorana neutrinos are another possible type of neutrinos. They are characterized by

being their own antiparticles, which means that they are incompatible with the Standard

Model (SM) of particle physics due to the violation of lepton number conservation. Math-

ematically, this is described by their the neutrino spinor being directly connected to theit

own CP-conjugate, which results in the following Lagrangian,

LMajorana = −1

2
ML(¿L¿

C
R + ¿CR¿L)−

1

2
MR(¿R¿

C
L + ¿CL¿R) (2.10)

where ML and MR are the left-handed and right-handed Majorana mass terms, respec-

tively. The violation of the lepton number conservation also results in the impossibilty to

explain the creation of the Majorana mass via the SM Higgs mechanism. [16]

Seesaw Mechanism

The seesaw mechanism describes the generation of neutrino masses. The mechanism is

based on the assumption that there exist additional right-handed Majorana neutrinos,

which do not interact via the weak force and possess comparatively large masses [11]. The

arguably simplest seesaw mechanism is the Type I seesaw mechanism, which results from

the combined Dirac and Majorana mass terms under the assumption that the left-handed

Majorana mass is equal to zero and the Dirac mass mD is neglibible compared to the

right-handed Majorana mass MR [11]:

Lν = −1

2

(

¿L ¿CL

)

(

ML mD

mD MR

)(

¿CR
¿R

)

+ h.c.

ML=0⇒ Lν = −1

2

(

¿L ¿CL

)

(

0 mD

mD MR

)(

¿CR
¿R

)

+ h.c.

(2.11)

This Lagrangian describes the mixing between left-handed neutrinos and right-handed

neutrinos, withmD being the Dirac mass matrix andMR being the right-handed Majorana

mass. Using this, it is possible to calculate the eigenvalues mνa for the active neutrinos

and mνs for the sterile neutrinos, with the mass of the active neutrinos being much smaller

than the mass of the sterile neutrinos. These two have an antiproportional relationship to

each other which is the reason for the name of the seesaw mechanism. [11] In addition,

these neutrinos mix with the each other via the following amplitude [11]:

|¹| ∝
√

mνa

mνs

(2.12)
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2.4. Sterile Neutrinos

2.4. Sterile Neutrinos

2.4.1. Definition and Motivation

As mentioned in section 2.3, sterile neutrinos are hypothetical particles that do not interact

via the weak force, but only via gravity. The term usually refers to right-handed neutrinos,

which are singlets with respect to the weak force. Their existence could explain the small

mass of the active neutrinos. However, their existence has not been proven yet and is still

a topic of ongoing research. [17]

In principle, sterile neutrinos can exist on any mass scale. But some mass scale, such as

the eV, keV, GeV, and TeV scale can be motivated theoretically or experimentally, or

both. Due to them not interacting via any of the known forces except gravity, it is only

possible to detect them via mixing with regular neutrinos. Therefore, multiple different

experiments are necessary to cover the full mass range of the sterile neutrinos and multiple

experiments are searching for signs of their existence. [17]

The following sections will give a brief overview of some of the most important experiments

and the mass range they are searching in.

2.4.2. eV-scale Sterile Neutrino Searches

There are several experiments searching for signs of sterile neutrinos in the eV-scale. Two

examples will be discussed in the following.

MiniBooNE

The Mini Booster Neutrino experiment (MiniBooNE) is a neutrino oscillation experiment

at Fermilab that was designed to look further into the excess of ¿e and ¿e events observed by

the LSND experiment. This excess could be explained using a 3 +N neutrino oscillation

model which assumes three active neutrino generations with N sterile neutrinos. The

experiment makes use of a neutrino beam produced in the Fermilab Booster. There 8GeV

protons collide with a Beryllium target to produce pions and kaons, which again decay into

muons and neutrinos [18]. After creating the neutrinos they travel to the 541m distant

MiniBooNe detector, which is a Cherenkov detector made up of 1520 photomultiplier tubes

and filled with 818 t mineral oil. Of these photomultiplier tubes, 1280 are located in the

interior region and 240 are located in an optically isolated veto region. Inside the mineral

oil, the neutrinos produce directed Cherenkov light and isotropic scintillation light by

producing charged particles. The light is then detected by the photomultiplier tubes. [19]

The MiniBooNE collaboration has already published results in 2021 and reported a 4.8Ã

signal excess. However, even though the number of excess events is consistent with LSND

experiment, the shape of the spectrum is not. So, most of the parameter space favored by

LSND is disfavored at 95% confidence level in MiniBooNE. Therefore, analysis of the low

energy is inconclusive and will need further research. [20]
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Figure 2.2.: Exclusion contours for the sterile neutrino search using the data from the first
two measurement campaigns of the KATRIN experiment. [21]

KATRIN

The KATRIN experiment measures the end point of the tritium β-spectrum to determine

the effective neutrino mass with high precision. Further information on the measurement

principle can be found in the next chapter 3.1.1.

The shape of the beta decay spectrum is influenced by the mass states which mix with

the electron neutrino. This expresses itself in a kink in the spectrum whose position

is determined by the mass of the neutrino. Therefore, due to the KATRIN experiment

measuring down to 40 eV below the endpoint, it is sensitive to sterile neutrinos up to

∆m41 ≲ (40 eV). [21]

The KATRIN experiment has already published results in 2022 using the first two mea-

surement campaigns. The analysis was done blind to avoid any bias and a shape analysis

was used. The statistics is comprised of 3.76 × 106 signal β-electrons in the region of

interest with a energy-dependent signal-to-background of up to 235. A plot of the current

exclusion is shown in figure 2.2. [21]

2.4.3. keV-scale Sterile Neutrino Searches

In the case that sterile neutrinos contribute to the dark matter in the universe as dark warm

matter candidates, it is possible to gain information about their mass from cosmological

observations. Multiple investigations have been conducted into the existence of keV-scale

sterile neutrinos using cosmological and laboratory-based observations. In the following

some of the most important ones will be discussed as an example.

X-ray Observations

Sterile neutrinos on the keV mass scale are ideal candidates for dark matter (DM). If

they indeed contribute to DM, their radiative decay should be observable in the cosmic
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X-ray spectrum. This is due to the fact that the sterile neutrinos are able to decay into

photons and active neutrinos. Even though the decay time must be several orders of

magnitude greater than the age of the universe for sterile neutrinos to be a viable DM

candidate, due to the sheer number of particles in view of either the Chandra or XMM-

Newton observatories. Therefore, the expected signal strength would be 1048 s−1 for a

cluster of galaxies halo with a mass of 1015M» under the assumption that the number

of particles in view would be approximately 1078. Because such cosmic X-rays would be

unable to penetrate the Earth’s atmosphere, the only way to detect them is to use space-

based observatories like the previously mentioned Chandra or XMM-Newton observatories.

However, the current state of X-ray observations cannot be reconciled with the thermal

dark matter production limits for masses of ≳ 20 keV, but there is still phase space left

in the lower mass regions. [22] Resonant production allows for even more allowed regions,

since lower values for sin2 ¹ are then possible (see figure 2.3).

In addition, during measurements, an unidentified X-ray line was observed at 3.5 keV,

which could be a sign of sterile neutrinos. However, XMM-Newton as well as NuSTAR

have not been able to obtain the current data to come to the conclusion that the origin of

the line is not due to Dark Matter [23].

Structure Formation

Neutrinos are subject to limits from structure formation due to being candidates for warm

dark matter. This is because they are relativistic at their production and then become non-

relativistic so their free-streaming impedes the formation of large structures. The effect

of sterile neutrinos on structure formation is dependent on their mass and momentum

distribution. So, it is possible to get a lower limit on the mass of sterile neutrinos by looking

at the structure formation in the universe depending on the production mechanism. This

leads to a lower limit of about 10 keV for the mass of sterile neutrinos. [24]

These two examples together with several other lead to a bound on the sterile neutrino

mass shown in figure 2.3.

BeEST

The Beryllium Electron Capture in Superconducting Tunnel Junctions (BeEST) experi-

ment is another experiment with the goal of searching for sterile neutrinos. This is done

by a high-precision measurement of the electron capture nuclear decay of 7Be to 7Li.

Afterwards, the final state only contains a neutrino and a recoil atom whose recoil en-

ergy is measured by a superconducting tunnel junction detector (STJ). These are a type

Josephson junction that is made up of two superconducting electrodes seprarated by a thin

insulated tunneling layer. If one of the electrodes is hit by radiation, it breaks the cooper

pairs of the ground state, which further excites the free charge carriers creating a small

measurable current. The advantages of such a detector are their high maximum count rate

104 counts per second and their high energy resolution. In addition, their energy resolution

can be easily characterized using pulsed lasers, and their response is well understood. So

10
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Figure 2.3.: Exclusion curves on keV sterile neutrino dark matter. The red dot shows the
3.5 keV X-ray line. Adopted from [25]

far BeEST has only published their first preliminary results from their first testing stages

which is shown in Figure 2.4. [26]
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Figure 2.4.: Exclusion curves of current results and projected sensitivities per phase. [27]
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3. Karlsruhe Tritium Neutrino Experiment

(KATRIN) Setup

3.1. Experimental Goals and Significance

The Karlsruhe Tritium Neutrino (KATRIN) experiment has the objective to determine

the effective mass of the electron antineutrino in a direct measurement. The experiment

measures the energy of outgoing electrons from the decay of tritium, a beta decay process.

The spectral shape near the endpoint of the tritium spectrum is influenced by the mass

of the electron antineutrino. This chapter will give a brief overview of the measurement

principle in Section 3.1.1 with additional information on the sterile neutrino search in

section 3.1.2. The experimental setup is described in section 3.2 , and section 3.3 is

dedicated to future changes in the setup for the sterile neutrino search.

3.1.1. Neutrino Mass Measurement

The KATRIN experiment aims to determine the effective neutrino mass by measuring the

endpoint of the tritium beta decay spectrum. In KATRIN, molecular tritium T2 is used

that decays the following way [1]:

T2 → HeT+ + e− + ¿e (3.1)

The energy in this decay is split between the mother nucleus, the electron and the neutrino.

The recoil energy of the helium can be neglected, so it is possible to assume that the energy

is split randomly between electron and neutrino. The neutrinos can not be easily detected,

which increases the difficulty of the neutrino mass measurement. However, their mass can

be inferred by using energy momentum conservation. By measuring the energy spectrum

of the electrons at the endpoint, the antineutrino mass can be determined via the missing

energy. This is advantageous due to it being model-independent and only relies on the

kinematics of the decay. Mathematically, the beta decay spectrum is described via the

following equation [28]

(

dΓ

dE

)

nuc

=
G2

F|Vud|2
2Ã3

|Mnuc|2 · F (Z,E) · Ee · pe · Eν ·
∑

i

|Uei|2
√

E2
ν −m2

i (3.2)
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Figure 3.1.: Schematic of the tritium beta decay spectrum. The endpoint of the spectrum
is determined by the mass of the electron antineutrino.

where Gf is the Fermi constant, Mnuc is the nuclear matrix element,and Vud is the CKM

matrix element. F (Z,E) is the Fermi Function, which accounts for Coulomb interactions

between electron and daughter nucleus. The resulting spectrum from this decay with an

exagerrated neutrino mass is shown in Figure 3.1. In theory, each of the mass eigenstates

of the neutrinos would show up as a kink. However, due to the limited resolution of the ex-

periment, this cannot be resolved. Therefore, the observable squared effective antineutrino

mass [28]:

m2
ν =

3
∑

i

|Uei|2m2
i (3.3)

3.1.2. Sterile Neutrino Search

After completing the neutrino mass search, the KATRIN experiment is planning to search

for a signature of keV-scale sterile neutrinos as well [29]. The goal is to measure spectrum

over large energy range of the differential tritium β-decay spectrum to improve current

sensitivity limits for masses up to ms f E0 = 18.6 keV and up to sin2 ¹ < 10−6 for the

sterile mixing amplitude [29]. Same as BeEST from section 2.4.3, this is also model-

independent.

KATRIN’s tritium source is ideal for such a search due to its high activity of about

10× 1011 Bq [30]. In this way, up to 1018 signal electrons could be measured within three

years [3]. However, this is not a rate that the current FPD detector system is able to

handle, so a new detector system is needed. Therefore, the TRISTAN detector has been

developed. This detector is a multi-pixel silicon drift detector array which would be able

to handle up to 1016 electrons in a year of data taking [3]. In addition, it allows for a

better energy resolution of < 300 eV FWHM in the energy region of interest.

The integration in the beamline is scheduled for 2026. The change in hardware will be

discussed further in Section 3.3.
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Figure 3.2.: Schematic of the tritium beta decay spectrum with a sterile neutrino signal.
The signal would be visible as a kink in the spectrum. Adapted from [3]

The sterile neutrino signal would be visible as a kink in the tritium beta decay spectrum

whose position and shape would be dependent on the mass m4 and the amplitude of the

mixing angle sin2 ¹ of the sterile neutrino. The differetial decay rate can be written as the

following equation [29]:

dΓ

dE
= cos2 ¹

dΓ

dE
(mνe) + sin2 ¹

dΓ

dE
(mνs) (3.4)

Here, mνe is the effective mass of the electron antineutrino and mνs is the mass of the keV-

scale sterile neutrino. In addition, sin2 ¹ is the mixing amplitude of the electron neutrino

flavor with the mass eiegenstate introduced by the sterile neutrino. This is visualized in

figure 3.2 which also indicates that KATRIN would be able to measure the sterile neutrino

mass up to a mass of 18.6 keV due to the kink appearing at E0 −ms with E0 being the

endpoint of the beta spectrum. [29]

3.2. Experimental Setup

The KATRIN experiment consists of a 70m long beamline that is divided into several

sections as seen in Figure 3.3. The sections are the source and transport section, the

pre-spectrometer, the main spectrometer and the detector system. The source and trans-

port section is responsible for the production of tritium and the transport of the tritium

molecules to the main spectrometer. The pre-spectrometer is used to filter out electrons

that are not in the desired energy range. The main spectrometer is used to measure the

energy of the electrons and the detector system is used to detect the electrons. The setup

for the sterile neutrino search is described in section 3.3. [30]

3.2.1. Rear Section

At the rear section of the KATRIN experiment is the rear wall (RW). Currently, it consists

of a gold-plated steel disk with a diameter of 145mm. The goal of the RW is to couple
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3.2. Experimental Setup

Figure 3.3.: Schematic of the KATRIN beamline. The beamline is divided into several
sections. a) is the Rear Section, b) is the Windowless Gaseous Tritium Source
and c) is the Transport Section. d) and e) are the Pre-Spectrometer and
the Main Spectromter and finally f) is the Detector Section. Figure by L.
Köllenberger

electrically to the source plasma in order to regulate the starting potential for the β-

electrons. This is necessary because of the creation of charged particles in the WGTS

which would interfere with the energy measurement if left unchecked. In addition, all β-

electrons created in the isotropic source that do not make it to the detector move toward the

RW and are backscattered or absorbed there. This includes the electrons that are initially

emitted toward the RW, but there are also some that are reflected at the maximal magnetic

field further downstream, and at the retarding potential of the main spectrometer. [25,

31]

The absorption of charge carriers and neutral molecules at the RW creates one of the

most significant systematic effects. This is due to the tritium adsorption at the RW which

causes an additional β-decay spectrum which is also measured by the detector system. For

the endpoint measurement, this can be modeled by adding a spectrum with an increased

endpoint energy of E0+2 eV to the WGTS spectrum [32]. One option for decontaminating

the RW is ozone cleaning. For this, ozone is created by venting the system and illuminating

the RW with UV-light. The ozone oxidizes the tritium molecules and other contaminants

on the RW, allowing them to be pumped away. [33, 34]

The rear section also houses an electron-gun (e-gun) that shoots an electron beam through

a 5mm hole in the RW. The electrons are created photoelectrically with UV-light, accel-

erated using an electric field and transmitted to the FPD where they are detected. This

allows the characteriztion the electromagnetic fields and a measurement of the column

density in the source by determining the energy loss through scattering in the WGTS. [25]

3.2.2. Source and Transport Section

The next part in the KATRIN beamline is the Windowless Gaseous Tritium Source

(WGTS) which is used to produce β-electrons tritium decay. It is a 10m long steel tube

with a diameter of 90mm. Molecular tritium gas injected through capillaries around the

center of the tube. The gas is pumped away at the ends of the WGTS which creates

an approximately linearly decreasing pressure profile along the length of the tube shown
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Figure 3.4.: Longitudinal tritium density profile along the WGTS and schematic of the
source layout. Adapted from [35]

in Figure 3.4. It provides a flux of 1011 electrons per second, which are adiabatically

guided along the beamline by strong magnetic fields. Its name stems from the fact that

the tritium contained in the source by pumpinng and not by closing it off with a physical

window, since this would cause significant energy loss for electrons when passing through

the window material, which would distort the energy spectrum. [31, 35]

After the WGTS, the density has to be further reduced by a factor of 1014 to avoid

contamination of the Main Spectrometer (MS) with tritium so no unwanted background

is created [30]. This is achieved using a combination of the DPS and CPS.

Differential Pumping Section

The DPS consists of five superconducting magnetic solenoids which are used to guide the

electrons through the section. The magnets are placed around beam tube segments that

are tilted by 20◦ with respect to each other. In this way, a chicane is created through

which the electrons are guided by the magnetic field without hindrances, while neutral or

heavier particles scatter at the walls and are pumped out using multiple turbomolecular

pumps. This results in a reduction of the tritium density by a factor of 105. The layout

of the DPS is shown in figure 3.5a. [30, 36]

In addition, the DPS is equipped with three dipole electrodes. These are used to reduce

positively charged helium ions and tritium - originating from the β-decay or scattering by

deflecting them towards the beamtube walls with an E⃗ × B⃗ drift. [36]

Cryogenic Pumping Section

Even though the the DPS is able to reduce the pressure and tritium density significantly,

further reduction is necessary to avoid contamination of the MS. This is achieved using

cryo-sorption. For this, the beamtube inside the CPS is cooled to 3K and its surface is

greatly increased by covering it with a structure of fine fins. To further increase the sticking
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(a) Differential Pumping Section (b) Cryogenic Pumping Section

Figure 3.5.: Drawings of the DPS and CPS created in CAD software with a half-cut along
the horizontal plane. Adapted from [38]

probability for tritium, the surface is covered with a thin layer of argon frost. Hence, it is

necessary to maintain a very low temperature of 3K at the surface of the CPS to increase

the adsorption time. In addition, the CPS segments are, similar to the DPS segments,

tilted by 15◦. This is done to avoid a direct line of sight so that the tritium molecules

scatter at the walls and are adsorbed, while β-electrons are able to pass through due to

the guiding magnetic fields. This results in a drop off of the tritium density of seven orders

of magnitude. However, due to accumulation of tritium on the argon frost layer, there is

a saturation effect after a certain time, which means that the CPS has to be cleared by

heating it up in regular intervals. Afterwards, the argon layer is renewed. The layout of

the CPS is shown in figure 3.5b. [30, 37]

3.2.3. Spectrometers

The Pre-Spectrometer and Main Spectrometer used in the KATRIN experiment work by

using Magnetic Adiabatic Collimation with Electrostatic filtering (MAC-E). They essen-

tially act as a high-pass filter allowing only eletrons with an energy above the set threshold

to pass through. One condition for such a filter is to have an extremaly high vacuum to

avoid scattering of electrons on residual gas molecules. The MAC-E filter consists of two

superconducting solenoids, which produce a guiding magnetic field. The electrons, origi-

nating at the WGTS, are guided magnetically around the magnetic field lines in a cyclotron

motion. In the center of the two magnets this field drops by many orders of magnitude,

causing the transversal energy to be transformed into mostly longitudinal energy. This

works due to the non-relativistic approximation that the magnetic moment of the electrons

is conserved [30]:

µ =
Etrans

B
= const. (3.5)
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Here, Etrans is the transverse energy of the electrons and B is the magnetic field strength.

[30] This leads to

µi = µf

Ei sin
2(¹i)

Bi
=
Ef sin

2(¹f )

Bf

(3.6)

with (i) being the initial and (f) being the final state while using Etrans = E sin2(¹) [39].

Here, E is the total energy of the electron and ¹ is its pitch angle. This results in the

following relation for the angle under the assumption of constant energy [39]:

¹f = arcsin

(

sin(¹i)

√

Bf

Bi

)

(3.7)

In this case, ¹i is the pitch angle of the electron momentum with respect to the magnetic

field direction in the source, ¹f is the pitch angle after the magnetic field has been changed,

Bi is the magnetic field strength in the source and Bf is the magnetic field strength after

the change [39]. Therefore, the energy resolution of such a filter can be calculated using

the following equation

∆E = E · Bmin

Bmax
, (3.8)

with Bmin being the minimum magnetic field at the analysing plane and Bmax being the

maximal magnetic field in the beamline located at the pinch magnet with Bmax = Bpch =

4.2T. Both are shown in 3.6 [30]. This shows that the energy resolution is optimal if the

magnetic field at the analyzing plane is very low compared to the source magnetic field.

However, this is proportional to the cross section area A of the flux tube:

Φ =

∫

B · dA , (3.9)

due to the conservation of the magnetic flux Φ. [30]

Pre-Spectrometer

The Pre-Spectrometer (PS) is the first of the two spectrometers in the KATRIN beamline

and it was originally designed as a prototype for the MS [30]. The PS is inherently limited

by its inner diameter of 1.68m in terms of its energy resolution and so its mostly used

as a pre-filter to reduce the number of electrons that reach the MS. A problem that was

noticed about the setup of the PS before the MS is that β-electrons can get trapped in

the low potential region between these two. These electrons can accumulate over time and

can cause an additional background signal. Thus, the PS is not being used during β scan

campaigns [40]. [30]

Another way to boost the energy resolution of the spectrometer is to reflect electrons with

large initial pitch angles, since they exhibit the largest remaining transverse energy when

maximally aligned in the analysing plane. To achieve the reflection of these electrons, the

magnetic mirror effect is employed which is caused by electrons that travel from a low
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Figure 3.6.: Principle of the MAC-E filter. Electrons are guided through a decreasing
magnetic field which converts their transverse energy to longitudinal energy.
The field is created by two superconducting solenoids at the ends, as well as
an array of so-called air coils around the spectrometer vessel. (a) Electrons
are transmitted to detector if their energy is above the retarding portential
|Umax|. (b) Electrons are reflected back if their energy is below the retarding
potential. (c) Electrons which originate from inside of the spectrometer are
being reflected and remain trapped due to the magnetic mirror effect. Adapted
from [35]

magnetic field to a high magnetic field region. In this case, the electrons are reflected

back if the change in magnetic field cause a final angle of ¹f g 90◦. In KATRIN, as

previously mentioned, the highest magnetic field is located at the so-called pinch magnet

at the downstream end of the Main Spectrometer. Since the electrons start in the source

at a field of Bsrc = 2.52T, this leads to a maximum acceptance angle of 51%. [30]

Main Spectrometer

The Main Spectrometer (MS) is the second of the two spectrometers in the KATRIN

beamline and has a diameter far larger than the PS of 10m and a length of 23.3m. It

uses the same principle of MAC-E filtering as the PS but due to its diameter it has a

significantly higher energy resolution. Therefore, with the PS turned off it is the main way

to measure the energy of the β-electrons. However, it is also one of the main contributors

of the background in the experiment due to various different effects which are further

discussed in [39]. [30]

3.2.4. Detector System

After passing the Main Spectrometer the electrons are able to reach the Detector Section

where they are detected by the Focal Plane Detector (FPD) which is a silicon p-i-n-diode

array with 148 pixels on a diameter of 125mm and a sensitive area of 90mm [41]. Each

of these pixels works separately, and their signals are read out using amplifiers before the

signals are digitized and analyzed using digital filters in a custom DAQ system. Each pixel

occupies the same area of 44mm2 in the FPD. Due to the detector’s poor energy resolution

of about 2.2 keV on average for all pixel [42], the MS is used to filter out electrons which
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are not in the desired energy range. By varying the retarding potential at the MS, the

energy of the electrons can be scanned, and an integral spectrum can be measured. A

Post Acceleration Electrode (PAE) is used to accelerate the electrons before they impinge

on the detector. This reduces the energy loss in the detectors dead layer and reduced the

chance for backscattering at the FPD due to a lower pitch angle. Furthermore, the desired

energy range is shifted due to higher energies outside of low background regions. [35, 41]

3.3. Setup for keV-scale Sterile Neutrino Search

For the keV-scale sterile neutrinos search, the KATRIN setup has to be modified in several

ways due to several limitations of the current setup. These changes will be discussed in

the following sections.

3.3.1. Rear Wall Modification

The first change to the KATRIN setup is the replacement of the RW. The current RW is

a gold-coated steel disk with a diameter of 145mm. However, because of the high atomic

charge of gold, it is not ideal for the keV-scale sterile neutrino search. This is due to the

high backscattering probability of electrons on gold of possibly over 50% depending on

the incident energy and angle, and the resulting energy loss of those electrons[25]. In the

current neutrino mass measurement those scattered electrons are so far neglected, because

the vast majority of backscattered electrons loses so much energy that they are unable

to pass the retarding potential of the MS. However, for the search of keV-scale sterile

neutrinos the retarding potential has to be reduced to allow a deep tritium beta decay

spectrum scan in search of a kink in the spectrum. Therefore, these electrons from the

RW would significantly distort the energy spectrum and impair the measurement. To

avoid this, alternative RW materials are currently being researched and tested. Some of

the possible candidates are a RW made of beryllium and a RW with a micro-structured

surface which is researched in this thesis. Both offer different benefits and drawbacks,

which are further discussed in chapter 4.

3.3.2. Field Adjustments

In addition to the RW material, the field configuration of the KATRIN setup has to be

adjusted to improve the sensitivity of the sterile neutrino search. One of these changes

includes the upgrade of the post-acceleration electrode (PAE) which is used to accelerate

electrons towards the detector. This mitigates a multitude of detector systematics such as

dead layer energy loss, backscattering, charge sharing between neighboring pixels, as well

as signal pileup. [43]

Apart from the PAE voltage, there are several planned adjustments for the magnetic

fields. These adjustments are currently being discussed within the collaboration and they

will be outlined in the upcoming TRISTAN Technical Design Report. These adjustments

target adiabatic transport through the MS, detector backscattering, and the reduction of

electrons from RW backscattering in the measured spectrum. The adjustments concerning

the latter are summarized in Section 4.2.1.
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Figure 3.7.: Schematic of the TRISTAN Phase-1 detector from a side view. The detector
consists of 9 modules with 166 pixels each, which are held together by a steel
structure (light blue). This includes a vacuum aperture. The modules are
thermally coupled to a cooling structure. Adapted from [25]

3.3.3. Detector System

The last big change to the KATRIN beamline is the replacement of the Focal Plane

Detector (FPD) with a new detector system. This new detector system, which was briefly

mentioned in the previous chapter, is the TRISTAN detector. This Silicon Drift detector

has to be able to handle the high rate of electrons which are expected in the deep tritium

spectrum measurement. Therefore, the detector has to be segmented into 9 modules with

166 pixels of a diameter of 3mm each. Every pixel is a separate Silicon Drift Detector

(SDD) that creates electron-hole pairs when an ionizing particle deposits energy in the

detector. These pairs are drifted to the corresponding contacts by the depletion field

where they produce a measureable charge signal with an amplitude determined by the

deposited energy. The key behind this is the low capacitance due to the drift field which

allows the use of point-like anodes much smaller than the pixel size. This results in a

larger signal amplitude and shorter rise time. [3]

A schematic of the Phase-1 TRISTAN detector with all nine modules is shown in figure

3.7.
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4. RW Scenarios to reduce Backscattering

As previously discussed, one of the largest systematic effects for the keV-scale sterile

neutrino search at KATRIN is the backscattering of electrons from the RW. In this chapter,

we will first discuss the theoretical basics of electron scattering in section 4.1. Then, we

will discuss possible modifications to the RW to reduce backscattering in section 4.2.

4.1. Theoretical Basics of Backscattering

The backscattering of electrons from the RW is a complex process that depends on the total

energy as well as the angle of the electrons. It is important to understand the mechanism

of electron-nuclei interactions.

4.1.1. Elastic Scattering

The first type of scattering is elastic scattering. In this case, the energy and momentum

of the system are unchanged in the process. With the use of four-momentum vectors,

one can calculate the differential cross section for elastic scattering. This is done under

the assumption that the electron is relativistic and the nucleus is at rest. Using this

assumption, the energy of the electron after scattering can be calculated as [10]

E′ =
E

1 + E
M (1− cos(¹))

, (4.1)

where E is the energy of the electron before scattering, E′ is the total energy of the electron

after scattering,M is the mass of the nucleus and ¹ is the scattering angle whose definition

is shown in figure 4.1. Depending on the mass number A of the nucleus and energy of the

electron, this can vary significantly for forward and backward scattering, which is shown

in figure 4.3. The equation further implies that the elastic scattering energy loss is fully

correlated with the scattering angle. [10]

To fully describe the kinematics of the process one must also calculate the differential cross

section, which determines the probability for each scattering angle. The basic way to do

this is to use the so-called Rutherford cross section. For this, it is necessary to neglect spin

effects for now and assume that the electron is non-relativistic. In addition, if the nuclei
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Figure 4.1.: Definition of the scattering angle ¹ for elastic scattering.

are sufficiently heavy compared to the electron mass, the recoil energy can be neglected.

With these assumptions, the Rutherford cross-section can be calculated as [10]:

(

dÃ

dΩ

)

Rutherford

=
(zZe2)2

(4Ãϵ0)2 · (4Ekin)2 sin
4(¹/2)

(4.2)

where z is the charge of the incoming particle, an electron in this case, Z is the charge

of the nucleus, e is the elementary charge, ϵ0 is the vacuum permittivity and Ekin is the

kinetic energy of the electron. This equation holds for the case where the electron is farther

away from the scattering center than the radius of the said center.

However, the Rutherford cross section is only valid if the spin of both scattering partners is

neglected and the particle is non-relativistic. If the particle is assumed to have relativistic

energies and the spin is taken into account, the cross section has to be modified. This is

done by the so called Mott cross-section which is given by [10]:

(

dÃ

dΩ

)

Mott

=

(

dÃ

dΩ

)

Rutherford

·
(

1− ´2 sin2
¹

2

)

, with ´ =
v

c
(4.3)

The helicity conservation for particles which move with the speed of light, which was

previously explained, is visible in the additional factor added to the Rutherford cross-

section. This has to be considered in the KATRIN experiment with a maximum value of

´ ≈ 0.26.

The Mott cross section is a good approximation for the differential cross-section of elastic

scattering for electrons with relativistic energies, but it only holds for the case of a momen-

tum transfer |q| of close to zero. For |q| ̸= 0, one has to consider the spatial extension of

the nucleus because the particle only sees a partial charge. This is taken into account using

the form factor F (q2). This form factor has to be determined experimentally by measuring

the difference between the Mott cross-section and the measured cross-section[10]:

(

dÃ

dΩ

)

exp

=

(

dÃ

dΩ

)

Mott

· |F (q2)|2 (4.4)

The electron beam for this typically originates from accelerators and the measurement has

to be repeated for all angles.

If the recoil is negligible and if the Born approximation holds, the form factor can be

calculated as the Fourier transform of the charge distribution Ä(x) of the nucleus. So, the
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Figure 4.2.: Multiple scattering processes inside of a beryllium target. Red shows an elec-
tron terminating inside of the beryllium while blue shows an electron being
backscattered after multiple scatterings inside the beryllium.

Table 4.1.: Form factors for different charge distributions. Adapted from [10]

charge distribution F (q2)

Point δ(r)
4π 1 constant

Exponential a3

8πe
−ar (1 + q2/a2ℏ2)

−2
Dipole

Gaussian (a2/2Ã)3/2e−a2r2/2 e−q2/2a2ℏ2 Gaussian
Homogenous

sphere

{

3/4ÃR3 for r f R
0 for r > R

3/4Ã3³−3(sin³− ³ cos³)
with ³ = |q|R/ℏ oscillating

form factor is given by [10]:

F (q2) =

∫

Ä(r)eiq·xd3x (4.5)

For a spherically symmetric charge distribution this can calculated relatively easily. How-

ever, the exact charge distribution one has to use depends on the nucleus in question. Some

examples are shown in figure 4.1. In general, one can say that most nuclei have a homo-

geneous charge distribution with a rather sharp edge which corresponds to an oscillating

form factor. In spite of that, in the case of the new KATRIN RW material, beryllium is

investigated as a candidate which is one of these exceptions with a more gaussian-shaped

charge distribution [10].

4.1.2. Inelastic Scattering

All of the previous calculations are done under the assumption that the electron scatters

elastically, but there are also inelastic scattering processes that can occur. In the case of

such scattering events, the ingoing and outgoing particles can be different, so the total

momentum due to excitation of the target nucleus is not conserved. This can be seen in a

spectrum as high peaks at positions of nuclear energy levels. [10]

The excitation of such nuclei can occur in several ways. One is the excitation of inner-
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Figure 4.3.: Energy of the electron after elastic scattering as a function of the scattering
angle for different mass numbers A of the nucleus. However, this effect is on
the order of < 10−3% for the low keV scale. Adopted from [10]

shell electrons. For such a process the incident electron requires high energy to excite an

electron on the lower shells to unoccupied ones in the shells above the Fermi level. This

leaves the atom in an excited state, whose de-excitation can be accomplished by emitting

X-ray photons or by the emission of another electron that are called Auger electrons. The

Auger effect occurs, because of electrons that fill a inner-shell vacancy, producing energy,

which in turn causes the emission of an electron from a different shell. Another way of

excitation due to an incidence electron is the excitation of outer-shell electrons. This can

also cause the emission of secondary electrons given high enough energy with emission

of visible electromagnetic radiation or generation of heat in the following de-excitation

process. [44]

The range of these incident electrons can be calculated in multiple ways. One of the well-

known ways of achieving this is the so called Bethe-Bloch formula. It uses the atomic

number of the target and the kinetic energy of the incident electron to calculate the range

for high-energy electrons [44]:

−dE

dz
=

2Ãe4NZ

E
ln

(

1.166E

I

)

(4.6)

Here, N is the number of atoms per unit volume, Z is the atomic number of the target, E is

the kinetic energy of the incident electron, and I is the mean excitation potential. Looking

at this equation, it becomes clear that it results in negative results for E < I/1.166, which

is not physically possible. However, in the case of beryllium the threshold is 54.63 eV

according to data from [45]. This makes it applicable for the energy range that is being

researched in this thesis. [44]
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4.1.3. Backscattering Coefficient

The backscattering coefficient ¸BS is defined as the fraction of of the incident beam which

return after scattering. In measurements, this takes into account the electrons with an

energy above 50 eV due to low energy secondaries. This assumption is valid due to the

low and therefore, negligible amount of secondary electrons compared to the number of

primaries above this enery region. There are multiple semi-imperical models that describe

this coefficient with differing energy and atomic charge ranges. [44]

One such model is the Everhart Model, which applies to electrons with an energy above

10 keV and an atomic number of the target nucleus below ∼ 45. The Everhart Model is

based on the assumption of Thomson-Whiddington for the energy loss [44]:

E2
0 − E2 = cz (4.7)

Here, E0 is the initial electron energy, E is the most probable energy at a depth of z

in the material and c is a target dependent constant. This assumption yields after some

calculations the following equation for the backscattering coefficient [46]:

¸BS =
a− 1 + 0.5a

a+ 1
with a =

ÃZ2e4NA

m2
ecA

(4.8)

Here, Z is the atomic number, A is the gram atomic mass of the target material, e is the

electron charge, and me is the electron mass. At last, NA = 6.023 × 1023 atoms/mole is

the Avogadro’s number and c is the same constant as in the equation (4.7). The complete

derivation can be found in [46].

The equation (4.8) implies an almost linear increase with Z due to Z/A being close to

constant for most elements. Therefore the accepted value for a with the highest agreement

with experimental data is a = 0.045Z [44]. In addition, there is no explicit primary electron

energy dependence, which could explain the limit of the models precision below 10 keV.

4.2. Possible RW Modifications

We will now discuss possible modifications to the RW and rear section of the KATRIN

experiment to decrease the amount of backscattering electrons that reach the detector

system.

4.2.1. Magnetic Field Adjustments

One of the possible ways to reduce the number of RW backscattering electrons in the

measured spectrum is to adjust the current magnetic field configuration. This is due to

the magnetic mirror effect explained in section 3.2.3. There are three important ways to

achieve this which will be discussed in the following.
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Increasing Source Field

The first optimization is to guide as many electrons as possible directly to the detector

instead of reflecting a large portion at the maximal magnetic field downstream Bmd. For

this reason, it is best to have Bmd ≈ Bsrc [47]. To achieve this, one can decrease Bmd and

increase Bsrc (the maximum for Bsrc is the design value of 3.6T [48]). Having both fields

at a high value is preferred for optimal magnetic trapping of RW backscattering electrons

(see next paragraph).

Another benefit is the increased difference between source and RW field, which would lead

to a magnetic trap for some of the backscattered electrons and therefore a higher number

of scatterings at the RW possibly leading to absorption. [47]

Decreasing RW Field

The second optimization is to improve the magnetic trapping of backscattered electrons

from the RW. This can be achieved by decreasing the magnetic field at the RW, which

leads to more backscattered electrons being magnetically reflected by Bsrc/Bmd, giving

these electrons another chance to be absorbed by the RW. This goes hand in hand with

the previous point as the difference between the source and RW field is increased. As

previously discussed, such a magnetic trap depends on the pitch angle of the electron

and the magnetic field configuration. However, a lower magnetic field at the RW would

also require a larger RW due to magnetic flux conservation which would likely require a

redesign of the rear section of the experiment. However, it is possible to decrease the RW

field and the detector field by the same factor, which guarantees that the flux tube size

remains constant (Bdet ·Adet = Brw ·Arw). The lower limit for Brw is then determined by

the minimally acceptable detector magnetic field. [47]

More information on possible magnetic field adjustments and more drastic changes can be

found in [47].

4.2.2. Electric Field Adjustments

Another way to reduce the detected backscattered electrons is to change the electric field

at the RW in addition to the magnetic field. This would have the benefit of not changing

the magnetic field configuration and thus not affecting the flux tube transmission. In

addition, the electric field allows for a more direct control of the backscattered electrons.

Blocking Potential

The first possibility to discuss is the use of a negative electric blocking potential in between

the RW and the WGTS, e.g. by using a ring electrode. With a potential barrier larger

than the tritium endpoint energy (|U | > 18.6 keV) it would reduce the RW contribution

to practically zero.

However, this comes with the downside that tritium decays occur within the potential

creating a non-trivial second spectrum due to electrons with different energies being created

at varying starting potentials [47]. Another downside to this approach is the trapping of
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electrons between the blocking potential and the MS potential which would require another

way to remove these electrons, e.g. by using a wiper wire or a drift field. [47]

Absorbing Potential

A second possibility is to set a positive voltage on the RW itself. This would acceler-

ate electrons moving towards the RW and significantly help to contain electrons coming

back from the RW and significantly help to contain electrons coming back from the RW.

However, very high voltages would be necessary to completely absorb all electrons which

could prove to be challenging due to the strong magnetic field, potential sparking because

of insufficient insulation and space. Therefore, high voltages may not be feasible and a

compromise would be necessary. This could be a voltage where all secondary electrons

originating Auger or X-ray processes are absorbed, which could already reduce systemat-

ics significantly and ease spectrum modeling. Alternatively, the MS potential could be set

sufficiently high to block all RW secondaries at the cost of decreasing the measured energy

range. [47]

Both of these possibilities are currently still part of an ongoing research but could be

a promising way to reduce the background in the KATRIN experiment. However, the

absorbing potential would not require a potential as high as the blocking potential and

could therefore be easier to implement while still offering significant benefits in terms of

systematics mitigation, but further research is necessary to understand all effects of these

changes on the experiment.[47]

4.2.3. Rear Wall Material

We will now discuss the possibility of changing the material of the RW itself. Currently,

the RW is made of a gold coated stainless steel disk. However, gold has a high atomic

number Z and therefore a high backscattering probabiliy of 48.1% [25]. This can be

mitigated by using a material with a lower atomic number, which would significantly

reduce the backscattering probability, which is approximately proportional to ¸BS ∝ Z if

Z/A ≈ const. as discussed in section 4.1. Therefore, by using a material like beryllium

(Z = 4) the backscattering probability could be reduced without further adjustments due

to its low backscattering probability which is shown in figure 4.4. However, beryllium also

poses several challenges. First, it is a toxic material that is harmful to humans and the

environment if no proper care is taken during the production and handling of the material.

Secondly, it is currently unclear how the material would interact with the tritium gas in

the rear section of the experiment and if it is more prone to adsorbing tritium than gold.

However, preliminary measurements indicate that beryllium does not accumulate more

tritium on its surface than gold [49]. Thirdly, it has to be tested whether beryllium can

be decontaminated using ozone (see [34]) without growing an oxide layer on the surface.

Therefore, other candidates are also being considered, such as silicon (Z = 14) which is

better understood by the KATRIN group and less toxic than beryllium.

In addition, the RW could also charge up due to charge carriers such as electrons in case

the material is non-conductive, as is the case for most metal or semiconductor oxides.
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Figure 4.4.: Backscattering probability as a function of the nuclear charge Z of the RW
material determined using Geant4 simulations for electrons shot at a target
with an energy of 18.5 keV at an angle of 0◦. Adopted from [25]

Therefore, there would be an electric field at the RW which is time-dependent and could

lead to additional systematic effects.

4.2.4. Micro-structured Rear Wall

The idea of a micro-structured RW was taken from the passive Transverse Energy Filter

pTEF which was used in the KATRIN experiment to determine the angle distribution of

the electrons at the detector [39]. The pTEF is a gold coated hexagonal grid, as shown

in figure 4.5 that is placed in front of the detector. Due to the magnetic field in the

experiment, electrons would move on a helical path with a radius defined by the magnetic

field strength, the angle, and the energy of the electrons. During this motion, the particles

would hit the wall and scatter inside the channels of the grid, losing energy in the process.

This way, a majority of these β-electrons would not be able to reach the detector while the

background would be able to pass through with less complications due to their lower pitch

angle. More information on pTEF can be found in [39]. The idea of a micro-structured RW

goes is very similar to placing a pTEF in front of the RW. In the case of a micro-structured

RW, the RW is exchanged with a new one. In the case of the pTEF, a micro-structured

grid is placed in front of the RW. This could be done without changing anything about

the RW. In both cases, the scattering inside of the channels causes the electrons to lose

energy, which prevents them from reaching the detector. However, a direct comparison

between the two has shown that they are very similar in their effectiveness in reducing the

backscattering on the RW, but the pTEF in front of the RW would cause a larger surface

increase where tritium could be adsorbed. The results of these simulations and how the

comparison is made are discussed in Chapter 6
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Figure 4.5.: Photo and optical microcope image of the pTEF, that was used as background
filter at the detector. Adopted from [39]
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5. Modeling of the RW and Beamline

5.1. Basics of Geant4 based Simulations

Geant4 (GEometry ANd Tracking) is a C++ based software toolkit that has been de-

veloped at CERN. It is designed to simulate interactions of particles while they traverse

matter. Its applications are immense, as it finds a use in high-energy physics, astrophysics,

medical physics, and even radiation safety. The toolkit offers a broad set of tools for the

simulation particle interactions in matter, in particular for particle tracking, the modeling

of physical processes, and the description of detector geometries of arbitrary complex-

ity. This section gives an overview of the main concepts and components of Geant4 that

are pertinent to scientific simulations. The basics regarding the initial setup and mini-

mal architectural features to be fulfilled for developing a simulation are also covered. All

information in this section is based on the official Geant4 Application Developer Guide

[50].

5.1.1. Architecture and Core Concepts

Geant4 is designed with a modular architecture, allowing for high flexibility and customiza-

tion. At its core, the framework consists of several key components, each of which can be

tailored to the specific needs of the simulation. The primary components are:

• Detector Construction: One essential aspect of a Geant4 simulation is the definition

of the geometry. Geometry, in this context, refers to the physical arrangement of

materials and detector components with which the particles will interact. Geome-

tries are defined through a hierarchy of volumes, consisting of solids (shapes), logical

volumes (defining materials and properties), and physical volumes (placement within

the simulation). This hierarchy allows for complex detector geometries to be con-

structed, with repeated structures or nested volumes handled through instantiation.

The materials in Geant4 are described by their elemental composition, density, and

other physical properties. These materials are assigned volumes to accurately model

their interaction with particles. The precision of the geometry definition is essential,

as even minor inaccuracies in material properties or placement can affect the accuracy

of the simulation results.

33



5.1. Basics of Geant4 based Simulations

• Particle Tracking: Particle tracking in Geant4 refers to the simulation of a particle’s

motion through the defined geometry, taking into account all relevant physical pro-

cesses that may affect its trajectory. Geant4 follows a stepwise approach, breaking

the particle’s path into small segments (steps) where interactions with the surround-

ing material can occur. The tracking system ensures that particles are correctly

transported through boundaries between different volumes, and materials and that

they are subject to the physical processes active within each region.

The accuracy of the tracking is crucial, particularly in high-energy physics experi-

ments, where precise modeling of particle interactions with detector components is

required. Geant4 supports various coordinate systems, and its flexible framework

allows the integration of custom tracking algorithms if necessary.

5.1.2. Physics Processes

Geant4 provides a wide range of physics models to simulate the interactions of particles

with matter. These processes span electromagnetic, hadronic, and optical interactions as

well as radioactive decay and the transport of ions. Each physics process is implemented

using a modular approach, allowing users to select and configure the processes most rele-

vant to their specific application.

• Electromagnetic Processes: The electromagnetic processes in Geant4 cover a wide

range of interactions, including ionization, Bremsstrahlung, Compton scattering, and

pair production. The toolkit provides standard and low-energy electromagnetic mod-

els, which can be chosen depending on the energy range of interest. The low-energy

models are particularly useful for medical physics applications, where an accurate

simulation of interactions at energies below 1 MeV is essential.

• Hadronic Processes: For hadronic interactions, Geant4 includes several models that

cover elastic and inelastic scattering, as well as nuclear interactions. The toolkit

supports different modeling approaches, such as parameterized models (based on

experimental data), and theoretical models (based on quantum chromodynamics or

phenomenological approximations). The choice of hadronic models depends on the

specific type of simulation that is performed, with high-energy experiments often

requiring precise modeling of hadron-nucleus interactions.

• Optical Processes and Radioactive Decay: Geant4 also supports optical processes,

including scintillation and Cherenkov radiation, which are crucial for the simulation

of many detector systems. Additionally, Geant4 has an integrated framework for

simulating radioactive decay, allowing modeling of decay chains, energy spectra, and

time-dependent phenomena.

5.1.3. Basic Setup and minimal Architecture

A Geant4 simulation requires the implementation of several core classes, each correspond-

ing to a specific part of the simulation process. At a minimum, the following components

must be defined to create a functional simulation.
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Main Program (Main Function)

Every Geant4 application begins with a main function that initializes the run manager,

which controls the flow of the simulation. This is where the core Geant4 components, such

as geometry, physics lists, and particle sources, are instantiated and managed.

int main(int argc, char** argv)

{

G4RunManager* runManager = new G4RunManager;

runManager->SetUserInitialization(new DetectorConstruction);

runManager->SetUserInitialization(new PhysicsList);

runManager->SetUserAction(new PrimaryGeneratorAction);

runManager->Initialize();

runManager->BeamOn(numberOfEvents);

delete runManager;

return 0;

}

Detector Construction

The DetectorConstruction class is responsible for defining the geometry and materials

of the simulation. This involves creating solids (shapes), assigning materials to logical

volumes, and placing these volumes in the world volume, which represents the simulation

space.

G4VPhysicalVolume* DetectorConstruction::Construct()

{

G4Box* worldBox = new G4Box("World", // Name

1.0*m, 1.0*m, 1.0*m); // x, y, z

G4Material* air = nistManager->FindOrBuildMaterial("G4_AIR");

G4LogicalVolume* worldLog = new G4LogicalVolume(worldBox, // solid

air, // Material

"World"); // Name

G4VPhysicalVolume* worldPhys = new G4PVPlacement(0,

G4ThreeVector(),

worldLog,

"World",

0, false, 0);

return worldPhys;

}

Physics List

The PhysicsList class defines the physical processes that govern the interaction of particles

with matter in the simulation. Geant4 provides pre-built physics lists for common appli-

cations, but users can also create custom physics lists by combining individual processes.
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void PhysicsList::ConstructProcess()

{

G4EmStandardPhysics* emPhysics = new G4EmStandardPhysics();

RegisterPhysics(emPhysics);

// Additional physics processes can be registered here

}

Primary Generator Action

The PrimaryGeneratorAction class specifies the initial conditions of the particles to be

tracked in the simulation. This includes particle type, energy, position, and direction.

Geant4 provides several built-in options for generating primary particles, such as the Gen-

eral Particle Source (GPS).

void PrimaryGeneratorAction::GeneratePrimaries(G4Event* anEvent)

{

G4ParticleGun* particleGun = new G4ParticleGun(1);

G4ParticleDefinition* particle =

G4ParticleTable::GetParticleTable()->FindParticle("geantino");

particleGun->SetParticleDefinition(particle);

particleGun->SetParticleEnergy(1.0*GeV);

particleGun->GeneratePrimaryVertex(anEvent);

}

Run and Event Actions

The simulation is controlled by the G4RunManager, which handles the initialization of

the simulation and manages the event loop. Each event corresponds to the interaction of

a primary particle with the detector geometry and its associated physics processes. The

results of each event can be processed through sensitive detectors, where information about

energy deposition, track lengths, and other quantities can be recorded.

The minimum requirements to run a Geant4 simulation are the implementation of the

classes mentioned above. A strength of Geant4 is its flexibility, allowing users to customize

and extend the simulation framework to suit their specific needs. This includes the ability

to define custom geometries, physics processes, and user actions, as well as incorporate

external libraries and tools. This modular design is the reason for its wide use in scientific

applications.

5.2. Micro-structured Rear Wall Implementation

For the simulation of the micro-structured RW, a Geant4 application was developed to

model the interaction of electrons with the geometry of the RW. Here, different materials

and micro-structures were tested to determine the optimal configuration.

The most important part of the simulation is the definition of the geometry, which includes

the RW and the terminator. For this, a construction class was implemented that includes
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multiple methods to define the volumes, materials, and electromagnetic fields. The creation

of a micro-structure is split into a separate function, which returns a logical volume so

that the replacement with different structures is easily implemented. For the creation, a

G4MultiUnion was used due to the complex structure with several combined G4Polyhedra

combined to form a single volume. These volumes include a second daughter volume

placed inside the RW volume to simulate a variable thickness of the oxide layer. The

magnetic fields are also crucial in the simulation of a micro-structured RW due to the

cyclotron motion of the electrons, which is necessary for correct results. For this, one

important parameter is the magnetic field strength at the RW of 1.26T. Another important

parameter is the DeltaChord, which originates from the approximation of the cyclotron

motion as a number of straight lines and, therefore, defines the maximum length of a

straight line. A correct value should always be in the order of the size of the smallest

structure in the simulation. Therefore, the DeltaChord was set to 100 nm to ensure a

correct simulation of the cyclotron motion of the electrons while saving time.

The next important part is the definition of the custom physics list. Here, multiple dif-

ferent effects must be included to achieve a realistic simulation. The most important is

the inclusion of the most suitable electromagnetic physics constructors. There are several

options available, but the most suitable for low-energy electrons in the KATRIN experi-

ment are the G4EmPenelopePhysics and G4EmStandardPhysicsSS constructors. The first

is the same as the G4EmStandardPhysics option4 with the exception of electrons below

1GeV which uses specific Penelope models instead. The second is the single-scattering

model. This model is known to be the most accurate in most cases and is mostly used

for verification purposes. However, this comes with a significant increase in computational

cost, which is why the Penelope model is used for the most simulations because it offers a

good compromise between accuracy and speed. Another important part is the inclusion of

the G4StepLimiter, which limits the step size of the particles to a maximum value. This is

necessary because of the small oxide layer thickness of only a few nm that would otherwise

result in incorrect results due to the too large step size. [51, 52]

The last important part is the definition of the primary generator action. Here, the primary

particles, their energy and their angle are defined. In this case, these primary particles are

electrons with an energy of up to 18.6 keV and a pitch angle of up to 90◦. Assuming that

the magnetic field lines are perpendicular to the RW surface, the pitch angle is identical to

the polar angle in spherical coordinates (the RW is oriented in the xy-plane and the z-axis

is perpendicular to the RW surface). The specific implementation of the generator depends

heavily on the specific requirements of the simulation and will therefore be discussed in

more detail in the next chapter.

All of these parts interact with each other. For example, the generator class takes the

defined geometry into account to automatically adjust the starting position of the electrons

and the position of the terminator. In addition, due to the large computational complexity

of the simulation, the simulation is written in a way so that parallelization using the Geant4

multi-threading is possible, which allows the use of multiple CPU cores. In the case of

the Tesla cluster at the KATRIN experiment, this allows for 80 CPU cores to be used
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simultaneously, which significantly reduces the time needed for the simulation.

All of these Geant4 simulations require a macro file to change the parameters of the

simulation during runs without the need for recompliation. Due to the large number of

angle and energy combinations, a Python class was written to be used as a wrapper to run

the simulations with a given range of parameters and structures. This allows for a large

number of parallel and serial simulations without the need for manual intervention.

5.3. Beamline Model

The changes of multiple hardware components in the KATRIN experiment, such as the

RW, require a detailed beamline simulation to understand the impact of these changes on

the overall performance of the experiment. Therefore, M. Descher et al. have developed

a simulation tool called TRModel (see [25]) to simulate the beamline of the KATRIN

experiment. TRModel allows sensitivity studies to be performed in a reasonable amount

of time, which is crucial for the upcoming start of sterile neutrino measurements in 2026.

This section will give an overview of some of the key features of TRModel and how it is

used to simulate the RW modifications investigated in this thesis. Section 5.3.1 will give

a brief overview of the architecture, and Section 5.3.2 will go into more detail about the

response matrix formalism used in TRModel.

5.3.1. Overview of TRModel

TRModel is a simulation tool to model the beamline of the KATRIN experiment to research

the impact of hardware changes on the overall performance of the experiment and estimate

the sensitivity for TRISTAN. For this, most critical components and systematic effects are

implemented and simulated to find the optimal settings for the experiment. The main

features of TRModel include a differential detector response, an increased energy range

compared to the neutrino mass measurement, which mainly focused on the endpoint region,

and a detailed description of the electron pitch angle distribution. More information on

the systematic effects included can be found in [25].

The general structure of the code is divided into several parts that are responsible for

different tasks. The main part is the global model that is the main executable of the

code. A user can define a set of parameters to define the effects to use for the simulation

while either the function model differential or model integral is used to calculate the

corresponding energy spectrum. It does so by collecting all necessary responses from the

dedicated sub-packages and applying them in the correct order. For the integral model

the differential model is applied and evaluated for different retarding potentials and the

integral rate at each retarding potential is determined by integrating the differential spectra

over a specified energy region of interest. [25]

The sub-packages consist of several categories, which are responsible for different tasks, and

in conjunction they are used to form a model of the beamline as a whole. The individual

packages can be used by themselves with the exception of the propagation model, which
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Figure 5.1.: General layout of the TRModel codebase. Adopted from [25]

is essentially an extension of the global model. All sub-packages contain a set of functions

to calculate or load their corresponding response matrices and apply them as needed. The

general layout of the codebase is shown in figure 5.1. [25]

5.3.2. Response Matrix Formalism

TRModel uses a response matrix formalism to simulate the energy spectrum of the KA-

TRIN experiment. This means that a forward convolution is used to calculate the proba-

bility distribution in terms of the electron energy and pitch angle at all relevant locations

along of the KATRIN beamline. The electron distribution S(E, cos ¹) is represented as a

2D matrix by intergrating over the energy-angle bins. The responses are generally, repre-

sented by 4D matrices, whose entries specify the probability that a particle from a given

angle and energy bin ends up in a different energy or angle bin after passing through a cer-

tain component. Thereby, the non-diagonal matrix elements are probabilities for electrons

to move from one bin to another. These response matrices are calculated using Monte

Carlo simulations and analytical models of the beamline components. This allows fast and

prcise simulations due to the relatively low computational cost of matrix multiplication

with the given multiplication:

Sout = R · Sin (5.1)

Here, Sin is the input spectrum, Sout is the output spectrum, and R is the response

matrix. However, this causes a loss of information as the energy and angle of the particles

are binned into discrete values. This is a trade-off between speed and accuracy, which is

necessary for the simulation of the KATRIN experiment. [25]
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6. Simulations of a Micro-structured RW

The use of micro-structured surfaces to reduce backscattering has the potential to signif-

icantly reduce the background originating from the backscattered electrons at the RW.

However, so far the impact of such a modification has not been studied in detail. There-

fore, this chapter will focus on the investigation of the impact of such a micro-structured

RW on the backscattering and the RW activity. This also includes the comparison of

different materials and geometries of the micro-structured RW as well as the impact of the

RW modifications on the sensitivity of the KATRIN experiment.

6.1. Backscattering Simulations

6.1.1. Introduction

To simulate the backscattering of electrons at the RW a Geant4 simulation was used, which

was developed in the context of this thesis. For improved computational performance,

the simulation geometry includes only a small segment of the RW with a size still much

larger than the maximum Larmor radius the electrons at the maximum energy of 18.6 keV

(see Figure 6.1a). The simulation includes two possible micro-structures, as well as the

flat RW which is currently in use. The two micro-strutures are the hexagonal pTEF

structure (see Section 4.2.4) and an inverted pyramid structure with a height of 600 µm

and four equal sides of 100 µm of the base. However, as shown later, the inverted pyramid

structure performs worse than the pTEF structure and is therefore not shown in most of

the following plots (see Figure 6.5a). All the structures also include an oxide layer with a

variable thickness of 0 nm to 10 nm which is expected to be present at the RW for beryllium

and silicon. However, the simulation accuracy for such a small layer is hard to judge in

Geant4 due to high inaccuracies in the simulation of thin layers [53]. Therefore, future

measurements will be necessary to verify the impact of the oxide layer on the backscattering

probability.

The RW segment lies in the xy-plane (perpendicular to the z-axis). The electrons are

generated a short z-distance away from the central cell of the RW segment. The xy-

coordinate is randomly generated within a shape equal to the base cell of the micro-

structure (i.e. a hexagon for the pTEF and a square for the pyramid). In the case of
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the pTEF, the base cell consists of the inner cell in addition to half of the wall to the

neighboring cell. The z-distance to the structure is chosen as 10 µm from the highest z-

position of the structure. In this area the electrons are started homogeneously and are

directed towards the RW with a specific angle of incidence, which is defined as the angle

between the electron’s momentum vector and the normal vector of the RW as seen in figure

6.1.

The electrons are then tracked until they lose all their energy or are backscattered, i.e. if

they reach the circular terminator in Figure 6.1b. This is done for all angle and energy bin

combinations as required for use with TRModel (E = 100 eV − 18 600 eV at 185 eV bin

width and cos ¹ = 0.0 − 1.0 at 0.04 bin width). Within each bin, E and cos ¹ are drawn

from uniform distributions.

The results of these simulations are then used to calculate the backscattering probability

for each bin, which is defined as the number of backscattered electrons divided by the

number of electrons started in the bin. To keep a balance between the computational

cost and high statistics, one million electrons are simulated per bin. In the simulations,

there is also a constant magnetic field of 1.26T to simulate the magnetic field of the

KATRIN experiment at the RW. This is done to take into account the Larmor radius of

the electrons, which is of no importance in case of a flat RW, but becomes very significant

in the simulation of a micro-structured RW. In these simulations, Geant4 version 11.0.3

was used with the SingleScattering physics model, which is the most accurate model for the

scattering simulations of electrons in the given energy range according to [54]. However,

for early simulations and verification purposes the Penelope physics model was used, which

combines a high accuracy with a reasonable computational cost. For this, some additional

physics processes were necessary to be activated manually to achieve almost the same

results between the two physics models.

The first comparison between a flat and various micro-structured RWs was done with a

metric defined as the weighted backscattering probability. This is calculated using the

backscattering probability of each bin PEi,θj , which is then folded with the theoretical

tritium β-spectrum taken from the TRModel [25] and the expected angular distribution

of the electrons at the RW (see Figure 6.2). This angular distribution originates from an

isotropic distribution of the electrons at the source and takes into account the change of

the magnetic-field strength during their propagation to the RW. This can be calculated

using the following equation [39]:

¹f = arcsin

(
√

Bf

Bi
sin(¹i)2

)

(6.1)

Here, ¹i is the angle of the electron in the original magnetic field Bi and ¹f is the angle

of the electron in the final magnetic field Bf . To get the distribution for ¹f , an isotropic

source is assumed, which results in the distribution seen in Figure 6.2a. Each bin of the

backscattering probability is then multiplied by its corresponding value of the tritium β-

spectrum and the angular distribution. Both spectra used for this are shown in Figure

6.2. This is then summed up and normalized to receive a percentage value that will in
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6.1. Backscattering Simulations

(a) Setup of backscattering simulation with a micro-structured RW with the terminator on the
left, the RW segment on the right, and the starting surface distribution of the electrons in the
middle. The surface shows an expansion in z-direction for visibility. However, in simulations
all electrons start at the same z-position.

(b) Sketch of the micro-structured RW simulation setup. Magenta is the oxide layer with a given
thickness, the RW is lightblue, the detector where electrons are terminated in the simulation
is black and will be called terminator to avoid confusion with the KATRIN detector. The
definition of the incidence angle is shown in red. The surface, where the electrons are started
in the generator is shown in yellow.

Figure 6.1.: Layout of the micro-structured RW in 2D and 3D

43



6.1. Backscattering Simulations

(a) Angle Spectrum at RW (b) Energy spectrum of source

Figure 6.2.: Angle and energy spectrum for calculation of FPD reachable electrons
Angle and energy spectrum used for calculation of FPD reachable electrons. Beta spectrum
is taken from TRModel and angle spectrum results from an isotropic source which is
changed during the propagation in a changing magnetic field according to equation (6.1).

the following be referred to as the effective backscattering probability which results in the

equation:

Peff =
1

Ne−,total(E)Ne−,total(¹)
)
∑

i

∑

j

a(Ei, ¹j) ·Ne−(Ei) ·Ne−(¹j) (6.2)

Here, a(Ei, ¹j) is the backscattering probability for a given starting energy Ei and incident

angle ¹j , Ne−(Ei) are the number of electrons the corresponding bin of the tritium decay

spectrum and Ne−(¹j) is the same for the expected angle spectrum at the RW. Ne−,total(E)

and Ne−,total(¹) are the total number of electrons in the angle and beta spectrum and are

used for normalization. However, this does not take into account the acceptance angle cut

or other effects such as multiple backscatterings and reflections in the KATRIN experiment.

Therefore, this is only a rough estimate of the number of electrons that could reach the

FPD and should be treated as such. It will only be used to compare the different RWs and

to estimate the impact of the RW modifications on the sensitivity, the software TRModel

will be used instead (see 6.3). The energy and angle distributions used for this metric are

shown in Figures 6.2b and 6.2a. The comparison of different geometries and materials will

be shown in the following sections with a focus on the flat and the pTEF structure.

6.1.2. Comparison of Materials and Geometries

The material of the KATRIN RW is one of the most important factors for the backscat-

tering of electrons (see also 4.2.3). Therefore, the backscattering probability of different

materials was simulated and compared with that of the current material, which is gold.

As explained in section 4.1, the backscattering coefficient is approximately proportional

to the atomic number of the material Z (see eq.(4.8)). Thus, beryllium and silicon were

chosen as possible materials for the RW because they have a lower atomic number than

gold. Beryllium is especially interesting for a RW material due to its low atomic number

of 4 which also results in the previously shown low backscattering probability in figure

4.4. However, beryllium is toxic and difficult to handle because the creation of dust must
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6.1. Backscattering Simulations

Figure 6.3.: Backscattering probability depending on the incident energy and angle for
pTEF and flat geometry for Beryllium and Silicon

be avoided during the manufacturing process. Nevertheless, a Beryllium prototype and

several smaller samples have been produced. At the time of writing, these are used at the

Tritium Laboratory Karlsruhe (TLK) to investigate Berylliums properties and its applica-

bility for KATRIN with respect to tritium adsorption and electrical conductivity. Silicon,

on the other hand, is a safe material with an atomic number of 14 that is still lower than

that of gold but worse than beryllium. However, silicon is the most prominent material in

the semiconductor industry and is very easy to manufacture because of the existing infras-

tructure. Due to the use of silicons in semiconductor detectors such as the current FPD

and the TRISTAN detector, its backscattering properties are much better understood and

have been characterized experimentally within the collaboration [55]. Due to the estab-

lished infrastructure, micro-structuring of silicon is also a comparatively easy process using

the well-known lithography techniques. Beryllium probably would not allow for the same

micro-structuring as silicon because the manufacturing process that is designed for silicon.

Nevertheless, the comparison presented here includes flat RWs made of gold, beryllium,

as well as several varieties of micro-structured ones for Beryllium and Silicon.

The first interesting result of these backscattering simulations is the comparison of the

energy and angle spectrum of the different materials. This is shown in figure 6.4. Here,

it is visible that the shape of the angle and the energy spectrum is almost the same for

all materials, with a difference in the number of backscattered electrons. This is expected

as the backscattering probability is related to the atomic number of the material. The

next plot to look at is the figure 6.4. Here, the outgoing angle spectrum shape from the

two pTEF structured RWs is very similar, however, with a difference in the total number

of backscattered electrons. The two flat RWs show a more dissimilar behavior, with the

beryllium outperforming the silicon and both having a differing shape. This could be due

to the differing form factors explained in Section 4.1 and the different atomic number of

the materials.

45



6.1. Backscattering Simulations

Figure 6.4.: Outgoing angle distribution of all backscattered electrons independent of the
energy and input angle (uniform distributions for energy in [100 eV, 18 600 eV],
and cos ¹ in [−1, 0]). cos ¹ = 1 (¹ = 0◦) is parallel to the field lines (z-axis)
in the direction toward the KATRIN detector and cos ¹ = 0 (¹ = 90◦) is
perpendicular to the field lines.

After discussing the outgoing angle distribution, one can now compare the overall backscat-

tering probability of these combinations. This is shown in figure 6.5a with a comparison

being made for flat gold, flat beryllium, and a structured and unstructured silicon RW.

The pTEF beryllium RW is left out of this comparison because the manufacturing of such

a structure is not possible with the current knowledge of the KATRIN collaboration. The

results show that the pTEF silicon RW performs the best out of all combinations, closely

followed by the flat beryllium RW. However, as expected, all materials outperform gold by

a large margin. Thus, this simulation yields promising prospect for the implementation of

a new RW at KATRIN.

These simulations for a structured RW were also made for multiple depths of the channels.

The number of backscattered electrons is antiproportional to the depth of the channels,

which means that a higher depth results in reduced backscattering, as shown in 6.5b. The

same plot also shows the result for a combination of a silicon RW with a silicon pTEF

filter. However, the results are similar, but the increased surface area that comes with

such a structure makes this solution more prone to an increased surface activity, which

is further researched for the micro-structured RW in Section 6.2. However, the depth

scaling is not linear and seems to have an asymptotic behavior. The computation time on

the other hand, increases significantly with depth due to the increase in the propagation

length of the electrons. Therefore, a depth of 600 µm and an edge length of 100 µm were

chosen for all simulations which is a good compromise between simulation time and reduced

backscattering probability. In addition, the depth of the channels is also limited by the

manufacturing process of such a structure to about a maximum of 725 µm for the Deep

Reactive Ion Etch (DRIE) process which is currently being used for the first samples at

KATRIN to create such a structure [56].

As mentioned before, the numbers presented in this section only provide a rough first
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estimate of the impact of the material and geometry on the sensitivity of the keV-sterile

neutrino search to save computational cost. Further comparisons and sensitivity estimates

are made using the TRModel in Section 6.3. Compared to the first-order approximation

for the FPD reachable RW electrons from eq. (6.2), TRModel properly takes the transport

of RW electrons along the beamline into account, including manifold field reflections and

RW backscatterings until all electrons are absorbed either at the detector or the RW.
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(a) Comparison of different materials and different structures. ( ) next to the name rep-
resents the pTEF structure and (△) next to the material represents an inverted pyra-
mid structure. The pTEF structure performs better, therefore the inverted pyramid
structure is not shown in the following plots. As expected micro-structures outper-
form flat structures and materials with a lower atomic number outperform materials
with a higher atomic number. All simulations were done without an oxide layer.

(b) Investigation of channel depth impact for silicon. ( ) next to the name represents
the pTEF structure while number in µm below material describes the depth of the
channels. The results also show the combination of a flat silicon RW combined with
a pTEF filter in front of the RW also made out of silicon, that performs similar.
Results for the pTEF with a flat RW simulation are taken from [57]. As expected,
a deeper structure results in a lower backscattering probability. All simulations were
done without an oxide layer.

Figure 6.5.: Comparison of different materials and geometries in terms of backscattering
probability. A first-order distinction is shown between all backscattered elec-
trons and those that are expected to originate from the WGTS
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6.2. Surface Activity Simulations

The tritium activity accumulation on the RW is a major concern for the micro-structured

RW due to the increased surface area. This section will mainly focus on the setup of the

simulation and direct results. The activity of the RW in terms of its significance as a

systematic effect is discussed in sections 3.2.1 and 6.2.1.

The setup of the simulation is in large partes taken from the backscattering simulation,

with the only differences being that the electrons are not started at a certain distance with

specific angle and energy but are instead started at random positions inside of the RW

up to a depth of 10 nm with a homogeneous spatial distribution. The energy distribution

is extracted from the theoretical tritium β-spectrum provided by TRModel and the angle

distribution is isotropic. This means that no decays are simulated due to its complexity

in Geant4 but instead the electrons are started directly. This is a valid assumption as the

electrons have a much higher spatial range inside the material than the daughter nuclei

and are therefore able to leave the RW and the neutrinos are anyways not detectable in

the experiment due to their low cross section.

Another significant change is the choice for the particle generator in Geant4, that is

used to initiate the electrons. Previously, the G4ParticleGun class was used, which is

very easy to use for simple setups, but lacks some of the more advanced features the

G4GeneralParticleSource class provides. The most critical ones for this simulation are the

confine method, which allows to confine the generation of particles to specific physical

volumes, and the ability to take in an energy distribution from which the energy of the

particles is drawn. This is especially useful for the energy distribution of the electrons,

which is taken from the theoretical tritium β-spectrum provided by TRModel and to limit

the creation of particles to a small depth inside of the RW without writing a compli-

cated custom generator. The number of micro-structure cells to simulate is also limited

due to the computational cost of the simulation. Therefore, only one cell with activity is

simulated. In particular, the active cell is placed in the middle of six surrounding cells

without activity. Apart from the generator, it is essentially the same as the backscatter-

ing simulation setup. With this setup the activity of the RW can be simulated with low

computational cost and the results can be used to estimate the fraction of electrons that

escape the RW, as well as their energy and angle distribution.

6.2.1. Tritium Deposition Mechanisms

The focus will now shift to the mechanisms of tritium deposition at the RW. Currently, it

is not fully understood how tritium is deposited, but there are several mechanisms which

are considered to be the most likely. There are two known mechanisms that contribute to

the deposition of tritium at the RW [25]. The first is due to ions that are guided by the

magnetic field to the RW. Their implantation is then determined by the RW field, which

repels or attracts them depending on their charge. The second mechanism originates

from the non-negliglible tritium gas pressure at the RW at nominal column density. This

amounts to 4×10−6mbar according to simulations [58]. The type of deposition mechanism
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may play a role for the homogeneity of the tritium adsorption at the RW. For example, if

ions are the dominant activity source, the tritium may preferably be adsorbed deeper inside

the micro-structure channels than in case of neutral gas adsorption. In that case one may

hypothesize that the micro-structure can contain the activity better. On the other hand,

the micro-structure offers about one order of magnitude more surface area. Therefore, it

may adsorb more activity in case of neutral tritium adsorption. Since specifics about the

deposition are unknown, a homogeneous spatial distribution is assumed.

These two effects cause an accumulation of trtium over time, leading to significant amount

of tritium β-electrons from the RW. Previous studies have shown that the preferred adsorp-

tion process for the neutral gas is chemisorption [59][60], but there have been no conclusive

results on the location or chemical composition of the tritium at the RW so far [61]. How-

ever, the current hypothesis is that tritium is bound to hydrocarbon contaminants which

are stuck to the surface of the RW [62]. This idea originates from the development of

ozone cleaning explained in Section 3.2.1 which showed the effective removal of 99.9% of

the tritium at the RW [62]. During cleaning the activity follows an exponential decay law

as a function of ozone exposure time [34].

Before cleaning, the tritium activity amounts to a low percentage value of the total tritium

activity in the source with a strong dependence on the last cleaning date [34][33]. In

addition to the unknown energy shift from final state excitations, the exact shape of the

RW spectrum is still unknown as well [25]. Because of limited statistics and measurement

range, such a measurement is currently hard to accomplish, which makes the current

modeling attempts even more important, and will be discussed in this section.

6.2.2. Comparison Flat and Micro-structured Rear Wall

In terms of the activity for different geometries, it is currently still unclear how an increased

surface in the case of a micro-structure would change the activity of the RW. Therefore,

this section will mainly cover a comparison of the energy and angle distribution differences

between the flat and pTEF RW. Assumptions on the increase will be made in section 6.3 to

estimate the impact of the micro-structure on the sensitivity of the KATRIN experiment.

The first comparison between the two geometries is the starting position of the electrons

that reach the terminator inside the RW. In the case of the flat RW, this is rather simple

due to the homogeneous distribution inside of the first 10 µm. Due to the low nuclear

charge of silicon, most electrons that have a starting angle pointing inside the RW will be

absorbed and terminated there as a result of energy loss. Most other electrons can leave

the RW almost unhindered. The outgoing activity spectrum could therefore in principle

be approximated as one angular hemisphere (¹ < 90◦ → directed away from RW bulk) of

almost unscattered electrons, plus one hemisphere (¹ < 90◦ → directed toward RW bulk)

of backscattered electrons.

For the pTEF, the starting position distribution is not as simple. In total, most electrons

start inside the walls of the hexagonal cell due to its large surface area. However, the

starting height shows two peaks at the top and bottom of the cell. These originate from
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(a) flat RW (b) pTEF RW

Figure 6.6.: Starting height distribution for flat and pTEF RW for silicon with ratio plot
of all started electrons and electrons leaving the RW

the large areas at the bottom of the channel and on the walls which connect the cells.

In the case of the bottom, the number of electrons that can leave the channel is rather

low compared to the total number of the ones that started with 7.16%. But at the walls

connecting the channels, most electrons are able to leave the RW unhindered because they

do not scatter inside the channel and behave equivalent to the flat RW. The comparison

of flat and pTEF RW is shown in figure 6.6. In the case of the flat RW, more than half of

the created electrons are able to leave the RW because of backscattered electrons which

started in the opposite direction from the terminator and all electrons are very close to

the surface. However, this does not take into account the increase in surface area of the

structure, and both simulations used ten million electrons.

Another thing to look at is the energy and angle distribution of the primary electrons

which leave the RW. This is shown in Figures 6.7 and 6.11. Here, it is visible that the

shape of the energy distribution is very similar between the two geometries. The final

energy distribution of the electrons leaving the RW shows an increase in the low energy

region when compared to the initial energy distribution of the same electrons. This is due

to scattering interactions associated with a loss of energy, which is shown by an increase

in the low energy region for the pTEF structure, while the flat structure shows a rather

flat curve. This can be explained by more scattering in the pTEF structure.

In the case of the angle distribution, the pTEF RW shows a more significant difference to

the flat RW. Especially for higher angles, the pTEF shows a more significant reduction

and a different shape of the distribution as seen in Figure 6.11. It is also notable that for

very low angles close to cos ¹ ≈ 1 the pTEF shows a visible reduction, which is unexpected

at first. However, this originates from the definition of the angle, which is defined by

the angle between the momentum and the normal vector of the terminator. Therefore,

electrons created in the wall of the hexagonal cell would have to travel a longer distance

to leave the wall to achieve such an angle.
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(a) flat RW (b) pTEF RW

Figure 6.7.: RW activity energy distribution for flat and pTEF RW for silicon of all primary
electrons and primary electrons leaving the RW. These distributions include
the initial energy distribution of all primary electrons, primary electrons leav-
ing the RW and the final energy of the primary electrons leaving the RW. A
larger decrease of electrons across the whole energy range is visible for the
pTEF RW.

6.2.3. Comparison of Materials

After comparing the different RW geometries, it is also necessary to compare these ge-

ometries while using different materials. The focus will be on the two most probable

candidates, beryllium and silicon. In regards to the starting position, final energy and

angle distribution of the electrons that leave the RW, the two materials show very similar

behaviour with a few key differences. This is shown in Figures 6.8, 6.9, and 6.11.

The first metric to compare is the starting position of the electrons that leave the RW. This

is shown in figure 6.8 and there is almost no difference between the two materials with a

ratio of about one. The only visible difference is a small drop in the number of electrons for

the pTEF structure in the ratio. This means that less electrons for the beryllium RW are

able to leave the RW compared to the silicon which is due to the different backscattering

probability of these materials. Electrons created at the bottom of the hexagonal cell with

an angle parallel to the ground are more likely to be absorbed in the beryllium RW than

in the silicon RW.

The next thing to look at is the energy distribution. Here, the energy distribution is almost

identical as well, with a difference in the low-energy region for both structures and in the

endpoint region for the pTEF. The difference in the low-energy region is due to the differing

amount of secondaries produced in the two materials. This could be because of multiple

reasons like the higher range of electrons in beryllium. Therefore, low energy electrons are

able to leave the bulk before being terminated due to energy loss. The figure 6.10 shows

all secondary electrons originating from ionization as well as the auger effect. While the

difference in the low energy region can be explained by secondaries, the fluctuations in

the higher-energy region in Figure 6.10 are likely due to statistical fluctuations because of

insufficient primary electrons of ten million which was limited by computational cost. The

difference in the endpoint region in Figure 6.9 is due to insufficient statisics for the pTEF

structure with only 7.16% of all simulated electrons leaving the RW.
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Figure 6.8.: Comparison of the starting height of electrons leaving the RW for beryllium
and silicon

Figure 6.9.: Comparison of the final energy of electrons reaching leaving the RW for beryl-
lium and silicon
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Figure 6.10.: Comparison of the energy distribution of secondary electrons leaving the RW
for beryllium and silicon

The last metric to compare is the angle distribution of the electrons that leave the RW.

This is shown in figure 6.11. The first difference is seen in the flat geometry where the

beryllium RW shows an increase in the number of electrons with an angle close to cos ¹ ≈ 0,

i.e. perpendicular to the normal vector of the terminator. As previously discussed, the

range of these electrons is lower in the silicon compared to the beryllium which is due to

the different atomic numbers. In the case of the pTEF structure, the same effect is seen

for the lower angles which stems from the electrons which are created on top of the walls.

Then follows a drop in the ratio because the scattering probability in the silicon pTEF

is higher and afterwards a rise in the ratio which also originates from electron created in

the walls. These electrons again have a higher range in the wall of the beryllium and are

therefore able to leave the RW.

Even though the manufacturing of beryllium with a micro-structure is unlikely, this mate-

rials comparison is crucial for disentangling the effects of the different materials from the

micro-structure The results of these simulations are further used to create activity ma-

trices, which are shown in Figure 6.12. Here, the discussed effects culminate in different

inputs later used for the TRModel and therefore different impacts on the sensitivity for

the keV-sterile neutrino search.

6.2.4. Limitations and Outlook

Even though the micro-structured RW performs better than just a flat beryllium RW,

there are still multiple problems and open questions concerning the micro-structure. The

most significant one is the impact of the micro-structure on the sensitivity of the KATRIN

experiment due to the deposition of tritium at the RW. Because of the unknown process

of tritium deposition, it is still unclear if and how the tritium activity would change with

increased surface of such a structure. In the case of the pTEF structure, the surface
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6.2. Surface Activity Simulations

Figure 6.11.: Comparison of the angle distribution of electrons leaving the RW for beryl-
lium and silicon

Figure 6.12.: Activity matrices for flat and pTEF RWs for silicon and beryllium. These
are used as an input for TRModel.

55



6.3. Impact on the measured β-decay Spectrum

increase follows the equation:

aincrease = 1 +
4ha√

3(a+ d/
√
3)2

(6.3)

Here, a is the edge length of the hexagonal cell, h is the depth of the structure, d is

the thickness of the wall and aincrease is the factor by which the surface area increases.

This results in an area increase of about by a factor of 13.39. If the activity of the

RW is proportional to this surface area, the current value of about 1% compared to the

total tritium activity in the source would rise to about 13.39% in the worst case, which

would significantly affects the sensitivity of the keV-sterile neutrino search. Therefore,

it is necessary to investigate how and where exactly the tritium is deposited before the

implementation of a micro-structured RW can be decided. However, this is a very complex

process and is currently not possible because it is hard to fully mimic the conditions of

the rear section and WGTS. At the time of writing, investigations are being performed

with neutral tritium gas and without a magnetic field to investigate the behavior of a

beryllium and a micro-structured silicon sample [49]. The introduction of a magnetic

field and tritium ions may be crucial to fully understand the deposition of tritium on a

micro-structured sample due to the different behavior of ion and neutral gas deposition.

However, realizing this in a separate test stand would entail a multitude of experimental

challenges and may still result in open questions. A test within the beamlineitself would

provide ideal conditions. However, this may also be challenging since it would require

opening the first containment of the tritium loop several times to compare samples.

6.3. Impact on the measured β-decay Spectrum

In this section, the impact of the RWmodifications on the sensitivity for the sterile neutrino

search will be discussed and compared using sensitivity plots created with TRModel.

6.3.1. Backscattering Contribution

The first thing to be discussed is backscattering. For this, the previous backscattering sim-

ulations were used to calculate a response matrices for different materials and structures.

This was done by calculating the probability distribution of the outgoing particle for each

energy and angle bin with a binning from 100 eV to 40 060 eV with a bin width of 185 eV

in energy and from cos ¹ = 0.0 to cos ¹ = 1.00 with a bin width of ∆ cos ¹ = 0.04 in angle.

The backscattering matrices were then compared with those currently in use - these were

simulated by D. Batzler. The comparison showed only small differences in the low-energy

region which could be attributed to different Geant4 versions and its handling of secon-

daries [63]. A comparison of the result of the previous simulations with the ones created

in the context of this thesis is shown in figure 6.13. Here, the response was used as an

input for TRModel to compute the differential energy spectrum of the tritium β-electrons

that ultimately reach the detector at the end of the KATRIN beamline. The calculation

procees iteratively in order to take field reflections and manifold RW backscattering into

account. The model is also capable of tracking which portion of the spectrum comes from
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6.3. Impact on the measured β-decay Spectrum

Figure 6.13.: Comparison of the flat RW for simulations that are currently in use in TR-
Model and the simulations done in the context of this thesis. Shown is the
energy spectrum of the electrons that impinge on the detector at the end of
the KATRIN beamline. The shaded region and PRW indicate the portion of
the spectrum that comes from electrons that have scattered on the RW at
least once. The results are in good agreement with the previous simulations
with small differences for the secondaries in the low-energy region due to
different Geant4 versions.

electrons that have interacted with the RW at least once (indicated by the shaded region

in the spectrum plot). A comparison concerning different RW materials and structures is

shown 6.14. Here, it is visible that the beryllium pTEF structure performs the best out of

all combinations, followed closely by the silicon pTEF. It is important to keep in mind that

the pTEF structure is not possible with beryllium due to the manufacturing process, so the

pTEF silicon RW is the best combination if the activity of the RW is neglected. This is also

reflected in the sensitivity loss shown in Figure 6.15. Here, the micro-structured beryllium

performs best, as previously discussed. However, pTEF beryllium and flat silicon RWs

are only included for verification. The two most probable replacements for the RW, the

flat beryllium and pTEF silicon RW, show similar overall results. Although flat beryllium

performs better than micro-structured silicon in low sterile mass regions, it outperforms

beryllium in the higher-mass region. However, as previously discussed, the activity of the

RW is already a significant systematic source for a flat RW and would probably be even

worse for a micro-structured RW. Therefore, this is further investigated in the next section.
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6.3. Impact on the measured β-decay Spectrum

Figure 6.14.: Energy-dependent and total fractions of electrons coming from the RW in
the spectrum of incident electrons on the detector for different materials and
geometries with backscattering. The pTEF structure performs better than
the flat structure and the material with the lowest atomic number performs
best in combination with the structure.

Figure 6.15.: Sensitivity loss for different flat and pTEF geometry with 10% error on
the weighing factor Arwbs of the backscattering matrix. Sensitivity with a
material with higher atomic number is visible and improvement with the use
of micro-structures.
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6.3.2. Activity Contribution

To include the activity of the RW in the sensitivity calculation, it is necessary to calculate

an energy- and angle-dependent activity spectrum, represented by a 2D matrix for every

combination of the geometries and materials. This is done in the activity simulations

previously discussed with the same binning as in the backscattering simulations. It was

assumed that the tritium atoms are deposited close to the surface with a maximum depth

of 10 nm with a homogeneous spatial distribution, which is probably not the case, but is

a good first-order approximation because the depth of deposition and its distribution are

currently still unknown. In contrast to the backscattering response matrix, the activity

matrix is not 4-dimensional but only 2-dimensional, significantly reducing the computation

time necessary for the creation.

With these activity matrices, the total fraction of electrons that originate from the RW

surface can be calculated in the same way as in case of backscattering and is shown in

figure 6.17. Here, it is visible that the pTEF structure performs significantly worse than

the flat structures, with the beryllium flat RW performing best, which is contrary to the

previous result for only backscattering. This can be largely attributed to the increased

surface area, which assumes the worst case of a linear increase of the activity with the area

(see eq. (6.3)). It is also interesting to note that the contribution of the RW activity is

almost constant across the whole energy range for the pTEF structure. Compared to the

flat structure, which decreases for higher energies, this is a significant difference that also

shows in the sensitivity loss.

The sensitivity loss caused by these systematics is calculated using the grid scan method

from TRModel’s sensitivity package. In this method, a Ç2-test is used to determine the

sensitivity for excluding a sterile neutrino signature with a given combination (hypothesis)

for sterile mass ms and mixing amplitude sin2 ¹. By scanning a grid of hypotheses in the

(ms, sin
2 ¹-plane) and by comparing the resulting Ç2-values with the critical value Ç2

crit =

5.99, a 95% C.L. sensitivity contour is constructed. Further information about the method

can be found in [25][47]. For computing the statistical uncertainty, a one year measurement

with the fully illuminated TRISTAN detector at an incident electron rate of 105 cps per

pixel is assumed. The sensitivity impact from systematic parameters is then included

with additional covariance matrices in the Ç2 computation. These systematic covariances

are estimated by calculating every spectra, where each time the respective systematic

parameter is varied. For this, the parameter is drawn from a gaussian distribution with

a certain width. Here, the systematic parameters are: the RW backscattering Amplitude

Arwbs, which is a multiplicative factor on the overall RW backscattering probability, and

Arwact, which is a scaling factor for the injected activity spectrum. The first plot in figure

6.16 shows the sensitivity loss for only the activity of the RW. This shows that the micro-

structured RWs perform much worse than the flat RWs, including the gold one for the

higher mass range. This would mean that even the current RW could perform better than

a micro-structured RW in terms of sensitivity. However, this does not include the full

truth because backscattering is not included in this calculation, and gold is mainly a bad

choice for the RW due to its high backscattering probability.
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The combined sensitivity loss for backscattering and activity is shown in Figure 6.18.

Here, gold is performing worse than the micro-structured RWs, which is expected because

of the high backscattering probability. However, the flat beryllium RW still outperforms

the pTEF RWs including the beryllium pTEF RW. It is also necessary to keep in mind

that the assumed error of 10% on the activity would be higher for a higher activity and

therefore the sensitivity loss would be higher for the pTEF RWs. But even though these

results are assuming the worst case of a linear increase of the activity with the area,

the ongoing measurements could possibly not be representative of the true activity of

the micro-structured RWs due to the missing magnetic field. There has also been no

verification of the simulations done for this thesis and for the energy region with very thin

volumes in Geant4 an error of more than 10% should be assumed [53]. So to get a better

understanding of the impact of the micro-structured RW on the sensitivity, it is necessary

to look into how much the micro-structure can increase the activity without performing

worse than a flat beryllium one.

Therefore, the same simulations are made for different scenarios of RW activity. The RW

contribution to the total amount of electrons is shown in figure 6.19. Here, it is shown

that the pTEF structure performs worse in terms of the RW contribution to the spectrum

for all higher activity scenarios over 2% of the WGTS tritium activity. This shows that a

slight increase in the activity could be mitigated by the other benefits that come with the

micro-structured RW. This, of course, translates to the sensitivity for these scenarios as

shown in Figure 6.20. However, as seen in this figure, the flat beryllium still outperforms

the silicon pTEF one in the lower mass ranges.

However, such a small increase is not likely due to the large surface increase but depends on

the exact mechanism behind the tritium deposition, which is currently unknown. A similar

result could maybe be achieved using frequent RW cleaning, but the cleaning in general

would have to be tested first, because such a micro-structure could hinder UV light from a

point source to reach the whole surface of the RW. Therefore, with current knowledge, the

flat beryllium RW is the best choice for the KATRIN experiment in terms of sensitivity,

because it is easier to understand in terms of activity. But the micro-structured RWs

could be a good choice for future experiments with a better understanding of the tritium

deposition mechanisms and the possibility of frequent cleaning.
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Figure 6.16.: Sensitivity loss for flat and pTEF geometry for different materials with 10%
error on the RW spectrum amplitude Arwact. The RW activity amplitude is
1% for the flat and 13.39% for the pTEF RW due to the surface increase
which is a result of the micro-structure . The sensitivity loss is much higher
for the pTEF structure due to the increased activity.
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Figure 6.17.: Fraction of electrons coming from the RW for different materials and ge-
ometries with backscattering and RW activity. For the flat geometry has an
activity of 1% of the tritium activity of the WGTS is assumed. The pTEF
structure follows the assumption of a linear increase of the activity with the
area and therefore has a much higher fraction of electrons coming from the
RW. So according to eq. (6.3), an activity of 13.39% with respect to the
WGTS activity is assumed.

Figure 6.18.: Sensitivity loss for flat and pTEF geometry for different materials with 10%
error on the RW spectrum amplitude and the weighting factor for the RW
backscattering matrix. As mentioned in figure 6.16, the RW activity ampli-
tude is 1% for the flat and 13.39% for the pTEF RW due to the surface
increase which is a result of the micro-structure. The sensitivity loss is much
higher for the pTEF structure due to the increased activity. Therefore, the
flat beryllium RW performs best on average in terms of sensitivity.
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Figure 6.19.: Fraction of electrons coming from the RW for different scenarios of tritium
activity originating from the micro-structured RW compared to the flat beryl-
lium case.

Figure 6.20.: Sensitivity loss comparison between a flat beryllium RW and different ac-
tivity levels of the micro-structured RW. The red lines are the lower limit
of the same activity as the current flat geometry and the upper limit of a
linear increase with the area. The colored red area describes the range where
different activity levels would be.
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7. Conclusion

With the upgrade of the detector and the first phase of TRISTAN, the KATRIN experiment

aims to measure the tritium β-decay spectrum with never before seen accuracy to find signs

of new physics beyond the Standard Model of particle physics. Currently, the rear wall

is one of the biggest contributors to the systematic in the neutrino mass measurement.

However, this effect will be even more pronounced in the future keV-sterile neutrino search.

This is due to the adjustment of the experiment to measure a broader energy range of the β-

spectrum. Normally, the rear wall contribution is reduced by the high retarding potential

of the main spectrometer. However, this potential has to be reduced to allow for the

deep spectrum measurement which will allow electrons that lost energy during scattering

processes at the rear wall to be detected. This includes the electrons originating from the

activity of the rear wall itself, and electrons from the WGTS which are emitted towards

the RW side or magnetically reflected on the way to the detector because of the isotropic

initial angle distribution.

Therefore, this thesis aimed to investigate ways to reduce this rear wall contribution by

simulating backscattering and activity characteristics of different rear walls. For one, the

rear wall material was changed in dedicated Geant4 simulations and afterwards micro-

structures were introduced on the rear wall to see how they affect the rear wall contribu-

tion. In addition, the effect of the introduction of oxide layers on the different materials

was investigated. These oxides could in theory lead to an increase or decrease of the

backscattering probability due to the different effective atomic numbers of the oxides com-

pared to the pure materials. However, the results showed no significant difference between

the different materials and the different oxide layers for very small oxide layer thicknesses.

This is beneficial for beryllium, one of the most promising materials due to its low atomic

number, but is unfortunate for the silicon rear wall, which would have a reduced effective

atomic number due to the oxide layer. The validity of these results has to be checked by

measurements in the future, because very thin volumes can have an ambiguous accuracy

in Geant4.

All in all, the simulations showed that the silicon rear wall with a pTEF structure is the

most promising candidate in terms of reducing the backscattering contribution of the rear

wall. In theory, a micro-structured beryllium rear wall would be even better in this regard,
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but the production of such a structure is currently not feasible as discussed in chapter 6.

However, this result changes with the introduction of the rear wall activity. Dedicated

simulations showed that the micro-structured plates could possess an activity which, in

the worst case, could scale with the surface of such a structure. This would negate the

advantages in terms of backscattering and even increase the rear wall contribution for such

a structure compared to a simple flat rear wall. In addition, due to the current cleaning

method using ozone produced with an UV-lamp, the cleaning could also be challenge if

light is not able to reach inside all of the channels of the micro-structure. Therefore, the

introduction of such a micro-structure could come with the risk of increasing the rear wall

contribution in the worst case. However, this heavily depends on the tritium deposition

mechanism at the rear wall which is currently not understood in terms of where on the

micro-structured RW the tritium would adsorb and if a neutral gas or ions are dominant

in the deposition process. This would affect the activity because the neutral gas would be

able to reach all parts of the structure while the ions would be affected by the magnetic

field in the rear section which may affect the spatial distribution of adsorbed tritium.

However, most of these assumptions are currently not backed by measurements, which are

currently still ongoing to investigate the beryllium and micro-structured silicon and its

interactions with the tritium. However, the measurements lack a magnetic field so ions

would not be affected in the same way as in the KATRIN experiment which makes the

results hard to interpret for the structured samples.

Something that has also not been taken into account so far is the accuracy of the Geant4

simulations. Typically Geant4 is developed for high energy physics and not for low energy

electrons. This can be adapted by choosing the correct models and physics lists, but

the accuracy of the results in the low keV energy scale should be expected to have an

uncertainty of at least 10%. Without tuning to any measurements, the uncertainty could

be even higher.

In conclusion, this thesis proved that the silicon rear wall with a pTEF structure is a very

promising candidate for the reduction of the rear wall contribution. However, the currently

unknown properties of the tritium deposition at the rear wall and the possible activity

increase due to the micro-structure make it hard to predict the effect on the sensitivity

loss. Therefore, the flat beryllium rear wall is a safer choice for the keV-sterile neutrino

search in the future, as long as no further measurements are available or the deposition

mechanism is well understood Still, the silicon rear wall with a pTEF structure could be a

good candidate for the deep spectrum measurement in the future if more knowledge about

the deposition mechanism is available.
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A. TRModel Simulation Settings

Table A.1.: TRModel components and settings for micro-structured RW simulations.

Parameter/Effect Parameter name Added in simulation

Sterile neutrino incl. in theory theo add sterile True
Small terms incl. in theory theo small terms True

RW Backscattering rw backscattering Depending on simulation
RW Activity rw activity Depending on simulation

Source Scattering init src scattering init False
Source Scattering side src scattering side False

Magnetic traps prop magnetic traps False
Electrode decay prop electrode decay True

Detector backscattering det qe backscattering True
Detector charge sharing det charge sharing True
Fano noise det fano noise True

DAQ Threshold daq threshold True
DAQ Deadtime daq deadtime True
Pileup daq pileup True
Electronic noise daq electronic noise True
Calibration daq calibration True

Back reflection ref backreflection False
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Table A.2.: TRModel parameters used for simulations. Only backscattering and activity
parameters are changed depending on the simulation. This includes the pa-
rameters amp Bs, amp Rw and prop ampRw.

Description Parameter Value

Background glob bkg 6c-7 cps/eV
Column density glob rhod adjusted for each scenario
Tritium purity glob purity 0.95
Pixel efficiency glob pxEff 1.00
Number of golden pixels glob pxNumber 936
Final amplitude scaling glob amp 1.0

Dead layer parameter det lambda 58 µm
Charge cloud width det ccWidth 20 µm
Pixel radius det pxRadius 1500.0 µm
Fano scaling det fanoScale 1.0

Detector back reflection scaling ref ampBr 1.0

Scattering init src rhodInit 5e15 molecules/cm2

Scattering side src rhodSide 5e15 molecules/cm2

Trap scattering src rhodTrap 5e14 molecules/cm2

RW backscattering Material + Geometry rw ampBs1 1.
RW activity spectrum Material + Geometry rw ampAct1 1.

RW B field prop Brw 1.26 T
Maximum upstream B field prop Bmu 3.60 T
Source B field prop Bsrc 3.60 T
Maximum downstream B field prop Bmd 3.60 T
Detector B field prop Bdet 1.40 T
Btrap/Bsrc fraction prop Ftrap 0.9920635
Main spectrometer qU prop qUms 500 eV
Rear electrode qU prop qUre 0 eV
Post acceleration energy prop Epae 20000 eV
RW acceleration energy prop Erwa 0 eV
RW spectrum amplitude in rel. to WGTS prop ampRw Depending on structure

(1% for flat, 13.39% for pTEF)
Relectrode spectrum amplitude prop ampRe 1c-3
WGTS spectrum amplitude prop ampSrc 1.0

DAQ gain daq gain 1.0
DAQ offset daq offset 0.0
Noise width daq sigEn 43.74 eV
Minimum resolution time, pileup scaling daq tauMin 112 ns
Dead time, spectrum scaling daq tauDead 1.15 µs
Reset pulse frequency daq rcsRate 1.0e3 Hz
Inhibit time daq inhibit 51 µs
Trigger threshold daq trThresh 2000 eV
Trigger cutoff daq trWidth 150 eV
Pileup amplitude daq ampPu 1.0
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